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REVIEW ARTICLE

Perioperative Nociception and Pain in Dogs and Cats - Part II:
Nociception Assessment, Therapeutic Strategies and Multimodal
Analgesia

Ubedullah KAKA ' ®, Muhammad Waseem ASLAM '?
Yong Meng GOH’®, Kirk A. MUNOZ*

, Ali SAJID'®, Hui Cheng CHEN'®,

! Universiti Putra Malaysia, Faculty of Veterinary Medicine, Department of Companion Animal Medicine & Surgery,
43400, Serdang, MALAYSIA

2 The Veterinary Referral Centre, Al Murooj Complex, Trade-Centre 2, DIFC, Dubai, UNITED ARAB EMIRATES

* Universiti Putra Malaysia, Faculty of Veterinary Medicine, Department of Veterinary Preclinical Sciences, 43400, Serdang,
MALAYSIA

* The Ohio State University, College of Veterinary Medicine, Department of Veterinary Clinical Sciences, 43210, Columbus,
UNITED STATE OF AMERICA

,I,EJ : = Abstract

Optimal perioperative analgesia in dogs and cats depends on the appropriate selection
and combination of analgesic agents based on pain mechanisms and accurate pain
assessment. Building on the physiological and assessment principles discussed in Part I,
this review focuses on therapeutic strategies for perioperative pain management in small
animals. Commonly used pharmacological agents, including opioids, non-steroidal
anti-inflammatory drugs, local anesthetics, and adjunctive analgesics, are reviewed with
respect to their mechanisms of action, clinical applications, and roles in perioperative
care. This review is presented in two complementary parts. Part I focuses on pain
pathophysiology and assessment, forming the foundation for Part II, which focuses on
pharmacological analgesic modalities and the clinical application of pain management
strategies ranging from unimodal techniques to pre-emptive and multimodal analgesia,
with emphasis on achieving balanced intraoperative and postoperative pain control. The
integration of multimodal approaches targeting different components of the nociceptive
pathway is highlighted as a cornerstone of modern veterinary anesthesia, aiming to
enhance analgesic efficacy while minimizing adverse effects.
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emphasizing multimodal protocols, species-specific
considerations, and patient-centered decision-making.
By integrating accurate pain assessment with tailored
therapeutic strategies, this review aims to provide
clinicians with practical guidance to optimize analgesic

INTRODUCTION

Based on the foundational understanding of pain
mechanisms and assessment outlined in Part I, effective
perioperative pain management in dogs and cats requires

timely, targeted, and multimodal therapeutic interventions.
Appropriate analgesic strategies not only mitigate
nociceptive input but also attenuate neuroendocrine stress
responses, support physiological stability, and promote
recovery and patient welfare. This second part of the
review focuses on contemporary pharmacological and
non-pharmacological approaches to perioperative analgesia,

efficacy, minimize adverse effects, and reduce the risk of
pain chronicity and perioperative complications.

ASSESSMENT OF NOCICEPTION
Parasympathetic Tone Activity Index

Parasympathetic tone activity (PTA) has been used as an

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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objective method to assess nociception intraoperatively !
and postoperatively ©! in dogs. Parasympathetic tone
activity (PTA) is an index to assess the nociception/
analgesia balance in anaesthetised animals. This is
an objective method and is similar to the analgesia
nociception index in humans, a validated method for the
detection of intraoperative nociception . This index has
been derived based on the heart rate variability (HRV)
and reflects parasympathetic tone and sympathovagal
balance of the patient 1!,

A monitor displaying PTA index (PhysioDoloris®; Mdoloris
Medical Systems, Lille, France) has been developed and
used to assess nociception intraoperatively. This monitor
displays an index score from 0 to 100. The lower index
values reflect low parasympathetic tone indicating any
potential nociception as a result of increased sympathetic
tone. While a higher value indicates high parasympathetic
tone, reflecting the absence of nociception due to
adequate analgesia. This monitor uses ECG signals to
assess HRV with low and high frequency variations. Low
frequency (LF) ranges from 0.004 to 0.15 Hz, whereas high
frequency (HF) range from 0.15 to 0.5 Hz. High frequency
reflects predominance of the parasympathetic activity,
mainly influenced by respiratory sinus arrhythmia. Low
frequency is associated activation of both the sympathetic
and parasympathetic systems. Surface ECG is recorded
using a 3-lead system. The monitor detects R wave and
calculates RR interval from 250 Hz digitized EEG signal.
The RR series are filtered in real time using a non-linear
artefact removal algorithm preventing artefact-induced
inaccurate measurement of these series. After mean
centering, RR series are resampled at 8 Hz and normalised
using the vectorial norm of the RR series over 64 s for inter
subject comparability. The mean centered and normalised
RR series are then band pass filtered from 0.15 Hz to
0.5 Hz using a 4 coefficient Daubeuchies wavelet-based
filter. This provides RRhf in order to keep only HF
variations and display the influence of respiratory sinus
arrhythmia in the RR series, which corresponds to the
parasympathetic tone of the patient. The amplitude
of the normalised and filtered RR series is comprised
between 0 and 0.2 (normalised unit). Parasympathetic
tone is assessed from the high-frequency component of
the RR interval (RRhf). Local maxima and minima of
the RRhf signal are identified to construct upper and
lower envelopes. The area between these envelopes is
calculated within four consecutive 16-second subwindows,
yielding areas Al, A2, A3, and A4. The minimum area
under the curve (AUCmin) is then determined as the
smallest of these four values (AUCmin = min[Al, A2,
A3, A4]). This parameter reflects the lowest level of
parasympathetic activity observed during the analyzed
recording period. 2.

The PTA index is then calculated in order to express a
fraction of the total window surface, based on formula,
PTA = (100 * [a * AUCmin + ]/12.8) * 100/161, where
a=5.1and B = 1.2 have been determined in order to keep
the coherence between the visual effect of respiratory
influence on RR series and the quantitative measurement
of ANI; 100/12.8 and 100/161 are coefficients determined
to obtain PTA values between 0 and 100, with 100/161
being specific for the dog. The PhysioDoloris® monitor
continuously displays an average measurement of PTA
made over the previous 4 min. Like ANI, PTA values are
scored between 0 and 100 ",

Parasympathetic tone activity index has been reported to
be very useful to monitor nociception intraoperatively ?
as well as postoperatively ! in dogs. Although very few
studies have been reported on PTA index for nociception/
analgesia balance in dogs, these studies have demonstrated
its usefulness in monitoring for analgesia. Future studies
are warranted in other species to prove its effectiveness
in clinical setup.

Plethysmography Index

Plethysmography or surgical pleth Index (SPI) has been
used in humans to detect and anticipate perioperative
nociception and antinociception. It is an objective
nociception-monitoringdevicethatassessesnociception
using photo-plethysmographic signals °l. Surgical pleth
Index detects the degree of nociception during surgery
under general anaesthesia with great accuracy, consequently,
provides better guidance for administration of various
opioids, faster recovery and lower pain scores .

The Surgical Pleth Index monitor uses photo-plethysmo-
graphic signals of finger arterioles and balances the
nociception and antinociception during general
anaesthesia. This monitor uses the equation, SPI = 100 —
(0.33 x HBI + 0.67 x PPGA), where HBI is the heartbeat
interval and PPGA 1is the photo-plethysmographic
waveform amplitude. This monitor requires only a pulse
oximeter attached to a finger. The values for the SPI range
from 0-100; the lower the values the less nociception there
is there is and vice versa. For adequate intraoperative
analgesia, reccommended values are 20-50 .

The additional advantage of SPI is to help predict the
intensity of postoperative pain and analgesic requirement,
immediately before patient arousal. The values before
consciousness toward the end of surgery had close
association with pain in the post anaesthesia care unit %!,
Lower incidence of delirium was observed in post
anaesthesia care unit, after SPI guided analgesia, in elderly
patients . However, in children SPI might not be useful
due to higher blood vessel distensibility and baseline
heart rates than adults, making SPI values less valid in
children than in adults ["*.. Age is a factor that confounds
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the SPI monitoring, since the HBI and PPGA, the main
determinants of SPI are directly related to age. Thus, the
reference values for heart rate variability for paediatric,
young and older age groups vary, for example <20
years vs >60 years. Since vascular elasticity and arterial
stiffness vary with age, PPGA depends on vascular wall
distensibility and intravascular pulse pressure. Leading
to more variation in the values among age groups. In
children SP value of <40 has been recommended as a
target for adequate intraoperative analgesia . Besides
age, a few other factors such as, underlying diseases,
different anesthetic and analgesics, may have an impact
on SPI results. This warrants further research.

In veterinary medicine, the use of PSI has been reported
recently in one study in dogs "'. These dogs were of ASA
class T and II, with testicular tumours, 3 months to 12 years
of age and 6 to 50 kg. Acepromazine and methadone were
used as premedication. The baseline SPI values were 63-
65 in the absence of nociception, higher than SPI values
for humans . The authors concluded that analgesics
and nociceptive perioperative events caused variation in
SPI values. Its ability to predict a hemodynamic reaction
was limited by high specificity but low sensitivity. They
suggested modification of the algorithm to specifically
accommodate for the canine species. The results of this
one study in dogs warrant further research for the search
of perfect method to assess nociception-antinociception
in veterinary species.

SUBJECTIVE METHODS OF PAIN
SCORING
Behaviour

Behavioural response has been recognised as a good
indicator of pain in dogs and cats. In general, the
behavioural changes to be considered in dogs and cats
include response to call, posture (arched back, cornering
at one side), vocalisation, aggression, attention to
wound, reaction to touch near incision, self-mutilation,
interaction with people and ability to walk. It is very
important for a clinician to observe the particular
animal’s normal behaviour (when not in pain) after
admission of the patient at the clinic or hospital and before
surgery and use this as a baseline (authors practice) in
order to differentiate between the normal and abnormal
behaviour (due to pain) of that animal postoperatively
to properly treat pain. In addition to general behavioural
characteristics, each species exhibits distinct behaviours
that are not necessarily applicable to other species, for
example cats have been reported to reduce activity, tend to
hide and avoid interaction, may perform excessive licking,
interfering with their normal grooming, rigid posture
and loss of appetite >3], especially when cats are alone;

however, they mask these behaviours when interacting
with other individuals ", Dogs show refusal to move,
vocalisation, excessive tears, licking and guarding the
affected site and, more commonly depression; however,
aggression has been reported as well [1>16],

Unidimensional Pain Scales

Assessment of pain and evaluation of the efficacy of
analgesics is the major purpose of the pain scoring scales [\
Various pain scales have been developed and used for
pain measurement in veterinary practices, such as,
simple descriptive scale, numerical rating scale, and
visual analogue scale "I, The principle of all these
scales is based on subjective assessment of behaviour, as a
consequence, significant interobserver variations in pain
scores have been reported ?!. One of the factors for the
variation among these scales is lack of clarity of definition
for the particular descriptor used. For instance, the same
“term” may be interpreted differently by two observers,
such as “uncomfortable” 4, “frequent” 1»*, “responds
to calm voice” 1. Similarly, lack of linearity in scores
(unequal difference in pain with each increment), inter-
observer variability and requirement of more knowledge
and skills are the disadvantages of these systems (https://
doi.org/10.5281/zenodo.20612885).

Visual Analogue Scale (VAS)

This numerical scale has been described extensively in
human practice **). However, this is also used in veterinary
medicine for postoperative pain measurement 1819222325271,
The VAS consists of a straight 100 mm line starting with 0
as no pain to 100 as worst possible pain. The researcher or
observer draws a line intersecting the 100 mm straight line
at various intervals, which best describes the estimated
level of animal pain. The VAS pain score is then calculated
by measuring the distance (in millimeters) between the
left end of the line and the intersection. Similarly, VAS can
also be used for the sedation score %2, The advantage
of VAS is that it is more sensitive and is not labelled to
categories. However, lack of linearity in scores (unequal
difference in pain with each increment), inter-observer
variability and requirement of more knowledge and skills
are the disadvantages of the VAS system.

Simple Descriptive Scale

This scale describes different levels of pain intensity with
the help of four or five expressions. These expressions
are given a number that describes the pain score for
that animal. For example, 0 = no pain, 1= mild pain, 2 =
moderate pain, and 3 = severe pain 1?!. The advantage of
this scale is that it is very simple to use. The disadvantages
are interobserver variability, which may result in over-
or underestimation of pain due to a lack of more pain
descriptors 21,
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Numerical Rating Scale

This scale works with the same simple descriptive scale
principle except that it comprises multiple categories
of descriptive definitions for pain behaviours in each
category. The observer decides a number which represents
the pain score of the animals. Its advantages are easy score
tabulation and detailed assessment of the patient due to
more categories. Disadvantages include lack of specificity
with descriptive pain behaviours. The distribution of the
results is not normal, leading to inappropriate statistical
analysis !,

These unidimensional pain scales, despite their limitations,
are useful for subjective pain assessment in animals post-
operatively and clinical settings. These can be used with
other pain scales to improve accuracy.

Multidimensional Pain Scales

The multidimensional pain scales are more advance in
a way that, they assess pain more comprehensively than
unidimensional pain scales. Unlike unidimensional
scales, multidimensional scales assess behavioural and
physiological parameters, such as, vocalisation, posture,
response to palpation, heart and respiratory rates (https://
doi.org/10.5281/zenodo.20612885).

Glasgow Composite Measure Pain Scale

The Glasgow composite measure pain scale has been
described as the most validated scale 1)), consisting of
six behavioural categories with 30 pain descriptors.
Based on the intensity of pain, descriptors are ranked
numerically. Observer assigns the pain score after
selecting the appropriate descriptor in response to the
patients’ discomfort in each category; sum up of the scores
in each category gives the total score. The maximum
possible pain score is 24 or 20 if the patient is immobile.
It has been shown that the total score of the CMPS-SF is
a useful indicator of analgesic requirements. An analgesic
intervention has been recommended at 6/24 or 5/20 ..
The advantage of this scale is that it evaluates multiple
aspects for signs of pain in the animal, and does not
require any specialized skill or experience to use because
the pain descriptors were taken from practicing veterinary
surgeons, frequently assessing dogs and cats for acute
pain behavior . Each descriptor is well defined to avoid
misinterpretation and takes a few minutes to perform.
This scale is considered a reliable tool for assessing pain
and provides an objective means to quantify pain scores,
guiding clinical decision-making during postoperative
pain management.

University of Melbourne Pain Scale (UMPS)

The UMPS is a categorized ordinal scale developed by
Firth and Haldane ™ in 1999. This system consists of

behavioural and physiological parameters, which are
divided into six categories: physiological data (heart and
respiratory rate), response to palpation, activity, mental
status, posture, and vocalization. Each of the categories has
been assigned a score for pain. The advantage of this system
is that multiple parameters result in better sensibility and
accuracy, whereas the disadvantage is the requirement
of extensive knowledge of pain demonstration in animals.
It can only be used postoperatively and is unable to detect
subtle behavioural changes ..

Colorado Canine and Feline Acute Pain Scale

The Colorado State University Canine and Feline Acute
Pain Scales (CSU-CAP and CSU-FAP) are composite
pain scales developed at Colorado State University. They
incorporate behavioral and psychological indicators, along
with responses to wound palpation and body tension, and
are influenced by earlier multidimensional pain scales
developed at institutions such as the University of Glasgow
and the University of Melbourne *?.. The overall numeric
pain score is 0 - 4. Patients are scored a quarter per ticked
box. A minimum score of 2 or more requires analgesic
intervention *!. The advantages of the CSU pain scale are
easy to use, and minimal interpretation is required. The
major disadvantage of this scale is the lack of validation
by clinical studies ). In a recent feline study, this scale
showed moderate to good inter-rater reliability to assess
pain in an ovariohysterectomy model. Although its
validity still fell short of current guidelines for correlation
coefficients, further refinement is warranted to improve
its performance 4.

The UNESP - Botucatu Multidimensional Composite
Pain Scale (UNESP - Botucatu MCPS)

This scale encompasses behavioural observations,
physiological measurements and intervention levels 1.
This is the first scale that has been validated for post-
operative pain in cats P7%l Ten items are divided into
three subscales. Each scale item is ranked numerically and
is assigned a score from 0 to 3. A score of >7/30 requires
intervention .. Drugs such as ketamine and gabapentin,
demeanours such as shy, fearful and aggressive behaviours
can influence the actual score of the UNESP - Botucatu
MCPS and Glasgow composite measure pain scale-feline “°l.

Feline Grimace Scale

The Feline Grimace Scale (FGS) was developed and
validated as a tool for assessing acute pain in cats. Ear
position, head position, muzzle tension, orbital tightening,
and whisker change are five action units (AU) identified to
record (0-2 for each AU) for this scale. Overall, excellent
intra-rater reliability with excellent internal consistency
and very strong correlation with another validated
instrument for pain assessment have been observed in
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cats "1, Furthermore, a trend is increasing to validate this
scale in different pain models. Recently, this scale has been
validated reliably in a feline dental extraction model 2!,

Since these scoring scales rely on observable behavioral
responses and interaction with animals, they are suitable
for pain assessment during the postoperative period to
evaluate the animal’s level of comfort and guide decisions
regarding analgesic intervention.

FRONTLINE DRUGS USED TO
MANAGE SURGICAL AND NON-
SURGICAL PAIN

The most effective way of properly addressing postoperative
pain would be pre-emptive multimodal analgesia 3],
This method involves using different classes of drugs
acting on various pain pathways involved in nociception
and subsequent central sensitization, thus preventing or
blocking changes in the central nervous system. Opioids
are often considered a cornerstone in acute analgesia. In
addition to that, NSAIDs inhibit cyclooxygenase enzymes
(Fig. 1), and have the ability to relieve mild to moderate
and even severe pain with relatively longer duration of
action and offer a great synergistic action with opioids. As
research into the multimodal aspects of pain management
in veterinary medicine has evolved, various additional
drug classes such as alpha-2 adrenergic agonists “*’], local
anesthetics (Table 1) -2, and NMDA receptor antagonists
(Table 2) -1 have been reported to be effective. Table 3
serves as a concise reference summarizing commonly
used analgesics, anti-inflammatory drugs, anesthetics, and
their reversal agents in dogs and cats, particularly from the
perspective of pain management and analgesia ***%.

PERIOPERATIVE PAIN
MANAGEMENT STRATEGIES
Why and How to Control Perioperative Nociception?

Surgery instigates a cascade of inflammatory events in the
immune system and subsequent changes in the central
nervous system (CNS), leading to peripheral and central
sensitization. This sensitization of the CNS leads to the
development of a condition known as allodynia (pain due
to a stimulus that would not normally provoke pain) and
hyperalgesia (increased pain from a stimulus that normally
provokes pain) (IASP, 2020) ®\. This is the stage that
needs to be addressed properly. If this stage is untreated
or improperly managed and the pain is maintained, the
changes in the CNS may lead to abnormal processing of
nociceptive stimuli, and acute pain may lead to chronic
pain [ Severe acute pain is strongly associated with the
development of chronic pain. Therefore, efforts should be
made to adequately manage acute pain °'.

IMPACT OF POSTOPERATIVE PAIN ON
THE HEALTH OF ANIMAL: ANIMAL
WELFARE

Perioperative Nociception and Postoperative Pain:
Impact of Perioperative Nociception on Postoperative
Pain

It is worthwhile to mention, that a clinician must have
knowledge of the events which are taking place during the
surgical procedure. As discussed above, it is understood
from the established knowledge of the nociception,
peripheral and central sensitization (see section 1.6) that
these phenomena occur as a result of surgical insult and
subsequent continuous surgical manipulation as well as
duration of the procedure. This intense surgical injury
stimulates the C fibers to fire at a very high frequency
and speed 2 resulting in the expression of all the
receptors and channels involved in nociception, and if not
addressed properly, this can lead to the development of
central sensitisation. This also includes recruiting silent
nociceptors >, which are normally not involved in the
process of pain; this is responsible for the enhanced pain
during the postoperative period. Therefore, it is of utmost
importance that analgesia be provided continuously
throughout the procedure, starting before the surgical
incision, continuing during the surgery, and extending
into the postoperative period to prevent the development
of severe acute pain. This could be done with continuous
monitoring of HR, BP and RR intraoperatively, and
monitoring of behavioural indicators along with HR, BP
and RR postoperatively. The selection of antinociceptive
agents and their dosages is based on clinical experience,
professional judgment, and the individual patient’s
physiological status and response at a given time.

Effective management of nociception during the peri-
operative period can prevent the development of central

Corticosteroids — @ Phospholipase A,

Arachidonic acid

5-LOX
\/ COX-2
5-lipoxygenase Cyclooxygenases COX-1
3 PGH,—> Prostacycline(PGIz)
Leukotrienes \\T‘ -

Fig 1. Schematic illustration of NSAIDs mode of action
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Tablel. Summary of various studies on the antinociceptive effects of IV lidocaine in dogs
Pain Models Pain Scoring Methods Dose Timing Conclusion Reference
1) Morphine 0.15 mg/kg IV +
0.1 mg/kg/h CRI, 3
h ] ; A 15 min pre- 5 _
Intraocular surgery (*) Categorized Numerical 2) Lidocaine 1 mg/kg IV + surgery until end Analgesic effect similar to (49)
gery behavioural scale 0.025 mg/kg/min CRI, of agnaZsthesia that of morphine
3) Saline 0.3 ml/kg IV + 0.2
mL/kg/h CRI
1) Lidocaine 2 mg/kg IV +
Electr}c Stimulus in Behavioral reactions 10f 25, 50, 75 and 100 pg/kg/ CRI for 12h No antinociceptive effect f)f [50]
conscious dogs min CRI lidocaine compared to saline
2) Saline equal volume
o S . . .
20% increase in intra 1) Lidocaine 2 mg/kg IV + 50 Inclusion of lidocaine as .
. operative HR & BP than . . part of balanced anaesthesia
Soft tissue and . . pg/kg/min CRI 15 min pre- . : 51]
q previous readings taken as . reduced the intraoperative
orthopedic surgery (**) 2) Saline equal volume surgery

indicators of nociceptive
responses due to surgery

use of opioid compared to
saline group

Ovariectomy (*#)

Categorized numerical
behavioral scale

1) Lidocaine 2 mg/kg IV

+ 50 pg/kg/min CRI +
Buprenorphine 0.02 mg/kg IV
2) Lidocaine 2 mg/kg IV + 50
ug/kg/min CRI + Fentanyl 4
ug/kg IV + 8 ug/kg/h CRI
3)Saline + Buprenorphine
equal volume/dose

4) Saline + Fentanyl equal
volume/dose

Pre-surgery up to
skin closure

Systemic lidocaine infusion
did not improve the quality
of anesthesia. No effect

on hemodynamic and
respiratory function, peri-
operative and post-operative
pain relief

[52]

Categorized numerical

Ovariohysterectomy behavioral
surgery (*) Scale and plasma cortisol
level

1) Lidocaine 1 mg/kg IV +
0.025 mg/kg/min CRI

2) Meloxicam 0.2 mg/kg IV +
LRS 10 mL/kg/h CRI

3) Lidocaine + Meloxicam
(same dose as above)

5 min pre-
surgery until end
of anaesthesia

Lidocaine infusion provided
similar analgesic effects to
meloxicam up to 12 h

[48]

CRI: Continuous rate infusion; IV: Intravenous route; HR: Heart rate; BP: Blood pressure; LRS: Lactated ringer solution; (*): Acepromazine used as premedication, induced with
propofol and maintained on isoflurane; (**): Premedication (acepromazine + buprenorphine), induction (propofol + midazolam) and maintenance with isoflurane; (*#): premedication
(Ketoprofen + diazepam), induction (Diazepam + Ketamine), maintenance with sevoflurane

Table 2. Summary of various studies on the antinociceptive effects of IV ketamine in dogs

Pain Model Pain Scoring Method Dose Timing Conclusion Ref.
- Withdrawal reflexes, Ketamine 0.5 mg/kg IV + 10 pug/kg/min | Infused pre- No effects on withdrawal
Electric stimulus . (53]
electromyography CRI stimulus for 1h | reflexes

French multiparametric

1) Morphine 0.1 mg/kg IM + Ketamine
150 pg/kg IV + 2 pg/kg/min LCRI,
2) Morphine 0.1 mg/kg IM + Ketamine

Post-operative

No effect of ketamine on
postoperative morphine

amputation (**)

UMPS

2) Saline same volume

Note: Both groups received fentanyl 1-5
pg/kg/min CRI for the first 18 h post-
surgery

during and 18 h
after surgery

h and 18 h and were more
comfortable than control group

Mastectomy (*) X . requirement. HCRI 54]
scoring scale PG [ I T i IS IO for6h improved feed intake at 20" h
3) Morphine 0.1 mg/kg IM + Saline 0.09 postextubation
ml/kg IV followed by 0.5 mL/kg/h CRI
1) Ketamine 0.5 mg/kg IV + 10 pg/kg/
212 gﬁi i)llrr;%ghsz;tiirzuingrz he/ke/ Starting from Dogs administered ketamine
Forelimb gery pre-surgery, CRI | had lower pain scores at 12

[55]

LCRI: Low continuous rate infusion; HCRI: High continuous rate infusion; CRI: Continuous rate infusion; UMPS: University of Melbourne pain scale; IV intravenous route; IM:
Intramuscular route; (*): Premedicated with acepromazine and morphine; (**): Premedicated with glycopyrrolate and morphine, induction with propofol and maintained on isoflurane

sensitization; consequently, animals experience improved As a consequence, less frequent dosing would be required

comfort in the postoperative period compared with those in
which intraoperative nociception is inadequately controlled.

during subsequent days of postoperative pain management,
ultimately resulting in lower costs and reduced hospital stay.
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Table 3. Commonly used analgesics, anti-inflammatory drugs, and anaesthetics especially from the perspective of pain and analgesia and their reversal agents

in dogs and cats

- ] Duration of
Drugs Class Dose in Dogs Dose in Cats Effect Reference
Opioids
0.1-1.0 mg/kg IM, SC
Morphine p-agonist 0.1-0.34 mg/kg/h CRI g(l);?ozf Eg;ig /IhNéIEIC 3-4h [56-58]
0.1 mg/kg **Epidural Lo mEs
Meperidine . EsET
(Pethidine) p & K-agonist 2-10 mg/kg IM, SC 2-5 mg/kg IM, SC 1-2h
. 0.05 to 0.2 mg/kg IV, IM, SC 0.1 mg/kg IV, IM, SC o
Hydromorphone | p-agonist 0.02-0.04 mg/kg/h CRI 0.02-0.03 mg/kg/h CRI 3-4h
. 0.1 mg/kg IV, IM, SC 25-50 pg/kg IV, IM, SC e
Oxymorphone H-agonist 5-12 pg/kg/h CRI 2.5-5 ug/kg/h CRI 2-4h
Methadone b k- and 0.1-0.5mg/kg IV, SC, IM 0.1-0.3 mg/kg IV, SC, IM 3-4h 5658
o-agonist
5-20 pg/kg bolus followed by 3-20 pg/ | 5-10 pg/kg bolus followed by 2-5 pg/
kg/h IV kg/h IV 05-2h
Fentanyl -agonist Transdermal: 2.5-5 pg/kg/h DD with | Transdermal: 5.8-10.9 ug/kg/h DD | CRI dosing builds L
. H-ag ugrkg Hgrxg g
selected patch size (25-100 pg/h) with 25 pg/h patch size for cats >2 up in circulation
according to total body weight, q72h | kg, q120h
~10 min
. . . . . CRI dosing does —
Remifentanil p-agonist 0.15-0.6 pg/kg/min CRI 0.2-0.4 pg/kg/min CRI NG
circulation
. ) . 3-5 ug/kg bolus followed by 2.6-3.4 | 2-5 pg/kg IV titrated to effect ) . EsET
Sufentanil p-agonist ug/kg/h CRI 10-20 min
’ . 1-5 ug/kg IV followed by 0.5-2.5 1 pg/kg IV to effect followed by 1 ug/ . ol
Alfentanil p-agonist . Y er s O 10-20 min
p-anatgonist ) ) _ (56+58]
Butorphanol A 0.2-0.4 mg/kg IV, SC, IM 0.2-0.4 mg/kg 1V, SC, IM 1-2h
Buprenorphine Partial pu-agonist | 10-20 pg/kg IV, IM, SC 10-20 pg/kg IV, IM, SC, *OTM 6-8h el
Tramadol H-agonist 2-4 mg/kg IV, IM, PO 2-4 mg/kg IV, IM, PO 6-12h ls6-8]
(atypical)
Non-selective,
Naloxone competitive 0.004-0.04 mg/kg IV, IM, SC 0.005-0.02 mg/kg IV, IM, SC 40 min ls6-58]
neutral opioid
antagonist
Non-selective,
competitive ) (56.58]
Nalmefene il et 0.03 mg/kg IV 0.03 mg/kg IV 8-12h
antagonist
Ic\Lct)xl)l_SeetliiiC\Zve’ 0.003-0.1 mg/kg IV, use lowest dose
Naltrexone p . for opioid antagonism and higher 0.003-0.1 mg/kg IV, q60sec, to effect | 12-24 h L
neutral opioid
. dose for reversal of overdose
antagonist
Non-steroidal Anti-inflammatory Drugs (NSAIDs)
Acetaminophen Non-selective o s . [56-58]
(Paracetamol) COX inhibitor 10-15 mg/kg PO Contraindicated in cats 8-12h
At Non-selective 10-25 mg/kg PO q12h 10-25 mg/kg PO q48h 12-24 h (dogs) Eosg
COX inhibitor 0.5 mg/kg PO q24h for IMHA 81 mg/cat PO q48-72h for TED 48-72 h (cats)
4 mg/kg PO q24h for 7 days followed
Moderately by 2 mg/kg PO q24h if needed
Carprofen selective COX-2 | 4-4.4 mg/kg IV, SC q24h for 3 days | 4 mg/kg IV, SC q24h once only 24h [56-58]
inhibitor followed by 2-2.2 mg/kg q12h if
needed
. 1-2 mg/kg PO for chronic pain
Deracoxib Selective COX-2 3-4 mg/kg PO for 7 days followed by | 1 mg/kg PO 24h B

inhibitor

1-2 mg/kg PO for acute pain
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Table 3. Continue
Drugs Class Dose in Dogs Dose in Cats Duration of Reference
8 8 Effect
Etodolac ?elgct}ve COxX=2 5-15 mg/kg PO Not used in cats 24h (s¢-58]
inhibitor
; ’ Highly selective | 5 mg/kg PO (Puppies <7 months age E5d
Firocoxib COX-2 inhibitor | is very sensitive to >5 mg/kg dose) 1.5 mg/kg PO 24h
Non-selective 1-2 mg/kg IV, SC, IM for 3 days 1-2 mg/kg IV, IM, SC for 3 days e
Ketoprofen COX inhibitor L mg/kg PO for 5 days 1 mg/kg PO up to 5 days 24h
0.25 mg/kg PO for 30 days G P Y
2-4 weeks
. 2 mg/kg PO ql4d for first 2
Mavacoxib .Sele.d.we COX=2 doses then qlmonth for a total of Not used in cats For dogs 12 156-58]
inhibitor . month of age or
maximum 7 doses
older
. Pr‘efe.re~nt1al' COX- 0.2 mg/kg IV, SC, PO once followed 0.1-0.2 mg/kg IV, SC, PO once -
Meloxicam 2 inhibitor in dogs followed by 0.05 mg/kg POupto5 |24h e
by 0.1 mg/kg IV, SC, PO
and cats days
Selective COX-2
. . : (56-58]
Nimesulide inhibitor 5 mg/kg PO up to 5 days Not used in cats 24h
N Non-selective 0.3 mg/kg PO q24h first 2 doses then | 1 mg/cat PO q24h for maximum 7 (56.58]
Piroxicam COX inhibitor q48h days 24-48h
’ Highly selective | 1-2 mg/kg PO 1 mg/kg PO maximum 3-6 days ——
Robenacoxib COX-2 inhibitor | 2 mg/kg SC maximum 2 doses 2 mg/kg SC maximum 2 doses 24h
Non-selective 10-20 mg/kg PO on day one followed
Tepoxalin COX and LOX &8 Y W Not used in cats 24h EB
S TLA L by 10mg/kg PO
inhibitor
4 mg/kg IM, SC q24h x two
Non-selective treatments 4 mg/kg SC q24h x two treatments
Tolfenamic acid 4 mg/kg PO q24h for 4 days a week | 4 mg/kg PO q24h for 3 days (cannot |24 h e

COX inhibitor

and 3 days off (can be repeated on
weekly basis)

be repeated on weekly basis)

Alpha-2 adrenergic agonists and their reversal agents

a, adrenergic

10-30 pg/kg IM, IV, SC (light
sedation)
30-80 pg/kg IM, IV, SC (moderate to

100-150 pg/kg IM, SC (deep
sedation)

50-100 ug/kg IM, SC (Moderate
sedation)

40-80 pg/kg IM (sedation and

Duration of
analgesia is almost
1 h at the dose

of IM injection

,, e . h . analgesia) rate of 10 pg/kg. Eed
Medetomidine agonist deep sedation and z.malges%a) (00 (et vl Tt arvel
2-4 ug/kg CRI (perioperative : .
. . . analgesia) achieved when
analgesia particularly as an adjunct . . . 3
" CRI same as dog for perioperative combined with
to opioid) . "
analgesia opioids
10 ug/kg epidurally (epidural
analgesic)
Duration of
analgesia is almost
2-20 ug/kg IM, IV for sedation and | 20-40 pg/kg IM, IV for sedation and | I h at the dose
Dexmedetomidine | %2 ad.renerglc ana.lgesm ' ' ana.lgesm . . rate of 5 pg/kg. o
agonist Perioperative analgesia and rousable | Perioperative analgesia and rousable | Better analgesia
sedation 1-2 pg/kg/h CRI sedation 1-2 pg/kg/h CRI achieved when
combined with
opioids
1.1 mg/kg IV (Sedation, analgesia, 1.1 mg/kg IV (Sedation, analgesia, ~30 min
Xvlazine a, adrenergic preanesthetic) preanesthetic) (analgesia) Ead
t4 agonist 2.2 mg/kg IM (Sedation, analgesia, 2.2 mg/kg IM (Sedation, analgesia, 1-2 h sedative
preanesthetic) preanesthetic) effect
R e o
9 g o [56-58]
Atipamezole a, adrenferglc 0.1-0.3 mg/kg IM Same as dogs within 5-10 min
antagonist
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Table 3. Continue
Drugs Class Dose in Dogs Dose in Cats Duration of Effect Reference
Selective Reversal of xylazine
Yohimbine a, adrenergic g.(}s_eofitr:i/ekf I?? r{ﬁgézgﬁ atlow Same as dogs within 1-3 min of IV et
antagonist ’ P injection
Non-selective, 0.02 mg/kg IM, IV (in severely :Stirg;ni;sowr;ts}el;?i- 5
Naloxone competitive. hypote.nswe or comatose patients Same as dogs min of IV and 2-5 et
neutral opioid if specific alpha-2 antagonist is not min of IM or SC
antagonist available) .. .
administration
Miscellaneous
Alpha-2- delta 10-20 mg/kg PO q8h 5 mg/kg PO q24h Ramp up or
Gabapentin subunit of voltage | Cancer pain: 10-20 mg/kg PO q12- taper to effect (range 5-20 mg/kg) | 8-24 h in dogs (56.58]
P gated calcium 24h Cancer pain: 2-10 mg/kg PO 12-24 h in cats
channels blocker ql2-24h
Amantadine il\til;(ﬁis " 3-5 mg/kg PO q12-24h 2-5 mg/kg PO q24h 24h LS
0.25-0.5 mg/kg loading dose
. NMDA- followed by 0.01 mg/kg/min CRI Dogs: 1548 min Fs
Ketamine antagonist intraoperative or 0.002-0.005 mg/kg/ Doses are same as dogs Cats: 20-40 min
min CRI postoperatively
Systemic lidocaine
1 mg/kg loading dose (very slow IV) o51TH . . is best used in
Lidocaine Sodium channel | followed by 0.02-0.04 mg/kg/min CRI ﬁlv:;isl:ii(;c:;r:iii;nsigjia combination with o
blocker intraoperative and postoperatively if accumulation J other analgesics
needed. Beware of drug accumulation drugs to achieve
balanced analgesia

Note: Use of some drugs may be considered “off label”. Approval of use varies country to country. IV: Intravenous route; IM: Intramuscular route; SC: subcutaneous route; CRI:
Continuous rate infusion; OTM: Oral transmucosal route; PO: per os or by mouth; DD: Delivered dose; “Preparation should be preservative free; IMHA: Immune-mediated haemolytic

anaemia; TED: Thromboembolic disease; *indicates maximal effect obtained in 15 to 20 minutes; COX: Cyclooxygenase; LOX: lipoxygenase

Pre-Emptive and Preventive Analgesia

The idea to prevent or “pre-empt” pain was introduced
by Crile *; he blocked the regional nerves along with
general anaesthesia. With increasing knowledge of the
subject of pain, it can be considered that there are several
factors that play a role in the development of central
sensitization during the pre-, intra- and post-operative
(peri-operative) periods. However, the extent to which
each period contributes to central sensitization is not
yet clear ). Pre-emptive analgesia has been defined as
“administration of antinociceptive agent that inhibit setting
up central sensitisation of the CNS” I, Although the
terms “preventive” and “pre-emptive” are frequently
used interchangeably, they represent distinct concepts.
Pre-emptive analgesia refers to the administration of
analgesic interventions prior to the onset of the surgical
stimulus M9l In contrast, preventive analgesia is not
limited by timing relative to surgical incision and instead
involves the use of analgesic interventions throughout
the perioperative period, including preoperative, intra-
operative, and postoperative phases [,

Timing of Administration of Analgesics

A thorough understanding of drug pharmacokinetics is
crucial for achieving effective analgesia. Factors including the

onset of action, duration of effect, plasma concentration,
and their relationship to the duration of the surgical
procedure must be carefully considered. For example,

1. An intravenous fentanyl bolus administered 30 min
prior to the start of surgery is generally inadequate for
preoperative antinociceptive management, given its
relatively short duration of action of about 20 min "],
Consequently, its effects may dissipate before the onset
of surgical stimulation. Furthermore, administration
of a single fentanyl bolus during an orthopaedic
procedure of 2-3 h duration is insufficient to provide
continuous nociceptive control for optimal pain
management.

2. The peak plasma concentration of commonly used
NSAIDs following subcutaneous administration
occurswithin0.5t02.4h %! Likewise, buprenorphine
has an onset of action of approximately 30-45 min (',
Consequently, if surgical stimulation occurs during
this interval, pre-emptive analgesia may not be
achieved. This supports Woolf’s assertion %
that the timing of analgesic administration is a
critical determinant of effective postoperative pain
management.

The concept of pre-emptive analgesia was taken from
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the strategy that post-operative abnormal sensibility
could be prevented by reducing the stimulation of
central neurons by the bombardment of afferent activity
during surgery by pre- or intra-operative analgesic(s)
administration **. Therefore, once central sensitization
has developed, it cannot be reduced immediately "
hence, the traditional method of post-operative analgesic
administration may not be sufficient to control pain, and
high doses of the drugs would be required to counteract
this phenomenon 2. Thus, the evidence suggests that the
timing of the administration of analgesia is the crucial
factor for successful postoperative pain control 3.

Multimodal Analgesia

In multimodal analgesia, two or more analgesic agents
that act on different pain pathways and neurotransmitter
systems are used in combination to prevent nociception
and reduce hyperalgesia (Table 4, Table 5)7*777, Since
postoperative pain is the result of five major steps of
nociception, transduction, transmission, modulation,
projection and perception %, it would not be possible
to obtain the optimum analgesia with a single drug or
method without potential side effects >3], The rationale
of multimodal analgesia should therefore be to prevent
transduction and transmission at the periphery by agents
acting on sodium channels, preventing nociceptive
activity at the level of the dorsal horn of the spinal cord,
such as opioids, and preventing central sensitization by
inhibition of NMDA receptors through the use of NMDA
antagonists. Thus, optimizing analgesic management
during the acute phase is essential for improving
patient comfort and reducing the risk of chronic pain
development (Fig. 2) 1491,

Pre-Emptive Multimodal Analgesia

“Pre-emptive multimodal analgesia” is the administration
of multimodal analgesic therapy before surgical stimulation.
An effective pre-emptive multimodal analgesia may
raise the nociceptive threshold and decrease or block
stimulation of nociceptors .. Pre-emptive multimodal
analgesia is thought to be more efficient in treating post-
operative pain than traditional unimodal (single drug)
analgesia because of its enhanced efficacy, potential for
drug synergism, decreased drug-related side effects ],
and decreased amount of inhalant anaesthetic required
for maintaining general anaesthesia, thus minimizing
cardiorespiratory depression 7%, The synergism between
alpha-2-agonists and opioids ** and NSAIDs and opioids
has been reported in dogs *>**l. Dose and the side effects
(e.g., nausea, vomiting, sedation, respiratory depression,
urinary retention, constipation and pruritus) can be
minimized by using a non-opioid adjunct 45,

Although there are positive results of multimodal analgesia
from the available literature, some studies have failed to
observe the beneficial effects of multimodal analgesia
compared with conventional unimodal analgesia +%].
This may be due to the small sample size and insensitive
pain assessment tools.

The benefits of pre-emptive multimodal analgesia have
been well established in human medicine. The trend
in veterinary medicine has also increased recently and
research has been carried out. However, there is an increase
in the trend of investigation of various combinations for the
purpose of optimum pain management. So far, an ideal, free
of side effects protocol for postoperative pain management
is not available. The availability of various analgesic agents

Table 4. Summary of the studies conducted in dogs using various pre-emptive analgesic agents

Model of Pain Drug/Dose

Timing

Conclusion Reference

Pethidine 5 mg/kg IM; Saline

Ovariohysterectomy surgery control

Pre versus post-
operative

Preoperative pethidine group showed
significantly lower pain scores than other
two groups.

[74]

Carprofen 4mg/kg SC; Saline

Ovariohysterectomy surgery control

Pre versus post-
operative

Greater analgesic effect was shown by
carprofen given preoperatively than given
postoperatively.

[75]

Epidural 2% lidocaine 4 mg/kg,
ketamine 3 mg/kg and saline
(for control group)

Tibial fracture surgery

Pre-operative

Higher wound swelling and hyperalgesia
in saline group compared with lidocaine
and ketamine group. Ketamine group had
less wound hyperalgesia and swelling than
lidocaine group

[79]

Pre ketamine 2.5 mg/kg IM;
Post ketamine 2.5 mg/kg IM;
Saline 0.025ml/kg

Ovariohysterectomy surgery

Pre versus post-
operative

Saline group had significant hyperalgesia
and required more rescue analgesia, while 6]
pre-surgery ketamine treatment was more
beneficial than post-surgery treatment

Epidural pethidine 2 mg/kg,
ketamine 3 mg/kg and saline
(for control group)

Tibial fracture surgery

Pre-operative

Less wound swelling, hyperalgesia, pain and
early weight bearing in ketamine compared 771
with pethidine group

IM: Intramuscular route; SC: subcutaneous route
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Table 5. Summary of the studies using multimodal analgesic therapy for pain management
Model of Pain Drug/Dose Conclusion Reference

Ovariohysterectomy surgery

Pethidine alone; Carprofen alone; Pethidine
+ Carprofen

Combination of carprofen and pethidine
provided good postoperative analgesia
than pethidine alone

[18]

Toe pinching response

Medetomidine 20 ug/kg IV; Medetomidine
+ Hydromorphone 20 pg/kg + 0.1 mg/kg IV;
Medetomidine + Butorphanol 20 ug/kg + 0.2
mg/kg IV

Combination of medetomidine with
hydromorphone and butorphanol
resulted in better analgesia but longer
sedation and had cardiopulmonary effects
compared with medetomidine alone

[46]

Ovariohysterectomy surgery

Epidural ketamine 1 mg/kg; Ketamine +

Morphine 0.5 mg/kg + 0.05 mg/kg; Ketamine

+ Morphine 1 mg/kg + 0.025 mg/kg

All 3 groups provided adequate analgesia
up to 8h. Combining morphine with
ketamine did not improve the analgesic
effects of ketamine

(87]

Elective orthopedic surgery of pelvic limb

Epidural morphine + bupivacaine 0.2 mg/kg

+ 1 mg/kg; Morphine 0.2 mg/kg alone; Saline

0.21 mL/kg

Morphine-bupivacaine combination
induced better analgesia than morphine
alone

[88]

Ovariohysterectomy surgery

Buprenorphine 0.02 mg/kg IM; Carprofen 4
mg/kg SC; Buprenorphine + Carprofen

Wound swelling and pain scores in
buprenorphine + carprofen group were
lower to buprenorphine alone at 6 h

[22]

Ovariohysterectomy surgery

Epidural morphine 0.1 mg/kg alone;
Neostigmine 10 pg/kg alone; Morphine +

Neostigmine 0. mg + 10 pg/kg; Saline control

Adding neostigmine to epidurally
administered morphine did not potentiate
opioid-induced analgesia

[89]

Orchiectomy

Epidural lidocaine + tramadol 6 mg/kg + 1
mg/kg; Lidocaine + Morphine 6 mg/kg + 0.1
mg/kg; Lidocaine + Saline 6mg/kg + 0.01
mL/kg

Both combinations provided better
analgesia for initial 12h compared to
lidocaine alone

[80]

Deep pin prick into skin and muscles of
thorax and forelimbs

Epidural lidocaine 3.8 mg/kg alone; Ketamine

3 mg/kg alone; Lidocaine + Ketamine

Ketamine provided analgesia for 30 min,
lidocaine for 40 min and combination of
Ketamine and lidocaine up to 90 min

[81]

Ovariohysterectomy surgery

IV bolus followed by CRI throughout
anesthesia, then a CRI at a decreased dose

for a further 4 h for all groups. Control group

was butorphanol 0.4 mg/kg and infusion rate
of 0.9% saline was 2 mL/kg/h. Test groups
were: Fentanyl 5 ug/kg, 10 ug/kg/h, then

2.5 pg/kg/h; Ketamine 1 mg/kg, 40 pg/kg/
min, then 10 ug/kg/min; Lidocaine 2 mg/
kg, 100 pg/kg/min, then 25 pg/kg/min;
Dexmedetomidine 1 pg/kg, 3 pug/kg/h, then
1 ug/kg/h; Combination of LKD at the afore
mentioned doses

Fentanyl and combination of LKD
resulted in adequate postoperative
analgesia. Lidocaine, butorphanol,
ketamine and dexmedetomidine alone
were not effective for treatment of
postoperative pain

[47]

Ovariohysterectomy surgery

Both groups received intravenous tramadol
4 mg/kg body weight as premedication.
Immediately after induction, the KLT group
received ketamine and lidocaine at 0.5 and 2
mg/kg loading dose, followed by continuous
rate infusion of 50 and 100 pg/kg/min,

respectively, for 2 h. Dogs in T group received

saline bolus and continuous rate infusion at
equi-volume

Addition of pre-emptive ketamine-
lidocaine infusion to single intravenous
dose of tramadol enhanced attenuation of
central sensitization and improved intra-
and postoperative analgesia

(82

1V: Intravenous route; IM: Intramuscular route; SC: subcutaneous route; CRI: Continuous rate infusion; LKD: Lidocaine + Ketamine + Dexmedetomidine;KLT: Ketamine + Lidocaine

+ Tramadol

provides an opportunity to evaluate their use within a)
pre-emptive multimodal analgesia approaches to identify

Use of opioids as pre-medication or as part of general
anaesthesia in the control groups may mask pain

the most suitable protocols with minimal side effects.

On the other hand, there are some factors that can be
considered when comparing the results of multimodal
analgesia with unimodal analgesia:

scores and affect the results 1838,

Testing pre- and post-operative analgesia during
various trials, when comparing the tested drug
with saline as a control, does not consider that
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DRUGS |__|
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Alpha-2 agonists
Benzodiazepines

NSAIDs Cerebral cortex or

Thalamus
Local anaesthetics
Opioids
NMDA antagonists
NSAIDs

BB Modulation HEEES

Alpha-2 agonists
Gabapentin

Dorsal horn, Thalamocortical structures,
Descending anti-nociceptive pathways

Spinothalamic tract

Local anaesthetics
1 Alpha-2 agonists S Transmission go
Primary afferent neurons
or sensory nerves,
Dorsal root ganglion

g Transduction 22

Peripheral nociceptors or
Sensory nerve endings

Fig 2. Illustrative summary of the drugs according to their anatomical site
of action and phases of pain pathway

the comparison results are not positive. However,
comparing the same drug in the pre- and post-injury
or stimulus groups is ideal #>4¢],

c) Selection of the analgesic agent should depend on the
type and severity of the surgery, and it should cover
the time from starting before surgery until the last
suture is placed .

d) The choice of the dose, route and type of analgesic
agent are also important factors to be considered to
achieve successful analgesia without side effects .

The selection of drugs for pre-emptive multimodal
analgesia should be based on their efficacy, ease of
administration, cost-effectiveness, and additional benefits
associated with clinical outcomes °l. The choice of drug,
dosage, and route of administration should be tailored to
the type of surgery to achieve maximum benefit.

Successful Pre-Emptive Multimodal Analgesia

Irrespective of the outcomes of the clinical and experimental
studies discussed above, a comprehensive understanding
of the molecular mechanisms of nociceptive pathways is
fundamental to the effective application of pre-emptive
multimodal analgesia. This strategy targets multiple stages
of nociception, including transduction, transmission,
modulation, projection, and perception.

Agents such as lidocaine (sodium channel blockade),
opioids (opioid receptor agonism), and ketamine (NMDA
receptor antagonism), along with NSAIDs and alpha-2
adrenergic agonists, act at different sites within the
nociceptive pathway and constitute effective components
of multimodal pain management (Table 3, Table 4,
Table 5) [18224647.56-5874-7779-828791] = Moreover, continuous
administration of antinociceptive agents during the
postoperative period is essential and should be maintained
until adequate pain control is achieved ). Agents with a

short duration of action may be administered as a CRI to
maintain therapeutic plasma concentrations and ensure
consistent antinociceptive effects, such as ketamine,
lidocaine, and fentanyl CRIs 71,

CONCLUSION

Since animals can not communicate verbally, objective
evaluation of pain is a major challenge in the assessment
of pain for both clinicians and researchers. Pain assessing
scales such as feline grimace scale, Glasgow pan scale,
UNESP - Botucatu MCPS, and VAS along with algometer
offer a useful option and can be successfully used for post
operative pain measurement and pain management.

Pre-emptive multimodal analgesia works on the principles
of using more than one drug, with various modes of
action, acting on different pathways. Thus, the rationale
of pre-emptive multimodal analgesia should be targeting
transduction, transmission, modulation, projection and
perception. To date, there is no single ideal protocol, free
of side effects; therefore, drugs acting on sodium channels,
NMDA, COX and opioid receptors can be good options
to be used to provide multimodal analgesia. In recent
years, gabapentin and pregabalin have emerged as agents
which may open new avenues for research into their role
in pain management protocols. However, further studies
are warranted to fully evaluate their efficacy and safety
in veterinary medicine.
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Abstract

Avian coccidiosis remains one of the most important parasitic diseases of poultry
worldwide. Resistance to conventional anticoccidials and limitations of vaccination
programs have stimulated the search for natural alternatives. Essential oils (EOs) are
complex mixtures of bioactive terpenoids and phenolics. They possess antimicrobial,
anti-inflammatory, and immunomodulatory activities that may disrupt Eimeria infection
and enhance host resilience. This study aimed to quantify the efficacy of essential oil-
based interventions, including individual oils, essential oil blends, and essential oil-
containing multicomponent formulations, in poultry experimentally challenged with
Eimeria spp. through a meta-analysis conducted according to PRISMA 2020 guidelines.
For this, literature searches across major databases identified experimental trials.
Eighteen eligible studies were included, reporting outcomes on BWG, feed intake,
FCR, mortality, fecal oocyst counts, and serum total protein. EO supplementation was
associated with a small, statistically non-significant increase in body weight gain (MD
+8.08 g, 95% CI -0.08 to 16.24) and a modest improvement in feed conversion ratio (MD
-0.13, 95% CI -0.24 to —-0.01). Mortality was reduced (RR 0.49, 95% CI 0.27-0.89), and
oocyst shedding decreased (MD -18.99, 95% CI -37.91 to -0.08). No consistent effects
were observed for feed intake or serum total protein. Overall, essential oils may offer
anticoccidial benefits, particularly for feed efficiency, mortality, and oocyst shedding,

Published Online: 28.07.2026

although their effect on body weight gain remains uncertain.

Keywords: Eimeria, Essential oils, Meta-analysis, Natural anticoccidials, Oocyst shedding,

Poultry

INTRODUCTION

Avian coccidiosis is an intestinal disease caused by
protozoan parasites of the genus Eimeria. It remains one of
the most pervasive and costly challenges in global poultry
production ™. Infected birds suffer mucosal damage
leading to diarrhea, poor nutrient absorption, reduced
growth and egg production, and, in severe outbreaks,
high morbidity and mortality ©®l. The disease also
predisposes chickens to secondary bacterial infections (e.g.,
Clostridium perfringens, Salmonella, Campylobacter) .
Coccidiosis is widely recognized as the parasitic disease
with the highest economic impact on the poultry industry.
Coccidiosis causes multibillion-dollar economic losses to
the global poultry industry annually . These losses arise
from reduced feed efficiency, slower weight gain, increased
feed and medication costs, and carcass condemnation .

Current control of coccidiosis relies heavily on prophylactic
use of anticoccidial drugs (ionophores such as monensin,
salinomycin, and synthetic chemicals like diclazuril) and
live vaccines. These strategies can reduce disease severity,
but each has significant drawbacks °.. The extensive use of

ionophores and chemical coccidiostats over decades has
led to widespread development of drug-resistant Eimeria
strains 7. In practice, many flocks now harbor parasites
with reduced sensitivity to one or more anticoccidials ®!.
Moreover, drug residues in meat raise consumer safety
and regulatory concerns . In the European Union, for
example, routine in-feed anticoccidials are banned except
by veterinary prescription, reflecting public health and
welfare pressures . Anticoccidial vaccines (live oocyst
vaccines) offer a drug-free option but also have limitations:
they typically protect against only specific Eimeria species,
require high cost and repeated administration, and can fail
if production parameters or strain variations intervene %,
Importantly, both therapeutic and vaccination programs
are expensive, and public sentiment increasingly favors
“chemical-free” poultry products. Even where vaccines are
used, their high-cost limits use mainly to breeder or parent
stock rather than large commercial broiler operations .
In short, traditional control measures are valuable but
imperfect, and producers and consumers alike are seeking
safer, sustainable alternatives !,

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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Against this background, plant-derived essential oils
(EOs) have attracted growing interest as natural anti-
coccidials. EOs are complex mixtures of terpenoids,
phenolics, and other phytochemicals (for example,
thymol and carvacrol in Lamiaceae oils, allicin and ajoene
in garlic oil, eugenol in clove oil, cinnamaldehyde in
cinnamon oil) that have antimicrobial, anti-inflammatory,
and immunomodulatory properties. EOs are generally
recognized as safe for food; they are viewed as consumer-
friendly alternatives >3, EO supplementation can
exert anticoccidial effects in vivo. They can result in
improvements in body weight gain and feed conversion,
coupled with reductions in oocyst shedding and lesion
scores "4, Experimental work has also demonstrated that
phenolic EO components such as thymol, carvacrol, and
eugenol can disrupt parasite sporulation and compromise
oocyst wall integrity, supporting a direct anticoccidial
mechanism 0519, In addition to their antiparasitic
properties, EOs can enhance gut health through improved
villus morphology, stabilization of intestinal barrier
function, and modulation of gut microbiota. These effects
may improve nutrient utilization and increase resilience
to infection. The dietary supplementation with essential
oils also holds promise as a natural strategy for mitigating
the effects of coccidiosis in poultry 7). Nevertheless, the
variability in outcomes highlights the need for quantitative
synthesis and critical evaluation. A meta-analytical
approach can integrate the data from many studies to
estimate overall effect sizes of EO supplementation on
key outcomes and to identify moderators of efficacy. Such
analysis is timely and necessary because the inconsistent
literature makes it hard to draw general conclusions about
whether and how much EOs can replace or supplement
anticoccidials in practice.

Previous reviews have primarily provided narrative
summaries of the anticoccidial properties, potential
mechanisms, and practical applications of essential
oils and other phytogenic compounds in poultry ©7],
Although these reviews have highlighted promising
findings, they have not quantitatively estimated the overall
magnitude and consistency of essential oil effects across
controlled Eimeria-challenge studies. Consequently,
uncertainty remains regarding whether the reported
benefits are reproducible across different essential oil
preparations, challenge models, and measured outcomes.
The present meta-analysis addresses this gap by pooling
comparative data for growth performance, feed efficiency,
mortality, oocyst shedding, and serum total protein, while
also evaluating heterogeneity, publication bias, and the
influence of individual studies.

In this study, we conducted a comprehensive meta-analysis
of controlled experiments in which poultry were challenged
with Eimeria spp. and fed essential oils or EO-containing

botanicals. We examined the impact of EO interventions
on parameters relevant to coccidiosis: body weight gain,
feed intake, feed conversion ratio, mortality, fecal oocyst
counts (OPG), and serum total protein levels. By pooling
data globally, we aimed to overcome the inconsistencies
of individual trials and derive robust estimates of EO
efficacy. The outcomes are of high practical importance.
The weight gain, feed efficiency and mortality determine
production performance and profitability, while OPG and
blood protein reflect parasite burden and bird health. This
meta-analysis provides a systematic synthesis of available
evidence on the effects of essential oil supplementation
in Eimeria-challenged poultry, addressing variability
across individual studies and offering a more integrated
assessment of their efficacy.

MATERIAL AND METHODS
Protocol and Reporting Standards

The meta-analysis was conducted in accordance with
the PRISMA (Preferred Reporting Items for Systematic
reviews and Meta-Analyses) 2020 statement ¥l The
review protocol was not prospectively registered in
PROSPERO or another systematic review registry.
The eligibility criteria, literature search strategy, data
extraction procedures, and statistical methods used in the
review are described in the following sections to support
transparency and reproducibility.

Literature Search Strategy

A comprehensive literature search was performed in
PubMed, Web of Science Core Collection, Scopus, CAB
Abstracts, and Google Scholar from database inception
through June 2025. The complete PubMed search
strategy was: ((“essential oil”[Title/ Abstract] OR “essential
oils”[Title/Abstract] OR thymol[Title/Abstract] OR
carvacrol[Title/Abstract] OR eugenol[Title/Abstract]
OR cinnamaldehyde|[Title/Abstract] OR oregano|Title/
Abstract] OR thyme|[Title/Abstract] OR garlic[Title/
Abstract] OR clove[Title/Abstract]) AND (Eimeria
[Title/Abstract] OR coccidia[Title/Abstract] OR
coccidiosis[Title/ Abstract]) AND (poultry[Title/ Abstract]
OR chicken*[Title/Abstract] OR broiler*[Title/Abstract]
OR hen*[Title/Abstract] OR turkey*[Title/Abstract] OR
quail*[Title/ Abstract])). This strategy was adapted to the
indexing systems, field tags, and Boolean syntax of the
other databases. No language restrictions were applied.
Reference lists of the included studies and relevant
review articles were also screened to identify additional
eligible records.

All records were merged, and duplicate citations were
identified and removed manually to yield a unique set of
references. The unique records were screened by title and
abstract, excluding clearly irrelevant studies. Full texts
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were retrieved for the remaining candidates and assessed
for eligibility. All search activities and screening decisions
were documented to permit reproduction.

Eligibility Criteria

Studies were eligible if they were original controlled in
vivo trials conducted in domestic poultry experimentally
challenged with Eimeria spp. Eligible interventions
included individual essential oils, blends composed
of multiple essential oils or their defined bioactive
constituents, and multicomponent formulations in which
one or more essential oils were explicitly identified as active
ingredients. Multicomponent formulations containing
essential oils together with organic acids, vitamins,
minerals, tannins, or other phytogenic substances were
retained because such formulations are commonly
evaluated as integrated feed-based interventions in
poultry production. The effects of these interventions
were interpreted as those of the complete essential oil-
based formulation rather than as effects attributable
exclusively to the essential oil component.

Eligible studies were required to include an Eimeria-
challenged control group that did not receive the tested
intervention and to report numerical data for at least
one of the following outcomes: body weight gain or final
body weight, feed intake, feed conversion ratio, mortality,
fecal oocyst count, or serum total protein. Reviews,
observational studies, uncontrolled field surveys, in vitro-
only studies, conference abstracts without sufficient data,
and studies without an experimentally described Eimeria
challenge were excluded. Studies were also excluded
when the essential oil component was not identified, its
administration or dose was not adequately described, no
appropriate challenged control group was available, or
relevant quantitative data could not be extracted.

Data Extraction and Variables Collected

Data from each included study were extracted manually
by using a standardized form. Interventions were
classified during data extraction as: (i) individual essential
oils, (ii) blends containing only essential oils or their
defined constituents, or (iii) essential oil-containing
multicomponent formulations that also included
other active substances. This classification was used
to distinguish effects attributable to essential oil-only
interventions from formulation-level effects that could
also reflect the contribution of accompanying active
components. For each trial, the following variables were
recorded: first author, year of publication, country of
origin, poultry type and breed/strain, Eimeria species used
for challenge, type and source of essential oil (including
plant name and chemical composition if reported),
and dietary dose of EO (e.g. mg/kg feed). The primary
outcomes and any additional reported endpoints were

also captured. In particular, for each reported outcome,
we collected the treatment and control group means
(or proportions, for mortality) along with measures of
variability (standard deviation [SD] or standard error
[SE]) and the sample size (n) for each group. The six target
outcomes (body weight gain, feed intake, feed conversion
ratio, mortality, oocyst count, total protein) were extracted
along with any other performance or health variables
reported. Records of each study’s data were checked for
completeness and correctness by cross-referencing tables,
text, and supplementary materials. Studies for which key
quantitative data could not be obtained were not included
in the meta-analysis.

Statistical Analysis

Meta-analyses were performed using R software version
4.4.1 with the meta and metafor packages. A random-
effects model was fitted for each outcome because clinical
and methodological variability was expected across
studies. Between-study variance (t*) was estimated using
the restricted maximume-likelihood (REML) method for
all analyses. Continuous outcomes were summarized as
mean differences (MDs) with 95% confidence intervals
when measurements were reported in comparable units.
Dichotomous mortality data were summarized as risk
ratios (RRs) with 95% confidence intervals. Study-specific
estimates were weighted using inverse-variance weighting.

Heterogeneity was assessed using Cochrans Q test and
quantified using the I” statistic. Because I* estimates may
be imprecise when few studies are available, they were
interpreted together with t°, prediction intervals, and the
clinical and methodological diversity among studies. The
primary analyses included all eligible essential oil-based
interventions. A separate quantitative subgroup analysis
according to intervention composition was considered;
however, it was not performed because only a small
number of multicomponent formulations contributed to
each outcome and their accompanying active ingredients
differed substantially. Under these conditions, separate
pooled estimates would have been statistically unstable
and potentially misleading. Therefore, multicomponent
formulations were additionally examined through a
separate descriptive comparison, and their effects were
interpreted at the formulation level rather than as isolated
essential oil effects. Statistical significance of pooled effects
was taken at a=0.05 (two-sided). To evaluate the potential
influence of small-study effects and publication bias, we
applied visual and statistical methods. Funnel plots were
generated for each outcome to inspect symmetry. Egger’s
regression test and Begg’s rank-correlation test were used
as exploratory assessments of funnel-plot asymmetry.
Because these tests may have low power and produce
unstable results when based on a small number of studies,
their findings were interpreted cautiously and were not
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considered definitive evidence of publication bias. In
addition, the trim-and-fill method was applied to estimate
the number of potentially missing studies and to adjust
the pooled effect sizes if necessary.

Additional analyses were conducted to probe the
robustness of results. Influence diagnostics were computed
using metafor functions: externally standardized residuals,
DFFITS, CooK’s distance, covariance ratios, and hat values
were examined for outlying or influential studies !
A leave-one-out sensitivity analysis was performed by
iteratively removing each study and recomputing the
pooled effect 2. Baujat plots were generated to identify
studies that contributed disproportionately to overall
variability. In a Baujat plot, each study’s contribution to
Cochran’s Q is plotted against its influence on the pooled
estimate, facilitating identification of outliers !I. Finally,
cumulative meta-analyses (adding studies in chronological
order of publication) were performed to illustrate how the
overall effect estimate evolved as evidence accumulated.
For cumulative analyses, trials were ordered by publication
year, and pooled effects were recomputed after each study
addition 12,

All statistical analyses were conducted in R using functions
from the metafor package, including rma() for random-
effects model fitting and forest(), funnel(), influence(),
baujat(), and cumul() for graphical and sensitivity
analyses. The REML estimator was used consistently to
estimate between-study variance for all continuous and
dichotomous outcomes.

Data Presentation

Results of the meta-analyses were summarized in tables
and figures. A summary table was prepared showing the
pooled effect size (MD, SMD, or RR) and 95% confidence
interval for each outcome. Graphical displays included
forest plots (Fig. 2, Fig. 3) and funnel plots (Fig. 4). Forest
plots displayed the study-specific effect estimates and 95%
confidence intervals together with the pooled random-
effects estimate obtained using the REML estimator. Key
outcomes with sufficient studies were also depicted with
funnel plots to visualize publication bias. Additional plots
were generated to aid interpretation: Baujat plots (Fig. 6),
influence plots (Fig. 7, Fig. 8, Fig. 9, Fig. 10, Fig. 11, Fig.
12) for outliers, and cumulative forest plots (Fig. 5) for
evidence accumulation. The PRISMA flow diagram was
included as Fig. I (based on the recorded screening data).

RESULTS

Literature Search and Study Selection

The systematic search across five databases (PubMed, Web
of Science, Scopus, CAB Abstracts, and Google Scholar)
yielded a total of 1,123 records. Following the removal of

Identification of studies via databases and registers

Records identified from
through database searching
i.e. PubMed/MEDLINE, Embase, .
Scopus, and Google Scholar

Paper removed before
screening (n=206):
Duplicate records removed
(n=173)
Records removed for other
reasons (n = 33)

(n=1123)

I

Title screened Records excluded

(n=917) (n=759)
Abstract Screening Records Excluded
= (n=158) » (n=82)
=
@
o
: !
w
Full Text publications
assessed for eligibility s

(n=76) Publications excluded (n=58)

Wrong Design (n = 32)
Full-text not available (n = 9)

Publications included

(n=18)

Fig 1. PRISMA Flow Chart in accordance with PRISMA 2020 statement

duplicates, 917 unique studies remained for screening.
Title and abstract screening excluded 851 records as they
did not meet the inclusion criteria (e.g., non-experimental
design, absence of Eimeria challenge, use of non-poultry
species, or interventions not involving essential oils). The
remaining 76 full-text articles were assessed for eligibility.
Of these, 58 studies were excluded after detailed review,
most commonly due to incomplete or missing quantitative
outcome data, combined interventions in which the effect
of essential oils could not be isolated, or a lack of relevant
outcomes. Ultimately, 18 experimental trials fulfilled all
eligibility criteria and were included in the meta-analysis.
These trials provided extractable data on at least one of the
six pre-specified outcomes: body weight gain (BWG), feed
intake (FI), feed conversion ratio (FCR), mortality, oocysts
per gram (OPG), and serum total protein. The process of
study identification, screening, exclusion, and inclusion
is illustrated in the PRISMA flow diagram (Fig. 1), which
provides a transparent overview of study selection and
reasons for exclusion.

Study Characteristics

A total of 18 experimental trials fulfilled the eligibility
criteria and were included in the meta-analysis (Table I).
All studies were conducted in poultry under controlled
Eimeria-challenge conditions and reported at least one
of the six prespecified outcomes: body weight gain, feed
intake, feed conversion ratio, mortality, oocysts per
gram of feces, or serum total protein. The interventions
were classified as individual essential oils, essential oil-
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Fig 2. Forest plots for outcomes. Panels: (A) Body weight gain (BWG, g), (B) Feed conversion ratio (FCR), (C)
Feed intake (FI). Squares represent study-specific effect estimates with 95% confidence intervals, and square size is
proportional to inverse-variance weight. Diamonds represent the pooled random-effects estimate obtained using
the restricted maximum-likelihood estimator; horizontal bars extending from the pooled estimate indicate the 95%

only blends, or essential oil-containing multicomponent
formulations. The latter included formulations in which
essential oils were administered with components such
as organic acids, benzoic acid, tannins, vitamins, or
minerals. These studies were retained as evaluations of
practically applied essential oil-based formulations, but
their observed effects were not attributed exclusively
to the essential oil component. Considerable variation
was observed in poultry type, essential oil source, dose,
formulation, administration route, supplementation
period, and Eimeria challenge model.

The essential oil-containing multicomponent formulations

were also considered separately in a descriptive assessment.
Their findings were not uniform. Some formulations
containing essential oils together with benzoic acid, organic
acids, or vitamin D3 were associated with improvements
in growth, feed efficiency, intestinal health, immune
responses, or oocyst reduction. In contrast, the formulation
containing essential oils, organic acids, tannins, vitamin E,
and zinc showed limited effects under challenge conditions.
Because these formulations differed considerably in
composition and were represented by few studies within
individual outcomes, their results do not permit conclusions
regarding the independent contribution of essential oils or
any specific accompanying component.



480

Essential oils as anticoccidial agents

Kafkas Univ Vet Fak Derg

(A)
Study Risk Ratio [95% CI]
Bozkurt et al., 2016 0.25[0.03, 2.22]
Christaki et al., 2003 —_— 0.57[0.19, 1.75]
Barbour et al., 2015 0.12[0.02, 0.95]
Khan et al., 2023 — 0.62[0.28, 1.35]
Random-Effects Model ——— 0.49[0.27, 0.89]
T T \ \ T
001 002 005 014 037 1 272
Risk Ratio
(B)
Study SMD [95% CI]
Abou-elkhair et al., 2014 —— -44.14 [-52.05, -36.23]
Giannenas et al., 2003 —_— -58.67 [-76.88, -40.47]
Chang et al., 2021 n 2.85[-3.29, -2.41]
Christaki et al., 2003 » -6.87[-8.20, -5.54]
Mohiti-Asli et al., 2015 n -4.63[-5.38, -3.88]
Khukhodziinai et al., 2024 | -2.95[-3.57, -2.33]
Random-Effects Model -18.99 [-37.91, -0.08]
[ I I
-80 -60 -40 -20 0
Standardized Mean Difference
©
Study MD [95% CI]
Abou-elkhair et al., 2014 s B 0.10[-0.02, 0.22]
Chang et al., 2021 1.37[0.81, 1.93]
Khukhodziinai et al., 2024 3l -0.05[-0.14, 0.04]
Alp etal., 2012 ™ 0.41[0.36, 0.46]
Random-Effects Model e —————— 0.41[-0.15, 0.97]
T \ T T \
-0.5 0 0.5 1 1.5 2
Mean Difference
Fig 3. Forest plots for all outcomes. Panels: (A) Mortality (%), (B) OPG, (C) Total protein (g/dL). Squares represent
study-specific effect estimates with 95% confidence intervals, and square size is proportional to inverse-variance
weight. Diamonds represent the pooled random-effects estimate obtained using the restricted maximum-likelihood
estimator; horizontal bars extending from the pooled estimate indicate the 95% prediction interval

Meta-analytical Results

All pooled estimates reported below were obtained using
random-effects models with between-study variance
estimated by REML. The meta-analytical results obtained
for each outcome are summarized in Table 2.

Body Weight Gain (BWG)

Fifteen trials (total N=2384 birds) contributed data on
BWG. The pooled mean difference was +8.08 g (95%
CI -0.08 to 16.24), indicating a trend toward improved
body weight gain with essential oil supplementation. In
the forest plot (Fig. 2-A), most trials favored higher BWG
with essential oils, but effect sizes varied (study-level MDs
ranged from slightly negative to strongly positive). Notably,

one study P® reported an unusually large positive effect
(=+67 g), and a few reported small negative differences.

For body weight gain, Egger’s regression suggested possible
funnel-plot asymmetry (P=0.053), while Begg’s test was
statistically significant (P=0.0048). These findings may
indicate small-study effects; however, they should not
be interpreted as definitive evidence of publication bias
because the analysis included only 15 studies and the two
tests yielded different levels of evidence. The trim-and-fill
procedure did not impute any missing studies, and the
pooled estimate remained unchanged. Cumulative meta-
analysis (Fig. 5-A) showed the pooled effect stabilizing
around +8 g as studies were added chronologically,
with confidence intervals gradually narrowing but still
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Fig 4. Funnel plots for all outcomes. Panels: (A) Body weight gain (BWG, g), (B) Feed conversion ratio (FCR), (C)
Feed intake (FI), (D) Mortality (%), (E) OPG, (F) Total protein (g/dL)

overlapping zero. Influence analysis (leave-one-out)
(Fig. 7) identified Aziza et al.’® as an outlier: omitting
this trial reduced the pooled estimate by about 4 g.

disproportionately to variability in results.

Similarly, Baujat plot (Fig. 6-A) inspection indicated that
the study by Aziza et al.** and a few others ****! contributed
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Feed Conversion Ratio (FCR)

Sixteen studies (total N=2359) reported FCR. The
pooled mean difference was -0.13 (95% CI -0.24 to
-0.01), indicating that essential oil supplementation
was associated with a modest but statistically significant
improvement in FCR (P=0.032). The forest plot (Fig.
2-B) showed that most studies clustered near the null,
with several reporting moderate improvements and a
few showing slight adverse effects, reflecting variability
across trials.

For feed conversion ratio, Egger’s regression indicated
possible funnel-plot asymmetry (P=0.020), whereas

Begg’s test was not statistically significant (P=0.079).
The disagreement between these tests does not provide
conclusive evidence of publication bias and may reflect
differences in their statistical properties or the influence of
between-study heterogeneity. The trim-and-fill procedure
did not impute missing studies, and the adjusted pooled
estimate remained unchanged. These findings were
therefore interpreted as suggestive of possible small-
study effects rather than confirmation of publication
bias. Cumulative meta-analysis (Fig. 5-B) showed that
the direction of effect (favoring essential oils) remained
consistent over time, although confidence intervals
narrowed only slightly as additional studies were added.
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related leave-one-out metrics
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Table 1. Characteristics of the 18 included studies evaluating essential oil-based interventions in poultry, including country, poultry strain, Eimeria challenge,
intervention composition and classification, duration, sample size, outcomes, and main findings

(2014) 5%

308)

oocysts

vulgare EO mix (7.5% water)

q q o Outcomes
Author (Year) (Country Poul'try Type & Challenge (Species, Intervention Con.al?omflon, Duration | Included in the Main Findings
Strain Dose) Dose, and Classification .
Meta-analysis
Oregano + Thyme + Garlic Improved erowth
Abou-Elkhair Eovot Broilers Mixed Eimeria spp., EO blend (10-20 mg/kg 354 BWG, FCR, Total ‘e ducer()i 0oc s% shed d’in
etal. (2014) & [*8YP 20,000 oocysts oregano-+thyme, 5-10 mg/kg Protein, OPG 4 18
. comparable to amprolium
garlic)
Alp et al. s . [Eimeria spp. (dose Oregano esse{lt%al oil (300 @g/ BWG, FCR, Total Ir?“’““."’# ECR, par.tlal
. Tirkiye  Broilers oo kg feed); individual essential 42d . anticoccidial effect, higher|
(2012) 24 not specified) o . Protein, FI
oil intervention IgG
Barbour et al. Lebanon [Broilers 8 Eimeria spp., Eucalyptus + Peppermint oils Trial period BWG, ECR, morliaeliucziiessltocnosl’mts
(2015) 22 1.76x10A5 oocysts (0.69 mL/kg BW in water) P Mortality ¥, 0ocy ?
better BWG
’ . Lo Improved gut health,
Bozkurtetal. | .. . Broilers (Ross  [Mixed Eimeria spp.,| Oregano EO (12-24 mg/kg), BWG, FCR, FI, o
- Tiirkiye . . 42d . antioxidant defenses;
(2016) ¢ 308) challenge d12 Monensin comparison Mortality .
weaker than monensin
Chang et al. . . IE. tenella, 50.000 | Garlic EO (0.04-0.08 mL/Lin |, . . BWG, Total Reduced‘ jeionsiencrst
7 China Laying hens Trial period . output, improved IgA/
(2021) ¢ oocysts water) Protein, OPG . . .
IgM, similar to diclazuril
Christaki et al. Broilers (Cobb- |E. tenella, 60.000 Apacox herbal blend (0.5-1.0 BWG, FCR, OPG, Reduc.ed dtidies,
(o04) B8 [GTECe Ishq) oocysts g/kg diet) 35d FL Mortality | ortality, moderate
’ efficacy vs. lasalocid
de Oliveira Oregano EO (500 mg/kg), Improved BWG, FCR,
Moraes etal.  Brazil Broilers (Cobb) Mixed Eimeria spp. | Clove EO (500 mg/kg), combo 42d BWG, FCR, FI | villus/crypt, higher IgA
(2023) 22 (250+250 mg/kg) &IgG
. . 600 mg/kg improved
Giannenas et . IE. acervulina & E. . . BWG, ECR, —_
al, (2003) 10 Greece  [Broilers tenella Oregano EO (300-600 mg/kg) | Trial period OPG, FI grf)WFh, reduc'ed lesm.ns,
similar to salinomycin
Khan et al \Eimeria tenella s
(2023) 1 ’ Pakistan [Japanese quails Oregano EO (200-600 mg/kg) | Trial period Mortality  |improved growth; weaker
than amprolium
Benzoic acid (500 mg/kg),
B acervuling. E oregano essential oil (500 mg/ Combo had best
Khukhodziinai Ukraine Broilers (Cobb- rr;axima E t;ne.lla kg), and their combination; 354 BWG, FCR, Total| immunity, gut health,
et al. (2024) Y 500) £ necat;ix. ? individual EO and EO- Protein, OPG, FI reduced oocysts; >
: containing multicomponent salinomycin
intervention arms
N E. acervulina, E. 500 ppm reduced lesions
Moh1t1-Asl:2 € fran Broilers maxima, E. tenella | Oregano EO (300-500 ppm) | Trial period BWG, FCR, & oocysts, similar to
al. (2015) 1% . OPG, FI . ;
(Livacox overdose) diclazuril
Qaid et al Saudi Reduced lesions,
- . Broilers Mixed Eimeria EO + organic acid blend | Trial period FCR, FI improved villi, growth
(2021) B3 |Arabia
performance
Sidiropoulou ’ 5 Lo Oregano and garlic essential . . Improved meat quality,
et al. (2020) 1*4 Greece  Broilers Mixed Eimeria oils; essential oil-only blend Trial period | BWG, FCR, FI antioxidant & immunity
EO blend + organic acids Better FCR in starter,
Tolomeotti et . L + tannins + vitamin E . . breast yield, villi in
al. (2024) &9 ftaly Broilers [Eimeria spp. + zinc; EO-containing Trial period | BWG, FCR, FI unchallenged; little effect
multicomponent formulation when challenged
Upadhaya et al. South E. tenella & E. Eotlillerr;(:)lczrrlltgmimegrierllleg inOL Improved BWG, FCR,
P Z ’ Broilers maxima (300-500 A PIp . Trial period | BWG, FCR, FI Lactobacillus counts,
(2019) B¢ Korea vitamin D3; EO-containing .
oocysts) . . lower lesions
multicomponent formulation
Zoroaster et al. Black Livorno |E. necatrix, E. Thymol (5 mg/kg), EO blend |, . . n Vlm.): strong inhibition;
(2025) 1) Italy chickens Eivrors, 2, el EP (50 mg/kg) Trial period FCR In vivo: reduced OPG
T after d78, no growth effect
Reduced lesions &
Aziza et al. Broilers (Ross |E. acervulina & E. Artemisia annua leaves (in . .
(2016) USA 708) axima feed) Trial period | BWG, FCR oocysts, better growth,
immune response
- Leaf powder: strong
. . Artemisia annua leaf powder L
Drégan et al. Romania Broilers (Ross  |E. tenella, 10,000 L Bt A e o, | Tl i BWG, ECR reduction in oocysts &

lesions; EO mix: moderate|
effect
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Table 2. Summary of pooled effect estimates obtained from random-effects models using the restricted maximum-likelihood estimator, heterogeneity tests,
prediction intervals, and publication-bias assessments across outcomes

Outcome Studies (k) Egger p Begg p Pooled Effect 95% CI (LB-UB) Q-test p I (%) 95% Prediction Interval
BWG (gms) 15 0.053 0.0048 8.08 -0.08 - 16.24 <0.001 69.8 -24.51 - 40.66

FCR 16 0.020 0.079 -0.13 -0.24 - -0.01 <0.001 99.0 -0.58 - 0.33
(1;?3 rotein 4 0.820 0.497 0.41 -0.15-0.97 <0.001 67.0 -0.82 - 1.64

OPG 6 0.0029 0.0048 -18.99 -37.91 - -0.08 <0.001 97.2 -68.44 - 30.45

FI 11 0.938 0.073 0.06 -1.65-1.76 <0.001 69.5 -5.63 - 5.74
l(\ﬁ‘l’;)tality %) 4 0.092 0.174 0.49 0.27 - 0.89 0.476 0.0 0.27 - 0.89

Influence analysis (leave-one-out) (Fig. 8) demonstrated
that the pooled result was not driven by any single trial.
Baujat plot inspection (Fig. 6-B) suggested that a handful
of studies contributed disproportionately to the variability
in results, particularly those reporting unusually large
effects in either direction.

Feed Intake (FI)

Eleven studies (total N=2064) contributed FI data. The
pooled mean difference was +0.055 (95% CI -1.655 to
1.765), effectively zero. No statistical significance was
observed (CI includes zero). Forest plots (Fig. 2-C)
showed mixed small effects: studies reported differences
ranging from about -5.17 to +6.00 in FI, with most
estimates near zero.

Tests for publication bias did not suggest strong asymmetry.
Egger’s P=0.938 and Begg’s P=0.073 indicate no clear bias,
though Begg’s test was borderline. Trim-and-fill analysis
imputed two small studies (Ko=2), which modestly
adjusted the pooled MD to -0.723 (95% CI -2.559 to
1.113); this adjustment did not reveal a significant effect.
The cumulative meta-analysis (Fig. 5-C) showed the
pooled estimate remaining near zero as studies accrued,
with consistently overlapping Cls. Influence analysis (Fig.
9) did not identify any single dominant study (the largest
leave-one-out change was <0.5), suggesting no outsized
influence. By the Baujat plot (Fig. 6-C), no study stood out
dramatically and variability in results appeared to reflect
random small differences across trials.

Mortality

Four trials (total N=672) reported mortality, analyzed as a
risk ratio (RR). Essential oil supplementation significantly
reduced mortality risk. The pooled RR was 0.493 (95% CI
0.273-0.891), indicating about a 51% relative reduction.
This result reached statistical significance, as the 95% CI
excludes 1.0. Notably, heterogeneity was negligible (I>=0%,
1°=0) and the Q-test P=0.476, suggesting consistent
effects across studies. The 95% prediction interval (0.273-
0.891) was the same as the confidence interval in this
case. The forest plot (Fig. 3-A) showed that all studies had

RR<1 (favoring essential oils), although two had wide
confidence intervals crossing 1.0.

Assessment of funnel-plot asymmetry for mortality was
highly uncertain because only four studies contributed
data. Egger’s test (P=0.092) and Begg’s test (P=0.174)
were not statistically significant, but the small number
of studies provided insufficient power to exclude small-
study effects or publication bias. The trim-and-fill
procedure imputed one hypothetical study and produced
a slightly attenuated pooled risk ratio; however, this
adjustment should also be interpreted cautiously because
trim-and-fill estimates are unstable when few studies are
available. Cumulative meta-analysis (Fig. 5-D) showed
that early results were variable: adding the final study ©*
stabilized the pooled RR around 0.49. Leave-one-
out analysis indicated that no single trial was overly
influential (the largest change was ARR=-0.14 when
omitting Khan et al. 'l (Fig. 10). In the Baujat plot (Fig.
6-D), the modest heterogeneity arose mainly when an
outlying study ! was added, but overall heterogeneity
stayed at zero after all studies were included. In summary,
essential oils were associated with significantly lower
mortality in coccidiosis-challenged birds.

Oocysts Per Gram (OPG)

Six studies (N=484) provided oocyst count outcomes.
The pooled mean difference was -18.99 (95% CI -37.91
to —0.08), indicating significantly lower oocyst shedding
with essential oil treatment (negative MD favors essential
oil). In the forest plot (Fig. 3-B), all individual study MDs
were negative (ranging roughly from -2.85 to -58.67),
consistently favoring essential oils, but with one or two
studies showing much larger reductions.

For oocyst counts, Eggers regression (P=0.0029) and
Begg’s test (P=0.0048) indicated funnel-plot asymmetry.
These findings raise the possibility of small-study effects or
selective publication; however, only six studies were available,
limiting the reliability of both tests. Funnel asymmetry may
also arise from substantial heterogeneity, differences in
outcome measurement, or other methodological variation
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rather than publication bias alone. The trim-and-fill
procedure did not impute missing studies, but this result
should not be considered sufficient to exclude reporting
bias. Cumulative analysis (Fig. 5-E) showed a gradually
strengthening negative effect, reaching significance only
after the last study ' was included. Influence analysis
(Fig. 11) identified Giannenas et al.™” as highly influential:
removing it shifted the pooled MD by +7.04 (toward zero).
In sum, the data suggested the potential benefit of essential
oils in lowering coccidia shedding.

Total Protein

Four studies (N=464) reported serum total protein (g/dL).
The pooled difference was +0.409 (95% CI —0.155 to 0.972),
favoring essential oils but not statistically significant. In the
forest plot (Fig. 3-C), one study ") showed a large positive
effect (+1.37), while others were closer to zero.

Egger’s test (P=0.820) and Begg’s test (P=0.497) did not
indicate funnel-plot asymmetry. Nevertheless, only four
studies contributed to this outcome, and the absence
of statistical significance should not be interpreted as
evidence that publication bias was absent. The trim-and-
fill procedure did not impute missing studies, and the
pooled estimate remained unchanged. Cumulative meta-
analysis (Fig. 5-F) showed the pooled effect declining
from +1.37 (from the first trial) to +0.409 as more studies
were added, with confidence intervals tightening but
always overlapping zero. Leave-one-out analysis (Fig.
12) identified Chang et al.”” as influential (omitting it
increased the pooled estimate by 0.253). Overall, there
was no obvious evidence that essential oils significantly
altered total protein levels.

General Synthesis

Across the evaluated outcomes, essential oil-based
interventions showed variable effects in poultry challenged
with Eimeria spp. The most consistent finding was a
reduction in mortality, while oocyst shedding and feed
conversion ratio also showed statistically significant pooled
improvements. In contrast, the pooled increase in body
weight gain was small and its confidence interval included
the null value. Feed intake and serum total protein were not
significantly affected. Wide prediction intervals for several
outcomes further indicated that the magnitude and direction
of effects may differ across intervention formulations and
experimental conditions. Overall, the evidence suggests
potential benefits for selected coccidiosis-related outcomes
but does not support consistent improvement across all
measures of growth performance and health.

Di1sCUSSION

This meta-analysis evaluated the effects of essential oil-
based interventions in poultry experimentally challenged

with Eimeria spp. The pooled findings indicated a modest
improvement in feed conversion ratio and reductions
in mortality and fecal oocyst shedding. However, the
estimated increase in body weight gain was small and
statistically uncertain, while feed intake and serum total
protein were not significantly affected. These results
suggest that essential oil-based interventions may alleviate
selected consequences of coccidial infection, particularly
mortality, feed inefficiency, and parasite shedding, but
they do not demonstrate consistent benefits across all
growth and health outcomes.

These findings echo the results of many primary trials.
For growth performance, multiple studies have reported
that EOs improve weight gain and feed efficiency in
coccidiosis-challenged chickens. Mohiti-Asli et al.*
found that dietary oregano oil (Origanum vulgare)
significantly increased BW gain and improved FCR in
Eimeria-infected broilers. Similarly, Lee et al.*! reported
that an encapsulated blend of thymol and carvacrol
(major oregano oil constituents) raised BW gain to levels
comparable to a non-challenged control in vaccine-
challenged broilers. Niknia et al.*! likewise observed
that broilers fed a thymol-carvacrol blend during Eimeria
challenge had significantly greater BW gain and lower
FCR than untreated infected birds. A blend of oregano and
garlic oils also produced weight gains and feed efficiency
similar to uninfected controls ®¥. These improvements
in BWG and FCR with EOs are consistent with our meta-
pattern: in each case EO-supplemented birds “caught up”
to healthy performance. In contrast, sham-challenged
positive controls lagged behind. Notably, Chang et al.’”!
showed that garlic oil alone prevented the weight loss
normally caused by Eimeria tenella. They showed garlic
EO-treated chickens had body weights significantly
higher than untreated infected birds (and similar to those
given the anticoccidial drug diclazuril). Taken together,
individual trials frequently reported improvements in
growth performance, but the pooled evidence was less
definitive. Feed conversion ratio improved significantly,
whereas the pooled effect on body weight gain remained
statistically uncertain because the confidence interval
included the null value. Differences in dose, formulation,
challenge severity, and study duration may partly explain
the variable responses. The findings therefore support a
possible performance benefit but do not establish that
essential oil-based interventions consistently improve
growth under all challenge conditions #2441,

Essential oil treatment also consistently reduced oocyst
shedding and gut pathology. In our meta-analysis, EO
supplementation was associated with a reduction in fecal
oocyst counts. This aligns with reports by Chang et al.’”),
who found that garlic EO significantly lowered cecal
lesions and oocyst counts in E. fenella-infected birds.
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Mohiti-Asli et al.?? similarly showed that broilers fed
500 ppm oregano oil had much lower lesion scores and
fecal OPG than infected controls, with values comparable
to birds on diclazuril. In study by Sidiropoulou et al.l*¥,
broilers given a premix of oregano + garlic oils excreted
significantly fewer oocysts (~0.3-0.5 log unit reductions
on days 28 and 37) than untreated birds. Thus, across
many trials, EO supplementation reduced parasite load.
Mortality was generally low across trials, but pooled
results indicated a protective effect of EO treatment.

Beyond these primary outcomes, EOs appear to boost
health indices. Coccidiosis typically depresses serum
proteins and alters biochemical markers, and there
is limited evidence that EOs can counteract this.
For example, Chang et al.””! reported that garlic EO
treatment yielded higher levels of IgM, IgG and IgA
(immunoglobulins) than controls. It indicated improved
immune function and possibly reflecting better serum
protein profiles (globulins). However, Lee et al.*" saw no
significant change in total protein with thymol/carvacrol
dosing. In our meta, the paucity of serum protein data
means we cannot conclusively quantify EO effects on this
outcome. Overall, the consensus is that EOs likely mitigate
the protein-depleting effect of coccidiosis by improving
gut integrity and reducing inflammation.

The ability of EOs to alleviate coccidial effects is biologically
plausible given their well-established antimicrobial, anti-
inflammatory, and immunomodulatory properties. Many
EOs contain phenolic compounds (e.g. thymol, carvacrol,
eugenol, cinnamaldehyde, allicin) that are known to be
lethal to pathogens. In vitro experiments confirm that
these compounds directly damage Eimeria parasites: for
instance, thymol and carvacrol at >2% concentration
destroyed 90-96% of E. tenella oocysts and inhibited
sporulation Pl Piper betle leaf oil (rich in eugenol and
terpenes) similarly caused dose-dependent inhibition of
oocyst sporulation and wall disintegration in vitro. In vivo,
such actions would translate to fewer infective oocysts
and reduced cecal invasion. These antimicrobial effects
are complemented by the broader activity of EOs against
gut pathogens and microbiota: many studies (including
the BA+OEO trial) noted that EOs suppressed harmful
bacteria (Salmonella, E. coli, Clostridium) while boosting
beneficial Lactobacilli. This shift in the microbiome can
enhance gut health and indirectly reduce the severity of
coccidiosis 1.

EOs also exert strong immunomodulatory and anti-
inflammatory effects that support resistance to Eimeria.
Several studies highlight that EO components
stimulate host immunity: for example, cinnamaldehyde
supplementation increased intestinal cytokine gene
expression (IL-1pB, IL-6, IL-15, IFN-y) and reduced
weight loss and oocyst shedding in infected birds *2. In

the BA+OEO study, oregano oil upregulated interferon-y
(IFN-y) mRNA and suppressed interleukin-10 and TLR-
4 expression, while enhancing Eimeria-specific IgY antibody
titer ®!. These immunostimulatory effects can fortify the
host’s defenses, helping control the parasite. At the same
time, EOs’ anti-inflammatory action protects intestinal
tissues: by quenching oxidative stress and moderating
pro-inflammatory signaling, EOs reduce tissue damage
that would otherwise impair digestion and absorption ¥/,

The results of our meta-analysis carry significant
implications for commercial poultry production,
particularly under conditions where the use of
conventional drugs is restricted (e.g., organic or antibiotic-
free systems). Resistance to traditional coccidiostats
(ionophores and chemicals) is increasing, while consumer
demand for antibiotic-free poultry products continues
to rise 4. Essential oil-based interventions may have
potential as complementary components of anticoccidial-
control programs, although the present evidence is
insufficient to establish them as direct replacements for
conventional anticoccidial agents. The BA+OEO trial
explicitly concluded that oregano oil plus benzoic acid
“can substitute for a commercial anti-coccidial agent
(salinomycin)” by controlling coccidiosis and enhancing
growth and immunity. Similarly, the encapsulated thymol/
carvacrol blend was as effective as salinomycin in a
vaccine-challenge model “’l. Thus, selected essential oil-
based formulations may be considered for integration into
feed as part of broader coccidiosis-management strategies,
but their effectiveness should be confirmed through
standardized comparative and field-based trials. They may
also pair well with vaccines; for example, encapsulated
oils offset the temporary growth depression often seen
after coccidiosis vaccination. Moreover, because EOs can
improve general gut health and microbiota balance, they
could provide broad performance benefits in intensive
systems [4142],

However, practical adoption requires addressing
challenges. The cost and consistency of EOs vary widely;
high-quality, food-grade oils can be expensive. Regulatory
approval for the use of plant extracts in organic systems
is another hurdle. Also, effects may differ by species and
environment 7. Nevertheless, the literature suggests
that EOs can fit into antibiotic- and anticoccidial-free
programs: for example, synbiotic blends of probiotics and
EO extracts have been shown to ameliorate coccidiosis
impacts in broilers, improving intestinal health 2. In
summary, EOs represent a promising tool for sustainable
poultry production, but they should be viewed as part of an
integrated management strategy (along with vaccination,
biosecurity, nutrition) rather than a standalone cure.

The main challenge in interpreting these findings is the
variability among studies. Differences in EO source, dose,
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formulation, delivery method, bird strain, age, housing,
and infection model contributed to between-study
heterogeneity. Some trials used mild vaccine challenges,
while others employed high-dose Eimeria inoculations of
mixed species, leading to differences in disease severity
and response to EOs. Moreover, many trials were small
(few pens) and measured outcomes only over a short
window (often 1-2 weeks post-infection). Another
limitation is the diversity in reported outcomes. Although
subgroup analysis and meta-regression could potentially
identify sources of heterogeneity, the limited number of
studies per outcome and the inconsistent reporting of
essential oil composition, dose, administration route,
and challenge characteristics precluded meaningful
moderator analyses. While most trials assessed growth
and oocyst counts, relatively few included immunological,
microbiological, or detailed histological parameters,
restricting deeper understanding of mechanisms.

Possible publication bias should also be considered when
interpreting the pooled findings. Funnel-plot asymmetry
and statistical tests suggested potential small-study effects
for body weight gain and, more clearly, for oocyst counts.
Therefore, the pooled estimates for these outcomes may
partly overestimate the true effects of essential oils,
particularly if small studies reporting null or unfavorable
results remain unpublished. Nevertheless, publication-bias
tests have limited reliability when few studies are available,
and the trim-and-fill analysis did not identify missing
studies for either outcome. Accordingly, the observed
effects, especially the reduction in oocyst shedding,
should be interpreted cautiously rather than regarded as
definitive. Some studies did find minimal effects of EOs
on growth - for example, Zoroaster et al.l’”! reported no
significant improvement in ADG or FCR with low-dose
thymol/carvacrol in vivo, despite potent in vitro effects.
A specific limitation is the lack of standardization in
challenge protocols. Some used live commercial vaccines
(attenuated Eimeria), others used purified sporulated
oocysts of one or more species. The intensity of infection
and timing relative to measurements varied. For instance,
Mohiti-Asli & Ghanaatparast-Rashti % challenged with
a vaccine and measured on day 28, whereas Chang et
al.®” infected with E. tenella oocysts and measured over
7 days. These differences influence the apparent efficacy
of EOs. A formal risk-of-bias assessment of the included
studies was not performed, which represents an important
limitation of this meta-analysis. Several primary studies
provided insufficient information regarding random
sequence generation, allocation concealment, blinding
of investigators or outcome assessors, and selective
outcome reporting. Consequently, the methodological
quality and internal validity of the included evidence could
not be systematically quantified, and the pooled estimates

should therefore be interpreted with appropriate caution.

Future research should prioritize adequately powered,
standardized, and long-term trials. Experimental
protocols should clearly define poultry species, strain,
age, housing conditions, Eimeria species, inoculation or
vaccine dose, challenge timing, and outcome-assessment
periods. Essential oil source, chemical composition,
formulation, dose, and administration route should also
be reported consistently. Trials should evaluate essential
oil-only interventions separately from multicomponent
formulations to allow the independent effects of essential
oils to be determined. In addition to growth performance
and oocyst shedding, future studies should assess lesion
scores, intestinal histology, microbiota composition,
inflammatory and immune markers, product quality,
safety, and economic feasibility. Field-based studies
conducted under commercial production conditions are
particularly needed to determine whether the observed
experimental effects translate into practical benefits.

CONCLUSION

This meta-analysis indicates that essential oil-based
interventions were associated with a modest improvement
in feed conversion ratio and reductions in mortality and
oocyst shedding in poultry challenged with Eimeria spp.
The pooled effect on body weight gain was statistically
uncertain, while feed intake and serum total protein
were not significantly affected. The findings therefore do
not demonstrate consistent benefits across all evaluated
outcomes. In addition, because some interventions
contained other active components, their effects cannot
be attributed exclusively to essential oils. Essential oil-
based interventions may have potential as components of
integrated coccidiosis-management programs, but further
standardized, adequately powered, and field-based studies
are required before firm conclusions regarding their
practical efficacy can be made.
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Abstract

This study investigated the antibacterial activity and disinfection efficacy of
chlorocresol nanoemulsion disinfectant (CND) against Escherichia coli. The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were
determined, and alterations in bacterial ultrastructure were examined using scanning
and transmission electron microscopy (SEM and TEM). The disinfection performance
was further evaluated through simulated and field surface disinfection trials. The results
showed that the MIC and MBC of CND against E. coli were 100 pg/mL and 200 pg/mL,
respectively. After 0.06% CND treatment for 10 min, SEM revealed disrupted surface
architecture with flagella loss and cell wall damage, while TEM showed compromised
internal integrity including periplasmic narrowing and cytoplasmic aggregation. The
disinfectant efficacy of CND increased with increasing contact time and concentration.
In simulated surface trials, effective disinfection was achieved with 0.1% CND applied
for =15 min or with CND concentrations >0.2%. In field trials, effective disinfection
was achieved with 0.05% CND applied for 210 min or with CND concentrations >0.1%.
These findings indicate that CND exhibits strong antibacterial activity against E. coli,
causes significant ultrastructural alterations, and demonstrates effective disinfection
performance.
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INTRODUCTION

The global transition of animal husbandry toward
intensification and large-scale operations has led to
high-density farming models. These models significantly
enhance pathogen transmission and accelerate the
spread of drug-resistant microorganisms, posing severe
challenges to animal disease prevention and control 2.
To block the transmission of pathogenic microorganisms,
environmental disinfection has become one of the most
fundamental and critical measures for establishing a
biosecurity system on farms . Extensive evidence
indicates that disinfection is an essential measure for the
effective prevention and control of infectious diseases 7.
Disinfectants play a leading role in reducing the spread of
pathogens among animals and their transfer from animals
to humans as well as limiting the infections in animals

and humans °.. Currently, the thorough and standardized
application of disinfectants in livestock housing and the
environment is a key preventive strategy. It interrupts
transmission routes, eliminates sources of infection, and
inactivates pathogens. This approach represents one of the
most efficient and practical methods for implementing
a preventive disease control strategy. However, some
disinfectants exhibit limitations, including unstable
efficacy, a propensity to induce pathogen resistance,
and the generation of substantial by-products, which
restrict their widespread application ). Therefore, the
development and practical implementation of novel
disinfectants with high efficacy, environmental safety, and
low cost is a key task in veterinary sanitation ©°/,

Chlorocresol is a chemical disinfectant composed
of chlorine and phenols "'l Tt is primarily used for

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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disinfecting livestock housing, vehicles, equipment, and
the environment U*!4. However, its development and
clinical application are limited by several drawbacks,
notably poor water solubility and a characteristic
phenolic odor 2. According to the Veterinary Drug
Quality Standards (2017 ed., Chemical Drugs Volume),
the existing formulation is Chlorocresol Solution ).
Chlorocresol nanoemulsion disinfectant (CND) is a novel
environmental disinfectant developed by our research
group, with chlorocresol as the active ingredient. It offers
several advantages, including good water solubility,
reduced phenolic odor, strong disinfection efficacy, and a
simple production process "*!7.. Additionally, our group
has previously investigated its bactericidal effects and
mechanism of action against common microorganisms
found in livestock and poultry environments, such as
Staphylococcus aureus " and Candida albicans *). While
the efficacy of CND against these microorganisms hasbeen
established, its activity against Gram-negative bacteria,
particularly Escherichia coli, a key indicator organism in
environmental hygiene, remains unexplored. E. coli is a
Gram-negative bacterium widely present in the natural
environment. Given its impact on animal and human
health, developing effective management strategies is
essential %, The purpose of this study was to evaluate the
antibacterial activity of CND against E. coli, its effects on
bacterial ultrastructure, and its field disinfection efficacy.
The findings are intended to support its future clinical
application.

MATERIAL AND METHODS
Ethical Statement

This study did not require ethical approval.
Bacterial Strain

E. coli 8099 was used in accordance with the guidelines
of Chinas Technical Standard for Disinfection (Ministry
of Health of the People’s Republic of China, 2002) 21,
This bacterial strain was maintained and supplied by the
Animal Pharmacology Laboratory at Henan Institute of
Science and Technology, in Xinxiang, China.

Disinfectant Preparation

CND was prepared as previously described by Yang et
al.'””l. CND was an O/W nanoemulsion and its mean
droplet size was 27.43 nm with normal distribution. The
conductivity, viscosity and pH values were 479.67 ps/cm,
204.33 cp and 2.52, respectively. CND has good stability
and could be stored for 2 years. Before use, CND was
diluted to the required concentration with distilled water.

Neutralizer Selection

Selecting an appropriate neutralizer is essential for

accurately evaluating disinfectant efficacy . To ensure
precise quantification of surviving microorganisms,
a suitable neutralizer must be applied immediately
after the contact period to rapidly inactivate any
residual disinfectant, thereby preventing its continued
antimicrobial action. To ensure accurate efficacy assessment,
a neutralizer validation test was conducted following the
Technical Standard for Disinfection (2002) ?Y, The results
confirmed that a solution of 3% Tween 80 in phosphate-
buffered saline (PBS) effectively neutralized CND without
affecting E. coli viability, and was therefore used as the
appropriate neutralizer for all subsequent antimicrobial
evaluations ",

Determination of In Vitro Antibacterial Activity

The minimum inhibitory concentration (MIC) of CND
against E. coli was determined using the broth dilution
method, following the Technical Standard for Disinfection
(2002) 2, First, CND was diluted with distilled water
to obtain a series of test solutions at concentrations of
10, 30, 50, 100, 200, 300, 400, and 500 pg/mL. Then, 2.5
mL of each test solution was added to tubes containing
2.5 mL of Mueller-Hinton broth (MHB) and mixed
thoroughly. Subsequently, 100 uL of an E. coli suspension
(10® CFU/mL) was inoculated into each tube to form
the test groups. For the positive control, the bacterial
suspension was inoculated into tubes containing MHB
without disinfectant, following the same procedure. The
tube served as the positive control group. Another tube
containing only MHB medium was used as the negative
control. All tubes from the test, positive control, and
negative control groups were incubated at 37°C for 24 h,
after which the results were observed and recorded. The
MIC was considered as the lowest concentration capable
of inhibiting 100% of microbial growth . Furthermore, 1
mL of broth from each tube showing no visible growth was
subcultured onto disinfectant-free agar medium. After
incubation at 37°C for 24 h, the minimum concentration at
which no bacterial growth was observed on the subculture
was defined as the minimum bactericidal concentration
(MBC). The experiment was repeated five times, and the
mode values were taken as the final MIC and MBC 24,

Effects of CND on the Ultrastructure of E. coli
Sample Preparation

A 5 mL aliquot of an E. coli suspension (1x10° to 5x10°
CFU/mL) was added to 45 mL of 0.06% CND and mixed
thoroughly. After 10 min of exposure, the mixture was
rapidly neutralized by adding 450 mL of a neutralizer
solution (3% Tween 80) and mixed for an additional 10
min. The sample was then centrifuged at 6000 rpm for
3 min at 4°C. The supernatant was discarded, and the
resulting bacterial pellet was washed three times with
PBS by centrifugation. The final pellet was retained for
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subsequent analysis. For the control group, PBS was used
in place of CND, while all other steps remained identical.
Both the test and control samples were each divided into
two portions: one for observation by scanning electron
microscopy (SEM) and the other for transmission electron
microscopy (TEM).

Preparation and Observation of SEM Samples

The bacterial pellet was resuspended and fixed in 2.5%
glutaraldehyde, then stored overnight at 4°C. It was
subsequently centrifuged at 6000 rpm for 3 min at 4°C.
After discarding the supernatant, the pellet was dehydrated
in a graded ethanol series (30%, 50%, 70%, 80%, 90%, and
100%), with each step lasting 8 min. The sample was then
resuspended in 100% ethanol for an additional 8 min. A
drop of the suspension was evenly spread on a glass slide
and air-dried. Finally, the sample was sputter-coated with
gold. Morphological changes in E. coli before and after
disinfectant treatment were observed and photographed
using a scanning electron microscope (SEM, Quanta
200, FEI Company, USA). Control group samples were
processed identically.

Preparation and Observation of TEM Samples

Thebacterial pellet was fixed with 2.5% glutaraldehyde and
then post-fixed with 1% osmium tetroxide. Dehydration
was performed sequentially in 50% ethanol for 20 min,
70% ethanol overnight, 90% ethanol for 20 min, followed
by another overnight incubation in 90% ethanol. The
sample was further dehydrated in a 1:1 (v/v) mixture of
90% acetone and the bacterial suspension for 20 min,
followed by 90% acetone for an additional 20 min. It was
then infiltrated with 100% acetone three times (15 min
each) at room temperature. Subsequently, the sample was
embedded in resin and sectioned into ultrathin slices. The
sections were stained with uranyl acetate and lead citrate,
then observed and photographed using a transmission
electron microscope (TEM, H-7500, digital CCD camera
system, Hitachi Company, Japan). Control group samples
were processed identically.

Simulated Field Trial for Surface Disinfection

A simulated field trial was conducted following a
standard method for evaluating disinfection efficacy on
general surfaces . A wooden desktop was used as the
representative test surface. The test microbial suspension
was E. coli at a concentration of 2.5x10” to 1.25x10° CFU
per sample, which was used to evaluate the disinfectant
efficacy of CND.

The trial included a negative control group, a positive
control group, and CND test groups. For the test groups,
CND was applied at concentrations of 0.1%, 0.2%, 0.5%,
and 1.0%. The contact times tested for each concentration
were 5, 10, and 15 min.

The experimental procedure was conducted as follows:
X Wooden desktop surfaces were disinfected by applying
different concentrations of CND. After 5, 10, and 15 min
of contact, a sterile cotton swab was moistened in a tube
containing 10 mL of neutralizer solution, pressed against
the tube wall to remove excess liquid, and then used to
swab the disinfected area. The swab tip was aseptically
cut into the original neutralizer tube, mixed thoroughly,
and subjected to bacterial culture and counting as the test
group sample. X For the positive control group, a sterile
cotton swab was moistened in a tube containing 10 mL
of PBS dilution solution, pressed against the tube wall,
and then used to swab the control area. The swab tip
was aseptically cut into the original dilution tube, mixed
thoroughly, appropriately diluted, and then cultured for
bacterial counting. ¥ Samples of the neutralizer solution,
dilution solution, swabs, and culture media from the same
batch were cultured and counted as the negative control.
X The test was repeated three times. Killing log (KL)
value was calculated as follows: KL value = 1 g (viable
bacterial concentration in the positive control) - 1 g (viable
bacterial concentration in the test group). According to
the Chinese Technical Standard for Disinfection (2002),
effective disinfection was defined as achieving a mean KL
value 23 for the simulated field trial.

Field Trial for Surface Disinfection

A field trial was conducted on the concrete floor of the
Animal Physiology Laboratory at Henan University
of Science and Technology to evaluate the disinfection
efficacy of CND. The procedure followed the standard
method for field evaluation of disinfection efficacy on
general surfaces !, as described in reference !'!. The
experimental groups and contact times were identical
to those used in the simulated field trial. However, the
disinfectant concentrations tested for the CND groups
were 0.05%, 0.1%, 0.2%, and 0.5%. The test was repeated
three times. According to the Chinese Technical Standard
for Disinfection (2002), effective disinfection was defined
as achieving a mean KL value >1 for the field trial, whereas
a mean KL value >3 was required for the simulated
field trial.

RESULTS
In Vitro Antibacterial Activity

After incubation, no visible bacterial growth was observed
in the negative control tube or in tubes containing CND
at concentrations ranging from 100 to 250 pg/mL. In
contrast, visible growth was observed in the positive
control tube and in tubes with CND concentrations
between 5 and 50 pg/mL. These results indicated that the
MIC of CND against E. coli was 100 pg/mL. Subsequently,
broth from tubes containing CND at concentrations of
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100 to 250 pg/mL was subcultured onto agar medium.
Bacterial growth was observed from subcultures of tubes
with CND concentrations between 100 and 150 pg/mL,
while no growth occurred from those with concentrations
between 200 and 250 pg/mL. These findings demonstrate
that the MBC of CND against E. coli was 200 pg/mL.

Effects of CND on the Ultrastructure of E. coli Cells
SEM Observations

SEM observations of E. coli were shown in Fig. I.
Untreated E. coli cells exhibited a short, rod-shaped
morphology with peritrichous flagella and rounded ends.
The cell surfaces were smooth, without folds, protrusions,
or depressions (Fig. I1-A). After treatment with CND for
10 min, significant alterations in surface structure were
observed. The peritrichous flagella were absent, and the
cell surfaces became rough and uneven. Some bacteria
exhibited distinct depressions or protrusions (Fig. 1-B). In
other cells, damage to the cell wall structure was observed,
characterized by spiky projections (Fig. 1-C) or severe
surface disruption leading to fragmentation, accompanied
by wrinkling and spiky protrusions (Fig. 1-D).

TEM Observations

TEM observations of E. coli were shown in Fig. 2. Untreated

cells displayed a short, rod-shaped morphology with
intact structure. A clear periplasmic space was observed
between the thick, electron-dense outer cell wall and
the inner cell membrane. The cytoplasm was uniformly
distributed, and no gaps were observed between the
cytoplasmic boundary and the cell membrane (Fig. 2-A).
After treatment with CND for 10 min (Fig.2-B,C), the
cellular architecture was altered. The periplasmic space
appeared markedly narrower than that of untreated cells.
In most bacteria, the cell wall appeared thinned, ruptured,
or entirely absent. Gaps of varying sizes formed between
the cytoplasmic boundary and the cell membrane.
Furthermore, the intracellular contents exhibited an
uneven distribution with aggregation.

Results of Simulated Field Trial for Surface
Disinfection

The results of the simulated field trial evaluating the efficacy
of CND in disinfecting general surfaces were presented in
Table 1. The disinfectant efficacy of CND increased with
longer contact time and higher concentrations. When
surfaces were treated with 0.1% CND for 5 or 10 min,
mean KL values were below 3, and thus did not meet the
disinfection criterion. However, when the contact time
was extended to >15 min, mean KL values exceeded 3,
indicating effective disinfection. For CND concentrations

Fig 1. Scanning electron microscope observation about the effect of CND on the ultrastructure of E. coli. A- E. coli
of the control group (x12 000); B, C and D- E. coli disinfected with CND for 10 min (x 12 000)
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>0.2%, mean KL values consistently exceeded 3 under all
tested contact times, demonstrating effective disinfection.
These results indicated that CND exhibited effective

disinfection performance under simulated field conditions.

Fig 2. Transmission electron microscope observation about the effect of CND on the ultrastructure of E. coli. A- E.

coli in the control group (x12 000); B and C- E. coli disinfected with CND for 10 min (x12 000)

Results of Field Trial for Surface Disinfection

The results of the field trial evaluating the surface
disinfection efficacy of CND were presented in Table
2. The disinfectant efficacy increased gradually with

Table 1. Results of simulated field trial for surface disinfection
Log Values of Viable Bacter{a Concen'tratxon After Disinfecting Mean KL Values After Disinfecting for Different Time
G for Different Time
roup
5 min 10 min 15 min 5 min 10 min 15 min
0.1% CND 4.78 5.05 4.46 2.97 2.70 3.29
0.2% CND 4.62 4.54 4.39 3.13 3.21 3.36
0.5% CND 4.58 4.30 3.07 3.17 3.45 4.68
1.0% CND 4.44 3.92 2.62 3.31 3.83 5.13
Log value of viable bacteria concentration was 7.75 in the positive control group, and no bacterial growth occurred in the negative control groups

Table 2. Results of field trial for surface disinfection

Log Values of Viable Bacteria Concentration After
Disinfecting for Different Time

Mean KL Values After Disinfecting for

Different Time

Group

5 min 10 min 15 min 5 min 10 min 15 min
0.05% CND 2.79 2.60 2.50 0.87 1.06 1.16
0.1% CND 2.62 2.18 1.60 1.04 1.48 2.06
0.2% CND 1.95 1.43 1.11 1.71 2.23 2.55
0.5% CND 1.41 - - 2.25 3.66 3.66

Log value of viable bacteria concentration was 3.66 in the positive control group, and no bacterial growth occurred in the negative control groups
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longer contact time and higher concentrations. When
0.05% CND was applied for 5 min, the mean KL value
was less than 1, and thus did not meet the disinfection
standard. However, with contact time >10 min, mean KL
values exceeded 1, indicating effective disinfection. For
disinfectant concentrations >0.1%, all applications with
contact time >5 min yielded mean KL values greater than
1, meeting the disinfection requirement. Notably, the 0.5%
CND solution achieved complete inactivation of natural
microorganisms on surfaces when applied for 10 min or
longer. These results demonstrated that CND exhibited
effective disinfection performance under field conditions.

Di1sCcuUsSION

Disinfectants are effective in inhibiting or eliminating
microorganisms on surfaces and within transmission
media, and are extensively applied in various industries.
Thorough and standardized disinfection of livestock
housing and the environment serves as a crucial preventive
measure to block transmission routes, eliminate sources
of infection, and inactivate pathogens. It is also one of
the most efficient and practical approaches for disease
prevention. E. coli is an opportunistic pathogen widely
present in nature. Although it can cause severe illnesses
in humans and animals, it also plays a significant role in
the commensal microbiota .. Therefore, E. coli serves
as an ideal indicator organism for evaluating the efficacy
of environmental disinfectants. Following the Technical
Standard for Disinfection (2002) @Y, this study used
E. coli to evaluate the antibacterial activity of CND, a
novel environmental disinfectant, as well as its effects on
bacterial ultrastructure and its field disinfection efficacy.

Some nanomaterial-based disinfectants have been
reported in recent years. Jamshidinia et al.** demonstrated
that nanomaterial-augmented formulations enhanced the
antiviral activity of disinfectants and antiseptics against
respiratory viruses, particularly SARS-CoV-2. These
formulations are thought to enhance disinfectant efficacy
by inhibiting viral penetration into cells, disrupting the
lipid bilayer envelope, and increasing reactive oxygen
species production. Similarly, sandalwood nanoemulsion
had shown strong antibacterial efficacy and could
be used as a disinfectant for various applications,
including hand hygiene, surface disinfection, and surgical
instrument sterilization . Risso et al.”® demonstrated
that chlorhexidine nanoemulsion could decrease
chlorhexidine concentrations. Both in vitro and in vivo
experiments indicated its potential as an antiseptic for
cutaneous microbiota. In another study, nano-emulsified
cresol disinfectant had been reported for environmental
disinfection in biosafety cabinets (BSCs). It is considered
an ideal alternative to formaldehyde and chlorine dioxide
for BSCs disinfection 7. Collectively, these findings

highlight the potential of nanostructured formulations
as effective disinfectants !, supporting the development
of CND as a novel nanoemulsion-based disinfectant for
environmental applications.

To evaluate the antibacterial activity of CND, its in vitro
efficacy against E. coli was first examined. The results
showed that the MIC and MBC of CND against E.
coli were 100 pg/mL and 200 pug/mL, respectively. Our
previous findings demonstrated that the MIC and MBC
of CND against S. aureus were 100 ug/mL and 200 ug/mL,
respectively . In contrast, both the MIC and MBC
for Candida albicans were 3 mg/mL .. In the present
study, CND showed strong inhibitory activity against E.
coli (Gram-negative). Taken together with our previous
findings showing its efficacy against S. aureus (Gram-
positive) and Candida albicans (fungus), these results
indicate that CND possesses broad-spectrum antimicrobial
activity. Notably, its bactericidal potency against both
Gram-negative and Gram-positive bacteria appears to be
greater than its fungicidal activity.

Previous studies from our research group indicated that
exposure to 0.06% CND for 10 min led to varied outcomes
in quantitative suspension tests ['7. Some bacterial cells
died, some survived, and others showed partial loss
of structural integrity. To investigate the antibacterial
mechanism of CND against E. coli, bacterial samples were
treated with 0.06% CND for 10 min and then processed into
ultrathin sections for electron microscopic observation
of ultrastructural changes. SEM observations showed
that CND exerts its antibacterial effect by damaging the
surface structure of bacterial cells. TEM further revealed
that CND disrupted the internal structural integrity of E.
coli, contributing to its antibacterial activity. The bacterial
cell wall is a specialized structure that serves not only as
the primary barrier against external threats but also plays
essential roles in maintaining cell morphology, providing
protection against damage, and mediating adhesion to
host cells. These observations underscore the critical role
of cell wall integrity in bacterial survival. Once the cell wall
or membrane is compromised, bacteria lose their normal
shape; the exchange of materials across the membrane
is hindered; and membrane-associated enzymes fail
to function properly. This reduces nutrient uptake
and ultimately inhibits bacterial growth. Other studies
have shown that upon contact with microorganisms,
nanoemulsions fuse with the microbial cell membrane via
their lipid bilayers, releasing the energy stored in the oil
and disinfectants. This process destabilizes the bacterial
lipid membrane, ultimately leading to cell death . The
present results suggest that one likely mechanism of CND
against E. coli involves inducing ultrastructural alterations
in bacterial cells. However, as this conclusion is primarily
based on morphological observations, it remains partly
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hypothetical within the scope of the current study and
requires further mechanistic validation.

Disinfection is a key measure for interrupting pathogen
transmission, and evaluating its efficacy is a primary
focus in environmental hygiene. To further evaluate the
environmental disinfectant performance of CND and
support its future practical application, simulated and
field trials for surface disinfection were conducted. The
results demonstrated that the disinfectant efficacy of
CND improved with longer contact time and higher
concentrations. In the simulated surface disinfection
trial, effective disinfection was achieved with 0.1% CND
applied for 215 min or with CND concentrations >0.2%.
In the field trial, effective disinfection was achieved
with 0.05% CND applied for 210 min or with CND
concentrations >0.1%. Notably, 0.5% CND applied for
>10 min completely inactivated natural microorganisms
on surfaces, resulting in a 100% bactericidal rate. These
findings indicate that CND performs effectively under
field conditions. Previous studies from our group have
also shown that CND exhibits stronger disinfectant
efficacy than conventional chlorocresol formulations 7.
Therefore, CND has great potential for use as a new-
generation disinfectant. Extensive literature indicates
that nanoemulsions serve as an ideal drug delivery system
with unique advantages over other carriers, such as
enhancing the solubility of poorly soluble drugs, improving
bioavailability, and promoting transdermal absorption 25,
Nanoemulsions can be exploited in the formulation
of sanitizers or related products with antibacterial
activity 23, In this study, CND was developed as a novel
formulation using a nanoemulsion as the drug carrier. Its
superior field disinfection efficacy is likely attributable
to the distinctive properties of this nanoemulsion-based
delivery system. CND is an oil-in-water nanoemulsion ['7},
in which chlorocresol is encapsulated within the
nanoemulsion droplets. The resulting nanoscale particle
size facilitates penetration through the bacterial cell
wall, increasing the intracellular drug concentration and
enhancing antibacterial activity '], thereby contributing
to its potent bactericidal effect. It has also been reported
that the reduced particle size may enhance passive
cellular absorption, facilitating drug entry into microbial
cells and thereby increasing antimicrobial activity and
improving the therapeutic index ***. Furthermore, the
nanoemulsion structure itself has been reported to possess
broad-spectrum antimicrobial properties **I.

Several limitations of this study should be acknowledged.
This study focused only on E. coli under controlled
conditions; the efficacy of CND against other Gram-
negative bacteria, drug-resistantstrains, viruses, and spores
remains unknown. Furthermore, the precise molecular
mechanism of action has not been fully elucidated.

Although our research group has systematically evaluated
CND against multiple microorganisms, future studies
should focus on elucidating the molecular mechanism
using biochemical and omics approaches, evaluating its
antiviral and sporicidal activity, and conducting long-
term safety and ecotoxicological assessments.

In conclusion, this study evaluated the antibacterial
efficacy of CND against E. coli by determining the MIC
and MBC. The effects of CND on bacterial ultrastructure
were examined using SEM and TEM. Furthermore, its
disinfection performance was assessed through simulated
and field trials on general surfaces. The results demonstrate
that CND exhibits strong antibacterial activity against
E. coli, induces significant alterations in cellular
ultrastructure, and demonstrates effective disinfection
under field conditions. Therefore, CND represents a
promising environmental disinfectant, although further
toxicity and in vivo safety assessments are needed before
clinical application.
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INTRODUCTION

Abstract

Wound healing involves coordinated epithelial regeneration, extracellular matrix
remodeling, and inflammatory regulation. This study evaluated the histopathological
effects of topical Murraya koenigii leaf extract on excisional wound healing in rats and
explored potential molecular mechanisms in silico. Fifty male Rattus norvegicus were
divided into five groups (n=10 per group): unwounded control (CN), positive control
(Bioplacenton), and treatment groups 10%, 20%, and 40% Murraya koenigii ointment
respectively. A standardized 1-cm full-thickness dorsal excisional wound was created,
treatments were applied twice daily for 14 days, and tissues were collected on day 15.
Sections were assessed using the SPOT scoring system (re-epithelialization, epithelial
thickness index, keratinization, granulation thickness, remodeling, and scar elevation
index). Kruskal-Wallis exhibited a significant difference in the composite SPOT score
among groups (H=40.838, P<0.001) with a large effect (¢°=0.819). Histopathologically,
the 40% group showed the most promising repair, with more complete epithelial coverage,
improved epidermal maturation, denser granulation tissue, and early dermal remodeling
compared with lower concentrations. Molecular docking indicated favorable binding
of major carbazole alkaloids (mahanine, mahanimbine, mahanimbicine) to FAAH and
GSK3p, targets implicated in inflammation and regenerative signaling. These findings
indicate that topical Murraya koenigii extract enhances structural wound repair and
highlights its potential as a plant-based therapeutic candidate for wound management.

Keywords: Carbazole alkaloids, Endocannabinoid system, Wound repair, p-catenin
signaling, Health, Phytotherapy

formation, angiogenesis, fibroblast proliferation, and
re-epithelialization drive tissue restoration P The rat

Cutaneous wound healing is a highly regulated process  excisional wound model provides standardized wound
Wlth overlapping phases Of hemostasis, inﬂammation, geometry and Supports serial macro- and microscopic
proliferation, and remodeling that restores tissue structure  evaluation, including histopathological assessment of
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collagen deposition . In human studies, despite advances
in wound care and topical therapeutics, delayed or impaired
healing remains a clinical challenge, motivating continued
exploration of bioactive compounds that modulate
inflammation, oxidative stress, and extracellular matrix
remodeling 7%,

Natural products and plant-derived phytochemicals
are increasingly studied for wound healing because
of antioxidant, anti-inflammatory, and antimicrobial
activities; among these, Murraya koenigii (curry leaf)
is rich in carbazole alkaloids, flavonoids, and phenolic
compounds with documented biological activities °'2I.
Formulations containing Murraya koenigii extract have
been reported to enhance wound contraction, promote re-
epithelialization, and support collagen synthesis in vivo,
potentially via modulation of inflammatory mediators
and oxidative-related pathways that influence tissue
regeneration, matching trajectories observed in other
therapeutic plant oil models ©121¢,

However, although several studies have reported the
wound-healing effects of Murraya koenigii based on
macroscopic wound contraction and biochemical markers,
systematic histopathological evaluation using standardized
scoring systems remains limited 7). Structured
scoring approaches such as the SPOT system allow
semi-quantitative assessment of epithelial regeneration,
keratinization, granulation tissue maturation, and tissue
remodeling. In addition to morphological assessment, in
silico approaches such as molecular docking can provide
mechanistic insights by predicting interactions between
phytochemical compounds and proteins involved in
inflammation, angiogenesis, and extracellular matrix
regulation U8l Integrating histopathological evaluation
with computational analysis may therefore provide a more
comprehensive understanding of the therapeutic potential
of plant-derived compounds.

Therefore, the present study aimed to evaluate the effects
of topical Murraya koenigii leaf extract on excisional
wound healing in Rattus norvegicus using SPOT-based
histopathological scoring and to explore potential molecular
mechanisms through molecular docking analysis.

MATERIAL AND METHODS

Ethical Approval

All procedures were approved by the Institutional Animal
Care and Use Commiittee (IACUC), Faculty of Veterinary
Medicine, Universitas Airlangga, Indonesia (Approval
No.: 1.KEH.043.03.2023), and conducted according to
institutional animal care guidelines.

Study Design and Animals

A completely randomized design was used. Fifty male

Rattus norvegicus (150-200 g; 3-4 months old) were
acclimatized for one week and randomly assigned into
five groups (n=10 per group): CN (truly unwounded and
untreated control; these animals underwent no surgical
procedures, anesthesia, or wound creation, and served as a
histopathological benchmark for physiological normalcy),
CP (Bioplacenton® ointment, Kalbe Farma, Indonesia
serving as a widely used regional clinical standard for wound
care that provides a benchmark for a successful healing
trajectory), T1 (10% Murraya koenigii), T2 (20%), and T3
(40%). Each rat was considered one experimental unit.
Group sizes (n=10 per group) and extract concentrations
(10%, 20%, 40%) were selected based on established
preclinical excisional wound-healing model parameters
reported in the literature 512, Treatments were applied
topically twice daily for 14 consecutive days. Tissue samples
were collected on day 15 for histopathological examination.

Animals were individually housed in polypropylene cages
under controlled environmental conditions: ambient
temperature 22+2°C, relative humidity 50-60%, and a
12-h light/dark cycle. All animals received a standard
commercial pelleted rodent diet and had continuous
access to clean water ad libitum throughout the study
period. A mandatory one-week acclimatization period
was observed prior to any experimental procedures,
during which all animals were confirmed to be in good
health before randomization.

Excisional Wound Model

The dorsal area of each rat was shaved and disinfected with
70% ethanol before surgery. Animals were anesthetized
using ketamine (100 mg/kg) and xylazine (5 mg/kg)
administered intraperitoneally. A circular full-thickness
excisional wound with a diameter of 1 cm was created on
the dorsal skin using a sterile biopsy punch. The wounds
were left unsutured to allow secondary intentional
healing. Postoperative assessment was monitored twice
daily throughout the 14-day observation period using the
Rat Grimace Scale (RGS), a validated objective tool for
quantifying pain-related facial expressions in laboratory
rodents . Meloxicam (2 mg/kg, subcutaneous) was
prepared as a rescue analgesic and designated for
administration if any animals RGS score exceeded
the established clinical threshold for distress. Animals
that exceeded the predetermined pain-score threshold
received appropriate rescue analgesia to ensure animal
welfare and alleviate pain-related distress. This reactive
analgesic strategy was intentionally employed to balance
ethical animal care with the need to minimize potential
confounding effects of systemic non-steroidal anti-
inflammatory drugs (NSAIDs) on the inflammatory
and proliferative phases of wound healing, which were
the primary histopathological outcomes assessed in the
present study.
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Preparation of Murraya koenigii Extract and Ointment

Cold dried curry leaves (Murraya koenigii) were macerated
in 96% ethanol for 72 h at room temperature. The extract
was filtered and concentrated under reduced pressure
using a rotary evaporator at 40-45°C to obtain a viscous
crude extract. The resulting extract was incorporated
into a Vaselin flavum base to prepare ointments at
concentrations of 10%, 20%, and 40% (total weight 50 g
per formulation). All formulations were prepared under
sterile conditions and stored in sealed containers until use
(Table 1).

Tissue Processing and Histopathology

Histopathological slides were independently evaluated
by two blinded observers to minimize observer bias.
Each SPOT parameter was assessed on a 0-2 ordinal scale
(0 = absent/minimal; 1 = partial; 2 = complete/normal),
following the criteria described by van de Vyver et al.l'7l.
Specifically: re-epithelialization scored the degree of
continuous neo-epithelium coverage across the wound
surface; the Epithelial Thickness Index (ETI) evaluated
epidermal thickness relative to adjacent unwounded skin;
keratinization assessed the organization of superficial keratin
layers; granulation tissue maturation captured fibroblast
density and early extracellular matrix deposition within
the wound bed; remodeling evaluated collagen fibre
organization and maturity; and the Scar Elevation Index
(SEI) quantified epidermal architecture relative to the
surrounding normal dermis. Interobserver agreement
between the two blinded scorers was evaluated post
hoc using Cohen’s « statistic. The analysis yielded a «
coefficient indicative of strong agreement across all six
SPOT parameters, confirming the robustness of the semi-
quantitative scoring. Any discrepancy between observers
was resolved by consensus review.

In Silico Target Prediction and Molecular Docking

SMILES and three-dimensional structures of the ligands
(mahanimbicine, mahanimbine, and mahanine) were
obtained from PubChem. Potential protein targets were
predicted using SwissTargetPrediction (species: Rattus
norvegicus). Protein sequences and structures were
retrieved from the RCSB Protein Data Bank and UniProt
databases. Sequence conservation between species was
verified using Clustal Omega when necessary.

Table 1. Composition of Murraya koenigii Ointment Formulations
Extract M. koenigii Vaselin Total
Group . Extract Flavum  Weight
Concentration

(® (@ ®
T1 10% 5 45 50
T2 20% 10 40 50
T3 40% 20 30 50

Ligand geometry optimization was performed using
ORCA at the B3LYP/def2-SVP level with dispersion
correction %! Protein and ligand preparation were
carried out using BIOVIA Discovery Studio and
ChimeraX. Docking validation was conducted by re-
docking native inhibitors into the binding site to ensure
reliability of the docking protocol, with acceptable root-
mean-square deviation (RMSD < 2 A).

Molecular docking simulations were performed using
AutoDock 4.2.6 with 100 genetic algorithm (GA) runs,
a population size of 150, and 25x10° energy evaluations.
Ligand-protein interactions were visualized using BIOVIA
Discovery Studio 2.

Statistical Analysis

The data were analyzed using non-parametric statistical
methods because the variables were ordinal. Differences
among groups were evaluated using the Kruskal-Wallis
test. When significant differences were detected, pairwise
comparisons were further analyzed using the Mann-
Whitney U test. To control the family-wise error rate, a
Bonferroni correction was applied to all post-hoc pairwise
comparisons. With ten possible pairwise comparisons
among five experimental groups (C (5,2) = 10), the
corrected significance threshold was adjusted to a = 0.005
(0.05+10). All pairwise differences reported as statistically
significant met this corrected threshold.

RESULTS
Histopathological Evaluation of Wound Healing

Histopathological examination performed on day 15 using
the SPOT scoring system revealed significant differences
among experimental groups across all evaluated
parameters (Table 2). Analysis using the Kruskal-Wallis
test demonstrated statistically significant differences in
scar elevation index (SEI), re-epithelialization, granulation
tissue maturation, keratinization, epithelial thickness
index (ETI), remodeling, and the total composite SPOT
score (P<0.05 for all parameters).

Re-epithelialization differed significantly among groups
(H = 9.971, P=0.041, &> = 0.133). Pairwise comparisons
using the Mann-Whitney U test revealed significant
differences between CN and T1, CN and T2, as well
as between T1 and T3 and T2 and T3. However, no
significant difference was observed between T3 and
the positive control group (CP) as well as T3 and the
negative control group (CN). Histopathological sections
demonstrated progressive epithelial bridging across
the wound surface in the treated groups. The T3 group
exhibited nearly complete epithelial coverage, indicating
greater epidermal regeneration compared with the lower
treatment concentrations (Fig. 1).
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statistic presenting p-value, and € effect size

Table 2. Median and interquartile range (IQR) for each SPOT parameter across all experimental groups (CN, CB, T1, T2, T3), with overall Kruskal-Wallis H

Parameter CN (n=10) CP (n=10) T1 10% (n=10) T2 20% (n=10) | T3 40% (n=10) H p-value €

Re-epithelialization 2.0 [2.0-2.0] 2.0 [2.0-2.0] 2.0 [1.0-2.0] 2.0 [1.0-2.0] 2.0 [2.0-2.0] 9.971 0.041 0.133
Keratinization 2.0 [2.0-2.0] 2.0 [1.4-2.0] 1.2 [0.8-1.2]° 2.0 [0.9-2.0]* 2.0 [1.3-2.0]* 20.966 0.000 0.377
ETI 2.0 [2.0-2.0]* 2.0 [2.0-2.0]* 1.0 [1.0-1.0]° 2.0 [1.0-2.0]* 2.0 [2.0-2.0]* 27.601 0.000 0.524
Granulation 2.0 [2.0-2.0]* 1.0 [1.0-2.0]° 1.0 [1.0-1.0]° 1.0 [0.3-1.0]° 2.0 [2.0-2.0]* 31.316 0.000 0.607
Remodeling 2.0 [2.0-2.0]* 1.7 [1.2-2.0]* 0.2 [0.1-0.4]° 1.6 [1.1-2.0]* 1.8 [1.5-2.0]° 25.065 0.000 0.468
SEI 2.0 [2.0-2.0]* 2.0 [2.0-2.0]* 1.0 [0.25-2.0]° 2.0 [1.0-2.0]* 2.0 [2.0-2.0]* 11.905 0.018 0.176
Total SPOT Score 128 10.7¢ 6.4° 10.6* 11.8° 40.838 0.000 0.819

CN = unwounded control; CP = positive control (Bioplacenton®); T1-T3 = 10%, 20%, 40% M. koenigii ointment; ETI = epithelial thickness index; SEI = scar elevation index.* values
within a row with different superscript letters are significantly different (P<0.05) based on post-hoc pairwise comparisons

Granulation tissue thickness demonstrated the most
pronounced intergroup variation (H = 31.316, P<0.001, €
= 0.607). The treated groups showed higher mean ranks
compared with the control groups, indicating enhanced
granulation tissue development. Histopathologically, this
was characterized by greater fibroblast proliferation,
increased vascularization, and early extracellular matrix
deposition within the wound bed. These findings were
most prominent in the T3 group, suggesting enhanced
proliferative-phase activity.

Keratinization also differed significantly among groups
(H = 20.966, P<0.001, ¢* = 0.377). The T3 group
demonstrated more organized keratin layers and improved
epidermal maturation compared with T1 and T2.
Similarly, the epithelial thickness index (ETI) showed
significant variation (H = 27.601, P<0.001, €* = 0.524).
Groups treated with lower concentrations (T1 and T2)
displayed increased epithelial thickness consistent with
active epithelial proliferation, whereas the T3 group
showed a more normalized epithelial architecture
approaching that of the unwounded control.

Significant differences were also observed in the
remodeling parameter (H = 25.065, P<0.001), reflecting
variations in connective tissue organization and collagen
maturation. Histopathological sections from the T3 group
demonstrated early remodeling features, including more
organized collagen fibers and reduced inflammatory
infiltration compared with the lower-dose groups.

Importantly, the total composite SPOT score differed
significantly among groups (H = 40.838, P<0.001, &> =
0.819). The large effect size indicates that treatment with
Murraya koenigii ointment accounted for a substantial
proportion of the variation in overall histopathological
healing outcomes. Mean rank comparisons further
suggested a dose-dependent improvement in wound
healing parameters, with the highest scores consistently
observed in the T3 group. A comprehensive summary
of the median and interquartile range (IQR) for each

CN

CcP

T

T2

T3

Fig 1. Histopathological features of experimental Rattus norvegicus skin
tissue on day 15 of wound healing. Panels a, ¢, e, g, and i (H&E, 40x) show
selected areas (black boxes), magnified in panels b, d, f, h, and j (H&E,
200x). Incomplete re-epithelialization (black arrow) was observed in
T1. The CP and T3 groups showed thinner epithelial thickness (yellow
lines) comparable to CN. Loose granulation tissue with angiogenesis,
dilated blood vessels (asterisks), inflammatory infiltration (yellow circles),
fibroblasts (blue arrows), and thin collagen fibers (green arrows) was
evident in CP, T1, and T2. In contrast, T3 exhibited denser granulation
tissue, fewer inflammatory cells, and thicker collagen fibers (green arrows),
resembling CN
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individual SPOT parameter across all experimental groups,
together with the Kruskal-Wallis H statistic, p-value, and
e effect size, is presented in Table 2.

In Silico Mechanism Prediction

In silico target prediction identified fatty acid amide
hydrolase (FAAH) and glycogen synthase kinase-3
beta (GSK3p) as potential molecular targets associated
with epithelial regeneration and tissue repair. Docking
validation was performed through re-docking of the
native FAAH inhibitor into the active site, yielding a root-
mean-square deviation (RMSD) value of 0.81 A, which
confirmed the reliability of the docking protocol (Fig. 2).
Sequence alignment analysis further supported the use of
the human GSK3p structure as a surrogate model due to
the high conservation of the catalytic binding pocket.

Molecular docking simulations demonstrated stable
binding conformations for the carbazole alkaloids
mahanimbicine, mahanimbine, and mahanine toward
both target proteins. For FAAH, binding energies ranged
from -9.69 to -10.16 kcal/mol, with mahanine exhibiting
the strongest binding affinity (-10.16 kcal/mol) (Fig.
2). For GSK3p, binding energies ranged from -8.41 to
-8.95 kcal/mol, again with mahanine demonstrating
the most favorable interaction (-8.95 kcal/mol) (Fig. 3).
To provide an overview of the experimental outcomes,
the pathways linking the administration of mahanine,
mahanimbine, and mahanimbicine to the observed
changes in inflammatory markers and tissue regeneration
are summarized in Fig. 4.
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Fig 3. Molecular docking interaction diagrams of selected bioactive
compounds from Murraya koenigii with the GSK3B protein. (a) Native
ligand OFT, (b) mahanimbicine, (c) mahanimbine, and (d) mahanine
docked within the GSK3p binding pocket, showing hydrogen bond and
hydrophobic interactions with key amino acid residues

Fig 2. Molecular docking interaction diagrams illustrating the binding
interactions of selected compounds from Murraya koenigii with the FAAH
protein. Panels show the interaction profiles of (a) Native ligand QJ9, (b)
mahanimbicine, (c) mahanimbine, and (d) mahanine within the FAAH
active site, highlighting hydrogen bond and hydrophobic interactions with
key amino acid residues

Visualization of ligand-protein interactions revealed
several stabilizing contacts within the binding pocket,
including hydrogen bonding, hydrophobic interactions,

Murraya Koenigii
(Carbazole Alkaloids)

HANIMBICINE

FAAH Inhibition GSK3p Inhibition

| GSK3B Activity
l ‘Wnt/B-catenin pathway

Enhanced Tissue
Repair:

TEndocannabinoid signaling

T Oxidative stress

L !

Reduced
Inflammation :

l Pro-inflammatory

s 1 Fibroblast Proliferation
cytokines

l Oxidative Stress 1 Crllpyen syl

Re-epithelization: 1 SIOBEAS
\ TKeratinocytes migration \

IMPROVED WOUND HEALING:
EPITHELIAL REGENERATION
GRANULATION TISSUE FORMATION
COLLAGEN REMODELLING

Fig 4. Schematic flowchart summarizing the mechanism of action of
Murraya koenigii carbazole alkaloids in relation to inflammatory reduction
and tissue repair markers
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and van der Waals interactions. These interactions
suggest potentially stable ligand-protein complexes that, if
confirmed experimentally, may contribute to modulation
of signaling pathways involved in inflammation and tissue
regeneration.

Di1SCUSSION

This study constitutes a foundational, exploratory
investigation integrating standardized semi-quantitative
histopathological scoring with in silico computational
target prediction to characterize the wound-healing
potential of topical Murraya koenigii extract in a rat
excisional model. Cutaneous wound healing is a
dynamic, multiphase process encompassing haemostasis,
inflammation, proliferation, and remodeling, coordinated
by keratinocytes, fibroblasts, endothelial cells, and immune
effectors 3! Successful repair requires re-epithelialization,
angiogenesis-supported granulation tissue formation,
progressive extracellular matrix remodeling, and epidermal
maturation ?*2¢, Plant-derived phytochemicals represent
an actively investigated avenue for wound care, given their
multi-target antioxidant, anti-inflammatory, and tissue-
restorativeactivities 1. Against thisbiological backdrop,
the histopathological and computational findings of the
present study are interpreted and contextualized below.
It is important to emphasize that the in silico component
of this work is intended as a hypothesis-generating
tool to identify candidate molecular targets for future
experimental investigation, and not as confirmation of
pharmacological mechanism.

The overall histopathological evaluation demonstrated
significant differences among experimental groups, with
the Kruskal-Wallis test confirming that the total SPOT
score differed across groups (H = 40.838, P<0.001),
indicating that Murraya koenigii extract influenced wound
healing ['*17192%] The large effect size (¢* = 0.819) indicates
that treatment explained a substantial proportion of
variability in histopathological outcomes, suggesting a
substantial treatment effect on histopathological wound-
healing outcomes 2!,

Consistent with SPOT-defined healing domains, group
differences were expressed across re-epithelialization,
granulation tissue formation, keratinization, fibroblast
activity, and remodeling features 17220l Higher
concentrations improved epidermal and dermal
architecture. This was reflected by more complete
epithelial coverage, increased fibroblast density, and
denser collagen deposition. These findings are consistent
with the proliferative and early remodeling phases of
wound healing 22,

In addition, these findings align with previous studies
highlighting the role of extracellular matrix components,

particularly collagen and glycosaminoglycans such as
hyaluronic acid (HA), in accelerating wound healing.
HA is known to promote epithelial cell migration,
proliferation, angiogenesis, and granulation tissue
formation, especially during the early phases of repair.
The observed increase in re-epithelialization, epidermal
thickness, and collagen deposition in the treated groups
may therefore reflect enhanced extracellular matrix
dynamics and improved cellular activity, contributing to
more efficient tissue regeneration 2%,

Microscopically, treated groups demonstrated improved
epithelial regeneration, as evidenced by partial to nearly
complete epithelial coverage and increased epidermal
thickness, indicating active keratinocyte-driven barrier
restoration #2. These findings indicate progression
into the proliferative phase, characterized by re-
epithelialization and tissue rebuilding, consistent with
rat excisional wound models where topical agents such
as resveratrol, ozonated olive oil, or insulin derivatives
enhance epithelial regeneration and angiogenesis .
In parallel with these findings, the present study also
showed more mature granulation tissue, reflected by
increased fibroblast proliferation, neovascularization, and
early collagen deposition, where these structural changes
indicate active angiogenesis and extracellular matrix
formation, both of which are essential for supporting
tissue regeneration ['7*>?73>%71 Similar histopathological
improvements, including enhanced re-epithelialization,
collagen deposition, and tissue organization, have been
reported following topical treatment, likely mediated
by moisture retention that preserves cellular viability,
promotes angiogenesis, and enhances growth factor
activity, thereby accelerating wound healing . Taken
together, these findings indicate that the enhanced
histopathological features observed in the treated groups
are not only consistent with previous experimental
models but are also supported by underlying biological
mechanisms that facilitate more efficient wound repair
and tissue remodeling 12+2°],

To explore plausible molecular mechanisms underlying
these histopathological improvements, docking was
performed against two repair-relevant targets associated
with inflammation control and regenerative signaling:
FAAH and GSK3 1222329367

Regarding the specific interaction with FAAH, this enzyme
degrades endocannabinoids (notably anandamide), and
endocannabinoid system signaling has been linked with
regulation of inflammation, nociception, and repair-
associated cellular behavior; therefore, FAAH inhibition
could potentially increase endocannabinoid signaling and
contribute to a pro-healing wound microenvironment 3!\
In the present docking results, Murraya koenigii carbazole
alkaloids demonstrated favorable predicted binding affinity
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toward FAAH, with mahanine exhibiting the lowest binding
energy (-10.16 kcal/mol), followed by mahanimbine (-9.70
kcal/mol) and mahanimbicine (-9.69 kcal/mol), suggesting
their potential as candidate FAAH inhibitors requiring
further experimental confirmation [UM22222] If FAAH
inhibition were experimentally confirmed, increased local
endocannabinoid tone could plausibly attenuate excessive
inflammation and support repair-associated cellular
activities, including keratinocyte migration/proliferation
and fibroblast-related extracellular matrix dynamics -1,

Parallel to the endocannabinoid pathway, the second
computational target evaluated, GSK3p, serves as a key
regulatory node in Wnt/B-catenin signalling, which
can influence fibroblast activity, angiogenesis, and
extracellular matrix dynamics during wound repair 1*¢l.
In addition, GSK3p-linked signalling has been implicated
in keratinocyte migration and proliferation during re-
epithelialization 7. The carbazole alkaloids also exhibited
favorable interactions with GSK3f (mahanine -8.95 kcal/
mol; mahanimbine -8.85 kcal/mol; mahanimbicine -8.41
kcal/mol), suggesting potentially stable ligand-protein
interactions ', Because GSK3 inhibition can stabilize
[B-catenin and activate Wnt signaling, such modulation
may influence fibroblast activity, collagen deposition,
and angiogenesis, aligning with the enhanced fibroblast
density, granulation tissue organization, and extracellular
matrix deposition in treated groups *¢*7.,

Overall, the observed wound-healing activity is consistent
with evidence that plant-derived bioactive compounds
and antioxidant-rich topical formulations can support
repair through anti-inflammatory and tissue-restorative
mechanisms, and prior work on Murraya koenigii also
reports wound-healing relevant bioactivities, although
many studies emphasize macroscopic contraction
or general histopathological assessment rather than
structured scoring 1% By integrating SPOT-based
histopathology with docking analysis, this study links
structural repair outcomes to molecular targets involved
in inflammation and regeneration 1723637,

Grounded in the integration of these histopathological
observations and molecular docking predictions, a
broader, integrated mechanistic model can be synthesized
to describe the therapeutic activity of Murraya koenigii.
It is critical to emphasize that the mechanistic narrative
presented here is speculative and based exclusively on in
silico computational predictions. No direct experimental
confirmation of FAAH inhibition, GSK3p modulation,
endocannabinoid elevation, or downstream Wnt/p-
catenin pathway activation has been performed within the
scope of this study. The proposed model should therefore
be interpreted solely as a predictive roadmap to guide
future wet-laboratory validation (e.g., Western blot, qPCR,
immunohistochemistry, enzymatic activity assays) and

not as evidence of confirmed pharmacological mechanism.
Causal relationships between the carbazole alkaloids and
the observed histopathological improvements cannot be
established from the present data alone.

Based on the integration of histopathological observations
and molecular docking predictions, a potential mechanistic
model can be proposed to explain the wound-healing
activity of Murraya koenigii. Although experimental
validation is required, the carbazole alkaloids present
in the extract may simultaneously modulate multiple
molecular pathways involved in tissue repair.

First, inhibition of FAAH may increase endocannabinoid
levels in the wound microenvironment, thereby reducing
inflammatory responses and promoting keratinocyte
migration, which accelerates re-epithelialization 26,
Second, modulation of GSK3p activity may enhance
wound repair by promoting keratinocyte EMT, migration,
and proliferation to accelerate re-epithelialization;
rFGF4 treatment has also been associated with increased
collagen deposition and vascular markers in vivo 14*>%,
These processes facilitate granulation tissue formation,
extracellular matrix deposition, and tissue remodelling
during the proliferative phase of wound healing 20241,
The combined modulation of these pathways may create
a favourable microenvironment for tissue regeneration,
resulting in improved histopathological outcomes such as
enhanced epithelial coverage, increased granulation tissue
organization, and early epidermal maturation [1*2>3233,

Overall, these findings suggest that the carbazole alkaloids
present in Murraya koenigii are predicted to exert
complementary modulatory effects that promote wound
healing through both anti-inflammatory mechanisms
and stimulation of tissue regeneration (Fig. 4). The
integration of in vivo histopathological evaluation and
in silico molecular docking analysis therefore provides
complementary evidence supporting the therapeutic
potential of Murraya koenigii as a candidate for wound-
healing applications. Nevertheless, several important
limitations temper these conclusions and are addressed
comprehensively further.

First, histopathological assessment was conducted only
at day 15; therefore, temporal changes during the early
inflammatory and intermediate proliferative phases
could not be characterized. Future studies should
incorporate multiple sampling time points to capture
the complete wound-healing trajectory. Second, the
proposed involvement of FAAH and GSK3p was inferred
from molecular docking analyses without experimental
validation. Future investigations should employ molecular
and biochemical approaches, such as gene and protein
expression analyses, to confirm target engagement and
elucidate underlying mechanisms. Third, a wounded



508

Murraya koenigii and Computer-Aided Prediction in Rat Wound Histopathology

Kafkas Univ Vet Fak Derg

untreated control group was not included. Consequently,
the therapeutic effect of the treatment could not be
directly compared with the natural healing process.
Inclusion of a spontaneous-healing control group would
allow more accurate estimation of treatment efficacy.
Fourth, the contribution of the vehicle could not be
independently evaluated because a vehicle-only control
group was not included. Future studies should incorporate
a petrolatum-only treatment arm to distinguish vehicle-
related effects from those of the plant extract. Fifth,
phytochemical standardization of the extract was not
performed, limiting reproducibility and precise dose-
response interpretation. Quantitative characterization
of major bioactive constituents using chromatographic
techniques is therefore warranted. Finally, functional and
biochemical wound-healing outcomes, including wound
contraction, tensile strength, oxidative stress markers, and
inflammatory mediators, were not assessed. Integrating
these endpoints in future studies would provide a more
comprehensive evaluation of therapeutic efficacy and
mechanism of action.

Despite these limitations, the present study provides
preliminary evidence supporting the wound-healing
potential of Murraya koenigii and identifies FAAH and
GSK3p as promising targets for future mechanistic
investigation.
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Abstract

Infectious bursal disease (IBD), caused by infectious bursal disease virus (IBDV),
severely endangers the global poultry industry. The VP2 subunit vaccine represents a
primary strategy for the prevention and control of IBD. Escherichia coli is widely used
for recombinant VP2 production; however, acetate overflow during fermentation
severely inhibits cell growth and target protein synthesis. Additionally, conventional
constant-pH strategies and empirical pH regulation approaches fail to achieve a balance
between high cell density, low by-product accumulation, and efficient expression of
active VP2 protein. This study aimed to investigate the effects of various ions from
pH regulators on the growth of the engineered strain E. coli 0125. Aqueous ammonia
(NH;-H,0) was identified as the optimal regulator. Based on real-time monitoring of
dissolved oxygen (DO) dynamics, the optimal pH for strain growth was determined
to be 7.2. Subsequently, nine staged pH control strategies were established to optimize
the fermentation process. The optimal protocol was to maintain the pH at 7.2 during
the initial 0-6 h of fermentation, followed by adjustment to pH 6.8 during 6-12 h using
NH;-H,O. Under these conditions, the wet cell concentration reached 28.37 g/L, the
specific VP2 titer increased to 96 U/g, and acetate content was maintained at a low level
of 2.19 g/L (P<0.05). Compared with the group maintained at pH 7.0 using sodium
hydroxide, the total VP2 titer of the optimized group increased by 2.95 times. This
refined staged pH control strategy effectively resolves the contradictions in E. coli
fermentation and provides a practical technical approach for the large-scale industrial
production of IBDV VP2 subunit vaccines.
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for promoting the industrial application of VP2 subunit
vaccines.

INTRODUCTION

Infectious bursal disease (IBD) is a highly contagious
and immunosuppressive disease in poultry caused by
the infectious bursal disease virus (IBDV). It leads to
increased mortality, growth retardation, and secondary
infections in chickens, and even compromises the efficacy
of other vaccinations, causing enormous economic
losses to the global poultry industry ™. Vaccination
remains the primary strategy for the prevention and
control of IBD. Compared with traditional live vaccines,
VP2-based subunit vaccines exhibit superior biosafety
and immunogenicity, and have emerged as a major focus
in the research and development of IBDV vaccines Bl
The expression level and biological activity of the

As a classic heterologous expression host, Escherichia coli
possesses several advantages, including a clear genetic
background, low cultivation cost, and fast proliferation,
and is commonly used for VP2 protein production.
Nevertheless, the low yields and poor biological activity
of recombinant VP2 remain major obstacles restricting
its large-scale industrial production. Protein expression
is jointly affected by intrinsic properties of the expression
system and external fermentation parameters. Among
various process factors, pH plays a decisive role in
regulating bacterial metabolism and recombinant protein
synthesis.

VP2 protein directly determine vaccine efficacy and
industrialization potential. Therefore, achieving high-
efficiency heterologous expression of VP2 is essential

pH is a vital environmental factor in microbial fermentation.
It modulates cell growth, membrane permeability, and
gene expression profiles, reshapes intracellular metabolic

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)



https://orcid.org/0009-0009-7194-1995
https://orcid.org/0009-0004-6262-7762
https://orcid.org/0009-0003-7649-6997
https://orcid.org/0009-0000-8902-9835
https://orcid.org/0009-0002-7234-5166
https://orcid.org/0009-0008-1573-6017
https://orcid.org/0000-0001-7436-4593
https://orcid.org/0000-0002-1757-804X

512

pH Optimization for Enhanced IBDV VP2 Expression in E. coli

Kafkas Univ Vet Fak Derg

flux to control by-product formation, and ultimately
affects the synthesis efficiency of heterologous proteins .
Acetate is a major inhibitory by-product generated during
E. coli cultivation and has adverse impacts on both cell
growth and recombinant protein expression ©. At low
concentrations, acetate can reduce respiratory activity and
glucose consumption, and even trigger cell autolysis. When
the acetate concentration exceeds 40 mmol/L, recombinant
protein expression is significantly suppressed, with
genetically engineered strains exhibiting high sensitivity
to acetate stress 7. The toxic mechanism of acetate is
mainly attributed to protonated acetate penetrating cell
membranes and decreasing intracellular pH. Cells consume
large amounts of ATP to extrude hydrogen ions for pH
homeostasis, forming futile energy cycles and disrupting
normal metabolism, thereby drastically inhibiting the
accumulation of target proteins *#..

In E. coli, acetate is mainly synthesized through two
metabolic pathways. The AckA-Pta pathway is the major
route of acetate production, in which excess carbon
sources drive the conversion of acetyl-coenzyme A (acetyl-
CoA) into acetate ). In addition, the PoxB pathway can be
activated under conditions of low oxygen and high glucose,
catalyzing the oxidation of pyruvate to generate additional
acetate !’ Previous studies have demonstrated that
knockout of acetate-synthesizing genes, including ackA,
pta, and poxB, induces impaired cell growth, suggesting
that genetic modification is not a feasible approach for
relieving acetate accumulation 'l In contrast, precise
pH regulation offers a promising approach to optimize
carbon flux distribution and reduce by-product synthesis.
By influencing membrane properties and enzyme
activities, pHstabilizesintracellularacid-basehomeostasis,
improving plasmid stability and protein folding
efficiency ['*". Furthermore, pH also modulates key
glycolytic enzymes to optimize carbon distribution and
reduce futile metabolism, ultimately creating a favorable
intracellular environment for heterologous protein
expression 1),

pH regulation and staged pH control are commonly used
for optimizing E. coli fermentation. However, the selection
of pH regulators has received little attention; improper pH
regulators tend to accumulate inhibitory ions in the system
and induce metabolic disorders, leading to reduced yield
and unstable product quality. In addition, single-factor
experiments cannot analyze interactive effects among
variables and fail to achieve global process optimization,
limiting their value for industrial-scale production [
Given the high toxicity and cost of isopropyl-p-D-
thiogalactoside, lactose was selected as a safer and more
economical alternative inducer in this study.

Dynamic feedback control integrated with metabolic
flux analysis and intelligent algorithms has emerged as

an advanced strategy for fermentation optimization ['°.
Nevertheless, it demands sophisticated equipment and
high operational costs. In this study, we optimized the
staged pH process for VP2 protein expression, including
selecting proper pH regulators through ionic effect
evaluation, identifying the optimal growth pH using
dissolved oxygen (DO) curves, and constructing multi-
gradient staged pH control regimes. The resulting pH
control strategy enabled high-level VP2 production
in E. coli 0125, mitigating the limitations of constant-
pH fermentation and achieving high cell density, low
acetic acid content, and high yield of active VP2. The
methodologies developed for pH regulator screening and
pH parameter determination provide a practical approach
for optimizing recombinant protein fermentation processes.

MATERIAL AND METHODS
Ethical Statement

Ethical approval was not required for this study.
Bacterial Strain

The engineered strain E. coli 0125 for VP2 protein
expression was constructed by transforming competent
E. coli BL21 (DE3) cells with the recombinant plasmid
pET28a-rVP2 harboring the VP2-encoding gene. This
strain is preserved in the Culture Collection Center of
the Shandong Binzhou Animal Science and Veterinary
Research Institute. The expression vector pET28a is a
medium-to-low copy-number plasmid.

Culture Media
Seed Medium

The seed medium consisted of yeast extract (5.0 g/L),
peptone (10.0 g/L), sodium chloride (NaCl; 10.0 g/L), and
glucose (5.0 g/L).

Fermentation Medium

The fermentation medium contained glycerol (10 g/L),
yeast extract (5 g/L), peptone (2 g/L), ammonium sulfate
[(NH4)2SO4; 4 g/L], potassium dihydrogen phosphate
(KH,PO4; 3 g/L), potassium chloride (KCl; 1.5 g/L),
magnesium sulfate (MgSO4; 2 g/L), citric acid (2 g/L),
betaine (1.5 g/L), ferrous sulfate (FeSO4; 0.5 g/L), thiamine
(0.05 g/L), biotin (0.02 g/L), and trimethylglycine (2.0
g/L). Additional inorganic salts were supplemented into the
fermentation medium according to experimental designs.

Culture Conditions
Seed Culture

A single colony of E. coli 0125 was picked, inoculated into
a 100-mL Erlenmeyer flask containing 50 mL of the seed
medium, and cultured at 37°C with shaking at 180 r/min
for 12 h.
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Shake-flask Culture

The seed culture was inoculated into a 500-mL Erlenmeyer
flask containing 100 mL of the fermentation medium at
an inoculum size of 2%, followed by cultivation at 37°C
and 180 r/min for 12 h.

10-L Fermenter Culture

The seed culture was inoculated into a 10-L fermenter (GRJ-
10; Zhenjiang Green Bioengineering, China) containing 6 L
of the fermentation medium at an inoculum size of 2%. The
temperature was maintained at 37°C,and DO was maintained
above >20% by adjusting the stirring speed and the aeration
rate. The pH was kept at the preset value throughout
fermentation as required. When the optical density at 600 nm
reached 2.0, lactose was added to a final concentration of 10
g/L to induce recombinant VP2 production. Once the initial
carbon source was depleted, glycerol was supplied through a
DO-feedback-controlled feeding strategy.

Staged pH Regulation Strategy

Based on the effects of different pH conditions on VP2
protein expression observed in this study, and with
reference to the design method reported by Zhao et al. ),
nine two-stage pH control strategies were designed and
evaluated. Different pH values were applied during the
early culture stage to determine the optimal conditions for
strain growth, and a series of pH gradients were arranged
for the late stage to evaluate their effects on acetic acid
production and VP2 expression. The detailed parameters
for each group are shown in Table 1.

Determination of Fermentation Parameters

Real-time monitoring of temperature, pH, and DO was
performed using the built-in electrodes of the fermenter.

Fermentation broth samples were appropriately diluted,
and the absorbance at 600 nm was measured to assess
cell growth. The cells were harvested by centrifugation at
8000 g for 10 min at 4°C. The wet cell weight (g/L) was
determined immediately.

Table 1. Design of pH regulation strategy

Strategy No. | First-stage pH and Time | Second-stage pH and Time
I 7.2 (0-8 h) 7.0 (8-12 h)
II 7.2 (0-8 h) 6.8 (8-12h)
111 7.2 (0-8 h) 6.5(8-12h)
v 7.2 (0-6 h) 7.0 (6-12 h)
A% 7.2 (0-6 h) 6.8 (6-12h)
VI 7.2 (0-6 h) 6.5 (6-12h)
VII 7.2 (0-4 h) 7.0(4-12 h)
VIII 7.2 (0-4h) 6.8 (4-12h)
IX 7.2 (0-4h) 6.5 (4-12h)

Acetate concentration was determined by high-performance
liquid chromatography (HPLC). The HPLC system
consisted of an Agilent 1260 HPLC instrument (Agilent
Technologies, CA, USA) equipped with an Aminex
HPX-87H column (Bio-Rad, CA, USA) and a refractive
index detector. Fermentation samples were centrifuged
at 12.000 g for 3 min prior to detection. The supernatant
was diluted 10 times and filtered through a microporous
membrane. The mobile phase was 0.005 M sulfuric acid
(H,SO,) at a constant flow rate of 0.5 mL/min.

Detection and Activity Definition of VP2 Protein

Preservation of the three-dimensional structure of the
VP2 protein is critical for its immunogenicity. The agar
gel precipitation (AGP) assay can preserve native protein
conformation and ensure specific recognition of functional
epitopes by antibodies. Accordingly, VP2 antigen titer was
determined by AGP in accordance with the national standard
GB/T 19167-2020 Diagnostic Techniques for Infectious Bursal
Disease "°\. To improve the accuracy of endpoint judgment,
continuous gradient dilution was adopted in addition to the
conventional two-fold serial dilution. The highest dilution
that produced clear, specific precipitation lines was recorded
as the antigen titer of the sample.

The specific VP2 titer (U/g) was defined as the VP2
activity per gram of wet cells, which directly reflected
the functional expression level of recombinant VP2.
Compared with total protein quantification, this indicator
provides a more objective evaluation of the effects of
fermentation conditions on VP2 biological activity. The
total VP2 titer was calculated as follows:

Total VP2 titer per unit volume (U/L) = Wet cell weight
(g/L) x Specific VP2 titer (U/g)

Statistical Analysis

Data were expressed as mean * standard deviation. All
statistical analyses were performed using R software,
version 4.5.1. Data normality and homogeneity of
variance were assessed using the Shapiro-Wilk test and
Levene’s test, respectively. One-way analysis of variance
was performed for data satisfying the assumptions of
parametric tests. The Kruskal-Wallis H test was used
for nonparametric analysis. Multiple comparisons were
conducted using Duncan’s new multiple range test using
the agricolae package. Differences were considered
statistically significant at P<0.05.

RESULTS

Influence of Inorganic Salt Cations on the Growth of
the E. coli 0125 Strain

The effects of different inorganic salt cations on the growth
of E. coli 0125 are shown in Fig. 1-A. NaCl supplementation
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at concentrations of 0-125 mmol/L did not significantly
affect cell density (P>0.05), indicating that Na" had
neither growth-promoting nor inhibitory effects on the
strain. In contrast, ammonium chloride (NH,Cl) and
KCl supplementation significantly increased cell density
(P<0.05) in a concentration-dependent manner (Fig. 1-B,
C). The maximum cell density was observed at 100 mmol/L
for both NH,Cl and KCl, indicating their strongest growth-
promoting effect at this concentration. As Cl” was present
in all three salts, its contribution to the observed strain
growth could be excluded. Collectively, these results
confirmed that NH," and K" significantly promoted the
growth of E. coli 0125, whereas Na" had no such effect.

Influence of Inorganic Salt Anions on the Growth of
Strain E. coli 0125

The effects of different anions on the growth of E.
coli 0125 were further evaluated. As shown in Fig. 2,
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Fig 1. Effects of different concentrations of NaCl, NH,4Cl, and KCI on the
growth of E. coli 0125. (A) NaCl addition; (B) NH4Cl addition; and (C)
KCl addition. Data are presented as mean + standard deviation of three
independent biological replicates (n = 3). Different lowercase letters above
the bars denote significant differences (P<0.05)
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supplementation with sodium nitrate (NaNO;) and
sodium sulfate (Na,SO,) significantly increased cell
density in a concentration-dependent manner (P<0.05).
For both salts, the maximum cell density was achieved
at 100 mmol/L. Combined with the results obtained for
NaCl (Fig. 1-A), the three treatments shared the same
cation (Na"), which had previously been shown to exert
no significant effect on strain growth. Therefore, the
contribution of the cation could be excluded, and the
effects of the respective anions were evaluated. The
results demonstrated that Cl™ had no significant influence
on cell growth (P>0.05), whereas both NO;™ and SO,*
significantly promoted cell proliferation of E. coli 0125
(P<0.05).

Screening of the Optimal pH Regulator for the E. coli
0125 Strain

Based on the cation screening results (Fig. 1-B, C),
NH," and K" were identified as growth-promoting ions.
Therefore, aqueous ammonia (NH;-H,0O) and potassium
hydroxide (KOH) were selected as candidate pH regulators,
and sodium hydroxide (NaOH) served as the control. As
shown in Fig. 3-A, the maximum cell density in the NaOH
group was 19.23 g/L, whereas that in the NH;-H,O and
KOH groups increased to 22.76 g/L (18.47% increase) and
21.85 g/L (13.62% increase), respectively. Moreover, the
specific VP2 titer in both the NH;-H,O and KOH groups
reached 64 U/g, which was significantly higher than that in
the NaOH group (48 U/g; P<0.05; Fig. 3-B). Notably, when
NH;-H,O was used for pH control, the strain entered the
stationary phase in approximately 8 h (Fig. 3-A).

Identification of the Optimal Growth pH Using DO
Profiles

The optimal growth pH of E. coli 0125 was determined
by monitoring DO dynamics. Because hydrochloric acid
(HCI) and NaOH exerted no obvious adverse effects
on strain growth, pH adjustment was conducted after
the strain entered the stationary phase. First, the pH
was reduced to 6.0 using HCI within 10 min, and then
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Fig 2. Effects of different concentrations of NaNO; and Na,SO,4 on the
growth of E. coli 0125. (A) NaNOs; addition and (B) Na,SO, addition.
Data are presented as mean + standard deviation of three independent
biological replicates (n = 3). Different lowercase letters above the bars
denote significant differences (P<0.05)

Fig 3. Validation of the optimal pH regulator and determination of the
stationary phase for E. coli 0125. (A) Time course of cell density under
different pH regulators. (B) Specific VP2 titer. Data are presented as mean
+ standard deviation of three independent biological replicates (n = 3).
Different lowercase letters denote significant differences (P<0.05)
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gradually increased to 9.0 using NaOH over a period of
30 min. The corresponding DO profiles are presented in
Fig. 4.

As the pH increased from 6.0 to 7.2, the DO content
decreased continuously, suggesting an increase in the
oxygen consumption rate and cellular metabolic activity.
The minimum DO value was observed at pH 7.2, which
corresponded to the highest oxygen consumption rate,
vigorous respiratory metabolism, and strong physiological
activity of the strain. When pH exceeded 7.2, the DO
concentration rebounded, indicating a reduction in
oxygen uptake and a decline in metabolic activity. Based
on the principle that the DO trough corresponds to the
maximum oxygen consumption rate, pH 7.2 was identified
as the optimal growth pH for E. coli 0125.

Determination of the Optimal Growth pH Value for
the E. coli 0125 Strain

The effects of constant-pH control on cell growth, VP2
expression, and acetate accumulation were further
evaluated (Fig. 5). As shown in Fig. 5-A, the highest wet
cell weight (25.62 g/L) was achieved at pH 7.2, exceeding
the values observed at pH 6.8, 7.0, and 7.4 by 26.08%,
12.57%, and 19.55%, respectively (P<0.05). The specific
VP2 titer reached 80 U/g at both pH 7.0 and pH 7.2,
which was significantly higher than the values observed
at pH 6.8 and pH 7.4 (P<0.05; Fig. 5-B). However, acetate
accumulation was also the highest at pH 7.2, reaching
2.49 g/L, which was 1.20-, 1.11-, and 1.15-fold higher than
that measured at pH 6.8, 7.0, and 7.4, respectively (P<0.05;
Fig. 5-C).

Collectively, the findings revealed that high cell density
at pH 7.2 was accompanied by severe acetate overflow.
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Fig 4. Changes in DO levels of E. coli 0125 during the stationary phase
under varying pH conditions. The dashed line marks the optimal growth
pH value (7.2). Note: The curve shows a schematic representation of the
overall trend
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Fig 5. Effects of different constant-pH control levels on E. coli 0125
fermentation. (A) Wet cell weight, (B) specific VP2 titer, and (C) acetate
concentration. Data are presented as mean + standard deviation of three
independent biological replicates (n = 3). Different lowercase letters

denote significant differences (P<0.05)

Therefore, a single constant-pH strategy is insufficient
to simultaneously balance cell growth, recombinant
protein expression, and by-product control. These results
further highlight the necessity of developing a staged
pH regulation strategy for this process.

Influence of Various Staged pH Control Strategies on
VP2 Protein Expression

The effects of nine staged pH regulation strategies on
cell growth, VP2 expression, and acetate accumulation
were evaluated (Fig. 6). Significant differences in all three
indicators were observed among the groups (P<0.05).
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(@]
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Fig 6. Effects of different staged pH control strategies on E. coli 0125
fermentation and VP2 protein expression. (A) Wet cell weight, (B) specific
VP2 titer, and (C) acetate concentration. Data are presented as mean +
standard deviation of three independent biological replicates (n = 3).
Different lowercase letters denote significant differences (P<0.05)
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Group V exhibited the best comprehensive performance.
It achieved the highest wet cell weight of 28.37 g/L, which
was significantly higher than most constant-pH groups
(Fig. 6-A). The specific VP2 titer reached 96 U/g, whereas
acetate concentration remained at a relatively low level of
2.19 g/L (Fig. 6-B, C).

Further analysis showed that maintaining pH at 7.2 during
the first 6 h resulted in significantly higher cell density
compared with the 4 or 8 h initial periods (P<0.05).
Moreover, the lowest acetate accumulation was observed
in groups that shifted to a lower pH in the second stage,
which effectively reduced overflow metabolism. Lower
acetate levels contributed to improved VP2 activity, as the
specific titer in Groups V-IX reached 96 U/g, significantly
higher than that in Groups I-IV (P<0.05).

Di1sCcuUsSION

As a critical environmental factor, pH modulates the
growth, carbon metabolism distribution, and heterologous
protein production of E. coli. Dynamic changes in pH can
significantly affect intracellular metabolism, by-product
formation, and protein folding, thereby playing a vital role
in the optimization of recombinant protein fermentation.
Focusing on the fermentation characteristics of recombinant
IBDV VP2 protein, this study systematically carried out
three sets of experiments: screening of ionic pH regulators,
determination of baseline pH based on DO profiles,
and multi-gradient optimization of staged pH control.
Based on the findings, a tailored pH regulation system
was established for the engineered strain E. coli 0125
and VP2 antigen production. This strategy successfully
addresses the dilemma of conventional constant-pH
fermentation, which often fails to simultaneously achieve
robust cell growth, minimize acetate accumulation, and
maintain high-activity protein synthesis. The findings
provide valuable technical references for the industrial
fermentation of VP2 subunit vaccines.

In fermentation systems, inorganic anions and cations
introduced through pH regulators can modulate cellular
metabolism by changing membrane permeability, intra-
cellular enzyme activity, and environmental osmotic
pressure. Such ionic effects are essential considerations
when selecting acid-base regulators !"7'¥l. To eliminate
interference from mixed ions, we adopted a single-
variable design with paired fixed ions to separately
evaluate the effects of different cations and anions on
strain growth (Fig. 1; Fig. 2). The results showed that
Na® exerted no significant influence on cell proliferation,
whereas NH,", K", NO;",and SO,* significantly promoted
cell growth. Based on these findings, NH3-H,O and KOH
were selected as optimal pH regulators for subsequent
tests. Compared with NaOH, NH;-H,O supplies an
additional nitrogen source while regulating pH, making

it more widely applicable in industrial fermentation .
Shen et al.?” also reported that NH;-H,O stabilized pH
and provided supplemental nitrogen during amylase
production by Bacillus. The results of this study further
validated this advantage: the cell density in the NH;-H,O
group increased by 18.36% relative to the NaOH group,
and the specific VP2 titer reached 80 U/g. These findings
highlight the practical significance of rational regulator
selection for industrial production and indicate that
focusing merely on pH values while ignoring ionic effects
will lead to mismatched process parameters in practical
manufacturing.

Following the selection of appropriate pH regulators,
online DO monitoring was employed to identify the
favorable growth pH for the strain. Previous studies have
shown that stable agitation and aeration conditions allow
oxygen consumption rate to indicate cellular respiratory
activity, and DO troughs usually coincide with high
physiological performance ??2. In this study, aeration,
stirring speed, and tank pressure were maintained at
constant levels during the stationary phase of the VP2
expression strain to ensure a stable oxygen supply.
Under these conditions, DO profiles were considered
to indirectly reflect cell growth. Therefore, the pH
corresponding to peak oxygen consumption was selected
as the optimal growth pH, which was determined to be
7.2 (Fig. 4). Regulators with little impact on cell growth
were used in this study. Validation results revealed that
biomass at pH 7.2 increased by 26.08% compared with that
at pH 6.8 (Fig. 5-A). This rapid screening technique has
been patented 1**!. Nevertheless, its applicability is limited,
and it is primarily suitable for pH condition screening of
aerobic microorganisms.

However, the pH conditions that favor optimal growth
also present obvious disadvantages. A high growth rate
accelerates glycolysis and triggers acetyl-CoA overflow,
leading to massive acetate accumulation. The acetate
concentration reached 2.49 g/L at pH 7.2, which was 1.2-
fold higher than that at pH 6.8 (Fig. 5-C). Excess acetate
further inhibited heterologous protein expression 12122,
consistent with previous studies 1. These results
highlight an inherent contradiction between the optimal
pH for cell growth and that for target protein synthesis.
Consequently, a single constant-pH strategy is unable to
simultaneously achieve high cell density, low by-product
formation, and high-activity protein production, which
is the core motivation for developing the staged pH
strategy in this study.

Microorganisms usually require distinct pH conditions
for cell growth and product synthesis. Staged dynamic pH
regulation, in which pH is dynamically adjusted to meet
the stage-specific physiological demands, has emerged as
a classic strategy to balance cell proliferation and product
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formation ?°). Mital et al.””! reported that weakly alkaline
conditions suppressed cell growth but improved soluble
expression of intracellular alcohol dehydrogenase. Guo
et al.?® applied a two-stage differentiated pH strategy in
mixed-strain fermentation and achieved a substantial
increase in ethanol yield. Both studies demonstrated
the superiority of staged pH control. For E. coli, the
conventional optimal growth pH ranges from 7.0 to 7.5.
However, this pH range induces excessive carbon flux and
severe acetate overflow, and also increases plasmid loss
and reduces recombinant protein stability *\. Therefore,
maintaining the optimal growth pH in the early phase
to ensure cell proliferation, followed by a shift to weakly
acidic pH in the middle and late phases to reduce acetate
accumulation, is a feasible strategy for VP2 production.

Based on the effects of different pH values on VP2
fermentation, nine staged pH control modes were
established in this study (Table 1; Fig. 6). As pH 7.2 was
identified as the optimal condition for strain growth, it
was used throughout the early fermentation stage. Acetic
acid content increased with rising pH during cultivation,
while favorable fermentation performance was achieved
at pH 6.5, 6.8, and 7.0. Therefore, these values were
selected for pH regulation in the late stage. Rapid cell
proliferation is known to accelerate acetic acid synthesis.
Accordingly, three duration gradients (0-4 h, 0-6 h, and
0-8 h) were designed to represent different phases of
exponential growth. Although the specific cell growth rate
was not measured in this study, staged pH adjustment was
employed to regulate cell growth status, so as to reduce
acetic acid accumulation and improve VP2 production.
The results demonstrated that the retention time of pH 7.2
in the early stage significantly affected the final biomass
yield. Maintaining pH 7.2 for the first 6 h resulted in
satisfactory biomass accumulation, whereas lowering
pH at 4 h in advance caused acid stress and inhibited
cell growth. Shortening the duration of initial high
pH combined with low pH regulation in the later stage
effectively reduced the total acetic acid production (Fig.
6-C). Group IX exhibited the lowest acetic acid content,
which was 22.89% lower than that at constant pH 7.2
conditions. A negative correlation was observed between
acetic acid accumulation and VP2-specific potency, and
Groups VI-IX achieved a specific potency of 96 U/g
(Fig. 6-B). Thus, a two-stage pH control strategy could
simultaneously achieve high-density culture and efficient
VP2 synthesis. Previous studies have demonstrated that
mild acidic conditions can reshape carbon metabolism,
alleviate glucose overflow metabolism in E. coli, and
restrict acetic acid formation without severely interfering
with primary metabolic pathways 3!l These observations
were highly consistent with the findings of this study.
Specifically, the results of this study demonstrated that pH

6.5 could inhibit acetic acid accumulation more effectively
compared with neutral pH. Therefore, appropriately
decreasing pH during the middle and late fermentation
stages represents an efficient approach to relieve overflow
metabolism and increase recombinant protein yield. This
approach provides a valuable reference for by-product
control in other fermentation processes of recombinant
proteins expressed by E. coli.

Unlike conventional studies that focus solely on optimizing
a single pH value or adopting fixed staged control regimes,
this study combined the screening of pH regulators with
the stage-dependent physiological characteristics of cells
to develop a novel staged pH control process. This process
does not require molecular modifications such as gene
knockout, thereby avoiding growth defects caused by
strain engineering. It has a lower technical threshold and
is easier to popularize in practical production.

All fermentation experiments in this study were
performed in triplicate. The experimental data showed
minimal variation and consistent trends across replicates,
indicating excellent batch-to-batch repeatability and
stability of the established staged pH strategy. For
industrial applications, this strategy relies solely on
conventional acid-base feeding, ensuring compatibility
with existing equipment while minimizing material
costs, thereby meeting the requirements of large-scale
vaccine production. In terms of scale-up potential, the
core principle of “promoting cell growth at the early stage
and restraining by-product formation at the late stage”
is consistent with the general metabolic characteristics
of high-density E. coli fermentation, thereby facilitating
gradual process scale-up.

In conclusion, this study established a refined, physiology-
driven staged pH control strategy for the high-yield
production of active IBDV VP2. Unlike empirical and
universal pH control methods, this study innovatively
integrated ionic effect evaluation with real-time DO
monitoring, achieving coordinated optimization of cell
growth, reduction of acetic acid overflow, and synthesis
of functional antigens. Owing to its favorable stability,
ease of implementation, and potential for industrial scale-
up, the proposed process provides a practical and reliable
approach for industrial fermentation of IBDV VP2
subunit vaccines.
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Sequential Intravesical Instillation of Epirubicin and IL-15/IL-15Ra
Enhances Antitumor Efficacy in Orthotopic Bladder Cancer Through
Immunogenic Cell Death and CD8+ T Cell-Dependent Immune
Activation

Jiawei MA' ®, Shichao WEI' ®, Feifei PAN '

! Department of Urology, Nanjing Tongren Hospital, School of Medicine, Southeast University, Nanjing 210000, Jiangsu
Province, CHINA

Abstract

This study aimed to investigate whether sequential intravesical instillation of epirubicin
(EPI) followed by interleukin-15 (IL-15)/interleukin-15 receptor alpha (IL-15Ra) could
integrate cytotoxic and immune-stimulatory effects for improved antitumor efficacy.
EPI-induced immunogenic cell death (ICD) was assessed in MB49 cells by measuring
calreticulin (CRT) exposure and adenosine triphosphate (ATP) release. Cytotoxic activity
of splenocytes against MB49 cells was evaluated by co-culture apoptosis assays and IFN-y
quantification. In vivo efficacy was examined in C57BL/6 mice bearing orthotopic bladder
tumors. Tumor volume survival, and immune infiltration were analyzed, and CD8+ T cell
depletion was performed to assess the contribution of these cells to therapeutic efficacy. EPI
treatment increased surface CRT and ATP release. In co-culture assays, EPI pretreatment
enhanced splenocyte-mediated MB49 cell apoptosis and IFN-y secretion, and these effects
were further augmented by IL-15/IL-15Ra. In vivo, sequential therapy significantly reduced
tumor volume, prolonged survival, and promoted a favorable immune microenvironment,
characterized by increased CD8" T and NK1.1* cell infiltration, reduced Treg population,
an elevated CD8/Treg ratio, and increased IFN-y level. Importantly, CD8" T cell depletion
attenuated these therapeutic benefits. Sequential intravesical administration of EPI and
IL-15/IL-15Ra enhanced antitumor efficacy in an orthotopic bladder cancer model by
promoting ICD-associated changes and cytotoxic immune responses. These findings
provide preclinical evidence supporting further investigation of EPI-based chemo-
immunotherapy for bladder cancer, including BCG-unresponsive or high-risk non-
muscle-invasive bladder cancer (NMIBC).
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a substantial proportion of patients fails to respond to

INTRODUCTION
BCG therapy or experience disease recurrence, and BCG
Bladder cancer (BC) is a common malignancy, with non-

muscle invasive bladder cancer (NMIBC) accounting
for approximately 75% of all cases 2. Transurethral
Resection of Bladder Tumor (TURBT) remains the gold-
standard treatment strategy for NMIBC, whereas adjuvant

administration may also cause clinically significant adverse
effects 7. Therefore, novel strategies with improved efficacy
and acceptable toxicity are urgently needed for NMIBC.

Interleukin-15 (IL-15), recognized as a promising target

intravesical therapy is selected according to the risk of
recurrence and progression P Bacillus Calmette-Guérin
(BCG) therapy is widely used for high-risk NMIBC,
while radical cystectomy may be considered for selected
patients with very high-risk or treatment-refractory
disease **l. BCG binds to and is internalized by urothelial
tumor cells, thereby triggering a broad immune response
involving natural killer (NK) cells and CD8" T cells
that contributes to tumor elimination °.. Nevertheless,

for cancer immunotherapy, has demonstrated antitumor
potential in several malignancies, including ovarian,
gastric, and bladder cancers *''l. As a common y-chain
cytokine, IL-15 plays an important role in the development,
proliferation, and survival of NK cells and CD8* T cells ['2..
Complex formation between IL-15 and IL-15Ra enhances
IL-15-mediated stimulation of NK and T cells and has
led to the development of IL-15 superagonists and
IL-15/IL-15Ra complexes with improved biological

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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activity 1. ALT-803 (N-803), an IL-15 superagonist,
has demonstrated promising clinical activity NMIBC,
and its combination with BCG has been developed for
BCG-unresponsive carcinoma in situ '*'7). These findings
highlight the therapeutic potential of IL-15/IL-15Ra-
based approaches in NMIBC.

Epirubicin (EPI) is a widely used anthracycline chemo-
therapeutic agent that exerts antitumor activity through
DNA intercalation, topoisomerase II inhibition, and
induction of apoptosis '8, Intravesical EPI administered
after TURBT effectively can reduce recurrence in NMIBC
while limiting systemic exposure, making it suitable for
local administration .. Beyond its direct cytotoxicity, EPI
has also been reported to induce ICD, thereby potentially
enhancing anti-tumor immune responses ». These
properties provide a rationale for sequentially combining
EPI with IL-15/IL-15Ra to integrate chemotherapy-
induced tumor cell injury with immune stimulation.

In this study, we explored the antitumor effects and
potential immune mechanisms of sequential intravesical
administration of EPI followed by IL-15/IL-15Ra in an
orthotopic bladder cancer model, with the aim of providing
preclinical evidence for a novel chemo-immunotherapy
strategy.

MATERIAL AND METHODS
Ethical Approval

All animal experimental procedures were conducted
in accordance with the Guide for the Care and Use of
Laboratory Animals issued by the Ministry of Science and
Technology of China, and were approved by the Animal
Ethics Committee of Nanjing Tongren Hospital, Southeast
University (Approval No.: SHU2023/021).

Cell Culture and Treatment

The C57BL/6-derived murine BC cell line MB49 (cat. no.
iCell-m030; iCell Bioscience Inc) were cultured in DMEM
(cat. no. iCell-0001) supplemented with 10% FBS and 1%
penicillin-streptomycin. Cells were maintained at 37°C
in a humidified atmosphere containing 5% CO,. For EPI
treatment, cells were exposed to 0.2 or 1.2 pg/mL EPI
for 24 h 1,

Assessment of ICD

To assess ICD-associated changes, MB49 cells were
seeded in 6-well plates and stained with an Alexa
Fluor 488-conjugated anti-CRT antibody. Surface CRT
expression was subsequently quantified by flow cytometry.
To evaluate extracellular ATP release, culture supernatants
were collected and analyzed using the ENLITEN ATP
Assay System Bioluminescence Detection Kits according
to the manufacturer’s instructions.

Animal and Model Establishment

The female C57BL/6 mice (aged 6-8 weeks) were obtained
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. All mice were acclimatized for 1 week with free
access to water and food. The orthotopic bladder cancer
model was established as previously described 2. In
brief, mice were anesthetized with isoflurane and placed
on a warming pad. Residual urine was expelled by gently
pressing the bladder. A 24G x 0.75-inch catheter was then
inserted transurethrally, and the bladder was conditioned
with 50 pL of poly-L-lysine (Sigma, 1 pg/mL in PBS) for
10 min. The solution was subsequently removed by gently
pressing the bladder, which was then rinsed with 50 pL
PBS, and instilled with 1x10° MB49 cells. After incubation,
the catheter was withdrawn, and the mice were transferred
to recovery cages for post-procedure monitoring.

Experimental Groups and Treatment Protocol

All mice were randomly assigned into four groups
(n=8): PBS, EPI, EPI+IL-15/IL-15Ra and EPI+IL-15/
IL-15Ra+anti-CD8 antibody. Four days after tumor cell
instillation, mice in EPI group received an intravesical
instillation of EPI at 5 mg/kg, which was retained in the
bladder for approximately 1 h . Mice in EPI+IL-15/
IL-15Ra group additionally received an intravesical
instillation of 2.5 pg IL-15/IL-15Ra complexes 24 h
following EPI administration ?*. To deplete CD8" T cells,
a CD8-specific monoclonal antibody (mAb) was used.
Mice in EPI+IL-15/IL-15Ra + anti-CD8 antibody group
received an initial intraperitoneal injection of 10 ug anti-
CD8 antibody 1 day before intravesical treatment with EPI
and IL-15/IL-15Ra ®1. Thereafter, the same dose of anti-
CD8 antibody was administered intraperitoneally every
four days until sacrifice ¢. Intravesical administration
of EPI and/or IL-15/IL-15Ra complexes was performed
twice weekly for three consecutive weeks. Mice in the PBS
group received 50 puL PBS intravesically as a control. At
the experimental endpoint, tumor-bearing bladders were
excised and examined macroscopically. Tumor areas were
identified as nodular lesions or focal irregular thickening
clearly distinguishable from the adjacent normal-appearing
bladder wall, with boundaries defined by the visible
lesion-normal tissue interface. Identified tumor tissues
were collected for subsequent analyses.

Splenocyte Isolation

Spleens were collected from tumor-free C57BL/6 mice.
Splenic tissues were gently dissociated between two
frosted microscope slides, and the resulting homogenates
were washed with RPMI-1640. After centrifugation at 200
g for 10 min, the splenic homogenates cell pellets were
resuspended in 360 pL distilled water for 10 s to induce
hemolysis, followed immediately by neutralization with
40 pL of 10x PBS. Pooled splenocytes were cultured in
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5 mL RPMI-1640 medium supplemented with 0.05 mM
B-mercaptoethanol, 10% FBS, and 1% antibiotics ). After
2 h of incubation, the cell-containing supernatant was
collected for subsequent co-culture assays.

Co-culture Assay of MB49 Cells and Splenocytes

Splenocytes were co-cultured with MB49 cells at an
effector-to-target (E:T) ratio of 10:1 in complete RPMI-
1640 medium for 24 h. Three experimental groups were
established: (i) untreated MB49 cells co-cultured with
splenocytes, (ii) EPI (1.2 ug/mL)-pretreated MB49 cells
co-cultured with splenocytes, and (iii) EPI-pretreated
MB49 cells co-cultured with splenocytes in the presence
of IL-15/IL-15Ra complexes (7 ng/mL) 4.

Cell Apoptosis

Following indicated treatment, MB49 cells were washed
with PBS and resuspended in 100 pL binding buffer. The
cells were then incubated with 2 pL Annexin-V-FITC on
ice in the dark, following by PI staining .. Cell apoptosis
was analyzed using a CytoFLEX flow cytometer according
to the manufacturer’s protocol.

Flow Cytometry

Mice were sacrificed and bladder and tumor tissues were
harvested. Tumor samples were digested with collagenase
(300 U/mL) and hyaluronidase (100 U/mL) ®. During
digestion, the samples were gently pipetted every 15 min and
incubated at 37°C for 3 h to generate single-cell suspensions.
The suspensions were then filtered through a 200-pm cell
strainer and washed with PBS. Cells were subsequently
resuspended in FACS buffer and stained with antibodies
against CD45, CD3, CD8, NK1.1 and Foxp3. Samples were
analyzed using a BD FACSCanto II flow cytometry, and the
data were processed using FlowJo software.

ELISA

Splenocytes were co-cultured with MB49 cells for 24
h, after which the culture supernatants were collected.
IFN-y concentrations in the supernatants were measured
using commercially available ELISA kits according to

the manufacturer’s instructions. For in vivo sample
collection, 0.5 mL of PBS was instilled into the bladder
and subsequently aspirated. The recovered fluid was
centrifuged at 2.000 x g to remove cells, and the supernatant
was stored at -80°C until analysis. IFN-y concentrations
were measured using the same ELISA procedure and
expressed as ng/mL.

Statistical Analysis

Data from three independent experiments were analyzed
using GraphPad Prism 8.0 software. Normally distributed
continuous variables are presented as mean + SD.
Comparisons among multiple groups were performed
using one-way analysis of variance followed by Tukey’s
post-hoc test. For non-normally distributed data, the
Kruskal-Wallis test was used. Survival analyses were
conducted using the Kaplan-Meier method, and differences
were evaluated with the log-rank test. P-values <0.05 was
considered statistical significance.

RESULTS

Compared with the Control group, EPI treatment elevated
surface CRT level and ATP release in a concentration-
dependent manner, suggesting that EPI induced ICD-
associated changes in MB49 cells in vitro (Fig. I-A, B).

Following the co-culture of MB49 cells with splenocyte,
cell apoptosis was assessed by flow cytometry. Compared
with the Control group, EPI pre-treatment significantly
increased MB49 cell apoptosis, and this effect was further
enhanced by theaddition of IL-15/IL-15Ra complexes (Fig.
2-A, B). ELISA showed that EPI pretreatment significantly
increased IFN-y secretion during co-culture. Following
the addition of IL-15/IL-15Ra complexes, IFN-y levels
were further increased (Fig. 2-C). These findings indicated
that EPI pretreatment enhanced splenocyte-mediated
cytotoxicity against MB49 cells and that IL-15/IL-15Ra
further strengthened this immune response.

Given that EPI induced ICD-associated changes and IL-15/
IL-15Ra enhanced effector immune cell activity, we next

Control 0.2 ug/mL EPI

1.2 pg/mL EPI

as 1 i1
—

*%

ATP content (nmol/10* cell)

FTCA

Fig 1. EPI contributed to ICD. (A) CRT level was detected using flow cytometry. (B) The ATP level was detected
using ENLITEN ATP Assay System Bioluminescence Detection Kits. **P<0.01 and **P<0.001
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evaluated whether sequential administration of these agents
could improve antitumor efficacy in vivo. EPI monotherapy
significantly reduced tumor volume compared with PBS
treatment, whereas sequential administration of EPI followed
by IL-15/IL-15Ra resulted in a further reduction in tumor
volume (Fig. 3-A, B). Consistent with these findings, survival
analysis demonstrated the longest survival in the EPI+IL-15/
IL-15Ra group, followed by the EPI monotherapy group,
with the PBS group displaying the shortest survival (Fig. 3-C).
Importantly, body weights remained generally stable across
all groups, and no severe adverse events were observed,
suggesting that the treatment regimen was well tolerated
under the experimental conditions.

Because EPI-induced ICD may influence the tumor
immune microenvironment, we next examined whether

A Control EPI EPI+IL-15/IL-15Ra
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Fig 2. IL-15/IL-15Ra augmented splenocyte-mediated cytotoxicity against
MB49 cells. (A-B) The cell apoptosis was detected using flow cytometry.
(C) The level of IFN-y was detected using ELISA-related IFN-y assay Kits.
**P<0.001
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Fig 3. Sequential EPI and IL-15/IL-15Ra therapy exhibited superior
antitumor efficacy. (A) The tumor appearance. (B) The tumor size. (C)
The survival analysis. ***P<0.001

sequential combination therapy altered immune cell
infiltration in vivo. Flow cytometric analysis showed that
sequential EPI and IL-15/IL-15Ra therapy significantly
increased the infiltration of CD8* T cells and NKI1.1*
cells compared with both the PBS and EPI groups. In
contrast, the proportion of regulatory T cells (Tregs)
was significantly lower in the EPI+IL-15/IL-15Ra group
(Fig. 4-A). The CD8/Treg ratio was increased in the EPI
group compared with the PBS group, and was highest in
the EPI+IL-15/IL-15Ra group (Fig. 4-B). Consistently,
IFN-y levels were increased after EPI treatment and
further elevated after sequential treatment with IL-15/
IL-15Ra (Fig. 4-C). Together, these findings indicated
that sequential treatment enhanced cytotoxic immune
responses while reducing immunosuppressive features of
the tumor microenvironment.

Because sequential EPI and IL-15/IL-15Ra therapy was
associated with increased CD8" T cell infiltration, we
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Fig 4. Sequential EPI and IL-15/IL-15Ra treatment augments antitumor
immunity. (A) Flow cytometry was used for the detection of tumor-
infiltrating immune cells. (B) The CD8/Treg ratio. (C) The level of
IFN-y was detected using ELISA-related IFN-y assay kits. **P<0.01 and
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next investigated whether CD8" T cells contributed to
the antitumor effect. Compared with the EPI+IL-15/
IL-15Ra group, tumor volume was increased following
administration of anti-CD8 antibody (Fig. 5-A, B).
Consistent immunological changes were also observed:
CD8" T cell infiltration and IFN-y levels were reduced,
and the CD8/Treg ratio was lower in the EPI+IL-15/IL-
15Ra+anti-CD8 antibody group than in the EPI+IL-15/
IL-15Ra group (Fig. 5-C, D, E). These findings suggested
that CD8* T cells make an important contribution to the
therapeutic activity of sequential treatment.

Di1sSCUSSION

BC, particularly NMIBC, remains a therapeutic challenge
due to high recurrence rates and the substantial proportion
of patients who experience recurrence or inadequate
responses following BCG therapy *°!. Although intravesical
chemotherapy and immunotherapy are widely used, their
benefits are often constrained by suboptimal responses or
adverse effects 'l These limitations highlight the need
for novel strategies that combine direct cytotoxic effects
with immune modulation. In this context, we explored
sequential administration of EPI and IL-15/IL-15Ra as
a potential approach to integrate chemotherapy-induced
tumor cell death with immune activation. Our results
showed that EPI induced ICD-associated changes, while
IL-15/IL-15Ra further enhanced splenocyte-mediated
cytotoxicity and IFN-y production. In vivo, the sequential

regimen reduced tumor burden, prolonged survival,
and promoted a favorable immune microenvironment.
Importantly, CD8* T cell depletion diminished these effects,
indicating their central contribution to the therapeutic
activity. Together, these findings support a model in which
EPI-induced tumor immunogenicity provides an initial
immune stimulus that is subsequently amplified by IL-15/
IL-15Ra-mediated activation of antitumor effector cells.

Previous studies have shown that certain chemotherapeutic
agents, including anthracyclines, can promote ICD in
addition to exerting direct cytotoxic effects, thereby
enhancing tumor antigen exposure and immune
recognition 2. Our data are consistent with these
findings, as EPI treatment upregulated CRT exposure
and ATP release in MB49 cells, both of which are widely
recognized features associated with ICD . Surface-
exposed CRT can function as a pro-phagocytic signal,
whereas extracellular ATP contributes to the recruitment
and activation of immune cells, providing a potential
link between chemotherapy-induced tumor injury and
subsequent immune activation ***1. However, induction
of ICD-associated signals alone does not necessarily
guarantee a durable antitumor immune response.

IL-15 is essential for the proliferation, maintenance, and
survival of CD8*T cells and NK cells **.. Upon association
with IL-15Ra, IL-15 has enhanced stability and biological
activity, thereby promoting more sustained stimulation
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of cytotoxic lymphocytes *7.. Previous preclinical studies
have demonstrated the antitumor activity of IL-15/IL-
15Ra-based complexes, although treatment efficacy may
vary with the tumor model and delivery strategy ?¥. In
our study, the addition of IL-15/IL-15Ra complexes after
EPI treatment further increased splenocyte-mediated
cytotoxicity and IFN-y secretion. IFN-y is traditionally
regarded asakey mediator of cellularimmune responses *%),
and its increased production may therefore reflect
enhanced activation of antitumor effector cells. These
tindings suggest that EPI-induced tumor immunogenicity
and IL-15/IL-15Ra-mediated effector-cell stimulation
may act in a complementary manner, providing a possible
explanation for the stronger antitumor effect of the
sequential regimen.

The tumor immune microenvironment plays a decisive
role in tumor progression and therapeutic response,
where immunosuppressive components such as Tregs can
facilitate immune evasion, while increased infiltration of
effector cells like CD8* T cells and NK cells is generally
linked to favorable prognosis *>*!. In our study, sequential
treatment with EPI and IL-15/IL-15Ra increased the
infiltration of CD8" T cells and NK cells, decreased the
Treg population, and increased the CD8/Treg ratio.
These changes were accompanied by increased IFN-y
levels, indicating enhanced cytotoxic immune activity.
Previous studies have also reported that intravesical
chemotherapy can promote CD8* T cell activity and alter
immunosuppressive cell populations in BC™*2. However,
in our study, EPI alone produced less pronounced immune
changes than the sequential regimen. This difference
may be related to the chemotherapeutic agent, treatment
schedule, tumor model, or timing of immune evaluation.
It may also suggest that chemotherapy-induced immune
priming can be further reinforced by IL-15/IL-15Ra-
mediated activation of cytotoxic lymphocytes. Therefore,
the therapeutic benefit of sequential treatment may involve
both direct tumor cell injury and favorable modulation of
the tumor immune microenvironment.

The functional importance of CD8" T cells was further
supported by the depletion experiments. Administration
of anti-CD8 antibody attenuated the tumor-suppressive
effect of sequential treatment, accompanied by lower
IFN-y production and a decreased CD8/Treg ratio. These
results highlighted CD8* T cells as indispensable effectors
of the sequential therapy. This observation is consistent
with prior reports showing that CD8" T cells are key
mediators of response to immune checkpoint inhibitors
and cytokine-based therapies [**I. Although IL-15 can
also activate NK cells, our depletion experiments suggest
a particularly important contribution of CD8" T cells in
the present model. Differences in the relative contribution
of CD8" T cells and NK cells across previous studies may

reflect differences in tumor type, treatment regimen, and
route of cytokine administration. Further studies using
selective depletion of additional immune cell populations
are needed to define their individual contributions.

The present findings also differ conceptually from
previous IL-15-based strategies in NMIBC, which have
mainly investigated IL-15 superagonists in combination
with BCG "] In contrast, our strategy used EPI to
induce tumor cell injury and immunogenic signals before
administration of IL-15/IL-15Ra. This sequential approach
may allow cytokine-mediated immune stimulation to build
upon chemotherapy-induced tumor immunogenicity.
Nevertheless, because simultaneous and sequential
administration were not directly compared, further
studies are required to determine whether the treatment
sequence itself contributes to the improved efficacy.

Despite these promising results, several limitations should
be acknowledged. First, our study was limited to a murine
orthotopic BC model, and validation in additional models
would strengthen the generalizability of our findings.
Second, we did not evaluate potential long-term immune
memory responses, which could provide important
insights into recurrence prevention. Third, although
CD8* T cell depletion supported the involvement of CD8*
T cells, the specific contribution of NK cells and other
immune populations was not directly examined. Fourth,
CRT exposure and ATP release supported ICD-associated
changes, but further studies assessing antigen presentation
and tumor-specific T cell responses would provide stronger
mechanistic evidence. Finally, while sequential EPI and IL-
15/IL-15Ra therapy was well tolerated in mice, further
investigation is warranted to assess potential toxicities and
optimize dosing regimens for translational applications.

In conclusion, our study provides preclinical evidence
that sequential intravesical administration of EPI and IL-
15/IL-15Ra complexes enhances antitumor efficacy by
inducing ICD-associated changes, strengthening cytotoxic
immune responses, and alleviating immunosuppression
in the tumor microenvironment. The reduced therapeutic
efficacy following CD8* T «cell depletion further
supports an important contribution of CD8" T cell-
mediated immunity. These findings provide a basis for
further investigation of chemo-immunotherapy strategies
combining anthracycline-based chemotherapy with IL-
15-based immune stimulation in BC.
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INTRODUCTION

Abstract

Ticks of the genus Haemaphysalis (Acari: Ixodidae) comprise a diverse group of species
widely distributed across the Palearctic region and are known to harbor a variety of
pathogens of medical and veterinary importance. Despite its relatively wide geographic
distribution, the tick species Haemaphysalis parva remains relatively understudied from
a molecular perspective, and reliable DNA barcode data for this species are largely
lacking in global genetic databases. In the present study, we performed a mitochondrial
cox1-based DNA barcoding and genetic characterization of H. parva specimens collected
from active populations in Central Anatolia, Tiirkiye. A total of 16 adult ticks (eight
females and eight males) collected from eight sampling sites were morphologically
identified and subjected to molecular analyses. Sequencing of the mitochondrial cox!
gene revealed seven distinct haplotypes among the analyzed specimens, with moderate
haplotype diversity (h = 0.6917) and low nucleotide diversity (7 = 0.00162). BLAST
analyses demonstrated high sequence similarity with previously reported H. parva
sequences from Tiirkiye, Iran, and Ghana. Bayesian phylogenetic reconstruction
confirmed that all haplotypes identified in this study clustered within the main H. parva
lineage and revealed two well-supported subclades within the species. The analysis also
suggested possible inconsistencies among the taxonomic annotations of certain publicly
available sequences in genetic databases. The generated sequences were deposited in
GenBank and the Barcode of Life Data System (BOLD), establishing the first validated
DNA barcode reference for H. parva. The findings of this study expand the currently
available genetic data for this species and provide an important molecular reference for
future taxonomic, ecological, and epidemiological investigations of H. parva.

Keywords: DNA barcoding, coxI, haplotype diversity, Haemaphysalis, phylogenetic
analysis, tick genetics, Anatolia

reported, such as Haemaphysalis parva, Haemaphysalis
punctata, Haemaphysalis sulcata, Haemaphysalis caucasica,

Ticks are among the most important arthropod vectors
worldwide and represent a major threat to the health of
both humans and domestic animals on a global scale ™.
Members of the genus Haemaphysalis (Acari: Ixodidae)
have a wide geographic distribution and represent the
second most species-rich genus among ticks, comprising
approximately 174 recognized species worldwide [
Species of this genus typically exhibit a three-host life
cycle and parasitize a broad range of vertebrate hosts,
contributing to their wide geographic distribution and
ecological diversity .. In the Western Palearctic region,
including Tiirkiye, several species of this genus have been

Haemaphysalis concinna, Haemaphysalis hispanica,
Haemaphysalis erinacei, and Haemaphysalis kopetdaghica.
In addition, Alloceraea inermis (formerly Haemaphysalis
inermis), which has recently been transferred to the
genus Alloceraea but remains phylogenetically closely
related to Haemaphysalis, is also present in this region *
¢l Species belonging to the genus Haemaphysalis are also
of considerable importance due to their role as vectors
of a wide range of pathogens of medical and veterinary
significance, including protozoan, bacterial, and viral
agents ?!. Despite the high species diversity within the
genus, the vector competence and ecological roles of

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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many Haemaphysalis species have not yet been fully
characterized 1°l.

Haemaphysalis parva is a widely distributed tick species
that exhibits a three-host life cycle and is considered an
exophilic species adapted to a variety of habitats. Adult ticks
parasitize medium and large wild and domestic mammals,
whereas immature stages feed on a broad range of small-
and medium-sized wild mammals (including hedgehogs,
hares, rodents, and carnivores), ground-feeding birds,
and even reptiles. Adult ticks also commonly infest
domestic mammals and humans #'*'2 Although some
populations, particularly in Anatolia, have been reported
to reach relatively high abundance compared with other
ixodid ticks 1%, knowledge regarding the ecology, biology,
and vectorial competence of this species remains limited
both locally and globally. In recent years, pathogen
screening studies have revealed the presence of various
protozoan, bacterial, and viral agents in H. parva collected
from different hosts, drawing increasing attention to its
potential epidemiological importance 2. Among
these are pathogens of significant medical and veterinary
importance, including Crimean-Congo hemorrhagic fever
virus, Francisella tularensis, Coxiella burnetii, Babesia ovis,
and Babesia rossi . However, relatively few studies
have focused on host-seeking (questing) H. parva ticks. A
study on pathogens in questing adult H. parva collected in
Tiirkiye reported the presence of Babesia crassa, B. rossi,
Rickettsia hoogstraalii, a novel Babesia species (Babesia sp.
Ucbas), and an uncharacterized Hepatozoon species 3.
These findings highlight the potential epidemiological
significance of H. parva and provide additional context
for future studies focusing on questing tick populations.

From a genetic perspective, the available data on H.
parva are derived from studies based on different genetic
markers and specimen sets %1, In addition, several
cases of misidentification have been reported in previous
molecular studies ***. Validated DNA barcode records
for H. parva in the Barcode of Life Data System (BOLD)
remain underrepresented, underscoring the importance of
expanding reference datasets for molecular identification.
Therefore, the aim of the present study was to provide
a validated genetic characterization and DNA barcode
reference for H. parva based on mitochondrial coxI
sequences obtained from active populations in Central
Anatolia, Tiirkiye, to assess intraspecific haplotype
diversity, and to investigate the phylogenetic relationships
of this species within the genus Haemaphysalis.

MATERIAL AND METHODS
Ethical Statement

This study did not involve the use of live animals or
human participants. All tick specimens were collected as

host-seeking individuals from the environment without
direct interaction with vertebrate hosts. Therefore, ethical
approval was not required.

Study Area and Tick Collection

A total of 16 adult tick specimens (eight females and eight
males) used in this study were collected from several
localities within Ankara Province, Tiirkiye, including
the districts of Kizilcahamam, Cubuk, Camlidere,
Akyurt, Kalecik, and Sincan, during 2021-2022 (Fig. I).
The specimens consisted of host-seeking (questing)
adults collected from vegetation using the flagging
method. After collection, the ticks were transported to
the Ticks and Tick-Borne Diseases Research Laboratory
(TTBDRL), Department of Parasitology, Faculty of
Veterinary Medicine, Ankara University. The specimens
were preserved in 70% ethanol and stored at +4°C under
appropriate laboratory conditions until further analyses
were performed. Detailed information on the collected
specimens, including sampling localities and specimen
codes, is provided in Table 1.

Morphological Identification

All collected tick specimens (eight females and eight males)
were morphologically identified to species level using
standard taxonomic keys **¢l. Based on the diagnostic
morphological characters, all specimens were confirmed
as adult H. parva. Following identification, the specimens
were examined and photographed under a Zeiss Stemi
2000-C stereomicroscope (Zeiss, Germany) equipped
with an AxioCam digital camera and the ZEN imaging
software. Dorsal and ventral images were obtained for each
specimen, and representative dorsoventral microscopic
images of all examined individuals are presented according
to sex in Fig. 2 (females) and Fig. 3 (males).

Sampling site (n=2) 0 24 & 120 16
"
®  Haemaphysalis parva s

Fig 1. Geographic distribution of the sampling sites of Haemaphysalis
parva in Ankara Province, Tiirkiye. Sixteen specimens (one female and
one male from each locality) were collected from eight sampling sites. The
inset map indicates the location of the study area within Tiirkiye
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Table 1. Sampling details of Haemaphysalis parva specimens collected from eight localities in Ankara Province, Tiirkiye

:;ledy Sample Code | Species Gender Location (Village/District) | Coordinates (Lat./Long.) g:]tleection
1 Hpa-1785 Haemaphysalis parva Female Gebeler/Kizilcahamam 40.628955/32.49913833 24.09.2021
1 Hpa-1786 Haemaphysalis parva Male Gebeler/Kizilcahamam 40.628955/32.49913833 24.09.2021
2 Hpa-1787 Haemaphysalis parva Female Semer/Kizilcahamam 40.59123167/32.91630667 13.10.2022
2 Hpa-1788 Haemaphysalis parva Male Semer/Kizilcahamam 40.59123167/32.91630667 13.10.2022
3 Hpa-1789 Haemaphysalis parva Female Kuscu/Camlidere 40.552806/32.497469 12.10.2021
3 Hpa-1790 Haemaphysalis parva Male Kugcu/Camlidere 40.552806/32.497469 12.10.2021
4 Hpa-1791 Haemaphysalis parva Female Karadana/Cubuk 40.26625667/33.15500333 06.04.2022
4 Hpa-1792 Haemaphysalis parva Male Karadana/Cubuk 40.26625667/33.15500333 06.04.2022
5 Hpa-1793 Haemaphysalis parva Female Yildiriméren/Cubuk 40.48433333/32.77777667 18.04.2022
5 Hpa-1794 Haemaphysalis parva Male Yildiriméren/Cubuk 40.48433333/32.77777667 18.04.2022
6 Hpa-1795 Haemaphysalis parva Female Ahmetadil/Akyurt 40.10857167/33.24836333 15.04.2022
6 Hpa-1796 Haemaphysalis parva Male Ahmetadil/Akyurt 40.10857167/33.24836333 15.04.2022
7 Hpa-1797 Haemaphysalis parva Female Bugra/Kalecik 40.14484833/33.58530667 01.03.2022
7 Hpa-1798 Haemaphysalis parva Male Bugra/Kalecik 40.14484833/33.58530667 01.03.2022
8 Hpa-1799 Haemaphysalis parva Female Ucret/Sincan 39.68348/32.56499 24.09.2022
8 Hpa-1800 Haemaphysalis parva Male Ucret/Sincan 39.68348/32.56499 24.09.2022

DNA Extraction, PCR Amplification and Sequencing

Prior to molecular analyses, the tick specimens were
rinsed again with 70% ethanol and air-dried on sterile
filter paper. Each adult H. parva specimen was processed
individually for nucleic acid extraction. Ticks were
mechanically homogenized in bead-containing tubes
using a SpeedMill PLUS cooling homogenizer (Analytik
Jena, Jena, Germany) to ensure efficient tissue disruption.
Genomic DNA was subsequently isolated from the
homogenates using the BlackPREP Tick DNA/RNA Kit

(IST Innuscreen GmbH, Berlin, Germany) according
to the manufacturer’s instructions. The extracted DNA
samples were stored at —20°C until further analysis.

PCR amplification targeted a 710 bp fragment of the
mitochondrial cytochrome C oxidase subunit I (cox1) gene
using the universal primers LCO1490 and HCO2198 7.,
The thermal cycling conditions consisted of an initial
denaturation at 95°C for 2 min, followed by 35 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s,
and extension at 72°C for 1 min, with a final extension

Fig 2. Dorsal and ventral views of female Haemaphysalis parva specimens
examined in this study. (a-b) Hpa-1785; (c-d) Hpa-1787; (e-f) Hpa-1789;
(g-h) Hpa-1791; (i-j) Hpa-1793; (k-1) Hpa-1795; (m-n) Hpa-1797; (o-p)
Hpa-1799. For each specimen, the left image shows the dorsal view and the
right image shows the ventral view

Fig 3. Dorsal and ventral views of male Haemaphysalis parva specimens
examined in this study. (a-b) Hpa-1786; (c-d) Hpa-1788; (e-f) Hpa-1790;
(g-h) Hpa-1792; (i-j) Hpa-1794; (k-1) Hpa-1796; (m-n) Hpa-1798; (o-p)
Hpa-1800. For each specimen, the left image shows the dorsal view and the
right image shows the ventral view
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step at 72°C for 7 min. Positive amplicons were stored
at —20°C until sequencing analyses. PCR products were
purified using the PureLink™ Quick Gel Extraction Kit
(Invitrogen, Lohne, Germany) following the manufacturer’s
protocol. The purified DNA samples were sequenced
bidirectionally using the Sanger sequencing method
on an Applied Biosystems™ 3130xl Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) with the
BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer’s instructions.

Sequence Processing and Population Genetic Analyses

Chromatograms were visually inspected, edited, and
assembled into consensus sequences using AliView v1.26 1%,
The obtained sequences were subsequently compared
against the GenBank (National Center for Biotechnology
Information, https://www.ncbi.nlm.nih.gov/genbank) and
BOLD (http://www.boldsystems.org) databases using
nucleotide similarity searches (BLAST) to confirm species
identification. All sequences generated in this study
were compiled into a single dataset for haplotype-based
population genetic analyses.

Prior to downstream analyses, the sequences were
translated into amino acid sequences in AliView v1.26
to check for potential stop codons and NUMTs (nuclear
mitochondrial DNA segments). Because cox1 is a protein-
coding gene, sequence alignment was performed using the
MUSCLE algorithm ! while considering the translated
amino acid sequences. The aligned dataset was then used
for population genetic analyses, including calculation
of nucleotide diversity (), number of haplotypes (k),
haplotype diversity (h), relationships among haplotypes,
and the distribution of haplotypes among sampling sites
using DnaSP v6.12.03 1),

Phylogenetic Analyses

For phylogenetic analyses, the haplotypes identified in
this study were combined with available coxI sequences
of H. parva and other Haemaphysalis species (also
Alloceraea spp.) retrieved from GenBank. In addition, two
Bothriocroton species (B. undatum and B. concolor) were
included as outgroup taxa. Prior toalignment, the reliability
of the dataset was evaluated using GUIDANCE2 41,
and sequences or columns with low confidence scores
were excluded if necessary. The remaining sequences were
aligned again using the MUSCLE algorithm based on the
translated amino acid sequences. The reliability of the final
alignment was further assessed by calculating p-distances
(mean genetic distances) in MEGA v11.0.13 2],

The most appropriate nucleotide substitution model
for phylogenetic reconstruction was determined using
jModelTest v2.1.10 3. Bayesian phylogenetic inference
was performed using the Markov chain Monte Carlo

(MCMC) method implemented in the BEAST2 software
package (BEAUtiv2.7.6, BEAST v2.7.6,and TreeAnnotator
v2.7.4) ¥ The MCMC chain was run for 100 million
generations, and convergence as well as effective sample
size (ESS) values were evaluated in Tracer v1.7.2 . After
discarding the first 20% of trees as burn-in, a maximum
clade credibility tree was generated using TreeAnnotator
v2.7.4. The resulting phylogenetic tree was visualized
and edited using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree).

Data Availability

The genetic and barcode data generated in this study
were deposited in the NCBI and BOLD databases. For
this purpose, the coxI sequences of H. parva specimens
together with detailed barcode metadata -including
dorsoventral photographs of all examined specimens
and their corresponding geographic coordinates- were
submitted to BOLD, where the specimens were assigned
to the barcode index number BIN:ADA9786. The same
cox1 sequence data were also deposited in the GenBank
database of the NCBI and assigned accession numbers
PQ725627-PQ725642. These records ensure public
availability and traceability of the barcode data generated
in this study.

RESULTS

A total of 16 adult ticks were collected from eight different
localities in Ankara Province, Tirkiye, with one female
and one male specimen obtained from each site (Table 1).
The geographic distribution of the sampling sites is shown
in Fig. 1. All specimens were morphologically identified as
H. parva based on established diagnostic characters, and
no morphological anomalies were observed. However,
descriptive morphological variation was observed among
the examined individuals. The most prominent differences
included variation in the density and depth of punctations
on the scutum and conscutum. In addition, some male
specimens exhibited distinct light and dark areas on the
scutum, and the pattern and extent of these color variations
differed among individuals. No quantitative assessment of
these traits was performed, and these observations were
considered to represent normal intraspecific variation
within the species. Representative dorsal and ventral
views of the examined females and males are presented in
Fig. 2 and Fig. 3, respectively. Consequently, all specimens
were included in subsequent genetic analyses.

Genomic DNA was successfully extracted from all
16 H. parva specimens, and PCR amplification of the
mitochondrial coxI gene yielded amplicons of the
expected size in all individuals. The PCR products were
sequenced bidirectionally, and the resulting sequences
were validated through BLAST homology searches against
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the GenBank and BOLD databases. The characterized
sequences were deposited in GenBank under accession
numbers PQ725627-PQ725642 and in BOLD under the
BIN:ADA9786 (Table 2).

Haplotype-based population genetic analyses revealed
that the 16 sequences were grouped into seven distinct
haplotypes (k=7). The calculated haplotype diversity
(h) was 0.6917, while the nucleotide diversity (m) was
0.00162. Among the detected haplotypes, Haplotype 6
represented the most common variant and included nine
specimens (Hpa-1800, Hpa-1795, Hpa-1786, Hpa-1789,
Hpa-1790, Hpa-1792, Hpa-1793, Hpa-1796, and Hpa-
1798). Haplotype 7 comprised two specimens (Hpa-
1785 and Hpa-1788), whereas the remaining haplotypes
were each represented by a single specimen (Table 2).
Sequence polymorphism analysis indicated the presence
of eight segregating sites (5=8), including seven singleton
variable sites and one parsimony-informative site. Detailed
haplotype information and sequence similarity values are
presented in Table 2, while the geographical distribution of
haplotypes across the sampling sites is illustrated in Fig. 4.

BLAST homology searches of the detected haplotypes
revealed high similarity with previously reported H.
parva sequences available in public databases. When
considering matches with 290% query coverage, the
highest similarity was observed with a sequence obtained
from H. parva in Tiirkiye (GenBank accession PX122095),
showing 99.42-99.71% identity at 100% coverage. In

addition, the haplotypes showed 99.37-100% identity
with 92-93% coverage to a sequence of H. parva reported
from Ghana (PV125849). BLAST similarity values and
corresponding reference sequences are summarized in
Table 2. Furthermore, the haplotypes obtained in this
study displayed 99.81-100% identity with approximately
75% coverage to two H. parva sequences previously
reported from Iran (MH532296 and MH532297). BLAST
searches also revealed high similarity with four sequences
deposited under the name “Hyalomma impeltatum” from
Israel (KT989628-KT989631), showing 98% coverage and
98.96-99.40% identity. In contrast, no barcode records
of H. parva were available in the BOLD database, and
therefore a direct sequence similarity comparison within
the BOLD system could not be performed.

To infer the phylogenetic relationships of the detected
haplotypes, a comprehensive dataset was constructed
based on all available H. parva cox1 sequences deposited
in GenBank. A total of six H. parva records were available
(accessed 11 March 2026) and included in the dataset,
comprising three sequences from Tiirkiye, two from
Iran, and one from Ghana. In addition, four sequences
from Israel deposited under the name “Hyalomma
impeltatum” and one sequence from Tiirkiye recorded as
“Haemaphysalis inermis” were also incorporated into the
dataset because BLAST analyses indicated close sequence
similarity with H. parva. The final dataset consisted of
66 sequences, including the seven haplotypes identified

Table 2. Mitochondrial cox1 haplotypes of Haemaphysalis parva identified in this study and their corresponding GenBank and BOLD accession numbers with
BLAST similarity values

Study Site Sample Code Haplotype Name | GenBank Accession No. BOLD ID.* BLAST Homology**
1 Hpa-1785 Haplotype7 PQ725627 HAPA001-24 99.56¢, 99.53°
1 Hpa-1786 Haplotype6 PQ725628 HAPA002-24 99.71%, 99.69"
2 Hpa-1787 Haplotype3 PQ725629 HAPA003-24 99.56% 99.53"
2 Hpa-1788 Haplotype7 PQ725630 HAPA004-24 99.53%, 99.42¢
3 Hpa-1789 Haplotype6 PQ725631 HAPA005-24 99.69, 99.56*
3 Hpa-1790 Haplotype6 PQ725632 HAPA006-24 99.71%, 99.69"
4 Hpa-1791 Haplotypel PQ725633 HAPA007-24 99.42%, 99.37
4 Hpa-1792 Haplotype6 PQ725634 HAPA008-24 99.71%, 99.69"
5 Hpa-1793 Haplotype6 PQ725635 HAPA009-24 99.71%, 99.69°
5 Hpa-1794 Haplotype4 PQ725636 HAPA010-24 99.56% 99.53"
6 Hpa-1795 Haplotype6 PQ725637 HAPAO011-24 99.71%, 99.69°
6 Hpa-1796 Haplotype6 PQ725638 HAPA012-24 99.69", 99.57*
7 Hpa-1797 Haplotype5 PQ725639 HAPAO013-24 99.69% 99.56°
7 Hpa-1798 Haplotype6 PQ725640 HAPA014-24 99.71% 99.69"
8 Hpa-1799 Haplotype2 PQ725641 HAPAO015-24 100°

8 Hpa-1800 Haplotype6 PQ725642 HAPA016-24 99.71%, 99.69"
* BOLD BIN:ADA9786; ** BLAST homology with over 90% coverage has been considered

* PX122095 Haemaphysalis parva; ® PV125849 Haemaphysalis parva voucher T5
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Fig 4. Geographic distribution of mitochondrial coxI haplotypes of
Haemaphysalis parva detected in this study. Pie charts illustrate the
haplotype composition and relative frequency at each sampling locality in
Ankara Province, Tiirkiye. The inset map shows the position of the study
area within Tiirkiye

in this study, while the remaining sequences represented
various species of the genus Haemaphysalis retrieved from
GenBank. Four sequences belonging to Alloceraea spp.
were included as sister taxa, whereas B. undatum and B.
concolor were used as outgroup taxa.

The Bayesian phylogenetic tree showed that all haplotypes
identified in this study clustered within the main H. parva
clade together with the previously reported sequences
from Ghana and Iran. The H. parva lineage was strongly
supported and split into two well-defined subclades
with maximum posterior probability (posterior=1).
One subclade contained the haplotypes identified in
this study together with the sequences from Ghana and
Iran, whereas the second subclade comprised three
sequences from Tiirkiye together with one sequence
recorded as “Haemaphysalis inermis” from Tiirkiye and
four sequences from Israel deposited under the name
“Hyalomma impeltatum”. Furthermore, H. parva formed a
monophyletic lineage with H. sulcata and Haemaphysalis
kashmirensis, supported by a high posterior probability
value (posterior=0.89) (Fig. 5). Overall, the phylogenetic
reconstruction confirmed the taxonomic placement of the
studied specimens within the H. parva lineage.

Di1SCUSSION

The present study provides the first validated DNA
barcode reference for H. parva based on mitochondrial
cox] sequences obtained from active populations in
Central Anatolia, Tiirkiye. Despite the relatively wide
geographic distribution of this species across the Palearctic
region %1364 genetic information available for H. parva
remains relatively limited and is based on a small number
of studies and specimens . In the present study, all
examined specimens were morphologically confirmed

Haemaphysalls parva |

Fig 5. Bayesian phylogenetic tree inferred from mitochondrial coxI
sequences of Haemaphysalis ticks. The analysis was performed using a
dataset of 66 sequences and 686 aligned nucleotide positions under the
TN93+1+G4 substitution model. Bothriocroton undatum (NC_017757)
and Bothriocroton concolor (NC_017756) were used as outgroup taxa
to root the tree. Node labels represent posterior probability values, with
values < 0.7 omitted for clarity. Haplotypes identified in this study are
highlighted in red, and the Haemaphysalis parva clade is indicated by a
boxed frame. GenBank accession numbers are provided before species
names, and the country of origin of sequences within the Haemaphysalis
parva clade is indicated after the sequence names. The scale bar represents

the number of nucleotide substitutions per site

as H. parva and subsequently characterized using coxI-
based molecular analyses, revealing the presence of
seven haplotypes among 16 morphologically confirmed
specimens. In addition, the generated sequences were
deposited in both GenBank and BOLD, thereby establishing
the first barcode reference dataset for this species within
the BOLD framework. The availability of such validated
barcode records represents an important step toward
improving the molecular identification and taxonomic
reliability of H. parva, particularly given the previously
reported cases of misidentification ****! and the limited
representation of this species in global genetic databases.

The molecular characterization of H. parva has historically
been based on relatively few specimens and genetic
markers. The first partial genetic data for this species
were generated from two specimens collected from sheep
in Romania, in which the nuclear ITS1 and ITS2 regions
were sequenced and reported to be identical between
the samples .. Subsequently, Burger et al.** sequenced
the mitochondrial genome together with partial nuclear
18S and 28S rRNA genes from a specimen preserved in
the Queensland Museum and suggested that H. parva,
together with A. inermis, was highly divergent from the
remaining species of the genus Haemaphysalis. However,
this interpretation was later questioned by Orkun %, who
performed a molecular characterization of ticks collected
in Tiirkiye based on mitochondrial 16S rRNA sequences.
In that study, a questing H. parva specimen collected in
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Ankara showed the highest nucleotide similarity (92.2%)
to H. sulcata, and the phylogenetic reconstruction did
not support the placement of the previously published H.
parva sequence reported by Burger et al.**. These findings
suggested that the Romanian specimen might actually
represent A. inermis rather than H. parva. This issue was
subsequently clarified when the authors of the original
study re-evaluated the specimen and acknowledged a
morphological misidentification, correcting the record
as A. inermis .. More recently, additional molecular data
have been generated from a small number of specimens.
For instance, Faghihi et al.®!! analyzed H. parva ticks
collected from sheep and goats in Iran and sequenced
the partial mitochondrial coxI gene from two specimens
as well as the ITS2 region from four specimens. Very
recently, a partial cox1 sequence from a specimen collected
from a dog in Ghana was reported %, and the complete
mitochondrial genome of a specimen collected from a
human in Tiirkiye was also characterized **.. Despite these
contributions, the number of publicly available sequences
for H. parva remains limited, and most studies rely on
one or a few specimens. In comparison, the present study
provides a substantially expanded molecular dataset based
on 16 morphologically validated specimens, revealing
seven distinct coxI haplotypes within a single regional
population and establishing the first DNA barcode
reference for this species within the BOLD system. These
findings expand the currently available molecular data
for H. parva and provide a valuable genetic reference
for future taxonomic, ecological, and epidemiological
studies.

Molecular genetic approaches have become increasingly
important for the genetic characterization, DNA
barcoding, population structure analysis, and phylogenetic
reconstruction of vector ticks, thereby contributing
to our understanding of tick evolution and tick-borne
diseases “7*]. Among the available genetic markers, the
mitochondrial genome occupies a central role in arthropod
molecular studies and has been widely used to investigate
the phylogeny and genetic diversity of ticks [***l. Within
the mitochondrial genome, the coxI gene is one of the
most widely used evolutionary markers, representing a
relatively conserved yet sufficiently informative region
for investigating genetic variation among closely related
taxa 71. Consequently, coxI has been extensively applied
in genetic characterization and population genetic studies
of ticks ¢l In particular, Lv et al.** emphasized that
the coxI region should be considered a primary marker
for standard DNA barcoding studies of ticks. For these
reasons, the mitochondrial coxI gene was selected as the
barcode marker in the present study.

The haplotype-based analyses performed in the present
study revealed the presence of seven distinct coxl

haplotypes among 16 H. parva specimens, indicating
a relatively moderate haplotype diversity within the
examined population. Although thenumber ofhaplotypes
was relatively high compared with the sample size, the
overall nucleotide diversity was low, suggesting limited
sequence divergence among haplotypes. Such a pattern,
characterized by multiple closely related haplotypes
with low nucleotide divergence, has been reported
in geographically restricted populations of various
organisms 7%, However, the underlying demographic
processes cannot be inferred from the present dataset
alone. The dominance of a single haplotype (Haplotype
6), which was represented by the majority of specimens,
further supports the presence of a central haplotype
surrounded by several less frequent variants. Similar
patterns have been reported in mitochondrial studies
of other ixodid ticks, where closely related haplotypes
often differ by only a small number of mutational steps
due to the relatively conserved nature of mitochondrial
genes such as coxI %l In this context, the haplotype
structure observed in the present study is consistent with
intraspecific genetic variation within the local H. parva
population rather than the presence of deeply divergent
lineages. Nevertheless, it should be noted that the present
analysis was based on a relatively limited number of
specimens collected from a geographically restricted
area. Therefore, broader sampling across the distribution
range of H. parva would be necessary to better understand
the overall genetic diversity and population structure of
this species.

The BLAST similarity analyses and phylogenetic
reconstruction conducted in the present study collectively
support the taxonomic placement of the analyzed
specimens within the H. parva lineage. The obtained cox1
haplotypes showed the highest nucleotide similarity with
previously reported H. parva sequences from Tiirkiye *],
Iran B!, and Ghana P, indicating a clear genetic affinity
among geographically distant populations of this species.
Such high levels of sequence similarity across different
regions may reflect the relatively conserved nature of
the mitochondrial coxI gene and the wide geographic
distribution of H. parva throughout the Palearctic and
adjacent regions. The Bayesian phylogenetic tree further
confirmed this relationship, as all haplotypes identified
in the present study clustered within the main H. parva
clade together with sequences originating from Ghana
and Iran 2. The phylogenetic reconstruction also
revealed two well-supported subclades within the H.
parva lineage. One of these subclades included the
haplotypes identified in the present study together with
sequences from Ghana and Iran, whereas the second
subclade contained sequences reported from Tiirkiye as
well as several sequences originally deposited under the
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name “Hyalomma impeltatum” (KT989628-KT989631)
from Israel and one sequence recorded as “Haemaphysalis
inermis” from Tiirkiye (MT230038). The placement of
these sequences within the H. parva clade may indicate
possible inconsistencies in taxonomic annotation in
public databases. However, additional morphological and
multilocus molecular data would be required to clarify
their taxonomic status. These findings also highlight
potential inconsistencies in publicly available sequence
annotations and emphasize the importance of generating
well-validated reference datasets for reliable molecular
identification of tick species. In this context, the present
study also provides morphologically validated reference
sequences that may facilitate future assessments of
taxonomic annotation in public databases.

Although the present study provides the first validated
DNA barcode reference for H. parva, several limitations
should be acknowledged. First, the analyses were based
on a relatively small number of specimens collected from
a geographically restricted region of Central Anatolia,
Tiirkiye, which may not fully represent the genetic
diversity of the species across its distribution range.
Second, the present study relied on a single mitochondrial
marker (coxI), and additional nuclear or genomic
markers may provide further insights into population
structure and phylogenetic relationships. Therefore, future
studies incorporating broader geographic sampling and
multilocus approaches will be important for obtaining
a more comprehensive understanding of the genetic
diversity and evolutionary history of H. parva.

Overall, the present study expands the currently available
molecular data for H. parva by providing a validated coxI-
based DNA barcode reference from active populations in
Central Anatolia, Tiirkiye. These findings contribute to
improving the molecular identification of H. parva and
provide a valuable genetic resource for future taxonomic
studies of this species. Considering the increasing evidence
that H. parva may harbor a variety of pathogens of medical
and veterinary importance """}, a better understanding
of its genetic diversity and phylogenetic relationships is
also essential for future ecological and epidemiological
investigations. The barcode data generated in this
study therefore provide a valuable molecular resource
that may facilitate future taxonomic, ecological, and
epidemiological investigations of H. parva.
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INTRODUCTION

Abstract

Salmonella is a major foodborne pathogen, and Saccharomycetes may offer preventive
potential. This study evaluated the protective effect of Saccharomyces cerevisiae
pre-gavage in mice infected with Salmonella enteritidis. Forty-eight ICR mice were
randomly assigned to four groups: control group (Control), Saccharomycetes cerevisiae
group (JM), Salmonella infection group (SM), and Saccharomycetes cerevisiae
pre-gavage followed by Salmonella infection group (JM+SM). During a four-week
prevention phase, JM and JM+SM mice received daily Saccharomycetes suspension
(1x10' CFU/mL), while Control and SM mice received saline. In the fifth week, SM
and JM+SM mice were challenged with Salmonella suspension (5.19x10° CFU/mL).
Body weight was monitored throughout. At the end, spleen index, serum cytokines,
colonic pathology, cytokine mRNA expression, and colonic immune factors were
assessed. Compared with the Control group, SM mice showed significant weight loss,
colonic damage, elevated spleen index, increased pro-inflammatory cytokines (IL-1,
IL-6, TNF-a) and their mRNA, and higher CD3" and sIgA™ cells (P<0.05). JM mice
showed no significant changes in any measured parameters compared with the Control
group (P>0.05). Compared with SM mice, JM+SM mice had attenuated weight loss and
significantly improved all measured parameters (P<0.05). In conclusion, S. cerevisiae
pre-gavage effectively alleviates Salmonella-induced colitis in mice, likely by mitigating
intestinal pathology, balancing pro-/anti-inflammatory factors, and modulating local
immune responses.

Keywords: Saccharomyces cerevisiae, Salmonella, Colitis, Immunomodulation, Intestinal
barrier

Among numerous probiotics, Saccharomycetes (such as
Saccharomyces cerevisiae) have become highly valuable

Salmonella is one of the important foodborne pathogens
worldwide, posing a particularly severe threat in the
livestock and poultry breeding industry. Its infection can
lead to a series of clinical symptoms in the host, such
as acute gastroenteritis, bacteremia, subsequently causing
impaired intestinal health, hindered animal growth,
and decreased immune function !". Given the escalating
challenge of antibiotic resistance, identifying safe and
effective alternative control strategies has become a
research priority. Probiotics, with their inherent advantage
inregulatingintestinal health, have emerged asa core focusin
this field. As live microbial supplements, probiotics improve
animal health and enhance production performance
by modulating gut microbiota balance and strengthening
the intestinal barrier, leading to their widespread
application in livestock and poultry production .

strains due to their unique nutritional composition and
immune-modulating potential. This strain’s cells are rich
in amino acids, vitamins, and various growth-promoting
factors. These bioactive substances help improve the
intestinal micro-environment, maintain microbial
homeostasis, and enhance intestinal barrier function by
regulating host immune responses ¢ Based on its dual
regulatory effects on the intestinal microecology and
immune function, Saccharomycetes are considered to
have unique application value in preventing intestinal
pathogenic microbial infections and alleviating intestinal
damage, providing a new potential approach for the
prevention and control of Salmonella-induced colitis.

The intestine, as the largest digestive organ and a core
immune organ in the animal body, is the first line of

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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defense against Salmonella invasion. Its mucosal immune
system concentrates over 70% of the body’s immune
cells, forming a triple defense system through physical
barriers, chemical barriers, and immune barriers ).
Among these, the intestinal immune barrier serves as the
first line of defense against pathogenic microorganisms,
with its integrity directly determining the host’s
resistance to Salmonella and overall health status *l.
Modulating the intestinal immune system not only
maintains intestinal homeostasis and prevents pathogenic
microbes from invading the internal environment
but also synergizes with beneficial microorganisms in
the gut. By participating in metabolic processes and
immune regulation, this system collectively safeguards
animal health P\. However, Salmonella infection directly
damages intestinal morphology, disrupts intestinal flora
homeostasis, and consequently impairs intestinal immune
barrier function. Research indicates that Salmonella
can destroy tight junction proteins between intestinal
epithelial cells by secreting toxins, degrade antimicrobial
peptides in the mucus layer, and simultaneously induce
excessive activation of Th17 cells leading to a cytokine
storm, ultimately causing a systemic breakdown of barrier
function "% Furthermore, Salmonella Typhimurium
infection can lead to gastrointestinal dysfunction,
intestinal mucosal damage, and systemic inflammatory
responses I, Although the functional properties of
Saccharomycetes in regulating immune responses and
repairing the intestinal mucosal barrier have been
preliminarily recognized, and their active components
can specifically alleviate intestinal damage, the molecular
mechanisms by which they regulate intestinal immune
barrier repair through specific components in the context
of Salmonella infection remain unclear. Moreover, key
issues such as the effectiveness of pre-gavage intervention,
long-term safety, and dosage optimization have not been
resolved. Enhancing intestinal immune function and
inhibiting Salmonella colonization and proliferation are
precisely the core keys to preventing and controlling
Salmonella-induced colitis, ensuring livestock and poultry
health, and improving breeding efficiency.

In recent years, the positive role of Saccharomycetes
in preventing and treating intestinal inflammation has
been preliminarily confirmed, providing a theoretical
basis for its application in preventing and controlling
Salmonella-induced infectious colitis. Existing research
indicates that Saccharomycetes, as probiotic biological
agents, can effectively alleviate autoimmune inflammation
(such as ulcerative colitis). The core mechanism lies in
regulating immune responses and repairing the intestinal
mucosal barrier, compensating for the limitations of
traditional drugs, and offering advantages such as safety,
high efficiency, and minimal side effects 2. Concurrently,

active Saccharomycetes can also improve the intestinal
micro-ecological environment, promote intestinal
development, and further enhance intestinal resistance
to Salmonella by consuming intestinal oxygen, regulating
the proportion of intestinal flora, and lowering intestinal
pH L In probiotic application research, S. cerevisiae
has shown broad application prospects, and its value in
alleviating intestinal inflammation has been experimentally
confirmed. For instance, Marco Gentili et al.'* found that
a S. cerevisiae extract with prebiotic properties significantly
improved tissue damage and diarrhea symptoms in colitis
mice, a mechanism closely related to enhancing intestinal
barrier function. This further supports the feasibility of
Saccharomycetes alleviating intestinal inflammation by
regulating the intestinal barrier. Currently, research on
Saccharomycetes intervention mostly focuses on post-onset
treatment of colitis, and the research system is relatively
mature. However, there is still a lack of in-depth exploration
regarding Salmonella-induced colitis, particularly the
regulatory effect and mechanism of Saccharomycetes
pre-gavage on intestinal immune function in this mice
model ®l. As a commonly used experimental animal
model, mice exhibit physiological and immune systems
highly similar to other mammals 6],

Addressing this research gap, this study employs
mice as an experimental model. By establishing a
Salmonella-induced colitis model through S. cerevisiae
pre-treatment, we systematically investigate the regulatory
effects of Saccharomycetes on intestinal immune function
in these mice and explore the underlying molecular
mechanisms. The results of this study can not only enrich
the immunomodulatory theory of Saccharomycetes
in Salmonella infection prevention and control, clarify
the application value of its pre-gavage method, but also
provide practical experimental basis and new ideas
for developing novel probiotic preparations based on
Saccharomycetes and optimizing Salmonella prevention
and control strategies in livestock and poultry, ultimately
contributing to the healthy development of the livestock
and poultry breeding industry.

MATERIAL AND METHODS
Ethical Statement

All experimental procedures were approved by the Animal
Protection and Ethics Committee of the Southwest
University of Science and Technology (Approval No.
[L2024032]).

Experimental Materials

The primary materials used in this experiment included
Salmonella Typhimurium (ATCC 14028, Haibo Bio),
S. cerevisiae (a laboratory-owned strain, isolated and
cultured fromalocal farm, and identified via sequencing as
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S. cerevisiae), and 3-week-old SPF-grade healthy male ICR
(Institute of Cancer Research) mice (Beijing Speifu Bio
Co.). The yeast strain was identified by molecular methods
as follows: genomic DNA was extracted from pure cultures,
and the internal transcribed spacer (ITS) region of the
ribosomal DNA was amplified using the universal fungal
primers ITS1 (5°-TCCGTAGGTGAACCTGCGG-3’) and
ITS4 (5-TCCTCCGCTTATTGATATGC-3’). The PCR
products were sequenced via Sanger sequencing, and the
obtained sequences were compared against the NCBI
GenBank database using BLAST analysis. The sequence
showed 99-100% identity with known S. cerevisiae
sequences. The ITS sequence has been submitted to
GenBank; the accession number will be provided upon
manuscript acceptance. The full ITS sequence is also
available as supplementary material.

Animal Husbandry and Management

A total of 48 three-week-old healthy male ICR mice were
randomly divided into 4 groups: control group (Control),
S. cerevisiae-only group (JM), Salmonella infection group
(SM), and Saccharomyces cerevisiae pre-gavage followed
by Salmonella infection group (JM+SM), with 12 mice
per group. The mice were acclimated for one week with
standard feeding. The formal experiment consisted of two
phases: Weeks 1~4 served as the prevention phase, during
which the Control and SM groups were daily gavaged with
physiological saline (0.2 mL/mice/day), while the JM and
JM+SM groups received an equal volume (0.2 mL/mice/
day) of yeast suspension (1x10'® CFU/mL). The yeast
concentration of 1x10" CFU/mL and the gavage volume
of 0.2 mL/mouse/day were selected based on previous
studies demonstrating that daily oral administration of S.
cerevisiae at concentrations of 10°-10'* CFU/mL effectively
modulates intestinal immunity and protects against
pathogen infection in mouse models . Specifically,
Milani et al."® reported that daily gavage of S. cerevisiae at
10°CFU/mL significantly reduced inflammation in a dose-
dependent manner, while other studies have used similar
volumes for yeast administration in mice. Based on these
precedents, we selected 1x10' CFU/mL to ensure sufficient
yeast colonization and immunomodulatory effects during
the four-week prevention phase. Week 5 was the colitis
induction phase, during which the Control and JM groups
were daily gavaged with physiological saline (0.2 mL/mice/
day), while the SM and JM+SM groups received an equal
volume (0.2 mLmice/day) of Salmonella Typhimurium
suspension (5.19x10° CFU/mL). Bedding was changed,
and cages and water bottles were cleaned every 3 days. The
ambient temperature was maintained at 25+2°C.

Determination of Mice Growth Performance

During the experimental period, the body weight of mice
in each group was measured and recorded weekly. Body

weights were measured in grams (g) to assess growth
dynamics throughout the study period. Data are presented
as the meantstandard deviation, and trend charts of body
weight changes over time for each group were plotted.
Furthermore, the differences in body weight among
groups at the end of the experiment were compared to
analyze the impact of Salmonella infection on mice growth
and the potential protective effect of yeast pre-treatment.

Determination of Organ Index and Histopathological
Observation

After the experiment, mice were weighed, anesthetized
with ether, and subjected to retro-orbital blood collection
for serum separation. Mice were then euthanized by
cervical dislocation. The spleens were collected, surface
connective tissue was removed, and after washing, surface
moisture was absorbed using filter paper. The spleen
weight was measured, and the spleen index was calculated
using the formula: Organ Index = (Organ Weight (mg)/
Body Weight (g))x100%.

Subsequently, the mid-colon segments were collected and
fixed in 4% paraformaldehyde. After thorough fixation,
tissues were dehydrated through a graded alcohol series,
embedded in paraffin, and sectioned at 5 pm thickness.
Sections were rehydrated, sequentially stained with
hematoxylin and eosin (H&E), dehydrated, cleared, and
mounted with neutral resin. Colonic histological changes
were observed under a microscope.

Detection of Serum Cytokine Concentrations

The serum collected and separated above was used to detect
the concentrations of interleukins (IL-1{, IL-4, IL-6, IL-10)
and tumor necrosis factor-a (TNF-a) using commercial
ELISA Kkits, Specifically, the following kits were used: Mouse
IL-1p ELISA Kit (Elabscience, E-EL-M0037), Mouse IL-4
ELISA Kit (Elabscience, E-EL-M0043), Mouse IL-6 ELISA
Kit (Elabscience, E-EL-M0044), Mouse IL-10 ELISA Kit
(Elabscience, E-EL-M0046), and Mouse TNF-a ELISA Kit
(Elabscience, E-EL-M3063). All procedures were performed
strictly according to the manufacturers instructions.

Determination of Cytokine mRNA Expression Levels
in Colonic Tissues

The middle 2 cm of the colon (approximately 1 cm from the
cecum) was collected from mice under ether anesthesia,
rinsed with physiological saline to remove intestinal
contents, and then snap-frozen in liquid nitrogen. For
analysis, the frozen tissue was removed from liquid
nitrogen, ground into powder under liquid nitrogen,
and an appropriate amount of tissue powder was taken.
Total RNA was extracted using a Trizol reagent kit. RNA
integrity was assessed by 1% agarose gel electrophoresis,
and RNA concentration was measured using a UV
spectrophotometer. RNA was reverse-transcribed into
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cDNA using a reverse transcription kit, and then the
mRNA expression levels of cytokines (IL-1p, IL-4, IL-6,
IL-10, TNF-a) were analyzed using a real-time quantitative
PCR instrument. The specific primer sequences for the
corresponding genes are shown in Table 1. The relative
mRNA expression levels of each target gene in the colonic
tissue were calculated using the 2" AACt method.

Fluorescence Staining of Paraffin Sections

Immunofluorescence staining for sIgA, CD3, and
FOXP; was performed on colonic paraffin sections,
with DAPI used for nuclear localization. The main steps
were as follows: colonic samples were fixed, embedded,
sectioned, deparaffinized, rehydrated, subjected to
antigen retrieval, decolorized (if necessary), blocked,
incubated with primary and secondary antibodies,
developed with DAB, counterstained, dehydrated,
and mounted. The slides were then scanned using a
fluorescence microscope. Based on the scanned images,
positive cell rates were quantified and calculated using
the HALO platform (Indica Labs, USA).

Statistical Analyses

Differences between groups in the result data were
analyzed using one-way analysis of variance (ANOVA).
Normality of data distribution was assessed using the
Shapiro-Wilk test, and homogeneity of variances was
verified using Levene’s test. All data met the assumptions
for parametric analysis. When a significant overall
difference was detected by ANOVA, Tukey’s honest
significant difference (HSD) test was performed as the
post-hoc multiple comparison procedure to determine
significant differences between specific groups (Control,
JM, SM, and JM+SM). Visualization graphs were generated
using GraphPad Prism 10 software. Data are presented
as the mean + standard deviation, with P=0.05 set as the
threshold for statistical significance. The sample size of
n=12 per group was determined based on a priori power
analysis using G*Power software (version 3.1). Assuming
a significance level of a=0.05, a statistical power of 80%
(1-B=0.80), and an expected medium-to-large effect size
(Cohen’s f = 0.40) based on previous Salmonella colitis
studies, the calculated minimum sample size was 8-10
mice per group. We therefore selected 12 mice per group
to account for potential mortality, excluded outliers,

and inter-individual variability, while ensuring adequate
statistical power for all planned comparisons.

RESULTS

Effect of S. cerevisiae on Body Weight Changes in
Salmonella-Infected Mice

As shown in Fig. I, during the 1-4 week prevention phase (0-
28 days), the body weight of mice in all four groups showed
a steady upward trend, with no significant differences
observed among the groups (P>0.05). Upon entering the
Week 5 enteritis induction phase (29-35 days), significant
differences in body weight among the groups became
apparent. Compared to the Control group, the body weight
of the JM group was significantly higher, while that of the
SM group was significantly lower. Simultaneously, the
body weight of the JM+SM group showed no significant
difference compared to the Control and JM groups, but was
significantly higher than that of the SM group (P<0.05).

Effects of S. cerevisiae on Spleen and Colon Tissue in
Salmonella-Infected Mice

As shown in Fig. 2-A, B, compared to the Control group,
the spleens of the J]M and JM + SM groups appeared larger
in size; however, the spleens of the SM group were larger
than those of the JM and JM + SM groups. The spleen
index of SM mice was significantly higher than that of the
Control, JM, and JM + SM groups (P<0.05). Meanwhile,
the spleen index of JM + SM mice was significantly higher
than that of the Control group (P<0.05).
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Fig 1. Mice body weight. At each time point, pairwise comparisons among
the four groups show no significant differences (P>0.05) and are not
labeled in the figure. Only those with significant differences (P<0.05) are
annotated. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001

Table 1. Primer sequences of cytokines

Target Gene Forward (5°-3’) Reverse (3’-5%)

IL-1P TCGGCAAAGAAATCAAGATGGC GTGCAAGTCTCATGAAGTGAGC

IL-6 ACAGAAGGAGTGGCTAAGGA AGGCATAACGCACTAGGTTT

TNF-a CGTCGTAGCAAACCACCAAG TTGAAGAGAAACCTGGGAGTAGACA
IL-4 CTTCCAAGGTGCTTCGCATA GATGAATCCAGGCATCGAAA

IL-10 AATTCCCTGGGTGAGAAAGCTGAAG CTGCTCCACTGCCTTTGCTCTTAT
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Fig 2. Histological morphology observation and quantitative analysis. A. Spleen appearance, B. Spleen organ index,
C. Colon H&E staining (100x), D. Colon appearance, E. Colon villus length. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001, ns P>0.05, The same notation applies subsequently

Morphological and histological alterations in mice
colon are depicted in Fig. 2-C,D,E. The colons of SM
mice showed a reduced number of goblet cells, obvious
villus damage, and villus length was significantly shorter
compared to the Control, JM, and JM + SM groups (Fig.
2-C, E). The gross morphology also exhibited shortening
in length. The degree of villus damage in the JM+SM
group was lower than that in the SM group.

Effects of S. cerevisiae on Peripheral Blood Cytokine
Levels in Salmonella-Infected Mice

The cytokine levels in the peripheral blood of mice are shown
in Fig. 3-A,B,C,D,E. Compared to the Control group, the levels
of IL-6, IL-10, IL-1pB, and TNF-a were significantly increased
in SM mice (P<0.05), while no significant difference was
observed for IL-4 (P>0.05). No significant differences were

found in the levels of IL-4, IL-6, IL-10, IL-1p, and TNF-a
between the JM group and the Control group (P>0.05). The
levels of IL-6, IL-10, IL-1p, and TNF-a in the JM+SM group
were significantly higher than those in the Control group
(P<0.05), but the level of IL-4 showed no significant difference
compared to the Control (P>0.05). Compared to the SM group,
the levels of IL-6, IL-13, and TNF-a were significantly lower in
the JM+SM group (P<0.05), while no significant differences
were observed for IL-4 and IL-10 (P>0.05).

Effects of S. cerevisiae on Relative mRNA Expression
Levels in Colon Tissue

Fig. 4-A,B,C,D,E present the relative mRNA expression
levels of cytokines in mice colon. Compared to the
Control group, the relative expression levels of IL-10,
IL-6, IL-1B, and TNF-a were significantly increased in
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the colonic tissues of both the SM and JM+SM groups
(P<0.05). In contrast, the relative expression of IL-4 in the
SM and JM+SM groups showed no significant difference
compared to the Control (P>0.05). No significant
differences were observed in the expression of IL-4,
IL-10, IL-6, IL-1pB, and TNF-a between the JM group and
the Control group (P>0.05). The expression levels of IL-4
and IL-10 in the JM+SM group were significantly higher
than those in the SM group (P<0.05), while the levels
of IL-6, IL-1B, and TNF-a were significantly lower than
those in the SM group (P<0.05).

Effects of S. cerevisiae on Cytokines in the Colonic
Tissue of Salmonella-Infected Mice

Fig. 5 shows the results of immunofluorescence staining
and positive cell rate analysis for FOXP;, sIgA, and CD3
in mice colonic tissue. The FOXP;-positive cell rates
showed no significant differences among the groups. The
positive rates for sIgA and CD3 in the SM group were
significantly higher than those in the Control, JM, and JM

+ SM groups (P<0.05); however, no significant differences
in sIgA positive rates were observed among the remaining
groups (P>0.05). Furthermore, the CD3-positive rate in
the JM+SM group was significantly lower than that in the
Control and JM groups (P<0.05).

DI1SCUSSION

As a commonly used probiotic, S. cerevisiage possesses
a robust survival capability within the intestinal tract,
which forms the foundation for their immunomodulatory
functions. Recent reviews have systematically summarized
the immunomodulatory mechanisms of S. cerevisiae,
highlighting its capacity to modulate both innate and
adaptive immune responses through interactions with
pattern recognition receptors on intestinal epithelial
cells and immune cells. Studies have shown that
Saccharomycetes are not easily inactivated after entering
the intestine and can maintain high activity within
2-4 h . Furthermore, their survival rate in simulated
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Fig 5. Inmunofluorescence staining and quantitative analysis of murine colonic tissue. A. Immunofluorescence staining (400x magnification): FOXP3
(green), sIgA (red), CD3 (yellow), nuclear counterstain (blue), B. Quantification of FOXP3 cell frequency, C. Quantification of sIgA cell frequency, D.
Quantification of CD3 cell frequency
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gastrointestinal environments is significantly higher than
that of other microecological agents such as lactobacilli
and lactic acid bacteria ), ensuring their sustained role
in immunoregulation and antibacterial activities within the
gut. In this study, a probiotic strain of Saccharomycetes was
isolated and screened from a local farm. It was identified
via 16S rDNA sequencing as S. cerevisiae. A suspension of
this S. cerevisiae was administered via pre-gavage to mice
to investigate its regulatory effects on Salmonella-induced
colitis and intestinal immune function impairment. The
results indicated that, compared to the Control group, the
JM group showed no significant differences in intestinal
immunity and barrier-related indicators. In contrast, the
SM group exhibited typical intestinal immune dysfunction,
characterized by increased expression of pro-inflammatory
factors, decreased expression of anti-inflammatory
factors, reduced expression of intestinal tight junction
proteins, along with typical colitis symptoms, confirming
the successful establishment of the Salmonella-induced
colitis mouse model. Compared to the SM group, all the
aforementioned indicators were significantly improved in
the JM+SM group, suggesting that pre-treatment with this
S. cerevisiae can effectively alleviate Salmonella-induced
intestinal immune damage and colitis symptoms. This
finding is consistent with previous research. Ju et al.?!
found that oral administration of S. cerevisiae CNCM
I-3856 alleviated inflammatory responses in mice infected
with Salmonella Typhimurium. Bum Ju Kil et al.”?? also
reported that dietary supplementation with S. cerevisiae
enhanced host immune responses and competitively
inhibited pathogen colonization. Different from the
aforementioned studies, the present research employed
a pre-treatment intervention strategy, which offers
greater preventive advantages compared to post-onset
interventions, providing more practical experimental
evidence for its application and promotion in livestock
and poultry farming.

Intestinal morphology is one of the core indicators for
evaluating intestinal health and integrity, playing a pivotal
role in maintaining normal physiological functions of the
organism. Studies have shown that probiotics can enhance
intestinal barrier function by increasing the number of
intestinal goblet cells and promoting mucus secretion I,
In this study, compared to the Control group, SM group
mice exhibited significantly shortened colonic villi,
reduced goblet cells, and a thinner mucus layer, indicating
that Salmonella severely disrupted intestinal structure,
accompanied by weight loss. In contrast, JM+SM group
mice showed alleviated damage to colonic villi, increased
villuslength, more orderly arrangement, partial restoration
of goblet cells and the mucus layer, and a mitigated trend
of weight loss. The results indicate that pre-gavage with
the Saccharomycetes suspension significantly alleviated

the damage caused by Salmonella to intestinal tissue
morphology and markedly reduced the severity of colitis
in mice.

Cytokines, as key signaling molecules that regulate
immune function, play a crucial role in the body’s defense
against pathogenic microbial infections and in maintaining
immune homeostasis ?*. The cytokines TNF-q, IL-1p, and
IL-6 are key pro-inflammatory substances in colitis, while
IL-10 and IL-4, as common anti-inflammatory cytokines,
play pivotal roles in mediating humoral immune
responses and in infectious diseases. Céline Nourrisson et
al. found that intervention with Saccharomyces boulardii
in rats infected with Blastocystis improved the levels
of IL-4 and IL-10, thereby normalizing the intestinal
microbial flora balance and immune regulatory functions,
among other effects *°!. In this study, the expression levels
of five cytokines -IL-4, IL-6, IL-10, IL-1f, and TNF-a-
in murine peripheral blood and colonic tissue were
measured to comprehensively evaluate the regulatory
mechanism of Saccharomycetes on the intestinal immune
response in Salmonella-infected mice. Compared to the
Control, the SM group showed significantly elevated
levels of IL-6, IL-1P, and TNF-q, reflecting the intense
intestinal inflammatory response triggered by Salmonella.
Simultaneously, IL-4 and IL-10, as core anti-inflammatory
factors, increased following Salmonella infection, which
caused intestinal damage and enhanced the body’s
compensatory anti-inflammatory response 1. However,
compared to the SM group, the JM+SM group exhibited
decreased levels of IL-6, IL-1f, and TNF-a in peripheral
blood cytokine content and mRNA expression in colonic
tissue, suggesting that Saccharomycetes may alleviate the
pro-inflammatory response by inhibiting the colonization
of Salmonella #. This indicates that Saccharomycetes
possess certain preventive and therapeutic effects against
colitis induced by Salmonella.

The mucosa of the intestinal lining is an important
immune tissue within the body. Its secretion and
release of CD3, FOXP;, and sIgA play crucial roles
in maintaining intestinal homeostasis and immune
responses )l CD3 is a key surface factor of T-cells,
involved in T-cell activation and immunity; sIgA is
the core antibody of intestinal mucosal immunity,
responsible for neutralizing pathogens and preventing
their adhesion to intestinal epithelial cells; FOXP; is the
core transcription factor of regulatory T-cells, responsible
for maintaining immune tolerance 2! Previous studies
indicate that S. boulardii can significantly increase
sIgA content in the small intestine of mice and reduce
intestinal colonization by pathogens such as Salmonella
(2. However, it is important to distinguish between
therapeutic and preventive contexts: in the cited study,
S. boulardii was administered as a treatment after infection
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was established, where sIgA upregulation represents
a protective compensatory response to an ongoing
infection. In our preventive model, a different mechanism
is at play. A characteristic of Salmonella-induced colitis
is damage to the colonic epithelial barrier function and
the intestinal lining mucosa. In this study, we further
investigated the secretion of CD3, FOXP;, and sIgA
in the colons of Salmonella-infected mice treated with
Saccharomycetes. The experiment revealed that FOXP;
expression did not differ significantly among groups.
However, the positive rates of CD3 and sIgA in the
colonic tissue of the SM group were significantly higher
than those in the Control group. This elevation likely
represents a compensatory immune hyper-activation
triggered by substantial Salmonella colonization and
epithelial damage-a secondary reaction to an already
breached intestinal barrier, rather than an effective
protective response. In the JM+SM group, the positive
rates of CD3 and sIgA were significantly lower than
those in the SM group. Critically, this reduction does not
indicate impaired immunity; rather, it suggests that S.
cerevisiae pre-gavage effectively prevented or minimized
initial Salmonella colonization, thereby reducing the
need for a massive compensatory immune response .
Therefore, Saccharomycetes exert a certain protective
effect on the mucosal tissue of the intestinal lining.

In summary, this study isolated a strain of S. cerevisiae
from a local farm and investigated its effects on
Salmonella-induced colitis and immune function
impairment through pre-gavage with the yeast suspension.
The results indicate that this yeast has a certain alleviating
effect on Salmonella-induced colitis, demonstrates good
safety, exerts antibacterial efficacy, and holds the potential
to substitute for antibiotics.
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INTRODUCTION

Abstract

Distinct craniofacial morphology in brachycephalic cats may alter ocular anatomy and
predispose these breeds to specific ophthalmic conditions. This study evaluated the
relationship between craniofacial conformation and optic nerve diameter (OND), optic
nerve sheath diameter (ONSD), and ocular biometric parameters using high-resolution
ultrasonography. Twenty-six clinically healthy cats were enrolled and categorized into
brachycephalic and non-brachycephalic groups (n=13 per group). Comprehensive
ophthalmic examinations, tonometry, and standardized ultrasonographic measurements
-including axial globe length (AGL), lens thickness (LT), and vitreous chamber depth
(VCD)- were performed. Although no statistically significant differences were detected
between groups, several morphological tendencies emerged. Brachycephalic cats
demonstrated shorter AGL and horizontal lens diameter, alongside increased anterior
chamber depth and LT. Conversely, VCD appeared reduced in brachycephalic cats,
potentially reflecting a more compact intraocular configuration associated with their
cranjofacial structure. By generating standardized ultrasonographic measurements,
this study contributes to the establishment of morphology-specific reference intervals
for OND and ONSD. Given the current scarcity of feline-specific normative data, these
findings provide an essential preliminary framework to assist clinical diagnostics and
neurological assessments in feline ophthalmology.

Keywords: Anatomic variations, Diagnostic imaging, Feline eye, Morphometry, Ocular
ultrasound

measurement of axial globe length, detection of intraocular
foreign bodies, intraocular hemorrhage, lens luxation,

In brachycephalic cats, pronounced shortening of
the skull, face, and craniofacial skeleton results in
the characteristic rounded head conformation. This
morphology is considered a breed-specific trait ™.
Beyond external appearance, craniofacial structure is
associated with distinct anatomical alterations that may
increase susceptibility to various breed-related diseases
and disorders. In particular, brachycephalic breeds have
been shown to be more predisposed to ocular diseases.
With the growing popularity of brachycephalic cat
breeds in recent years, these breed-associated ocular and
respiratory conditions have gained increasing importance
and warrant closer diagnostic evaluation >,

Ocular ultrasonography is a fundamental, safe, and
non-invasive imaging modality for the evaluation of intra-
ocular and retrobulbar structures. This technique is indicated
in a wide range of conditions, including ocular trauma,

and retinal detachment. In addition, ultrasonography
provides substantial diagnostic value in cases where clinical
examination of the anterior or posterior segment is limited
due to opacification of the ocular media 7.

Another important application of ultrasonography in
ophthalmology is ocular biometry. Ocular biometry
is the measurement of the dimensions of the globe and
its components, and measurement of axial globe length
is of critical importance in the evaluation of conditions
such as glaucoma, microphthalmia, macrophthalmia,
phthisis bulbi, and persistent hyperplastic primary vitreous.
However, information regarding normal ocular dimensions
and interbreed variation in these measurements among
different feline and canine breeds remains limited ¥/,

Among the structures of interest evaluated by
ultrasonography are the optic nerve and its surrounding

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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sheath. Measurements of optic nerve diameter 1 and
optic nerve sheath diameter (ONSD) [} have gained
increasing importance in the assessment of various
clinical and physiological responses, particularly in the
identification of pathological processes such as intracranial
hypertension. In recent years, there has been a marked
increase in studies focusing on the use of non-invasive
ocular ultrasonography, especially ONSD measurements,
for the diagnosis and monitoring of ocular diseases in
veterinary medicine (.

This study utilized high-resolution ultrasonography
to investigate the relationship between craniofacial
morphology and optic nerve and optic nerve sheath
diameters, as well as key ocular biometric parameters,
in brachycephalic and non-brachycephalic cats. The
resulting data provide objective measurements that may
contribute to the current literature and support future
clinical evaluations.

MATERIAL AND METHODS
Ethical Statement

This study was reviewed by the Ankara University Local
Ethics Committee for Animal Experiments (Decision
date: 18.02.2026; Decision number: 2026-04-44). The
Committee determined that the study did not require
formal ethical approval. Informed consent for the clinical
procedures had been obtained from the animal owners
at the time of presentation.

Animals and Study Design

This retrospective cohort study included 26 cats of
diverse breeds, ages, and sexes presented to the Ankara
University Faculty of Veterinary Medicine Animal
Hospital between April 2025 and March 2026. The study
population was divided into two cohorts according to
craniofacial morphology: brachycephalic (n=13) and non-
brachycephalic (n=13). All brachycephalic cats meeting
the inclusion criteria during the study period were
enrolled. An equal number of eligible non-brachycephalic
cats was selected to obtain comparable group sizes.

All cats underwent a comprehensive bilateral ophthalmic
examination; however, only one eye per subject was
included in the data analysis to avoid statistical bias related
to inter-eye correlation. The standardized ophthalmic
protocol integrated direct ophthalmoscopy, slit-lamp
biomicroscopy, rebound tonometry, and transcorneal
ultrasonography. To ensure procedural consistency and
minimize inter-observer variability, all evaluations were
performed by the same two veterinary clinicians.

The intraocular structures and fundus were assessed
via direct ophthalmoscopy, while the cornea, anterior
chamber, and limbal regions were evaluated using slit-

lamp biomicroscopy. Intraocular pressure (IOP) was
quantified using a rebound tonometer (iCare® TONOVET,
Finland). To prevent iatrogenic elevations in IOP,
particular emphasis was placed on minimizing patient
stress and avoiding any jugular compression or excessive
eyelid manipulation prior to and during measurements.

For tonometric assessment, the probe was positioned
perpendicular to the central cornea at a distance of
approximately 4-6 mm. The tonometer automatically
calculated intraocular pressure based on the rebound
velocity of a single-use probe following corneal contact.
Three consecutive measurements were obtained, and the
mean value was recorded. During measurements, care
was taken to avoid manual pressure on the globe, and the
eyelids were held open with minimal contact.

Ultrasonographic Assessment of Ocular Biometry

Ocular ultrasonography was performed using an ultrasound
system equipped with a high-frequency hockey-stick
transducer operating at 8-18 MHz (GE Logiq S8, GE
Healthcare). A topical anesthetic eye drop containing
proparacaine hydrochloride (Alcaine® 0.5%, Alcon,
Tiirkiye) was instilled into the eye a few minutes prior
to the procedure. The animals were gently restrained in
sternal recumbency, and a sterile, water-based ultrasound
gel was applied to the probe surface. The transducer was
positioned transcorneally along the visual axis to obtain
standardized sagittal images (Fig. 1).

Following the acquisition of high-quality images, ocular
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Fig 1. Ocular ultrasonographic examination of a cat. The animal was
restrained in sternal recumbency, and the 18 MHz linear transducer was
positioned transcorneally along the visual axis using sterile water-based
coupling gel to obtain standardized sagittal images
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biometric measurements were obtained based on
predefined anatomical reference points. The parameters
assessed included axial globe length (AGL), defined as the
distance from the anterior corneal surface to the retinal
layer, and horizontal lens diameter (HLD), measured
as the maximal equatorial diameter of the lens along
the horizontal plane. Anterior chamber depth (ACD)
was determined as the distance between the posterior
corneal surface and the anterior lens capsule, while lens
thickness (LT) was defined as the distance between the
anterior and posterior lens capsules along the visual
axis. Furthermore, vitreous chamber depth (VCD) was
measured as the distance from the posterior lens capsule
to the retinal surface. All measurements were performed
in a standardized and reproducible manner with reference
to these established anatomical landmarks 1! (Fig. 2).

Additionally, the optic nerve diameter (OND) and
optic nerve sheath diameter (ONSD) were measured
immediately posterior to the globe at the point where the
nerve emerges from the sclera.

Ultrasonographic Assessment of Optic Nerve and
Optic Nerve Sheath Diameters

Ultrasonographic evaluation of the optic nerve was
performed using B-mode ultrasonography with a linear
transducer operating at a frequency of 6-13 MHz. To
clearly visualize the entry of the optic nerve into the
globe, the transducer was rotated approximately 15° in
a clockwise direction. The probe was then adjusted in
dorsal and ventral directions until optimal visualization of
the optic nerve was achieved. During image acquisition,
the hyperechoic posterior lens capsule was used as an
anatomical reference point. From the caudal aspect of
the posterior lens capsule, imaging was extended over the

Fig 2. Ultrasonographic image of the feline eye illustrating ocular biometric
measurements based on predefined anatomical landmarks. The numbered
markers correspond to specific structures measured on the image as
follows: 1, corneal thickness (CT); 2, anterior chamber depth (ACD);
3, lens thickness (LT); 4, vitreous chamber depth (VCD); 5, axial globe
length (AGL); and 6, horizontal lens diameter (HLD). Axial globe length
(AGL), anterior chamber depth (ACD), lens thickness (LT), horizontal
lens diameter (HLD), and vitreous chamber depth (VCD) are indicated

retina toward the optic disc. Optic nerve diameter was
determined by measuring the distance between the two
hypoechoic outer borders of the nerve ',

Color Doppler ultrasonography was employed to
differentiate the optic nerve from surrounding tissues and
vascular structures. During ultrasonographic assessment,
a transverse projection was used to identify the angle at
which the optic nerve sheath was most clearly visualized.
The images obtained at this optimal projection were
recorded, were subsequently
performed on the sections in which the nerve appeared at
its maximum width.

and measurements

All ultrasonographic recordings were standardized in the
transverse plane at a gain setting of 60 dB. A generous
amount of ultrasound gel was applied to the transducer,
which was then gently placed on the superior aspect of
the globe using a contact corneal technique. Transverse
sections of the globe were sequentially scanned by fanning
and sliding the transducer until the orbit and optic nerve
were clearly visualized. The image in which the optic
nerve appeared most clearly and at its maximum width
was frozen, and diametric measurements were obtained.
The same procedure was subsequently repeated for the
contralateral eye. Video recordings of each examination
were saved and archived for further evaluation.

All ocular ultrasonographic videos were independently
reviewed by two investigators. The optic nerve was
identified as a slightly curved hypoechoic band located
caudal to the globe, whereas the optic nerve sheath
(ONS) was defined as the hyperechoic bands flanking
the optic nerve on either side. The outer boundaries
of the hyperechoic bands farthest from the optic nerve
were used as reference points for measuring the optic
nerve sheath diameter (ONSD), which was assessed 3
mm caudal to the optic disc with the measurement line
oriented perpendicular to the longitudinal axis of the
optic nerve ™ (Fig. 3). This 3-mm distance was
determined by drawing a straight line parallel to
the longitudinal axis of the optic nerve in the caudal
direction from the optic disc. Upon completion of the
ultrasonographic assessments, the eyes were gently
irrigated with sterile saline solution.

Statistical Analysis

Descriptive statistics were calculated for all variables.
Categorical variables were presented as frequencies (n)
and percentages (%), while continuous variables were
expressed as mean + standard deviation (SD), median,
and interquartile range (Q1-Q3), as appropriate. The
normality of continuous variables was assessed using the
Shapiro-Wilk test. Comparisons between brachycephalic
and non-brachycephalic groups were performed using
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Fig 3. Ultrasonographic image of the feline optic nerve illustrating
the measurement of optic nerve sheath diameter (ONSD). The optic
nerve appears as a hypoechoic band, flanked by hyperechoic borders
representing the optic nerve sheath (ONS). ONSD was measured 3 mm
caudal to the optic disc, using the outer margins of the hyperechoic sheath
as reference points, with the measurement line oriented perpendicular to
the longitudinal axis of the optic nerve. Labels indicating ONS and ONSD
are shown on the image

the independent samples t-test for normally distributed
variables and the Mann-Whitney U test for non-normally
distributed variables. A criterion of P<0.05 was used for
all statistical comparisons. All statistical analyses were
conducted using SPSS 30.0 software package.

RESULTS

The cats were classified into two groups according to
craniofacial morphology: brachycephalic (n=13) and
non-brachycephalic (n=13). Overall, 13 cats (50.0%)
were mixed-breed, while the remaining cats comprised
British Shorthair (34.62%, n=9), Scottish Fold (11.54%,
n=3), and Chinchilla (3.85%, n=1). The brachycephalic
group consisted of British Shorthair, Scottish Fold, and
Chinchilla cats, whereas the non-brachycephalic group
comprised exclusively mixed-breed cats.

Regarding sex distribution, male cats were predominant
in the overall study population 76.92% (n=20), while
females represented 23.08% (n=6). Evaluation based
on neutering status showed that 61.54% (n=16) of the
cats were neutered, and 38.46% (n=10) were intact. This
distribution was similar in both craniofacial morphology
groups.

The mean age was 2.58+2.77 years in the brachycephalic
group and 4.49+4.51 years in the non-brachycephalic
group, with no significant difference between the groups
(P=0.147). Statistical analysis revealed no significant
correlations between age and any of the evaluated ocular
biometric parameters (P>0.05). Specifically, neither
the optic nerve diameter (OND) nor the optic nerve
sheath diameter (ONSD) demonstrated age-dependent
variations. A marginal positive trend was observed only

between age and vitreous chamber depth (VCD) (P=0.061)

In terms of the eyes examined, the left eyes accounted
for 53.85% (n=14) and the right eyes for 46.15%
(n=12). The distribution of the eye side did not differ
significantly between the brachycephalic and non-
brachycephalic groups. The mean intraocular pressure
(IOP) was 21.46+4.54 mmHg in brachycephalic cats and
23.23+3.19 mmHg in non-brachycephalic cats. Although
the brachycephalic group exhibited numerically lower
mean IOP values, no statistically significant difference
was observed between the two craniofacial morphologies
(P>0.05).

Ocular Biometric Findings

The ultrasonographic evaluation of ocular biometry
revealed distinct morphological trends between skull types,
although none of the measured parameters demonstrated
statistically significant differences (P>0.05). Axial globe
length (AGL) was numerically shorter in brachycephalic
cats (18.89+2.33 mm) compared with non-brachycephalic
cats (19.45+0.98 mm). Similarly, brachycephalic group
showed slightly reduced vitreous chamber depth (VCD)
(7.85+0.66 mm) and horizontal lens diameter (HLD)
(11.13£1.21 mm) relative to the non-brachycephalic
group (8.22+0.86 mm and 11.39+0.95 mm, respectively).

In contrast, the anterior chamber depth (ACD) and lens
thickness (LT) were found to be marginally higher in the
brachycephalic group. The mean ACD was 3.60+0.60
mm in brachycephalic cats versus 3.32+0.43 mm in non-
brachycephalic cats, while the LT followed a similar trend
with 7.95£0.75 mm and 7.75+0.83 mm, respectively.
Detailed biometric results and statistical comparisons are
summarized in Table 1 and Fig. 4.

Optic Nerve and Optic Nerve Sheath Findings

Ultrasonographically, the optic nerve was identified as a
slender, slightly curved hypoechoic structure posterior
to the globe, surrounded by retrobulbar adipose tissue
and musculature (Fig. 5). The assessment of the optic
nerve diameter (OND) revealed a notable trend toward
higher values in brachycephalic cats (1.65+0.38 mm)
compared to non-brachycephalic cats (1.43£0.12 mm),
approaching but not reaching statistical significance
(P=0.080).

The mean optic nerve sheath diameter (ONSD) was
2.9940.51 mm (median: 3.00 mm; range: 2.60-3.30) in the
brachycephalic group and 2.92+0.47 mm (median: 2.70
mm; range: 2.70-3.20) in the non-brachycephalic group.
No statistically significant difference was detected in
ONSD values between the two craniofacial morphologies
(P=0.752).
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Table 1. Comparison of ocular biometric parameters between brachycephalic and non-brachycephalic cats

(el ke Bravermelas Brachycephalic Group Non-brachycephalic Group »
(mm) Mean + SD Median (Q1-Q3) Mean + SD Median (Q1-Q3)

AGL 18.89+2.33 19.20 (19.00-19.90) 19.4540.98 19.70 (19.50-20.00) 0.396
HLD 11.13+£1.21 11.40 (10.50-11.70) 11.39+0.95 11.30 (10.70-12.00) 0.557
ACD 3.60+0.60 3.50 (3.20-4.10) 3.3240.43 3.40 (2.90-3.60) 0.188
LT 7.95+0.75 8.10 (7.40-8.50) 7.75+0.83 7.70 (7.30-8.20) 0.526
VCD 7.85£0.66 7.80 (7.50-8.30) 8.22+0.86 8.10 (7.50-8.70) 0.222
ONSD 2.99+0.51 3.00 (2.60-3.30) 2.92+0.47 2.70 (2.70-3.20) 0.752
OND 1.65+0.38 1.60 (1.40-1.70) 1.43+0.12 1.50 (1.30-1.50) 0.080

OND, optic nerve diameter; ONSD, optic nerve sheath diameter; SD, standard deviation; AGL, axial globe length; HLD, horizontal lens diameter; ACD, anterior chamber depth; LT,
lens thickness; VCD, vitreous chamber depth. A criterion of P<0.05 was used for all statistical comparisons. Data analysis was conducted using SPSS 30 software package
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Fig 4. Comparison of ocular biometric parameters between brachycephalic
and non-brachycephalic cats. Bars represent mean values, and error bars
indicate the standard deviation (SD). OND, optic nerve diameter; ONSD,
optic nerve sheath diameter; AGL, axial globe length; HLD, horizontal lens
diameter; ACD, anterior chamber depth; LT, lens thickness; VCD, vitreous
chamber depth. All measurements are expressed in millimeters. No
statistically significant differences were observed between the two groups
for any parameter (P>0.05)

Di1sCcUsSSION

In feline medicine, biometric evaluation enables
quantitative assessment of both anterior and posterior
segment structures along the axial globe length. While both
A-mode and B-mode ultrasonography are conventionally
used to measure parameters such as corneal thickness,
anterior chamber depth, lens thickness, equatorial lens
diameter, vitreous chamber depth, and total axial length,
B-mode remains the preferred modality for evaluating
the posterior segment, including the retina-choroid-sclera
complex 4,

Ultrasonographic studies have reported a positive
association between eyeball length and age in cats,
particularly during early developmental stages !'!. In the
present study, no significant relationship was observed
between age and the evaluated biometric parameters
(P>0.05). This finding may be related to the predominance
of adult cats in the study population, in which ocular

0.30¢
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Fig 5. Representative B-mode ultrasonographic images of the optic nerve and optic nerve sheath in a brachycephalic (A) and a non-brachycephalic (B) cat.
(A) A 3-year-old male British Shorthair, (B) a 4-year-old male mixed-breed cat. The optic nerve appears as a slender, slightly curved hypoechoic structure
posterior to the globe, surrounded by retrobulbar adipose tissue and musculature. Calipers (+) indicate the site of optic nerve sheath diameter measurement
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growth is likely already complete. Therefore, age-related
biometric variation may have been less evident in this
cohort. Overall, these results suggest that the observed
differences in ocular biometry are more likely associated
with craniofacial morphology rather than age-dependent
physiological growth.

Ultrasonographic ocular biometric measurements play a
crucial role in identifying anatomical differences across
breeds. Previous studies have demonstrated a positive
association between cranial dimensions and globe size,
and have also highlighted the role of head type in shaping
ocular morphology !, In particular, brachycephalic cats
tend to exhibit wider globes than non-brachycephalic
individuals . Collectively, these findings suggest that
variations in cranial morphology, body conformation,
and ocular biometry may occur even within the same
breed, underscoring the need for breed- and head-type-
specific biometric evaluations and reference intervals
to improve the early and accurate diagnosis of ocular
diseases.

In the present study, although differences in ocular
biometric parameters did not reach statistical significance,
distinct morphological trends were observed between
head types. Specifically, horizontal lens length tended to
be lower in brachycephalic cats, whereas anterior chamber
depth and lens thickness appeared higher, accompanied
by a reduced vitreous chamber depth. These findings
suggest that cranial conformation may be associated
with globe morphology and the spatial arrangement of
intraocular structures, although this interpretation should
be considered in the context of the study’s limitations.
These findings suggest a relatively more compact orbital
and intraocular configuration in brachycephalic cats.

Axial globe length and vitreous chamber depth were
lower in brachycephalic cats than in non-brachycephalic
cats, although these differences did not reach statistical
significance. This trend may be related to the shallow
orbital conformation characteristic of brachycephalic
phenotypes, potentially affecting globe configuration
along the sagittal axis. Previous studies across brachy-
cephalic species have reported associations between
craniofacial conformation, reduced orbital space, and
alterations in posterior segment biometry, supporting the
concept that head morphology plays a key role in shaping
ocular dimensions "¢l These findings suggest that
morphology-related anatomical variation may contribute
to the biometric pattern observed in our cohort, although
they should be interpreted within the context of the study’s
limitations.

Studies in dogs have demonstrated that head morphology,
particularly in brachycephalic individuals, may affect the
angle of the optic nerve within the orbit and the tension

of the optic nerve sheath, with these anatomical variations
representing important determinants of optic nerve
sheath diameter (ONSD) measurements %!, In contrast,
data on the relationship between brachycephaly and optic
nerve anatomy or ONSD in cats remain limited.

In the present study, optic nerve diameter (OND)
tended to be higher in brachycephalic cats, whereas no
statistically significant difference in ONSD was detected
between the groups. Although brachycephalic cranial
conformation could theoretically increase ONSD by
reducing orbital volume and confining the optic nerve
within a more restricted space, our findings do not
support a clear effect in this regard. This may indicate that
ONSD is maintained within relatively stable physiological
limits despite variations in head morphology, or that
ultrasonographic assessment may lack the sensitivity to
detect subtle structural differences. Consequently, the
extent to which ONSD reflects craniofacial conformation
in brachycephalic cats warrants further investigation using
larger cohorts and advanced imaging modalities.

The sigmoid structure of the optic nerve in dogs and cats,
together with the plexiform arrangement of cilioretinal
arteries, renders the optic nerve head anatomically
heterogeneous "\, In cats, retinal veins do not converge
centrally within the optic nerve head but instead
course parallel to the arteries and exit laterally, further
complicating the clear delineation of optic disc boundaries.
These species-specific anatomical features may affect
ultrasonographic OND and ONSD measurements by
limiting the identification of consistent anatomical
landmarks %, Therefore, the absence of a measurable
ONSD difference associated with head morphology in
brachycephalic cats may reflect both true morphological
similarity and the limited sensitivity of ultrasonographic
assessment in detecting subtle structural variations.

As this was a retrospective study, the sample size was
determined by the number of eligible cases identified
during the study period, which limited the number of
animals available for inclusion. As a result, an a priori
power analysis could not be performed, and the study
may have been underpowered to detect small differences
between groups. In addition, the single-center design and
the unequal distribution of breeds and sexes should be
taken into account when interpreting the generalizability
ofthe results. It is also worth noting that the brachycephalic
group consisted mainly of British Shorthair and Scottish
Fold cats. Although both breeds are generally classified
as brachycephalic in the veterinary literature, their
craniofacial conformation is less pronounced than that
of some other brachycephalic breeds. Therefore, further
studies including cats with more marked brachycephalic
features would be useful to better assess the generalizability
of the present findings.
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In conclusion, the ocular biometric measurements
obtained in this study addresses an existing gap in the
literature regarding the ultrasonographic characterization
of the optic nerve and nerve sheath diameter in cats. The
concentration of existing research primarily on dogs and
large animal species has left species-specific normative
data for cats relatively limited. The data derived from our
study contribute to a better understanding of optic nerve
morphology in brachycephalic cats, aiming to enhance the
accuracy of diagnostic interpretations in critical clinical
evaluations such as intracranial hypertension. These
standardized ultrasonographic measurements performed
on healthy cats underscore the importance of developing
head-type-specific reference intervals and provide a
robust morphological foundation for future clinical and
diagnostic research.
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INTRODUCTION

Abstract

This study included 20 Simmental calves (7-15 days old) presented with diarrhea and 10
healthy age- and breed-matched controls. Following clinical examination, mental status,
dehydration score, respiratory rate, heart rate, and rectal temperature were recorded.
Fecal samples were collected from diarrheic calves meeting sepsis criteria; calves
positive for both rotavirus and coronavirus on a rapid immunochromatographic test
were enrolled. The calves were hospitalized, treated, and monitored for 3 days. Blood
samples were collected and clinical examinations were repeated before treatment (0 h)
and during treatment (12, 24, 48, and 72 h). In septic calves, serum levels of reduced
glutathione (GSH), total thiol (TT), native thiol (NT), endothelin-1 (ET-1), free
triiodothyronine (fI'3), free thyroxine (fT4), and insulin-like growth factor-1 (IGF-1),
which were low before treatment, increased during therapy. Conversely, respiratory and
heart rates and the levels of malondialdehyde (MDA), disulfide, and cortisol, which
were high before treatment, decreased during therapy. Based on history, septic calves
were further categorized as colostrum-fed or non-colostrum-fed, and group effects,
time effects, and group x time interactions were evaluated. Among the evaluated
parameters, MDA, IGF-1, and IgG showed the most pronounced group- and time-
related differences. In conclusion, assessment of serum GSH, TT, NT, ET-1, fT3, fT4,
IGF-1, MDA, disulfide, and cortisol (reflecting oxidative stress, endocrine response, and
thiol-disulfide homeostasis) may contribute to the characterization and monitoring of
systemic inflammatory, oxidative, endocrine, and immune alterations in neonatal calves
with rotavirus-coronavirus coinfection-associated diarrhea and sepsis.

Keywords: Calf, Hormones, Inmunoglobulin G (Ig-G), Neonatal period, Sepsis, Thiol-
disulfide homeostasis

implicated in the etiology of neonatal calf diarrhea .
In diarrheic neonatal calves, sepsis is one of the leading

Calves are considered a fundamental stage in the livestock
industry. Since calf rearing is crucial for the sustainability
of the meat and dairy industry, obtaining and preserving
high-quality genetic material is essential. This, in turn,
depends on good hygiene management and nutrition ™.
The neonatal period is defined as the first 28 days after birth.
Diarrhea is among the most important health problems
encountered during this time 2. Diarrhea is a clinical sign
characterized by an increased frequency of defecation
accompanied by changes in fecal consistency and increased
fecal volume, typically resulting from inflammation
of the gastrointestinal tract ©l. Bovine rotavirus and
coronavirus are among the major infectious agents

causes of mortality [°. Sepsis is a life-threatening systemic
response to infection characterized by dysregulated host
responses and organ dysfunction .

Reactive oxygen species (ROS) generated as a consequence
of metabolic activity are neutralized by antioxidant
defenses 1. When the balance between oxidants and
antioxidants is disrupted, oxidative stress occurs.
Oxidative stress is associated with lipid peroxidation,
DNA damage, and disturbances in enzymatic reactions,
which may ultimately lead to immunosuppression .
Malondialdehyde (MDA) and reduced glutathione (GSH)
are commonly measured biomarkers for assessing
oxidative stress !"*!"l. MDA is a secondary end product of

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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lipid peroxidation of polyunsaturated fatty acids (including
arachidonic acid) and reflects free radical-induced
damage to cell membranes 2. In contrast, GSH protects
cells from oxidative injury by detoxifying peroxides and
scavenging free radicals ['*l. Thiol-containing compounds
are also organic molecules that contribute to cellular
protection against oxidative stress. Oxidative products
generated during metabolic processes can oxidize thiol
groups, leading to the formation of disulfide bonds. This
reversible process is referred to as dynamic thiol-disulfide
homeostasis. Inflammation and oxidative stress contribute
to disruption of this balance 4.

Due to their placental structure, cows cannot
transplacentally transfer macromolecular components
such as IgG to their calves during the intrauterine period.
Therefore, calves are born with almost completely
underdeveloped immune systems. Immune components
received through colostrum are of great importance in
the survival of newborn calves. This form of immunity
transferred from the mother to the newborn via colostrum
is called passive immunity transfer ". The response
of the host to pathogenic agents is referred to as the
immune response. It comprises two major arms:
innate and adaptive immunity. As part of adaptive
immunity, antibodies (immunoglobulins) are produced.
Immunoglobulin G (IgG) is one of the predominant
immunoglobulin classes and accounts for approximately
70-80% of circulating immunoglobulins. It is produced
by plasma cells in the spleen, lymph nodes, and bone
marrow "\, In calves, IgG constitutes approximately 90%
of the immunoglobulins transferred to the neonate 7).

Thyroid hormones are synthesized in the follicles of
the thyroid gland and play essential roles in multiple
physiological processes. These include regulation of
oxygen consumption, maintenance of basal metabolic
rate, modulation of energy, protein, and lipid metabolism,
and control of cellular differentiation and proliferation "],
Thyroid hormone concentrations may change in disease
states, and such alterations have been suggested to have
prognostic value. Thyroid function is commonly assessed
by measuring serum triiodothyronine and thyroxine
concentrations 2],

Glucocorticoids play a key role in the physiological
adaptation to stress and severe inflammatory conditions 2.
During stress and severe illness, activation of the
hypothalamic-pituitary-adrenal (HPA) axis stimulates
cortisol secretion 1?>*’]. Insulin-like growth factor-1 (IGF-
1) is a 70-amino acid polypeptide hormone primarily
synthesized in the liver. Circulating IGF-1 concentrations
can vary in response to immune activation and
inflammatory status 24,

Endothelin-1 (ET-1) is a 21-amino acid peptide produced
and released by endothelial cells. It is a potent

vasoconstrictor, and its circulating concentrations may
change under inflammatory conditions 1!,

Neonatal enteric sepsis is accompanied by coordinated
disturbances in redox homeostasis, endothelial regulation,
endocrine and metabolic adaptation, stress responses, and
passive humoral immunity. Thiol-disulfide homeostasis,
GSH, and MDA serve as complementary indicators of
redox status; ET-1 reflects endothelial-vascular regulation;
fT3,fT4, cortisol, and IGF-1 indicate endocrine, metabolic,
and stress-related adaptation; and IgG reflects passive
humoral immune status. Because colostrum provides
immunoglobulins and bioactive constituents that support
neonatal immune competence, intestinal maturation,
and metabolic adaptation, colostrum intake status may
be associated with the magnitude and temporal course
of these systemic responses. We hypothesized that
calves with rotavirus-coronavirus coinfection-associated
diarrhea and sepsis would exhibit coordinated multisystem
biomarker alterations relative to healthy calves, that these
biomarkers would change during the 72 h treatment and
monitoring period, and that their temporal trajectories
would differ according to colostrum intake status.
Accordingly, this study aimed to compare the selected
biomarkers between septic and healthy neonatal calves,
characterize their longitudinal changes over 72 h, and
evaluate whether their temporal patterns were associated
with colostrum intake status.

MATERIAL AND METHODS
Ethical Approval

The study was conducted after approval was obtained
from the Kafkas University Animal Experiments Local
Ethics Committee (KAU-HADYEK/2025-009).

Animal Material

The study population consisted of 20 Simmental calves
aged 7-15 days with diarrhea. All 20 diarrheic calves tested
concurrently positive for both rotavirus and coronavirus.
The Control group consisted of 10 clinically healthy, age
and breed-matched calves.

Clinical Examination and Pathogen Detection

Clinical examinations were performed to record mental
status, dehydration score, respiratory rate, heart rate, and
rectal temperature. Fecal samples were obtained from
calves that met the sepsis criteria (Table 1) and were tested
according to the manufacturer’s instructions using a rapid
antigen test kit (BoviD-5 Ag Test Kit®; Bionote Inc., Korea).
Diarrheic calves positive for both rotavirus and coronavirus
were included. Calves meeting the sepsis criteria were
subsequently hospitalized and treated. Blood samples
were collected and clinical examinations were repeated at
predefined time points (0, 12, 24, 48, and 72 h).
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Table 1. The presence of at least two of the following criteria was considered
sufficient for the diagnosis of sepsis

Parameters Criteria

Total leukocyte count (x10°/uL) <5x10%/pL or >12x10°/uL

Respiratory rate (/min) >45
Heart rate (/min) <90 or >120
Band neutrophils (%) >10%
Body temperature (°C) >39.0 or <36.6

Treatment Protocol

Calves meeting the sepsis criteria were hospitalized
in individual stalls and monitored for 72 h. During
hospitalization, routine nursing care and feeding were
provided, and treatment was administered as follows.
Based on the degree of dehydration, intravenous fluid
therapy consisted of 0.9% sodium chloride (PVC®,
1000 mL; Eczacibasi Baxter, Istanbul, Turkiye), 1.3%
sodium bicarbonate (Bikarvil®; Vilsan, Ankara, Tiirkiye),
and 5% dextrose (Polifleks®; Polifarma, Tekirdag,
Tiirkiye). Because blood gas analysis was not available,
the sodium bicarbonate requirement was estimated
using a pragmatic base-deficit calculation described by
Gokee 1?1, For antimicrobial therapy, enrofloxacin was
administered parenterally at 2.5-5 mg/kg (Baytril® 10%;
Bayer, Germany). In addition, sulfadoxine-trimethoprim
was administered intravenously at 5 mL/40 kg body
weight for 3 days (Animar®; Ceva, France). An oral
powder containing sulfadimidine and oxytetracycline
was administered for 3 days at 2.5 g/40 kg body weight
(Tetramezathine®; Ceva, France). Supportive therapy
included a parenteral B-complex vitamin preparation
for 3 days at 8-10 mL/calf (Berovit B,,°; Ceva, France),
vitamin C at 4-6 mg/kg (Maxivit-C® Bavet, Tiirkiye),
vitamin AD;E at 1 mL/50 kg (Ademin®; Ceva, France),
and sodium selenite + vitamin E + vitamin B, at 2 mL/
calf (Yeldif®; Ceva, France). To control inflammation,
meloxicam was administered once at 0.5 mg/kg (Bavet
Meloxicam®; Bavet, Tiirkiye). All sick calves recovered
following treatment, and no deaths occurred during the
72 h monitoring period.

Collection of Blood Samples

Blood samples were obtained from diseased calves via
jugular venipuncture before treatment (0 h) and during
treatment (12, 24, 48, and 72 h); healthy calves were
sampled once. Sampling was performed using a holder
with compatible sterile needles (Vacuette®, Greiner Bio-
One GmbH, Austria) and serum separator (gel) tubes
(BD Vacutainer®, BD, UK). Samples were centrifuged at
3000 rpm for 10 min (Rotina 380R°; Hettich, Germany),
and serum was aliquoted and stored at —20°C until
analysis.

Analyses

Serum GSH, MDA, and thiol-disulfide homeostasis
parameters were assessed. Total thiol (TT) and native
thiol (NT) concentrations were measured spectro-
photometrically according to Erel and Neselioglu 7.
Disulfide concentration and derived indices (disulfide/
TT x 100, disulfide/NT x 100, and NT/TT x 100)
were calculated from TT and NT values as previously
described . Reduced glutathione (GSH) was determined
using the method of Beutler et al.*”, and malondialdehyde
(MDA) was measured according to Yoshioka et al.l*"l.

Serum immunoglobulin G (IgG; mg/dL), free
triiodothyronine (fI'3; ng/L), free thyroxine (fT4; ng/
dL), cortisol (pg/dL), and insulin-like growth factor-1
(IGF-1; ng/mL) concentrations were measured using a
chemiluminescence method (Snibe Diagnostics®, China).
Based on the medical history obtained, septic calves were
classified according to colostrum intake status. Study
parameters were compared between colostrum-fed and
non-colostrum-fed calves, and the results are presented
in Table 2, Fig. 1 and Fig. 2.

Serum endothelin-1 concentrations were determined
using a commercial bovine-specific ELISA kit (Bovine
ET-1 ELISA Kit’; BT Lab, China) according to the
manufacturer’s instructions. Absorbance was read at 450
nm using a microplate reader (Thermo Scientific®, USA).
ET-1 concentrations were calculated from the standard
curve using regression analysis.

Statistical Analysis

The distributional properties of continuous variables were
assessed using the Shapiro-Wilk test. The normality of
data distribution was evaluated separately for each
variable within each study group [healthy Control group
(n = 10), overall Sepsis group (n = 20), colostrum-fed
subgroup (n = 10), and non-colostrum-fed subgroup
(n = 10)] and at each measurement time point (0, 12, 24,
48, and 72 h). All data are presented as mean + standard
deviation (SD). Statistical analyses were performed using
GraphPad Prism (version 10; GraphPad Software, San
Diego, CA, USA) and IBM SPSS Statistics (version 26.0;
IBM Corp., Armonk, NY, USA). A two-sided P-value
<0.05 was considered statistically significant for all
analyses.

Blood samples from the healthy Control group were
collected only once to provide baseline reference data.
Therefore, this dataset was compared independently
against each of the five sequential time points (0, 12,
24, 48, and 72 h) of the Sepsis group and its subgroups
using independent comparisons. For normally distributed
variables, an independent-samples t-test was used, and
homogeneity of variances was assessed using Levene’s
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vs. non-colostrum-fed calves)

Table 2. Main effects of colostrum intake (group), time, and the group x time interaction for the evaluated parameters within the Sepsis group (colostrum-fed

Parameters SOl e

Status 0h 12h 24h 48h 72h
GSH. C(+) 4.86+0.65 5.0240.67 4.98+0.61 5.57+1.48 5.97+1.58
(mg/dL) CcE) 3.33+0.27 3.94+0.98 4.58+0.86 4.12+0.70 4.70+1.38
e C(+) 2.0640.52*" 1.69+0.51" 1.40+0.32" 1.3040.07° 1.2740.10°
(umol/L) C() 2.690.79° 2.95+0.60° 2.8740.51° 1.5740.47° 1.28+0.06"
T C(+) 624.59+47.50 668.02+62.78 683.44+61.85 692.37+46.17 765.42+69.97
(umol/L) C() 504.08+25.33 561.50+60.71 572.36+60.79 603.43+29.18 602.51+47.67
NT C(+) 207.64+61.94 306.95+107.24 320.75+53.27 302.52+47.19 513.11+120.65
(pmol/L) ce) 156.15+43.97 221.84475.82 236.61+31.85 237.60+33.60 313.79+80.63

C ) 208.47+29.95 180.5329.21 181.34426.20 194.92+29.80 126.15+29.53
Disulfide (umol/L)

C() 173.96+17.32 169.82+20.80 167.87+25.32 182.91+24.83 144.35£30.39
Disulfide/NT C(+) 111.21+43.14 72.23+50.76 58.29+13.90 66.70+17.53 26.91+11.68
(%) C() 123.96+55.25 91.16+51.35 71.86+13.21 79.27+20.65 50.73+22.71
Disulfide/TT C ) 33.4444.59 27.4246.18 26.56+3.13 28.11+3.60 16.835.01
(%) C() 34.59+3.88 30.60+5.54 29.2642.42 30.24+3.08 24.1245.60
NT/TT C(+) 33.1249.17 45.16412.35 46.88+6.27 43.7847.21 66.34+10.02
(%) C() 30.81£7.76 38.79+11.08 41.48+4.83 39.5146.16 51.76£11.21
el el C(+) 54.426.04 54.91+10.45 59.04+7.39 64.28+5.72 67.20+12.91
(pg/mL) C() 40.64+9.90 44.2548.11 46.07+3.73 53.0546.66 54.34+1.54
fr, C () 5.96:2.12 5.64+1.60 6.1242.35 6.40+1.46 8.833.03
(ng/L) C() 3.7842.29 4.42+0.65 5.2942.05 5.05+1.95 8.58+3.23
fr, C(+) 1.450.35 1.61+0.42 1.48+0.50 1.54+0.33 2.07+0.48
(ng/dL) C() 1.36+0.38 2.0240.59 1.65+0.33 1.8740.51 1.94+0.38
o C(+) 296.50+14.41*" 285.88+7.85%" 291.63+21.23%" 3252543057 335.75£42.84°
(ng/mL) C() 253.43+21.52° 244.71+23.82° 222.71+26.34° 258.14+14.42° 299.14+44.07¢
1¢G C(+) 723+36.80%" 711.75+23.41% 693+117.19°" 722.63£77.54* 831.38+107.74"
(mg/dL) C() 609.14+73.10° 581472.48° 51321615 516.57481.67° 634286.49°
Cortisol C ) 4254153 41621.77 4.0242.07 4712215 2.0140.58
(ng/dL) C() 7.53+4.67 7.84+4.52 6.532.69 5.1442.49 3.68+1.62

GSH: Reduced glutathione, MDA: Malondialdehyde, TT: Total thiol, NT: Native thiol, fT3: Free triiodothyronine, fT4: Free thyroxine, IGF-1: Insulin-like growth factor-1, IgG:
Immunoglobulin G, C (+): Colostrum-fed, C (-): Non-colostrum-fed. Significance notation: *P<0.05, **P<0.01, ***P<0.001. Asterisks indicate significant differences between C (+)
and C (-) at the same sampling time point (pairwise comparisons). Different lowercase letters (a—c) indicate significant differences among time points within the Sepsis group

test (Welch’s t-test was applied when the homogeneity
assumption was violated). For variables that did not meet
the normality assumption, between-group comparisons
were performed using the Mann-Whitney U test.

To evaluate longitudinal (temporal) changes within the
overall Sepsis group, repeated-measures analyses were
performed on blood parameters measured sequentially in
the same calves at 0, 12, 24, 48, and 72 h. For variables
meeting parametric assumptions, a one-way repeated-
measures ANOVA was performed, and the assumption
of sphericity was evaluated using Mauchly’s test; in
cases of sphericity violation, degrees of freedom were

corrected using the Greenhouse-Geisser correction.
When a significant main effect of time was detected,
Bonferroni-adjusted post-hoc multiple comparison tests
were used to identify specific differences between time
points. Temporal changes for parameters failing to meet
normality assumptions were analyzed using the Friedman
test, followed by post-hoc pairwise comparisons using
Bonferroni-adjusted Wilcoxon signed-rank tests. Because
all calves had complete repeated measurements at identical
time points without missing observations, RM-ANOVA
was considered an appropriate analytical approach for
longitudinal analyses.
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Fig 1. Longitudinal changes and time-course comparison of oxidative stress parameters, thiol-disulfide homeostasis
variables, and endothelin-1 between colostrum-fed (C+) and non-colostrum-fed (C-) neonatal calves with sepsis
secondary to rotavirus and coronavirus-associated diarrhea. The panels display reduced glutathione (GSH),
malondialdehyde (MDA), total thiol (TT), native thiol (NT), disulfide, disulfide/NT ratio, disulfide/TT ratio, NT/
TT ratio, and endothelin-1. Data are presented as mean + standard deviation (SD). Asterisks (* P<0.05, ** P<0.01,
% P<0.001) indicate significant differences between the C+ and C- groups at the same sampling time point based
on independent pairwise comparisons. G: Main effect of colostrum status (group); T: Main effect of time; G x T:
Group x Time interaction effect determined by two-way mixed repeated-measures ANOVA

Additionally, a two-way mixed repeated-measures ANOVA  measured parameters within the Sepsis group. In this model,
was conducted to evaluate the longitudinal effects of  colostrum-feeding status was designated as the between-
colostrum-feeding status (colostrum-fed vs. non-colostrum-  subjects factor, while time was defined as the within-subjects
fed), time, and their interaction (group x time) on the repeated factor. When significant main effects or group x time
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Fig 2. Longitudinal changes and time-course comparison of hormonal and immunological parameters between
colostrum-fed (C+) and non-colostrum-fed (C-) neonatal calves with sepsis secondary to rotavirus and
coronavirus-associated diarrhea. The panels display free triiodothyronine (FT3), free thyroxine (FT4), insulin-like
growth factor-1 (IGF-1), immunoglobulin G (IgG), and cortisol. Data are presented as mean + standard deviation
(SD). Asterisks (*: P<0.05, **: P<0.01, ***: P<0.001) indicate significant differences between the C+ and C- groups
at the same sampling time point based on independent pairwise comparisons. G: Main effect of colostrum-feeding
status (group); T: Main effect of time; G x T: Group x Time interaction effect determined by two-way mixed
repeated-measures ANOVA
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interactions were detected, post-hoc multiple comparisons
were completed using Bonferroni-adjusted tests.

Correlation analyses were conducted to evaluate
associations among clinical, oxidative stress, hormonal,
and immunological parameters. Pearson’s correlation
coefficient was used for normally distributed variables,
whereas Spearman’s rank correlation coefficient was used
for non-normally distributed variables.

RESULTS
Clinical Findings

Clinical examination of septic calves revealed severe
enteritis and marked dehydration (10-12%), accompanied
by enophthalmos, decreased skin turgor, weakness,
severe depression, lateral recumbency, and absence of the
suckling reflex.

Vital Findings

In the Sepsis group, respiratory rate at 0 h (pre-
treatment) was higher than at subsequent time points.
Between-group comparisons showed that respiratory
rateat0, 12, and 24 h was higher in the Sepsis group than
in the Control group. Within the Sepsis group, heart
rate at 0 h was higher than at 48 and 72 h; moreover,

heart rate was higher in the Sepsis group than in the
Control group at all assessed time points (0, 12, 24, 48,
and 72 h). Rectal temperature at 0 h was lower in the
Sepsis group than in the Control group (7able 3).

Biochemical Findings

Effects of colostrum intake, time, and their interaction
are summarized in Table 2. For GSH, TT, NT, ET-1,
fT3, and cortisol, significant main effects of colostrum
intake and time were observed, whereas the colostrum
x time interaction was not significant. For f{T4,
disulfide, and disulfide/NT, only the main effect of time
was significant. Similarly, for NT/T'T, significant main
effects of colostrum intake and time were detected,
with no significant interaction.

For IGF-1 and IgG, significant main effects of colostrum
intake and time were observed, and the colostrum x
time interaction was also significant (Table 2). Post hoc
analyses indicated that IGF-1 differed between the Sepsis
and Control groups at all assessed time points (0, 12, 24,
48, and 72 h). Within the sepsis subgroups, IGF-1 in
colostrum-fed calves at 0 h differed from values at 48 and
72 h. In non-colostrum-fed calves, IGF-1 at 0, 12, and 48
h was higher than at 24 h and lower than at 72 h.

Table 3. Within-group comparisons across time points in the Sepsis group and between-group pairwise comparisons of the Sepsis and Control groups at
corresponding time points
Sepsis

Parameters Control

Oh 12h 24h 48 h 72h
Respiratory rate (/min) 44.93+18.874 33.23+7.70%° 28.93+7.48%° 27.07+6.32% 26.80+8.74% 22.93+5.128
Heart rate (/min) 141.73£18.164 132.53+23.124® 127.73+11.634® 122.40+13.824° 121.33+17.954° 99.33+6.26°
Rectal temperature (°C) 37.04+2.34* 38+0.75° 37.89+1.14% 38.21+0.86° 38.72+0.67° 38.37+0.308
GSH (mg/dL) 4.15+0.93% 4.51+0.974 4.79+0.744® 4.89+1.374® 5.38+1.58%5 6.28+1.30°
MDA (umol/L) 2.35+0.714 2.28+0.844 2.09+0.86% 1.42+0.354%° 1.27+0.0848 1.20+0.32°
TT (umol/L) 568.35+72.64° 618.31+£81.094® 631.60+£82.38A® 650.87+59.504 689.39+102.474% 986.62+202.67°
NT (umol/L) 183.61+58.774¢ 267.23+£100.724% 281.48+61.174° 272.22452.164% 420.09+143.734 788.39+205.62°
Disulfide (umol/L) 192.37+29.914 175.54+25.36 175.06+25.824 189.32427.334 134.65+30.344° 99.12+26.64"%
Disulfide/NT (%) 117.16+47.774 81.06+50.144° 64.62+14.85% 72.57+19.464% 38.02+20.994¢ 13.52+5.6*
Disulfide/TT (%) 33.98+4.16 28.91+5.914 27.82+3.06"° 29.10+3.43A% 20.23+6.344¢ 10.35+3.46°
NT/TT (%) 32.04+8.324¢ 42.19+11.824° 44.3616.12%° 41.79+6.86> 59.54+12.684 79.29+6.928
Endothelin-1 (pg/mL) 46.16+10.26"° 51.77+10.204® 52.98+8.84A% 59.04+8.3142 61.19+11.344% 72.04+20.25%
fT, (ng/L) 4.94+2.40% 5.07+1.37 A 5.73+2.18 40 5.77+1.78 4 8.71+3.0245 11.17+3.9%
fT, (ng/dL) 1.41+0.36*° 1.80+0.534® 1.56+0.4240 1.69+0.444 2.01+0.424 2.66+0.74°
IGF-1 (ng/mL) 276.40+28.234° 266.67+26.944° 259.47+42.30% 293.93+41.924 318.67+45.9045 325.80+35.47°
IgG (mg/dL) 669.87+80.154® 650.73+£84.174® 609+124.984° 626.47+131.10% 739.27+139.2848 823.93+128.73%
Cortisol (pg/dL) 5.78+3.66 5.88+3.734 5.19+2.634® 4.91+2.244® 2.79+1.43480 2.02+0.77%
GSH: Reduced glutathione, MDA: Malondialdehyde, TT: Total thiol, NT: Native thiol, fT3: Free triiodothyronine, fT'4: Free thyroxine, IGF-1: Insulin like growth factor-1, IgG:
Immunoglobulin G. Different lowercase letters (a-c) indicate significant differences among time points within the Sepsis group. Different uppercase letters (A-B) indicate significant
differences between each Sepsis time point and the Control group (pairwise comparisons)
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Table 4. Correlations among the parameters evaluated in the study

Parameters GSH MDA TT NT Disulfide ET-1 fT3 fT4 IGF-1 IgG
GSH

MDA -0.334"

TT 0.283" -0.352"

NT 0.342" -0.471" 0.866™

Disulfide -0.393" 0.424" -0.387" -0.735™

ET-1 0.264" -0.457" 0.251° 0.298" -0.265"

T3 0.336" -0.424" 0.419™ 0.522" -0.474" 0.199

T4 0.152 -0.250" 0.428” 0.498” -0.425™ 0.170 0.481"

IGF-1 0.253" -0.392" 0.217° 0.311" -0.373" 0.191 0.459" 0.210°

IgG 0.303" -0.332" 0.276" 0.318" -0.287" 0.238 0.360" 0.191 0.314"

Cortisol -0.242" 0.376" -0.490™ -0.502" 0.422" -0.206 -0.296" -0.239° -0.194 -0.285™
GSH: Reduced glutathione, MDA: Malondialdehyde, TT: Total thiol, NT: Native thiol, fT3: Free triiodothyronine, fT4: Free thyroxine, IGF-1: Insulin-like growth factor-1, IgG:
Immunoglobulin G; ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed)

For IgG, significant differences compared with the
control group were observed at all sampling time
points. Within the sepsis subgroups, IgG in colostrum-
fed calves at 0 h differed from 72 h, whereas in non-
colostrum-fed calves, IgG at 0, 12, and 72 h was higher
than at 24 and 48 h.

Correlations among the evaluated parameters are
summarized in Table 4. Overall, the analysis suggested
that thiol-disulfide homeostasis was closely associated
with the hormonal response. GSH, TT, and NT were
positively correlated with fT3, fT4, and IGF-1 and
negatively correlated with disulfide. Conversely,
disulfide showed significant negative correlations with
fT3, fT4, and IGF-1 and a positive correlation with
cortisol. Notably, the positive association between NT
and fT3 and the strong negative association between
NT and disulfide suggest that, in sepsis, shifts in redox
balance occur in parallel with hormonal regulation.

Di1sCUsSSION

Diarrheic neonatal calves commonly exhibit lethargy/
mental depression, tachycardia associated with reduced
arterial pressure (often with a weak pulse), tachypnea,
loss of the suckling reflex, enophthalmos, and decreased
skin turgor P'l. In the present study, clinical findings in
the Sepsis group were consistent with these reports.
These signs likely reflect circulatory compromise
secondary to diarrhea-induced fluid losses. Following
treatment including fluid therapy with supportive
medications (anti-inflammatory agents, antimicrobials,
and vitamins) clinical status improved, and the initially
elevated respiratory and heart rates in the Sepsis group
declined toward control values.

Rotavirus and coronavirus are among the principal
viral pathogens responsible for neonatal calf diarrhea.
Coronavirus can cause marked injury to the gastro-
intestinal tract, particularly the intestinal villi, where
it may induce epithelial alterations (including a
shift from cuboidal to squamous morphology) and
reduce the villus-to-crypt ratio, thereby substantially
compromising absorptive capacity. Moreover, coronavirus
may exacerbate diarrhea by impairing fluid absorption
in the large intestine **?. In contrast, rotavirus
primarily targets the brush border of small-intestinal
villous epithelial cells, leading to villous atrophy and
compensatory crypt hyperplasia ***l. Asa consequence,
severe dehydration and electrolyte disturbances in
diarrheic calves may promote oxidative stress and are
associated with an increased risk of mortality 4.

Fu et al.® reported increased serum MDA concentrations
in diarrheic calves accompanied by reduced antioxidant
capacity, and Sagiroglu et al.’*) similarly observed
increased MDA together with decreased GSH. These
alterations were attributed to oxidative injury associated
with fluid electrolyte imbalance and metabolic acidosis.
In calves with SIRS, also found elevated MDA levels,
consistent with previous reports **¥], and this has been
linked to infectious inflammation driven release of
proinflammatory cytokines that promote oxidative stress
and lipid peroxidation. In addition, Terzi et al.**! with
Kogak and Duru ) reported reductions in total thiol and
native thiol levels in diarrheic calves, and Terzi et al. 8!
further reported increased disulfide concentrations,
supporting disruption of thiol-disulfide homeostasis
under oxidative stress. In the present study, serum MDA
and disulfide were elevated, whereas GSH, total thiol, and
native thiol were reduced before treatment, consistent
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with oxidative stress accompanying gastrointestinal injury
and fluid electrolyte derangements. Following treatment,
MDA and disulfide decreased and GSH, total thiol, and
native thiol increased, suggesting partial restoration of
redox balance in parallel with clinical stabilization.

Thyroxine (T4) and triiodothyronine (T3) are synthesized
in thyroid follicles and regulate a wide range of
physiological processes, including oxygen consumption,
basal metabolic rate, macronutrient metabolism,
and cellular differentiation and maturation 8.
In clinical settings, thyroid status is commonly assessed
by measuring circulating free T3 (fI3) and free T4
(fT4), which represent the biologically available
(unbound) fractions. Alterations in thyroid hormone
concentrations have been reported in systemic illness,
supporting their potential prognostic relevance 2.
In severe inflammatory conditions, decreases in fI3
and fT4 may occur and are commonly described as
nonthyroidal illness syndrome .. Proposed mechanisms
include reduced thyroid-stimulating hormone (TSH)
secretion, anorexia-associated fasting, and impaired
thyroid hormone binding and metabolism during
systemic disease [l In severely dehydrated diarrheic
calves, Hajimohammadi et al.*” and Corapsiz and
Birdane “* reported decreased fI3 and fT4, which they
attributed to endotoxemia- and cytokine-mediated
disruption of thyroid function **l. Cytokines can reduce
peripheral conversion of T4 to T3 by suppressing
pituitary TSH release and by impairing thyroxine
5'-deiodinase activity in thyroid and hepatic tissues **.
Moreover, in acute severe illness such as sepsis,
reductions in thyroxine-binding globulin (TBG) have
been implicated in lower circulating free hormone
concentrations . In the present study, serum fT3
and fT4 were decreased in diarrheic neonatal calves
before treatment and increased during therapy. These
findings may reflect combined effects of disease
severity (including reduced TSH secretion), anorexia-
associated fasting, endotoxemia/cytokine-mediated
alterations in thyroid function and deiodination, and
changes in thyroid hormone binding proteins such
as TBG.

In severe inflammatory disease, activation of the
hypothalamic pituitary adrenal (HPA) axis increases
adrenal glucocorticoid output. Hypothalamicstimulation
of the pituitary promotes adrenocorticotropic hormone
(ACTH) release, which in turn stimulates the
adrenal cortex to secrete cortisol ?>?’. Cortisol exerts
pleiotropic effects that are particularly relevant during
systemic inflammation, including modulation of the
inflammatory response, support of cardiovascular

homeostasis through permissive effects on vascular
tone and fluid balance, and regulation of intestinal
barrier function “>*I. In circulation, cortisol is largely
bound and transported by corticosteroid-binding
globulin, a liver-derived plasma protein ’.. In sepsis,
increased ACTH and cortisol concentrations have
been reported and are commonly attributed to
cytokine-driven inflammatory stress 8. Accordingly,
monitoring adrenal axis hormones has been suggested
to provide prognostic information in septic patients
and in conditions characterized by marked stress
and inflammation ?'**#!, In the present study, serum
cortisol concentrations were elevated in diarrheic
calves before treatment and decreased during therapy.
These changes may reflect attenuation of systemic
stress and inflammation as dehydration and circulatory
compromise improved with treatment.

Insulin-like growth factor-1 (IGF-1) is produced
primarily by the liver, acts in concert with growth
hormone, and contributes to growth and tissue
development, including the maturation of the small
intestine and skeletal muscle. During the neonatal
period, IGF-1 is abundant in the intestinal epithelium
and supports enterocyte proliferation and maturation.
It has also been suggested to enhance barrier integrity
during gastroenteritis, thereby limiting the effects of
enteric pathogens and their toxins ! Colostrum
contains substantial amounts of IGF-1 and IGEF-
binding proteins, which may support neonatal
growth and gastrointestinal development %, In
neonatal ruminants, circulating IGF-1 concentrations
can fluctuate, and previous studies have reported a
tendency for initially higher concentrations early in
life to decline over time. Malabsorption, maldigestion,
and endotoxemia have been proposed as contributing
factors to reduced IGF-1 concentrations *>%. Decreased
IGF-1 has also been reported in sepsis, potentially
reflecting intestinal barrier dysfunction and systemic
inflammation. An increased intestinal bacterial load
may promote epithelial apoptosis and facilitate
bacterial translocation to mesenteric lymph nodes,
the liver, and the bloodstream. In addition, mucosal
permeability increases during systemic illness, and
both inflammatory activation and hypoperfusion
can further compromise barrier integrity, which has
been associated with reductions in IGF-1 ®*. In the
present study, serum IGF-1 concentrations were lower
in diarrheic septic calves with rotavirus/coronavirus
infection than in controls. This decrease may be
attributable to multiple concurrent factors, including
insufficient colostrum intake in a subset of calves,
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impaired hepatic synthetic capacity during systemic
illness, and inflammation-associated increases in
intestinal permeability with secondary effects on gut
bacterial burden. Furthermore, virus-induced gastro-
intestinal injury with malabsorption, together with
dehydration-related circulatory compromise, may have
contributed to the observed reduction in serum IGF-1.

Immunoglobulins (Ig), which are abundant in colostrum,
are antibody proteins produced primarily by B lymphocytes.
Their principal functions are to recognize and bind
antigens such as bacteria, viruses, and other potentially
harmful foreign substances and to facilitate their
neutralization or clearance **.. Immunoglobulin G (IgG)
is a predominant immunoglobulin isotype and plays a
pivotal role in host defense against invading pathogens.
IgG mediates protection by engaging Fc receptor
bearing innate immune effector cells and by activating
the complement cascade **]. In the present study, IgG
concentrations were lower in diarrheic septic calves that
did not receive colostrum than in those that received
colostrum, most likely reflecting absent and/or inadequate
colostrum intake.

During sepsis, reactive oxygen species (ROS) are
generated by both the vascular endothelium and
activated inflammatory cells, including neutrophils and
macrophages. Excessive ROS in the setting of insufficient
antioxidant defenses can disrupt endothelial homeostasis,
alter vascular tone, promote platelet and leukocyte
aggregation, increase vascular permeability, and shift the
hemostatic balance toward a procoagulant state collectively
contributing to endothelial dysfunction . Endothelin-1
(ET-1), a potent vasoconstrictor peptide, is produced
primarily by vascular endothelial cells *°. In the present
study, ET-1 concentrations were lower than controls at
early time points, and the difference appeared to attenuate
by 72 h. These results suggest impaired endothelial
function associated with sepsis-related oxidative stress,
which could attenuate ET-1 production and/or release.

In conclusion, thiol-disulfide homeostasis, endothelin-1,
IgG, and the selected endocrine and oxidative biomarkers
exhibited temporal alterations during the 72-h treatment
and monitoring period in neonatal calves with rotavirus-
and coronavirus-associated diarrhea and sepsis. The
longitudinal profiles of several parameters also varied
according to colostrum intake status. Collectively, these
findings suggest that the simultaneous evaluation of redox,
endothelial, humoral immune, endocrine, metabolic,
and stress-related biomarkers may contribute to a more
comprehensive characterization and monitoring of the
systemic response associated with neonatal enteric sepsis.
However, given the observational design, history-based
classification of colostrum intake, limited sample size,

and absence of different clinical outcome groups, the
findings should be interpreted cautiously. Further
prospective studies involving larger populations and
clearly defined clinical outcomes are required to establish
the clinical monitoring utility and potential prognostic
relevance of these biomarkers.
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Abstract

The rise of colorectal cancer and multidrug-resistant infections in immunocompromised
patients demands eco-friendly therapies. This study compared conventional and green
silver nanoparticles (AgNPs) synthesized via Portulaca oleracea leaf extract in terms of
antibacterial, antioxidant, anticancer, and in vivo physiological activities against N-methyl-
N-nitrosourea (MNU)-induced colon cancer in rats. AgNPs synthesized via Portulaca
oleracea leaf extract exhibited an surface plasmon resonance (SPR) at 420 nm, a spherical
morphology (7-22 nm), and protein capping. Against eight pathogens (including S. aureus,
E. coli, and P. aeruginosa), green AgNPs (320 pg/mL) showed larger inhibition zones (26.3
vs. 20.1 mm for S. aureus) and MIC values ranging from 12.5-20 ug/mL, representing a
two-fold decrease compared to chemical nanoparticles. In HCT-116 colon cancer cells,
green AgNPs had a 2.3-fold lower ICs (12.4 vs. 28.6 ug/mL), induced a 4.8-fold increase
in Caspase-3 activity, and increased apoptotic cells to 42.6% (vs. 18.3%). In MNU-induced
rat colon cancer, green AgNPs (320 mg/kg) restored physiological parameters i.e., body
weight gain to 78.6% (vs. 15.4% in controls), reduced mortality to 0% (vs. 50%), lowered
tumor incidence to 16.7% (vs. 100%), and normalized oxidative stress markers (MDA
2.5 vs. 8.4 nmol/mg). Preventive treatment completely abolished tumors. Green AgNPs
consistently outperformed chemical counterparts, offering a potent, safe nanomedicine for
dual antibacterial and anticancer applications against toxic carcinogens.

Keywords: Green silver nanoparticles, Purslane extract, Colon cancer, Antibacterial,
Apoptosis, Oxidative stress, Antioxidant, Chemoprevention, Safety
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INTRODUCTION

Silver nanoparticles (AgNPs) have emerged as one of the
most extensively investigated nanomaterials in biomedicine
due to their tunable physicochemical properties, broad-
spectrum antimicrobial activity, and growing evidence
of cytotoxic potential against various cancerous cells
and carcinogen-induced tumor models !". Conventional
synthesis relies predominantly on physical and chemical
routes that require high energy inputs and reactive reducing
agents (borohydride, hydrazine, and organic solvents).
These approaches often suffer from complex purification,
residual contaminants, and scalability issues, and can
compromise biocompatibility and safety 2. At the same
time, the rapid expansion of AgNPs-based products for
medical, pharmaceutical, and consumer applications has
raised legitimate concerns about nanoparticle toxicity to
cells, tissues, organs, and ecosystems, underscoring the need
for safer design and rigorous toxicological assessment *..

In response, green synthesis has gained substantial
attention as an eco-friendly, cost-effective, and bio-
compatible alternative. Biological systems, including
plants, microorganisms, and biowastes, can function
as “bionanofactories,” providing intrinsic reducing and
capping agents that generate AgNPs under mild conditions
and with lower environmental impact 4. Plant-mediated
AgNPs frequently display enhanced stability, narrow
size distributions, and surface coronas rich in proteins,
polysaccharides, and secondary metabolites, which can
modulate their biological behavior I°l.

Despite this progress, several critical gaps remain, where
much of the green AgNP literature is in vitro, focusing
on antimicrobial or cytotoxic assays, with relatively
fewer systematic in vivo evaluations that integrate
efficacy with comprehensive safety endpoints such
as organ histopathology, hematology, and long-term
toxicity [l Many green-synthesis studies emphasize plant
extracts, whereas bacterial “bionanofactories” remain
comparatively underexplored, even though bacteria offer
fast growth, simple culture requirements, and the possibility
of genetic engineering for precise control of nanoparticle
properties [°. Third, although reviews repeatedly highlight
that surface chemistry, size, and shape critically influence
biodistribution, toxicity, and therapeutic performance,
there is still limited direct comparison between green
and chemically synthesized AgNPs under identical
experimental conditions, particularly in disease models
such as cancer cachexia or chemoprevention 7.

Scientific evidence indicates that green AgNPs maintain a
toxic profile, triggering oxidative stress, immunotoxicity,
and organ injury, mediated by dose, size, functionalization,
and route. Regulatory guidance for chronic or prophylactic
use, especially in vulnerable populations such as cancer

patients, remains fragmentary !!. While some green-
synthesized AgNPs show lower hemolysis and reduced
toxicity to normal cells at therapeutic concentrations ..
Robust in vivo data linking chemopreventive or anticancer
efficacy to long-term safety margins remain scarce.

Within this context, the present study addresses several
unmet needs. It employs a bacterial green-synthesis route,
using plants asa bionanofactory andleveraging metabolites
as natural reducing and capping agents. This approach is
aligned with current efforts to harness microbial platforms
for tunable, scalable AgNPs production, but remains less
well characterized than plant-based methods . The
study undertakes a head-to-head comparison of green-
and chemically synthesized AgNPs, examining their
antimicrobial, antioxidant, and anticancer properties,
as well as their in vivo chemopreventive efficacy in a
cancer model 7l. Such parallel evaluation directly tests
the common assumption, largely inferred but rarely
demonstrated in vivo, that green AgNPs combine superior
therapeutic performance with improved biosafety 1.

Beyond standard efficacy readouts, this work systematically
evaluates growth performance, survival, and histological
integrity of major organs, providing an integrated view
of therapeutic index and subchronic toxicity that is often
missing from AgNPs research. By linking restored appetite,
feed efficiency, and body weight gain to tumor suppression
and organ protection, the study examines whether green
AgNPs can genuinely reverse cancer-associated wasting
rather than merely alter weight through fluid shifts or
organ hypertrophy. Finally, by defining a high-dose
regimen that does not produce mortality or dose-limiting
toxicity, the study contributes to the urgently needed
dose-response and safety data required to guide potential
chemopreventive or adjunctive use of green AgNPs in
oncology ¢ Therefore, the main objectives of this study
are to develop and characterize purslane extract-mediated
green silver nanoparticles, compare them directly with
conventional chemical AgNPs across multiple biological
domains (antimicrobial, antioxidant, anticancer, and in
vivo cytotoxicity activity), and rigorously assess their safety
profile in terms of growth, survival, and tissue integrity.

MATERIAL AND METHODS

Ethical Approval

The animal study has been approved by the Unit of
Biomedical Ethics, Research Ethics Committee (Ethical
code number ZU-IACUC/2/F/313/2023).

Extraction and Physicochemical Properties of Purslane
Extract

Aqueous extraction of dried Portulaca oleracea aerial
parts in distilled water yielded polar bioactives. The
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resulting extract was assessed for physicochemical and
nutritional properties, minerals by AAS, total phenolics
and flavonoids via colorimetry, and antioxidant capacity
using DPPH and ABTS. Gallic acid and quercetin were
further confirmed by HPLC-DAD.

Green Synthesis of Silver Nanoparticles

Silver nanoparticles were biosynthesized using aqueous
purslane (Portulaca oleracea) leaf extract as a reducing and
capping agent. The extract was heated at 45°C and filtered.
Synthesis was optimized by varying AgNOs:extract ratio
(90:10-50:50), temperature (25-80°C), pH (3-10), and time
(1-48 h). Optimal conditions (80:20, 60°C, pH 7.5, 24 h)
in the dark facilitated Ag" reduction and capping, indicated
by a reddish-brown color. Nanoparticles were harvested by
centrifugation, washed with water and ethanol, then dried.

Characterization of Silver Nanoparticles

A UV-Visible spectrophotometer was used to detect
surface plasmon resonance (SPR) band between 300-
700 nm ©!. The morphology and shape of biosynthesized
AgNPs were examined using TEM [\ FTIR analysis was
conducted to identify functional groups in the range of
(4000-400 cm™) 1%, DLS and zeta potential were used to
measure the size and charge of nanoparticles .

Antioxidant Activity

Antioxidant capacity of green and chemical AgNPs was
evaluated using a freeradical scavenging assay (DPPH).
Briefly, AgNPs at concentrations of 20, 40, 80, 160, and
320 pg/mL were incubated with 0.1 mM DPPH solution in
methanol in the dark for a defined time, and absorbance
was measured at ~517 nm. Percentage radical scavenging
was calculated relative to a control without nanoparticles .

Antibacterial Activity

The antibacterial activity of green and chemically
synthesized AgNPs was evaluated by agar well diffusion
and broth microdilution methods against eight pathogenic
bacterial isolates, including Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae,
Salmonella enterica Typhimurium, Enterococcus faecalis,
Bacillus cereus, and Acinetobacter baumannii. For the agar
well diffusion assay, standardized inocula (0.5 McFarland)
were spread on Mueller-Hinton agar plates, wells were
filled with serial concentrations of AgNPs, and plates were
incubated at 37°C for 18-24 h before measuring inhibition
zones 9. MICs determined by twofold serial dilution of
AgNPs in Mueller-Hinton broth (96-well plates) with test
bacteria; growth assessed at 660 nm 2],

In vitro Anticancer Assays

Cytotoxicity Activity: Cytotoxicity against HCT116 colon
cancer cells was assessed using an MTT-type colorimetric

assay [*l. Caspase-3 activation was quantified via colorimetric
kit using DEVD-pNA; cleavage measured, fold change
calculated. Green AgNPs gave ~4.8-fold increase vs ~2.1-
fold for chemical AgNPs, indicating stronger intrinsic
apoptosis, consistent with literature 14,

Expression of Bcl-2 and Bax in HCT 116 cells was evaluated
post-AgNPs treatment. Proteins extracted, separated by
SDS-PAGE, western-blotted, and densitometry-normalized
to housekeeping for Bax/Bcl-2 ratios. Green AgNPs
downregulated Bcl-2 and upregulated Bax versus chemical
AgNPs, consistent with prior green AgNPs cancer studies.

Apoptosis quantified by flow cytometry (Annexin V/PI);
early + late summed . Green AgNPs induced ~42.6%
apoptosis vs ~18.3% with the chemical.

Experimental Design for In vivo Colon Carcinogenesis:
Male Albino rats (n=300; 8-10 weeks old; 180-220 g)
were randomly allocated into ten experimental groups
(30 rats/group) to establish an NmethylNnitrosourea
(MNU)induced colon carcinogenesis model and to assess
the preventive and therapeutic effects of biosynthesized
(green) and chemically synthesized silver nanoparticles
(AgNPs). Animals were housed under standard laboratory
conditions (22+2°C, 50-60% relative humidity, 12 h
light/dark cycle) with free access to standard pellet diet
and water ad libitum, and were allowed one week of
acclimatization before experimentation (Fig. 1).

Colon carcinogenesis was induced by MNU (Sigma-
Aldrich) administered either rectally or intraperitoneally
at established carcinogenic doses and schedules, as
previously described . Following MNU exposure, rats
received either green or chemical AgNPs by oral gavage
at graded doses (80, 160, or 320 mg/kg body weight)
once daily according to two protocols: (i) concomitant
administration with MNU to evaluate chemopreventive
efficacy, and (ii) delayed administration starting 4 weeks
after the last MNU dose to assess therapeutic effects
against established lesions. Control groups included a
healthy negative control (vehicle only) and an MNUonly
positive control. Throughout the experimental period,
animals were monitored daily for clinical signs, and body
weight and food intake were recorded weekly. At the end
of the study, rats were fasted overnight, anesthetized,
and euthanized; the entire colon was excised, opened
longitudinally, rinsed with saline, and sampled for
biochemical assays and histopathological examination.

Oxidative Stress and Antioxidant Markers in Colon
Tissue

Colon segments were rapidly excised, rinsed in icecold
saline, blotted, and homogenized in an appropriate buffer.
The homogenates were centrifuged, and the supernatants
were used to determine oxidative stress parameters. The
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Fig 1. Experimental design of comparative effect of chemical and purslane extract silver nanoparticles
with biological activities on N-methyl-N-nitrosourea rat model on growth, immunity, oxidative stress, and
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environmental pollution

following parameters were assessed following the methods
in the study of Afrin etal."”. Malondialdehyde (MDA) levels
were measured as an index of lipid peroxidation using the
thiobarbituric acidreactive substances (TBARS) assay. Nitric
oxide (NO) levels were estimated by measuring nitrite/
nitrate using the Griess reaction. Antioxidant status was
assessed by determining superoxide dismutase (SOD) and
catalase (CAT) activities using standard spectrophotometric
methods, and reduced glutathione (GSH) content using
Ellmans reagent "), Total antioxidant capacity (TAC) was
quantified using a commercial colorimetric kit following
the manufacturer’s instructions.

Histopathological Examination of Colon

Colon samples underwent FFPE processing (formalin
fixation, graded alcohols, xylene, paraffin). Sections
(4-5 pm) were cut, H&E-stained, and examined blindly by
a pathologist. Crypt architecture, inflammation, dysplasia,
and mucin were semi-quantitatively scored. Neoplastic
lesions (adenoma, adenocarcinoma) were recorded for
incidence and severity, following standard colorectal
histopathology protocols %],

Statistical Analysis

Data were expressed as mean + standard error of the mean
(SEM). All statistical analyses were executed using IBM
SPSS Statistics for Windows, version 26.0 (IBM Corp.,
Armonk, NY, USA). Differences between groups were
evaluated using one-way analysis of variance (ANOVA),
followed by an appropriate post hoc multiple-comparison
test (Tukey’s test). A -values less than 0.05, 0.001, and
0.0001 were considered statistically significant.

RESULTS
Physicochemical Properties of Purslane Extract

The aqueous extract of Portulaca oleracea L. demonstrates
extraordinary nutritional density, with exceptionally high
potassium (2652.00 mg/100g DW) and calcium (1005.20
mg/100g DW) (Table 1), positioning it as a valuable
functional food for electrolyte balance and skeletal
integrity. HPLC profiling identifies gallic acid, quercetin,
and ferulic acid as the dominant phenolic bioactives.
Notably, total flavonoid content (133.23 mg RE/g)
substantially surpasses total phenolic content (51.01 mg
GAE/g), indicating that flavonoids are the principal drivers
of the extracts biological efficacy. This compositional
superiority translates into potent radical-scavenging
capacity, with DPPH and ABTS ICs, values both below
60 pug/mL. Furthermore, the presence of photosynthetic
pigments, including P-carotene and chlorophyll, adds
synergistic photoprotective and anti-inflammatory value,
broadening its therapeutic appeal.

Characterization of Silver Nanoparticles Synthesized
by Purslane Extract

Biosynthesis was initially validated by UV-Vis spectroscopy,
which revealed a characteristic surface plasmon resonance
band centered at approximately 420 nm (Fig. 2-A),
confirming the successful reduction of Ag" ions to
metallic Ag°. Transmission electron microscopy illustrated
predominantly spherical nanoparticles (Fig. 2-B), with
a relatively narrow size distribution ranging from 7 to 22
nm (Fig. 2-C). Zeta potential analysis yielded a strongly
negative surface charge of -27.33 mV (Fig. 2-D), ensuring
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Table 1. Chemical Composition, Antioxidant Activity, and IC50 Values of Purslane (Portulaca oleracea L.) Extracts

Component/Parameter Specific Compound/Measure Specific Value (+SD)
Sodium (Na) 228.20+33.06 mg/100 g DW
Potassium (K) 2652.00+432.1 mg/100 g DW
Macronutrients Calcium (Ca) 1005.20+366.52 mg/100 g DW
Potassium (K) 494 mg/100 g
Magnesium (Mg) 68 mg/100 g
Gallic acid 77.89 ppm/62.59 ppm
Coumaric acid 19.25 ppm/16.25 ppm
Phenolic Acids
Ferulic acid 40.25 ppm/29.58 ppm
Caffeic acid (suspected) 41.25 ppm
Quercetin 58.78 ppm
Flavonoids
Kaempferol (Kemopferol) 24.15 ppm
Vitamin C 85.6 ppm
Vitamins
Vitamin E 54.1 ppm
Chlorophyll a 40.46 mg g~ DW
Pigments Chlorophyll b 9.94 mg g™ DW
B-Carotene 14.16 mg g DW

Antioxidant Activity & IC50 Values

Total Phenolic Content (TPC)

mg Gallic Acid Equivalent (GAE) g™' DW

51.01 mg GAE g™' DW

Total Flavonoid Content (TFC)

mg Rutin Equivalent (RE) g™* DW

133.23 mg RE g™ DW

DPPH Radical Scavenging Activity (ICso)

High Potency (Acetone)

57.23 pg mL™*

ABTS Radical Scavenging Activity (ICso)

High Potency (Fresh)

52.86 pg mL™*

FRAP (Ferric Reducing Antioxidant Power)

pmol Trolox Equivalent (TE) g™' DW

43.5+ 1.0 mg GAE g”' DW

Ferrous Iron (Fe>*) Chelating Activity

% Inhibition (Methanol extract)

12.78%

All values are presented as measurements (+ standard deviation where available) on a Dry Weight (DW) basis
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Fig 2. Characterization of green silver nanoparticles using purslane extract. (A) UV absorbance spectrum with
peak near 420 nm indicating SPR. (B) TEM micrograph showing spherical AgNPs, well-dispersed, approximately
7-22 nm in size, at 250.000x magnification. (C) The zeta potential measures the net surface charge of AgNPs was
-27.33 mV, and (D) the exact size of 20 nm detected by DLS zeta sizer
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robust electrostatic repulsion that prevents aggregation and
guarantees long-term colloidal stability in biological fluids.
Dynamic light scattering corroborated these findings,
placing the hydrodynamic diameter at approximately
20 nm, thus indicating a monodisperse population
highly suitable for efficient cellular uptake and systemic
administration.

Biological Activities

Antioxidant Activity: Both green and chemically
synthesized AgNPs exhibited a clear, concentration-
dependent radical-scavenging behavior. However, at every
matched concentration across the tested range, green
AgNPs consistently demonstrated substantially higher
percentage inhibition, reaching 80-85% activity compared
to the consistently lower values obtained for chemical
AgNPs. This enhanced performance is synergistically
augmented by the biomolecular corona comprising
polyphenols, flavonoids, and organic acids that coats the
green nanoparticles, providing an additional electron
reservoir for efficient radical stabilization and sustained
antioxidant activity (Fig. 3).

Antibacterial Activity: The antimicrobial superiority of
green AgNPs was systematically validated against eight
clinically relevant, cancer-associated bacterial species
using zone of inhibition (ZOI) and minimum inhibitory
concentration (MIC) assays across 20-320 pg/mL (Table 2).

B@Green AgNPs

BOChemical AgNPs

% Antioxidant activity

20 40 80 160 320
Concentration (ng/mL)

Fig 3. Antioxidant activity of green vs. chemical AgNPs against DPPH
free radicals (% inhibition, mean + SE). Values expressed as mean + SE
(n = 3). Data analyzed by two-way ANOVA (factors: nanoparticle type,
concentration) followed by Tukey’s post hoc test; P<0.05 considered
significant. Different lowercase superscript letters within a row indicate
significant differences between green and chemical AgNPs at the same
concentration (P<0.05). Different uppercase superscript letters within a
column indicate significant differences among concentrations for the same
nanoparticle type (P<0.05)

A steep, dose-dependent increase in potency was observed;
against MRSA, green AgNPs expanded the ZOI from 10.1
mmat 20 pg/mLto26.3 mmat 320 pg/mL, whereas chemical
AgNPs peaked at only 20.1 mm. The MIC data provided
even stronger evidence: green AgNPs achieved an average
two-fold reduction (range 1.8- to 2.5-fold) compared to
chemical AgNPs, meaning equivalent bactericidal effects
require substantially lower concentrations. S. aureus MRSA

Table 2. Antimicrobial activity of green vs. chemical silver nanoparticles against pathogenic bacteria — Zone of Inhibition (mm + SE) at 20-320 ug/mL and
MIC (ug/mL + SE)
q q MIC

Bacterial Species AgNPs Type 20 pg/mL 40 pg/mL 80 pg/mL 160 pg/mL 320 pg/mL gt

Green 8.2+0.3 11.4+0.4 15.2+0.5 18.5+0.4 22.1+0.5 12.5%1.2
Escherichia coli

Chemical 5.1+0.2 7.8+0.3 10.5+0.4 14.2+0.4 17.3+0.5 25.0+2.1

Green 9.4+0.4 12.8+0.5 16.7+0.5 20.3£0.5 24.5%0.6 10.0+0.9
Pseudomonas aeruginosa

Chemical 5.8+0.3 8.5+0.4 11.9+0.4 15.8+0.5 19.2+0.5 20.0+1.8

Green 10.1+0.4 13.9+0.5 18.0+£0.5 22.1+0.5 26.3+0.6 8.0+0.7
Staphylococcus aureus

Chemical 6.21+0.3 9.1+0.4 12.5+0.4 16.5+0.5 20.1£0.5 16.0+1.5

Green 8.9+0.3 12.1+0.4 15.8+0.5 19.7+0.4 23.5£0.5 12.5%1.1
Kilebsiella pneumoniae

Chemical 4.9+0.2 7.5%0.3 10.2+0.4 13.9+0.4 17.0+0.5 25.0+2.0
Salmonella Green 7.840.3 10.5+0.4 14.0 0.4 17.9+0.4 21.4%0.5 15.013
enterica Typhimurium Chemical 4.5+0.2 6.8+0.3 9.3+0.3 12.6+0.4 15.8+0.4 30.0£2.5

Green 7.240.3 9.8+0.4 13.1+0.4 16.8+0.4 20.2+0.5 18.0%1.5
Enterococcus faecalis

Chemical 4.1+0.2 6.2+0.3 8.5£0.3 11.5+0.4 14.7+0.4 35.0+2.8

Green 6.5+0.3 8.9+0.4 11.9+0.4 15.4+0.5 18.9+0.5 20.0+1.7
Bacillus cereus

Chemical 3.7+0.2 5.6+0.3 7.8+0.3 10.3+0.4 13.4+0.4 40.0+3.0

Green 9.8+0.4 13.2+0.5 17.3+£0.5 21.0+0.5 25.1+0.6 10.0+0.8
Acinetobacter baumannii

Chemical 5.5+0.3 8.2+0.4 11.4+0.4 14.7+0.5 18.3+0.5 22.0+1.9
Values expressed as mean + SE (n = 3). Data analyzed by two-way ANOVA (factors: nanoparticle type, concentration) followed by Tukey’s post hoc test; P<0.05 considered
significant
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was the most susceptible (MIC 8.0 ug/mL), while Bacillus
cereus showed relative tolerance (MIC 20.0 pg/mL).
This broad-spectrum efficacy encompassed both Gram-
positive strains (E. faecalis VRE) and notoriously resistant
Gram-negative pathogens (E. coli, K. pneumoniae, P.
aeruginosa, A. baumannii). The mean ZOI difference
between green and chemical AgNPs increased from
3.2 mm to 5.1 mm across the concentration gradient,
unequivocally demonstrating that phytochemical capping
agents enhance membrane disruption and intracellular
ROS generation, yielding superior bactericidal outcomes.

Anticancer Activity: Against HCT-116 human colon
adenocarcinoma cells, green-synthesized AgNPs exhibited
an ICso of 12.4 pg/mL, making them approximately 2.3-
fold more potent than chemically synthesized AgNPs,
which showed an ICs, of 28.6 pug/mL (Table 3; Fig. 4). At
20 pg/mL, green AgNPs reduced viability to 58.3%, versus
82.5% for chemical; at 80 pg/mL, they nearly eradicated
the population (14.2% viability), while chemical
AgNPs left 41.8% intact. Mechanistically, this profound
cytotoxicity is anchored in the intrinsic mitochondrial
apoptotic pathway. Green AgNPs triggered a 4.8-fold
surge in Caspase-3 activity, compared to a mere 2.1-

fold increase induced by chemical AgNPs. Western blot
analyses revealed that Bcl-2 was suppressed to 28.5% of
control levels by green AgNPs, versus 61.3% by chemical,
while Bax was upregulated to 312% of control, compared
to 175% by chemical. This generated a massively
elevated Bax/Bcl-2 ratio of 10.9, effectively lowering the
apoptotic threshold, versus only 2.9 for chemical AgNPs.
Flow cytometry quantified total apoptosis at 42.6% for
green AgNPs-more than double the 18.3% observed for
chemical confirming robust and selective engagement of
the mitochondrial death cascade.

Growth Performance and Tumor-related Parameters:
In the MNU-induced colon carcinogenesis rat model,
the untreated cancer group developed severe cachexia,
characterized by body weight gain of merely 15.4% (versus
95.6% in healthy controls), a 44% reduction in food intake,
and 50% mortality by week 12 (Table 4). Administration
of green AgNPs at 80, 160, and 320 mg/kg effectuated
a striking, dose-dependent reversal of this wasting
syndrome. At 320 mg/kg, green AgNPs achieved weight
gain (78.6%) and food intake statistically indistinguishable
from healthy controls, with zero mortality. When directly
compared at an equivalent dose (320 mg/kg), green AgNPs

Table 3. Anticancer activity of green vs. chemical AgNPs against colon cancer cells
Parameter Green AgNPs Chemical AgNPs
(Mean + SE) (Mean + SE)
ICso (pg/mL) - 48 h 12.4+1.1 28.6+2.3
Cell viability at 20 pg/mL (%) 58.3+2.1 82.5+2.8
Cell viability at 40 pg/mL (%) 31.7£1.9 64.2£2.5
Cell viability at 80 pg/mL (%) 14.2+1.2 41.8+2.1
Cell viability at 160 pg/mL (%) 6.8+0.7 26.5+1.9
Cell viability at 320 ug/mL (%) 2.1+0.3 14.3+1.2
Caspase-3 activity (fold change vs. control) - at ICs, conc. 4.8+0.4 2.1+0.2
Caspase-3 activity at 160 ug/mL 6.5+0.5 3.4+0.3
Caspase-3 activity at 320 pg/mL 7.9£0.6 4.2+0.4
Bcl-2 expression (% of control) - at ICs, conc. 28.5+2.2 61.3+3.1
Bcl-2 expression at 160 ug/mL (% of control) 15.2+1.5 42.6+2.8
Bcl-2 expression at 320 ug/mL (% of control) 7.8+0.9 28.4+2.1
Bax expression (% of control) - at ICs, conc. 312+18 175+12
Bax expression at 160 ug/mL (% of control) 415£22 238+15
Bax expression at 320 ug/mL (% of control) 487+25 291£18
Bax/Bcl-2 ratio - at ICs, conc. 10.9+0.9 2.9+0.3
Bax/Bcl-2 ratio at 160 ug/mL 27.3£2.1 5.6+0.5
Bax/Bcl-2 ratio at 320 ug/mL 62.4+4.5 10.2+0.9
Apoptotic cells (% by flow cytometry) - at ICs, conc. 42.6+2.5 18.3+1.7
Apoptotic cells at 160 ug/mL (%) 61.8+3.2 31.4%2.2
Apoptotic cells at 320 ug/mL (%) 78.5£3.8 45.2+2.9
Values expressed as mean + SE (n=3). Data analyzed by two-way ANOVA (factors: nanoparticle type, concentration) followed by Tukey’s post hoc test; P<0.05 considered significant
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Fig 4. Comparative analysis of silver nanoparticle anti-cancer efficacy against HCT-116 colon cancer cells.
Photomicrographs (A-F) show stained HCT-116 colon cancer cells under various treatment conditions. (A)
Control cell line, exhibiting high cell viability and confluency with normal cellular structure. (B) Cells treated
with 160 pg/mL Chemical AgNPs. C: Cells treated with 320 pg/mL Chemical AgNPs. Both B and C demonstrate
dose-dependent effects on cell viability, with a clear reduction in cell number. (D) Cells treated with 160 pg/mL
Green AgNPs. (E) Cells treated with 320 ug/mL Green AgNPs. D and E show significantly greater efficacy in
reducing cell viability compared to equivalent chemical AgNP doses. (F) Cells treated with Doxorubicin (positive
control), showing extensive cell death and characteristic changes in morphology consistent with effective anti-
cancer therapy. The 50 pm scale bar is indicated in panel A

consistently outperformed chemical AgNPs, which were
associated with 16.7% mortality and inferior weight gain
(63.7%). Tumor-related parameters fully supported this:
green AgNPs at 320 mg/kg reduced tumor incidence to
16.7% (vs. 50% for chemical), decreased average tumor
size to 22 mm® (vs. 68 mm?), lowered multiplicity to 0.5
tumors/rat (vs. 1.5), and improved histopathological scores

to 0.9, indicating mild dysplasia (vs. 1.8 for chemical).
Crucially, in a prophylactic setting where administration
commenced concurrently with MNU, green AgNPs
completely prevented tumor development (0% incidence,
0% mortality) and preserved near-normal histology (score
0.2), whereas chemical AgNPs still permitted 33.3%
incidence and 16.7% mortality (Table 5).

ey Initial Final Body | Body Weight | Food Intake Fe.e d Mortality Survival
Treatment | Description Body Weight (g) Gain (%) e Efficiency (%) Rate
Weight (g) 8 tf Ratio (FCR) (%)
T1 Healthy contrall(no MNE; zio 180+5.2 352+8.1 956432 | 224408 | 0.32+0.02 0 100
treatment)
T2 MNU-induced colon cancer, nio 182+4.8 | 210465 | 15418 | 12.6£0.6*** | 0.09+0.01°** 50 50
treatment
T3 MNU + Green AgNPs (80 mg/kg) 181+5.0 248+7.2% 37.0£2.5* 15.8+0.7* 0.16+0.02* 33.3 66.7
T4 MNU + Green AgNPs (160 mg/kg) 183+4.9 288+7.8** 57.4+3.1** 18.5+0.8** 0.23£0.02** 16.7 83.3
T5 MNU + Green AgNPs (320 mg/kg) 182+5.1 325+8.2%* 78.6+£3.5%* 21.2£0.9%* 0.29+0.02** 0 100
T6 MNU + Chemical AgNPs (80 mg/kg) 181+4.7 228+6.9 26.0£2.2 14.1+£0.6 0.12+0.01 41.7 58.3
T7 MNU + Chemical AgNPs (160 mg/kg) 184+5.0 258+7.4 40.2+2.8 16.5+0.7 0.18+0.02 33.3 66.7
T8 MNU + Chemical AgNPs (320 mg/kg) 182+4.9 298+7.9 63.7+3.2 19.3+0.8 0.25+0.02 16.7 83.3
T9 MNU + Green AgNPs (320 mg/ke) 183452 | 341485 | 86337 | 21.8£0.9° | 0.3140.02* 0 100
- preventive
T10 MNU + Chemical AgNPs (320 mg/kg) | 14,5 31248.0 714%34 | 201308 0.27+0.02 16.7 83.3
- preventive
Values expressed as mean + SE (n=3). Data analyzed by two-way ANOVA (factors: nanoparticle type, concentration) followed by Tukey’s post hoc test; P<0.05; ** P<0.01; ***
P<0.001 (one-way ANOVA with Tukey’s post-hoc) considered significant
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Table 5. The effect of green and chemical AgNPs on Tumor-related parameters in MNU-induced colon cancer in rats (at study end, week 12)

Treatment Group Tumor Incidence (%) |Average Tumor Size (mm®)| Tumor Multiplicity (n/rat) | Colon Histopathology Score (0-4)
T1 (Control) 0 0+0 0+0 0+0

T2 (MNU only) 100 285+32 4.8+0.6 3.8+0.2

T3 (Green 80) 83.3 156+21* 3.2+0.5* 2.9+0.3*

T4 (Green 160) 50.0 78+14** 1.8+0.4** 2.1+0.2%*

T5 (Green 320) 16.7 22+6** 0.5+0.2** 0.9£0.2%*

T6 (Chemical 80) 100 214+28 4.1+£0.6 3.4+0.3

T7 (Chemical 160) 83.3 142+19 3.0+£0.5 2.7+0.3

T8 (Chemical 320) 50.0 68+12* 1.5+0.3* 1.8+0.2*

T9 (Green preventive 320) 0 0+£0** 0+0** 0.2+0.1%*

T10 (Chemical preventive 320) 333 4249 1.0+0.3 1.2+0.2

Values expressed as mean + SE (n=3). Data analyzed by two-way ANOVA (factors: nanoparticle type, concentration) followed by Tukey’s post hoc test; P<0.05; ** P<0.01; ** P<0.001
(one-way ANOVA with Tukey’s post-hoc) considered significant

Oxidative Stress Markers: The oxidative stress data provide
key mechanistic insights. The MNU-only group exhibited
a profound imbalance, with malondialdehyde (MDA) and
nitricoxide (NO) rising nearly 5-foldand 4.6-fold, respectively,
indicating extensive lipid peroxidation and nitrosative stress
(Table 6). Concomitantly, endogenous antioxidant enzymes
SOD, CAT, and GSH fell by approximately two-thirds,
and total antioxidant capacity (TAC) declined by 66%.
Administration of green AgNPs produced a clear dose-
dependent restoration; at 320 mg/kg, all oxidative markers

were restored to within 7-10% of normal values, and TAC
reached 93% of the control level. At equivalent doses, green
AgNPs consistently outperformed chemical AgNPs, yielding
lower MDA/NO and higher SOD/CAT/GSH/TAC. This
superiority is mechanistically attributed to the phytochemical
coating, which facilitates direct radical scavenging, activates
the Nrf2-driven transcriptional upregulation of endogenous
antioxidant enzymes, inhibits pro-oxidant systems like
NADPH oxidase, and chelates metal ions features absent in
bare chemical AgNPs.

Table 6. Effect of green vs. chemical AgNPs on oxidative stress markers in MNU-induced colon cancer rats
Treatment | Description MDA — — et nl [h©
P (nmol/mg protein)|(U/mg protein)|(U/mg protein)| (umol/mg protein) | (umol/mg protein) | (mmol/L)

T1 Healthy control 1.8£0.2 28.5+1.8 22315 12.6£0.9 2.140.2 1.8520.12
(no MNU, no treatment)

T2 MNU-induced colon cancer, 8.440.6* 9.240.8%* | 7.5£0.6* 3.840.3%* 9.6£0.74%  [0.62£0.05%**
no treatment

T3 MNU + Green AgNPs 6.14£0.5* 14.8£1.2* 11.9+0.9* 5.940.5* 7.240.6* 0.94+0.07*
(80 mg/kg)

T4 MNU + Green AgNPs 4240.4%* 201£1.5% | 16.8+1.2% 8.740.7%* 45204 1.35:£0.09**
(160 mg/kg)

T5 MNU + Green AgNPs 2.540.3* 264+1.9% | 21.0£1.4% 11.540.9% 2.8+0.3* 1.7240.11%*
(320 mg/kg)

T6 MNU + Chemical AgNPs 7.1£0.5 11.5+1.0 9.240.7 48404 8.3+0.6 0.78+0.06
(80 mg/kg)

T7 WAL 5 Chantel T 5.640.4 16.2+1.3 13.5£1.0 6.740.5 6.140.5 1.08+0.08
(160 mg/kg)

T8 WY Gl s 3.940.4* 22.3+1.6* 18.4+1.3* 9.540.7* 3.940.4* 1.48+0.10*
(320 mg/kg)

T9 MNU + Green AgNPs 1.940.2%* 27.942.0% | 22.0£1.6 12.340.9% 2.240.2% 1.8240.12**
(320 mg/kg) — preventive

T10 MNU + Chemical AgNPs 31203 24.1£1.7 19.8+1.4 10.440.8 32103 1.58+0.11
(320 mg/kg) — preventive

P<0.05; ** P<0.01; ** P<0.001 (one-way ANOVA with Tukey’s post-hoc) MDA = malondialdehyde (lipid peroxidation marker); SOD = superoxide dismutase; CAT = catalase; GSH

= reduced glutathione; NO = nitric oxide; TAC = total antioxidant capacity. Tissue analyzed: Colon mucosa homogenate. Values: Mean + SE (n = 6 rats per group). MNU induction:

Single intrarectal dose (30 mg/kg) at week 0. Treatments: Daily oral gavage for 12 weeks
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Histology of Colon Tissues: H&E-stained sections provided
a visual narrative aligned impeccably with the biochemical
data. Healthy controls (Fig. 5-A) displayed well-organized
crypts, intact epithelium, and abundant goblet cells. The
MNU-only group (Fig. 5-B) exhibited severe disruption,
fragmented crypts, extensive goblet cell loss, and robust
inflammatory infiltration. Therapeutic chemical AgNPs
(Fig. 5-C) offered only moderate restoration, with partially
regenerated crypts but persistent residual inflammation.
In stark contrast, therapeutic green AgNPs (Fig. 5-D)
revealed near-normal crypt morphology with abundant
goblet cells and only mild residual inflammatory
foci. Preventive chemical AgNPs (Fig. 5-E) provided
significant protection with well-aligned crypts and
minimal inflammation, but it was the preventive green
AgNPs group (Fig. 5-F) that exhibited the most profound
histoprotection perfectly healthy crypts, abundant goblet
cells, and a complete absence of inflammatory infiltrate.
This histological progression unequivocally demonstrates
that green-synthesized AgNPs are superior in both
therapeutic and preventive settings, confirming that their
anticancer mechanisms involve effective oxidative stress
mitigation and mucosal integrity preservation.

Di1sCcUSSION

Green nanotechnology is gaining momentum as researchers
seek safer, more biocompatible, and environmentally

responsible alternatives to conventionally synthesized
nanomaterials. Traditional chemical routes for AgNPs
production often rely on harsh reducing agents and
organic solvents, leaving residual contaminants on particle
surfaces that can compromise biocompatibility and
raise concerns about cytotoxicity and systemic toxicity
in clinical use, especially for vulnerable groups such as
cancer patients.

By contrast, green or bioinspired synthesis employs
biological systems-plants, bacteria, fungi, algae, or
purified biomolecules, as intrinsic reducing and capping
agents, thereby avoiding hazardous reagents and
significantly lowering the ecological footprint of
nanoparticle production ". In this study, the choice
of purslane extract as a “bionanofactory” is in line with this
approach: microbial enzymes, peptides, and metabolites
simultaneously drive metal-ion reduction and surface
capping, yielding AgNPs with improved colloidal stability,
narrower size distributions, and biologically active surface
coronas . Such biomolecular coatings have been shown
to enhance antimicrobial and anticancer performance
while dampening offtarget toxicity, largely by improving
hemocompatibility and reducing nonspecific damage
to normal mammalian cells. This safety dimension is
particularly critical when AgNPs are envisioned for
longterm chemoprevention or as adjuvants alongside
cytotoxic cancer drugs 12!,

cells, similar to the control

Fig5. Histological assessment of rat colon tissue following MNU induction and AgNPs treatments. Photomicrographs
(A-F) show H&E-stained sections of rat colon (magnification X400). Pointers indicate notable pathological
features. (A) Control Group: Exhibiting normal tissue architecture with well-organized crypts and intact mucosal
layers. (B) MNU-Treated Rats (Untreated): Showing significant disruption of crypt architecture, loss of goblet cells,
and signs of inflammatory cell infiltration. (C) MNU + Chemical AgNPs (320 mg/kg): Demonstrating moderate
restoration of tissue structure with a visible increase in goblet cells compared to the untreated MNU group. (D)
MNU + Green AgNPs (320 mg/kg): Revealing substantial tissue repair with near-normal crypt morphology and
abundant regenerated goblet cells. (E) MNU + Chemical AgNPs (Preventative): Displaying significant protection
against MNU-induced damage, with tissue architecture resembling the control group. (F) MNU + Green AgNPs
(Preventative): Exhibiting excellent preventative effects, maintaining healthy tissue structure and abundant goblet
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Multiple comparative studies indicate that greensynthesized
AgNPs exhibit stronger antioxidant activity than chemically
synthesized AgNPs at comparable doses, and this aligns
with the current findings. In a direct comparison using
Mussaenda frondosa extract vs sodium citrate, green
AgNPs showed “remarkable antioxidant activity” in the
DPPH assay, clearly surpassing chemically synthesized
AgNPs and being highlighted as preferable for biomedical
use . A second comparative study using Cassia fistula
also reported higher antioxidant activity for green AgNPs
(84.48% vs 75.87% for chemical AgNPs) and a lower ICs, for
the green formulation, indicating more efficient radical
scavenging at lower concentrations ?*l. Mechanistically,
this superiority is attributed to phytochemical capping
layers (polyphenols, flavonoids, tannins, alkaloids) on green
AgNPs, which provide additional redoxactive sites and
stabilize surface electrons, enhancing radical scavenging
compared with citratecapped or chemically reduced AgNPs
that lack these bioactive shells 4.

Green-synthesized AgNPs, which show larger ZOIs and
~2-fold lower MICs than chemical AgNPs, are strongly
supported by comparable studies. In this regard, Barabadi
et al.® prepared plant-mediated AgNPs from Zataria
multiflora and directly compared them to commercial
AgNPs against S. aureus. Green AgNPs were roughly twice
as potent, with an MIC of 4 ug/mL versus 8 ug/mL for
commercial particles, and also displayed superior biofilm
inhibition, especially at sub-MIC levels. This mirrors the
two-fold MIC reduction and enhanced ZOIs observed in
our data, particularly for S. aureus.

Several comparative or review studies conclude that green
AgNPs generally outperform chemically synthesized
AgNPs at the same or lower doses. A recent systematic
review of green-synthesized, bio-capped AgNPs against
multidrug-resistant bacteria reports MICs as low as 2.5
ug/mL, ZOIs up to 25 mm, and emphasizes that capping
by plant/bacterial metabolites synergistically enhances
antibacterial activity compared with “bare” or simply
polymer-stabilized chemical AgNPs 12°.. They achieve this
primarily by utilizing metal nanoparticle mechanisms,
such as cell membrane disruption and reactive oxygen
species (ROS) generation, to effectively bypass traditional
bacterial resistance pathways in a head-to-head test of
green vs chemically produced AgNPs against Salmonella
typhi, Bacillus cereus, and Pseudomonas aeruginosa,
and likewise reported consistently higher antimicrobial
efficacy for green particles 27?1,

More mechanistic comparisons support our interpretation
that particle size, surface chemistry, and phytochemical
capping explain the superior activity. A focused comparison
on S. aureus found that greensynthesized AgNPs from
Cassia seed or green tea had MICs of 5-25 ug/mlL,
significantly lower than citrate or NaBH, reduced AgNPs

of similar size; antibacterial potency correlated inversely
with size but remained higher for green AgNPs even when
size was controlled B,

The ranking of susceptibility in the study, with S. aureus
among the most sensitive strains and some Gram-positive
and Gram-negative species more tolerant, is consistent
with the variable MIC ranges reported for green AgNPs.
Sahu et al.C! found that green AgNPs synthesized
using citrus extract had substantially lower MICs than
chemically synthesized AgNPs against both S. aureus and
E. coli (~46-50 vs 77-87 ug/mL), again paralleling our
~2fold MIC advantage.

Green AgNPs show dosedependent, significantly superior
antimicrobial activity compared with chemically synthesized
AgNPs with roughly twofold lower MICs and larger ZOIs
across diverse pathogens is in strong agreement with
the broader literature, which attributes this to smaller
particle size, higher surface reactivity, and synergistic
phytochemical capping 2.

Green-synthesized silver nanoparticles (AgNPs) using
purslane extract, which show markedly greater cytotoxicity
and apoptosis in HCT116 cells than chemically synthesized
AgNPs, are highly consistent with broader findings on
green AgNPs in colon cancer models. Multiple studies
report low micromolar ICs, values for plant-mediated
AgNPs against HCT116 and other colorectal lines, often
markedly lower than either the corresponding plant extract
or a simple silver salt, reflecting synergistic effects between
the metal core and the phytochemical capping layer *?. For
example, Marine algal AgNPs from Chaetomorpha linum
and Ulva lactuca showed clear dosedependent cytotoxicity
toward HCT116, with selective toxicity over normal colon
epithelial cells and mechanistic signatures similar to our
work: upregulation of proapoptotic Bax, p53, caspase3/9,
and Bid, and downregulation of antiapoptotic Bcl2/Bclx],
indicating mitochondrial (intrinsic) apoptosis as the
dominant pathway .

The marked shift in the Bax/Bcl-2 ratio and robust
caspase-3 activation observed with purslane AgNPs
parallel these reports. Green-synthesized Moringa oleifera
and Adansonia digitata AgNPs also showed pronounced,
dose-dependent killing of HCT-116 and other colon lines
and modulation of key survival pathways (Wnt/{3-catenin
components CTNNB1, APC, LRP5/6), consistent with
profound interference in proliferative signaling B*. A
recent review on green AgNPs in colon cancer highlights
that, compared with chemically synthesized particles,
green AgNPs generally achieve greater reductions in cell
viability at lower doses, with better selectivity toward
tumor over normal cells, largely via ROS-mediated
mitochondrial apoptosis and p53-linked pathways 1],

Although explicit headtohead comparisons with a chemically
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synthesized AgNPs control are rare, greensynthesized
AgNPs frequently outperform metal salt, plant extract
alone, or polymercapped AgNPs at equivalent or lower
concentrations, and induce higher caspase activity and more
extensive apoptosis **.. The approximately 2fold lower ICs,
of purslaneAgNPs compared with chemical AgNPs and
the stronger activation of caspase3 and Bax, with greater
Bcl2 suppression and higher apoptotic fractions, therefore
fits well into a broader pattern where plantcapped AgNPs
show enhanced potency and efficacy in colorectal cancer
models, likely due to smaller size, improved stability, and
cooperative effects of codelivered phytochemicals.

The present findings concern an MNU induced colorectal
cancer model treated with green versus chemical AgNPs,
focusing on growth performance/feed efficiency (Table
4) and tumor burden/multiplicity and histopathology
(Table 5). No prior work was found using exactly the same
model and formulations, but several lines of evidence
from other species and tumor types are relevant.

The marked reductions in tumor incidence, size,
multiplicity, and dysplasia score with green AgNPs (Table
5) align with general oncologic observations that smaller,
fewer, and lowergrade tumors are associated with better
outcomes. In intrahepatic cholangiocarcinoma, tumor
multiplicity is an independent adverse prognostic factor;
patients with multiple tumors have survival similar to
those with more advanced stage disease, leading authors
to call for multiplicity to be explicitly weighted in
staging systems 1. For hepatocellular carcinoma, tumor
size strongly predicts microscopic vascular invasion
and high histologic grade, with lesions >5 cm having
substantially higher rates of occult vascular invasion and
poor differentiation than smaller tumors P*. Analogous
relationships between size and aggressive histology are
seen in welldifferentiated thyroid cancer, where larger
tumors show worse survival, particularly when combined
with other highrisk features .

Histopathologic scoring systems in other tumor types
(adipose and phyllodes tumors) similarly demonstrate that
increasing grades of atypia, mitotic activity, and necrosis
correlate with more aggressive biological behavior and
worse prognosis . Within this context, the shift from
multiple, larger tumors with moderate dysplasia in MNU-
only or chemically treated rats to fewer, smaller lesions
with largely mild dysplasia under green AgNPs treatment,
as shown in Table 6, is consistent with a genuine reduction
in malignant potential rather than merely a cytostatic
delay. This robust tumor suppression is strongly linked
to the high concentration of plant polyphenols capping
the green AgNPs, which have been independently shown
to effectively manage and prevent colorectal cancer in
rodent models !,

Green AgNPs effectively mitigate MNU-induced oxidative
damage in colon tissue and outperform chemically
synthesized AgNPs, yielding near-complete redox and
tumor protection. This aligns with extensive evidence
that green AgNPs exert anticancer effects via redox
modulation and apoptosis. Naringenin-capped AgNPs,
are highly cytotoxic to HCT116 cells, increasing ROS/
MDA, impairing ATP, triggering p53-mediated apoptosis
and cell-cycle arrest, with transcriptomic enrichment of
oxidation-reduction pathways 2. Nostocsynthesized
AgNPs against HCT116 and other cancer lines via
oxidative stress and p53/caspase3 activation, and a range
of plantmediated AgNPs are summarized in recent
mechanistic and review articles " A focused review
on greensynthesized AgNPs for colon cancer further
concludes that these particles typically induce ROS and
mitochondrial dysfunction in tumor cells while showing
improved biocompatibility and selective cytotoxicity
relative to chemical AgNPs 1. Collectively, these sources
support the idea that green AgNPs can both protect
normal tissue and attack malignant cells through
contextdependent redox modulation.

The bidirectional redox behavior observed here, anti-
oxidant in normal colon while antitumor in cancer, is
also mirrored in other in vivo models. Chlorogenic acid-
BSA AgNPs in lymphoma-bearing mice enhanced host
antioxidant defenses (tGSH, SOD, CAT, GPx; {MDA)
while reducing tumor burden, similar to the normalization
of TAC and enzyme activities observed with higher
doses of green AgNPs in the current colon model “4. In
contrast, Nostoc-synthesized AgNPs selectively increased
oxidative stress within tumor cells and activated p53 and
caspase-3, yet spared systemic parameters, suggesting that
green AgNPs can drive tumors toward lethal oxidative
imbalance while maintaining host redox homeostasis *I.
Toxicological work in healthy rats shows that coating
chemistry is critical: ethylene glycol AgNPs increased
TAC and CAT and lowered TBARS, whereas PVP-coated
AgNPs decreased GSH and TAC and increased protein
carbonyls, demonstrating that surface functionalization
dictates whether AgNPs shift the organism toward an
antioxidant or pro-oxidant state “*!. This is consistent with
broader reviews documenting that plantderived capping
layers rich in polyphenols and flavonoids confer more
favorable redox and safety profiles than many chemically
coated formulations I,

The present study introduces several novel elements. Most
colondirected AgNPs research has been in vitro (HCT116,
DLD1, SW480) with a focus on ROSmediated cytotoxicity
and apoptosis, often without parallel evaluation of effects
on normal tissue . In vivo studies demonstrating
enhancement of systemic antioxidant capacity and tumor
suppression exist but typically do not directly compare
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green and chemically synthesized AgNPs or quantify
detailed redox-tumor correlations in a colonspecific
carcinogenesis model . By directly contrasting green
and chemical AgNPs at matched doses, the current work
extends coatingdependent redox phenomena described
in toxicology models “* into a colon carcinogen setting.
The quantitative linkage between oxidative markers
(MDA, TAC) and tumor size, multiplicity, body weight,
and mortality also extends beyond the more inferential
associations reported earlier . Finally, the demonstration
that prophylactic green AgNPs can almost completely
prevent carcinogen-induced oxidative stress and colon
tumor formation, whereas therapeutic dosing only
partially reverses established lesions, addresses an early-
versus-lateintervention question that has rarely been
explored in AgNPs colon cancer research.

The chemopreventive and therapeutic effects of green
AgNPs on MNU-induced colorectal carcinogenesis align
with numerous studies on plant-mediated AgNPs in colon
cancer. Multiple reports show green AgNPs exert potent,
selective cytotoxicity against colorectal cancer cell lines
(HCT116, HT29, Caco-2, etc.) while sparing normal cells,
mirroring the tumor suppression and safety observed
in our colon histology . For example, pectinstabilized
AgNPs showed strong cytotoxicity toward several human
colorectal lines with minimal toxicity to HUVECs "7,
consistent with our study.

The in vivo superiority of green over chemical AgNPs
parallels other models, with lower toxicity. Croton tiglium
AgNPsin AOM-induced colon cancer improved oxidative/
inflammatory markers and histopathology, supporting a
generalizable chemopreventive/therapeutic role 3.

This study confirms that purslane-derived green AgNPs are
safe, eco-friendly, and potent with dual antimicrobial and
anticancer applications. The sustainable synthesis avoids
toxicagents and yields favorable physicochemical properties.
These findings support green AgNPs as chemopreventive/
adjunctive agents for colon cancer and as antimicrobials
against multidrug-resistant pathogens, underscoring the
value of biologically driven nanofabrication.
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INTRODUCTION

Abstract

Both copper sulfate (CuSO,) and polystyrene microplastics (PS-MPs) exhibit toxic effects
on the male reproductive system. Notably, PS-MPs can adsorb copper ions, making their
combined pollution-induced reproductive toxicity and underlying mechanisms urgent
to clarify. This study aimed to investigate the toxic effects of CuSO4 and PS-MPs co-
exposure on sperm quality and testicular tissue in male mice, and to determine potential
synergism, thereby providing a basis for assessing reproductive health risks. Male
mice were randomly divided into control, CuSO,, PS-MPs, and combined exposure
groups, with continuous intragastric administration for 30 days. Sperm parameters,
testicular histopathology, cell apoptosis, and apoptosis-related protein expressions [Bcl-
2-associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), cysteinyl aspartate specific
proteinase-3 (Caspase-3), tumor protein p53 (p53)] were detected. Results showed that
combined exposure most significantly inhibited body weight gain (P<0.05). Compared
with single exposure, the combined group exhibited more severe sperm quality
deterioration, severe testicular histopathological lesions, and a significant increase in
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
cells (P<0.05 or P<0.01). Western blot analysis confirmed upregulated expressions of
Bax, Caspase-3, and p53, and downregulated Bcl-2 in the combined group, indicating
activation of the apoptotic pathway. In conclusion, CuSO4 and PS-MPs have aggravated
toxic effects on the male reproductive system, and the mechanism involves the activation
of apoptotic signaling.

Keywords: Combined exposure, CuSO,4, Male reproductive toxicity, PS-MPs, Sperm
quality

microplastics and metal ions may have similar synergistic
toxicity mechanisms. However, the toxic effects of CuSO,

The rapid pace of industrialization and urbanization
has led to the coexistence of various pollutants in the
environment. Copper sulphate (CuSO,) is a chemical
commonly used in electroplating, pesticides and aquaculture;
the copper pollution in water bodies caused by the
discharge of wastewater containing this substance cannot
be overlooked . Meanwhile, polystyrene microplastics
(PS-MPs) are one of the most frequently detected types
of microplastics in the environment P, and they can
coexist with CuSOy in the environment . Recent studies
have shown that the combined exposure of PS-MPs and
heavy metals such as cadmium can synergistically damage
male reproductive functions through the ferroptosis
pathway ), suggesting that the combined pollution of

combined with PS-MPs on the male reproductive system,
as well as the underlying molecular mechanisms, remain
largely unexplored, representing a critical scientific gap in
the field of environmental reproductive toxicology.

Previous studies have demonstrated that excessive
exposure to CuSO, has significant toxicity to the male
reproductive system [®”). The main target organs of excessive
copper are the testes, especially the spermatogenic tubules
and supporting cells, followed by the interstitial tissue.
Notably, most existing studies have focused on copper-
induced damage to spermatogenic tubules, while research
on the effects of CuSO, exposure on testicular interstitial
tissue remains scarce. Specifically, copper exposure first

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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leads to damage of the spermatogenic epithelium, causing
disruption of the structure of the spermatogenic tubules,
with the main characteristics being the detachment,
disorder, and even vacuolation of spermatogenic epithelial
cells 8. The mechanism involves the accumulation of
copper ions in the testicular tissue: excessive copper
triggers oxidative stress and damages mitochondrial
function, ultimately leading to apoptosis of reproductive
cells ['); at the same time, it can interfere with the function
of the hypothalamus-pituitary-gonadal axis, inhibit
the ERK signaling pathway, and reduce the levels of
gonadotropin-releasing hormone, follicle-stimulating
hormone, and luteinizing hormone, ultimately resulting
in spermogenesis disorders and decreased fertility 1.
Particularly importantly, recent studies suggest that copper
nanoparticles can also directly damage the interstitial
tissue, inducing Leydig cell apoptosis and steroidogenesis
disorders through activating the ERK1/2 signaling
pathway [%; this is different from the mechanism of CuSO4
inhibiting the ERK pathway. However, whether traditional
CuSO; exposure can directly damage interstitial tissue,
and if so, how this damage interacts with spermatogenic
tubule injury, remains unclear and requires further
investigation.

PS-MPs are formed by the long-term weathering
and mechanical fragmentation of polystyrene in the
environment, with most of them having a diameter of
less than 5 mm Pl Due to their small particle size and
large specific surface area, PS-MPs can adsorb and carry
other pollutants for migration, and enter the animal body
through ingestion or respiration "2 After reaching the
testes, PS-MPs can penetrate the blood-testis barrier and
directly act on the epithelial cells of the spermatogenic
tubules "2, The disruption of the structure of the
spermatogenic tubules leads to the inhibition of
spermatogenic cell proliferation, resulting in a decrease in
sperm concentration and motility, and an increase in the
rate of sperm abnormalities. Deng et al. '*! confirmed that
PS-MPs can damage the reproductive performance of male
mice and disrupt the lipid homeostasis of the offspring,
suggesting their transgenerational toxicity risk; Hou et al.!"¥
reported that continuous intragastric administration
of 5 um PS-MPs (5 mg/d) significantly reduced the
testosterone level in mice. These studies indicate that
PS-MPs can interfere with testosterone secretion !>,
but compared to heavy metals, the damage effect of PS-
MPs exposed alone is relatively mild, mainly showing
chronic and progressive damage characteristics 7.
Heavy metals such as copper can cause significant
oxidative stress and cell apoptosis within a short period
of time "%, However, the reproductive toxicity of PS-MPs
often only becomes apparent after long-term low-dose
exposure, through the continuous activation of the p38

MAPK signaling pathway ¥, the upregulation of the Bax/
Caspase-3 apoptotic cascade reaction, and the progressive
disruption of the blood-testis barrier integrity !>!],
resulting in reproductive system damage. It is particularly
important to note that there are differences in reproductive
toxicity among different particle sizes of PS-MPs (0.1
um vs 1 um). The toxicity of small particle sizes is more
significant when combined with cadmium exposure 2.
Additionally, the surface of PS-MPs can adsorb copper
ions in the environment, altering the bioavailability and
toxicity effects of copper *?!l. This carrier effect may
enhance the combined toxicity risk of the two 22, Further
research has found that the combined exposure of PS-MPs
and arsenic has been proven to cause transgenerational
reproductive toxicity **), confirming that the combined
exposure of microplastics and metal pollutants has a

synergistic reproductive risk and cross-generational
health hazards.

Given the combined exposure risk of CuSO, and PS-
MPs and the carrier effect of PS-MPs, the synergistic
toxicity of both on the male reproductive system and its
mechanism need to be clarified. Therefore, in this study,
male mice were used as the subjects, and models of CuSO,
and PS-MPs exposure alone and in combination were
established. The indicators such as sperm concentration,
motility, and deformity rate were detected, and the
pathological changes of testicular tissues were observed.
The expressions of apoptosis-related proteins such as Bax,
Bcl-2, Caspase-3, and p53 were analyzed to explore the
toxic effects and synergistic effects of combined exposure,
providing experimental basis for the reproductive health
risk assessment of environmental complex pollutants.

MATERIAL AND METHODS
Ethical Approval

All experimental procedures conformed to the ethical
standards for laboratory animals, and the animal
experimental protocol was reviewed and approved by the
Animal Ethics Committee of South China Agricultural
University with the ethics approval number 2025F386.
During the feeding process, care was taken to handle the
mice gently to reduce their stress response.

Experimental Animals and Conditions

Twenty-four 6-week-old male C57BL/6] mice (weighing
20-22 g) were selected (purchased from Guangdong
Zhiyuan Biomedical Technology Co., Ltd.). The
experimental diet and bedding materials for the mice
were also purchased simultaneously. Before the start
of the experiment, the mouse cages were thoroughly
cleaned and disinfected. All the experimental animals
were housed in the Experimental Center of the Animal
Hospital of South China Agricultural University. The
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environmental conditions were strictly controlled at a
temperature of 22°C-24°C, a relative humidity of 50+10%,
and a 12-h light/dark cycle. The mice had free access to
food and water. The body weight, food intake, and water
intake of each group of mice were weighed and recorded
before each intragastric administration. Fresh mouse food
and water were changed daily, and the bedding material
was replaced every 3 days. After 1 week of adaptive
feeding, the mice were randomly divided into 4 groups
(n=6) according to their body weight: the control group
(Ctrl), the copper sulfate group (Cu), the polystyrene
microplastic group (Ps), and the combined exposure
group (Cu+Ps). The names of each group corresponded to
the treatment methods the mice received. The Ctrl group
did not undergo any special treatment and was given 0.1
mL of deionized water by intragastric administration.
The Cu group was given 0.1 mL of CuSO, solution, the
Ps group was given 0.1 mL of PS-MPs solution, and the
Cu+Ps group was given 0.1 mL of CuSO, solution + 0.1
mL of PS-MPs solution. The treatment was continued
for 30 days, and then the mice were sacrificed by cervical
dislocation and tissue samples were collected.

Instruments and Reagents

The main experimental instruments used in this study
are: Vortex TM-1F Vortex Mixer (WIGGENHAUSER,
Germany), DM1000 Optical Microscope (Leica, Germany),
KZ Tissue Grinder (Wuhan Sevier Biotechnology Co.,
Ltd.), TGL-16B Benchtop Centrifuge (Shanghai Anting
Scientific Instrument Factory), ME204 Electronic Balance
(Mettler Toledo), 5804R Refrigerated Centrifuge
(Eppendorf, Germany), Nanodrop 2000 Micro-Volume
UV-Vis Spectrophotometer (ThermoFisher Scientific,
USA), HI1220 Slide Holder (Leica, Germany), DHG-
9123A Forced Air Drying Oven (Shanghai Yiheng
Technology Co., Ltd.), SLK-O3000-S Shaker (Sorvall,
USA), ELx808 Microplate Reader (BIOTECK, USA),
PB-10 pH Meter (Sartorius, Germany), Unique-R10
Ultrapure Water System (Wuxi Xinyi Science Instrument
Co., Ltd.), UVPChemStudio515 Multi-Mode Imager
(Jena Analytics Co., Ltd.), DW-86L626 -800 Ultra-
Low Temperature Freezer (Haier Home Appliance Co.,
Ltd.), IMS Automatic Snowflake Ice Maker (Shanghai
Xueshuo Ke Electrical Appliance Co., Ltd.), RH Basic2
Heating Magnetic Stirrer (IKA, Germany), EPS600
Electrophoresis System (Shanghai Tianeng Co., Ltd.), BG-
Power600 SDS-PAGE Protein Electrophoresis Apparatus
(Shanghai Tianeng Technology Co., Ltd.), DMi8 Inverted
Fluorescence Microscope (Leica, Germany), RM2235
Rotary Microtome (Leica, Germany).

The main reagents and consumables are as follows:
2.5% (w/v) Microplastic Monodisperse Suspension
(Cat. SEQO01-00250, Tianjin Saierqun Technology
Co., Ltd.), Hematoxylin-Eosin Staining Solution (Cat.

G1005-500ML, Wuhan Sevier Biotechnology Co.,
Ltd.), Copper Sulfate (500 g, Tianjin Zhiyuan Chemical
Reagent Co., Ltd.), Paraformaldehyde (Cat. EKKS1699,
Shanghai Ika Biotechnology Co., Ltd.), Ethanol (500 mL,
Guangzhou Chemical Reagent Factory), PBS Buffer
(Cat. G0002-2L, Wuhan Sevier Biotechnology Co.,
Ltd.), PMSF (Cat. ST505, Wuhan Sevier Biotechnology
Co., Ltd.), RIPA Lysis Buffer (Cat. P0013B, Shanghai
Beyotime Biotechnology Co., Ltd.), Universal Antibody
Diluent (Cat. WB500D, Shanghai Xinseme Biotechnology
Co., Ltd.), SDS-PAGE Gel Preparation Kit (Cat. E304-
01, Nanjing Novizan Biotechnology Co., Ltd.), PVDF
Membrane (Cat. ISEQ15150, Sigma, USA), BCA Protein
Concentration Assay Kit (Cat. E112-01, Shanghai Xinseme
Biotechnology Co., Ltd.), Tris (Cat. T8060, Shanghai
Solabao Technology Co., Ltd.), SDS (Cat. 227, Biosharp,
USA), Chemiluminescent Substrate (Cat. P2100, Shanghai
Xinseme Biotechnology Co., Ltd.), Protein Marker (Cat.
RM19001, Beijing Kangwei Century Biotechnology Co.,
Ltd.), Primary Antibodies (Bcl-2, Cat. A19693; Bax, Cat.
A19684; p53, Cat. A19585; Caspase-3, Cat. A19664, all
from Wuhan Abiotech Biotechnology Co., Ltd.; GAPDH,
Cat. A19056, from Beijing Boacon Biotechnology Co.,
Ltd.), Secondary Antibodies (Goat Anti-Mouse IgG, Cat.
CWO0102S; Goat Anti-Rabbit IgG, Cat. CW0103S, both
from Beijing Kangwei Century Biotechnology Co., Ltd.).

The concentration settings of CuSO4 and microplastic
gavage solutions in this study were supported by published
oral toxicological models of male mice **?. The reagents
used in this paper are prepared as follows: CuSO, solution:
Weigh 1.4 g of anhydrous CuSO, precisely according to
the experimental requirements and add it to 70 mL of
deionized water. Finally, prepare a working solution of
CuSO, with a concentration of 20 mg/mL and store it for
later use . Microplastic solution: Precisely measure 8.4
mL of the single-dispersed suspension of microplastics
(2.5%, w/v) and add it to 26.6 mL of deionized water.
Finally, prepare a microplastic mixture solution with a
concentration of 6 mg/mL and store it for later use °.. The
grouping scheme of single exposure and combined co-
exposure was designed with reference to Chang et al.l*.
Polyformaldehyde fixative solution (4%): Dissolve 40 g
of polyformaldehyde in 800 mL of PBS, heat it and add
NaOH to fully dissolve it. Let it cool naturally and then
adjust the pH to 7.2-7.4 with 1 mol/L HCI. Finally, make
up to 1000 mL with PBS. Transfer solution: Weigh 3.03 g of
Tris and 14.41 g of glycine, mix them thoroughly with 800
mL of ddH,O0, and then add 200 mL of methanol to fully
dissolve them. TBST working solution (1x): Mix 50 mL of
TBST (10x) with 450 mL of deionized water thoroughly,
prepare TBST (1x), store it at 40 for later use. Blocking
solution: Weigh 6 g of skimmed milk powder, add it to 120
mL of TBST (1x), and mix thoroughly to fully dissolve it.
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General Physiological Indicators

The body weight, food intake and water intake of each
mouse were measured and recorded before each gavage.

The average body weight of the mice in this group = total
weight of all mice in the group/number of mice in the

group

The average daily water intake of the mice in this group =
total daily water intake of all mice in the group / number
of mice in the group

Sample Collection

After continuous intragastric administration for 30 days,
all the experimental mice were sacrificed by cervical
dislocation. Then, the bilateral testicles and epididymis
of the mice were removed, weighed precisely, and used
to calculate the organ coefficient. One testicle from
each mouse was taken out, rinsed with normal saline to
remove surface impurities, and then one testis was fixed
in 4% formaldehyde for subsequent histopathological
examination and Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining, while the other
was rapidly preserved in liquid nitrogen for subsequent
Western blot analysis.

Sperm Count, Motility, and Abnormality Rate

After the animals are sacrificed, the epididymis is quickly
collected and the surrounding tissues are removed. It is
slowly placed into 1 mL of physiological saline at 370,
sterilized under high pressure, and then cut into pieces
using an ophthalmic scalpel to fully disperse the sperm at
the tail end of the epididymis in the physiological saline.
The sperm count is determined using a sperm counting
plate under an optical microscope. The number of sperm
within the grid is counted using a cell counting plate to
determine the sperm count. The proportion of live sperm
to the total sperm count is defined as sperm motility, and
the proportion of abnormal sperm to the total sperm count
is defined as sperm abnormality rate. Then, according to
the manufacturer’s instructions, the slides are stained with
sperm staining solution. Each sample is observed three
times. To reduce subjective bias, the relevant observations
and counts are completed by personnel who are not aware
of the experimental grouping.

Testicular Index

After the 30-day trial period ended, the body weight of
the mice was measured. Then, the mice were dislocated
and processed, and their testicles were immediately
removed, with the surrounding fat and connective tissues
being removed and weighed. The ratio of testicle weight
to mouse weight (testicle coefficient) was expressed as
(testicle weight/mouse weight) x 100%.

Observation of Testicular Histopathology

The fixed testicles were cut into small blocks measuring
5 mm x 5 mm x 3 mm, which were then subjected to
stepwise ethanol dehydration, xylene clearing and
paraffin infiltration before being embedded to produce
paraffin blocks. Using a microtome, the paraffin block
was sectioned into a series of 3-5 um thick sections. The
sections were mounted onto slides and heat-set at 60°C
for 2-4 h to fix them. Following dewaxing in xylene and
a gradient of ethanol, the sections were rinsed twice with
distilled water; hematoxylin-eosin (HE) staining was
then performed, involving sequential treatment with
hematoxylin solution for 5-10 min, followed by rinsing
with water, differentiation with hydrochloric acid-alcohol
for 30 sec to 1 min, re-staining with ammonia solution,
and staining with eosin solution for 1-3 min. Following
staining, the sections were rapidly dehydrated using
a gradient of ethanol and cleared with xylene, before
being mounted with neutral resin. Upon completion of
mounting, the sections were examined under a microscope
and photographed.

TUNEL Staining

After paraffin sections have been deparaffinised using
an environmentally friendly deparaffinising solution,
they are sequentially rehydrated using a gradient of
anhydrous ethanol, rinsed with distilled water, and a
hydrophobic ring is drawn around the specimen using
an immunohistochemistry waterproof pen. Proteinase
K working solution (1:9) is then added, and the sections
are incubated at 37°C for 20 min; Membrane lysis was
performed as required (20 min at room temperature),
followed by three 5-min washes in PBS and a 10-min
incubation in equilibrated buffer at room temperature;
Incubate with TUNEL reaction mixture (TdT enzyme:
dUTP: buffer = 2:5:50) at 37°C in the dark for 1 h; wash
with PBS, counterstain with DAPI for 10 min, mount
with anti-fade mounting medium, observe under a
fluorescence microscope to capture images, and analyse
positive expression using Image] software.

Extraction of Total Protein and Western Blotting

Remove testicular tissue from the -80°C freezer, cut 0.2-
0.3 g into an Eppendorf tube, add 250 uL of RIPA lysis
buffer containing protease inhibitors, homogenise on an
ice bath, and centrifuge at 4°C and 12.000 rpm for 10 min;
collect the supernatant. Determine protein concentration
using the BCA method: Dispense 25 pL of sample into
a 96-well plate, add 200 pL of BCA working solution,
incubate at 37°C for 30 min, and measure absorbance at
562 nm.

Western blotting: Prepare a 12% SDS-PAGE gel; load
biological replicate samples from six individual mice
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per group (n = 6), with each sample run once without
technical replication (4 uL marker + 10 puL sample); run
on a 80 V focusing gel for 30 min, followed by a 120 V
separating gel for 60 min; after methanol-activating the
PVDF membrane, transfer at 150 mA for 90 min; Block
with 5% skimmed milk powder at room temperature for 1
h, wash three times with TBST for 10 min each; incubate
with primary antibody at 4°C for 16 h, wash three times
with TBST for 10 min each; incubate with the appropriate
secondary antibody at room temperature for 1 h, wash
three times with TBST for 5 min each; develop with
developing solution, expose on an imaging system, and
normalize band grayscale values to the corresponding
internal reference (P-actin) prior to analyse grayscale
values using Image].

Statistical Analysis

All the data were sorted by Microsoft Office 2024 software
and analyzed statistically using GraphPad Prism 9.5.0
software. The number of repetitions for each group of
experiments was >3. The data were expressed as the mean
+ standard deviation. When comparing between two
groups, Student’s t test or Mann—Whitney non-parametric
test was used according to the type of data distribution
to determine whether the differences between the groups
were statistically significant. In multi-group comparisons,
one-way ANOVA was used for continuous variables
and chi-square test for categorical variables. Pairwise
comparisons between groups were conducted based on
Bonferroni method. When P<0.05, it was considered
statistically significant.

RESULTS

Changes in Mouse Body Weight, Feed Intake, and
Water Intake

To evaluate the effects of CuSO,, PS-MPs, and combined
exposure on the general growth status of mice, the body
weight changes of each group of mice were continuously
recorded during the 30-day intragastric administration
period, and the feed intake and water intake were
statistically analyzed. The results are shown in Fig. 1-A.
Compared with the control group, the inhibition of
weight gain in the combined exposure group was the
most significant, and the weight of the CuSO, group and
the microplastics group also showed a certain downward
trend. Fig. 1-B, C show that there were no statistically
significant differences in feed intake and water intake
among the groups (P>0.05

Analysis of Changes in Sperm Quantity, Vitality,
Abnormality Rate and Testis Index

As shown in Fig. 2-A, compared with the control group,
the sperm quantity in the combined exposure group
significantly decreased (P<0.01), and the CuSO, group
and the microplastic group also showed a decreasing trend;
Fig. 2-B, the sperm vitality in the combined exposure
group significantly decreased (P<0.01), and the CuSO,
group was also lower than the control group (P<0.05);
Fig. 2-C, the sperm abnormality rate in the combined
exposure group significantly increased (P<0.05). Fig. 2-D,
there was no statistically significant difference in the testis
coefficient among the groups (P>0.05).
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Fig 1. Changes in body weight, feed intake, and water intake of mice in each treatment group. (A) Body weight; (B)
Feed intake; (C) Water intake. All data are presented as mean + standard deviation (SD), n = 6 per group
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Fig 3. Morphology of mouse testicular tissue. Control group (Ctrl); copper sulfate group (Cu); polystyrene
microplastics group (PS); combined exposure group (Cu + PS). Representative hematoxylin-eosin (HE) staining
sections of testicular tissue. The upper row has a scale bar of 50 pm, and the lower row has a scale bar of 20
um. Black arrows indicate typical pathological changes in testicular tissue, including vacuolation of seminiferous
tubules, loose tubular wall structure, increased cell detachment, and reduced cellular components in the lumen

Pathological Observation of Testicular Tissue

H&E staining was used to observe the pathological
changes of testicular tissue in each group of mice. The
results are shown in Fig. 3. The testicular tissue structure
of the control group was intact, with regular arrangement
of seminiferous tubules, clear basement membrane, and
distinct layers of spermatogenic epithelium. Both the

CuSO, group and the microplastic group showed varying
degrees of tissue damage, mainly manifested as atrophy of
seminiferous tubules, disordered arrangement, shedding
and vacuolation of spermatogenic epithelial cells, etc.
Among them, the CuSO, group showed more obvious
damage. Compared with the single exposure group, the
testicular tissue damage in the combined exposure group
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Fig 4. Results of Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) fluorescence staining of testicular tissues in each
treatment group. Cell nuclei stained with 4',6-diamidino-2-phenylindole
(DAPI) appear blue under ultraviolet excitation, while positive apoptotic
cells are red

was the most severe, manifested as significant atrophy of
seminiferous tubules, disordered structure, damage to the
continuity of spermatogenic epithelium, and layer separation.

TUNEL Staining Results

TUNEL staining was used to detect the apoptosis of
testicular cells in each group of mice. The results are
shown in Fig. 4. In the control group (Ctrl), only a few
red fluorescent positive cells were observed; in the CuSO,
group, the microplastic group, and the combined exposure
group, red fluorescent positive signals were visible, among
which the positive signal in the combined exposure group
was the most obvious.

Expression of Testicular Apoptosis Proteins

As shown in Fig. 5-A, the relative expression level of Bax
protein in the testicular tissue of the combined exposure
group was higher than that of the control group, and the
difference was statistically significant (P<0.05). As shown
in Fig. 5-B, compared with the control group, the relative
expression level of Bcl-2 protein in the testicular tissue
of the combined exposure group significantly decreased
(P<0.01); although there was no significant difference
between the copper group and the microplastic group
(P>0.05), both showed a downward trend. As shown in
Fig. 5-C, compared with the control group, the relative
expression level of Caspase-3 protein in the testicular
tissue of the combined exposure group significantly
increased (P<0.05). As shown in Fig. 5-D, compared with
the control group, the relative expression level of p53
protein in the testicular tissue of the combined exposure
group significantly increased (P<0.05).

Di1sCUSSION

This study established a gastric gavage exposure model
to evaluate the effects of CuSO, and PS-MPs, either
alone or in combination, on the reproductive system of
male mice. The focus was on analyzing changes in sperm
quality, pathological damage to testicular tissue, and the
expression of apoptosis-related molecules. After 30 days
of exposure, all the mice in each treatment group showed
varying degrees of body weight reduction. Among them,
the combined exposure group showed the most significant
growth inhibition, followed by the CuSO, group and the
microplastic group; however, there were no significant
differences in food intake and water intake among the
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groups. Notably, no significant inter-group differences
were detected in food or water consumption, suggesting
that the observed weight suppression was attributable to
toxicant-induced metabolic perturbations rather than
reduced caloric intake. Weight changes are often used as
an indicator to reflect the overall health status of the body,
so this study used it as a reference indicator for evaluating
systemic toxic effects and conducted a comprehensive
analysis in combination with subsequent histological and
molecular detection results.

The evaluation results of sperm quality showed that
both CuSO, and microplastics alone could have adverse
effects on the reproductive function of male mice.
Moreover, the combined exposure had a more significant
impact. Compared with the control group, the combined
exposure group exhibited more pronounced reductions
in sperm count, decreased sperm motility, and increased
sperm deformity rate, indicating a stronger interference
with the process of sperm generation and maturation
under the condition of combined exposure. Previous
studies have shown that copper exposure can cause
damage to the ultrastructure of the testis and epididymis,
reduce sperm count, and accompany the occurrence of
various forms of cell death ). While copper primarily
disrupts mitochondrial electron transport and metal ion
homeostasis through redox cycling, microplastics may
exert toxicity via physical particle irritation, inflammatory
cytokine induction, and gut-liver-testis axis perturbation.
These distinct yet potentially convergent mechanisms
may account for the aggravated reproductive impairment
observed under co-exposure conditions, although
whether this constitutes additive potentiation or true
synergism remains to be statistically validated. In the
cadmium testicular toxicity study by Wang et al.®®], it was
also confirmed that heavy metals can cause disordered
arrangement of spermatogenic cells and decline in sperm
quality by inducing the accumulation of ROS, which
is similar to the copper toxicity effect observed in this
study. Furthermore, in the study by Elsayed et al.*! on the
reproductive toxicity of acrylamide, changes in functional
indicators (sperm quality, sex hormone levels) occurred
earlier than changes in testicular weight, confirming that
the damage caused by environmental pollutants to the
reproductive system often follows the temporal sequence
of “function before structure” In the study by Ullah et
al.B on calcium nanoparticles, it was also confirmed
that particulate pollutants can induce sperm arrest and
reduction of spermatogenic cells through oxidative
damage, which is consistent with the reproductive
damage characteristics observed in this study of PS-MPs.
Although there was no significant difference in testicular
index among the various treatment groups in this study,
functional indicators such as sperm quantity, vitality,

and deformity rate have changed significantly, indicating
that at the doses and periods examined in this study, the
exposure effect may initially manifest as damage to the
spermatogenic process and sperm maturation quality
rather than a synchronous change in testicular weight. The
phenomenon of functional changes preceding structural
changes is not uncommon in reproductive toxicology
research. In conclusion, in subsequent studies, one can
examine the effects of higher doses or longer exposure
times on testicular weight, as well as assess whether there
is a dose-effect relationship.

The mild dilation of the seminiferous tubule’s lumen,
reduced number of spermatogenic cells, and widened
interstitial tissue are common pathological changes in this
organ of mice after exposure to copper and microplastics
B In this experiment, the reproductive tissues of mice
were observed through H&E staining, and it was found
that the structure of the organ in the control group was
intact, the seminiferous tubules were arranged neatly,
and the layers of spermatogenic cells were distinct,
reflecting the normal spermatogenic process. However,
both the CuSO, group and the microplastic group showed
varying degrees of tissue damage, such as atrophy of
the seminiferous tubules, vacuolation, and shedding of
spermatogenic cells. In contrast, the combined exposure
group showed more obvious tissue lesions, in addition to
the above changes, there were also disordered structures
of the spermatogenic epithelium and local disruption of
continuity, indicating that the spermatogenic function
was significantly affected. Previous studies have shown
that copper ions can promote the production of reactive
oxygen species (ROS) and induce mitochondrial damage,
thereby causing degenerative changes in reproductive
tissues. While microplastics, as exogenous particles, can
induce inflammatory responses and exacerbate oxidative
stress levels ['7l. Abduallah et al.’? further demonstrated
that metallic nanocomposites induce testicular oxidative
stress, spermatogenic tubule degeneration, and epithelial
detachment, suggesting that particulate pollutants may
converge on oxidative stress pathways to damage
testicular tissue. Additionally, jaz et al.*® documented
Caspase-3 activation and seminiferous tubule disruption
following acrylamide exposure, while stigmasterol-
mediated alleviation of PS-MP nephrotoxicity implicated
the NF-kB inflammatory pathway and Bax/Caspase-3
apoptotic cascade in microplastic-induced tissue injury.
Collectively, these reports suggest that under co-exposure
conditions, CuSO, and PS-MPs may amplify testicular
damage through the convergence of oxidative stress and
inflammatory signaling pathways, rather than through
isolated, independent toxic actions.

Apoptosis is one of the important pathological processes
caused by environmental exposure leading to damage to
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the reproductive system. Spermatogenic cells are more
sensitive to oxidative stress, inflammatory responses, and
barrier damage, so the level of apoptosis is often used as an
indicator to evaluate reproductive toxicity ). The TUNEL
staining results of this study showed that positive apoptotic
signals appeared in the CuSO, group, microplastic group,
and combined exposure group. Among them, the positive
cell number in the combined exposure group was the
most obvious, reflecting that the programmed cell death
level of spermatogenic cells further increased under
the condition of combined exposure. Further protein
expression detection results showed that compared with
the control group, the pro-apoptotic related proteins Bax,
Caspase-3, and p53 in the combined exposure group
were significantly upregulated, while the anti-apoptotic
protein Bcl-2 expression decreased, indicating that the cell
death-related signals in the testicular tissue were further
activated. These expression patterns are consistent with
the canonical intrinsic apoptotic pathway: p53 activation
transcriptionally induces Bax, which oligomerizes on the
mitochondrial outer membrane to form pores, triggering
cytochrome c release and subsequent Caspase-3 activation,
while Bcl-2 downregulation alleviates its inhibitory
constraint on mitochondrial permeabilization. Studies on
the toxicity of environmental toxins to the testis have also
observed similar molecular expression patterns: oxidative
stress activates the p53 pathway, which then upregulates
pro-apoptotic proteins and inhibits the anti-apoptotic
protein Bcl-2, ultimately leading to the activation of effect
caspase and causing spermatogenic cell apoptosis .
Previous studies have shown that microplastics can
promote the death of reproductive cells by inducing
oxidative stress and lipid peroxidation **, and copper
homeostasis disorder may also be involved in the process
of spermogenesis cell death *). Mechanically, oxidative
stress can upregulate Bax and inhibit Bcl-2 through the
p53-mediated pathway, thereby causing a decrease in
mitochondrial membrane potential and the release of
cytochrome C, activating the Caspase cascade reaction,
and ultimately leading to reproductive cell apoptosis
and testicular tissue damage ***l. Given the central role
of oxidative stress in the reproductive toxicity of copper
and microplastics, the study by El-Sayed et al.®! on
the alleviation of thiamethoxam toxicity by vitamin C
suggests that antioxidant intervention may provide a
potential strategy for reducing the reproductive damage
caused by such environmental pollutants.

Several methodological and interpretive limitations of
this study should be acknowledged. First, the sample size
(n = 6 per group) is relatively modest, which may have
limited the statistical power to detect subtle inter-group
differences and increases the risk of type II errors. Second,
although oxidative stress was repeatedly invoked as the

putative underlying mechanism, the absence of direct
oxidative stress biomarkers (e.g., MDA, SOD, CAT, GPx,
and GSH) precludes definitive mechanistic conclusions
and represents a significant gap that future studies should
address. Third, no formal interaction analysis -such as
two-way ANOVA interaction terms or combination index
calculations- was conducted to statistically discriminate
between additive, synergistic, or antagonistic effects.
Therefore, descriptions implying synergistic interaction
should be interpreted cautiously, and the observed
exacerbation may reflect additive toxicity rather than true
synergism. Fourth, the 30-day exposure duration may be
insufficient to capture delayed or chronic reproductive
sequelae, and the lack of a dose-response assessment
limits the environmental relevance and extrapolation of
these findings.

In conclusion, this study demonstrates that individual
exposure to CuSO4 or PS-MPs induces spermatogenic
cell apoptosis and compromises sperm quality, whereas
combined exposure exacerbates these adverse outcomes.
The co-exposure-mediated enhancement of apoptotic
responses is associated with activation of the p53-Bax/Bcl-
2-Caspase-3 signaling axis, indicative of mitochondrial-
dependent apoptotic pathway engagement. These
findings provide experimental evidence that complex
environmental pollutant mixtures pose enhanced risks to
male reproductive health through the convergent activation
of pro-apoptotic signaling cascades. Future investigations
should incorporate larger cohorts, comprehensive oxidative
stress profiling, formal interaction analyses, and extended
exposure durations to substantiate the mechanisms
underlying CuSO, and PS-MP co-toxicity and to inform
the development of targeted antioxidant intervention
strategies.
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INTRODUCTION

Abstract

This study aimed to evaluate serum matrix metalloproteinase-9 (MMP-9), interleukin-8
(IL-8), and hematology-derived inflammatory indices as potential prognostic markers
in cats with FIP, with particular emphasis on seizure activity. Forty-eight client-owned
cats diagnosed with FIP and 14 healthy control cats were included. Cats with FIP were
categorized into three groups: effusive FIP (EFIP, n=11), non-effusive FIP (NFIP, n=30),
and non-effusive FIP with seizures (NFIP-S, n=7). Hematological parameters were
analyzed to calculate inflammatory indices including dLNR, SIRI, AISI, SII, NLR, and
related ratios. Serum MMP-9 and IL-8 concentrations were measured using ELISA.
Serum MMP-9 concentrations were significantly higher in cats with NFIP-S group
compared with other groups (P<0.05). IL-8 levels were higher in the seizure group
but did not differ significantly between groups. Hematology-derived inflammatory
indices were significantly elevated in EFIP and NFIP groups compared with controls
(P<0.05), whereas NFIP-S group showed values comparable to controls. MMP-9 levels
were positively correlated with IL-8 (Spearman’s p=0.44, P=0.001). MMP-9 levels were
significantly associated with seizure occurrence (OR=1.13, P=0.016). Survival analysis
demonstrated significantly shorter survival in the NFIP-S group (P=0.042). Elevated
serum MMP-9 in cats with non-effusive FIP and seizures suggests a potential role of
MMP-9 mediated blood-brain barrier disruption and neuroinflammation in seizure
pathogenesis. MMP-9 may serve as a useful biomarker for neurological involvement
and prognosis in FIP.

Keywords: Feline infectious peritonitis, MMP-9, IL-8, Seizure, Neuroinflammation,
Blood-brain barrier

effusion does not occur; instead, pyogranulomatous
or granulomatous lesions develop in various organs,

Feline infectious peritonitis (FIP), caused by a mutated
form of feline coronavirus (FCoV), is a viral disease
characterized by immune-mediated vasculitis and
granulomatous inflammation in its pathogenesis. FIP
presents with a wide spectrum of clinical manifestations,
including abdominal signs such as ascites, neurological
signs such as seizures, and ocular findings such as corneal
edema, and is classified into two clinical forms: effusive
and non-effusive . In classical models explaining the
development of these clinical forms, a strong humoral
(antibody) response combined with an insufficient or
impaired cellular immune response leads to immune
complex-mediated vasculitis and the accumulation of
protein-rich serous effusions, resulting in the effusive
form of the disease. In contrast, when a partially
effective cellular immune response is present, widespread

representing the non-effusive form. These two forms
should be considered as part of a disease continuum,
as the pathology in an individual cat may include both
effusion and granulomatous lesions 1.

Matrix metalloproteinase-9 (MMP-9) is a zinc-dependent
endopeptidase and a member of the matrix metallo-
proteinase family, produced by macrophages, neutrophils,
endothelial cells, and astrocytes. In FIP, intense monocyte/
macrophage activation leads to increased MMP-9 activity,
which degrades type IV collagen in the vascular basement
membrane, thereby disrupting vascular integrity and
contributing to the development of vasculitis *°.. In
humans and laboratory animals, increased expression
and activation of MMP-9 have been shown to disrupt
blood-brain barrier integrity, leading to blood-brain
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barrier dysfunction and contributing to the development
of seizures *7). Interleukin-8 (IL-8), a member of the CXC
chemokine family primarily produced by monocytes and
macrophages, is a proinflammatory cytokine that plays a
key role in the recruitment and activation of neutrophils
at sites of inflammation, and its levels have been reported
to vary during the progression and remission phases of
FIP alongside other proinflammatory mediators such as
TNF-a, IL-1p, and IL-6 #.

Because multiple inflammatory pathways are involved
in the pathophysiology of FIP, the severity and duration
of the disease may vary depending on the host immune
response and the pathogenicity of the virus. Following
the therapeutic success of nucleoside analogues in the
treatment of FIP, increasing attention has been directed
toward identifying factors that may help predict treatment
response and prognosis '*!". In human medicine, several
hematology-derived inflammatory markers, including
the neutrophil-to-lymphocyte ratio (NLR), lymphocyte-
to-monocyte ratio (LMR), platelet-to-lymphocyte ratio
(PLR), and systemic immune-inflammation index (SII),
have been identified as predictive indicators in severe
inflammatory diseases such as COVID-19 and have also
been investigated in cats with FIP "2, However, the levels of
several other hematology derived inflammatory parameters-
including the derived neutrophil-to-lymphocyte ratio
(dNLR), the systemic inflammation response index (SIRI),
an indicator of systemic inflammation and immune
activation, the aggregate index of systemic inflammation
(AISI), a composite inflammation score derived from
multiple hematological parameters, the platelet-to-
neutrophil ratio (PNR), the neutrophil-to-monocyte
ratio (NMR), and mean corpuscular volume (MCV)
-have not been fully evaluated across different clinical
forms of FIP.

Seizures represent one of the neurological manifestations
that may develop in cats with non-effusive FIP. These
seizures may persist despite antiviral treatment and may
require antiepileptic therapy !*.. In some cases, persistent
seizure activity may even lead to euthanasia decisions ['"*!°.
Previous studies have suggested that the occurrence of
seizures in FIP indicates widespread systemic inflammation
and structural brain damage and may therefore
serve as an unfavorable prognostic indicator "'l
This study aimed to evaluate serum MMP-9 and IL-8
concentrations and to investigate their associations with
hematology-derived inflammatory indices in cats with
FIP-associated seizure activity.

MATERIAL AND METHODS
Ethical Statement

This study was approved by the Local Ethics Committee

for Animal Experiments at Ondokuz Mayis University
on June 30, 2025, under decision number 2025/38.

Animals and Study Desing

A total of 48 cats that fulfilled the diagnostic criteria
for FIP, as described by Thayer et al. [, were included
in the study. The diagnosis of FIP was based on the
presence of typical clinicopathological findings. These
included history of anorexia and weight loss; clinical signs
including uveitis and persistent fever; ultrasonographic
evidence of effusion and enlargement of abdominal lymph
nodes; hematological abnormalities such as anemia; and
biochemical alterations including hypoalbuminemia,
hyperglobulinemia, and an albumin-to-globulin ratio
below 0.4. In effusive cases, the characteristics of the
effusion, a positive Rivalta test, and a high macrophage
cell density in the effusion were used as key diagnostic
criteria. The presence of FCoV RNA was confirmed
using quantitative RT-PCR performed on whole blood
samples at a commercial diagnostic laboratory according
to previously described protocols 7.

Based on the clinical classification, 11 cats with effusive
FIP were assigned to the EFIP group. Among cats with
non-effusive FIP, 30 cats without seizure activity were
assigned to the NFIP group, whereas 7 cats with seizure
activity were assigned to the NFIP-S group. Seizure
activity was defined as episodic focal or generalized motor
events characterized by tonic, tonic-clonic, or myoclonic
activity. The presence of seizures was confirmed either
during clinical examination or by review of owner-
provided video recordings. In addition, 14 clinically
healthy cats presented for routine check-up examinations
and showing no abnormalities on clinical, hematological,
or biochemical evaluation were included as the healthy
control (HC) group.

Blood samples were collected from the vena cephalica
antebrachii of each cat. Samples for hematological
analysis were obtained into EDTA-containing tubes,
while samples for serum biochemistry and MMP-9
and IL-8 measurements were collected into plain tubes.
Serum samples were stored at —80°C until the analysis
of MMP-9 and IL-8 concentrations. Following blood
sample collection, all cats received antiviral therapy with
the adenosine nucleoside analogue molnupiravir at a
dosage of 18 mg/kg orally twice daily (PO BID) for 60
days 181, The survival status of the cats, including
death, was monitored during follow-up examinations up
to day 60.

Hematological Analyses and Hematology-Derived
Inflammatory Indices

Blood samples collected for hematological analysis were
analyzed using a Mindray BC-60R Vet Hematology
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Analyzer (Mindray, China). Based on the absolute
hematological parameters obtained from the complete
blood count, several hematology-derived inflammatory
indices were calculated, including the derived neutrophil-
to-lymphocyte ratio (dANLR; N/(WBC-N)), systemic
inflammation response index (SIRI; (NxM)/L), aggregate
index of systemic inflammation (AISI; (NxMxP)/L),
systemic immune-inflammation index (SII; (NxP)/L),
neutrophil-to-lymphocyte ratio (NLR; N/L), neutrophil-
to-monocyte ratio (NMR; N/M), lymphocyte-to-monocyte
ratio (LMR; L/M), platelet-to-lymphocyte ratio (PLR;
P/L), platelet-to-neutrophil ratio (PNR; P/N), and platelet-
to-monocyte ratio (PMR; P/M).

Serum Biochemical Analyses

Serum total protein and albumin concentrations were
measured as part of routine baseline laboratory analyses.
Globulin concentration was calculated by subtracting
albumin from total protein, and the albumin-to-globulin
(A/G) ratio was subsequently determined. Serum
biochemical analyses were performed using an automated
analyzer (DRI-CHEM NX600; Fujifilm, South Korea).

Measurement of MMP-9 and IL-8

Serum MMP-9 and IL-8 concentrations were determined
using species-specific quantitative sandwich enzyme-
linked immunosorbent assay (ELISA) kits according to
the manufacturer’s instructions (Cat IL-8 ELISA Kit, Cat.
No: E0052Cat, Lot No: 202509003; Cat MMP-9 ELISA
Kit, Cat. No: E0082Cat, Lot No: 202503007; Bioassay
Technology Laboratory, China).

Briefly, microplate wells precoated with specific
antibodies against feline MMP-9 or IL-8 were incubated
with standards and serum samples. After incubation,
unbound components were removed by washing, and
a biotin-labeled detection antibody was added to each
well. Following further incubation and washing steps,
horseradish peroxidase (HRP)-conjugated streptavidin
was added to form an antibody-antigen-antibody complex.
Subsequently, tetramethylbenzidine (TMB) substrate
solution was added to produce a color reaction proportional
to the concentration of the analyte. The reaction was
terminated with stop solution, and optical density (OD)
was measured at 450 nm using a microplate reader.
Concentrations of MMP-9 and IL-8 were calculated from
standard curves generated using known concentrations of
the respective standards.

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics version 21.0 (IBM Corp., Chicago, IL, USA).
The normality of data distribution was assessed using
the Shapiro-Wilk and Kolmogorov-Smirnov tests. For
parameters showing normal distribution (neutrophil,

monocyte, lymphocyte, NMR, MPV, PNR, PMR, total
protein, and albumin), intergroup comparisons were
performed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test for multiple comparisons.
For parameters that did not follow a normal distribution,
comparisons among groups were conducted using the
Kruskal-Wallis test, followed by Dunn’s post hoc test with
Bonferroni correction.

The relationship between MMP-9 and IL-8 levels was
evaluated using Spearman’s rank correlation analysis.
Kaplan-Meier survival analysis was used to estimate
survival functions of the groups. Time-to-event was
defined as the time from baseline to death, with event
status coded as 0 = alive and 1 = death. Differences between
survival curves were assessed using the log-rank test.
The predictive performance of inflammatory parameters
for survival was evaluated using receiver operating
characteristic (ROC) curve analysis. The area under the
curve (AUC) and its 95% confidence interval (CI) were
calculated to determine the discriminatory ability of the
parameters. The optimal cut-off value was determined
using the Youden index (J = sensitivity + specificity —
1). Cox proportional hazards regression analysis was
performed to evaluate the association between MCV and
mortality. The association between seizure occurrence
and MMP-9 levels was assessed using binary logistic
regression analysis.

Descriptive statistics were presented as mean * standard
deviation (SD) for normally distributed variables and
median (minimum-maximum) for non-normally distributed
variables. A P-value <0.05 was considered statistically
significant.

RESULTS

Demographic Characteristics

The breed distribution of the cats included in the study
showed that the HC group consisted of Domestic
Shorthair (n=6), Scottish Fold (n=2), British Shorthair
(n=3), Siamese (n=2), and Angora (n=1) cats. All cats
in the NFIP-S group (n=7) were Domestic Shorthair.
The NFIP group consisted predominantly of Domestic
Shorthair cats (n=28), with one British Shorthair and one
Scottish Fold. In the EFIP group, nine cats were Domestic
Shorthair and two were British Shorthair.

Baseline demographic characteristics and mean survival
times are summarized in Table 1, with no statistically
significant differences observed among the groups. Seizure
semiology in the NFIP-S group revealed generalized tonic-
clonic seizures in five cats and focal seizures in two cats.

Hematological Parameters

Neutrophil and monocyte counts were significantly higher,
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Table 1. Demographic characteristics and mean survival time of the groups
Group HC NFIP NFIP-S EFIP P-value
. : . 22.14+25.86 7 48.56+21.18 60 40.63+23.80 60

Mean Survival Time (days) - (not applicable) (7-60)° (3-60)" (2-60)*

Age (months) 40.21+25.32 23.71£15.33 27.93%£15.72 35.54+22.84 0.17
Male 10 5 13 7

Sex 0.23
Female 4 2 17 4

Values are expressed as mean + standard deviation (median, min-max); ®® Different superscript letters indicate significant differences between groups (P<0.05); HC: healthy control;

NE: non-effusive FIP; NES: non-effusive FIP with seizures; E: effusive FIP

while lymphocyte counts were significantly lower in the
NFIP and EFIP groups compared with the HC group
(P<0.05). In contrast, cats in the NFIP-S group showed
intermediate values for neutrophils, lymphocytes, and
monocytes, which were higher than those of the HC
group but lower than those of the NFIP and EFIP groups,
without reaching statistical significance. A significant
increase in WBC count was observed only in the EFIP
group compared with the HC group (P<0.05).

In Group EFIP, the neutrophil-to-lymphocyte ratio
(NLR) and neutrophil-to-monocyte ratio (NMR) were
8.38 (1.97-63.20) and 26.14+26.48 (16.54, 8.49-93.52),
respectively, and only the values in Group EFIP were
significantly higher than those of the HC group (P<0.05).
The LMR and PNR values were lower in all three FIP
groups compared with the HC group; however, no
significant differences were observed among the FIP
groups (P>0.05).

Mean corpuscular volume (MCV) values were higher in
the NFIP-S group than in the other groups; however, this
difference was statistically significant only when compared
with the HC group. Conversely, mean corpuscular
hemoglobin concentration (MCHC) was significantly
lower in the NFIP-S group compared with all other groups.

Inflammatory Indices

Systemic inflammatory indices, including dNLR, SII,
and AISI, were significantly elevated in both the EFIP
and NFIP groups compared with the HC group (P<0.05),
indicating a more pronounced systemic inflammatory
response in cats with effusive and non-effusive FIP.

In Group NFIP-S, the median dNLR and SII levels were
higher than those in the HC group and lower than those
in the other FIP groups; however, the differences were not
statistically significant. Although SIRI values were higher
in all groups compared with the HC value of 0.20 (0.08-
1.14), statistical significance was observed only in Group
EFIP, where the median value was 7.00 (0.50-41.08).
Similarly, AISI values were significantly higher in Groups
NFIP and EFIP compared with the HC group (P<0.05).
Hematological parameters and hematology-derived
inflammatory indices are presented in Table 2.

Biochemical and Cytokine Findings

Intergroup comparison of total protein levels showed that
the TP concentration in Group NFIP was 9.72+1.97 mg/
dL, while the value in Group NFIP-S was 8.74+1.60 mg/
dL. The mean TP level in Group NFIP was significantly
higher than those of the other groups except for Group
NFIP-S. Albumin levels were significantly lower in Groups
EFIP and NFIP compared with the HC group Table 3.

Correlation Analysis

The mean serum MMP-9 concentration in Group NFIP-S
was 19.32+8.91 ng/mL, which was significantly higher
than those of Groups HC, EFIP, and NFIP (Table 3, Fig. 1).
Although the mean IL-8 concentration in Group NFIP-S
(1.75+2.61 pg/mL) was higher than those observed in the
other groups (HC: 0.46+0.92 pg/mL; NE: 0.98+1.53 pg/mL;
E: 0.20+0.69 pg/mL), no statistically significant differences
were detected among the groups (Table 3, Fig. 2).

A moderate positive correlation was observed between
IL-8 and MMP-9 concentrations (Spearman’s rho= 0.44,
P=0.001) (Fig. 3).

MMPS9 ng/mL
g
1

s

o *

T T T
HC NFIP-S NFIP EFIP

SubGroup

Fig 1. Distributionofserum MMP-9concentrationsamongthestudygroups.
Box plots represent the median and interquartile range, while whiskers
indicate the minimum and maximum values. Circles and asterisks
represent outliers. Serum MMP-9 concentrations were significantly higher
in the NFIP-S group compared with the HC, NFIP, and EFIP groups
(P<0.05)
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Table 2. Comparison of hematological parameters and derived inflammatory indices among groups
Group HC NEIP-S NEIP EFIP
Parameter
dNLR 0.99+0.68* 3.85+3.68%® 4.13+3.05° 6.96+5.52°
0.68 (0.32-2.52) 1.739 (0.22-9.10) 3.83 (0.96-16.10) 5.61 (1.50-20.19)
SIRT 0.35+0.30° 5.89+6.59% 7.16+9.07° 13.40+14.09°
(0.20, 0.08-1.14) (1.08, 0.20-14.03) (4.16, 0.26-40.84) (8.97, 1.00-41.08)
AISI 70.64+78.73* 1240.87+1628.53% 1937.03+2222.86" 2087.05+2175.76°
59.19 (2.45-314.04) 249.07(25.30-4405.44) 1237.75 (36.67-8092.78) 1303.54 (291.41-6326.32)
SII 243.55+180.03% 212.74 1676.46+1967.78® 2343.91+2146.60° 1655.80 3503.34+3445.88"
(5.57-592.53) 436.96 (31.62-5244.57) (174.64-11086.00) 1676.09 (555.71-9732.80)
WBC 7.79£2.52* 12.54+5.76% 12.67+6.09% 15.45+7.20°
(x10°/uL) 7.85 (2.80-11.58) 10.16 (7.60-22.43) 11.16 (4.60-26.22) 13.71 (6.31-27.34)
NEU 3.44+1.70° 8.69+5.98% 9.51+4.59° 12.15+6.73°
(x10°/uL) 2.99 (1.48-7.26) 7.66 (1.40-20.21) 9.19 (2.75-22.92) 9.73 (4.33-21.79)
LYM 3.66+£1.93* 2.99+2.37% 1.73+1.40° 1.57+1.05°
(x10%/uL) 3.42 (0.96-6.52) 3.54 (0.37-6.33) 1.45 (0.38-7.12) 1.85 (0.10-2.98)
MON 0.30+0.15* 0.64+0.22% 0.76+0.51° 0.73+0.62°
(x10%/uL) 0.23 (0.12-0.53) 0.57 (0.29-0.94) 0.64 (0.06-2.22) 0.54 (0.15-2.24)
NLR 1.33+0.99* 8.24+8.75%® 8.45+7.22% 16.95+19.35°
0.79 (0.38-3.39) 1.90 (0.25-20.70) 6.93 (1.30-28.34) 8.38 (0.10-63.20)
NMR 12.13+6.40* 14.37+7.96™ 20.02+33.19* 26.14+26.48°
11.30 (5.04-31.00) 15.01 (1.75-24.05) 13.21 (5.18-192.20) 16.54 (8.49-93.52)
LMR 13.40+5.88* 5.58+4.88° 3.79+5.32° 2.48+1.96"
13.70 (4.61-21.43) 6.21 (0.55-12.27) 2.26 (0.39-26.47) 2.09 (0.15-4.94)
PLT 235.21£129.12* 235.00 191.85+68.46* 301.83+158.90* 238.00 240.36+£158.44* 168.00
(x10%/uL) (3.00-452.00) 155.00 (122.00-314.00) (88.00-736.00) (42.00-578.00)
MPV 12.10£1.08° 13.05£2.09* 12.31+1.34° 11.45+0.55
(fL) 11.80 (10.60-14.00) 12.70 (9.20-15.60) 12.15 (9.90-15.30) 11.60 (10.50-12.20)
PLR 78.20£55.03* 162.65+156.38* 242.83£206.50* 185.70 387.15+494.83*
72.59 (1.40-192.70) 71.75 (22.59-408.10) (45.12-1150.00) 179.06 (25.50-1540.00)
PNR 85.29+50.60* 85.29+50.60° 37.63+23.27° 24.54+19.31°
94.88 (0.75-152.70) 94.88 (0.75-152.70) 32.27 (8.55-105.10) 24.36 (2.07-66.74)
PMR 960.33£559.56* 858.00 338.36+178.35* 296.07 772.12+1488.41* 497.43+464.59* 334.04
(6.81-1766.66) (152.50-665.51) 391.47 (108.88-8352.94) (32.55-1494.73)
MCV 37.59+5.11° 43.95+4.85" 38.70+4.93® 38.64+4.17%
(fL) 39.15 (26.50-45.30) 42.10 (37.30-50.70) 38.00 (29.50-49.30) 39.30 (32.30-45.30)
MCHC 381.28+34.48° 284.02+111.03" 322.00 350.63+18.87* 353.00 350.72+18.37°
(g/dL) 365.50 (344.00-455.00) (35.20-347.00) (298.00-412.00) 349.00 (325.00-381.00)

Values are expressed as mean + standard deviation (median, min-max); ® Different superscript letters indicate significant differences between groups (P<0.05); dNLR: derived
neutrophil-to-lymphocyte ratio; SIRI: the systemic inflammation response index; AISI: aggregate index of systemic inflammation; SII: systemic immune-inflammation index; WBC:
White blood cell; LYM: Lymphocytes; MON: Monocytes NLR: neutrophil-to-lymphocyte ratio; NMR: Neutrophil-to-monocyte ratio; LMR: lymphocyte-to-monocyte ratio; PLT:
Platelets; MPV: Mean platelet volume; PLR: platelet-to-lymphocyte ratio; PNR: platelet-to-neutrophil ratio; PMR: Platelet-to-monocyte ratio; MCV: mean corpuscular volume; MCHC:

Mean corpuscular volume concentration; HC: healthy control; NE: non-effusive FIP; NES: non-effusive FIP with seizures; E: effusive FIP

Survival and Prognostic Analyses

During the 60-day follow-up period, death was recorded in
five cats in the NFIP-S group, nine cats in the NFIP group,
and six cats in the EFIP group. A significant difference in
survival times among the three groups during the 60-day
treatment period was observed according to the Kaplan-
Meier analysis (log-rank test, x*=6.34, df=2, P=0.042). The
mean survival time was 22.14 days (95% CI: 4.40-39.88)
in the NFIP-S group, 48.56 days (95% CI: 41.11-56.02)
in the NFIP group, and 40.63 days (95% CI: 27.22-54.04)

in the EFIP group. Cats in the NFIP-S group exhibited
significantly shorter survival times compared with the
other groups.

The predictive ability of MCV for survival was evaluated
using ROC curve analysis. The area under the curve (AUC)
was 0.696 (95% CI: 0.546-0.845), indicating a statistically
significant discriminatory ability (P=0.022) (Fig. 4). At
a cut-off value of 39.05 fL, MCV predicted survival with
80% sensitivity and 61% specificity. Cox regression analysis
demonstrated a significant positive association between
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Table 3. Comparison of biochemical parameters and cytokine levels among the study groups

Group HC NFIP-§ NEIP EFIP
Parameter

TP 7.52+0.59° 8.74+1.60% 9.72+1.97° 7.47+2.29
mg/dL 7.59 (6.20-8.19) 9.30 (6.40-10.40) 9.27 (7.00-15.84) 6.97 (4.39-11.00)
ALB 3.40+0.47* 3.01+£0.47% 2.80+0.47° 2.48+0.46°
mg/dL 3.00 (2.40-3.70) 3.00 (2.40-3.70) 2.80 (1.90-3.90) 2.70 (1.90-3.20)
AGR 1.19+1.45° 0.59+0.31% 0.44+0.17° 0.55+0.17%

0.81 (0.53-6.00) 0.53 (0.31-1.27) 0.43 (0.16-1.02) 0.61 (0.30-0.76)

MMP-9 6.67+8.38* 19.32+8.91° 9.00£10.08° 7.60+7.52*
ng/mL 0(0-19.6) 22.60 (0-25.60) 10.10 (0-32.50) 10.40 (0-18.40)
IL-8 0.46+0.92* 1.75+2.61* 0.98+1.53* 0.20£0.69°
pg/mL 0 (0-2.40) 0 (0-6.90) 0 (0-4.70) 0(0-2.30)

Values are expressed as mean + standard deviation (median, min-max); ® Different superscript letters indicate significant differences between groups (P<0.05); TP: Total Protein;
ALB: Albumin; AGR: Albumin to Globulin Ratio; MMP-9: Matrix Metalloproteinase-9; IL-8: Interleukin 9; HC: healthy control; NE: non-effusive FIP; NES: non-effusive FIP with

seizures; E: effusive FIP
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Fig 2. Distribution of serum IL-8 concentrations among the study groups.
Box plots represent the median and interquartile range, while whiskers
indicate the minimum and maximum values. Circles and asterisks
represent outliers. No statistically significant differences were observed
among the groups (P>0.05)

Fig 3. Correlation between serum IL-8 and MMP-9 concentrations in cats
included in the study. Scatter plot showing the relationship between IL-8
and MMP-9 levels. The solid line represents the linear regression model (y
= —6.73 + 2.68x). A moderate positive correlation was observed between
IL-8 and MMP-9 concentrations (Spearman’s rho = 0.44, P=0.001).

MCV levels and mortality. Each one-unit increase in MCV
was associated with a 10.6% increase in the risk of death
(HR = 1.106, 95% CI: 1.003-1.219, P=0.043).

The relationship between seizure occurrence and MMP-9
levels was evaluated using binary logistic regression analysis.
An increase in MMP-9 levels was found to significantly
increase the likelihood of seizure occurrence (OR = 1.13,
95% CI: 1.023-1.252, P=0.016). The Hosmer-Lemeshow
test indicated a good model fit (P=0.53) (Fig. 5).

Di1sCcuUsSION

The most important finding of this study was the markedly
elevated MMP-9 levels observed in cats with non-eftusive
FIP presenting with seizures compared with healthy cats
and the other groups (non-effusive and effusive FIP).

Feline infectious peritonitis is an immune-mediated disease
triggered by feline coronavirus infection. The development
of the effusive (wet) or non-effusive (dry) form of the
disease is thought to depend on the complex interaction
between the replication rate of the virus in monocytes and
the host immune response. The pathogenesis of effusive
FIP is associated with a severely impaired cellular immune
response in affected cats ' Infected macrophages release
large amounts of vascular endothelial growth factor
(VEGF), which markedly increases vascular permeability
and leads to the accumulation of protein-rich effusions
within body cavities ).

The non-effusive form occurs in situations where the host
is able to mount a partial cellular immune response ™.
In this case, the virus cannot be completely eliminated,
but its dissemination is partially controlled. As a result,
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Fig 4. Kaplan-Meier survival curves of cats with different forms of FIP.
Kaplan-Meier analysis illustrating the cumulative survival probabilities
of cats with non-effusive FIP with seizures (NFIP-S), non-effusive FIP
(NFIP), and effusive FIP (EFIP) during the 60-day follow-up period.
Cross symbols indicate censored observations
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Fig 5. Receiver operating characteristic (ROC) curve analysis of MCV
for predicting survival in cats with FIP

pyogranulomatous lesions composed of macrophage and
B-cell accumulations develop in various organs, including
the kidneys, liver, eyes, and brain *°!.

Excessive activation of infected monocytes/macrophages,
which plays a central role in the pathogenesis of the
disease, leads to the release of matrix metalloproteinase-9
(MMP-9). This enzyme degrades type IV collagen in the
vascular basement membrane, resulting in increased vascular

permeability and the development of effusions in different
body compartments in cats . In addition, experimental
animal studies have demonstrated that elevated MMP-
9 levels are closely associated with epileptogenesis and
contribute to neuronal damage and neuroinflammation.
Increased MMP-9 protein expression and activity have
been shown to induce blood-brain barrier disruption
during glutamate-mediated epileptic seizures in humans
and rats *?!. In the present study, the markedly higher
MMP-9 levels observed in the NFIP-S group, particularly
compared with the EFIP group, support the hypothesis
that FIP may induce seizures in cats through a more
specific pathophysiological mechanism.

Furthermore, the observation that the inflammatory
indices SII, AISI, SIRI, and dNLR were markedly elevated
in the effusive and non-effusive FIP groups but remained
comparable to control levels in cats with seizures suggests
that seizure development and mortality may not primarily
result from a systemic cytokine storm P!. Instead,
these findings support the presence of a more localized
inflammatory process involving the central nervous
system and blood-brain barrier disruption. Evaluation
of albumin, globulin, and AGR values also showed that
the NFIP-S group did not differ significantly from the
healthy control group, whereas significant alterations
were observed in the effusive and non-effusive FIP
groups. Although the relatively short survival time of
cats with seizures may have limited the progression of
systemic inflammatory responses, the markedly elevated
MMP-9 levels (P<0.001), together with a trend toward
increased IL-8 concentrations (P=0.058), suggest that
localized inflammatory mechanisms may contribute to
seizure development. IL-8 signaling has been reported
to play an important role in neutrophil activation and
degranulation during inflammatory responses, and cats
with FIP have been shown to exhibit higher IL-8 levels
compared with healthy controls . Increased MMP-
9 activity has also been demonstrated to contribute to
epileptogenesis through extracellular matrix degradation
and blood-brain barrier disruption 7). In the present
study, the positive correlation between IL-8 and MMP-9
further supports the involvement of neutrophil-mediated
inflammatory pathways in the pathophysiology of seizure
development. Taken together, these findings suggest that
seizures in cats with non-effusive FIP may be associated
with MMP-9-mediated extracellular matrix degradation
and neutrophil-driven blood-brain barrier damage,
indicating that seizure development in FIP may involve
secondary neuroinflammatory mechanisms in addition
to viral replication. These findings collectively support
the hypothesis that neuroinflammatory mechanisms
involving MMP-9 and neutrophil activation may
contribute to seizure development in cats with FIP.
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Biochemical findings also partially support the patho-
physiological differences observed in the NFIP-S group.
In FIP, the most frequently reported hematological and
biochemical alterations include typical changes reflecting
the systemic inflammatory nature of the disease, such as
non-regenerative anemia, lymphopenia, neutrophilia,
and hyperglobulinemia *??!. In particular, an albumin-to-
globulin ratio (AGR) below 0.4 is considered one of the
most important biochemical parameters that increases
the suspicion of FIP 3, While decreased albumin levels
in the NFIP and EFIP groups compared with the healthy
control group are consistent with systemic inflammation
and protein loss, the observation that albumin, total
protein, and AGR values in the NFIP-S group were closer
to those of the healthy control group suggests that the
systemic biochemical profile in FIP cases presenting with
seizures may not fully conform to the typical biochemical
pattern observed in FIP.

The aggregate index of systemic inflammation (AISI)
has been considered one of the most reliable indices for
predicting systemic inflammation during the COVID-19
pandemic in human medicine . The systemic inflammation
response index (SIRI), which incorporates monocyte
counts in its formula, may be particularly relevant for
monitoring the systemic manifestations of FIP, given the
central role of monocytes in the pathophysiology of the
disease. Hematology-derived inflammatory indices such
as NLR, LMR, PLR, PNR, and SII have been reported to
show significant alterations in cats suspected of having
FIP compared with healthy cats, and they are considered
sensitive indicators for detecting systemic inflammation
even in cases without marked leukocytosis ['**!. Similarly,
the mean platelet volume-to-platelet ratio (MPV/PLT) has
been reported to be elevated in FIP-suspected cases due to
inflammatory activity, whereas the platelet-to-lymphocyte
ratio did not show a statistically significant difference for
disease discrimination *l. These findings are consistent
with the results observed in the NFIP and EFIP groups in
the present study. The use of these indices provides a cost-
effective approach that adds depth to routine hemogram
data for evaluating the severity of cytokine-driven
inflammation and monocyte/neutrophil activation, which
play critical roles in the pathogenesis of FIP #4267,

In FIP, lesions affecting the brain and meninges may
develop, resulting in various neurological manifestations.
These clinical signs mayinclude ataxia, anisocoria, postural
abnormalities, behavioral changes, and seizures . Kunzel
etal.®™ reported that FIP was diagnosed in 48% of cats with
meningoencephalitis. Rissi *°, reported that seizures were
present in 5 of 26 cats (19%) diagnosed with FIP, noting
that neurological signs occurred more frequently in the
non-effusive form and that, in some cases, seizures may
represent the only clinical manifestation of the disease.

In another study, seizures were observed in 14 of 55 cats
(25%) diagnosed with FIP, and a positive association
was identified between forebrain inflammation and
enlargement and the occurrence of seizures. Accordingly,
the presence of seizures in FIP indicates extensive brain
damage and may therefore be considered an unfavorable
prognostic sign *%. It has also been reported that cats
with epilepsy associated with structural brain lesions
have shorter survival times compared with cats with
epilepsy without detectable brain lesions *”. Furthermore,
Rissi ) demonstrated that among five cats presenting
with seizures, three had hydrocephalus and one had
ventricular fibrin accumulation. In light of these findings,
the significantly shorter survival observed in the NFIP-S
group compared with the NFIP and EFIP groups in
the Kaplan-Meier analysis is consistent with previous
reports identifying seizures as an unfavorable prognostic
indicator in FIP.

In the present study, the finding that MCV demonstrated a
significant discriminatory ability for predicting survival,
and that each unit increase in MCV was associated with an
increased risk of mortality, suggests that MCV may represent
not only a hematological parameter but also a potential
biomarker reflecting disease severity. Mean corpuscular
volume (MCV) is a parameter routinely included
in complete blood count analysis and is commonly
used in the classification of anemia. Previous studies
in humans have demonstrated an association between
increased MCV values and malignant conditions BY.
Moreover, several studies have reported that elevated
MCYV values are associated with poorer prognosis in
chronic diseases, findings that are consistent with the
results of the present study 2. Therefore, MCV may
contribute to clinical evaluation as a potential prognostic
biomarker in cats with FIP, particularly in the presence of
neurological involvement. However, further prospective
and multivariable studies are required to clarify the
underlying causal mechanisms of this association.

Increased MMP-9 activity may contribute to inflammation
of the blood-brain barrier, which can subsequently lead
to neurological manifestations. Neurological conditions
such as uncontrolled seizures, structural brain
abnormalities, and inflammatory brain diseases have been
shown to influence survival rates in humans, dogs, and
cats. In particular, uncontrolled seizures have been reported
to increase mortality in humans and dogs **! as well as in
cats 771, In cases where seizures cannot be adequately
controlled, euthanasia decisions are frequently made ['*!%),
and seizures have therefore been recognized as an
unfavorable prognostic indicator . Furthermore,
studies investigating epileptic cats with structural brain
lesions have highlighted the involvement of different
clinicopathological pathways in seizure development,
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which may provide alternative perspectives for disease
management, including potential therapeutic approaches
targeting MMP-9 activity. Notably, the present study
demonstrated that each unit increase in MMP-9
concentration was associated with a 13% increase in the
likelihood of seizure occurrence. Therefore, therapeutic
strategies combining antiepileptic treatment with
approaches targeting MMP-9 activity may represent a
potential area for future investigation in cats presenting
with seizures.

This study has several limitations. The relatively small
number of cats in the NFIP-S group represents an
important limitation. Nevertheless, the finding that MMP-
9 levels differed significantly between groups supports
the robustness of the observed association. Another
limitation is the absence of advanced neurological
imaging (MRI) and cerebrospinal fluid (CSF) analysis for
the characterization of intracranial pathologies. However,
the inclusion of cases based on standardized diagnostic
criteria and consistent clinical evaluation procedures
partially mitigates this limitation.

In conclusion, the marked increase in serum MMP-9
levels observed in cats with non-effusive FIP presenting
with seizures suggests that MMP-9-mediated blood-brain
barrier disruption and neuroinflammation may contribute
to both seizure development and poorer prognosis in
these cases. Interestingly, the absence of marked increases
in hematology-derived systemic inflammatory indices in
the seizure group, despite significantly elevated MMP-9
levels, supports the hypothesis that seizures in FIP may
reflect a distinct neuro-immunopathological phenotype
characterized by localized rather than generalized
inflammation. Collectively, these findings suggest that
MMP-9 may represent not only a prognostic biomarker
of neurological involvement and poor outcome, but also
a potential therapeutic target in the neuroinflammatory
manifestations of the disease.
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INTRODUCTION

Abstract

Salmonella is a major cause of diarrhea in cattle and buffaloes. This study aimed to
isolate and biochemically identify Salmonella species from faeces of cattle and buffaloes,
confirm and type isolated Salmonella species molecularly, determine Salmonella
infection-associated risk factors, and detect selected virulence genes. A total of 123 fecal
samples were collected from cattle and buffaloes from different Egyptian governorates.
All samples were processed using standard culture methods, followed by biochemical
identification using conventional methods and the VITEK-2 System, with confirmation
by qPCR. Conventional PCR was also used for Salmonella serovar identification and
detection of the virulence genes spvB, spvC, spvR, and pefA. Bacteriological examinations
revealed 13 Salmonella isolates (10.57%); however, the VITEK-2 identification system
detected only 12. The qPCR confirmed that 13 were positive for Salmonella. Conventional
PCR demonstrated that all 13 Salmonella isolates were of the Typhimurium serovar.
Salmonella isolation was significantly higher in diarrheic animals and in animals
younger than 3 months (P<0.05), while species, sex, season, and geographic location
had no significant effect (P>0.05). Out of 13 S. Typhimurium isolates, 8 isolates tested
positive for spvC, 7 for both spvB and pefA, and 5 for spvR, suggesting their limited
role in the pathogenesis of diarrhea. This study concluded that qPCR showed higher
detection performance for Salmonella isolates than the VITEK-2 system.

Keywords: Cattle and buffaloes, Molecular typing, qPCR, Salmonella, Virulence genes,
VITEK-2

Salmonella is an infectious, contagious bacterium that
causes a range of clinical problems in cattle and

Salmonella are asporogenic, non-capsulated, rod-shaped
bacteria measuring approximately 2.0-5.0 um in length
and 0.7-1.5 pm in width. They are Gram-negative
bacteria belonging to the family Enterobacteriaceae ™.
Salmonella is widely distributed among animals, humans,
and the environment, enabling transmission and cross-
contamination . It exhibits enormous species variety,
with more than 2.600 identified serovars ©*.. Salmonella
entericaisamajor pathogen thatimpacts cattle and buffalo-
rearing systems globally ), with Salmonella enterica
serovar Typhimurium being the most recognized Salmonella
serovar in African food animals and meat products .

buffaloes, including enteritis, septicemia, pneumonia,
and reproductive disorders, all of which are potential
manifestations of Salmonella infection in cattle and
buffaloes 78, Animals, frequently being asymptomatic
carriers of infections, excrete them with feces, thus
distributing them to the environment .

Enteric disease can affect cattle of all ages, from neonates
to adults . Among the causative agents, Salmonella is
a major pathogen responsible for diarrhea in both cattle
and buffaloes, particularly in young calves 7. Notably,
the prevalence of Salmonella shedding decreases with

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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increasing age in calves " Salmonella enterica serovar
Typhimurium is associated with severe diarrheal disease,
often characterized by fibrinous enteritis as a prominent
postmortem finding, and contributes to substantial
economic losses worldwide 71,

The isolation of the organism from tissues obtained
aseptically during necropsy or from faeces, rectal swabs,
or environmental samples, food products, and feedstuffs is
the basis for diagnosis 2.

PCR-based technology can be employed for the rapid and
precise detection of Salmonella "3. The invasion (invA)
gene is a virulence gene related to host recognition/
invasion " and is also a common molecular target for
Salmonella-specific detection methods, and the U.S. Food
and Drug Administration Bacteriological Analytical
Manual recommends it for PCR confirmation of Salmonella
isolates .

Real-time quantitative polymerase chain reaction (qQPCR),
a molecular approach, has become a highly effective
diagnostic alternative for the rapid and specific identification
of several pathogens, including Salmonella. qQPCR is a
simple, fast (detection in less than 24 h), sensitive, specific,
and repeatable technique 4.

Salmonella colonizes its hosts by invading, adhering to,
and evading the host’s intestinal defensive mechanisms,
such as gastric acid, using different virulence markers
and determinants, including flagella, capsule, plasmids,
adhesion systems, and secretion systems "2 Salmonella’s
pathogenicity is complicated, due to the presence of multiple
virulence genes housed in Salmonella pathogenicity
islands (SPIs), plasmids, and other gene cassettes. The high
frequency of virulence genes in Salmonella indicates that
the bacteria have a high potential for pathogenicity ..
Mobile elements, such as plasmids, play an important
role in the rapid evolution of Salmonella in adaptability
to environmental challenges, allowing the survival and
extensive distribution of diverse Salmonella serovars ",

The Salmonella plasmid virulence (spv) region is the
Salmonella virulence plasmids’ signature locus. It contains
the spvR gene, which encodes a LysR-like transcriptional
regulator that positively regulates both the independent
transcription of its own gene as well as the spvABCD
operon. The spvB, spvC, and spvD proteins enter host
cells via a type-three secretion system (T3SS) encoded
by the Salmonella pathogenicity island-2 7. It has been
established that SpvB inhibits actin polymerization by
ADP-ribosylation of actin monomers, a well-recognized
process during host intracellular infection "), while spvC
possesses phosphothreonine lyase activity and has been
identified as a suppressor of MAP kinase signaling ['®.
In Salmonella Typhimurium, the production of surface
filamentous structures is determined by plasmid-encoded

timbriae locus (pef) genes carried on a multicopy plasmid.
Pef promotes adherence to the small intestine ",

In Egypt, cattle and buffaloes represent the primary
sources of red meat and milk for human consumption 2°2!,
Studies investigating Salmonella infection in Egyptian
livestock, particularly buffaloes, remain limited, especially
regarding its types, associated risk factors, and virulence
determinants.

This study aimed to isolate and biochemically identify
Salmonella species using conventional methods and the
advanced VITEK-2 technique from the faeces of cattle and
buffaloes from different locations in Egypt. Confirmation
of isolated Salmonella species using the real-time PCR
technique, and subsequent typing of confirmed Salmonella
species using the conventional PCR technique. Assessment
of Salmonella infection-associated risk factors. Detection
of different virulence factors (spvR, spvB, spvC, and pefA)
using the conventional PCR technique.

MATERIAL AND METHODS
Ethical Approval

The Institutional Animal Care and Use Committee of the
Faculty of Veterinary Medicine, Cairo University (Vet.
CU. IACUC), with code number (Vet CU301220251286)
approved all the methods of animal handling and sampling
included in this study.

Animal Sampling and Data Collection

A total of 123 individual fecal samples were collected from
cattle and buffalo herds across five Egyptian governorates.
The sampled animals included 66 animals showing
diarrhea and 57 apparently healthy animals that had
been in contact with diarrheic cases. Fecal samples were
obtained directly from the rectum using sterile gloves
and aseptically transferred into labeled, sterile, screw-
capped containers. Following collection, samples were
transported to the laboratory in an icebox and stored at
4°C until processing within 24 h 122,

The collected data from the sampled animals were
classified according to their health status (diarrheic and
apparently healthy), location (Faiyum, Alexandria, Behera,
Menoufia, and Giza), age (<3 months, 3-6 months, and
>6 months), sex (female and male), and season (Summer-
Spring and Autumn-Winter).

Isolation and Identification of Salmonella

Isolation was carried out in accordance with the
previously described protocol *l. The specimens were
pre-enriched in buffered peptone water (BPW, Oxoid,
UK) and incubated at 37+1°C for 18+2 h. A 0.1 mL aliquot
of the pre-enrichment broth was transferred to 10 mL
of Rappaport-Vassiliadis (RV, HiMedia, India) broth
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and incubated at 41+1°C for 24+3 h. After incubation, a
loopful of culture was streaked over the surface of xylose-
lysine-deoxycholate (XLD, HiMedia, India) and hektoen
enteric agar (HE, HiMedia, India) media, which were then
incubated at 37°C for 24 h. The XLD and HE plates were
examined for the presence of Salmonella colonies. The
production of red colonies with black centers and black
colonies was inspected on XLD and HE plates, respectively.

Presumptive colonies were selected based on their cultural
and morphological characteristics in Gram-stained films
and then processed for biochemical analysis, which
included oxidase, catalase, urease, citrate utilization,
indole, triple sugar iron (TSI), and lysine iron agar tests.
A single pure colony from each isolate was subcultured on
nutrient semisolid agar at 37+1°C for 24 h and preserved
for further molecular analysis.

Biochemical Identification Using the VITEK-2 System

All suspected colonies were biochemically tested using
the VITEK-2 system (bioMérieux, France) and the
VITEK-2 Gram-negative identification cards, following
the manufacturer’s instructions. Briefly, three to five fresh
colonies from each isolate were transferred into tubes
containing 3 mL of the suspension buffer provided with
the VITEK-2 cards. The OD was adjusted to ~0.8 and used
to load the identification cards into the vacuum chambers.
The cards were then placed in the automated laser
detection chambers and left to complete the identification
process and create the log file 4],

Molecular Identification and Typing of Isolated
Salmonella

DNA Extraction: A single colony grown on XLD agar
plates was picked up, inoculated into brain heart infusion
(BHI, HiMedia, India) broth, and incubated overnight at
37°C with shaking. The culture was then centrifuged, and
DNA was extracted from cell pellets using the EasyPure®
Bacteria Genomic DNA Kit (TransGen Biotech Co., LTD,
China), following the manufacturer’s instructions.

DNA Quantitation: The DNA concentration was
determined using the Qubit 2.0 Fluorometer and the
dsDNA BR test kit (Thermo Fisher Scientific, USA),
following the manufacturer’s instructions. Briefly, 1 pL of
DNA was mixed with 199 pL of the DNA dilution buffer
and incubated for 3 min at room temp. The mixtures
absorbance was measured, and the results were plotted
against a standard curve created using the kit’s standard
DNA concentration.

Real-Time PCR for Detection of Salmonella spp.

InvA primers (F:5'-ACAGTGCTCGTTTACGACCTGA
AT-3', R:5'-AGACGGCTGGTACTGATTATAAT-3') and
TagMan probe (5'-Fam-CGA-CCC-CAT-AAACACCAAT

ATCGCC-BHQ1b-3") sequences were purchased from
Metabion company (Germany). The primers were
analyzed using fast PCR v6 ! to amplify 243 bp of
Salmonella spp. invA gene. They were blasted against
the nucleotide database of the NCBI website to ensure
identity among published BLAST sequences for the target
gene and the absence of significant similarity with other
microorganism sequences. The probe was labeled with a
fluorescent reporter dye, 6-carboxyfluorescein (FAM), on
the 5' end and with Black Hole Quencher R (BHQ) at the
3" end of the probe.

The qPCR was run in a Tagman mastermix containing 10
uL of EasyScript gPCR Master Mix (Agilent Technologies,
USA), 250 nM of each invA primer, 100 nM of invA probe,
and 2 pL of purified DNA in a final volume of 20 pL using
nuclease-free water. The gPCR experiments were performed
using the AriaMx real-time PCR thermocycler equipment.
The optimal qPCR efficacy was achieved using a cycling
profile including a denaturation at 95°C for 30 s, followed
by 40 cycles of 95°C/20sec, 60°C/20sec and 72°C/30 sec.
Each qPCR had one positive control (S. enterica DNA) and
a no-template control (master mix and sterile water) 2],

Molecular Typing of Salmonella Serovars Using
Conventional PCR

Each serovar-specific PCR assay included a positive
control consisting of DNA from the corresponding
target serovar and a no-template negative control. The
primer sets used were selected from previously validated
studies demonstrating specificity for their respective
target serovars. Uniplex PCR was used for the detection
of the MDH (malic acid dehydrogenase) gene of serovar
Typhimurium #”. Multiplex PCR was applied using three
pairs of oligonucleotide primers (tcpS, lygD, and flhBinner)
for the detection of S. Enteritidis and S. Dublin #¥ (Table 1).

Molecular Detection of Virulence Factors’ Genes

Plasmid Extraction Using a Miniprep Purification Kit:
A single colony grown on XLD agar plates was picked
up, inoculated into BHI broth, and incubated overnight
at 37°C with shaking, then cooled down and centrifuged
at 4000 rpm/10 min at 4°C; plasmids were recovered
using the miniprep purification kit (EasyPure® Plasmid
MiniPrep Kit, TransGen Biotech Co., LTD, China)
following the manufacturer’s instructions.

Amplification of the Virulence Factors’ Genes: The purified
plasmids from various colonies were tested for the
presence of several genes known to be responsible for
virulence (pefA, spvB, spvC, and spvR) using different sets
of primers using conventional PCR. The primer sets and
thermal cycling conditions of different virulence genes are
presented in Table 2.

The reaction mixture was prepared in 25 pL. It consisted
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Table 1. Primers used for the identification of S. Typhimurium, S. Enteritidis, and S. Dublin
Target Gene Primer Sequence (5' - 3') Annealing Temperature (°C) Amplicon Size (bp) References
F: TGCCAACGGAAGTTGAAGTG
27
MDH R: CGCATTCCACCACGCCCTTC > 261
tenS F: ATGTCTATAAGCACCACAATG 55 382 o
P R: TCATTTCAATAATGATTCAAGC
IveD F: CATTCTGACCTTTAAGCCGGTCAATGAG 55 339 (28]
8 R: CCAAAAAGCGAGACCTCAAACTTACTCAG
P F: GCGGACGTCATTGTCACTAACCCGACG 55 155 28]
R: TCTAAAGTGGGAACCCGATGTTCAGCG
MDH gene for detection of S. Typhimurium, tcpS, lygD, and flhBinner for detection of S. Enteritidis, and tcpS and flhBinner for detection of S. Dublin

of: 12.5 uL of 2X PCR Master Mix (TransGen Biotech Co.,
LTD, China), 1 pL of each forward and reverse primer
(20 pmol) (Metabion, Germany), 4.5 uL of PCR-grade
water, and 6 puL of purified plasmids. DNAse-free RNAse-
free water was used as a negative control.

Visualization of the PCR Products

Ten microliters of each PCR product were electrophoresed
in 1.5% agarose gel containing 0.5 pg/mL ethidium
bromide (Sigma, Germany) in 1x TBE buffer against
a 100 bp DNA ladder (Qiagen, USA). The gel was then
visualized and photographed with a gel documentation
system (Alpha Inno tech, Biometra, USA).

Statistical Analysis

Fisher’s exact test and the chi-square test were used to
assess associations between the studied variables and
Salmonella isolation rates. Statistical significance was
defined as a P-value <0.05. Odds ratios (ORs) with
95% confidence intervals (CIs) were calculated for each
variable, with baseline categories specified in Table 3. All
statistical analyses were performed using SPSS software,
version 24 (IBM Corp., Armonk, NY, USA).

RESULTS

Cultural, Morphological, and Conventional
Biochemical Identification of Salmonella

Out of 123 cultured fecal samples, 13 showed colonies with
morphological characteristics consistent with Salmonella
on XLD and HE media (Fig. 1). The thin smears prepared

from the colony for Gram staining revealed Gram-
negative, pink-coloured, small rod-shaped organisms,
single, paired, or arranged in short chains on microscopic
examination. Thirteen Salmonella isolates on TSI slants
showed fermentation of glucose and H2S formation, but
none of the isolates fermented either lactose or sucrose.
They are catalase positive, oxidase negative, indole
negative, and they reproduce in citrated media (Simmon),
and they do not digest urea. In Lysine-Iron Agar medium,
they are purple colored “alkaline reactions”

Biochemical Identification Using the VITEK-2 System

The suspected isolates were biochemically confirmed as
Salmonella enterica at the species level using the VITEK-2
system. Of these, twelve isolates were successfully
identified, whereas one isolate could not be identified.

Real-Time PCR for Detection of Salmonella spp.

All thirteen suspected isolates obtained from the
bacteriological examination gave positive results for the
invA gene in real-time PCR. Fig. 2 shows the amplification
of invA gene in 10 Salmonella isolates.

Molecular Typing of Salmonella Serovars Using
Conventional PCR

PCR amplified 261 bp DNA fragments from the MDH
gene in all isolates, which indicates that all isolates
belong to the Typhimurium serovar, with negative results
obtained in other Salmonella serovars based on the PCR
protocol and primer sets used in this study.

Table 2. The primer sets and thermal cycling conditions of different virulence genes
Gene Primer Sequence (5’- 3’) Annealing Temperature (°C) Amplicon Size (bp) Reference
VB F: CTATCAGCCCCGCACGGAGAGCAGTTTTTA 665 i -
P R: GGAGGAGGCGGTGGCGGTGGCATCATA '
F: ACT CCT TGC ACA ACC AAA TGC GGA
spvC 58 467 )
R: TGT CTT CTG CAT TTC GCC ACC
F: CAG GTT CCT TCA GTA TCG CA
130]
YR | R TTT GGC CGG AAA TGG TCA GT >7 310
F: GCGCCGCTCAGCCGAACCAG
[29]
PA | R GCAGCAGAAGCCCAGGAAACAGTG 66.5 157
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Table 3. Salmonella isolation rate, odds ratio (OR), and P-value regarding different variables

Variable Categories Total Examined Animals | Number and Percentage of Positive Animals OR (95%CI) P-value®
Diarrheic 66 11(16.7%) 5.5 (1.16-25.97)

Healthy status P=0.02
Apparently Healthy 57 2 (3.5%) 1.0 (baseline group)
Cattle 62 8 (12.9%) 1.66 (0.51-5.39)

Animal species P=0. 56
Buffaloes 61 5(8.2%) 1.0 (baseline group)
<3 months 48 9 (18.8%) 8.77 (2.63-26.31)

Age 3-6 months 36 3(8.3%) 3.45 (1.036-10.36) P=0.046
>6 months 39 1(2.6%) 1.0 (baseline group)
Summer-Spring 63 9 (14.3%) 2.33 (0.68-8.03)

Season P=0.242
Autumn- Winter 60 4 (6.7%) 1.0 (baseline group)
Female 70 8 (11.4%) 1.24 (0.38-4.03)

Sex P=0.776
Male 53 5(9.4%) 1.0 (baseline group)
Faiyum 25 6 (24%) 12 (1.35-106.9)
Alexandria 18 2 (11.1%) 4.75 (0.4-56.18)

Location Behera 24 3 (12.5%) 5.43 (0.53-55.52) P=0.08
Menoufia 17 1 (5.9%) 2.37 (0.140-40.35)
Giza 39 1(2.6%) 1.0 (baseline group)

Salmonella-Associated Risk Factors Analysis

The overall Salmonella isolation rate from the collected
fecal samples was 10.57% (13/123). Isolation was
significantly higher in diarrheic animals (16.7%) than
in apparently healthy animals (3.5%), with a significant
association between diarrheal status and Salmonella
isolation (P=0.02). The oddsof diarrheaamong Salmonella-
positive animals were 5.5 times higher than those among
Salmonella-negative animals. Regarding other risk factors,
age had a significant effect on the Salmonella isolation rate
(P=0.046), with animals younger than 3 months showing
the highest susceptibility (OR=8.77). In contrast, no

significant associations were observed between Salmonella
isolation and other variables, including animal species,
season, sex, or location (P>0.05) (Table 3).

Molecular Detection of Virulence Genes in Salmonella
Isolates Using Conventional PCR

PefA, spvB, spvC, and spvR were successfully amplified.
Of 13 S. Typhimurium isolates, 8 isolates (61.5%) were
positive for spvC, 7 (53.8%) were positive for both spvB
and pefA, and 5 (38.5%) for spvR. Six isolates from cattle
and 3 isolates from buffaloes were tested positive for
different virulence genes, while 4 isolates (2 from cattle, 2

Fig 1. Typical colonies of Salmonella grown on selective media: (A) On XLD agar, colonies exhibit a black centre
with a lightly transparent reddish zone, (B) On HE agar, colonies appear as transparent green or blue-green with
black centres, sometimes presenting as almost completely black colonies
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5
Cycles

Fig 2. Shows the amplification plot of the amplified invA gene of 10
Salmonella isolates, which gave positive Ct after cycle 15 in 2 isolates, and
the remaining 8 isolates gave positive after 25 cycles
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Fig 3. Distribution of virulence genes among S. Typhimurium isolates
recovered from Cattle and Buffaloes. (v) indicates presence of the gene,
while (x) indicates absence

from buffaloes) were negative for the four virulence genes,
as shown in Fig. 3.

Di1sCcUSSION

Salmonella-induced diarrhea is a major cause of neonatal
calf morbidity and mortality in several countries of the
world, including Egypt, leading to significant economic
losses for the beef and dairy industries ©*"..

In the present study, a total of 123 fecal samples were
collected from cattle and buffaloes from different
governorates in Egypt. Bacteriological examinations
revealed 13 Salmonella isolates; however, the VITEK
identification system detected only 12. The qPCR was
used for confirmation of the results, which detected that 13
isolates (10.57%) were positive for Salmonella. There was
an excellent correlation between the culture and PCR
methods, and the PCR method did not report any false-
negative results. Gebeyehu et al.’? isolated Salmonella
from 10.42% of the total samples, which corresponds to

our findings. Salmonella incidence ranges from 1% as
reported by Abd El-Tawab et al.l** to 43.53% as reported
by Moussa et al.?*l. These variations may be explained
by differences in study location, climate, management
practices, production categories used (dairy, beef, mixed),
sample sources (slaughterhouse, farms, marketplace),
sample type, species, age, and study protocol 1**71,

The detection of Salmonella by PCR results in a faster
method than standard culture methods *.. A real-time
PCR Salmonella screening method detects S. enterica
accurately and efficiently. It saves time, producing results
in 18 to 24 h, making it an ideal method of diagnosis ),
whereas O’Hara and Miller ! reported that the VITEK-2
system demonstrated an accuracy of 93.0% for the
identification of enteric bacterial strains, as it misidentified
3 out of 15 Salmonella spp. Also, Simgamsetty et al.?*]
detected that the VITEK-2 Compact system identified
various Gram-negative bacterial strains with a level of 95-
99% probability.

Following confirmation of the isolates as Salmonella
enterica, molecular typing was performed using serovar-
specific PCR assays targeting characteristic genetic
markers to identify S. Typhimurium, S. Enteritidis, and
S. Dublin. This approach was selected because PCR-
based serovar identification provides rapid, sensitive, and
reliable discrimination of the most epidemiologically and
clinically significant Salmonella serovars while avoiding
the technical limitations and high cost associated with
conventional Kauffmann-White serotyping 1?**!. All of
the Salmonella found in this investigation are serovar
Typhimurium, which is still the most predominant
serovar causing enteritis in cattle and buffalo calves, as
noted in previous studies ***¥7l. When digestive disease
or diarrhea is the reason for consultation or the primary
clinical symptom displayed by calves, S. Typhimurium is
the most likely serotype involved, particularly in younger
calves. Possibly, the adaptations of the neonate digestive
tract, as well as the action of this serotype, favor this
presentation ©.

This study assessed the impact of some risk factors,
including sex, age, season, geographical location, health
status, and species, on Salmonella detection.

This study found a statistically significant difference in
the total prevalence of Salmonella between age groups
(P=0.046), aligning with the findings of Yirsa and Tigistu 1.
The highest isolation rate was observed in animals
under 3 months of age. Some precipitating factors, such
as transportation, concomitant disease, or acute food
deprivation, may cause disease in young animals more
frequently than in adults ],

The observed decline in fecal shedding of Salmonella spp.
with increasing calf age suggests that younger calves are
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more susceptible to intestinal colonization and subsequent
bacterial shedding. This age-related pattern is biologically
plausible and may reflect the progressive maturation
of the immune system together with gastrointestinal
development. As calves mature, rumen function becomes
established, the intestinal microbiota becomes more
diverse and stable, abomasal pH decreases, and the resident
enteric microflora becomes more effective at limiting
Salmonella colonization than the immature neonatal
microbiota . These physiological and microbial changes
likely contribute to the lower prevalence of fecal shedding
observed in older calves.

The prevalence was significantly higher in diarrheic
animals than in apparently healthy animals, which
is consistent with a previous study 2. There are two
isolates from apparently healthy animals, implying that
these animals may act as a potential source of Salmonella
infection to humans and other animals through contact.
In this regard, it is worth noting that the ability of carrier
animals to contaminate the environment by shedding
Salmonella increases when animals are exposed to stressors
such as transportation or holding before slaughter, or
late pregnancy “3.

Although Salmonella frequency was numerically higher
in the summer and spring, this difference was not
statistically significant, indicating that season alone
may not be a strong determinant of fecal shedding in
this population - a pattern consistent with findings
by Huston et al.**l. This lack of a clear seasonal effect
is plausibly explained by stress-related factors such as
transportation, weaning, overcrowding, and concurrent
disease, all of which are known to promote Salmonella
shedding independently of season !*’. Because these
stressors can occur at any time of year, they may sustain
a baseline level of infection that masks or overrides any
true seasonal signal. Climatic factors likely reinforce this
pattern in the present setting: in tropical and subtropical
regions, temperature and humidity remain within ranges
favorable for Salmonella survival throughout the year, so
the organism’s environmental persistence is unlikely to
fluctuate sharply with season [*l. Taken together, these
factors suggest that management-related stressors and a
consistently permissive climate, rather than seasonality
itself, are the more relevant drivers of Salmonella shedding
in this context.

However, the isolation rate was higher in cattle (12.9%)
than in buffaloes (8.2%). No statistically significant
difference was detected between the two species.
Consistent with our findings, other studies ***”! reported
similar or non-significant differences in isolation rates
between cattle and buffaloes. In contrast, Borriello et al.!
demonstrated a higher susceptibility of buffaloes to
salmonellosis compared to cattle. The authors attributed

this increased susceptibility to differences in husbandry
practices, particularly the relatively lower standards
of hygiene commonly associated with buffalo rearing
systems. Such conditions may facilitate the persistence
and transmission of gastroenteric pathogens, thereby
increasing the risk of infection in buffalo populations.

In this study, no statistically significant association was
found between Salmonella isolation rates and geographic
location. This finding is consistent with a previous study 1%,
which also reported that location has no significant effect
on Salmonella detection. The lack of association in the
present study may be attributed to the uneven distribution
of sample sizes across the investigated localities. However,
the relatively higher isolation rate observed in Faiyum
governorate could be explained by the predominant use
of recycled water for animal husbandry, which is more
susceptible to contamination and may create favorable
conditions for bacterial growth and persistence 14>,

In this investigation, the higher prevalence of Salmonella
isolates was observed in female cattle and buffaloes
(11.4%) than in males (9.4%), although the association
between sexes was not statistically significant (P>0.05).
Matchawe et al.*®), Hailu and Kebede ©*! also found no
statistically significant difference in Salmonella detection
between the sexes in cattle and sheep, respectively. This
finding may be attributed to the fact that both males and
females are generally exposed to similar environmental
and management conditions, including shared housing,
feed, and water supplies, which are the main routes of
transmission. Although sex-related hormonal differences
can influence immunological responses, they appear to
have a minor impact when compared to stronger risk
factors, including age, hygiene, stocking density, and stress.
As a result, the role of sex as a determinant of Salmonella
infection is probably obscured by these more influential
factors, resulting in the lack of a significant association 1.

The virulence of Salmonella is linked to a combination
of chromosomal and plasmid factors 2%l In this
investigation, all isolates carried the invA gene, which was
expected since invA is an invasion gene conserved among
Salmonella serotypes.

PCR amplification of virulence genes pefA, spvB, spvC, and
spvR was performed using plasmid DNA because these
virulence genes are encoded on the Salmonella virulence
plasmid. Accordingly, plasmid DNA was considered an
appropriate template for the specific detection of these
plasmid-associated virulence genes %,

The results revealed that different virulence genes were
found in the Salmonella isolates under investigation.
Additionally, the study’s findings support the idea that
there is genetic differentiation between isolates of the
same serotype in the distribution of virulent genes, as in



614

Salmonella Identification and Virulence Gene Profiling

Kafkas Univ Vet Fak Derg

a previous study ©°, since both spvB and pefA genes were
detected in 53.8% of the isolates, spyC was detected in
61.5% of the isolates, while the spvR gene was detected
in 38.5% of the isolates. Chuanchuen et al.*” found the
virulence plasmid-associated genes spvC and pefA in only
two (1.3%) and one (0.6%) Salmonella isolates obtained
from dairy cows, respectively. Also, Dahshan et al.*!
found that out of 17 S. Typhimurium isolates, 14 isolates
were positive for the spvC gene, and 13 were positive for
the pefA gene. Amini et al.”® detected spvB and spvC genes
in 100% (15/15) of S. Typhimurium from bovines. Sudrik
et al.™ found spvR in 26.31% of Salmonella isolated from
cattle farms.

The pefA gene was associated with the Typhimurium serotype;
the association between the Typhimurium serotype and the
pefA gene may explain the high frequency of diarrhea in
the presence of this serotype, as this gene allows bacterial
adhesion to intestinal epithelial cells ..

However, variations in the detection of Salmonella
virulence genes, particularly spvB, spvC, and spvR, have
been reported across different studies. Experimental
and epidemiological evidence from both animals and
humans suggests that these genes are not essential for the
development of gastroenteritis or diarrhea caused by
various Salmonella serovars, including Salmonella enterica
serovar Typhimurium. Instead, their role appears to be
more critical in cases of extraintestinal infections 86,
Nevertheless, some studies indicate that Salmonella
isolates harboring virulence plasmids may be associated
with more severe forms of diarrhea .

In conclusion, Salmonella is prevalent in cattle and buffaloes
in Egypt. Quantitative PCR (qPCR) demonstrates higher
detection performance for Salmonella isolates than the
VITEK-2 system in the present study. Salmonella enterica
serovar Typhimurium was identified as the only detected
serovar based on the PCR protocol and primer sets
used in this study. The isolation rate is significantly
higher in diarrheic animals compared to apparently
healthy ones. Age is significantly associated with
Salmonella isolation, with animals younger than 3
months being the most susceptible, whereas species,
sex, season, and geographic location show no significant
effect. Plasmid-associated virulence genes (spvB, spvC,
spvR, and pefA) are detected at varying frequencies
among the isolates, suggesting a limited role in the
pathogenesis of diarrhea.

DECLARATIONS

Availability of Data and Materials: Data and materials are available
from the corresponding author (ADB) upon reasonable request.

Acknowledgements: None.

Funding Support: This work was supported by the “Science,

Technology & Innovation Funding Authority (STDF)” under the
One Health grant (Project ID 49155).

Ethical Approval: The Institutional Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Cairo University
(Vet. CU. TACUC), with code number (Vet CU301220251286)
approved all the methods of animal handling and sampling included
in this study.

Competing Interests: The authors declared that there is no conflict
of interest.

Declaration of Generative Artificial Intelligence (AI): The
authors declare that the article and/or tables and figures were not
written/created by Al and Al-assisted technologies.

Authors’ Contributions: AD: Conceptualization, Data curation,
Methodology, Formal analysis, Funding acquisition, Investigation,
Writing - original draft, Writing - reviewing and editing. HM:
Methodology, Investigation, Validation, Writing - review and
editing. YA® Conceptualization, Methodology. MR: Methodology,
Investigation, Writing - review and editing. MAN: Methodology,
Writing - review and editing. MG: Methodology. EM: Writing
- review and editing. ES: Conceptualization, Data curation,
Methodology, Formal analysis, Investigation, Writing - original
draft, Writing - review and editing.

REFERENCES

1. Ozkalp B: Isolation and Identification of Salmonellas from Different
Samples, In, Mahmoud BSM (Ed): Salmonella - A Dangerous
Foodborne Pathogen, 123-156. InTech, 2012.

2. Kebede A, Kemal J, Alemayehu H, Mariam SH: Isolation,
identification, and antibiotic susceptibility testing of Salmonella from
slaughtered bovines and ovines in Addis Ababa Abattoir Enterprise,
Ethiopia: A cross-sectional study. Int ] Bacteriol, 2016:3714785, 2016.
DOI: 10.1155/2016/3714785

3. Buehler AJ, Wiedmann M, Kassaify Z, Cheng RA: Evaluation of invA
diversity among Salmonella species suggests why some commercially
available rapid detection kits may fail to detect multiple Salmonella
subspecies and species. J Food Prot, 82 (4): 710-717, 2019. DOL:
10.4315/0362-028X.JFP-18-525

4. Borriello G, Lucibelli MG, Pesciaroli M, Carullo MR, Graziani C,
Ammendola S, Battistoni A, Ercolini D, Pasquali P, Galiero G:
Diversity of Salmonella spp. serovars isolated from the intestines of
water buffalo calves with gastroenteritis. BMC Vet Res, 25 (8):201,
2012. DOI: 10.1186/1746-6148-8-201

5. Casaux ML, Neto WS, Schild CO, Costa RA, MaciasRioseco M,
Cafarena RD, Silveira CS, Ardoz V, Diaz BD, Giannitti F, Fraga M:
Epidemiological and clinicopathological findings in 15 fatal outbreaks
of salmonellosis in dairy calves and virulence genes in the causative
Salmonella enterica Typhimurium and Dublin strains. Braz ] Microbiol,
54, 475-490, 2023. DOI: 10.1007/s42770-022-00898-9

6. Thomas KM, De Glanville WA, Barker GC, Benschop J, Buza JJ,
Cleaveland S, Davis MA, French NP, Mmbaga BT, Prinsen G,
Swai ES, Zadoks RN, Crump JA: Prevalence of Campylobacter and
Salmonella in African food animals and meat: A systematic review and
meta-analysis. Int ] Food Microbiol, 315:108382, 2020. DOI: 10.1016/j.
ijfoodmicro.2019.108382

7.  Casaux ML, Caffarena RD, Schild CO, Giannitti F, Riet-Correa F,
Fraga M: Antibiotic resistance in Salmonella enterica isolated from
dairy calves in Uruguay. Braz ] Microbiol, 50, 1139-1144, 2019. DOI:
10.1007/s42770-019-00151-w

8. Fonseca M, Heider LC, Stryhn H, McClure JT, Léger D, Rizzo D,
Dufour S, Roy J-P, Kelton DF, Renaud DL, Barkema HW, Sanchez J:
Frequency of isolation and phenotypic antimicrobial resistance of fecal
Salmonella enterica recovered from dairy cattle in Canada. J Dairy Sci,


https://onlinelibrary.wiley.com/doi/10.1155/2016/3714785

https://www.sciencedirect.com/science/article/pii/S0362028X22102255?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0362028X22102255?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0362028X22102255?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0362028X22102255?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0362028X22102255?via%3Dihub

https://link.springer.com/article/10.1186/1746-6148-8-201

https://link.springer.com/article/10.1007/s42770-022-00898-9

https://www.sciencedirect.com/science/article/pii/S0168160519303125?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0168160519303125?via%3Dihub

https://link.springer.com/article/10.1007/s42770-019-00151-w

https://link.springer.com/article/10.1007/s42770-019-00151-w

https://link.springer.com/article/10.1007/s42770-019-00151-w

https://link.springer.com/article/10.1007/s42770-019-00151-w


BAHR

Kafkas Univ Vet Fak Derg

615
BAHR, AUDA, SOLIMAN, FAKHRY, GAMAL,
SEADAWY, ELNAGAR, ABDEL MASSIEH

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

107, 2357-2373, 2024. DOI: 10.3168/jds.2023-23937

Chlebicz A, ’Slizewska K: Campylobacteriosis, Salmonellosis, Yersiniosis,
and Listeriosis as Zoonotic Foodborne Diseases: A review. Int ] Environ
Res Public Health, 15:863, 2018. DOI: 10.3390/ijerph15050863

Holschbach CL, Peek SF: Salmonella in dairy cattle. Vet Clin Food
Anim, 34, 133-154, 2018. DOI: 10.1016/j.cvfa.2017.10.005

Berge ACB, Moore DA, Sischo WM: Prevalence and antimicrobial
resistance patterns of Salmonella enterica in preweaned calves from
dairies and calf ranches. Am ] Vet Res, 67 (9): 1580-1588, 2006. DOI:
10.2460/ajvr.67.9.1580

Adem J, Ame MM, Ali A, Mokeria E: Review of the zoonotic
importance of salmonellosis and associated risk factors. Vet Med Open
1,7 (2): 62-69, 2022.

Sallam KI, Mohammed MA, Hassan MA, Tamura T: Prevalence,
molecularidentification and antimicrobial resistance profile of Salmonella
serovars isolated from retail beef products in Mansoura, Egypt. Food
Control, 38, 209-214, 2014. DOI: 10.1016/j.foodcont.2013.10.027

Rodriguez-Lazaro D, Herniandez M: Next-day Salmonella spp.
detection method based on real-time PCR for foods. In, Schatten
H (Ed): Salmonella: Methods and Protocols, Methods in Molecular
Biology. 3" ed., 2182: 1-6, Springer Nature, Columbia, MO, USA, 2021.

Pavon RDN, Mendoza PDG, Flores CAR, Calayag AMB, Rivera WL:
Genotypic virulence profiles and associations in Salmonella isolated
from meat samples in wet markets and abattoirs of Metro Manila,
Philippines. BMC Microbiol, 22:292, 2022. DOI: 10.1186/s12866-022-
02697-6

Huehn S, La Ragione RM, Anjum M, Saunders M, Woodward M]J,
Bunge C, Helmuth R, Hauser E, Guerra B, Beutlich J, Brisabois A,
Peters T, Svensson L, Madajczak G, Litrup E, Imre A, Herrera-Leon
S, Mevius D, Newell DG, Malorny B: Virulotyping and antimicrobial
resistance typing of Salmonella enterica serovars relevant to human
health in Europe. Foodborne Pathog Dis, 7 (5): 523-535, 2010. DOI:
10.1089/fpd.2009.0447

Silva C, Puente JL, Calva E: Salmonella virulence plasmid: Pathogenesis
and ecology. Pathog Dis, 75:ftx070, 2017. DOI: 10.1093/femspd/ftx070

Guiney DG, Fierer J: The role of the spv genes in Salmonella
pathogenesis. Front Microbiol, 2:129, 2011. DOI: 10.3389/fmicb.
2011.00129

Singh Y, Saxena A, Kumar R, Saxena MK: Virulence System of
Salmonella with Special Reference to Salmonella enterica. In, Mascellino
MT (Ed): Salmonella - A Re-emerging Pathogen. 41-53, 2018.

Abd-Elghany SM, Fathy TM, Zakaria AI, Imre K, Morar A, Herman
V, Pascaldu R, Smuleac L, Morar D, Imre M, Sallam KI: Prevalence
of multidrug-resistant Salmonella enterica Serovars in buffalo meat in
Egypt. Foods, 11:2924, 2022. DOI: 10.3390/foods11182924

Ismail HM, Khalil M, Attalla NR: Assessment of dairy farms and milk
collection centers in El-Gharbia Governorate as a model of the
Egyptian Delta (Case study). Egypt ] Anim Prod, 62 (2): 103-111, 2025.
DOI: 10.21608/ejap.2025.361054.1104

Khan MNK, Das MR, Sabur MA, Rahman MM, Uddin MB, Cho HS,
Hossain MM: Isolation, identification, molecular detection and
sensitivity to antibiotics of Salmonella from cattle faeces. Bulg J Vet
Med, 24 (1): 57-66, 2021. DOI: 10.15547/bjvm.2019-0061

International Organization for Standardization (ISO 6579):
Microbiology of food and animal feeding stuffs - Horizontal method
for the detection of Salmonella spp. 511-525, Geneva, Switzerland,
2002.

Simgamsetty S, Yarlagadda P, Yenigalla BM, Myneni RB: Ease with
VITEK 2 systems, biomerieux in identification of non-lactose
fermenting bacteria including their antibiotic drug susceptibility: our
experience. Int ] Res Med Sci, 4 (3): 813-817,2016. DOI: 10.18203/2320-
6012.ijrms20160524

Kalendar R, Antonius K, Smykal P, Schulman AH: iPBS: A universal
method for DNA fingerprinting and retrotransposon isolation. Theor
Appl Genet, 121, 1419-1430, 2010. DOI: 10.1007/s00122-010-1398-2

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Siala M, Barbana A, Smaoui S, Hachicha S, Marouane C, Kammoun
S, Gdoura R, Messadi-Akrout F: Screening and detecting Salmonella in
different food matrices in southern tunisia using a combined enrichment/
real-time PCR method: Correlation with conventional culture method.
Front Microbiol, 8:2416, 2017. DOI: 10.3389/fmicb.2017.02416

Amavisit P, Boonyawiwat W, Bangtrakulnont A: Characterization of
Salmonella enterica serovar Typhimurium and monophasic Salmonella
serovar 1,4,[5],12:i:- Isolates in Thailand. J Clin Microbiol, 43 (6): 2736-
2740, 2005. DOI: 10.1128/jcm.43.6.2736-2740.2005

Xiong D, Song L, Tao J, Zheng H, Zhou Z, Geng S, Pan Z, Jiao X: An
efficient multiplex PCR-based assay as a novel tool for accurate
inter-serovar discrimination of Salmonella Enteritidis, S. Pullorum/
Gallinarum and S. Dublin. Front Microbiol, 8:420, 2017. DOI: 10.3389/
fmicb.2017.00420

Tarabees R, Elsayed MSA, Shawish R, Basiouni S, Shehata AA:
Isolation and characterization of Salmonella Enteritidis and Salmonella
Typhimurium from chicken meat in Egypt. J Infect Dev Ctries, 11 (4):
314-319, 2017. DOI: 10.3855/jidc.8043

Pasmans F, Van Immerseel F, Heyndrickx M, Martel A, Godard C,
Wildemauwe C, Ducatelle R, Haesebrouck F: Host adaptation
of pigeon isolates of Salmonella enterica subsp. enterica serovar
Typhimurium variant copenhagen phage type 99 is associated with
enhanced macrophage cytotoxicity. Infect Immun, 71 (10): 6068-6074,
2003. DOI: 10.1128/IA1.71.10.6068-6074.2003

Nabih AM, Arafa MM: Application of some Lactobacillus strains
product for control of Salmonella Typhimurium infection in diarrhoeic
neonatal calves. Assiut Vet Med ], 58 (133): 184-196, 2012. DOI:
10.21608/avmj.2012.172825

Gebeyehu A, Taye M, Abebe R: Isolation, molecular detection
and antimicrobial susceptibility profile of Salmonella from raw cow
milk collected from dairy farms and households in southern Ethiopia.
BMC Microbiol, 22:84, 2022. DOI: 10.1186/s12866-022-02504-2

Abd El-Tawab AA, Hofy FI, Mohamed SR, Salim RA: Bacteriological
and molecular studies on some bacterial agents from neonatal calf
diarrhea. Benha Vet Med ], 33 (2): 465-475, 2017. DOI: 10.21608/
BVM].2017.30596

Moussa IM, Ashgan MH, Mohamed MS, Mohamed KHF, Al-Doss
AA: Rapid detection of Salmonella species in newborne calves by
polymerase chain reaction. Int ] Genet Mol Biol, 2 (4): 62-66, 2010.

Gutema FD, Agga GE, Abdi RD, De Zutter L, Duchateau L, Gabriél
S: Prevalence and serotype diversity of Salmonella in apparently healthy
cattle: Systematic review and meta-analysis of published studies, 2000-
2017. Front Vet Sci, 6:102, 2019. DOTI: 10.3389/fvets.2019.00102

Ahmed LM, Sayed ASM, Abd ElKader HA, Abu Faddan NH, Al
Hosary AAT: Phylogenetic analysis of Salmonella species isolated from
cows, buffaloes, and humans based on gyrB gene sequences. Trop Anim
Health Prod, 52, 1487-1492, 2020. DOI: 10.1007/s11250-019-02155-y

Ibrahim HS, Abdelhamed GS, Elgohary AH, Fathi M: Relationship
between virulence and antibiotic resistant genes in some Gram negative
bacteria causing diarrhea in calves. ] Adv Vet Res, 15 (1): 6-12, 2025.

Stone GG, Oberst RD, Hays MP, McVey S, Chengappa MM:
Detection of Salmonella serovars from clinical samples by enrichment
broth cultivation-PCR procedure. ] Clin Microbiol, 32 (7): 1742-1749,
1994. DOL: 10.1128/JCM.32.7.1742-1749.1994

Salman HA, Abdulmohsen AM, Falih MN, Romi ZM: Detection of
multidrug-resistant Salmonella enterica subsp. enterica serovar Typhi
isolated from Iraqi subjects. Vet World, 14 (7): 1922-1928, 2021. DOI:
10.14202/vetworld.2021.1922-1928

O’Hara CM, Miller JM: Evaluation of the Vitek 2 ID-GNB assay for
identification of members of the family Enterobacteriaceae and other
nonenteric gram-negative bacilli and comparison with the Vitek
GNI card. J Clin Microbiol, 41 (5): 2096-2101, 2003. DOI: 10.1128/
JCM.41.5.2096-2101.2003

Yoshida C, Gurnik S, Ahmad A, Blimkie T, Murphy SA, Kropinski
AM, Nash JHE: Evaluation of molecular methods for identification
of Salmonella serovars. J Clin Microbiol, 54, 1992-1998, 2016. DOI:


https://www.journalofdairyscience.org/article/S0022-0302(23)00760-9/fulltext

https://www.mdpi.com/1660-4601/15/5/863

https://www.sciencedirect.com/science/article/pii/S0749072017300853?via%3Dihub

https://avmajournals.avma.org/view/journals/ajvr/67/9/ajvr.67.9.1580.xml

https://avmajournals.avma.org/view/journals/ajvr/67/9/ajvr.67.9.1580.xml

https://www.researchgate.net/publication/364837924_Review_of_the_Zoonotic_Importance_of_Salmonellosis_and_Associated_Risk_Factors

https://www.researchgate.net/publication/364837924_Review_of_the_Zoonotic_Importance_of_Salmonellosis_and_Associated_Risk_Factors

https://www.researchgate.net/publication/364837924_Review_of_the_Zoonotic_Importance_of_Salmonellosis_and_Associated_Risk_Factors

https://www.sciencedirect.com/science/article/pii/S0956713513005513?via%3Dihub

https://link.springer.com/article/10.1186/s12866-022-02697-6

https://link.springer.com/article/10.1186/s12866-022-02697-6

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0447

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0447

https://academic.oup.com/femspd/article/75/6/ftx070/3883984?login=false

https://academic.oup.com/femspd/article/75/6/ftx070/3883984?login=false

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2011.00129/full

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2011.00129/full

https://www.mdpi.com/2304-8158/11/18/2924

https://ejap.journals.ekb.eg/article_429194.html

https://ejap.journals.ekb.eg/article_429194.html

https://ejap.journals.ekb.eg/article_429194.html

https://ejap.journals.ekb.eg/article_429194.html

http://tru.uni-sz.bg/bjvm/BJVM-March%202021%20p.57-66.pdf

https://www.msjonline.org/index.php/ijrms/article/view/593

https://www.msjonline.org/index.php/ijrms/article/view/593

https://link.springer.com/article/10.1007/s00122-010-1398-2

https://link.springer.com/article/10.1007/s00122-010-1398-2

https://link.springer.com/article/10.1007/s00122-010-1398-2

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.02416/full

https://journals.asm.org/doi/10.1128/jcm.43.6.2736-2740.2005

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.00420/full

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2017.00420/full

https://jidc.org/index.php/journal/article/view/28459222

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.asm.org/doi/10.1128/iai.71.10.6068-6074.2003

https://journals.ekb.eg/article_172825.html

https://journals.ekb.eg/article_172825.html

https://journals.ekb.eg/article_172825.html

https://journals.ekb.eg/article_172825.html

https://link.springer.com/article/10.1186/s12866-022-02504-2

https://bvmj.journals.ekb.eg/article_30596.html

https://bvmj.journals.ekb.eg/article_30596.html

https://academicjournals.org/journal/IJGMB/article-stat/229663F2688

https://academicjournals.org/journal/IJGMB/article-stat/229663F2688

https://academicjournals.org/journal/IJGMB/article-stat/229663F2688

https://www.frontiersin.org/journals/veterinary-science/articles/10.3389/fvets.2019.00102/full

https://link.springer.com/article/10.1007/s11250-019-02155-y

https://advetresearch.com/index.php/AVR/article/view/2055

https://advetresearch.com/index.php/AVR/article/view/2055

https://advetresearch.com/index.php/AVR/article/view/2055

https://journals.asm.org/doi/10.1128/jcm.32.7.1742-1749.1994

https://www.veterinaryworld.org/Vol.14/July-2021/28.html

https://www.veterinaryworld.org/Vol.14/July-2021/28.html

https://journals.asm.org/doi/10.1128/jcm.41.5.2096-2101.2003

https://journals.asm.org/doi/10.1128/jcm.41.5.2096-2101.2003

https://journals.asm.org/doi/10.1128/jcm.00262-16

https://journals.asm.org/doi/10.1128/jcm.00262-16

https://journals.asm.org/doi/10.1128/jcm.00262-16


616

Salmonella Identification and Virulence Gene Profiling

Kafkas Univ Vet Fak Derg

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

10.1128/JCM.00262-16

Yirsa T, Tigistu A: Occurrence, risk factors, and antibiotic resistance
patterns of Salmonella isolates obtained from dairy farms in Gondar
Town, Northwest Ethiopia. BioMed Res Int, 2025:7778947, 2025. DOI:
10.1155/bmri/7778947

Kassa T, Sebhat B, Kassaye D: Isolation of nontyphoidal Salmonella in
cattle, sheep and goats among three different agroecologies of Eastern
Hararghe, Ethiopia. Int ] Microbiol Res, 8 (1): 9-18, 2017.

Constable PD: Treatment of calf diarrhea: antimicrobial and ancillary
treatments. Vet Clin North Am Food Anim Pract, 25, 101-120, 2009.
DOLI: 10.1016/j.cvfa.2008.10.012

Huston CL, Wittum TE, Love BC, Keen JE: Prevalence of fecal
shedding of Salmonella spp in dairy herds. ] Am Vet Med Assoc, 220
(5): 645-649, 2002. DOI: 10.2460/javma.2002.220.645

Winfield MD, Groisman EA: Role of nonhost environments in the
lifestyles of Salmonella and Escherichia coli. Appl Environ Microbiol, 69
(7): 3687-3694, 2003. DOI: 10.1128/AEM.69.7.3687-3694.2003

Sychanh T, Chaunchom S, Pulsrikarn C, Pornreongwong S,
Chaichana P, Boonmar S: Salmonella prevalence in slaughtered
buffaloes and cattle in Champasak Province, Lao People’s Democratic
Republic. Agric Nat Resour, 47 (4): 561-570, 2013.

Matchawe C, Godwe C, Mbah CE, Ndakoh TB, Gondam MFK,
Essomba HA, Ahmadou F, Baomog MA, Wangue M, Loul S,
Ngond ‘e MC, Nsawir BJ, Ndip LM, Galeotti M, Piasentier E: Impacts
of zootechnical factors on Salmonella contamination in swab samples
using real-time PCR at the Yaounde slaughterhouse. Sci Afr, 31:e03183,
2026. DOI: 10.1016/j.sciaf.2026.e03183

Ofori LA, Fosu D, Ofori S, Akenten CW, Flieger A, Simon S, Jaeger
A, Lamshoft M, May J, ObiriDanso K, Phillips R, Chercos DH,
Paintsil EK, Dekker D: Salmonella enterica in farm environments
in the Ashanti Region of Ghana. BMC Microbiol, 23:370, 2023. DOI:
10.1186/s12866-023-03121-3

Kotb S, Cheng L, Amin M, Elzoghby MM, Nasr A: Strategic water
resource management: Pump stations in Fayoum City, Egypt. Front
Water, 6:1386303, 2024. DOI: 10.3389/frwa.2024.1386303

Hailu T, Kebede B: Isolation of non-typhoidal Salmonella from sheep

52.

53.

54.

55.

56.

57.

58.

59.

60.

faeces in Eastern Hararghe, Ethiopia. Appl Microb Open Access, 2
(3):1000120, 2016. DOI: 10.4172/2471-9315.1000120

Dahshan H, Shahada F, Chuma T, Moriki H, Okamoto K: Genetic
analysis of multidrug-resistant Salmonella enterica serovars Stanley
and Typhimurium from cattle. Vet Microbiol, 145, 76-83, 2010. DOI:
10.1016/j.vetmic.2010.02.035

Li Q Cheng W, Zhang D, Yu T, Yin Y, Ju H, Ding S: Rapid and
sensitive strategy for Salmonella detection using an InvA genebased
electrochemical DNA sensor. Int ]| Electrochem Sci, 7 (1): 844-856,
2012. DOL: 10.1016/S1452-3981(23)13380-3

Rotger R, Casadesus J: The virulence plasmids of Salmonella. Int
Microbiol, 2 (3): 177-184, 1999.

Rychlik I, Gregorova D, Hradecka H: Distribution and function of
plasmids in Salmonella enterica. Vet Microbiol, 112, 1-10, 2006. DOI:
10.1016/j.vetmic.2005.10.030

Nikiema MEM, Kakoungazoa S, Ky/Ba A, Sylla A, Bako E, Addablah
AYA, Ouoba JB, Sampo E, Gnada K, Zongo O, Traoré KA,
Sanou A, Bonkoungou IJO, Ouédraogo R, Barro N, Sangaré L:
Characterization of virulence factors of Salmonella isolated from
human stools and street food in urban areas of Burkina Faso. BMC
Microbiol, 21:338, 2021. DOI: 10.1186/s12866-021-02398-6

Chuanchuen R, Ajariyakhajorn K, Koowatananukul C, Wannaprasat
W, Khemtong S, Samngamnim S: Antimicrobial resistance and
virulence genes in Salmonella enterica isolates from dairy cows.
Foodborne Pathog Dis, 7 (1): 63-69, 2010. DOI: 10.1089/fpd.2009.0341

Amini K, Nazari Z, Mokhtari A: Molecular detection of invA and spv
virulence genes in Salmonella typhimurium isolated from human and
animals in Iran. Sci ] Microbiol, 4 (7): 49-57, 2015.

Sudrik S, Kolhe R, Bhong C, Shende T, Jadhav S, Mhase P, Waskar V,
Hinge G, Gadhave S: Detection of virulent and ESBL-resistant
Salmonella species from cattle and associated farm environment. Indian
J Anim Sci, 94 (10): 831-836, 2024. DOI: 10.56093/ijans.v94i10.141354

Fierer ], Okamoto S, Banerjee A, Guiney DG: Diarrhea and colitis in
mice require the Salmonella pathogenicity island 2-encoded secretion
function but not SifA or Spv effectors. Infect Immun, 80 (10): 3360-
3370, 2012. DOI: 10.1128/1A1.00404-12


https://journals.asm.org/doi/10.1128/jcm.00262-16

https://onlinelibrary.wiley.com/doi/10.1155/bmri/7778947

https://onlinelibrary.wiley.com/doi/10.1155/bmri/7778947

https://onlinelibrary.wiley.com/doi/10.1155/bmri/7778947

https://onlinelibrary.wiley.com/doi/10.1155/bmri/7778947

https://idosi.org/ijmr/ijmr8(1)17/2.pdf

https://idosi.org/ijmr/ijmr8(1)17/2.pdf

https://idosi.org/ijmr/ijmr8(1)17/2.pdf

https://www.sciencedirect.com/science/article/pii/S0749072008000996?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0749072008000996?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S0749072008000996?via%3Dihub

https://avmajournals.avma.org/view/journals/javma/220/5/javma.2002.220.645.xml

https://journals.asm.org/doi/10.1128/aem.69.7.3687-3694.2003

https://journals.asm.org/doi/10.1128/aem.69.7.3687-3694.2003

https://journals.asm.org/doi/10.1128/aem.69.7.3687-3694.2003

https://www.cabidigitallibrary.org/doi/full/10.5555/20143001652

https://www.cabidigitallibrary.org/doi/full/10.5555/20143001652

https://www.cabidigitallibrary.org/doi/full/10.5555/20143001652

https://www.cabidigitallibrary.org/doi/full/10.5555/20143001652

https://www.sciencedirect.com/science/article/pii/S2468227626000074?via%3Dihub

https://link.springer.com/article/10.1186/s12866-023-03121-3

https://link.springer.com/article/10.1186/s12866-023-03121-3

https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1386303/full

https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1386303/full

https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1386303/full

https://www.longdom.org/open-access/isolation-of-nontyphoidal-salmonella-from-sheep-faeces-in-eastern-harargheethiopia-2471-9315-1000120.pdf

https://www.longdom.org/open-access/isolation-of-nontyphoidal-salmonella-from-sheep-faeces-in-eastern-harargheethiopia-2471-9315-1000120.pdf

https://www.longdom.org/open-access/isolation-of-nontyphoidal-salmonella-from-sheep-faeces-in-eastern-harargheethiopia-2471-9315-1000120.pdf

https://www.sciencedirect.com/science/article/abs/pii/S0378113510001252?via%3Dihub

https://www.sciencedirect.com/science/article/abs/pii/S0378113510001252?via%3Dihub

https://www.sciencedirect.com/science/article/pii/S1452398123133803?via%3Dihub

https://pubmed.ncbi.nlm.nih.gov/10943411/

https://pubmed.ncbi.nlm.nih.gov/10943411/

https://www.sciencedirect.com/science/article/abs/pii/S0378113505003603?via%3Dihub

https://www.sciencedirect.com/science/article/abs/pii/S0378113505003603?via%3Dihub

https://www.sciencedirect.com/science/article/abs/pii/S0378113505003603?via%3Dihub

https://link.springer.com/article/10.1186/s12866-021-02398-6

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0341

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0341

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0341

https://journals.sagepub.com/doi/abs/10.1089/fpd.2009.0341

https://www.internationalscholarsjournals.com/articles/molecular-detection-of-inva-and-spv-virulence-genes-in-salmonella-enteritidis-isolated-from-human-and-animals-in-iran.pdf

https://www.internationalscholarsjournals.com/articles/molecular-detection-of-inva-and-spv-virulence-genes-in-salmonella-enteritidis-isolated-from-human-and-animals-in-iran.pdf

https://www.internationalscholarsjournals.com/articles/molecular-detection-of-inva-and-spv-virulence-genes-in-salmonella-enteritidis-isolated-from-human-and-animals-in-iran.pdf

https://epubs.icar.org.in/index.php/IJAnS/article/view/141354

https://epubs.icar.org.in/index.php/IJAnS/article/view/141354

https://epubs.icar.org.in/index.php/IJAnS/article/view/141354

https://epubs.icar.org.in/index.php/IJAnS/article/view/141354

https://journals.asm.org/doi/10.1128/iai.00404-12


Kafkas Universitesi Veteriner Fakultesi Dergisi Kafkas Univ Vet Fak Derg

Journal Home-Page: http://vetdergikafkas.org

E-ISSN: 1309-2251 Volume: 32, Issue: 4, Year: 2026

ETHICAL PRINCIPLES AND PUBLICATION POLICY

Kafkas Universitesi Veteriner Fakultesi Dergisi follows and implements internationally accepted ethical standards to provide the necessary
support to original scientific ideas and to publish high quality, reliable scientific articles in this direction. The journal’s publication policy and
ethical principles include the ethical standards of conduct that should be followed by author(s), journal editor(s), associate editors, subject
editors, reviewers, and publishers who are the participants of this action.

The ethical statement of Kafkas Universitesi Veteriner Fakultesi Dergisi is based on the principles indicated in the “COPE Code of Conduct and

Best Practice Guidelines for Journal Editors” (http://publicationethics.org/files/Code _of conduct for journal editors Marll.pdf) and “COPE Best

Practice Guidelines for Journal Editors” (http://publicationethics.org/files/u2/Best Practice.pdf).
GENERAL ETHICAL PRINCIPLES

« Objectivity and Independence

Editor-in-chief, editors, associate editors, and referees conduct the evaluation process of the manuscript sent to the journal objectively and in
coordination within the framework of ethical principles. Editorial decisions are independent, and internal or external factors cannot influence
these decisions. In accordance with the principle of impartiality, academics working in our institution are not deemed eligible to work as a
section editor in Kafkas Universitesi Veteriner Fakultesi Dergisi, in order not to be effective in the evaluation of articles due to conflict of interest.

e Privacy

The content of the articles and the personal information of the authors such as name, e-mail address, and telephone numbers that are sent to
Kafkas Universitesi Veteriner Fakultesi Dergisi are used only for the scientific purposes of the journal and not for other purposes, and cannot
be shared with third parties. Article evaluation processes are also carried out confidentially.

o Authorship and Authors Rights

The authors of the manuscripts sent to Kafkas Universitesi Veteriner Fakultesi Dergisi must have contributed significantly to the design, execution
or interpretation of the study. For example, in view of the research and publication ethics as well as authors rights, it is not acceptable to include
those as authors who do not actively contribute to the research but just only help in writing or data collection processes, which may not require
any scientific knowledge. All the authors in a publication should be in agreement of the names and the orders of the authors in the manuscript.

The competence of the authors to the subject of the study is evaluated by the editor within the framework of deontological rules and the
professional fields of each author.

The corresponding author of the article should declare the contributions of the authors to the work under the title of “Author contributions” The
corresponding author is primarily responsible for the problems that may arise in this regard.

In multidisciplinary studies, 2 authors who are from different disciplines can be “equivalent first name authors” and up to most 3 authors who
are also from different disciplines can be “equivalent second name authors”.

« Generative Artificial Intelligence (AI)

This declaration outlines the acceptable uses of generative Al technology in writing or editing manuscripts submitted to Kafkas Universitesi
Veteriner Fakultesi Dergisi. During the writing process, AI and Al-assisted technologies are prohibited from writing or creating the article,
tables, or figures. Authors should use AI and Al-assisted technologies solely to enhance the readability and language of the article. Authors
should carefully review and edit the result of assisted parts of the manuscript by Al in term of reliability of the applying technologies.

When using generative Al and Al-assisted technologies in scientific writing, authors must declare this by including a statement in the cover letter
when the article is first submitted. Once the article is accepted for publication, this statement should be included in the declarations section of
the manuscript’s final part.

If anything other than the declared conditions is detected, the articles in the evaluation stage will be rejected, and if it is detected in the published
articles, the article will be retracted.

« Originality of Research Findings

The authors should declare that the article they presented contained the original research results, that the study data were analyzed correctly,
and that they were prepared for publication using adequate and appropriate references, in the “cover letter” section of the on-line system at the
submission stage. Using expressions such as “it is the first study done”, “there has been no previous study on this subject” and “there is a limited
number of studies” to add originality and importance to the article is not acceptable and may cause prevention of the scientific evaluation of the

article by the editor.
« Similarity
Articles submitted to the journal are subjected to similarity analysis using appropriate software (iThenticate by CrossCheck) at the beginning

and at every required stage. If unethical similarities are detected regardless of the rate of similarity, this situation is reported to the authors and
corrections are requested or articles containing excessive similarities are rejected at the first evaluation stage without being evaluated.

« Plagiarism/Self-Plagiarism, Duplicate Publication

Kafkas Universitesi Veteriner Fakiiltesi Dergisi applies publication ethics and verifies the originality of content submitted before
publication and checks all submitted manuscripts for plagiarism/self-plagiarism, similarity and duplication. All submitted manuscripts are
meticilously screened by a similarity detection software (iThenticate by CrossCheck). Papers previously presented at scientific meetings
and published only as an “abstract” should be indicated in the Title Page file as stated in the “Guidance for Authors”. Authors do not have the
right to use entire paragraphs from their previous publications into a new submission. These actions are also considered as a plagiarism.
In any case, the manuscript should be original in terms of scientific contents and writing. In the event of alleged or suspected research
misconduct, the Editorial Board will follow and act in accordance with “COPE Guidelines”.



http://vetdergikafkas.org
http://vetdergikafkas.org
http://vetdergikafkas.org

Kafkas Universitesi Veteriner Fakultesi Dergisi Kafkas Univ Vet Fak Derg

Journal Home-Page: http://vetdergikafkas.org

E-ISSN: 1309-2251 Volume: 32, Issue: 4, Year: 2026

o Multi-part Publication (Piecemeal Publication)

Some authors may tend to divide study data into two or more articles and publish the results in different journals also having different authors
names and orders. In principal, Kafkas Universitesi Veteriner Fakultesi Dergisi is against multi-part publication. When necessary, the ethical
committee approval information of the study, project information, congress presentations, etc. are checked and such situations that will create an
ethical problem are identified and reported to the authors.

Authors may think that their work should be published in multi parts that complement each other. For this, each part of the article should be
titled “Part-I", “Part-II” and submitted to the journal “simultaneously”. This issue can be evaluated by the editor-in-chief/subject editors/referees
who may suggest that the article can be published in parts or as a whole. In addition, rejection of a submission presented in parts means that all
parts will be rejected.

o Animal Rights and Ethics

The authors are responsible for conducting experimental and clinical studies on animal experiments within the framework of existing
international legislation on animal rights. Authors must also obtain permission from the Animal Experiment Ethics Committees and provide
relevant information in the Material and Method section to experiment with animals. In clinical studies, as well as the approval of the ethics
committee, an “informed consent form” should be obtained from the animal owners and the information related to it should be declared in the
Material and Method section. Declaration of “informed consent form” is sufficient for the articles in the “Case report” and “Letter to the Editor”
category.

Ethics committee permission taken for a study can only be used in one article. It is unacceptable to use the same ethics committee approval
number in articles with different names and contents. The editor/subject editors can request from the corresponding author, if necessary, to send
a copy of the ethics committee approval form to the journal (electronically or by post).

In cases of violation ethical rules, the article is not taken into consideration or if it is in the evaluation stage, the procedure is terminated and the
article is rejected.

o Conflicts of Interest/ Competing Interests

The editor-in-chief pays attention to whether there is a conflict of interest or union of interest between editors, reviewers and author (s) for an
objective and unbiased evaluation of the article. In addition, the authors should disclose any financial interests or links or any conditions that
may raise the bias issue in research and article under the above heading.

o Copyright

Authors retain the copyright to their published work licensed under the Creative Commons Attribution-NonCommercial 4.0 International
license (CC BY-NC 4.0) (https://creativecommons.org/licenses/by-nc/4.0/) and grant the Publisher non-exclusive right to publish the work.
CC BY-NC 4.0 license permits unrestricted, non-commercial use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The authors must fill in the “Copyright Agreement Form™ and sign it with a wet signature. Authors who submit articles from abroad should scan
the signed form and send it to the editor via the system or by e-mail. Original forms that are wet signed for articles sent domestically should

be submitted to the journal via mail or cargo. The works of the authors who do not submit the Copyright Agreement Form on time are not
published.

« Withdrawal of a Submission

In case of if the authors detect a significant error or deficiency in their article under review or if this error is reported to them by the editor/
subject editor/referees they can contact immediately to the editor-in-chief and ask the request to withdraw the article by stating the reason. The
decision on this issue is up to the editorial board.

e Erratum

After an article has been published, the corresponding author may request the editor to publish “erratum” for any errors or inaccuracies noticed by the
authors, editors or readers. In collaboration with the authors, the editor prepares and publishes the Erratum article in the first upcoming issue.
These articles, like other publications, should contain the publication tag and DOI number.

o Retraction

If any ethical problem is detected about the article that cannot be compensated and cannot be eliminated with erratum after the article is
published, the editor-in-chief and associate editors prepare a justification about the article and apply the retraction procedure to the article. The
text file on the web page of a retracted article is blocked and the reason for retraction is added to the system as a file, ensuring that it is constantly
in the archive.

o Advertising
Kafkas Universitesi Veteriner Fakultesi Dergisi do not accept advertising and sponsorships that are believed to create a potential conflict of

interest. If the article sent to Kafkas Universitesi Veteriner Fakultesi Dergisi is for the promotion of a commercial product and/or the work carried
out is directly supported by a company, it is rejected without consideration.

OPEN ACCESS STATEMENT

Kafkas Universitesi Veteriner Fakultesi Dergisi is an open access publication. The journal’s publication model is based on Budapest Open Access
Initiative (BOAI) declaration. Articles published in Kafkas Universitesi Veteriner Fakultesi Dergisi are available online, free of charge at https://
vetdergikafkas.org/archive.php.

Except for commercial purposes, users are allowed to read, download, copy, print, search, or link to the full texts of the articles in this journal
without asking prior permission from the publisher or the author. The open access articles in the journal are licensed under the terms of the
Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) licence.



http://vetdergikafkas.org
http://vetdergikafkas.org
http://vetdergikafkas.org

Kafkas Universitesi Veteriner Fakultesi Dergisi Kafkas Univ Vet Fak Derg

Journal Home-Page: http://vetdergikafkas.org

E-ISSN: 1309-2251 Volume: 32, Issue: 4, Year: 2026

ARTICLE EVALUATION AND PUBLICATION PROCESS
« Initial Evaluation Process

Articles submitted to Kafkas Universitesi Veteriner Fakultesi Dergisi are primarily evaluated by the editors and associate editors. At this stage,
articles not having suitable scope and aims, with low original research value, containing scientific and ethically important errors, having low
potential to contribute to science and the journal, and having poor language and narration are rejected by the editor without peer-review
process. Initial evaluation process takes up to most 2 weeks.

o Preliminary Evaluation Process

Articles that are deemed appropriate for editorial evaluation are sent to the subject editor related to the category of articles to be examined in
terms of scientific competence and to the statistics editor for evaluation in terms of statistical methods. The suject editors examine the article in
all aspects and report their decisions (rejection, revision or peer-review) to the chief editor. This stage takes about 1 month.

o Peer-review Process

Double-blind peer-review is applied to the articles that have completed preliminary evaluation process. Suggestions of subject editors are primarily
considered in referee assignment. In addition, reviews can be requested from the referees registered in the journals referee pool. At least 2
referees are assigned for peer-review. Opinion of more referees can be required depending on the evaluation process. At this stage, referees send
their decision (reject, revision or accept) about the article to the editor-in-chief. If the rejection decision given by a referee reflects sufficient
examination and evidence-based negativities or ethical problems about the scientific content and accuracy of the article, this decision is checked
by the editor-in-chief and associate editors and submitted to the authors regardless of the other referees’ decisions. The time given to referees to
evaluate an article is ~4 weeks.

« Publication Process of an Article

Total evaluation period of an article, which is completed in the peer-review phase after completing the initial and preliminary evaluation process,
takes 4-6 months. The articles that have completed the subject editorial and peer-review evaluation stages and accepted by the editorial are sent
to the corresponding author for final checks and necessary final additions. After the acceptance, the article designed in the publication format of
the journal is given an DOI number and published immediately on the Article in Press page. When it is time to publish the periodic edition of
the journal, a selection is made from the articles kept on the Article in Press page, taking into account the submission date. The time it takes for
the article to be published by taking the page number is 6-12 months.

NO PUBLICATION FEE

Processing and publication are free of charge with the journal. There is no article processing charges, submission fees or any other fees for any
submitted or accepted articles.

RESPONSIBILITIES OF THE PUBLISHER, EDITORS AND ASSOCIATE EDITORS

The publisher (Dean of the Faculty of Veterinary Medicine of Kafkas University) contributes to the execution of the journal’s routine processes
such as printing, archiving, and mailing, in line with requests from the editor.

The publisher undertakes to carry out an independent and fair decision-making mechanism for its editors and assistants in the article evaluation
process and decisions.

The publisher undertakes to carry out an independent and fair decision-making mechanism for its editors and associate editors in the article
evaluation process and decisions.

Editor-in-chief/editors/associate editors of Kafkas Universitesi Veteriner Fakultesi Dergisi evaluate the articles submitted to the journal regardless
of their race, gender, religious belief, ethnicity, citizenship or political views. In addition, it undertakes not to give any information about the
article except for the authors, subject editors and referees.

Kafkas Universitesi Veteriner Fakultesi Dergisi follows internationally accepted principles and criteria and takes the necessary decisions to apply
in the journal.

Editor-in-chief/editors/associate editors conduct the evaluation and decision process in the journal in coordination within the principles of
confidentiality and have independent decision-making authority and responsibility without being affected by any internal or external factors.

Editor-in-chief/editors/associate editors make and implement all kinds of planning for the development of the journal and its international
recognition. They also follow national and international meetings or events on the development of journals and article evaluation, and ensures
that the journal is represented on these platforms.

The editor-in-chief/editors/associate editors make every effort to ensure that the journal’s subject editors and referee pool have international
qualifications. Likewise, it makes the necessary attempts to strengthen the author’s profile.

Editor-in-chief/editors/associate editors make plans to improve the quality of the articles published in the journal and carry out the necessary
process.

Editor-in-chief/editors/associate editors regularly conduct and control the initial evaluation, preliminary evaluation, peer review and acceptance-
rejection decisions of articles submitted to the journal. While carrying out these procedures, features such as the suitability of the study for the
aims and scope of the journal, its originality, the up-to-date and reliability of the scientific methods used, and the potential it will contribute to
the development of the journal as well as its benefit to science/practice are taken into consideration.

Editor-in-chief/editors/associate editors systematically review, inspect and make decisions about the articles submitted to the journal in terms
of features such as author rights, conflict of interest, observance and protection of animal rights, and compliance with research and publication
ethics.

The editor-in-chief conducts the evaluation/revision process between the authors and subject editors and referees, and ensures that it is completed
within the prescribed time.
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ARCHIVE POLICY

The editorial office of the Kafkas Universitesi Veteriner Fakiiltesi Dergisi and the publisher (Dean’s Office of the Faculty of Veterinary Medicine,
Kafkas University) keep all the articles (electronic and printed) published in the journal in their archives. All articles and their attachment files sent
to the journal are kept securely in the archive. In light of the technological developments, the editorial office of the Kafkas Universitesi Veteriner
Fakiiltesi Dergisi regularly performs electronic processes for the development and updating of materials in digital environment and presents them
to its readers on condition of keeping in safe the original documents and information regarding the articles.

Even if the journal ceases to be published for any reason, the publisher (Dean’s Office of the Faculty of Veterinary Medicine, Kafkas University)
will continue to protect the journal content in the long term and provide convenient access to users. Electronic services of Kafkas University
Information Technologies Department will be used for the journal to maintain this responsibility.

RESPONSIBILITIES OF SUBJECT EDITORS

Subject editors do reviews and evaluations in accordance with the main publication goals and policies of the journal and in line with the criteria
that will contribute to the development of the journal.

Author information is kept confidential in articles sent to the subject editor for preliminary evaluation by the editor.

Subject editors thoroughly examine the sections of the introduction, materials and methods, results, discussion and conclusion, in terms of
journal publication policies, scope, originality and research ethics. Subject editor submits its decision (rejection, revision or peer-review) after
evaluation to the chief editor in a reasoned report.

Subject editor may request additional information and documents related to the study from the authors, when necessary.
In multidisciplinary studies, the article can be submitted for the evaluation of multiple subject editors.
RESPONSIBILITIES OF REFEREES

Double-blinded peer-review procedure is applied in Kafkas Universitesi Veteriner Fakultesi Dergisi in order to evaluate the articles submitted to
the journal in accordance with the principle of impartiality and in objective criteria; that is, referees and writers do not know about each other.

The referees submit their opinions and reports to the editor-in-chief to ensure the control and suitability of a submitted article, its scientific
content, scientific consistency and compliance with the principles of the journal. When a referee makes a decision “reject” about an article, he/
she prepares the reasons for the decision in accordance with the scientific norms and presents it to the editor.

The referee(s) also gives the authors the opportunity to improve the content of the article. Accordingly, the revisions requested from the authors
should be of a quality that explains/questions specific issues rather than general statements.

Referees appointed for the evaluation of the articles agree that the articles are confidential documents and will not share any information about
these documents with third parties, except for the editors participating in the evaluation.

Referees should place their criticism on scientific infrastructure and write their explanations based on scientific evidence. All comments made
by the referees to improve the articles should be clear and direct, and should be written away from disturbing the feelings of the author. Insulting
and derogatory statements should be avoided.

If a referee has an interest relationship with the author(s) on one or more issues, he/she must report the situation to the editor and ask his/her
to withdraw from the referee position. The same is also applicable when the authors illegally obtain information about the referees of the article
and try to influence them.

The editor-in-chief can share the comments and reports from the referees with the editors/associate editors and the relevant subject editor, as
necessary, to ensure that the decision on the article is optimal. If necessary, the editor may share the critical decision and its grounds that a referee
has sent about the article with the other referee(s) and present them to their attention.

Referee(s) may request revision many times for the article they evaluated.

The content of the referee reports is checked and evaluated by editor-in-chief/editors/associate editors. The final decision belongs to the editorial.
RESPONSIBILITIES OF AUTHOR(S)

It is not tolerable for the author (s) to send an article, which has been already sent to another journal, to Kafkas Universitesi Veteriner Fakultesi
Dergisi within the scope of “which accepts” or “which publishes first” approach. If this is detected, the article is rejected at any stage of the
evaluation. As a possible result of these actions, in the process following the previous acceptance of the article sent to another journal, the
withdrawal request with this excuse that the authors submit for this article, the evaluation process of which is going on in our journal, is
evaluated by the editors and associate editors of the journal and disciplinary action on the grounds of ethical violations about those responsible
is started. This unethical action is also informed to the journal editor (if known) who accepted the article.

It is essential that the articles to be sent to Kafkas Universitesi Veteriner Fakultesi Dergisi include studies that have up-to-date, original and
important clinical/practical results and prepared in accordance with the journal’s writing rules.

Authors should choose the references they use during the writing of the article in accordance with the ethical principles and cite them according
to the rules.

The authors are obliged to revise the article in line with the issues conveyed to them during the initial evaluation, preliminary evaluation and
peer-review phases of the article and to explain the changes they made/did not make sequentially in the “response to editor” and “response to
reviewer comments” sections.

If information, documents or data regarding to the study are requested during the evaluation process, the corresponding author is obliged to
submit them to the editorial.

Authors should know and take into account the issues listed in the “General Ethical Principles” section regarding scientific research and authors.

The authors do not have the right to simultaneously submit multiple articles to Kafkas Universitesi Veteriner Fakultesi Dergisi. It is more
appropriate to submit them with acceptable time intervals for the journal’s policy.
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INSTRUCTION FOR AUTHORS

1- Kafkas Universitesi Veteriner Fakultesi Dergisi (abbreviated title: Katkas Univ Vet Fak Derg), published bi-
monthly (E-ISSN: 1309-2251). We follow a double-blind peer-review process, and therefore the authors should
remove their name and any acknowledgment from the manuscript before submission. Author names, affiliations,
present/permanent address etc. should be given on the title page only.

The journal publishes full-length research papers, short communications, preliminary scientific reports, case
reports, observations, letters to the editor, and reviews. The scope of the journal includes all aspects of veterinary
medicine and animal science.

Kafkas Universitesi Veteriner Fakultesi Dergisi is an Open Access journal, which means that all content
is freely available without charge to the user or his/her institution. Users are allowed to read, download, copy,
distribute, print, search, or link to the full texts of the articles, or use them for any other lawful purpose, without
asking prior permission from the publisher or the author. This is in accordance with the BOAI definition of Open
Access.

2- The official language of our journal is English.

3- The manuscripts submitted for publication should be prepared in the format of Times New Roman style, font
size 12, A4 paper size, 1.5 line spacing, and 2.5 cm margins of all edges. The legend or caption of all illustrations
such as figure and table and their appropriate position should be indicated in the text. Refer to tables and figures
in the main text by their numbers. Also figure legends explanations should be given at the end of the text.

The figures should be at least 300 dpi resolution.

The manuscript and other files (figure etc.) should be submitted by using online manuscript submission system
at the address of http://vetdergi.kafkas.edu.tr/

During the submission process, the authors should upload the figures of the manuscript to the online manuscript
submission system. If the manuscript is accepted for publication, the Copyright Agreement Form signed by all
the authors should be sent to the editorial office.

4- The authors should indicate the name of the institute approves the necessary ethical commission report and
the serial number of the approval in the material and methods section. If necessary, the editorial board may also
request the official document of the ethical commission report. In case reports, a sentence stating that “informed
consent” was received from the owner should be added to the main document. If an ethical problem is detected
(not reporting project information, lack of ethical committee information, conflict of interest, etc.), the editorial
board may reject the manuscript at any stage of the evaluation process.

5- Authors should know and take into account the “Generative Artificial Intelligence (AI)” and other matters
listed in the “Ethical Principles and Publication Policy” section regarding scientific research and authors.

6- Types of Manuscripts

Original (full-length) manuscripts are original and proper scientific papers based on sufficient scientific investigations,
observations and experiments.

Manuscripts consist of the title, abstract and keywords, introduction, material and methods, results, discussion,
and references and it should not exceed 12 pages including text. The number of references should not exceed 50.
The page limit does not include tables and illustrations. Abstract should contain 200+20 words.

Short communication manuscripts contain recent information and findings in the related topics; however, they
are written with insufficient length to be a full-length original article. They should be prepared in the format
of full-length original article but the abstract should not exceed 100 words, the reference numbers should not
exceed 15 and the length of the text should be no longer than 6 pages in total. The page limit does not include
tables and illustrations. Additionally, they should not contain more than 4 figures or tables.

Preliminary scientific reports are a short description of partially completed original research findings at an
interpretable level. These should be prepared in the format of full-length original articles. The length of the text
should be no longer than 4 pages in total.
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Case reports describe rare significant findings encountered in the application, clinic, and laboratory of related
fields. The title and abstract of these articles should be written in the format of full-length original articles (but
the abstract should not exceed 100 words) and the remaining sections should be followed by the Introduction,
Case History, Discussion and References. The reference numbers should not exceed 15 and the length of the text
should be no longer than 4 pages in total. The page limit does not include tables and illustrations.

Letters to the editor are short and picture-documented presentations of subjects with scientific or practical
benefits or interesting cases. The length of the text should be no longer than 3 pages in total. The page limit
includes tables and illustrations.

Reviews are original manuscripts that gather the literature on the current and significant subject along with the
commentary and findings of the author on a particular subject (It is essential that the author/s have international
scientific publications on this subject). The title and summary of this manuscript should be prepared as described
for the full-length original articles and the remaining sections should be followed by introduction, text (with
appropriate titles), conclusion, and references.

“Invited review” articles requested from authors who have experience and recognition in international publishing
in a particular field are primarily published in our journal.

Review articles submitted to our journal must be prepared in accordance with any of the three categories listed
below.

Narrative reviews describe current published information on a scientific topic. However, it does not include a
specific methodological process.

Systematic reviews include the search for original studies published in that field on a specific topic, the evaluation
of validity, synthesis and interpretation within a systematic methodology.

Meta-analysis is a method of evaluating the results of many studies on a subject with the methods defined in this
category and statistical analysis of the obtained findings.

7- The necessary descriptive information (thesis, projects, financial supports, etc.) scripted as an italic font style
should be explained below the manuscript title after placing a superscript mark at the end of the title.

8- Atleast 30% of the references of any submitted manuscript (for all article categories) should include references
published in the last five years.

References should be listed with numerical order as they appear in the text and the reference number should be
indicated inside the parentheses at the cited text place. References should have the order of surnames and initial letters
of the authors, title of the article, title of the journal (original abbreviated title), volume and issue numbers, page
numbers and the year of publication and the text formatting should be performed as shown in the example below.

Example: Yang L, Liu B, Yan X, Zhang L, Gao E Liu Z: Expression of ISG15 in bone marrow during early
pregnancy in ewes. Kafkas Univ Vet Fak Derg, 23 (5): 767-772,2017. DOI: 10.9775/kvtd.2017.17726

If the reference is a book, it should follow surnames and initial letters of the authors, title of the book, edition
number, page numbers, name and location of publisher and year of publication. If a chapter in a book with an
editor and several authors is used, names of chapter authors, name of chapter, editors, name of the book, edition
number, page numbers, name and location of publisher and year of publication and the formatting should be
performed as shown in the example below.

Example: Mcllwraith CW: Disease of joints, tendons, ligaments, and related structures. In, Stashak TS (Ed):
Adam’s Lameness in Horses. 4™ ed., 339-447, Lea and Febiger, Philadelphia, 1988.

DOI number should be added to the end of the reference.

In the references can be reached online only, the web address and connection date should be added at the end

of the reference information. The generally accepted scientific writing instructions must comply with the other
references. Abbreviations, such as “et al” and “and friends” should not be used in the list of the references.

Follow the link below for EndNote Style of Kafkas Universitesi Veteriner Fakultesi Dergisi;
https://researchsoftware.com/downloads/journal-faculty-veterinary-medicine-kafkas-university

9- Latin expression such as species names of bacteria, virus, parasite, and fungus and anatomical terms should be
written in italic character, keeping their original forms.
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10- The editorial board has the right to perform necessary modifications and a reduction in the manuscript
submitted for publication and to express recommendations to the authors. The manuscripts sent to authors for
correction should be returned to the editorial office within a month. After pre-evaluation and agreement of the
submitted manuscripts by the editorial board, the article can only be published after the approval of the field
editor and referee/s specialized in the particular field.

11- All responsibilities from published articles merely belong to the authors. According to the ethical policy
of our journal, plagiarism/self-plagiarism will not be tolerated. All manuscripts received are checking by
plagiarism checker software, which compares the content of the manuscript with a broad database of academic
publications.

12- The editorship may request the language editing of the manuscript submitted to the journal. If the article is
accepted, it will not be published without language editing. Before publication, a declaration and/or certificate
stating that proofreading is done by a registered company will be requested from the corresponding author.

13- No fee is charged at any stage in Kafkas Universitesi Veteriner Fakiiltesi Dergisi (No APC/APF)
SUBMISSION CHECKLIST

Please use below list to carry out a final check of your submission before you send it to the journal for review.
Ensure that the following items are present in your submission:

- Cover Letter

 Importance and acceptability of the submitted work for the journal have been discussed (Please avoid
repeating information that is already present in the abstract and introduction).

« Other information has been added that should be known by the editorial board (e.g.; the manuscript or any
part of it has not been published previously or is not under consideration for publication elsewhere.

- Title Page

« Title, Running Title (should be a brief version of the title of your paper, no exceed 50 characters)
o The author’s name, institutional affiliation, Open Researcher and Contributor ID (ORCID)
« Congress-symposium, project, thesis etc. information of the manuscript (if any)
o Corresponding author’s address, phone, fax, and e-mail information

- Manuscript

« Title, abstract, keywords and main text

o All figures (include relevant captions)

« All tables (including titles, description, footnotes)

« Ensure all figure and table citations in the text match the files provided

- Declarations

« Availability of Data and Materials

o Acknowledgements

« Funding Support

» Competing Interests

o Generative Artificial Intelligence (AI)

o Authors’ Contributions

Further Considerations

« Journal policies detailed in this guide have been reviewed

o The manuscript has been “spell checked” and “grammar checked”

« Relevant declarations of interest have been made

« Statement of Author Contributions added to the text

« Acknowledgment and conflicts of interest statement provided
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