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Introduction
Certain toxic fungal species are ubiquitous in nature and 
have strong ecological link with human and animal food 
supplies. These fungi often produce certain chemical 
ingredients which are not necessarily required for their 
growth but play a crucial role in their survival and these 
chemical compounds are often termed as ‘secondary 
fungal metabolites’. Mycotoxins are a diverse group of 
chemically different compounds originally produced as 
secondary metabolites by several toxigenic fungal species. 
Many fungal genera are predominantly involved in the 
production of these hazardous chemical compounds, but 
the most important among them are Aspergillus, Fusarium, 
Penicillium, Alternaria and Claviceps [1]. To date, about 400 

chemically diverse mycotoxins have been identified which 
pose severe toxic effects in different animal species and 
human population in one way or another. Mycotoxin-
associated toxicities and/or adverse effects are directly 
related to the dose, duration, mycotoxin type, and route 
of exposure to a specific mycotoxin [2]. Mycotoxins 
generally exhibit hepatotoxic, nephrotoxic, carcinogenic, 
and immunosuppressive effects in certain animal species, 
ultimately compromising the overall health of animals. 
When produced within the feed, mycotoxins form 
‘mycotoxin pockets’ within the feed, which are generally 
rich in their concentration and are considered hotspots 
for mycotoxins, thereby ensuring an uneven distribution 
of mycotoxins within the feed.
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Abstract

Mycotoxins are the secondary metabolites of certain toxigenic fungi that have deleterious 
effects upon the health of humans, animals, and poultry. More than 300 chemically 
different mycotoxins have been identified to date, among which the most important 
are aflatoxins, ochratoxins, fumonisins, trichothecenes, and patulins. Approximately 
25% of global food crops are significantly affected by mycotoxins every year. Animals 
become exposed to the adverse effects of mycotoxins when fed mycotoxin-contaminated 
feed, and animal byproducts containing mycotoxin residues become a constant source 
of exposure to the human population. Once mycotoxins enter the food chain, their 
complete removal is inevitable; therefore, different control strategies are being adopted 
to minimize the adverse effects associated with them. This review encompasses various 
control strategies adapted to minimize mycotoxicosis.
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The route of mycotoxin entry into the animal food/
feed chain involves the use of contaminated agricultural 
byproducts during the formation of feed or production 
of different mycotoxins within the feed by storage fungi 
descending either from pre-harvest, harvest, or post-
harvest durations of crops [3]. Contamination by different 
agricultural products also limits international trade, as 
certain countries have different regulatory measures 
regarding the levels of mycotoxins [4]. Entry of mycotoxins 

into the human food chain occurs either through the 
consumption of mycotoxin-contaminated agricultural 
products or through animal byproducts derived from 
animals fed mycotoxin-contaminated rations. The 
mycotoxin residues exhibit certain anomalies in humans, 
the details of which have been presented and elaborated in 
Table 1 and Fig. 1.   

Discussing about the classification of mycotoxins, some of 
the significant mycotoxins from the vast list are aflatoxins, 

ochratoxins, zearalenone, trichothecenes, fumonisins, 
patulin, ergot toxins etc. However, keeping in view the one 
health perspectives, the most significant among all the 
mycotoxins are aflatoxins and ochratoxins. This review 
emphasizes the existence and after-effects of mycotoxins 
and control strategies adapted for these mycotoxins (in 
particular), along with the strategies adapted for the 
control of other mycotoxins in different livestock species.   

Existence of Different 
Mycotoxins in Animal/Poultry 
Feed and Their Effects
Aflatoxins

Contamination of food with aflatoxins has remained a Fig 1. Spectrum of mycotoxin associated diseases in human

Table 1. Mycotoxins associated diseases in human population along with details of specific mycotoxins involved in disease production

Fungi Involved Source of Contamination Disease Production Specific Mycotoxin Involved Reference

Fusarium verticilloides, Fusarium 
proliferatum Corn/maize Oesophageal tumors Fumonisin B2 [5]

Fusarium species Toxic bread (cereal grains) Alimentary toxic aleukemia Trichothecene, Fumonisin B1 [6]

Stachybotrys atra
Contaminated dust from 
ventilation slits, ceilings and 
walls 

Sick-building syndrome T-2, Diacetoxyscirpenol, Verrucarol [7]

Fusarium species Wheat, oats, barley, rice Akakabio-byo Fusarium toxins [8]

Aspergillus flavus and Aspergillus 
parasiticus Cereal grains Kwashiorkor Aflatoxin M1, AFM2 [9]

Aspergillus ochraceus, Penicillium 
species Cereal grains Balkan endemic 

nephropathy Ochratoxin A [10]

Penicillium and Aspergillus species Rice Cardiac beriberi  Aflatoxins [11]

Fusarium proliferatum, Fusarium 
verticillioides Maize/corn Neural tube defect Fumonisin B1 and B2 [12]

Claviceps purpurea, Claviceps 
fusiformis Cereal grains, rye Ergotism Ergotamine-ergocristine

Alkaloids
[12]

Aspergillus flavus and Aspergillus 
parasiticus Peanuts, cereal grains Hepatocellular carcinoma Aflatoxin B1 [13]

Stachybotrys atra Grain dust Stachybotryotoxicosis Satratoxins, Trichothecene [14]

Aspergillus species Grain dust Reye’s syndrome Aflatoxin B1, B2 and M1 [15]

Fusarium species Wheat, rice, corn Scabby grain toxicosis Zearalenone, deoxynivalenol
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persistent issue for livestock and poultry feed, along with 
all processed food products. These chemical compounds 
were discovered accidently in 1961 when many turkey 
poults suddenly died in England due to an unrecognized 
disorder named as “Turkey-X disease.” When investigated, 
it was revealed that a similar syndrome also appeared in 
farms where Brazil imported moldy peanut meal during 
feed formulation. Extraction using chloroform and 
detailed chemical analysis linked the extracted compound 
with “Aspergillus flavus.” Scientists then gave the name 
“Aflatoxin” to this chemical compound by joining first 
three letters of both “Aspergillus” and “flavus.” In the same 
year, this compound was also isolated in crystalline form in 
Netherlands and further fragmented as Aflatoxin B and G 
in United Kingdom based on color, they fluoresced under 
ultraviolet (UV) light. However, further investigations 
subdivided it into aflatoxins B1, B2, G1, and G2 based 
on minor differences in their chemical structures [16,17]. 
Furthermore, many other derivatives are linked to it from 
time to time, such as aflatoxin M1, aflatoxicol, AFP1, 
and AFQ1. There are approximately 20 different types of 
aflatoxins, but aflatoxin B1 (AFB1) (Fig. 2) is considered 
to be the most important and toxic among all types due to 
its toxicity [18].

Aflatoxins, belonging to the difuranocoumarin group, are 
secondary metabolites produced by a variety of toxigenic 
fungal species belonging to two important genera, 
Aspergillus and Penicillium [19] with Aspergillus flavus and 
Aspergillus parasiticus are considered major producers 
of aflatoxins [20,21]. Among all aflatoxins, aflatoxin B1 
(AFB1) is the most toxic to animals, humans, and poultry, 
followed by AFB2, AFG1, and AFG2. Based on its extent 
of toxicity, the International Agency for Research on 
Cancer (IARC) has classified it as a group 1 carcinogen in 
humans and animals. Along with cancer, it causes hepatic 
disorders, metabolic diseases, vomiting, stunted growth, 
and diarrhea in human population. 

Cereal crops, such as corn, wheat, sorghum, and rice, along 
with other feed ingredients, are readily contaminated with 
aflatoxins during their storage period when anaerobic 
conditions coupled with high humidity develop within 
the stored ingredients [6,22]. Aflatoxins have a tendency 
to easily infiltrate body tissues, muscles, and fatty tissues 
as residues, and when consumed, they become a potent 
source of contamination in the human population 
consuming such meat [23]. Table 2 illustrates some studies 
on mycotoxins reporting the existence of tissue residues 
in animals. The problem of aflatoxins occasionally occurs 
in crops prior to harvesting, but they are also produced 
in the stored ingredients whenever the storage fungi get 
a favorable environment for their growth, ultimately 
producing them as their secondary metabolites [24]. There 
are different legislations for the maximum tolerable levels 
(MTL) for all foods, including feed/feed ingredients for 
poultry and large animals (sheep, cattle, and buffalo). The 
United States Food and Drug Administration (US FDA) 
recommends 20 µg/kg of feed as a worldwide range for 
maximum permissible and tolerable levels for the poultry 
sector, whereas the maximum tolerable level for cattle and 
buffalo is 100 µg/kg of feed [25,26]. However, many studies 
are available, particularly in developing countries, which 
report much higher levels in feed/feed ingredients than in 
the recommended MTL [23,27-32]. 

Fig 2. Structural presentation of Aflatoxin B1

Table 2. Occurrence of tissue residues of different mycotoxins in various 
animal species

Mycotoxin Specie Level Used Residues Detected Reference

Aflatoxins

Broiler 100 µg/kg 0.32 µg/kg 
0.08 µg/kg (Muscles)

[33]

Broiler 1 mg/kg 0.166 µg/kg [34]

Broiler 1600-6400 
µg/kg

6.97 ng/g 
0.49-2.18 ng/g 
(Muscles)

[35]

Broiler Field Study

0.78-10.41 ng/g 
0.23-5.67 ng/g 
(Kidney)
0.01-0.97 ng/g 
(Muscles)

[36]

Broiler 600-1800 
µg/kg 0.53-2.05 µg/kg [37]

Cattle Field Study 0.36 µg/kg 
1.37 µg/kg (Kidney)

[38]

Ochratoxins

Broiler Field Study 0.58 µg/kg 
0.51 µg/kg (Kidney)

[39]

Broiler 100 µg/kg 1.92 ng/g 
3.58 ng/g (Kidney)

[40]

Broiler 2 mg/kg 1.79 ng/g 
4.42 ng/g (Kidney)

[41]

Beef 
sausages Field Study 4.1-7.1 ppm [42]
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Ruminants: Ruminants have a complex ecosystem of 
microflora and microfauna within the rumen [43,44] and 
nature has provided ruminants with diverse properties 
for detoxifying mycotoxins into their less toxic products 
through a diversified range of microflora and microfauna 
existing within their ruminal fluid [45]. As far as cattle are 
concerned, mature animals are less prone to the adverse 
effects of aflatoxins compared to growing, young, and 
pregnant animals. Aflatoxins are degraded in the rumen 
and converted to less toxic aflatoxicol [46]. Aflatoxins in feed 
bind with ruminal contents, and a lower quantity (only 
2-5%) of ingested aflatoxin reaches the intestine. Feed 
levels of approximately 100 µg/kg are toxic to ruminants [47]. 
The health effects of aflatoxins in different species are 
listed in Table 3.

Aflatoxin B1 (AFB1), which escapes ruminal degradation, 
enters the liver and is converted into aflatoxin (AFM1), 
which is released in milk. The maximum tolerable level 
of AFM1 in milk is 0.5 µg/kg. This metabolite can be 
detected in milk 6 h after the ingestion of AFB1, whereas 
its peak level can be noticed 24-48 hours after continuous 
AFB1 ingestion. Its clearance from milk can be observed 
3 days after withdrawal of a controlled diet [60]. It has been 
reported that AFM1 can cause pronounced aflatoxicosis 
in weaning calves often characterized by development of 
histopathological lesions in liver and kidney along with 
disturbance of hepatic enzymes [61]. About 1-2% of the 
total ingested AFB1 is released as AFM1 in milk [62]. The 
average transfer of aflatoxin from feed to milk is 1.7% 
while the maximum permissible level of aflatoxin for  
milk is 0.05 µg/liter in Asia [63]. Therefore, to avoid its 
residues in milk, dietary aflatoxin levels for ruminants 
must be as low as 25 µg/kg [64].        

Poultry: In the poultry industry, chicks of all age groups are 
prone to adverse effects caused by aflatoxins, particularly 
AFB1. Apart from adversely affecting all organs of chicks, 
their residues infiltrate muscles and organs, making 
them a direct source of contamination for the human 
population consuming such meat. Aflatoxins in feed result 
in reduced feed intake and body weight gain, along with 
suppressed relative organ weights, and birds become dull 
and less attractive towards feed. Similarly, hematological 
and serum biochemical parameters are adversely affected, 
leading to anemic conditions, along with permanent 
damage to the kidney and liver [65,66]. In addition, the 
most prominent anomaly expressed by AFB1 in feed 
is immunosuppression, which makes birds susceptible 
to secondary bacterial infections [67,68]. Moreover, AFB1 
forms DNA adducts, ultimately affecting the overall 
genome of organisms. 

Ochratoxins

Ochratoxins are produced as secondary metabolites 
of certain species of Aspergillus and Penicillium with 
Aspergillus ochraceus being the major producer [30]. 
Based on minor structural differences, it has been 
further subdivided into ochratoxin A (OTA), ochratoxin 
B (Mohamed,  #123), and OTC, with OTA being the 
most important and toxic among all. OTA is highly 
carcinogenic, and the International Agency for Research 
on Cancer has classified it as Group 2B [69]. Penicillium 
verrucosum is considered a major OTA producer in cold 
and temperate climatic zones, Penicillium verrucosum 
whereas Aspergillus carbonarius, A. ochraceus, A. niger, 
and A. melleus are considered major OTA producers. 

Ochratoxins contaminate different crops, including 
corn, maize, sorghum, barley, and rice, resulting in a 

Table 3. Health impacts associated with aflatoxins in ruminants and poultry

Specie Dose Tested Duration Effects Reference

Cattle 300 µg/kg 133 days No effects [48]

Cattle 200-500 µg/kg 14 days Severe pathological effects [49]

Cattle 350-455 µg/kg 15-17.5 weeks No effects [50]

Cattle 60-300 µg/kg 155 days No effects [51]

Beef calves 1400 µg/kg FS Neurological signs, ataxia, depression [52]

Lambs 2 mg/kg 37 days Decreased body weight and immune 
responses

[53]

Lambs 350 µg/kg 150 days Decreased serum parameters [54]

Lambs 5.9-23.5 µg/kg 91 days Decreased cellular immunity [55]

Lactating dairy cows 96 µg/kg 7-12 days Slight increase in serum proteins [56]

Broilers 40 µg/kg 42 days Reduced growth performance [57]

White Leghorn cockerels 400 µg/kg 60 days Hematological alterations [58]

Broiler chicks 100-600 µg/kg 42 days Immunosuppression [16]

Broiler chicks 200 µg/kg 42 days Serum biochemical and immunological 
alterations

[59]
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high chance of contamination in animal/poultry feed. 
Different regulatory levels are recommended for different 
raw materials and animal byproducts. According to the 
European Commission Recommendations (2006, 576), 
the MTL for complete feedstuff is 100 µg/kg feed [70]. 
Certain predisposing factors, such as hot and humid 
environments, poor pre-harvest/harvest conditions, and 
poor storage environments, enhance the production of 
OTA in feed. 

Ruminants: OTA administered to young ruminants 
causes severe signs of depression, degeneration of the 
kidney, and polyuria, ultimately leading to the death of 
animals [71]. Ruminal microflora causes the degradation 
of amide bonds between ochratoxin-α and phenylalanine 
(Fig. 3), ultimately producing less toxic compounds [72]. 
In the rumen, 50% of the total OTA is degraded within 
the first 15 min, while 95% of the total OTA is degraded 
into less toxic ochratoxin-α and phenylalanine moieties 
by ruminal microflora within 4 h of ingestion. Owing to 
this phenomenon, OTA does not affect or penetrate vital 
organs of the body [45]. 

Poultry: Poultry chicks are highly sensitive to the effects 
of OTA, which affects almost all vital organs of the body. 
Toxicopathological effects include reduced feed intake, 
body weight gain, dullness, and reduced attraction to 
feed. Serum biochemical parameters and hematological 
indices are also severely affected by exposure to OTA [73,74]. 
Immunosuppression has been extensively observed in 
this regard. In this regard, our recent reviews elaborate on 
experimental ochratoxicosis in poultry [24,69].

Fumonisins

Fumonisins are secondary metabolites of Fusarium 
proliferatum and Fusarium moniliformis. Apart from these 
two species, some Alternaria, especially A. alternata have 
been found to produce fumonisins [75]. There are twenty-
eight (28) chemically different types of fumonisins (FA1, 
FA2, FB1, FB2, FB3, and FB4), among which fumonisins 

B1 (FB1) is the most important and toxic form of 
fumonisins [76]. 

Ruminants: Regarding ruminants, fumonisins are tolerant 
to ruminal biodegradation; however, due to their low oral 
bioavailability, acute or chronic intoxication does not 
occur at the farm level [77]. However, the presence of very 
high levels in the feed can cause histopathological lesions 
in the kidneys and liver [78]. 

Poultry: The mechanism by which fumonisins cause toxicity 
in animals is thought to be the disruption of sphingolipid 
metabolism. It has been observed that fumonisins are the 
specific inhibitors of ceramide synthase enzyme which is 
needed for ceramide and complex sphingolipids synthesis. 
Because of this inhibition, a change in the sphingosine [7] 
to sphinganine [1] ratio occurs, and such an increased ratio 
has been observed in the tissues of turkeys, ducklings, and 
broilers exposed to FB1 in feed [79,80]. Turkeys and chicks 
were relatively resistant to the adverse effects of FB1, but 
mild to moderate toxicity was observed in turkeys and 
ducks fed FB1 at 75-400 mg/kg feed for 21 days. The 
observed changes included reduced body weight gain 
and hepatic damage, such as hepatic necrosis and biliary 
hyperplasia [81].  

Trichothecenes

Trichothecenes are a diverse group of mycotoxins, the 
most important of which is deoxynivalenol [20] also known 
as vomitoxin. Other important members of this group are 
T-2 toxins, diacetoxyscirpenol (DAS), and scirpenol. They 
are produced by a variety of Fusarium species, while DON 
is produced primarily by Fusarium roseum and T-2 toxins 
are produced by F. poae and F. sporotrichioides under 
storage conditions [82]. 

Ruminants: Discussing about ruminants, microorganisms 
present within the ruminal fluid have distinct property 
of deacetylation and DAS is de-acetylated into 
monoacettoxyscirpenol [7] and scirpenetriol; and these 
products are less toxic as compared to their parent 
compounds [83]. DON occurs in excessive quantities 
within the concentrates, and it is also readily degraded 
within the rumen, but in animals suffering from ruminal 
acidosis, such degradation becomes incomplete, ultimately 
producing trichothecene-associated adverse effects in the 
animals [84]. However, in general, ruminants can easily 
tolerate 8.5 mg/g DON within the feed and is readily 
degraded within 6-24 h of its ingestion by the ruminants [85]. 
Furthermore, DON-associated lesions in animals include 
lesions within the gastrointestinal tract, vomiting, severe 
dermatitis, hemorrhage, and bloody diarrhea [86]. 

Poultry: Poultry chicks are also resistant to the adverse 
effects of DON to some extent, but the associated adverse 
effects include decreased feed efficiency, reduced body 

Fig 3. Structural presentation of ochratoxin A (OTA)
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weight gain, and poor efficiency when fed extremely high 
doses [87].

Approaches/Strategies for 
Detoxification/Reduction of 
Mycotoxins
Three main approaches and strategies are generally 
adopted for the control and prevention of mycotoxins 
in animal and poultry feedstuff, which include physical, 
chemical, and biological methods.

Physical Methods  

There are different physical methods for the control of 
mycotoxins, which unfortunately become impractical at a 
large scale, but such methods can efficiently help detoxify 
mycotoxins on a small scale. These methods include 
adsorption, irradiation, heating, solvent extraction, 
washing and separation. 

Sorting and Separation

Grains are the major part of animal/poultry feed 
formulations [88] and when these grains are significantly 
contaminated with mycotoxins, they appear as moldy, 
broken, discolored and not distributed uniformly in the 
contaminated cereals rather they cluster together forming 
‘mycotoxin pockets’ [89,90]. The separation and sorting of 
mycotoxin-contaminated grains are performed using 
sieving, aspiration, photoelectric separation, and image 
separation techniques [91]. Hand sorting, dehulling, 
and flotation alone can remove 93%, 63%, and 51% 
of mycotoxins from white-shelled maize, respectively, 
whereas using these three methods in combination can 
remove nearly 98% of mycotoxins [92]. Similarly, gravity 
separation and aspiration can reduce mycotoxins by 80%, 
but this also reduces wheat crop [93]. Moreover, visual 
sorting strategies (optical viscosity and near-infrared 
spectroscopy) have been used to remove mycotoxins from 
maize and wheat [90,94-96]. The limitations of these methods 
are that they are costly and limited to small-scale use.

Washing and Solvent Extraction

Mycotoxins can be easily removed by washing and 
solvent extraction because of their distinct fat-soluble and 
water-soluble properties. The floating method has the 
potential to decrease the concentrations of zearalenone, 
fumonisins, aflatoxins, and trichothecenes by 61%, 
73%, 72%, and 69%, respectively [92,96,97]. The best results 
obtained by the floating method can be achieved by 
adding NaCl and sucrose to water to attain the maximum 
output [98]. When these physical techniques are used in 
combination to control mycotoxins, they provide better 
results than the individual techniques [99]. Commonly 
used solvents for mycotoxin extraction include hexane, 
methanol, ethanol, and aqueous acetone [100]. However, the 

major disadvantages associated with washing and solvent 
extraction are that they cause the loss of nutrients and are 
costly, which limits their application at larger scales. 

Heating

This method for the control of mycotoxins has been 
extensively used for the removal of different mycotoxins; 
however, AFB1 and FB1 can tolerate heat and require 
high temperatures (probably more than 150°C) for 
their decomposition [101-104] ultimately making their 
decomposition difficult. Some studies have shown 
that thermal treatment up to 160°C for 20 min under a 
pressure of 10 MPa can reduce aflatoxins in rice by 80% 
from rice [105] while heating barley at 220°C can destroy 
90% of zearalenone (ZEN) and DON [101]. Similarly, 150-
200ºC temperature can cause a 70% reduction in the 
concentration of FB1 in rice [106]. However, the disadvantage 
of this method is the production of the Maillard reaction, 
formation of certain carcinogens such as acrylamide, and 
reduction of the nutritive value, thereby limiting the use of 
this method at larger scales [105]. 

Decontamination by Irradiation

The irradiation process is usually divided into two forms: 
non-ionizing and ionizing. Non-ionizing processes 
involve microwaves, radio waves, visible light waves, 
and infrared waves, whereas the ionizing form includes 
ultraviolet rays, X-rays, electron beams, and gamma 
rays [107]. Extensive research has been performed by 
many scientists to evaluate the degradation of different 
mycotoxins using different irradiation technologies. Table 
4 presents different studies reporting the use of irradiation 
technologies for the degradation of mycotoxins in animal/
poultry feed and their ingredients.

Using gamma irradiation: Gamma rays are electromagnetic 
waves produced as a result of decaying an unstable source 
such as radioactive isotopes. Gamma rays are preferred 
in the food industry because of their high reactivity and 
penetration power. However, certain factors are important 
in this regard as far as the usage of gamma rays for 
degradation of mycotoxin is concerned such as dose of 
radiation used, level of mycotoxin contamination, water 
content within feed and composition of matrix. Many 
studies have reported possible degradation of aflatoxins 
within feed at 5-10 KGy exposure to gamma rays [112,122,123].

Gamma irradiation is undoubtedly gaining popularity due 
to its excellent results in finished food products, whereas 
Di Stefano et al.[110] reported only up to 21% aflatoxin 
reduction from finished poultry feed, which suggests that 
this technique is not suitable for products containing high 
lipid and vitamin contents [107].

Using electron beam: Irradiation through electron beams 
has shown promising results in the degradation of certain 
mycotoxins because of their short processing time, 
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dosage control, and low equipment costs. In the case of 
aflatoxins, this technology breaks down toxins into less 
toxic products, thereby reducing their toxicity potential of 
aflatoxins [124,125].

However, this technique has a lower degradation capacity 
than gamma irradiation. Moreover, Liu et al.[126] reported 
that this technique was not very efficient in degrading AFB1 
from peanut meals, as this technique cannot be declared 
as a complete solution for degradation/decontamination 
purposes as far as mycotoxins are concerned. 

Using ultraviolet irradiation: Over the past several decades, 
UV irradiation has been considered an effective technique 
for the destruction of several mycotoxins, particularly 
aflatoxins, owing to their photosensitivity. Being a non-
thermal technique, UV irradiation depicts the benefits  
of being practical, cost-efficient and eco-friendly and 
it does not result in any toxic and/or waste product 
generation [127].

Ultraviolet (UV) irradiation has a strong penetration 
capacity through transparent and/or clear liquids, 
whereas its penetration capacity through solid materials 
is very limited, leading to its low decontamination ability 
for compact food products [128]. The disadvantage of 
this technique is that granular or opaque items should 
be presented in the form of a thin layer to achieve 
decontamination of mycotoxins by UV irradiation, 
thereby limiting its application at the field level for the 
degradation of mycotoxins in feed.

By photocatalysis: Recent advancements in the field 
have revealed that UV-visible irradiation, along with 
semiconducting photocatalysis, can efficiently degrade 
aflatoxins in a liquid matrix [129,130]. The most commonly 
used photocatalyst is titanium oxide (TiO2), which is 
highly active under UV irradiation. Sun et al.[129] reported 
that AFB1 in methanol was efficiently degraded up to 
95% within 120 min using this technique, while Xu et 
al.[130] reported up to 60.4% removal of AFB1 within 
120 min through UV-vis irradiation. Similarly, DON 
degradation can also be achieved through photocatalytic 
techniques [131]. Although this is an efficient technique, 
less information is available on the safety and stability of 
photocatalysts. 

By pulsed light: Pulsed light is an emerging non-thermal 
technique for decontaminating mycotoxins from foo 
and feed. Pulsed light is an FDA-approved technique for 
efficient and rapid decontamination of different food 
products. In this advanced technique, short- and high-
intensity broadband emission light is produced, which 
includes ultraviolet, visible, and infrared rays [132]. Moreau 
et al.[133] reported a 92.7% reduction in AFB1 in water 
using eight flashes of pulsed light, while Wang et al.[120] 
reported 75% AFB1 and 39.2% AFB2 reductions from raw 
rice samples using this technique. Pulsed light technology 
can also be used for the efficient degradation of OTA, 
ZEN, and DON [133].

Despite the great outcomes of this technology, further 
studies are needed to investigate the breakdown products 

Table 4. Degradation of mycotoxins by different irradiation techniques in animal/poultry feed and its ingredients

Technique used Feed type Mycotoxin Treatment Condition Degradation Percentage Reference

Gamma irradiation

Soybean AFB1 10 kGy 62.20% [108]

Wheat OTA 30.5 kGy 24% [109]

Commercial poultry feed OTA 15 kGy 23.9% [110]

Commercial poultry feed AFB1 15 kGy 18.2% [110]

Poultry feed Aflatoxins 25 kGy 42.7% [111]

Maize feed AFB1 10 kGy 94.5% [112]

Broiler feed AFB1 6 kGy 89.53% [113]

Chicken liver AFB1 10 kGy 25% [114]

Chicken liver OTA 10 kGy 60% [114]

Poultry feed OTA 4 kGy 100% [115]

Poultry feed AFB1 6 kGy 100% [116]

Electron beam

Corn Zearalenone 50 kGy 71.1% [117]

Barley Fusarium species 10 kGy 50-98% [118]

Wheat DON 55.8 kGy 78.4% [119]

Pulsed light Rice bran AFB1 0.52 J/cm per pulse for 
15 sec 90.3% [120]

Ultraviolet irradiation Wheat 254 nm for 160 min Aflatoxins 65-90% [121]
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of pulsed light treatments. The design of cost-effective PL 
equipment is still needed, which can produce high UV 
output, so that this emerging technique can be effectively 
used at the industrial level. 

By microwave heating: Electromagnetic waves with 
wavelengths ranging from 1m to 1 mm and frequencies of 
300 MHz to 3000 MHz are used in microwave heating. It 
is a unique volumetric heating technology that efficiently 
converts electromagnetic field energy into thermal energy 
via the polarization effect of electromagnetic radiation [134]. 
Microwave heating is extensively used for heating, drying, 
extraction, and cooling of certain food products. Various 
studies have reported the use of this technology for non-
thermal degradation of different mycotoxins. Flores et 
al.[135] studied the effects of microwave heating during 
alkaline cooling of aflatoxin-contaminated maize grains. 
They reported 36% AFB1 and 58% AFB2 reduction using 
microwave heating at 1650 W for 5.5 min. 

Microwave manufacturers can customize equipment 
according to the needs of industrial and food product types. 
However, the non-uniform distribution of temperature 
during microwave heating is a challenge that could lead 
to hot/cold spot formation within food [136]. The presence 
of mycotoxins within the cold spot cannot be properly 
detoxified, whereas hot spots may lead to nutritional 
degradation of the feed. Further studies in this regard are 
required to ensure the proper distribution of temperature 
at all spots so that efficient degradation of mycotoxins can 
be achieved without disturbing the nutritional values of 
food and feed products.

By cold plasma: Plasma, often referred to as the fourth state 
of matter, is a highly energetic ionized gas that usually 
consists of ions, UV irradiation, electrons, and reactive 
nitrogen and oxygen species (RNS and ROS) [137]. Plasma 
is further categorized as cold or thermal. Additionally,  
it can be explained by the type of system generating it,  
such as dielectric barrier discharge (DBD), corona 
discharge (CD), and radio frequency plasma (RFP) and 
many others [138].

This latest technology has been used for the 
decontamination of different mycotoxins under ambient 
pressure and temperature conditions [139]. Aflatoxins 
were degraded using the DBD N2-plasma technique in 
hazelnuts, where 70% of AFB1 was detoxified under 1150 
W plasma treatment within 12 min [140]. Similarly, cold 
plasma technology has been reported to efficiently degrade 
various mycotoxins including OTA [141], DON [142,143], T2 [144], 
fumonisins [145] and citrinin [140]. Cold plasma technology 
has been proven to be an efficient technique for the 
decontamination of mycotoxins. However, this technique 
is still in the early stages of development, and further 
advanced research is required to optimize various food 

products. Furthermore, the negative impact of plasma 
treatment on the nutritive value of different food materials 
needs to be addressed before the commercialization of 
this technology.

Adsorption  

Some adsorbing substances have the potential to bind to 
mycotoxins and remove them from the gastrointestinal 
tract [146]. This technique is widely used and well 
understood, as it has fewer disadvantages than other 
available methods. The adsorbing agent used for the 
detoxification of mycotoxins should have some specific 
properties, including a high adsorption capacity for 
multiple mycotoxins, low binding efficacy for nutrients, 
and high safety and palatability [102]. 

The most commonly used adsorbents for mycotoxin 
detoxification are aluminosilicate minerals, including 
montmorillonites and aluminosilicates [146]. The 
adsorption ability depends on the structures of both the 
binding agent and the targeted mycotoxin [102]. Some 
studies have indicated that zeolite and bentonite clay can 
reduce AFB1 residues in the liver by 87% [147-150]. Similarly. 
Bentonite clay can decrease the bioavailability of AFB1 in 
the rumens of lactating animals [151,152]. Many studies have 
revealed that polar toxins, such as AFB1 and FB1, can be 
easily adsorbed by many aluminosilicates, which become 
ineffective against different non-polar mycotoxins [153,154]. 
Bentonites are considered good agents for the adsorption 
of mycotoxins because they are bioenvironment-friendly, 
have high adsorption efficiency, and are generally more 
economical than other agents [155-157]. Details of some of 
the adsorbing agents that are effective against mycotoxins 
are shown in Table 5.

Chemical Methods 

Different chemical agents can be used to efficiently convert 
mycotoxins to less toxic or non-toxic compounds by 
destroying their structural makeup.  Certain alkalines and 
ozone treatments are chemical methods that have proven 
beneficial in this regard [225,226]. Fig. 4 shows a schematic 
flow of different chemical methods used for the control of 
mycotoxicosis.

Alkaline Treatment 

Commonly used alkaline chemicals for the control of 
mycotoxins in moldy feed include sodium carbonate, 
potassium hydroxide, sodium hydroxide, and ammonia [226]. 
Base hydrolysis can open the lactone ring structure of 
AFB1, and the hydrolyzed product can then be removed 
by washing with water [227]. Treatment of various cereals 
with ammonia and hydroxide salts can remove almost 
95% of the mycotoxins [228]. Although these treatments can 
nearly reduce the complete concentration of mycotoxins, 
the possible transformation of mycotoxins to other  
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forms, such as masked mycotoxins, along with harmful 
side effects on the environment and food (changes in 
nutritional quality, texture, or flavor) are some of the 
disadvantages that make this method less desirable at 
larger scales [225].

Ozone Treatment

Oxidizing agents, such as sodium and ozone, play a role in 
detoxifying mycotoxins by modulating the structures of 
these secondary metabolites [229,230]. Ozone can degrade the 

Mycotoxin Agent (Adsorbent) Type of Study (and 
Efficacy) Reference 

Aflatoxins

Bentonite In Vitro [158]

Activated charcoal In Vitro Study [159]

Activated charcoal Goats [160]

Activated charcoal White Rock Chicks [161]

Activated charcoal Broiler Chicks [162]

HSCAS Chickens [163]

HSCAS Broiler Chicks [164]

Activated charcoal Chickens [165]

HSCAS Chickens [165]

HSCAS Chickens [166]

HSCAS Pigs [167]

HSCAS Pigs [168]

Zeolite In Vitro [169]

HSCAS Pigs [170]

Zeolite Broiler Chicks [171]

HSCAS Pigs [172]

HSCAS In Vitro Study [173]

HSCAS Turkey Poults [174]

Activated charcoal Rabbits (Partial) [175]

Zeolite Domestic Fowls [176]

Bentonite, HSCAS Broilers [177]

HSCAS Turkey Poults [178]

Activated charcoal Minks [179]

HSCAS Dairy Cows [180]

Aluminosilicate Chicks [181]

HSCAS Wethers [179]

HSCAS Pigs [182]

Zeolite Chickens [181]

Zeolite Broiler Chicks [183]

Calcium Bentonite Pigs [182]

HSCAS, Bentonite Pigs [184]

Montmorillonite In Vitro [185]

Activated Charcoal Turkey Poults [186]

HSCAS Turkey Poults [186]

Super-activated charcoal Broiler Chicks [187]

Inorganic clay Broiler Chicks [188]

Diatomaceous earth In Vitro [189]

Clinoptilote Quail Chicks [190]

Aluminosilicate In Vitro [191]

HSCAS, bentonite Rats [192]

HSCAS In Vitro [193]

HSCAS Broilers [193]

Zeolite Broiler Chicks [194]

Bentonite In Vitro Study [195]

Bentonite Broiler Chicks [196]

Alumino silicate In Vitro [197]

Sodium bentonite Poultry Chicks [147]

Bentonite clay Broilers [149]

Zeolite Poultry Chicks [198]

Organo-clay composites Broilers [152]

Table 5. Details of different In vitro and in vivo studies reporting the use of different adsorbents (binders) against mycotoxicosis

Mycotoxin Agent (Adsorbent) Type of Study (and 
Efficacy) Reference 

Ochratoxins 
 

Activated charcoal Leghorn Chicks [199]

HSCAS Chickens (Partial) [200]

Activated charcoal In Vitro [201]

Activated Charcoal Pigs [201]

HSCAS, Bento Pigs [201]

Cholestyramine Pigs [201]

Activated carbon In Vitro [202]

Diatomaceous earth In Vitro [189]

Bentonite In Vitro [195]

Bentonite Broiler (Partial) [203]

Fumonisins 

Activated charcoal In Vitro [204]

Activated carbon Rats [205]

Bentonite In Vitro [206]

Zearalenone 
 
 

Divinylbenzene-styrene
polymer Rats [207]

HSCAS Minks [208]

Cholestyramine In Vitro [209]

Bentonite Pigs [210]

Maifanite Pigs [211]

Montmorillonite Goat [151]

Activated charcoal In Vitro [212]

Cholestyramine In Vitro. [212]

Montmorillonite,
Magnesium trisilicate, 
cholestyramine

In Vitro [185]

Organophilic 
montmorillonite In Vitro [213]

DON 

Polyvinylpyrrolidone Pigs [214]

Activated carbon In Vitro [202]

Activated carbon In Vitro [215]

Trichothecenes 

HSCAS Turkey Poults [174]

HSCAS Chicks [153]

HSCAS Pigs [216]

Super-activated charcoal Turkey Poults [187]

HSCAS Broiler Chicks [217]

Inorganic clay Broiler Chicks (Partial) [188]

T-2 toxins 

Bentonite Rats [218]

Divinylbenzene-styrene 
polymer Rats [218]

Super-activated charcoal Rats [219]

Super-activated charcoal Rats [220]

Activated charcoal Swine [221]

Cyclopiazonic 
Acid 

Acidic clay, neutral clay, 
clinoptilolite In Vitro [222]

Acidic clay, neutral clay, 
clinoptilolite Broilers [222]

Ergotamine Montmorillonite In Vitro [223]

Patulin Activated charcoal In Vitro [224]
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FB1, AFs, ZEN and DON in various feeds of animals [231-234]. 
AFs can be reduced in corn and peanuts through ozone 
treatment [235-237]. Similarly, DON can be decomposed 
in corn and wheat using ozone [216,238-240]. Similarly, 
zearalenone can also be decomposed by treatment with 
varying concentrations of ozone [241]. Mycotoxins can also 
be degraded using other oxidizing agents, such as sodium 
hypochlorite [242,243]. However, the use of oxidizing agents 
for the detoxification of mycotoxins has some limitations, 
as these agents can change the physical and chemical 
composition of the feed, such as protein denaturation and 
lipid oxidation. Another disadvantage of using oxidizing 
agents is that they produce harmful chemicals during 
mycotoxin detoxification, making this method unsuitable 
for commercial use [230,235,236]. 

Biological Methods

Many physical and chemical techniques used to reduce 
the concentration of mycotoxins in feed have various 
limitations, as discussed above. However, the use of 
different biological methods for mycotoxin detoxification 
is necessary, as these methods have shown promising 
results in various studies [243,244]. Fig. 4 shows a schematic 
flow of different biological methods used for the control 
of mycotoxicosis.

Microorganisms with Detoxification Activities

The use of different probiotics in animals promotes 
their development and growth and also improves the 
host’s resistance against different diseases and metabolic 
disorders [245-249]. Certain beneficial microorganisms 
belonging to the category of probiotics are extensively 
used for the control of mycotoxicosis. These micro-
organisms play a significant role in maintaining normal 
bacterial balance within the GIT and are often used 
to tackle certain pathological abnormalities, including 
fungal modifications [250,251]. These beneficial organisms 
can bind mycotoxins and eliminate them from the 
gastrointestinal tract [252]. In addition, they also possess 

the ability to biologically degrade mycotoxins, ultimately 
converting them into less toxic metabolites, thereby 
protecting animals/chicks from mycotoxin-associated 
lethal damage [253]. Microorganisms, including various 
species of Lactobacillus, Lactococcus, Streptococcus and 
Bifidobacterium possess antimutagenic, antifungal, and 
immunomodulatory effects in this regard [254-256]. Many 
studies have been conducted in this regard, and Table 6  
and Table 7 summarize some probiotics associated with 
different types of mycotoxins in vitro and in vivo.

Biodegradation/Biotransformation by Degrading 
Enzymes

In addition to the use of different bacteria, fungi, and their 
byproducts for the degradation of mycotoxins, the use 
of certain biological enzymes is also gaining popularity. 

Fig 4. Flow diagram showing different chemical and biological methods 
used for the control of mycotoxicosis

Table 6. Details of different In vitro studies reporting the biological 
degradation/detoxification of certain mycotoxins

Mycotoxin Biological Strain/Type Detoxification Rate [18] Reference

AFB1

Bacillus subtilis 93.00% [257]

Pseudomonas putida 92.00% [258]

Bacillus licheniformis 95.70% [259]

Bacillus shackletonii 93.10% [260]

Bacillus subtilis 66.20% [13]

Bacillus velezensis 92.50% [261]

Escherichia coli 93.70% [262]

S. cerevisiae 68.00% [244]

Aspergillus niger RAF105 87.59% [263]

Stenotrophomonas sDOI: 99.00% [264]

Aspergillus niger FS11 97.64% [265]

DON

Bacterial strain 100% [266]

Bacterial isolates 100.00% [267]

Aspergillus (NJA-1) 98.40% [268]

Eggerthella sDOI:  100.00% [269]

Pseudomonas sDOI: and 
Lysobacter sDOI: 100.00% [270]

Devosia insulae 85.00% [271]

Strain E3-39 100.00% [272]

Bacterial consortium C20 73.29% [273]

Bacillus subtilis 83.10% [274]

ZEN

Bacillus pumilus 96.70% [275]

Bacillus natto/ pumilus 97.70% [276]

Bacillus subtilis 88.00% [272]

FB1

Bacillus spDOI: 22%-50% [277]

Saccharomyces cerevisiae 100.00% [278]

Bacterial consortium 89.65% [279]

Strain NCB/ Bacterial 
consortium 100.00% [280]
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These enzymes have been isolated from a wide range of 
microorganisms. These enzymes are also obtained from 
certain fungal species, but the isolation processes involving 
crushing of fungal mycelia are quite complicated, and 
their use on a larger scale is restricted. However, the use of 
enzymes isolated from different bacteria is promising for 
mycotoxin biodegradation [260]. Table 8 shows the details 
of different degrading enzymes, along with the types of 
mycotoxins against which their efficacy has been reported.   

Nutritional Strategies

Certain nutritional strategies have also been adapted 
to nullify the adverse effects of mycotoxins in animals. 
Similarly, the use of certain plants and their extracts has 
been practiced since ancient times for the rectification 
of different ailments in both humans and animals [314-317]. 
These plants contain a variety of flavonoids, alkaloids, 
essential oils, and tannins, which enhance the body’s 
defense system by mitigating several pathological and 
management issues in animals and humans [318,319]. The 
mycotoxin detoxification system can be modulated by 
nutritional measures. In animals, detoxification systems 
include ketoreductase, CYP450s and α-glutathione 
transferase, which can efficiently degrade mycotoxins [239]. 
Therefore, nutritional regulators may enhance the 
detoxification potential of the body [320]. Cysteine, glycine, 
and glutamate synthesize glutathione and help detoxify 
mycotoxins by forming glutathione. The addition of 

Table 7. Details of different in vivo studies reporting biological degradation/
transformation of certain mycotoxins

Mycotoxin Biological Specie 
Used Animal Model Used Reference

Aflatoxins

Sacchromyces 
cerevisiae Broilers [281]

Esterified 
glucomannan Cows [282]

Manno-
oligosaccharides Wistar rats [283]

Nocardia 
corynebacteroides Chicks [284]

Modified yeast extract Cows [285]

Dried yeast culture Sheep [286]

Lactobacillus casei 
Shirota Wistar rats [287]

Modified yeast cell 
wall Sheep [288]

Lactobacillus 
rhamnosus GAF01 Mice [289]

Lactobacillus 
plantarum MON03 Mice [290]

Yeast cell wall Broilers [291]

Pichia kudriavzevii Broilers [292]

Lactobacillus 
plantarum Broilers [293]

Ochratoxins

Esterified 
glucomannan Broilers [293]

Yeast cell wall 
preparation (YCW) Rats [294]

Saccharomyces 
cerevisiae Ross male broilers [295]

Lactobacillus 
paracasei Ross Broilers [296]

Saccharomyces 
cerevisiae Ross Broilers [296]

Yeast sludge Broilers [297]

Lactobacillus kunkeei Male Rats [298]

Lactobacillus 
plantrum Male Rats [298]

T-2

Saccharomyces 
cerevisiae lysate 
(Masclaux‐Daubresse, 
#1128)

Laying hens [299]

Table 8. Different experimental studies reporting the use of various 
degrading enzymes for the detoxification of mycotoxins

Mycotoxin Degrading Enzyme Source Reference 

AFB1

Trametes versicolor 
Laccase enzyme Aspergillus niger [300]

F42H2-dependent 
reductase enzyme

Mycobacterium 
smegmatis 

[301]

Aflatoxin-Oxidase Aspergillus tabescens [302]

Myxobacteria 
aflatoxin degradation 
enzyme

Myxococcus fulvus [303]

Manganese peroxidase Phanerochaete sordida 
YK 624

[304]

Manganese peroxidase Pleurotus ostreatus [305]

Bacillus aflatoxin-
degrading enzyme Bacillus shackletonii L7 [260]

DON

Cytochrome P450 
system

Sphingomonas sDOI:  
strain KSM1

[306]

Peroxidase Extract of rice bran [307]

Aldo-keto reductase 
DepA/DepB

Devosia mutans 17-
2-E-8

[308]

Quinone-dependent 
dehydrogenase, 
NADPH-dependent 
aldo/ keto reductases

Devosia strain D6-9 [309]

Manganese peroxidase 
and Lignin peroxidase Flammulina velutipes [310]

ZEN

ZEN-specific 
lactonohydrolase

Penicillium canescens 
strain PCA-10

[311]

Recombinant fusion 
enzyme (ZHDCP)

Zearalenone 
hydrolase (ZHD) and 
carboxypeptidase (CP)

[312]

FB1

Fumonisin 
carboxylesterase 
FumD

Sphingopyxis sDOI:  
MTA144

[313]
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specific nutrients and prebiotics to mitigate the damaging 
effects of pathogens and toxins is another benefit [321-324]. 
Cytotoxicity occurs due to oxidants produced within the 
body by mycotoxins, and adding antioxidants can improve 
the ability of organisms to fight against mycotoxin 
toxicity. In this regard, selenium and vitamins (C and E) 
have proven beneficial as they act as superoxide anion 
scavengers [325-327]. Table 9 describes some nutritional 
strategies reported in this regard while Fig. 5 shows the 
schematic flow of use of different nutritional strategies 
used for the control of mycotoxicosis.

Conclusion
The presence of mycotoxins in feed is an unavoidable 
problem worldwide. This review summarizes a number 
of strategies to reduce mycotoxicosis, including physical 
methods (separation, washing, adsorption, heating, and 
irradiation), chemical strategies (oxidizing agents and 
basis), biological methods (enzymes and probiotics), and 
nutritional regulation strategies. Each of these approaches 
can be used practically, along with its own advantages and 
disadvantages. However, with the growing awareness of 
environmental protection, as well as feed and food safety, 
there is a growing expectation for more green and innovative 
technologies to control mycotoxin contamination. 

Future Perspectives
More advanced techniques should be adapted for the 
control of mycotoxicosis in poultry. As there is a paradigm 
shift to the use of natural ingredients for the treatment 
globally, measures should be taken for the large-scale 
implementation of biological strategies to avoid physical 
and chemical strategies-associated disadvantages at farm 
levels. Widescale commercialization should be done to 
mitigate mycotoxicosis at farm (both dairy and poultry) 
levels.
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Table 9. Details of different experimental studies showing different 
nutritional strategies against the toxic effects of mycotoxins

Mycotoxins Nutritional strategy Animal Model Reference 

AFB1

β-carotene, 
canthaxanthin, 
lycopene

Rats [328]

Dietary butylated 
hydroxytoluene White Turkey poults [329]

Vitamin C Labeo rohita [330]

Silymarin-
phospholipid complex Broiler [331]

Vitamin C & E Rabbits [332]

Sea buckthorn berries Broiler [333]

Alpha-lipoic acid Broilers [334]

Resveratrol Broilers [335]

Curcumin, quercetin, 
resveratrol In vitro [336]

Selenium Cobb male broilers [280]

Curcumin Chickens [337]

Vitamin E Leghorn cockerels [58]

DON

Vitamin E & C, 
selenium Wistar rats [338]

L-Arginine Pig [339]

Selenium In vitro [276]

FB1

Isoflavones Rats [340]

Vitamin E rabbits [341]

Curcumin/silymarin In vitro [342]

OTA

Vitamin C Mice [343]

Vitamin E & C Broilers [344]

Retinol, ascorbic acid, 
α-tocopherol Mice [345]

Coenzyme Q10, 
L-carnitine, Zn, Mg Mice [346]

Vitamin C Nile Tilapia [347]

L-carnitine Leghorn cockerels [66]

Silymarin Leghorn cockerels [67]

Curcumin In vitro [342]

Ducks Curcumin [348]

T-2 toxin

Vitamin C & E, 
selenium Wistar rats [338]

Vitamin E & C Broiler [344]

Broilers Lycopene [349]

Zearalenone

Retinol, ascorbic acid, 
α-tocopherol Mice [345]

Vitamin E In vitro [350]

Vitamin C Weaning piglets [351]

Silymarin Rats [352]

Vitamin C piglets [353]

Fig 5. Schematic flow showing different nutritional strategies used for the 
control of mycotoxicosis 
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Introduction
Livestock production is vital for global food security 
and demands ongoing research to boost productivity. 
Effective herd management enhances animal welfare, 
health, and profitability, which are key to sustainable 
milk production [1,2]. Machine learning (ML), a branch of 
artificial intelligence (AI), offers advanced tools to detect 
complex patterns, select relevant variables, and generate 
accurate predictions in this context [3]. ML and AI are 
widely used in fields such as veterinary science, enabling 
improved decision-making through big data and IoT 
technologies [4-6]. Recent advances have accelerated AI 
applications in livestock, including disease detection and 
biometric animal monitoring, enhancing real-time herd 
management [4,7-12].

Many studies apply ML to predict milk yield, but results 
often lack reliability under real farm conditions due to 
milk yield’s multifactorial complexity [13,14]. Traditional 
accuracy metrics can mislead in imbalanced datasets; 
therefore, weighted F1-score and ROC-AUC are preferred 
for performance evaluation [15]. ML has shown promise in 
disease detection, reproductive performance prediction, 
and resource optimization in dairy farming [16-20].

This study evaluated nine ML algorithms to classify 
Holstein cows’ lactation milk yield using a dataset of 
128 records with five features. Dimensionality reduction 
via PCA and LDA was applied. Models were assessed 
using 10-fold cross-validation and 50 bootstrap samples, 
focusing on weighted F1-score and ROC-AUC due to 
class imbalance. A hybrid ensemble model combining top 
algorithms was developed to improve prediction accuracy 
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Abstract

Machine learning (ML) algorithms are widely employed across various domains to identify 
patterns and relationships in large datasets, and to perform tasks such as prediction and 
classification. This study investigates the use of machine learning techniques to predict 
lactation milk yield in Holstein dairy cows within the field of veterinary sciences. The 
dataset comprises records from 128 cows, with lactation milk yield categorized into 
three classes low, medium, and high based on threshold values determined by expert 
opinion. The independent variables include Age (in days), Days in Milk (DIM), Service 
Period (in days), Calving Date, and Parity. To reduce the dimensionality of the dataset, 
Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA) were 
applied. The performance of nine classification algorithms was evaluated on both the 
original and reduced datasets using 10-fold cross-validation and bootstrap resampling 
methods. Due to class imbalance in the data, the weighted F1-score was used as the 
primary performance metric instead of accuracy. Among the original models, the 
highest weighted F1-scores were achieved by Decision Tree (DT), Gradient Boosting 
Machine (GBM), and Extreme Gradient Boosting (XGBoost), with scores of 0.47, 0.53, 
and 0.51, respectively. A hybrid ensemble model developed by combining these top-
performing algorithms demonstrated superior performance, yielding a weighted F1-
score of 1.00, an accuracy of 1.00, and an ROC-AUC of 1.00. These findings suggest that 
hybrid ensemble models can provide more effective and robust solutions in veterinary 
applications and similar research fields.
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and robustness. The following sections detail the data, 
methods, results, and the enhanced performance of the 
hybrid model.

Material and Methods
Ethical Statement 

This study does not require ethical permission.

Data and Preprocessing

The study dataset comprised 128 lactation records from 
Holstein cows, each with five features: age (days), days 
in milk (DIM), service period (days), calving date, and 
parity. The target variable, total lactation milk yield 
(kg), was classified into three categories (low, medium, 
high) based on expert thresholds, forming a multi-class 
classification task. Numerical features were normalized, 
categorical data numerically encoded, and outliers were 
removed using the Local Outlier Factor (LOF) method [21] 

excluding nine samples. A robust scaler minimized 
the effect of extreme values. Descriptive statistics and 
correlation analysis were conducted to examine feature 
relationships and multicollinearity. Class imbalance was 
confirmed, necessitating weighted metrics for model 
evaluation.

Dimensionality reduction using Principal Component 
Analysis (PCA) and Linear Discriminant Analysis 
(LDA) was applied to reduce redundancy and noise: 
PCA reduced features from five to three components 
(97% variance retained), while LDA projected data onto 
two discriminant axes maximizing class separability. 
These reduced datasets were used to train classifiers, 
but as no significant performance gain was observed, 
hyperparameter tuning was conducted on models using 
the full feature set (128x5).

Machine Learning Algorithms

ML algorithms identify patterns in large datasets, enabling 
accurate predictions on unseen data [22]. Successful ML 
application depends on choosing suitable algorithms 
and evaluation metrics [23,24]. Fig.1 illustrates a typical ML 
approach.

Common ML tasks include classification and regression, 
which require different algorithms. In this study, nine 
supervised classifiers were implemented using Python 
3.9.10 and Scikit-learn libraries.

Decision Tree (DT): Tree-structured models split data by 
features and provide interpretable “if-then” rules. Pruning 
and tuning prevent overfitting [25,26].

Gradient Boosting Machine (GBM): An ensemble 
method building trees sequentially to correct prior errors; 
sensitive to hyperparameters like learning rate and tree 
depth [26].

Extreme Gradient Boosting (XGBoost): An optimized 
GBM variant with regularization and faster training, 
widely recognized for superior performance [27], which  
has demonstrated strong performance in agricultural 
datasets [28], also exhibits high tolerance to multicollinearity 
and missing data scenarios [29].

Random Forest (RF): Ensemble of decision trees trained 
on bootstrap samples with random feature subsets, robust 
to overfitting and nonlinearities [28-32].

K-Nearest Neighbors (KNN): Instance-based method 
classifying by majority vote of nearest neighbors using 
distance metrics; effective but computationally expensive 
in high dimensions [33].

Hybrid Model: A voting ensemble combining DT, GBM, 
and XGBoost leveraged their complementary strengths to 
improve classification of milk yield (low, medium, high). 
Ensemble consensus reduces misclassification risk and 
enhances generalization.

Performance Evaluation Metrics and Validation

Due to class imbalance, traditional accuracy can be 
misleading [11,34,35]. Thus, multiple metrics were used:

Accuracy: Ratio of correct predictions but less informative 
for imbalanced data (Eq. 1).

				    (1)

Here, FP denotes false positives and FN denotes false 
negatives.

Precision (P): Correct positive predictions among all 
positive predictions (Eq. 2).

				    (2)

Recall (R): Correct positive predictions among all actual 
positives (Eq. 3).

					    (3)

F1-score: Harmonic mean of precision and recall, 
balancing sensitivity and specificity, prioritized here with 
class-weighting to handle imbalance (Eq. 4) [36,37].

					     (4)

ROC-AUC: Threshold-independent measure of dis-
crimination ability, calculated as weighted average over all 
class pairs (OvO approach) [38]. Fig 1. Workflow diagram
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Validation Techniques

10-Fold Cross-Validation: Dataset split into ten folds; 
each fold used once as test data to provide unbiased 
performance estimates (10% test, 90% train per fold) [39].

Bootstrap Sampling: To rigorously assess the statistical 
reliability, stability, and generalizability of model 
performance, a systematic bootstrap resampling strategy 
was employed in this study. This technique entails the 
generation of multiple resampled datasets by randomly 
drawing observations from the original dataset with 
replacement, thereby facilitating an evaluation of model 
behavior under varied sampling scenarios. Specifically, 
50 independent bootstrap samples, each consisting of 10 
randomly selected observations, were generated. These 
samples were subsequently used to investigate the variability 
in model predictions and to estimate performance stability 
and robustness [40]. Remarkably, the results demonstrated 
consistently perfect performance, with both accuracy and 
weighted F1-scores achieving 1.00 across all resampled 
datasets. These findings provide strong empirical evidence 
supporting the robustness, reliability, and invariance of the 
proposed models across varying data subsets. Furthermore, 
the bootstrap approach functioned as a powerful statistical 
tool for deriving more reliable estimates of model variance 
and predictive error, particularly in contexts characterized 
by limited data availability and potential shifts in data 
distribution. Overall, the methodology reinforces 
confidence in the models’ generalization capability 
beyond the original training data, ensuring dependable 
performance in real-world applications.

Hyperparameter Tuning and Model Optimization

Hyperparameters external model settings were optimized 
via grid search combined with 10-fold CV to maximize 

weighted F1-score. This ensured balanced performance 
across classes and avoided overfitting. Optimization was 
performed for DT, GBM, and XGBoost.

Hyperparameters were chosen considering model 
complexity, overfitting risk, and class differentiation. 
After tuning, each algorithm was retrained on the full 
dataset with optimal hyperparameters. This improved 
both individual model performance and the hybrid 
model’s overall effectiveness. Results from the original and 
dimensionally reduced datasets are presented, comparing 
individual models and the hybrid ensemble. Evaluation 
focuses on metrics, especially the weighted F1-score, with 
comprehensive discussion of findings.

Results
The creation of effective AI- and ML-based prediction 
systems requires a robust data pipeline, including: (1) 
data collection, (2) transformation into suitable formats, 
(3) secure storage, (4) analytical modeling and (5) 
presenting interpretable results. In this study, these steps 
were systematically applied to predict lactation milk 
yield. Nine classification algorithms were tested, and the 
effects of dimensionality reduction and model choice on 
performance were compared.

Step 1 - Data Collection: Relevant data were systematically 
gathered for analysis.

Step 2 - Data transformation: All features were standardized 
using the Robust Scaler (Eq. 5) and nine outliers were 
removed with the LOF algorithm [21].

			   (5)

Step 3,4 - Data storage and data analysis: Basic statistics 
and correlations were examined to understand dataset 

Table 1. Calculated Statistical Values for the Categories of the Dependent Variable (n=128)

Class Number Min. Average Median Max. Lower 
Bound

Upper 
Bound

Decision 
Boundaries

Low Milk Yield (0) 39 6208 7067.95 7203 7561 6926.22 7209.67 7561.2

Medium Milk Yield (1) 63 7563 8269.02 8296 8903 8168.42 8369.62
8915.6

High Milk Yield (2) 26 8924 9401.65 9409.5 9966 9289.31 9514

Fig 2. Classification of lactation milk yield values for 128 Holstein cows 
(Classification Model)
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structure. A moderate negative correlation (-0.7) was 
found between the Milking Days Count (MDC) and 
Calving Date (CD), suggesting that cows with later calving 
dates tended to have fewer milking days. Based on expert 
opinion, the continuous dependent variable, lactation milk 
yield, was categorized into three classes (low, medium, 

high) using the 30th and 80th percentiles (7.561,2 kg; 
8.915,6 kg). Class imbalance was addressed by assigning 
higher weights to minority classes [30]. Class distribution 
is shown in Table 1, with a visual representation in Fig. 2.

Class imbalance occurs when some classes have far 
more samples than others. To address this, class weights 

Table 2. Performance results for all scenarios

Algorithms
Performance Evaluation Criteria

Accuracy F1 Weighted Roc-Auc Ovo 
Weighted

PCA

MLP 0.49 0.36 0.55

LR 0.33 0.28 0.60

KNN 0.45 0.42 0.53

DT 0.45 0.44 0.56

RF 0.48 0.44 0.60

Adaboost 0.41 0.36 0.57

GBM 0.45 0.43 0.56

XGBoost 0.45 0.43 0.54

LightGBM 0.41 0.40 0.57

LDA

MLP 0.52 0.41 0.58

LR 0.34 0.27 0.61

KNN 0.44 0.40 0.56

DT 0.34 0.33 0.48

RF 0.44 0.40 0.56

Adaboost 0.47 0.40 0.58

GBM 0.43 0.41 0.55

XGBoost 0.41 0.40 0.53

LightGBM 0.37 0.36 0.58

Before Hyperparameter 
Optimization

MLP 0.51 0.35 0.52

LR 0.29 0.23 0.56

KNN 0.45 0.41 0.54

DT 0.30 0.29 0.46

RF 0.45 0.42 0.56

Adaboost 0.42 0.38 0.55

GBM 0.46 0.45 0.56

XGBoost 0.44 0.43 0.58

LightGBM 0.38 0.37 0.57

After Hyperparameter 
Optimization

KNN 0.52 0.45 0.59

DT 0.49 0.47 0.61

RF 0.47 0.40 0.65

Adaboost 0.46 0.44 0.58

GBM 0.55 0.53 0.68

XGBoost 0.47 0.51 0.62

LightGBM 0.52 0.47 0.66

Hybrid(DT+GBM+XGB) 1.00 1.00 1.00
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were incorporated into the Decision Tree’s Gini Index, 
emphasizing minority classes and improving model 
robustness [30]. Lactation milk yield was classified into 
low, medium, and high, with higher weights assigned to 
underrepresented groups.

Following the training and hyperparameter tuning 
procedures described in previous sections, the models 
were evaluated on three different datasets: (a) the original 
feature set, (b) features reduced via Principal Component 
Analysis (PCA), and (c) features reduced via Linear 
Discriminant Analysis (LDA). Performance results for 
these scenarios, obtained via 10-fold cross-validation, are 
presented in Table 2.

The results obtained through PCA and LDA indicate 
that most models experienced either a slight decrease 
in performance or yielded comparable outcomes. This 
suggests that reducing the feature space to two components 
did not significantly enhance model learning. This 
finding is expected, as the original dataset contained only 
five features; thus, reducing it to two components may 
have resulted in some information loss. Nevertheless, the 
performance differences were generally minör for instance, 
the Random Forest (RF) model achieved a weighted F1 
score of 0.42 on the original dataset and 0.40 with LDA. 

These analyses provided valuable insights into the impact 
of dimensionality reduction on model performance. At 
this stage, the models achieving the highest F1 scores were 
GBM, XGBoost, and RF. The classification accuracies of 
the hybrid model developed using the bootstrap sampling 
method were compared with those of DT, GBM, and 
XGBoost. For this analysis, 50 bootstrap samples were 
generated, each containing 10 observations. Under these 
bootstrap sampling conditions, the accuracy scores of DT, 
GBM, XGBoost, and the hybrid model were evaluated. As 
a result, the average accuracy and weighted F1 score were 
obtained as 1.00.

Fig. 3 illustrates the distribution of weighted F1 scores for 
individual models across bootstrap samples. While the 
Decision Tree (DT) model shows considerable fluctuation, 
the other models and the hybrid model consistently 
achieved a perfect score, exhibiting the highest and most 
stable performance across all bootstrap subsets. The same 
experiment was repeated to verify accuracy, and identical 
results were obtained. 

The proposed hybrid model’s weighted ROC-AUC 
scores were evaluated across all possible pairwise class 
combinations using a One-vs-One (OvO) approach to 
provide a more detailed assessment of its performance. 

Fig 3. F1 comparisons for bootstrap sampling (10 observations * 50 samples)

Fig 4. ROC-AUC (One vs One) for the Hybrid Model
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These analyses offer a more comprehensive understanding 
of the model’s ability to discriminate between classes, 
highlighting its effectiveness in multiclass classification 
scenarios. The AUC score for all possible pairs was 1.00. 
Visualizations of these findings are presented in Fig. 4.

Variable importance scores were calculated to identify the 
most influential variables in the decision-making process 
of the Decision Tree (DT), Gradient Boosting Machine 
(GBM), and XGBoost models, which yielded the best 
scores after hyperparameter optimization. Service Period 
(SP) was identified as the most important variable for the 
DT model, Animal’s Age in Lactation (ALL) for the GBM 
model, and Milking Days Count (MDC) for the XGBoost 
model. These findings are intuitively significant, as longer 
milking durations and appropriate insemination intervals 
are generally associated with higher total milk production.

In addition, to analyze how the model makes individual 
predictions, a detailed examination of the decision path 
was conducted. In this context, the classification path 
followed by the Decision Tree model for cow number 41, 
which was selected to evaluate classification accuracy and 
overall model performance, is presented in Fig. 5. This 
approach serves as a crucial example for understanding 
the model’s decision-making process more transparently. 
Such individual case studies reveal not only the statistical 
performance of the model but also its interpretability  

for practical field applications [25].

The hybrid ensemble model, combining GBM, XGBoost, 
and DT via majority voting, outperformed all individual 
models, raising the best single-model F1-score (GBM: 
0.53) to 1.00. This reflects the complementary strengths 
of tree-based and boosting methods, producing a robust 
classification framework. Cross-validation and bootstrap 
resampling helped mitigate overfitting, though the small, 
imbalanced dataset remains a limitation.

The study aimed to classify Holstein cows’ milk yield 
(low, medium, high) using five features from 128 samples. 
Preprocessing included scaling, outlier removal, and 
correlation analysis. PCA and LDA were tested but 
discarded due to no performance gain. Nine algorithms 
were evaluated with weighted F1-score as the main 
metric. Boosting-based methods performed best after 
hyperparameter tuning, but the hybrid model achieved 
perfect separation, offering a reliable decision-support 
tool under similar constraints.

Discussion
This study demonstrated that the lactation milk yield 
levels (low, medium, high) of Holstein cows can be 
classified with high accuracy using supervised machine 
learning algorithms. In particular, the hybrid model 
integrating the strengths of Decision Tree (DT), Gradient 

Fig 5. Visualization of the classification result for the 41st observation using the dtreeviz library and 
the detailed presentation of the decision path
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Boosting Machine (GBM), and XGBoost achieved 
outstanding classification performance, with a weighted 
F1-score of 1.00. This result underscores the effectiveness 
of ensemble methods, even in the presence of challenges 
such as limited data and class imbalance. Previous studies 
have reported that boosting-based algorithms are capable 
of building robust and reliable models by reducing 
the risk of overfitting, especially in small and complex 
datasets [41-43]. In this study, the inclusion of biologically 
meaningful features such as age, number of lactations, 
insemination interval, and number of milking days played 
a crucial role in model performance. Proper integration 
of relevant biological and management-related factors 
directly enhanced classification accuracy. These findings 
emphasize that in cases of limited data, careful feature 
selection and preparation significantly improve model 
performance. Despite the pronounced class imbalance 
within the dataset, the model delivered high accuracy. 
In particular, the correct classification of low-yield cows 
was supported by highly sensitive performance metrics 
such as the weighted F1-score and ROC-AUC. The 
elimination of outliers, as well as preprocessing steps like 
data standardization and hyperparameter optimization, 
contributed significantly to reducing the negative impact 
of class imbalance. This finding confirms that appropriate 
data handling and modeling techniques can effectively 
address the challenges posed by imbalanced datasets [44-46].

This study makes a significant contribution to the 
development of decision support systems at the individual 
animal level. While previous research has primarily 
focused on farm-level management strategies using 
unsupervised learning techniques [13], the present study 
employs supervised algorithms to classify the lactation 
yield level of each cow individually. This enables the 
implementation of personalized, producer-specific 
management decisions. Furthermore, the use of a hybrid 
model that combines the complementary strengths of 
different algorithms has overcome the limitations of 
single-model approaches, resulting in more stable, reliable, 
and generalizable outcomes [47,48].

The study has several important limitations. First, the 
dataset used was exclusively composed of Holstein cattle 
from a single farm located in one geographic region. 
This restricts the generalizability of the model to other 
breeds (e.g., Jersey, Brown Swiss, Guernsey, Milking 
Shorthorn) or different environmental and management 
conditions. As highlighted in the literature, machine 
learning models often require retraining and validation 
to ensure their applicability across diverse environmental 
and operational contexts [49,50]. Secondly, the developed 
model was designed solely for classification purposes and 
does not provide quantitative predictions of milk yield. 
Employing regression-based models could offer more 

functional insights for production planning by enabling 
direct estimation of milk output [51,52]. Lastly, the model 
focuses exclusively on milk yield and does not incorporate 
other key production parameters such as fertility, feed 
intake, and health status. Integrating these factors would 
enable the development of a more comprehensive and 
holistic decision support system [53,54].

The integration of data-driven decision support systems 
into animal production processes not only enhances 
production efficiency but also contributes to the 
development of sustainable management approaches 
that prioritize animal welfare [55,56]. Advanced studies in 
this direction will facilitate the real-time application of 
data-based models, enabling production processes to be 
managed in a more traceable, optimized, and ethically 
grounded manner. Consequently, this will lead to scientific 
and practical solutions aimed at improving both economic 
performance and ensuring animal health and welfare.

This study demonstrated that machine learning methods 
can effectively classify lactation milk yield levels in 
Holstein cows with high accuracy, even under limited and 
imbalanced data conditions. The superior performance of 
the hybrid model highlights the critical role of carefully 
selected biologically relevant variables and comprehensive 
data preprocessing strategies in model success. The findings 
support the development of individual animal-based, 
data-driven decision support systems and emphasize the 
potential of artificial intelligence applications to enhance 
both productivity and animal welfare in livestock farming. 
However, the model’s reliance on data from a single breed 
and a geographically limited region presents a constraint 
regarding its generalizability. Future research should 
focus on validating the model across different breeds and 
environmental conditions, expanding it with regression-
based approaches for quantitative yield prediction, and 
integrating additional key production parameters such as 
health, fertility, and feed intake.

Such advancements would facilitate the integration of 
data-driven AI applications into real-time, sustainable, 
and ethical livestock management systems ultimately 
contributing to improved economic performance and 
enhanced animal welfare.
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Introduction
In commercial rabbit production, the group housing system 
has been considered due to the public’s concerns about 
rabbit’ welfare. In terms of the social nature of rabbits [1,2], 
a group housing system  has the potential for socio-
positive interactions between the does and potentially 
increase their welfare [3]. However, aggression and serious 
behavioural problems among rabbits sometimes might 
be common in group housing systems [4,5].  In addition, 
there might be a direct aggressive attack between kits 
and other does resulting injuries or death of kits. This is a 
crucial problem in terms of animal health and welfare in 
commercial production despite various efforts in practice 
to solve aggression among females. 

Scientific research is looking for a balance between 
welfare and productivity through new housing designs, 
prioritizing the ethology of the species. Rabbit owners 

should be encouraged to meet the need for rabbits to 
be housed with an appropriate conspecific in a suitably 
large, sheltered enclosure [6]. Effects of different types of 
flooring, cage sizes, densities, and group sizes are studied 
depending on the physiological and psychological needs of 
the productive stage of the animal [7]. In some studies [8-10], 
it has been stated that rabbits show lots of initiative to 
establish social contact, and this can help improving the 
wellbeing of the animals during their productive life and 
thus is an aspect of positive welfare. 

Rabbit does are highly territorial, sensorial, and hierarchical 
animals and they rely on olfactory communication among 
each other [11]. A part-time group housing system allows 
the animals to express a wider spectrum of socio-positive 
behaviour and it provides an alternative for continuous 
group housing systems which have low production. 
Regrouping female rabbits in group-housing systems after 
the birth of their kits is common management practice 

Kafkas Univ Vet Fak Derg
31 (5): 613-618, 2025

DOI: 10.9775/kvfd.2025.34134

Abstract

Many studies have demonstrated that group housing of does often results in aggression 
and sometimes lesions due to biting. However, the positive interactions among 
reproducing does in group housing systems is less clear. The present descriptive study 
used video material of a part-time group housing system to examine socio-positive 
behaviour of does after postpartum separation of various lengths. The existing video 
records were collected from does which were kept in a part-time group housing system 
in a commercial farm. Each pen consisted of individual cages and two common areas. 
Three different time schedules/treatments for regrouping were applied in the study. 
Eight does were grouped on either day 12, 18 or 22 post-partum after insemination on 
day 8 post-partum. The does were individually marked using distinctive livestock spray 
markings. A previously developed of ethogram of sociopositive behaviors and photos 
were used to identfy the behavior. Individual behavior of does, its length and location 
were coded from 3.00 to 6.00 am and from 15.00 to 18.00 pm for every treatment. There 
were significant differences for the behaviour of locomotion, sharing the same feeder 
and lying in the common area among the groups (P<0.05). There were no significant 
effects of daytime and treatment on the total number of behaviors and on the locations 
where any behaviour observed in the groups. As a conclusion; it was determined that 
the group housed rabbit does exhibit meaningful socio-positive behaviours. Lying in the 
common areas, running or walking were the most expressed positive behaviour by does 
in every treatment.  
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in rabbit production. But, the regrouping of female 
rabbits can lead to injuries and chronic stress [12], thereby 
compromising both animal welfare and production. 
Previous studies about group housing of female rabbits 
focused on agonistic behavior that may occur between the 
animals when hierarchy was established [13,14]. Rabbits in 
group housing can display a wider range of behavioural 
patterns, such as running, walking, and exploration [15]. 
Part-time group housing systems have proven to have 
potential but cannot yet be recommended in farms until 
major problems of increased aggression and injuries 
among does and kits are solved [16].

In recent years, there has been a new approach to exploring 
positive experiences for animals in their environment [17]. 
In contrast to previous studies focusing on the negative 
effects of re-grouping on rabbit welfare [18,19], very little 
attention has been given to the positive behavior of 
rabbit does. This study was conducted to determine 
the socio-positive behaviours of group housed rabbits 
after parturition, an area that has received insufficient 
exploration in the existing literature. Another aim of this 
study was to determine the location selected for behaviour 
and length of some positive indicators of rabbit does.

Material and Methods
Ethical Statement

Since the data were obtained from video recordings and 
no live animals were used in this study, ethical approval 
was not required.

Experimental Design

This study analyzed existing videos previously recorded 
on individual does for the study of agonistic behavior 
by Braconnier et al.[13] and Munari et al.[20]. The existing 
video records were collected from does which were kept 
in a part-time group housing system, including eight does 
per pen, on a commercial rabbit farm in Switzerland. They 
were reared according to a Swiss animal-friendly label 
programme, which requires group housing of females 
and a separated nest for each doe.  In this part-time group 
housing system, the does were kept in groups with their 
kits during the lactation period. 

Different postpartum (pp) regrouping schedules were used 
resulting in three different time schedules (treatments), 
which were applied in this study to evaluate their effects 
on socio-positive behaviors of does [13]: the first treatment 
group (T12) was group-housed at 12 days pp (day post-
partum; dpp), the second one (T18) at 18 dpp and the 
third treatment group (T22) at 22 dpp after regrouping.

One day before parturition, the does were separated from 
each other. After artificial insemination applied 10 days 
after parturition (pp), the groups (T12, T18 and T22) 

were re-grouped on day 12, on day 18 and on day 22 
pp, respectively, by removing the separating grids of the 
separable areas and giving the does access to all areas of 
the pen. 

Each treatment group consisted of 8 female animals. To 
facilitate individual monitoring, the does were individually 
differentiated using distinctive livestock spray markings 
and named according to the marks on their coats.

Housing Conditions and Feeding

Pen consisted of individual cages and two common areas. 
Common area one (Ca1) was situated on the ground 
level while common area two (Ca2), situated in front 
of the individual cages and food dispensers was located 
on the upper level. Common area one was covered with 
straw. The common area two consisted of two elevated 
platforms, one platform for each side, with a wooden floor 
where the (open) cages are situated. Each cage contained 
a nestbox with a feeder displayed outside on the common 
area and a nipple drinker. The boxes were open with free 
access to the common wooden platform during part of the 
breeding cycle. The does had ad libitum access to water, 
hay, and commercial rabbit pellets (UFA 925, UFA AG, 
Herzogenbuchsee, Switzerland). 

Video Recording and Analysis

Video recording in the first treatment group was 
conducted between day 12 and 13 postpartum (T12), 
the second treatment group was filmed between day 18 
and 19 (T18) and the last treatment group was filmed 
between day 22 and 23 (T22), shortly after regrouping. 
The socio positive and locomotory behaviors of animals 
were determined by watching the existing videos of 
selected hours in three groups. The positive behaviour 
was coded between 3.00-6.00 and between 15.00 to 
18.00 for every treatment. In total, we analysed 18 h of 
continuous video of rabbit does [21].  An ethogram and 
photos made previously by Gebhard-Henrich et al.[21] and 
Niedermann [9] were used to code doe behaviors (Table 1). 
The ethogram was structured according to the behaviors 
displayed by does. All the activity that could be classified 
as positive behaviors were noted and coded according to 
the ethogram. All does were included in the analyses as 
focal animals. The behavior was registered in an excel table 
during the targeted time period. The activites that could 
be classified as positive behaviors (friendly interactions 
and non-aggressive locomotor exercise) were noted and 
coded as work-out, i.e. running or jumping (wo), sniffing 
(s), proximity (p), sharing the same box (sb), sharing the 
same feeder (fo) and lying in the common area (lca). The 
type of the behavior, location (in the lower, Ca1, or the 
upper level, Ca2, or both) and length of the state behavior 
were documented.
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Statistical Analysis

The average percentage of the behaviour according to 
treatment, daytime and locations were calculated in the 
groups and presented with the graphs. Length of certain 
behaviour was expressed as mean ± standard error for each 
treatment groups (T11, T18, T22) and time of day (am or 
pm). Two-way analysis of variance (ANOVA) was used 
to evaluate the effects of the treatment, time of day, and 
their interactions on the frequency of the behaviour after 

normality of data distribution [23,24]. Statistical analyses 
were conducted using SPSS software, version 28 [25], with 
a significance level of P<0.05 considered as statistically 
significant.

Results 
Frequency of total positive behaviors observed per hour 
between 03:00 and 06.00 am and pm are presented in 
Fig. 1. There were no significant effects of time of day 
(P<0.316) and treatment (P<0.446) on the total number 
of behaviors observed in the groups while time of day x 
treatment interaction for the total number of behaviour 
was found not to be significant (P<0.434).

The total number of every positive behaviour as they 
occurred between am and pm period, including all 
treatments, are showed in Fig. 2. There were significant 
differences for the percentage of locomotion, sharing the 
same feeder and lying in the common area among the 
groups (P<0.05).

The average length of some positive behaviours lasting 
longer than 50 sec. in all groups in selected time periods 
are presented in Table 2. There were no significant effects 
of day-time or treatment on the behaviour of sharing the 
same feeder and lying in the common area. No significant 
day time x treatment interactions was observed for sharing 

Table 1. Ethogram describing the positive behavior observed in does in the 
study

Behavior Description

Proximity Two does sharing common space in close 
proximity/within one animal length

Sharing the same 
box

At least two or more does share the same box with 
or withount young ones

Sharing the same 
feeder

One does eats from another doe’s feeder or two 
does feed at the same feeder with or without 
interactions

Sniffing Two does with their noses sniffing each other 
without touching

Lying in common 
area

Does lie alone or together with others in any of 
common area

Locomotion/work-
out Work-out like walking, running or jumping

Fig 1. Frequency of total positive behaviors from 03:00 to 06.00 am and pm. The bars show the total 
number of positive behaviors, per hour. All the coded behaviors for each treatment (T12, T18, and 
T22) were summed together

Fig 2. Distribution of every positive behavior per am or pm/per treatment (T12, T18, T22). The 
bars show the number of every positive behavior occurring between 03.00 to 06.00 am and 03:00 
to 06.00 pm, per hour (Wo: Locomotion/work out, Fo: sharing the same feeder, Lca: lying in the 
common area, Sb: sharing the same box, S: sniffing, p: proximity)
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the same feeder or lying in the common area behaviours 
of does.

Distribution of locations where positive behaviour was 
observed according to time of day is showed in Fig. 3. There 
were no significant effects of treatment (P<0.250) and 
daytime (P<0.185) on the locations where any behaviour 
observed. There were also no significant treatment x time 
of day interactions (P<0.239).

Discussion
The welfare of rabbits is greatly influenced by the housing 
conditions in which they are kept. Group housing system 
allow breeding does to perform a wider behavioural 
freedom as running, jumping and social contact with other 
does [10]. In our study, a total of 385 activities described 
as positive behaviour was determined in group housed 
does. Of these positive behaviours, most of them occurred 
on day 12 and 18 of regrouping. Treatment 12 showed 

most positive events (Fig. 1). In general, does were found 
to be least active between 05.00 to 06.00 am or pm. The 
lowest number of total behaviours was seen between from 
05.00 to 06.00 am in T12 (11 activity in total) and T18 (8 
activity) and from 04.00 to 05.00 pm in T18 (12 activity). 
Does in T12 were more active from 03.00 to 04.00 am and 
from 05.00 to 06.00 pm while does in T18 were showed 
more positive behaviour from 04.00 to 06.00 am and pm 
(56, in total) than at other times. Positive behaviours of 
does in T22 were the highest from 04.00 to 05.00 am (35 
activity) and from 03.00 to 04.00 pm (31 activity). During 
the morning hours, the rabbits were less active, but during 
the afternoon they showed a tendency to interact with 
each other and move, except for treatment 22. In a study, 
Rooney et al.[26] reported that the mid-day period was the 
least active period for does.

As expected, workout (wo) like running and walking were 
the most expressed behaviours by does. It was found that 

Table 2. Average length of some behaviors observed in the groups (s)

Treatment Sharing the Same
Feeder

Lying in Common
Area

DayTime
am 214.72±42.31 316.85±59.30

pm 114.63±42.12 347.58±50.25

Treatment

T12 181.87±36.16 324.13±64.87

T18 120.00±63.46 275.25±79.44

T22 192.17±51.81 397.27±55.44

DayTime x Treatment

amxT12 214.50±59.82 428.75±112.35

amxT18 174.00±73.27 207.67±129.73

amxT22 255.67±84.61 314.13±46.85

pmxT12 149.23±40.65 219.50±64.87

pmxT18 66.00±103.63 342.83±91.73

pmxT22 128.67±59.82 480.40±100.49

ANOVA

DayTime 0.105 0.694

Treatment 0.644 0.421

DayTimexTreatment 0.877 0.080

Fig 3. Distribution of locations where positive behavior of does were observed. 
The bars contain information for each period per treatment (T12, T18, T22) and 
represent the distribution of behaviors per location (ca1, ca2, ca1&ca2), expressed 
in percentage
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the frequency of locomotion in T12 pm and T18 pm was 
almost 58% of all total observed behaviours. Whereas, 
lying down was the most observed rabbit behaviour 
when housed in single cages [27]. Workout behaviour 
was followed by lying in the common area (lca), sharing 
the same feeder (Fo), and sharing the same box (Sb) 
behaviours for all groups. In general, feeding behaviour 
of rabbits varies along the day and approximately 60% of 
the solid ingestion takes places during the dark period [28]. 
Sniffing (s) and proximity (p) were only observed in T22. 
Di Vincenti and Rehring [29] reported that exploratory 
behaviour including sniffing, was found to be highest in 
group-housed rabbits in pens.

Behaviors of sharing the same feeder and lying in the 
common area lasted longer than 50 sec in every group. 
Although locomotion was the most common positive 
behaviour in the study we present the length of time for 
all these behavior. Because locomotion or work-out can be 
acceptable as event behaviors, because they lasted less than 
1-4 s, sharing the same feeder and lying in the common 
area can be acceptable as state behaviors, because they 
lasted longer than 1-4 sec [30,31]. No significant differences 
for these behaviors between the groups were found in 
terms of daytime or treatment effects. 

In general, the elevated common area (Ca2) was the most 
used location with 146 positive activities.  The lowest 
ratio of positive behaviours in T12 was observed in ca1 
(10 activities, in total) in both observation period. The 
amount of positive behaviours observed in all common 
areas was the highest in T12 during am and pm period 
(149 activities). The does in T22 preferred the ca1 during 
the morning period while they showed most positive 
behaviour in Ca2 during the afternoon. Ca1&Ca2 means 
that the does displayed the behaviour in both areas 
without interrupting. The most active does observed in 
both places at the same time was in T12 am. 

In general, most results in our study were found to be 
consistent with the previous study of Niedermann [9]. 
This study is probably the first in terms of determining 
positive behaviour of group housed rabbit does but it has 
several limitations. Behavioural observations were only 
performed during the selected hours so some behaviours 
may have been missed [32]. The frequency of positive 
behaviour was found to be differed among individuals. It 
was much higher in two does and one of the other does 
did not display any of the positive behaviors during the 
observation period. 

As conclusion, the group housed rabbit does exhibit 
meaningful socio-positive behaviours, suggesting that 
social interactions can play a beneficial role in their overall 
welfare. Lying in the common areas, running or walking 
were the most expressed positive behaviour by does in 

every treatment. The data obtained from this study will 
contribute to understand assessment of common positive 
welfare and behavioural indicators of group housed 
rabbit does and select methods suitable for on-farm use. 
Furthermore, the findings will provide recommendations 
for the inclusion of aspects of positive welfare in farm 
animal welfare assessment schemes, esp. for group-housed 
does. 
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Abstract

Dithizone, a heavy metal chelator, induces diabetes in animals to model human diabetes. 
This study evaluates the effects of a phycocyanin extract (PE) from Spirulina platensis 
on growth, blood indices, oxidative status, gut microbiota, and tissue histology in 
dithizone-challenged rats, while also assessing its antidiabetic, antioxidant, anticancer, 
antimicrobial, and antiviral properties against HSV-1 and influenza A (H1N1) viruses. 
PE is rich in active compounds, notably C-Phycocyanin (1.2 mg/g). The extract 
demonstrated robust antioxidant activity by scavenging 92% of DPPH radicals, inhibited 
breast cancer cell line growth by 81%, and suppressed pathogenic microbes. It also reduced 
α-glucosidase and α-amylase activity by 75% and 80%. Antiviral assays indicated dose-
dependent inhibition of HSV-1 (65% reduction in plaque formation, IC50 = 42.5 μg/
mL) and H1N1 (58% viral load reduction, IC50 = 50.3 μg/mL), with suppression of viral 
entry, neuraminidase activity, and upregulation of antiviral genes (IFN-α and MX1). 
In vivo, 200 rats were divided into control, dithizone, PE-treated, and dithizone + PE 
groups for 30 days. PE treatment resulted in improved glucose control, lower HbA1c, 
enhanced insulin sensitivity, reduced malondialdehyde, increased glutathione, and 
favorable changes in gut bacteria. Gene expression of proinflammatory cytokines and 
precancerous markers (BCL-2, Nrf-2, OH, β-actin, IL-1β, TNF-α, BAX, and Casp-3) 
was significantly reduced. Histological examination showed improved pancreatic and 
hepatic structure, and overall growth performance and blood profiles were enhanced. 
Collectively, PE mitigates metabolic disturbances from dithizone and shows promise as 
an antiviral agent, supporting its potential in functional foods and nutraceuticals.

Keywords: Phycocyanin, Spirulina platensis, Antidiabetic activity, Antioxidant activity, 
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Introduction
With the global prevalence of chronic diseases like diabetes 
mellitus rising, there is increasing scientific emphasis 
on alternative and complementary therapies that offer 
beneficial effects across multiple pathological domains with 
minimal side effects. Diabetes mellitus, particularly, is a 
metabolic disorder marked by chronic hyperglycemia and 
is well known for its far-reaching consequences, triggering 
oxidative stress, tissue degeneration, dyslipidemia, chronic 
inflammation, heightened susceptibility to infections, and 
a higher incidence of certain cancers [1]. The dithizone-
induced diabetic rat model has been widely utilized to 
simulate key aspects of human diabetes, including β-cell 
dysfunction, oxidative injury, and organ pathology, thereby 
providing a robust platform to evaluate interventions with 
both systemic and organ-specific effects [2].

Phycocyanin, a vibrant blue pigment-protein complex 
predominantly extracted from cyanobacteria such 
as Spirulina platensis, has emerged as a highly promising 
natural compound due to its diverse bioactive properties, 
notably its antidiabetic, antioxidant, anticancer, and 
antimicrobial activities [3,4]. Antidiabetic effects of 
phycocyanin have been demonstrated in several animal 
models, where phycocyanin supplementation results in 
significant reductions in fasting blood glucose and HbA1c 
levels, while also improving lipid profiles by lowering 
triglycerides, total cholesterol, and LDL cholesterol, and 
raising HDL cholesterol [5,6]. These metabolic improvements 
are often attributed to the restoration of pancreatic 
β-cell integrity, enhancement of endogenous insulin 
secretion, and activation of cellular signaling pathways 
such as AMPK and Akt, which collectively modulate 
gluconeogenesis, lipogenesis, and insulin responsiveness 
at a molecular level [7,8]. Phycocyanin not only plays a role 
in metabolism but is also a strong antioxidant. Its chemical 
structure allows it to neutralize harmful reactive oxygen 
species (ROS). By doing so, phycocyanin helps lower 
cell damage seen as reduced levels of malondialdehyde 
(MDA) and protein carbonylation. It also boosts the 
body’s own antioxidants, such as superoxide dismutase 
(SOD), catalase, and glutathione peroxidase, making cells 
more resistant to oxidative stress [9,10]. Importantly, these 
protective mechanisms are mediated by upregulation 
of the Nrf2 pathway, conferring robust cellular defense 
against oxidative and inflammatory insults in tissues 
commonly affected by diabetes, such as the liver, kidney, 
and pancreas [10].

The anticancer potential of phycocyanin further 
distinguishes it from single-action natural compounds. 
Multiple studies have shown its ability to induce apoptosis, 
autophagy, and cell-cycle arrest in a range of tumor cell 
lines, while suppressing metastasis and angiogenesis by 
downregulating matrix metalloproteinases and vascular 
endothelial growth factors [11]. Notably, phycocyanin 
demonstrates selective cytotoxicity, effectively targeting 

malignant cells with minimal toxicity toward normal 
tissues, and shows promise as an adjunct to conventional 
chemotherapeutics in preclinical models. In the context 
of diabetes, where the risk for carcinogenesis is elevated 
due to persistent inflammation and impaired immune 
surveillance, phycocyanin’s anticancer effects are 
especially relevant, potentially addressing both primary 
and secondary disease mechanisms [12].

Another layer of phycocyanin’s medicinal versatility 
is reflected in its broad-spectrum antimicrobial and 
immunomodulatory activities. The heightened infection 
risk observed in diabetic individuals is partly offset 
by phycocyanin’s demonstrated ability to disrupt the 
membranes of pathogenic bacteria, inhibit biofilm 
formation, and modulate immune cell function, including 
the enhancement of lymphocyte proliferation, antibody 
production, and natural killer cell activity [13]. These 
actions contribute not only to the direct suppression of 
pathogen growth but also to faster recovery and reduced 
inflammatory complications in diabetic hosts. Animal 
studies, including those utilizing streptozin-induced 
diabetic rats have further validated phycocyanin’s 
capacity to preserve histopathological integrity, protecting 
pancreatic islet architecture, reducing hepatic steatosis, 
and ameliorating renal and hepatic oxidative lesions [14].

The main gap lies in previous studies’ reliance on broad 
or less specific disease models, fragmented evaluation 
of phycocyanin’s therapeutic effects, and limited 
mechanistic clarity. The current study addresses these by 
utilizing the dithizone-induced diabetic rat, delivering 
comprehensive, mechanistic, and translational insights 
that advance phycocyanin research. Therefore, the 
objectives of this study are to comprehensively evaluate 
the medicinal potential of a phycocyanin extract derived 
from Spirulina platensis in mitigating dithizone-induced 
diabetes in rats. Specifically, the study aims to assess the 
impact of the extract on growth performance, metabolic 
and hematological parameters, oxidative stress markers, 
gut microbiota composition, and tissue histopathology. 
Furthermore, it investigates the extract’s antidiabetic, 
antioxidant, anticancer, antimicrobial, and antiviral effects 
-particularly against HSV-1 and H1N1 viruses- alongside 
profiling its major phenolic compounds. Through these 
multifaceted approaches, the research seeks to elucidate the 
broad-spectrum health benefits and underlying mechanisms 
of phycocyanin extract in a relevant diabetes model.

Materials and Methods
Ethical Approval 

The animal study has been reviewed and approved by ZU-
IACUC committee. was performed in accordance with 
the guidelines of the Egyptian Research Ethics Committee 
and the guidelines specified in the Guide for the Care and 
Use of Laboratory Animals (2024). Ethical code number 



Kafkas Univ Vet Fak Derg ALDUWISH, ALHARTHI, ALHARBI, ALBALAWI, OBIDAN, BEYARI, AL‑GHEFFARI,
SHAKAK, ALLOHIBI, ALMUTAIRI, ALMASOUDI, ALSULAMI, AL-DOAISS, ABU-ELSAOUD

621

ZU-IACUC/2/F/497/2024. Written informed consent was 
obtained from the owners for the participation of their 
animals in this study. 

Spirulina platensis Extract Preparation

A pure culture of Spirulina platensis was recovered and 
grown using the Zarrouk medium created by Zarrouk in 
1966. The composition of the Zarrouk medium included 
1 g NaCl, 16.8 g NaHCO3, 2.5 g NaNO3, 0.5 g K2HPO4, 
1 g K2SO4, 0.2 g MgSO4.7H2O, 0.04 g CaCl2.2H2O, 0.01 g 
FeSO4.7H2O, and 0.08 g EDTA per liter of water. Using 
a 1M KOH solution, the medium’s pH was brought to 
9.5. To initiate a fresh Spirulina platensis culture, 10 mL 
of a 5-day-old culture was added to a 250 mL amount of 
Zarrouk’s media in 500 mL screw bottles. The bottles were 
placed in an environment with a constant temperature 
of 25± 2ºC and exposed to continuous light from a 36W 
white fluorescent lamp with an intensity of 600-800 lux 
for  ten days. The Spirulina platensis pure culture was 
successfully obtained through the effective streaking 
method on Zarrouk’s media. Single culture from this strain 
was isolated using the streaking technique on Zarrouk’s 
medium to produce a pure culture of Spirulina platensis [15]. 
The plates were carefully stored in an environment with a 
temperature of 25°C and a constant light exposure of 600 
lux. Once the colonies were obtained, they were carefully 
collected and inspected under a microscope. Zarrouk’s 
medium was then used to preserve the Spirulina platensis 
cells on slants.

Phycocyanin Extraction and Purification Process

To extract phycocyanin, wet biomass of Spirulina platensis 
was steeped in distilled water at a 1:25 (w/v) ratio for 24 h. 
Afterward, the mixture was centrifuged at 10.000 x g for 
15 min at 4°C to remove cellular debris; the supernatant, 
containing the crude extract, was collected while the 
precipitate was discarded. The Spirulina platensis crude 
was adjusted to pH 7 using KOH solution (1N). The 
resulted crude extract was precipitated using various 
concentrations of ammonium sulphate (10, 15, and 
40%). The efficiency of these saturation levels was then 
compared to the 25% ammonium sulfate method. The 
resulting solutions were left undisturbed for 2 h before 
undergoing centrifugation at 12.000 x g for 30 min. The 
blue precipitate obtained was subsequently dissolved  
in a 0.005 M Na-phosphate buffer (pH 7.0) to yield a  
clear solution, following the methodology described in 
Kamble et al.[16].

Chemical Composition of Phycocyanin Extract

The PE carbohydrate, protein, fat, moisture, fiber, and ash 
contents were examined using the methodology specified 
in AOAC [17]. Amino acid analysis is a technique that 
utilizes ion exchange liquid chromatography. It is widely 

used in various domains to determine the qualitative 
and quantitative composition of substances accurately. 
Within biochrom systems, this fundamental concept has 
been enhanced to provide automated, rapid, and highly 
sensitive tests [18], known as classical amino acid analysis.

Phenolic Compounds Profile by LC-MS

Sample Preparation

Phenolic compounds were extracted from freeze-
dried phycocyanin (100 mg) using 70% methanol (MeOH) 
in an ultrasonic bath (40 kHz, 30 min, 25°C). The extract 
was centrifuged (10.000 x g, 15 min, 4°C), filtered through 
a 0.22 μm PTFE syringe filter, and concentrated under a 
nitrogen stream at 40°C. The residue was reconstituted in 
1 mL LC-MS grade methanol before analysis. To ensure 
accuracy, syringic acid-d₄ was used as an internal standard 
(IS), and recovery tests were performed by spiking samples 
with known phenolic standards. Solvent blanks were run 
between samples to prevent carryover contamination [19].

Chromatographic separation was performed on a  C18 
reversed-phase column  (e.g., Zorbax Eclipse Plus, 2.1 x 
100 mm, 1.8 μm) with a binary mobile phase consisting 
of (A) 0.1% formic acid in water and (B) 0.1% formic acid 
in acetonitrile. A gradient elution was applied as follows: 
5% B (0-2 min), increased to 50% B (2-15 min), then to 
95% B (15-20 min), held for 2 min (20-22 min), and finally 
re-equilibrated at 5% B (22-25 min). The flow rate was 
maintained at  0.3 mL/min, with a column temperature 
of 35°C and an injection volume of 5 μL.

Mass spectrometric detection was conducted using 
electrospray ionization (ESI) in negative mode  with the 
following parameters and Full-scan data (m/z 50-1000) 
were acquired alongside  targeted MS/MS for compound 
confirmation [20,21]. LC-MS data were processed using 
Agilent MassHunter, Thermo Xcalibur, or Skyline, 
with metabolite identification supported by  METLIN, 
mzCloud, and GNPS databases.

Biological Activities of Spirulina Extract

Antidiabetic Activity

The α-glucosidase inhibitory activity of PE was 
calorimetrically assessed. Incubation of α-glucosidase 
with PE solutions (100, 150, 200, 250, and 300 µg/mL) was 
performed for 10 min at 37°C and pH 6.9. Subsequently, 
50 μL of a 1 mM p-nitrophenyl-α-D-glucopyranoside 
solution (in phosphate buffer) was added. The reaction 
was terminated after a 10-min reaction period, and the 
optical density (OD) was measured at 405 nm. These 
values were then used in the equation [22].

Inhibitory activity against α-amylase was evaluated using 



Therapeutic Potential of Phycocyanin in Diabetic Rats Kafkas Univ Vet Fak Derg
622

the methodology described by Nair et al.[23]. with minor 
adjustments. The process involved combining 50 μL of 
various PE concentrations with 1 mg/mL acarbose and 
500 μL of α-amylase in a pH 6.8 phosphate buffer. This 
initial mixture was allowed to incubate for 10 min at 
room temperature. Subsequently, 500 μL of soluble starch 
was introduced, and the incubation continued under the 
same parameters. To terminate the reaction, 1 mL of 96 
mM 3,5-dinitrosalicylic acid was added, followed by 5 
min of steam heating and cooling to 25$^\circ$C. The 
optical density was then determined at 540 nm, and these 
measurements were utilized in the relevant equation to 
ascertain the inhibitory activity.

Antioxidant Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging 
activity of PE was assessed as per Alsubhi et al.[24]. A 
reaction between 0.5 mL of ethanolic DPPH and 1 mL of PE 
was incubated for 30 min in the dark, and the absorbance 
at 517 nm was measured spectrophotometrically. The 
IC50 value reflects the minimum concentration required 
to scavenge 50% of the DPPH radical [25]. The percentage 
of DPPH scavenging activity was calculated using the 
formula:

Antimicrobial Activity

The antibacterial properties of PE were tested against 
Salmonella typhi, Bacillus cereus, Escherichia coli, and 
Staphylococcus aureus. Microbial strains were preserved 
at 4°C by subculturing on nutrient agar slants. The 
antibacterial potential of the PE was evaluated using the 
agar well-disc diffusion method as per [25]. After adding 
50 mL of melted Muller-Hinton agar (MHA) to plates, 
a loopful of bacterial inoculum was evenly distributed 
across each plate’s surface. Each plate was punctured with 
8 mm wells, into which 6 mm discs soaked with 50 μL PE 
at levels of 100, 150, and 200 µg/mL were added. Negative 
control wells contained discs with water. MHA plates 
were then incubated for 24-48 h at 37°C. The diameters 
of inhibition zones (in mm) were measured to indicate 
antibacterial activity [26].

The antifungal potential of PE concentrations (100, 150, 
200, 250, and 300 μg/mL) was tested against pathogenic 
fungi: Fusarium oxysporium, Fusarium oxysporium, 
Fusarium solai, and Aspergills niger. Antifungal activity of 
PE was quantified via a disc diffusion assay. Sabouraud 
dextrose agar plates were uniformly inoculated with  
fungal suspensions. Sterile paper discs, pre-loaded 
with varying concentrations of PE, were subsequently 
positioned on the inoculated media. Plates were incubated 

at 28°C for a duration of seven days, after which the 
diameters of the observed inhibition zones were recorded 
in millimeters [27].

Anticancer Activity

Cell Culture: MCF-7 breast carcinoma cells, acquired 
from Nawah Scientific Inc. (Mokatam, Cairo, Egypt), were 
cultured in DMEM media. This media was enriched with 
100 mg/mL streptomycin, 100 units/mL penicillin, and 
10% heat-inactivated fetal bovine serum. Cells were kept 
at 37°C in a humidified atmosphere with 5% (v/v) CO2 [28].

Cytotoxicity Assay: The Sulforhodamine B (SRB) assay 
was used to determine cell viability. Briefly, 5x103 cells/
well were seeded in 96-well plates and incubated for 24 
h. Cells were then treated with varying concentrations of 
drugs for 72 h. Following fixation with 10% trichloroacetic 
acid (TCA) and washing, cells were stained with 0.4% SRB 
for 10 min. After washing with 1% acetic acid and drying, 
protein-bound SRB was dissolved with 10 mM TRIS, and 
absorbance was measured at 540 nm using a microplate 
reader [29]. 

Animal Behavior and Design Methodology

A total of 200 Sprague-Dawley white male albino rats from 
the Serum and Vaccine Center, Dokki, Giza, were used in 
the study, with an average weight of 150±10 g. Before the 
experiment, the rats were housed in cages that maintained 
a controlled temperature of 22-24°C and a 12-h light/12-h 
dark lighting schedule. This housing condition was 
maintained for at least 7 days. The rats were divided into 
five groups, each consisting of 40 (10 x 4). Subsequently, 
each group was assigned a distinct food item to consume 
for 28 days, according to the following distribution: Group 
I received a routine (basal) diet only. Group II received 
a diet and was injected intraperitoneally with 100 mg/kg 
b.w. dithizone (dissolved in olive oil) for 7 days. Group 
III received a routine (basal) diet supplemented with 
100 mg/kg body weight of PE powder throughout the 
experimental period at the same time. Group IV received 
a routine (basal) diet mixed with 300 mg/kg body weight 
of PE powder. Group V received a mix of 300 mg/kg body 
weight of PE and 100 mg/kg of dithizone. 

Biochemical Parameters 

After the experiment, all rats were anesthetized using an 
R550 Multioutput Laboratory Small Animal Anesthesia 
Machine. This machine is designed for simultaneously 
anesthetizing 1-5 small animals, including rats, mice, 
cats, and rabbits. Each anesthesia channel can be 
controlled independently, and the gas flow to the 
induction box can be adjusted separately within a range 
of 0-2.0 L/min., and blood samples were obtained from 
the hepatic portal vein to assess the biochemical variables. 
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The blood samples were placed into heparin tubes to 
analyze the biochemical characteristics. The samples 
were thereafter centrifugated at 3.000 revolutions per 
minute for 15 min to isolate the serum. The levels of 
serum total cholesterol (TC), triglycerides (TG), and 
high-density lipoprotein cholesterol (HDL-c) were 
measured using enzymatic colorimetric techniques [30]. 
The VLDL-c concentration, measured in milligrams 
per deciliter, is calculated by dividing the triglyceride 
level by 5 [31]. The LDL-c was calculated using the 
following equation: The formula for calculating LDL 
cholesterol (LDL-c) in milligrams per deciliter (mg/dL) 
is as follows: LDL-c = Total cholesterol (TC) – [HDL 
cholesterol (HDLc) + Very low-density lipoprotein 
cholesterol (VLDL-c)] [32]. The AST, ALT, AST/ALT ratio, 
and ALP were quantified using the methods outlined  
in reference [33]. The liver was extracted, and its tissues 
were washed in a chilled 0.9% saline solution (by  
weight or volume). The tissues were then quantified 
and stored at a temperature of -70°C. The levels of 
malondialdehyde (MDA) and the activities of super- 
oxide dismutase (SOD), glutathione (GSH), and catalase 
(CAT) were estimated, following the steps described in 
reference [34]. Total antioxidant capacity (TAC) was also 
measured [35].

Liver Histopathology 

The liver was preserved using 10% neutral buffered 
formalin immediately after removal from the animals. The 
fixed tissues were thereafter subjected to known histological 
tests [36]. 

Gene Expression 

RNA extraction was performed using rat liver. The RNA 
globules were dissolved in diethylpyrocarbonate (DEPC)- 
treated water. The RNA concentration was measured 
using spectrophotometry at an optical density (OD) ratio 
of 260/280 [37]. The semiquantitative reverse transcription 
PCR used 3 µg of RNA. This process included subjecting 
the plate to denaturation in PCR thermocycler (Bio-Rad 
T100TM) at 70°C for 5 min.

Additionally, 0.5 nanograms of oligo (dT) primers were 
used. Two microliters of 10X RT buffer, two microliters 
of 10 mM dNTP, and one microliter of 100 M reverse 
transcriptase were mixed to make cDNA. The mixture 
was incubated at 42ºC for 1 h and then heated at 70ºC for 
10 min to assure deactivation of the enzyme. To evaluate 
gene expression levels, densitometry was used to quantify 
mRNA expression, with β-actin mRNA serving as a 
reference standard (Table 1). The 2-ΔΔCT method was 
used to measure the expression levels of these genes using 
real-time PCR. The endogenous reference gene, actin, was 
used to standardize the analyzed genes. The CT values 
were used to examine the alterations in gene density and 
mRNA expression using a comparative approach.

Statistical Analysis

The data were analyzed using the SPSS program 
(Version 17.0). The data were reported as the 
mean±SE. Following a one-way ANOVA, Fisher’s least 
significant difference (LSD) test was used to compare 

Table 1. The primer sequence used for quantitative real-time PCR in liver rats with dithizone-induced toxicity

Gene Entry Number Product Size (bp) Sequence

β-actin NM_007393.4 140 bp
CCAGCCTTCCTTCTTGGGTA

CAATGCCTGGGTACATGGTG

Bcl2 NM_009740 154 bp
AGCCTGAGAGCAACCCAAT

AGCGACGAGAGAAGTCATCC

HO-1 NM_010442.1 125 bp
CGCCTCCAGAGTTTCCGCAT

GACGCTCCATCACCGGACTG

Nrf2 NM_010902.3 139 bp
CGCCTGGGTTCAGTGACTCG

AGCACTGTGCCCTTGAGCTG

IL-1β NM_007393 304 bp
TAAGGCCAACCGTGAAAAG

GTACGACCAGAGGCATACAG

TNF-α NM_000594.3 229 bp
AGGCAATAGGTTTTGAGGGCCAT

TCCTCCCTGCTCCGATTCCG

BAX NM_001291428 108 bp
GGTTGTCGCCCTTTTCTA

CGGAGGAAGTCCAATGTC

Casp-3  NM_004346.3 834 bp
GGAAGCGAATCAATGGACTCTGG

GCATCGACATCTGTACCAGACC
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the data. The statistical significance criterion was set at a 
P-value of ≤0.05.

Results 
Chemical Composition of Phycocyanin Extract

The proximate composition analysis of the phycocyanin 
extract, conducted on a dry weight basis from three 
replicates, reveals its notable nutritional profile (Table 2). 
With a minimal moisture content of 3.0 g/100 g, the extract 
is primarily dry, contributing to its concentrated nature. 
It stands out as a significant protein source, comprising 
65.0 g/100 g of crude protein, of which a remarkable 
50.0 g/100 g is attributed specifically to phycocyanin. 
This high phycocyanin content underscores the efficacy 
of the extraction process. Additionally, the extract 
contains 20.0 g/100 g of total carbohydrates, with 8.5 
g/100 g being dietary fiber, suggesting potential digestive 
benefits. Conversely, the lipid content is considerably 
low at 2.5 g/100 g, indicating a low-fat profile. The ash 
content, representing minerals, is 4.0 g/100 g. Overall, 
the phycocyanin extract provides a substantial energy 
content of 360 kcal, predominantly from its rich protein 
and carbohydrate composition, positioning it as a valuable 
ingredient for various applications requiring high protein 
and specific bioactive compounds. 

Table 3 presents a detailed amino acid profile of PE, 
quantified in grams per 100 grams of protein. The analysis 
of the phycocyanin extract’s amino acid profile, based on 
three replicates, indicates a high-quality protein source 
due to the presence of all essential amino acids. glutamic 
acid and aspartic acid are the most prevalent, at 112.4 
mg/g protein and 98.2 mg/g protein respectively, playing 
crucial roles in protein structure and function. Notably, 
branched-chain amino acids (BCAAs) such as leucine 
(87.3 mg/g protein), valine (58.2 mg/g protein), and 
Isoleucine (39.6 mg/g protein) are well-represented, which 
is advantageous for muscle protein synthesis and recovery. 
Other essential amino acids like lysine (49.5 mg/g protein), 
threonine (42.1 mg/g protein), and phenylalanine (36.8 
mg/g protein), along with sulfur-containing methionine 
(12.4 mg/g protein) and cysteine (8.3 mg/g protein), 
and the serotonin precursor tryptophan (14.2 mg/g 
protein), further contribute to the extract’s comprehensive 
nutritional value. This complete and balanced amino acid 
composition suggests the phycocyanin extract’s potential 
for use in nutritional supplements, functional foods, and 
other applications where a robust and readily available 
amino acid supply is desired. 

Phenolic Compounds Profile of Phycocyanin Extract

Table 4 presents a comprehensive profile of phenolic 
compounds identified in Spirulina extract using LC-MS/
MS in negative ionization mode. he LC-MS/MS analysis of 

the phycocyanin extract, conducted in negative ionization 
mode, provides a detailed elucidation of its complex 
phytochemical composition, indicating a rich array of 
bioactive compounds. Expectedly, C-Phycocyanin subunit 
(1200.5 µg/g) and Allophycocyanin subunit (980.2 µg/g) 
are the most abundant constituents, consistent with 
the extract’s primary nature. The fragmentation ions 
for C-Phycocyanin subunit are observed at m/z 1124, 
843, 560, 397, while for Allophycocyanin subunit, they 
are 1320, 1056, 788, 512. A significant concentration of 

Table 2. Proximate composition of phycocyanin extract (per 100 g dry 
weight ± Standard Deviation)

Parameter Content (g/100 g)

Moisture 3.0±0.5

Crude protein 65.0±5.0

Phycocyanin (of total protein) 50.0±4.0

Total carbohydrates 20.0±3.0

Dietary fiber 8.5±1.5

Total lipids 2.5±0.5

Ash 4.0±0.8

Energy Content 360±20 kcal

n = 3; data are presented as mean ± SD. Different lowercase letters in the same 
column indicate significant variation at P<0.05

Table 3. Amino Acid Profile of phycocyanin extract (g/100 g ± Standard 
Deviation)

Amino Acid Abbreviation Content (mg/g protein)

Aspartic acid Asp (D) 98.2±5.1

Glutamic acid Glu (E) 112.4±6.3

Serine Ser (S) 45.6±3.2

Glycine Gly (G) 62.8±4.0

Histidine His (H) 18.5±1.5

Arginine Arg (R) 54.3±3.8

Threonine Thr (T) 42.1±2.9

Alanine Ala (A) 76.5±4.5

Proline Pro (P) 33.7±2.1

Tyrosine Tyr (Y) 28.9±.8

Valine Val (V) 58.2±3.6

Methionine Met (M) 12.4±1.0

Cysteine Cys (C) 8.3±0.7

Isoleucine Ile (I) 39.6± 2.4

Leucine Leu (L) 87.3± 5.2

Phenylalanine Phe (F) 36.8± 2.3

Lysine Lys (K) 49.5± 3.1

Tryptophan Trp (W) 14.2± 1.2

n = 3; data are presented as mean ± SD. Different lowercase letters in the same column 
indicate significant variation at P<0.05
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Phycocyanobilin (450.8 µg/g) is also detected, presenting 
fragmentation ions at m/z 586, 299, 253, 165; this 
chromophore is crucial for the extract’s antioxidant 
and anti-inflammatory properties. Beyond these core 
components, the extract contains an impressive profile of 
additional beneficial compounds. Notably, the essential 
fatty acid Linolenic acid (320.3 µg/g), with fragmentation 
ions at m/z 277, 205, 149, 95, is present. A strong suite of 
carotenoid antioxidants includes β-Carotene (210.7 µg/g) 
(fragmentation ions: m/z 536, 445, 321, 177), Astaxanthin 
(150.9 µg/g) (fragmentation ions: m/z 595, 479, 401, 
255), and Zeaxanthin (132.6 µg/g) (fragmentation 
ions: m/z 567, 430, 375, 221), all recognized for their 
protective roles against oxidative stress and specific health 
benefits. Further enhancing the extract’s complexity are 
chlorophyll derivatives like Pheophytin a (185.4 µg/g) 
and a Chlorophyll a derivative (98.3 µg/g), as well as the 
unique UV-absorbing compound Scytonemin (75.2 µg/g). 
A diverse group of phenolic acids, including Gallic acid 
(68.5 µg/g) with fragmentation ions at m/z 169, 125, 97, 
79, Caffeic acid (55.7 µg/g), and Ferulic acid (42.3 µg/g), 
contribute significantly to the extract’s antioxidant capacity. 
Prominent flavonoids such as Quercetin (38.9 µg/g) 
(fragmentation ions: m/z 301, 179, 151, 121), Kaempferol 
(29.6 µg/g), Apigenin (24.1 µg/g), and Myricetin (18.7 

µg/g) further enrich the extract’s biological activity, 
offering broad-spectrum antioxidant, anti-inflammatory, 
and potentially anti-carcinogenic effects. 

Biological Activities of Phycocyanin Extract

Antioxidant Activity

Fig. 1 demonstrates the DPPH free radical scavenging 
activity of PE at concentrations ranging from 100 
to 300 µg/mL, alongside that of the antioxidant 

Table 4. Phenolic compounds identified in phycocyanin extract by LC-MS/MS in negative ionization mode

Compound Name Molecular Weight 
(g/mol)

Content 
(µg/g)

Fragmentation Ions 
(m/z)

C-Phycocyanin subunit ~28.000 1200.5 1124, 843, 560, 397

Allophycocyanin subunit ~30.500 980.2 1320, 1056, 788, 512

Phycocyanobilin 586.6 450.8 586, 299, 253, 165

Linolenic acid 278.4 320.3 277, 205, 149, 95

β-Carotene 536.9 210.7 536, 445, 321, 177

Pheophytin a 871.2 185.4 870, 592, 533, 461

Astaxanthin 596.8 150.9 595, 479, 401, 255

Zeaxanthin 568.9 132.6 567, 430, 375, 221

Chlorophyll a derivative 614.6 98.3 613, 555, 487, 329

Scytonemin 544.6 75.2 543, 468, 325, 211

Gallic acid 170.1 68.5 169, 125, 97, 79

Caffeic acid 180.2 55.7 179, 135, 107, 89

Ferulic acid 194.2 42.3 193, 149, 134, 117

Quercetin 302.2 38.9 301, 179, 151, 121

Kaempferol 286.2 29.6 285, 229, 185, 117

Apigenin 270.2 24.1 269, 225, 181, 117

Myricetin 318.2 18.7 317, 179, 137, 109

Indole-3-carboxylic acid 161.2 15.4 160, 116, 89, 71

p-Coumaric acid 164.2 12.8 163, 119, 93, 65

Sinapic acid 224.2 9.5 223, 178, 149, 121

Fig 1. Antioxidant activity of phycocyanin extract against DPPH free 
radicals compared to ascorbic acid. Different lowercase letters above the 
columns indicate significant variation at P<0.05
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standard Ascorbic acid (AsA). Fig. 1 illustrates a clear 
concentration-dependent relationship for Spirulina 
extract, with scavenging activity increasing from 
approximately 55% at 100 µg/mL to around 67% at 150 
µg/mL, further rising to about 80% at 200 µg/mL. The 
highest concentrations of PE, 250 µg/mL and 300 µg/mL, 
exhibited potent scavenging activities of approximately 
90-92%, statistically comparable to Ascorbic acid (93%). 
Statistical analysis revealed significant differences in 
scavenging activity between the lower concentrations of 
PE (100 and 150 µg/mL) and the higher concentrations 
(250 and 300 µg/mL) and Ascorbic acid. The IC50 value, 
representing the concentration required for 50% DPPH 
scavenging, can be inferred from the graph to be 120 µg/
mL for phycocyanin extract, highlighting its antioxidant 
potential. Ascorbic acid, with its high scavenging activity 
even at a concentration lower than the tested range, 
would have a considerably lower IC50 value, indicating 
its superior antioxidant potency compared to the tested 
concentrations of phycocyanin extract.

Anticancer Activity

The effect of PE on the viability of MCF-7 breast cancer 
cells was investigated through both microscopy and 
quantitative analysis (Fig. 2). The microscopic images 
illustrate the decreasing density and altered morphology 
of MCF-7 cells with increasing PE concentrations, with 
control cells appearing dense and healthy, while those 
treated with higher PE concentrations and doxorubicin 
show a sparse population with signs of cell damage (Fig. 
2-A,B,C,D). The quantitative data, presented as a bar 
graph, reveals a clear dose-dependent inhibition of MCF-
7 cell viability by PE. Starting with 62% viability at 100 µg/
mL, the percentage of viable cells progressively decreased 
with increasing PE concentrations, reaching a low of 20% 
at 300 µg/mL (Fig. 2-E). This significant reduction in 
viability at the highest PE concentration was comparable 
to the effect observed with the known chemotherapy drug 
doxorubicin. Statistical analysis confirmed the significant 

differences in cell viability across the increasing PE 
concentrations, highlighting the potent anti-proliferative 
activity of Spirulina extract against MCF-7 breast cancer 
cells in a dose-dependent manner, suggesting its potential 
as an anti-cancer agent.

Antidiabetic Activity

Fig. 3 illustrates the inhibitory effects PE at varying 
concentrations (100-300 µg/mL) on the activities of 
α-glucosidase (α-glu) and α-amylase (α-amyl), key 

Fig 2. Microscopic images (A, B, C, D) of the effect of phycocyanin extract 
on the breast cancer cell lines compared to doxorubicin (DOX). (E) the 
effect of PE concentration on inhibition of the viability of MCF-7 cancer 
cells. Different lowercase letters above the columns indicate significant 
variation at P<0.05

Fig 3. The inhibitory effect of PE concentrations on the activity of 
α-amylase and α-glucosidase. Different lowercase letters above the 
columns indicate significant variation at P<0.05 

Fig 4. (A) Antibacterial activity of PE against pathogenic bacteria, 
Staphylococcus aureus (SA), Bacillus cereus (BC), Escherichia coli (EC), and 
Salmonella typhi (ST). (B) pathogenic fungi, Fusarium oxysporium (FO), 
Fusarium solani (FS), Rhizoctonia solani (RS), and Alternaria alternata 
(AA). Different lowercase letters on the columns indicate significant 
variation at P<0.05
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enzymes in carbohydrate metabolism relevant to 
diabetes management. For α-glucosidase, the inhibition 
activity increases from approximately 50% at 100 µg/
mL to around 75% at 300 µg/mL, representing a relative 
increase of 50% in inhibition over this concentration 
range. Similarly, α-amylase inhibition starts at roughly 
52% at 100 µg/mL and rises to about 80% at 300 µg/
mL, showing a relative increase of approximately 54% in 
inhibition across the tested concentrations. Notably, the 
percentage of α-amylase inhibition is slightly higher at 
each concentration than that of α-glucosidase. Statistical 
analysis, denoted by the letters above the bars, confirms 
significant increases in inhibitory activities for both 
enzymes as the PE concentration rises. These findings 
suggest that Spirulina extract exhibits a dose-dependent 
ability to inhibit both α-glucosidase and α-amylase, with a 
slightly more pronounced inhibitory effect on α-amylase, 
indicating its potential as a natural agent for managing 
postprandial hyperglycemia in diabetes by hindering 
carbohydrate digestion and absorption.

Antimicrobial Activity

Fig. 4 presents the antimicrobial activity of PE at 
concentrations ranging from 100 to 300 µg/mL, measured 
by the diameter of the inhibition zone (mm) against 
several pathogenic microorganisms. Fig. 4-A illustrates the 
antibacterial activity of PE against four bacterial species: 
S. aureus, B. cereus, E. coli, and S. typhi. The results show 
a general trend of increasing inhibition zone diameters 
with increasing PE concentration for all tested bacteria. S. 
aureus consistently exhibited the largest inhibition zones 
across all concentrations, reaching approximately 32 mm 
at 300 µg/mL. B. cereus also showed significant inhibition, 
with the zone diameter increasing to 30 mm at the highest 
concentration. E. coli and S. typhi displayed moderate 
susceptibility to PE, with inhibition zones reaching 
approximately 24 mm and 22 mm, respectively, at 300 µg/
mL. Statistical analysis, indicated by the letters above the 
bars, reveals significant differences in the inhibition zone 
diameters across the different PE concentrations for each 
bacterium, generally showing increased inhibition with 
higher concentrations.

Fig. 4-B demonstrates the antifungal activity of PE against 
four pathogenic fungal species: Fusarium oxysporium, 
Fusarium solani, Rhizoctonia solani, and Alternaria 
alternata. Similar to the antibacterial effects, the antifungal 
activity generally increased with higher PE concentrations. 
F. oxysporium showed the most sensitivity to PE, with the 
inhibition zone reaching approximately 30 mm at 300 µg/
mL. F. solani also exhibited substantial inhibition, with 
the zone diameter increasing to around 29 mm at the 
highest concentration. R. solani and A. alternata displayed 
moderate sensitivity, with inhibition zones reaching 
approximately 25 mm and 28 mm, respectively, at 300 

µg/mL. Statistical analysis again indicates significant 
differences in the inhibition zone diameters across the 
different PE concentrations for each fungus, with higher 
concentrations generally leading to larger inhibition 
zones.

Phycocyanin extract demonstrates both antibacterial and 
antifungal activities against the tested panel of pathogenic 
microorganisms in a concentration-dependent manner. 
The degree of susceptibility varied among the different 
species, with S. aureus and F. oxysporium showing the 
highest sensitivity to PE among the bacteria and fungi 
tested, respectively. These findings suggest the potential 
of PE as a natural source of antimicrobial and antifungal 
compounds.

Antiviral Activity

Fig. 5 clearly demonstrates the dose-dependent antiviral 
efficacy of the PE against both Herpes Simplex Virus 
type 1 (HSV-1) and Influenza A virus subtype H1N1. 
A consistent trend of increasing viral plaque reduction 
is observed for both viruses as the concentration of the 
substance rises from 50 µg/mL to 300 µg/mL. Notably, 
the extract consistently exhibits greater effectiveness 
against HSV-1 across all concentrations, achieving a peak 
reduction approaching 90% at 300 µg/mL, compared to 
approximately 78-79% for H1N1 at the same concentration.

Fig. 6-A,B meticulously illustrate the phycocyanin 
extract’s dose-dependent capacity to upregulate the 
relative expression of critical antiviral genes: Interferon-
alpha (IFN-α) and Myxovirus resistance protein 1 (MX1). 
A clear and statistically significant increase in the fold 
change of both IFN-α and MX1 expression is observed as 
the extract’s concentration rises from 50 µg/mL to 300 µg/
mL, unequivocally demonstrating its ability to stimulate 
these key components of the host’s innate antiviral defense. 
The concomitant upregulation of IFN-α, a primary type I 
interferon, and MX1, a downstream interferon-stimulated 

Fig 5. Dose-Dependent Antiviral Efficacy of phycocyanin extract Against 
HSV-1 and H1N1 Evaluated by Reduction in Viral Plaque Formation. 
Different lowercase letters on the column indicate significant variation at 
P<0.05 
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gene, strongly suggests that the phycocyanin extract 
activates the interferon signaling pathway, leading to 
the production of essential antiviral effector molecules. 
While both panels show this robust induction, Panel 
A consistently exhibits a higher magnitude of gene 
expression, with IFN-α reaching approximately a 10-fold 
change and MX1 nearly a 12-fold change at 300 µg/mL, 
compared to approximately a 9-fold change for both in 
Panel B. These differences might stem from variations in 
experimental conditions or cell types, but the underlying 
immunostimulatory effect remains evident. 

The findings showed the considerable antiviral activities 
of PE and that is clear in IC50 where PE reduced 50% of 
viral plaque at 42.5 and 50 µg/mL for HSV-1 and H1N1, 
respectively. Also, the CC50 of PE was 110 and 142 µg/mL 
for HSV-1 and H1N1, respectively.

Blood Biochemistry

Table 5 reveals a significant impact of dietary PE on 
various serum biochemical parameters in rats compared 
to the Positive Control (PC) group, which likely represents 
a state of induced dysfunction.

Regarding liver function, the PC group exhibited elevated 
liver enzymes. However, PE treatment at 100 mg/kg 
resulted in a 65.4% decrease in Aspartate transaminase 

Fig 6. Dose-Dependent Upregulation of IFN-α and MX1 Gene Expression 
Induced by phycocyanin extract in a Concentration-Gradient Manner. Different 
lowercase letters on the column indicate significant variation at P<0.05 

Table 5. The influence of dietary phycocyanin extract on the serum biochemical parameters of rats

Serum Biochemistry
Phycocyanin Extract Treatments (mg/kg)

P-value
NC PC 100 300 PC+PE

Liver and kidney 
functions

AST (U/L) 105c 295a 102c 98d 112b <0.0001

ALT (U/L) 28b 58a 25c 22d 26c <0.0001

ALP (U/L) 115c 190a 105d 100d 125b <0.0001

AST/ALT ratio 3.75d 5.07a 4.01c 4.5b 4.3b 0.89

Lipid profile

Total cholesterol (mg/
dL) 85d 288a 92c 81d 132b <0.0001

Triglycerides (mg/dL) 78d 195a 81c 76d 111b <0.0001

HDL (mg/dL) 56b 39c 66a 68a 54b <0.0001

LDL (mg/dL) 18d 35a 25c 22c 28b <0.0001

VLDL (mg/dL) 17c 38a 25b 21bc 25b <0.0001

Oxidative stress

GSH (ng/mL) 2.1b 0.56d 2.9b 4.1a 1.8c <0.0001

SOD (U/mL) 42.3b 17.5d 48.3b 51.3a 36c <0.0001

CAT (ng/mL) 1.2b 0.41d 1.5ab 1.7a 0.87c <0.0001

MDA (nmol/mL) 3.5bc 18.5a 2.1c 1.5d 5.5b <0.0001

TAC (ng/mL) 1.45c 0.30e 1.8b 2.2a 1.22d <0.0001

Diabetes markers

Glucose (mg/dL) 89bc 455a 91b 85c 97b <0.0001

HbA1c (%) 5.6c 14.3a 5.5c 5.2c 7.5b <0.0001

Insulin (µU/L) 16.6av 1.2c 17.5a 16.9ab 9.8b <0.0001

n = 3; data are presented as mean ± SD. Groups sharing the same lowercase letter within a row/column are not statistically different, while those with 
different letters show a statistically significant difference (P<0.05); PE: Phycocyanin extract
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(AST), 300 mg/kg led to a 66.8% decrease, and the PC+PE 
group showed a 62.0% decrease in AST levels compared to 
the PC group. Similarly, Alanine Aminotransferase (ALT) 
levels decreased by 56.9%, 62.1%, and 55.2% in the 100 mg/
kg, 300 mg/kg, and PC+PE groups. Alkaline Phosphatase 
(ALP) levels also saw substantial reductions of 47.4% 
in both the 100 mg/kg and 300 mg/kg PE groups, and 
34.2% in the PC+PE group. The AST/ALT ratio showed 
a 19.5% increase in the 100 mg/kg group but decreased 
by 11.2% and 14.2% in the 300 mg/kg and PC+PE groups, 
respectively.

In terms of the lipid profile, the PC group displayed 
dyslipidemia. PE treatment at 100 mg/kg led to a 68.1% 
reduction in total cholesterol, while 300 mg/kg resulted in 
a 71.9% decrease, and PC+SPE showed a 54.2% decrease. 
Triglyceride levels decreased by 58.5%, 60.5%, and 43.1% 
in the respective SPE treatment groups. Notably, HDL 
increased by 69.2% with 100 mg/kg PE, 74.4% with 
300 mg/kg PE, and 38.5% in the PC+PE group. The 
detrimental LDL cholesterol showed dramatic reductions 
of 87.8%, 89.3%, and 84.4%, while VLDL decreased by 
55.3%, 44.7%, and 34.2% in the 100 mg/kg, 300 mg/kg, 
and PC+PE groups compared to the PC group (Table 5).

Regarding oxidative stress, the PC group showed signs of 
increased oxidative damage. PE treatment at 100 mg/kg led 
to a remarkable 417.9% increase in GSH levels, while 300 
mg/kg resulted in a 632.1% increase, and PC+PE showed 
a 221.4% increase. Similarly, SOD activity increased by 
176.0%, 193.1%, and 105.7%, and CAT activity increased 
by 317.1%, 361.0%, and 112.2% in the respective PE 
treatment groups. Conversely, MDA, a marker of lipid 
peroxidation, decreased significantly by 88.6%, 91.9%, 
and 70.3%. Total antioxidant capacity (TAC) also showed 
substantial increases of 500.0%, 633.3%, and 306.7% in the 
100 mg/kg, 300 mg/kg, and PC+PE groups compared to 
the PC group.

Concerning diabetes markers, the PC group exhibited 
hyperglycemia and impaired glucose control. PE 
treatment at 100 mg/kg resulted in an 80.7% decrease in 
glucose levels, while 300 mg/kg led to an 81.3% decrease, 
and PC+PE showed a 78.7% decrease. HbA1c levels also 
decreased significantly by 61.5%, 63.6%, and 47.6% in the 
respective PE treatment groups. Notably, insulin levels 
showed dramatic increases of 1375.0% with 100 mg/
kg PE, 1358.3% with 300 mg/kg PE, and 733.3% in the 
PC+PE group compared to the PC group (Table 5).

In summary, the PE-treated groups demonstrated 
substantial improvements across all measured parameters 
compared to the Positive Control group. The percentage 
changes highlight the considerable protective and 
healing potential of PE in mitigating liver dysfunction, 
dyslipidemia, oxidative stress, and hyperglycemia in this 
animal model. While the PE-only groups often showed 
more pronounced effects, the PC+PE group also exhibited 
significant improvements, suggesting that PE can offer 
benefits even in the presence of the inducing agent.

Proinflammatory Cytokines

The influence of dietary PE on pro-inflammatory 
cytokines revealed a consistent pattern of reduction 
across all measured markers compared to the Positive 
Control (PC) group (Table 6). Specifically, Bcl-2 levels 
decreased substantially by 86.8% and 87.9% in the 100 
mg/kg (9.1 PC vs 1.2 at 100) and 300 mg/kg PE-treated 
groups (9.1 PC vs 1.1 at 300), respectively, with a notable 
76.9% reduction in the PC+PE group (9.1 PC vs 2.1 at 
PC+PE). Similarly, Nrf-2 levels saw significant decreases 
of 83.3% (7.5 PC vs 1.25 at 100), 84.7% (7.5 PC vs 1.15 
at 300), and 80.0% (7.5 PC vs 1.5 at PC+PE) in the 
corresponding treatment groups. The levels of OH also 
exhibited marked reductions of 84.1% (8.2 PC vs 1.3 at 
100), 85.4% (8.2 PC vs 1.2 at 300), and 76.8% (8.2 PC vs 
1.9 at PC+PE) in the 100 mg/kg, 300 mg/kg, and PC+PE 

Table 6. The influence of dietary phycocyanin extract on proinflammatory cytokines and cancerous genes (mean ±SD)

Proinflammatory Cytokines/ 
Apoptosis Genes (Fold 

change)

Phycocyanin Extract Treatments (mg/kg)
P-value

NC PC 100 300 PC+PE

BCL-2 1.0±0.0d 9.1±0.9a 1.2±0.5c 1.1±0.2cd 2.1±0.6b <0.0001

Nrf-2 1.1±0.2d 7.5±0.5a 1.25±0.6c 1.15±.1cd 1.5±0.5b <0.0001

OH 1.2±0.6d 8.2±0.8a 1.3±0.2c 1.2±0.2cd 1.9±0.8b <0.0001

B-actin 1.0±0.0d 10.5±0.3a 1.36±0.3c 1.18±0.3cd 2.5 ±.6b <0.0001

IL-1β 1.00±0.09d 8.30±0.61a 1.20±0.11c 1.10±0.10cd 2.00±0.18b <0.0001

TNF-α 1.05±0.07d 9.00±0.77a 1.24±0.13c 1.16±0.09cd 2.15±0.21b <0.0001

BAX 1.00±0.08d 2.80±0.20a 1.30±0.10c 1.10±0.09cd 1.80±0.16b <0.01

Casp-3 1.00±0.09d 3.10±0.23a 1.22±0.12c 1.13±0.10cd 1.95±0.17b <0.01

n = 3; data are presented as mean ± SD. Groups sharing the same lowercase letter within a row/column are not statistically different, while those with different letters show a 
statistically significant difference (P<0.05)
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groups, respectively. The most pronounced decreases 
were observed in β-actin levels, with 87.0% (10.5 PC vs 
1.36 at 100), 88.8% (10.5 PC vs 1.18 at 300), and 76.2% 
(10.5 PC vs 2.5 at PC+PE) reductions in the respective PE-
treated groups. Moving to pro-inflammatory cytokines, 
IL-1$\beta$ levels significantly decreased by 85.5% (8.30 
PC vs 1.20 at 100), 86.7% (8.30 PC vs 1.10 at 300), and 
75.9% (8.30 PC vs 2.00 at PC+PE) in the 100 mg/kg, 300 
mg/kg, and PC+PE groups, respectively. TNF-α levels 
also showed substantial reductions of 86.2% (9.00 PC vs 
1.24 at 100), 87.1% (9.00 PC vs 1.16 at 300), and 76.1% 
(9.00 PC vs 2.15 at PC+PE) across these same groups. 
Furthermore, the extract demonstrated an influence on 
apoptosis-related genes. BAX levels decreased by 53.6% 
(2.80 PC vs 1.30 at 100), 60.7% (2.80 PC vs 1.10 at 300), 
and 35.7% (2.80 PC vs 1.80 at PC+PE) in the 100 mg/kg, 
300 mg/kg, and PC+PE groups, respectively. Similarly, 
Casp-3 levels were reduced by 60.6% (3.10 PC vs 1.22 at 
100), 63.5% (3.10 PC vs 1.13 at 300), and 37.1% (3.10 PC 
vs 1.95 at PC+PE) in the corresponding treatment groups. 
PE administration led to significant down-regulation of 
these pro-inflammatory markers and also mitigated the 
upregulation of BAX and Casp-3, suggesting a potent anti-
inflammatory and potentially anti-apoptotic or protective 
effect in this experimental model. The consistent and 
substantial percentage decreases across all cytokines and 
treatment dosages underscore the potential of PE as an 
anti-inflammatory agent, even when administered in 
conjunction with the inducing agent in the PC+PE group. 
However, the PE-only groups generally exhibited slightly 
more pronounced effects. The p-values of <0.0001 or 
<0.01 for all parameters further confirm the high statistical 
significance of these observed effects.

Histology of Liver Tissue

Histological examination of rat liver tissue stained 
with Hematoxylin and Eosin (H&E) reveals distinct 
architectural features across the experimental groups. 
The control group (Fig. 7-A) exhibits a normal hepatic 
structure with well-organized hepatocyte cords radiating 
from central veins, clear sinusoids, and structurally 
sound portal triads. In contrast, the dithizone-challenged 
group (Fig. 7-B) displays significant liver damage, 
characterized by disorganization of hepatic cords, 
swollen hepatocytes potentially exhibiting vacuolation, 
and marked inflammation with an increased presence 
of inflammatory cells around structurally abnormal or 
congested portal triads. The phycocyanin-treated group 
(Fig. 7-C), receiving only phycocyanin, shows a liver 
morphology comparable to the control group, indicating 
no apparent adverse effects of phycocyanin alone on the 
liver tissue. Notably, the group treated with both dithizone 
and phycocyanin extract (Fig. 7-D) demonstrates a clear 
attenuation of the dithizone-induced liver damage. 

While some signs of cellular disorganization and mild 
inflammation may still be present, the severity of the 
pathological changes is markedly reduced compared to 
the dithizone-challenged group, suggesting a protective 
effect of phycocyanin extract against chemical liver injury 
by preserving hepatic architecture and reducing cellular 
damage and inflammation.

Discussion 
Diabetes mellitus is a chronic metabolic disorder 
characterized by persistent hyperglycemia, with 
significant implications for oxidative stress, tissue damage, 
and elevated risks for secondary complications such as 
cancer, infections, and organ degeneration [38]. Dithizone-
induced diabetes in animal models, especially rats, serves 
as a relevant and reproducible system to investigate 
drugs with multifaceted medicinal effects [39]. Among 
natural compounds, phycocyanin, a blue pigment-protein 
complex found in cyanobacteria such as  Spirulina, has 

Fig 7. presents representative photomicrographs of rat liver tissue stained 
with Hematoxylin and Eosin (H&E) from different experimental groups. 
(A) Control Group, showcasing normal hepatic architecture with well-
organized hepatocyte cords, clear sinusoids, and a structurally intact 
portal triad (black arrow), (B) Dithizone-Challenged Group, exhibiting 
significant liver damage characterized by disarrayed hepatic cords, cellular 
swelling (hepatocyte ballooning), inflammatory cell infiltration, and a 
congested or structurally altered portal triad (black arrow), (C) represents 
the phycocyanin-treated Group (PE alone), displaying liver tissue with a 
normal histological appearance, similar to the control group, with well-
preserved hepatic architecture and a normal-looking portal triad (black 
arrow), indicating no adverse effects of phycocyanin extract alone, (D) 
Dithizone + phycocyanin extract (PE) Group, revealing a noticeable 
improvement in liver morphology compared to the dithizone-challenged 
group, with less cellular disorganization, reduced inflammation, and a 
relatively better-preserved portal triad (black arrows), suggesting the 
protective effect of Phycocyanin extract against dithizone-induced liver 
injury
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drawn considerable attention due to its pronounced 
antioxidant, antidiabetic, anticancer, and antimicrobial 
activities [40]. 

Phycocyanin has demonstrated significant antidiabetic 
effects in various experimental models, including 
dithizone- and high-fat-diet-induced diabetic rodents. 
Its ability to lower fasting blood glucose (FBG) 
levels and improve glucose tolerance is attributed to 
several mechanisms. Recent  in vivo  studies show that 
administration of phycocyanin alleviates hyperglycemia, 
enhances glucose clearance during glucose tolerance tests, 
and improves pancreatic β-cell function as indicated by 
increased fasting insulin levels and improved HOMA-β 
indices in diabetic rodents [41,42]. These effects are mediated 
through the activation of AKT and AMPK signaling 
pathways in hepatic tissue, bolstering both insulin 
signaling and cellular glucose uptake [41].  Notably, the 
hypoglycemic action of phycocyanin, while progressive, 
is safe and maintains FBG within normal physiological 
ranges compared to control treatments with standard 
antidiabetic drugs such as metformin [41]. Diabetes is often 
accompanied by dyslipidemia and hepatic dysfunction, 
exacerbating the risk of cardiovascular complications. 
Phycocyanin treatment in diabetic rats leads to marked 
improvements in serum biochemical profiles, including 
reductions in triglycerides (TG), total cholesterol (TC), 
and liver transaminases (AST and ALT), while promoting 
healthy HDL cholesterol levels.  Restoration of normal 
lipid metabolism is paralleled by suppressed hepatic 
steatosis and improved liver architecture, reflecting 
enhanced metabolic regulation.  Collectively, these 
improvements not only mitigate diabetic complications 
but also reduce oxidative stress by limiting substrates for 
lipid peroxidation [43,44].

One of phycocyanin’s most profound biological 
activities is its capacity to counteract oxidative stress, 
a major pathophysiological factor in diabetes and its 
complications. Dithizone-induced diabetic rats exhibit 
excessive formation of reactive oxygen species (ROS), 
leading to lipid peroxidation, protein glycation, and DNA 
damage. Supplementation with phycocyanin enhances 
endogenous antioxidant capacity, as evidenced by elevated 
superoxide dismutase (SOD) activity and reductions 
in malondialdehyde (MDA) levels-key biomarkers 
of oxidative injury.  Furthermore, phycocyanin’s 
chromophore, phycocyanobilin, acts as a potent free 
radical scavenger, directly neutralizing ROS and thus 
stabilizing cellular redox homeostasis [14,43,45].

Several intersecting pathways explain phycocyanin’s 
antioxidant mechanisms, where phycocyanin upregulates 
nuclear factor erythroid 2-related factor 2 (Nrf2)-
dependent transcription of antioxidant genes, as well 
as directly stimulating enzymatic antioxidants such as 

catalase and glutathione peroxidase.  This regulatory 
effect minimizes oxidative assaults on vital organs like 
the pancreas and liver, preserving their architecture and 
preventing necrosis or fibrosis [46,47].

Experimental and preclinical research has illuminated 
phycocyanin’s anticancer properties. Mechanistically, 
phycocyanin arrests cancer cell proliferation through 
blockage of cell-cycle progression, triggers apoptosis 
and autophagy in neoplastic cells, and downregulates 
pro-angiogenic factors like VEGF [48].  In rodent models, 
phycocyanin administration not only reduces the 
incidence and volume of chemically-induced tumors 
(notably colon cancer in conjunction with diabetic 
models) but also suppresses metastasis by decreasing 
matrix metalloproteinases (MMPs) and hypoxia-inducible 
factor-1α (HIF-1α).  Importantly, these anticancer 
activities are achieved with minimal toxicity to normal 
tissues, highlighting phycocyanin’s selectivity for tumor 
cells.

Diabetes is a known risk factor for cancer, partly through 
persistent oxidative stress, chronic inflammation, 
and impaired immune surveillance. By ameliorating 
hyperglycemia, modulating immune response, and 
reducing oxidative damage, phycocyanin may decrease 
the promotional effect of diabetes on tumorigenesis [41,42].

Phycocyanin exhibits notable antimicrobial activity 
against various pathogenic bacteria, fungi, and viruses, 
which is particularly valuable given the elevated infection 
risk in diabetic individuals. Recent studies document its 
ability to disrupt bacterial cell membranes, inhibit biofilm 
formation, and neutralize bacterial toxins. These effects are 
effective against both Gram-positive and Gram-negative 
strains, making phycocyanin a potential candidate for 
managing diabetic infections, including those resistant to 
standard antibiotics [14].

Underlying the antimicrobial efficacy of phycocyanin 
is its broader immunomodulatory effect. Phycocyanin 
enhances lymphocyte proliferation, stimulates antibody 
production, and boosts natural killer cell activity.  These 
responses are associated with quicker resolution of 
infections and reduced inflammation at infection sites, 
thereby improving recovery and preventing chronic 
complications in diabetic rats [49].

Dithizone-induced diabetes primarily damages pancreatic 
β-cells, resulting in islet cell degeneration, necrosis, and 
inflammatory infiltration. Histological investigations 
reveal that phycocyanin administration preserves islet 
architecture, limits infiltration by inflammatory cells, 
and facilitates regeneration of β-cells.  This protective 
effect coincides with the improvement in insulin 
secretion and normalization of glucose homeostasis [39]. 
Diabetes induces hepatic steatosis and renal tubular 
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degeneration. Phycocyanin reconstructs normal liver 
and kidney morphology in diabetic rats, preventing fatty 
infiltration, sinusoidal dilatation, and fibrotic changes. Its 
antioxidant action underlies the reduction of hepatic lipid 
peroxidation, while improved serum markers (reduced 
ALT, AST, and creatinine) corroborate these findings at 
the functional level [14,45,49].

Microscopic observation of treated diabetic rats shows 
attenuation of oxidative lesions, restoration of normal 
cellular ultrastructure, and reduction of apoptotic cell 
death in multiple organs.  These changes indicate that 
phycocyanin not only prevents but may also reverse 
diabetes-related tissue injury. By improving insulin 
sensitivity and lipid profiles, phycocyanin reorients whole-
organism metabolism toward a healthier state, countering 
hyperphagia, polydipsia, weight loss, and fatigue 
commonly observed in diabetic rats.  Its comprehensive 
effect on both glucose and lipid metabolism distinguishes 
it from single-action antidiabetic agents [41,42].

Oxidative stress serves as a nexus linking metabolic 
dysregulation, tissue injury, infection susceptibility, 
and carcinogenesis in diabetic models. Phycocyanin’s 
multifactorial properties create a positive feedback loop 
amelioration of oxidative stress reduces secondary tissue 
damage and cancer risk, which further supports metabolic 
control and immune competence. Although most recent 
studies have utilized high-fat-diet and streptozotocin-
induced models, available data strongly suggest these 
effects extend to dithizone-induced diabetes due to the 
similarity in pathological mechanisms: loss of insulin-
producing β-cells, heightened oxidative stress, and 
secondary organ involvement [42,49]. Phycocyanin’s robust 
antioxidant, antihyperglycemic, and tissue-protective 
qualities make it a promising agent for experimental 
validation in dithizone-induced diabetic rats.

Phycocyanin possesses an array of therapeutic effects 
antidiabetic, antioxidant, anticancer, and antimicrobial 
that operate synergistically to alleviate the metabolic, 
oxidative, and histopathological complications of diabetes. 
Its mechanisms include improving glycemic control, 
restoring lipid metabolism, enhancing endogenous 
antioxidant responses, inducing apoptosis in cancer cells, 
protecting tissues against oxidative and inflammatory 
damage, and reducing infection risks through direct 
antimicrobial actions and immune modulation. Future 
research should focus on translating these capabilities into 
clinical settings, precisely mapping its molecular targets 
in various diabetic and cancer models, and optimizing its 
delivery for maximal efficacy. Nevertheless, phycocyanin 
stands as a powerful phytochemical, with promising 
multifunctional therapeutic potential in the management 
of diabetes and associated complications
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Introduction
Fertility in male dogs is influenced by various intrinsic 
and extrinsic factors, including age, hormonal balance, 
testicular vascularization, and environmental conditions [1]. 
Among these, testicular blood flow (TBF) has gained 
particular attention in recent years, as Doppler 
ultrasonography (DU) parameters such as the pulsatility 
index (PI) and resistive index (RI)-have been proposed 
as potential indicators of sperm quality in dogs [2]. In 
clinical practice, DU is a valuable, non-invasive tool used 
to evaluate the hemodynamic characteristics of blood 
flow in various arteries and veins. It is widely employed 
for vascular assessment in multiple organs, including 

the liver, mammary glands, kidneys, placenta, and fetal 
structures. In recent years, research has increasingly 
focused on the Doppler parameters of the testicular 
artery (TA) in different animal species [3-6]. This focus is of 
critical importance, as impaired blood supply in the TA is 
considered a significant contributor to male infertility [7]. 

The testicular artery, which arises from the abdominal 
aorta, supplies blood to the testes. After passing through 
the inguinal ring to reach the spermatic cord, it travels 
along the posterior surface of the testis, emerging near 
the proximal pole. The artery then penetrates the tunica 
albuginea and follows a relatively straight course typically 
without branching-through the tunica vasculosa, a 
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Abstract

This study investigated the relationship between testicular artery hemodynamics and 
spermatological parameters in Kangal Shepherd dogs of different age groups using 
Doppler ultrasonography and computer-assisted sperm analysis. Fourteen clinically 
healthy, sexually mature Kangal Shepherd dogs were categorized into adult (3-5 years, 
n=7) and senior (7-9 years, n=7) groups. Each dog underwent three evaluations at two-
week intervals, including a Doppler ultrasonographic assessment of supratesticular, 
intratesticular, and marginal arteries and comprehensive spermatological analysis. 
Testicular arterial blood flow was assessed by measuring peak systolic velocity, end-
diastolic velocity, pulsatility index (PI), and resistive index (RI). Spermatological 
assessments included total motility, progressive motility, sperm concentration, and 
morphological analysis. The results revealed significant age-related alterations in 
testicular blood flow parameters, with senior dogs exhibiting increased PI and RI 
values. Moreover, strong negative correlations were identified between Doppler 
indices and spermatological parameters. Conversely, positive correlations were found 
between vascular resistance parameters and morphological sperm defects, particularly 
in the head, tail, and midpiece regions. The strongest correlations were observed in 
the left intratesticular artery, with RI showing a very strong negative correlation with 
motility (r=-0.91) and a very strong positive correlation with total morphological 
defects (r=0.92). In conclusion, this study shows that testicular blood flow, assessed via 
Doppler ultrasonography, is closely linked to sperm parameters in Kangal Shepherd 
dogs, underscoring its value in clinical reproductive functions, especially for age-related 
changes.
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vascular layer beneath the capsule that extends along the 
epididymal margin of the testis.

In human medicine; Color Doppler (CD), Pulsed Wave 
Doppler (PW) and Power Doppler (PD) are routinely 
performed to evaluate the andrological status of the testes [8] 

as these modalities offer a simple yet accurate method 
of measuring blood flow by integrating anatomical and 
hemodynamic information [9]. In veterinary medicine, 
several studies have investigated the application of DU 
in dogs for evaluating TBF under both physiological and 
pathological conditions [10,11]. Although still considered a 
relatively novel technique in veterinary practice, testicular 
DU holds great potential for future development and 
clinical utility. 

The testicular parenchyma is a high-metabolism 
tissue; any disruption in the transport of nutrients and 
oxygen via the blood can have adverse effects on the 
morphology and function of the testis [12]. Studies in 
dogs have shown a relationship between hemodynamic 
parameters of testicular artery blood flow and semen-
related parameters [13,14]. Venianaki et al.[15] studied 
hemodynamic parameters of testicular artery blood flow 
in Beagles during prepubertal, pubertal and postpubertal 
ages. They obtained significant correlations between 
the hemodynamic parameters they obtained and semen 
evaluation parameters [15]. Souza et al.[16] reported possible 
changes in hemodynamic parameters of testicular artery 
blood flow during the peri-pubertal period; in general, 
these parameters can be used as indicators of future 
semen quality [17-19]. However, since the animals evaluated 
in the study were of different breeds, this did not support 
standardization of the results.

The testicular artery originates from the abdominal aorta 
and supplies blood to the testes via several branches. It first 
gives rise to the supratesticular artery, located along the 
spermatic cord, then enters the testis and continues as the 
marginal artery along the epididymal border, and finally 
branches into the intratesticular artery that penetrates 
the testicular parenchyma [13]. The intratesticular artery 
runs through the mediastinum testis and provides direct 
perfusion to the seminiferous tubules. Among these, the 
intratesticular artery is particularly important because 
it supplies the active spermatogenic tissue. Alterations 
in blood flow parameters (e.g., RI, PI) within this artery 
are closely linked to sperm motility, morphology, and 
concentration. Therefore, detailed Doppler assessment of 
these arteries can provide critical insights into testicular 
function and male dog fertility [15,16].

In addition to evaluating testicular artery blood flow, the 
objective and quantitative assessment of spermatological 
parameters is essential for determining male reproductive 
performance. A complete andrological examination 

-including physical evaluation of the testes and semen 
analysis- is fundamental for assessing testicular function. 
Computer-assisted sperm analysis (CASA) systems 
offer objective and reproducible measurements of 
sperm motility by tracking and analyzing the movement 
characteristics of individual sperm cells. Beyond motility, 
a comprehensive semen evaluation also includes sperm 
concentration and morphological assessment, both 
of which are critical for understanding the functional 
competence of spermatozoa [19]. 

Despite the clinical value of integrating vascular and 
spermatological data, there remains a need for more 
studies investigating the relationship between testicular 
hemodynamics and detailed semen quality parameters 
in dogs [2]. In particular, studies are needed on local or 
regional breeds such as the Kangal Shepherd dog, which 
may exhibit different reproductive physiology influenced 
by genetic background and environmental conditions [20].

This study investigated age-related changes in testicular 
artery hemodynamics and their potential association with 
semen quality in Kangal Shepherd dogs. Adult (3-5 years) 
and senior (7-9 years) dogs were compared regarding 
Doppler ultrasonographic parameters and spermatological 
findings. In addition to examining the effects of aging on 
testicular blood flow, the study also sought to determine 
whether alterations in vascular dynamics are correlated 
with differences in semen quality between the two age 
groups.

Material and Methods
Ethical Statement 

This study was conducted at the Animal Hospital of 
the Faculty of Veterinary Medicine, Ondokuz Mayis 
University, and was approved by the Animal Ethics 
Committee of Ondokuz Mayis University (Approval No: 
2024/41).

Experimental Design

A total of 14 healthy, sexually mature male Kangal 
Shepherd dogs were enrolled in the study. The dogs were 
categorized into two age groups: adult (n=7; 3.5±1.5 years; 
48.98±1.02 kg) and senior (n=7; 7±1.5 years; 50±6.94 
kg). All animals were presented to the university hospital 
for routine procedures such as vaccination or artificial 
insemination. Before participation, informed consent was 
obtained from all dog owners.

Each animal underwent a complete physical examination 
and a detailed reproductive tract evaluation. Only 
clinically healthy dogs without any observable physical 
or reproductive disorders, and with no known history 
of reproductive diseases, were included in the study. 
Testicular Doppler ultrasonography and spermatological 
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evaluations were performed three times on each dog, at 
two-week intervals.

All dogs were maintained on a standardized diet 
throughout the study to minimize variability and ensure 
uniform metabolic conditions. Dogs diagnosed with 
orchitis, testicular morphological abnormalities, systemic 
illness, or those that failed to provide semen samples were 
excluded from the study.

Testicular Doppler Ultrasonography

Testicular blood flow was assessed in all dogs before 
semen collection. All ultrasonographic examinations were 
conducted by the same experienced ultrasonographer 
involved in the study. The dogs were positioned supine 
without sedation to minimize potential interference 
from anesthetic agents on TBF measurements. Vetus 9 
(Mindray®) equipment equipped with a microconvex probe 
operating at 6.5-7.5 MHz was used for the ultrasound. A 
thin layer of ultrasound gel was applied to the skin, and 
the transducer was placed on the testes of the animals, 
which were positioned in dorsal recumbency [21].

Color Doppler ultrasonography was used to assess the 
testicular artery (TA) and visualize blood flow in both the 
right and left testes. TBF was evaluated in the supratesticular, 
intratesticular, and marginal testicular arteries (Fig. 1). 
During each measurement, at least three consecutive 
Doppler waveforms were recorded and averaged to 
enhance measurement accuracy (Fig. 2). For each region 

of both testicles, Hemodynamic PSV, EDV, PI and RI 
measurements were repeated three times and averaged. 
Doppler parameters were automatically calculated and 
recorded by the ultrasound system.

Collection of Semen Samples and Spermatological 
Analysis

Semen was collected from each dog three times, at two-
week intervals using digital stimulation, to ensure that 
the animals met the minimum reproductive requirements 
[22]. During each collection, the ejaculate was divided into 
three distinct fractions: pre-sperm, sperm-rich, and post-
sperm fractions. For spermatological assessments, only 
the sperm-rich fraction was used, as it contains the highest 
concentration of spermatozoa and provides the most 
reliable parameters for assessing semen quality. Parameters 
assessed included total motility (%), progressive motility 
(%), sperm concentration (mL), and sperm morphology 
(%). During evaluation, semen was maintained at a constant 
temperature of 37°C.

To ensure homogeneity, the fresh spermatozoa were diluted 
with a tris-based extender to achieve a final concentration of 
50-100 x 10⁶ spermatozoa/mL [23]. Prior to computer-assisted 
analysis, semen samples were subjected to macroscopic 
evaluation, including assessment of ejaculate volume, color, 
and consistency. Subsequently, a CASA system (Sperm 
Class Analyser, Version 6.5.0.91, Microptic, Barcelona, 
Spain) was utilized to assess sperm concentration, motility 
(%), progressive motility (%), and morphology.

a b c
Fig 1. Doppler waveform of the testicular artery in dogs: supratesticular (a), intratesticular (b), and marginal (c)

Fig 2. Spectral Doppler measurement of the testicular marginal artery



Testicular Doppler and Spermatological Parameters in Kangal Dogs Kafkas Univ Vet Fak Derg
638

Sperm morphology was evaluated using the “Sperm Blue® 
kit” (Microptic®), and the results were also analyzed via the 
CASA system [24]. The Sperm Blue kit stains various parts 
of the sperm (head, midpiece, and tail) in different shades 
of azure, allowing for detailed morphological assessment. 
Sperm smears were prepared for each dog, allowed to 
air dry at room temperature, and stained following the 
manufacturer’s instructions. At least 200 spermatozoa 
were assessed per animal, and the percentage of abnormal 
spermatozoa was determined.

Dogs were randomly selected for inclusion in the study, 
regardless of their initial sperm parameters as assessed 
by the CASA system, as the objective was to evaluate 
the natural variability of testicular hemodynamics and 
its association with spermatological parameters across 
different age groups.

Statistical Analysis

IBM SPSS Statistics for Windows, Version 21.0 (IBM 
Corp., NY, USA), was used for all statistical analyses. 
For each dog, repeated measurements taken at two-week 
intervals were averaged, and these mean values were used 
for statistical analysis to avoid pseudo-replication. Before 
hypothesis testing, the normality of the data distribution 
was assessed using the Shapiro-Wilk test, complemented 
by visual inspection of histograms and Q-Q plots. 
Additionally, skewness and kurtosis values were examined 
to further confirm the distribution characteristics of the 
variables. For normally distributed data, differences 
between the adult and senior groups were evaluated using 
the Independent Samples t-test. Homogeneity of variances 
was assessed with Levene’s test, and the appropriate t-test 
results (assuming equal or unequal variances) were 
reported accordingly.

Doppler ultrasonographic measurements, including 
PSV, EDV, PI, and RI of the supratesticular, marginal, 
and intratesticular arteries in both the right and left 
testes, were normally distributed and thus analyzed using 
parametric tests (Independent Samples t-test). In contrast, 
spermatological parameters such as motility, progressive 
motility, sperm concentration, and morphological defects 
(head, midpiece, tail, and total morphological defects) did 
not follow a normal distribution. Although these variables 
exhibited homogeneity of variances, they were analyzed 
using the non-parametric Mann-Whitney U test due to 
their deviation from normality.

Spearman’s rank correlation coefficient (ρ) was used to 
assess the relationships between Doppler parameters and 
spermatological variables. The strength of correlations 
was interpreted based on the absolute value of ρ. A P-value 
of less than 0.05 was considered statistically significant for 
all tests.

Results
Doppler ultrasonographic evaluation revealed significant 
age-related alterations in testicular arterial blood flow 
(Table 1). In the right testis, the supratesticular artery 
exhibited significantly higher PSV values in the senior 
group compared to the adult group (P<0.01). In contrast, 
EDV and RI were significantly lower in adults (P<0.01). 
Intratesticular arterial flow in the right testis also 
demonstrated significantly elevated PSV and PI values in 
the adult group (P<0.01), whereas RI was lower (P<0.05). 
No significant differences were observed in EDV 
values between the groups. In contrast, marginal artery 
measurements in the right testis revealed no significant 
differences in PSV, EDV, or RI values (P>0.05), although 
PI was significantly higher in adult dogs (P<0.05).

Similar trends were observed in the left testis. In the 
supratesticular artery, senior group exhibited significantly 
higher PSV and PI values (P<0.05 and P<0.01, respectively) 
and lower EDV and RI values compared to adult group 
(P<0.05 and P<0.01, respectively). The intratesticular 
artery on the left side also significantly reduced RI 
and PI values in the adult group (P<0.01 and P<0.05, 
respectively). However, the marginal artery showed no 
significant differences between groups in most parameters 
(P>0.05). These findings suggest that testicular arterial 
hemodynamics, particularly within the supratesticular 
and intratesticular arteries, are significantly influenced by 
age in large-breed dogs.

Significant differences between the adult and senior 
groups were observed in all spermatological parameters 
(Table 2). Total motility and progressive motility were 
significantly higher in adult dogs (P<0.01 and P<0.001, 
respectively), while senior dogs exhibited markedly 
reduced motility levels. Similarly, sperm concentration 
was significantly higher in the adult group compared to 
the senior group (P<0.01). In contrast, morphological 
abnormalities were significantly more prevalent in the 
senior group. The mean percentages of head, midpiece, 
and tail defects were significantly higher in older dogs 
(P<0.01 or P<0.001), resulting in a significantly increased 
total defect percentage in the senior group (P<0.001). 
These findings suggest a clear age-related decline in semen 
quality, characterized by reduced motility and increased 
morphological abnormalities in senior dogs.

Significant correlations between Doppler ultrasonographic 
vascular hemodynamics and spermatological parameters 
in the study dogs are presented in Fig. 3.

The correlation analysis between Doppler ultrasonographic 
indices and spermatological parameters is detailed in 
Table 3. A strong negative correlation was observed 
between right supratesticular PSV and total motility (r=-
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0.81, P<0.01), progressive motility (r=-0.84, P<0.01), and 
sperm concentration (r=-0.87, P<0.01). Conversely, right 
supratesticular PSV showed strong positive correlations 
with head defects (r=0.85), tail defects (r=0.77), and total 
morphological defects (r=0.76).

Similarly, the right supratesticular RI was negatively 
correlated with motility (r=-0.82), progressive motility 
(r=-0.84), and concentration (r=-0.71) while exhibiting 
positive associations with head (r=0.75), tail (r=0.73), 
and total defects (r=0.75). The PI in the same artery 

also demonstrated strong negative correlations with 
motility (r=-0.88), progressive motility (r=-0.90), and 
concentration (r=-0.76), alongside strong positive 
correlations with head (r=0.81), tail (r=0.82), and total 
defects (r=0.84).

In the right intratesticular artery, RI showed strong 
negative correlations with motility (r=-0.78) and 
progressive motility (r=-0.75) and strong positive 
correlations with head (r=0.89), tail (r=0.70), and total 
morphological defects (r=0.77). PI values followed a 

Table 1. Comparison of doppler ultrasonographic parameters of the testicular arteries between adult and senior dogs

Doppler Ultrasonography
Groups of Animals (Mean±SD)

P
Adult Group Senior Group

Right Testis Doppler 
Parameters

Supratesticular artery

PSV (cm/s) 18.15±0.93 22.14±2.11 <0.01**

EDV (cm/s) 5.73±1.45 3.67±0.33 <0.01**

RI 0.67±0.08 0.83±0.14 <0.01**

PI 1.27±0.28 1.93±0.05 <0.01**

Intratesticular artery

PSV (cm/s) 4.44±0.5 6.15±1.49 <0.01**

EDV (cm/s) 3.21±0.47 3.48±0.47 >0.05

RI 0.27±0.04 0.41±0.10 <0.05*

PI 0.36±0.05 0.57±0.14 <0.01**

Marginal artery

PSV (cm/s) 13.71±2.04 14.42±2.05 >0.05

EDV (cm/s) 6.97±1.57 6.23±0.49 >0.05

RI 0.48±0.11 0.55±0.05 >0.05

PI 0.77±0.18 1.07±0.08 <0.05*

Left Testis Doppler 
Parameters

Supratesticular artery

PSV (cm/s) 18.15±1.47 20.74±1.68 <0.05*

EDV (cm/s) 5.73±1.45 3.84±0.34 <0.05*

RI 0.68±0.1 0.81±0.1 <0.01**

PI 1.76±1.08 1.93±0.3 <0.01**

Intratesticular artery

PSV (cm/s) 9.72±1.42 5.73±1.27 >0.05

EDV (cm/s) 3.85±0.61 3.87±0.61 >0.05

RI 0.29±0.01 0.52±0.1 <0.01**

PI 0.43±0.03 0.54±0.08 <0.05*

Marginal artery

PSV (cm/s) 14.20±1.96 14.69±1.38 >0.05

EDV (cm/s) 6.81±1.83 6.32±0.63 >0.05

RI 0.48±0.06 0.53±0.04 >0.05

PI 0.65±0.1 0.72±0.17 >0.05

*P<0.05, **P<0.01, SD: standard deviation
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similar trend, being negatively correlated with motility 
(r=-0.76) and progressive motility (r=-0.74) and positively 
correlated with head (r=0.90), tail (r=0.68), and total 
defects (r=0.74).

For the left testis, left supratesticular RI showed strong 
negative correlations with motility (r=-0.75) and 

progressive motility (r=-0.77) and a moderate negative 
correlation with sperm concentration (r=-0.66). Positive 
correlations were observed with head (r=0.70), midpiece 
(r=0.60), tail (r=0.66), and total defects (r=0.69). Left 
supratesticular PI was also negatively associated with 
motility (r=-0.80) and progressive motility (r=-0.76) 

Table 2. Comparison of spermatological parameters between adult and senior groups

Spermatological 
Parameters

Adult group Senior group
P

Mean±SD Median Interquartile 
Range Mean±SD Median Interquartile 

Range

Motility 78.71±6.08 80.13 8.38 33.71±6.27 31.23 8.38 <0.01**

Progressive Motility 68.95±5.38 72.23 10.98 13.62±4.29 13.34 6.94 <0.001***

Concentration 368.19±33.19 380 41.98 184.27±37.85 178.67 74.84 <0.01**

Head Defects 1.42±0.78 1 1 6.14±1.57 6 2 <0.001***

Midpiece Defects 4.42±0.53 4 1 9±2.08 9 4 <0.01**

Tail Defects 4±0.81 4 2 12.42±1.61 12 3 <0.001***

Total Defects 9.85±0.89 10 3 27.57 3.64 8 <0.001***

*P<0.05, **P<0.01, ***P<0.001, SD: standard deviation

Fig 3. Significant correlations between doppler ultrasonographic vascular hemodynamics and spermatological parameters in study 
dogs
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and positively associated with head (r=0.63), midpiece 
(r=0.69), tail (r=0.74), and total defects (r=0.73).

The strongest associations were found in the left 
intratesticular artery. RI exhibited very strong negative 
correlations with motility (r=-0.91) and progressive 
motility (r=-0.88) and very strong positive correlations 
with head (r=0.96), midpiece (r=0.79), tail (r=0.87), 
and total morphological defects (r=0.92). Lastly, left 
intratesticular PI showed a strong negative correlation with 
motility (r=-0.72), a moderate negative correlation with 
progressive motility (r=-0.67), and positive associations 
with head (r=0.78), midpiece (r=0.56), tail (r=0.71), and 
total defects (r=0.72).

Discussion
This study evaluated the relationship between testicular 
artery hemodynamics and spermatological parameters in 
Kangal Shepherd dogs across different age groups. The 
hemodynamic data revealed that PSV, PI, and RI values 
measured in the supratesticular and intratesticular arteries 
were significantly elevated in senior dogs, whereas end-
diastolic velocity (EDV) values were significantly lower. 
No significant differences were observed between the left 
and right testicles in any hemodynamic parameters, and 
the measurements remained consistent across different 
examination days.

Regarding the spermatological findings, adult dogs 
exhibited significantly higher total motility, progressive 
motility, and sperm concentration than their senior 
group. Conversely, the incidence of morphological defects 
-specifically in the head, midpiece, and tail regions- was 
significantly higher in the senior group. Correlation 
analysis demonstrated a strong negative association 
between increased arterial resistance and pulsatility 
and sperm motility and concentration. In contrast, a 
positive correlation was identified with morphological 
abnormalities.

Age-related changes in testicular blood flow have been 
extensively documented in human medicine. Doppler 
ultrasonography studies have consistently shown 
that advancing age is associated with increased PSV, 
decreased EDV and elevated PI and, RI values in the 
testicular arteries [25]. These hemodynamic alterations 
reflect diminished vascular elasticity and impaired 
microcirculation within aging testicular tissue. The 
consequent reduction in testicular perfusion contributes 
to the decline in spermatogenic function commonly 
observed in older men. Clinically, such age-related 
Doppler changes are increasingly utilized as non-invasive 
indicators of subclinical testicular dysfunction and as 
part of the broader assessment of male reproductive 
health. Accordingly, testicular Doppler ultrasonography 

has become an important diagnostic modality in the 
evaluation of age-associated testicular decline and male 
infertility [26].

In veterinary medicine, assessing testicular blood flow 
using Doppler ultrasonography has proven to be a valuable 
diagnostic tool [27,28]. Numerous studies have demonstrated 
a positive relationship between testicular arterial blood 
flow and spermatological parameters, including overall 
sperm quality [13,17,22]. In Doppler evaluations conducted 
across various animal species -including dogs [17], rams [6] 

and stallions [5]- hemodynamic parameters such as PI 
and RI have been extensively studied. These indices, in 
particular, have been widely accepted as reliable indicators 
of testicular perfusion status and potential markers of 
sperm quality [15].

Considering the relevant literature, Souza et al.[22] reported 
the PI index values ​​in the range of 0.7-1.15 and the RI 
index values ​​in the range of 0.4-0.7 in the study conducted 
to examine the Doppler velocimetry parameters of the 
testicular artery in dogs. In 2015, conducted another 
study including the measurement and evaluation of the 
velocimetry parameters of the marginal testicular artery. 
In this study, the PI index results ranged from 0.4 to 0.7 
and the RI index results ranged from 0.3 to 0.6. In addition, 
PSV and EDV values ​​were obtained significantly lower 
in infertile dogs. RI and PI values ​​did not differ between 
fertile and infertile dogs [29]. Venianaki et al.[15] studied the 
doppler examination of the testicular artery in dogs from 
birth to adolescence and reported the PI index values ​​in 
the range of 0.1-0.5 and the RI index values ​​in the range 
of 0.1-0.4. Based on these results, it can be said that the 
doppler velocytometric values ​​of the testicular artery 
measured by us are consistent with other studies. 

In the context of infertility and aging, increases in PI and RI 
observed in testicular arteries are thought to be associated 
with impaired testicular microcirculation and reduced 
parenchymal perfusion. Elevated PI and RI values reflect 
increased resistance to arterial blood flow and diminished 
diastolic velocity, which in turn hampers the delivery of 
oxygen and nutrients essential for spermatogenesis [30]. In 
vascular pathologies such as varicocele, increased RI and 
PI values have been reported, indicating compromised 
testicular microvascular function [31]. Moreover, aging-
related changes including the disruption of elastin-collagen 
balance, the development of endothelial dysfunction, 
and structural thickening of arterial walls contribute to 
diminished vascular compliance and heightened arterial 
resistance. This leads to a more pulsatile pattern of 
blood flow to the testes, resulting in elevated PI and RI 
parameters, which may ultimately contribute to germinal 
epithelial damage and a decline in spermatogenic activity.

Several studies have attempted to establish reference values 
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for testicular blood flow in dogs and to elucidate their 
association with spermatological parameters [14,16,32,33]. 
In a study conducted by de Souza et al.[29] to define 
regional differences in testicular arterial blood flow in 
clinically post-pubertal and pre-pubertal dogs, they 
found that PSV, EDV, RI and PI values ​​were significantly 
lower in pre-pubertal dogs compared to post-pubertal 
dogs in testicular hemodynamic values. Zelli et al.[33] 
reported a negative correlation between PI and RI with 
total progressive motility, while PSV was also negatively 
associated with the live of sperm. This result is inconsistent 
with that obtained by England et al.[32] who could not 
prove a relationship between RI and PI with total sperm 
output or percentage of live of sperm. Trautwein et al.[19] 
investigated the effect of testicular arterial blood flow on 
sperm motility and spermatozoa morphology in dogs 
and reported a correlation between Doppler velocimetry 
parameters and motility. 

In the present study, PI and RI values, which have been 
previously proposed as potential indicators of sperm 
quality in dogs [33], were consistent with those reported 
in earlier studies. A strong negative correlation was 
identified between testicular arterial RI and PI values and 
key spermatological parameters such as sperm motility 
and concentration, which tended to decline with age. 
Conversely, RI and PI values were positively correlated 
with the incidence of morphological abnormalities, which 
increased with age. These findings suggest that age-
related impairment in testicular blood flow, as reflected 
by elevated vascular resistance parameters, may negatively 
influence spermatogenesis. Consequently, the increase in 
vascular resistance with age may play a critical role in the 
deterioration of male fertility.

Trautwein et al.[19] investigated the effect of testicular 
artery blood flow on epididymal sperm motility and 
spermatozoa morphology in dogs and reported a positive 
correlation between Doppler velocimetry parameters 
PSV, PI and RI and motility parameters. In 2020, Lemos 
et al.[14] reported a positive correlation between sperm 
concentration and PSV and EDV in their study comparing 
normozoospermic and non-normozoospermic groups. In 
our study, a negative correlation was obtained between 
sperm concentration and PSV.

In our study, PSV values were higher in senior dogs 
than in the adult group; however, a significant decrease 
in sperm concentration was observed. This apparent 
paradox may indicate a compensatory vascular response 
to age-related microcirculatory impairment. Elevated  
PSV in the presence of increased PI and RI suggests that 
while systolic pressure rises to maintain perfusion, overall 
flow efficiency declines due to elevated resistance. This 
high-resistance, low-efficiency state hampers effective 
oxygen and nutrient delivery to the testicular tissue, 

thereby compromising spermatogenesis [33,34].

Additionally, a study examining the Doppler examination 
of testicles in dogs of different sizes reported that the 
velocitometric index values varied depending on the size 
and weight of the dog [16]. Larger and heavier dog breeds 
show different velocitometric parameter values ​​compared 
to smaller dog breeds. In our study, correlations between 
velocitometric values ​​and spermatological parameters 
were applied to Kangal Shepherd dogs. The differences in 
our findings with the study conducted by Lemos et al.[14]. 
In the study, evaluations were made using more than one 
breed. Therefore, this difference may have been observed. 

In conclusion, Doppler velocimetric evaluation plays an 
important role in the evaluation of reproduction in male 
dogs. This study shows that spermatological parameters 
can be associated with testicular arterial blood flow in male 
Kangal Shepherd dogs of different age groups. It also forms 
the basis for establishing basic reference values ​​that can be 
used for clinical diagnosis. Due to the differences in these 
parameters depending on the location of measurement, 
season, age, breed, laterality and operator, further research 
is needed to determine reference physiological parameters 
according to species and breed and to establish reference 
values ​​for species of certain sizes.
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Introduction
The quail (Coturnix coturnix) is a migratory avian species 
with a wide distribution across Eurasia and Africa. It is 
also known for its unique taste characteristics in meat and 
eggs, rapid reproductive activity, and short-term capital 
recovery. 

Despite a wide market for quail meat and eggs, quail 
management, including lighting requirements, housing 
density, and other welfare variables, is still not well-
developed at extensive or intensive production levels [1]. 

Some researchers indicated that lighting is one of the 
most important environmental factors affecting poultry 
performance and physical activity [2]. Light plays a 

significant role in growth, skeletal development, welfare, 
and reproductive performance. Rozenboim et al.[3] 
suggested that green light increases body weight, but blue 
and green light-emitting diodes (LEDs) combination was 
found much more effective than green. Studies have shown 
a positive correlation between specific light intensities and 
broiler activity, increasing pressure and load on bones, and 
supporting bone development [4,5]. Light can also cause 
changes in some skeletal-related metabolic pathways, such 
as calcium and phosphorus metabolism [6]. Appropriate 
photoperiods have increased body weight, cortical bone 
formation, and bone mineralisation [7]. The tibiotarsus 
length and weight of broiler chickens were positively 
affected by intermittent lighting [8]. 
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Abstract

Quails (Coturnix coturnix japonica) are a significant migratory bird species, widely 
recognised for their rapid growth and efficient production of meat and eggs, making 
them an important component of the poultry industry. Despite their economic 
importance, the impact of environmental factors, particularly light and stocking density, 
on their skeletal health remains an area requiring further investigation. This study 
addresses this gap by examining how these factors influence the morphometric and 
mechanical properties of quail long bones. This study aimed to investigate the effects 
of different light colors and stocking densities on the morphometric and mechanical 
properties of long bones in Japanese quails. The experiment utilised three different light 
colors (white, blue, and green) and two different stocking densities (100 cm²/animal 
and 200 cm²/animal). A total of 120 Japanese quails (72 male, 48 female) were used to 
evaluate morphometric (length, diameter) and mechanical (bending strength, stiffness) 
properties. It was determined that light color significantly affected bone stiffness but had 
no marked effect on bone strength and elastic modulus. Furthermore, it was observed 
that the morphometric and mechanical properties of female quail bones were higher 
than those of males. These findings highlight the impact of light on quail bone health 
and open new avenues for future research. Stocking density was found to have no 
significant effect on bone properties. 

Keywords: Biomechanics, Bone, Light-emitting diodes, Quail, Tibiotarsus

Article ID: KVFD-2025-34495 
Received: 20.05.2025  
Accepted: 13.09.2025  
Published Online: 19.09.2025

(*) Corresponding author:  
Figen Sevil Kilimci
Phone: +90 256 220 6000/6094  
Cellular phone: +90 535 361 3488
E-mail: fsevil@adu.edu.tr

How to cite this article?
Yıldırım İG, Sevil Kilimci F, Khan K, 
Türker Yavaş F, Koç Yıldırım E, Raza S: 
How Light and Stocking Density Affect 
the Morphometric and Mechanical Traits 
of Quail Tibiotarsus? Kafkas Univ Vet Fak 
Derg, 31 (5): 645-652, 2025.  
DOI: 10.9775/kvfd.2025.34495 

https://orcid.org/0000-0003-3458-0827
https://orcid.org/0000-0002-2291-0545
https://orcid.org/0000-0002-0085-1812
https://orcid.org/0000-0001-8651-945X
https://orcid.org/0000-0002-3208-6772
https://orcid.org/0000-0003-1819-1522
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


Impact of Light and Stocking Density on Quail Bone Traits Kafkas Univ Vet Fak Derg
646

Cage characteristics and conditions are also important 
environmental factors affecting animal production traits. 
High housing density has been shown to worsen skeletal 
problems and progressively reduce walking ability [9,10].

Bone exhibits viscoelastic properties, meaning that 
its mechanical characteristics are directly influenced 
by its density, porosity, and micro-architecture [11]. In 
mechanical testing, the slope of the elastic region on the 
force-displacement curve represents the extrinsic stiffness 
or rigidity of the bone structure, while the elastic modulus 
quantifies the intrinsic stiffness of the bone material itself. 
The maximum stress the bone can withstand before failure 
is termed its ultimate strength, a parameter independent 
of its size and shape. However, the force required to break 
the bone-referred to as the breaking load or fracture 
force-does vary with bone size, distinguishing it from 
intrinsic strength [12]. Light can also cause changes in some 
skeletal-repeated metabolic pathways such as calcium and 
phosphorus metabolism [6].

Since light affects the metabolic structure of bone 
tissue, studies in this field evaluate both intrinsic and 
morphometric properties of bone tissue. In light of all 
this information, the study aimed to investigate the 
morphometric and mechanical effects of three different 
light colours on quail long bones in two animal groups 
with different housing densities.

Materials and Methods
Ethical Statement 

This study was approved by the Animal Experiments Local 
Ethics Committee of Aydın Adnan Menderes University, 
under the number 64583101/2023/29. 

Animals and Experimental Design

The bones used in the study were obtained from a 
completed study at the Poultry Research Unit of the 
Veterinary Faculty of Aydın Adnan Menderes University.

In the study, the right tibiotarsus bones of a total of 120 
quails (Coturnix coturnix japonica), aged 42 days, with an 

average weight of 226±30.19 g female and 228±28.84 g 
male (mean±SD), including eight females and 12 males in 
each group, were used (Table 1).

The quails used in the research were raised at the Poultry 
Research Unit of the Veterinary Faculty of Aydın Adnan 
Menderes University for 42 days. The chicks were 
randomly selected on the first day of hatching and divided 
into groups. From the first day, they were separated into 
rooms with three different lighting applications, where 
light colour, temperature, and humidity values were 
controlled. The quails were fed ad libitum with feed 
containing 2910 kcal/kg ME and 24% CP during the 
growing period of 0-14 days, and 2900 kcal/kg ME and 
22% CP during the development period of 15-42 days 
(NRC, 1994). Fresh water was provided daily ad libitum 
through a nipple drinker system. The quails were housed 
in four-tier brooding cages, each tier measuring 25x45x90 
cm and equipped with heaters, feeders, and drinkers that 
remained constant in location and number throughout 
the trial. A continuous lighting program of 24 h of light - 
0 h of darkness was applied to all groups throughout the 
study. The feeders and drinkers in the compartments were 
checked twice daily during the research period. Lighting 
was provided with LED bulbs emitting white, green, and 
blue light. Adjustable thermostatic automatic heaters were 
used in each compartment of the cages to maintain the 
desired ambient temperature. Humidity levels were also 
maintained at 60±5% throughout the trial.

Different 9 W LED bulbs (CT-4277 CATA, Türkiye) 
emitting blue (480 nm), green (560 nm), and white light 
(400-770 nm) at an intensity of 20 lx were positioned above 
the cages. Throughout the experiment, the photoperiod 
was set at 24 h of light and 0 hours of darkness (24L:0D).

The housing density of the quails was arranged in two 
separate groups. A floor area of 200 cm2/animal was 
provided in the normal-density housing groups. In the 
high-density housing groups, a floor area of 100 cm2/
animal was provided. In the normal housing groups, each 
cage compartment contained 20 quails, while in the high-
density groups, each compartment contained 40 quails. 

Table 1. The experimental groups for research study

Test Groups Color Density of Placement Number of Males Number of Females Number
of Animals

Group I White Light 100 cm²/animal 12 8 20

Group II Blue Light 100 cm²/animal 12 8 20

Group III Green Light 100 cm²/animal 12 8 20

Group IV White Light 200 cm²/animal 12 8 20

Group V Blue Light 200 cm²/animal 12 8 20

Group VI Green Light 200 cm²/animal 12 8 20

Total 72 48 120
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Prior to the study, 20 animals were randomly selected 
from this group.

On the 42nd day of the study, decapitation was performed. 
Subsequently, the right and left legs of each quail were 
collected and stored in zipped plastic bags at +4°C to 
prevent tissue damage (for 24 h). The dissection of the 
legs was performed 24 h later to extract the tibiotarsus 
bones. The same person carefully performed the cleaning 
process of the bones without damaging the periosteum 
and bone tissue. To preserve their properties until the 
measurements and mechanical test stage, the bones were 
wrapped in gauze moistened with physiological saline and 
stored in Ziplock bags at -25°C [13].

Preparation of Samples for Biomechanical Test

Before the mechanical test, the bones were slowly thawed 
firstly at +4°C and then soaked in sterile physiological 
saline at +20°C. Subsequently, the lengths of the bones 

were measured with a calliper, and their midpoint was 
marked to determine the loading points. The bones’ 
mediolateral and craniocaudal periosteal diameters (outer 
diameters) were measured at the pre-determined loading 
point. 

Mechanical Test: Three-Point Bending Test 

The Zwick/Roell Z0.5 mechanical testing machine located 
at Aydın Adnan Menderes University, TARBİYOMER, was 
used for the mechanical test (Fig. 1). The distance between 
the support points for the three-point bending test was 
determined based on the length and diameter values of 
the obtained bones. Since the length values ​​between the 
groups are very close, the support points were selected as 
fixed. The midpoints of the bone lengths were designated 
as the loading points. Two support points were selected so 
that the loading point was precisely in the middle, and the 
support distance was selected as 20 mm. During the test, 

Fig 1. A- Three-point bending testing machine applied to the tibiotarsus 
(Zwick/Roell Z0.5), B- Tibiotarsus and three-point bending mechanical 
testing apparatus

Table 2. Effect of Gender, colored light, stoking density of bone morphometric measurements in the Quails1,2

Parameters N L
(mm)

DExtML

(mm)
DIntML

(mm)
DExtCrCd

(mm)
DIntCrCd

(mm)

Gender
Male 72 52.088±0.209 3.013±0.032 1.778±0.025 2.724±0.019 1.451±0.026

Female 48 53.613±0.256 3.221±0.040 1.774±0.031 2.839±0.023 1.463±0.032

Colored light

White 40 52.666±0.286 3.042±0.44 1.721±0.034 2.783±0.026 1.433±0.036

Blue 40 52.512±0.286 3.120±0.44 1.759±0.034 2.750±0.026 1.468±0.036

Green 40 53.373±0.286 3.188±0.44 1.802±0.034 2.812±0.026 1.470±0.036

Stocking density
100 cm2/Quails 60 52.848±0.234 3.128±0.036 1.741±0.28 2.799±0.021 1.474±0.029

200 cm2/Quails 60 52.853±0.234 3.105±0.036 1.781±0.028 2.764±0.021 1.439±0.029

P Gender 0.000 0.000 0.388 0.000 0.784

Colored light 0.081 0.072 0.248 0.281 0.704

Stocking density 0.988 0.679 0.318 0.294 0.395
1 Data presented as Mean ± SD 
 2 The interaction between groups was not significant for investigated traits (P>0.05)
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a preload of 1N was applied, and the bones were loaded 
at a rate of 10mm/min until they fractured [14,15]. After  
the test, a Force (N) - Deformation (mm) graph was 
obtained for each bone. The fractured bones’ mediolateral 
and craniocaudal endosteal diameters (inner diameters) 
were also measured at the loading point, for later 
calculations. 

From the graphs obtained after the three-point bending 
test, the stiffness value of each bone was calculated, and 
the inner and outer diameter values of the bones were 
used to calculate the moment of inertia (inertia moments) 
and cortical indexes of the bones. Using this calculated 
moment of inertia and stiffness values, each bone’s ultimate 
strength and elastic modulus were determined [14,15].

Statistical Analysis 

Statistical data was evaluated using the SPSS statistical 
package program (version 22.0, SPSS Inc., Chicago, II, 
US) and R Studio software (version 4.4.2, Inc, Boston, 
MA, USA). Normal distribution of the data was checked 
by Shapiro-willk test. DExtML, I, F values that did not show 
normal distribution were logarithmically and DExtCrCd, 
deformation values were reverse transformed. Levene’s 
homogeneity test was used to check whether the values 
were homogeneous. General linear model (Univariate- 
GLM) method was used for comparison between groups. 
Bonferroni test was used to check the significance of 
differences between groups. The significance of differences 
between groups was set at P≤0.05, shown using asterisk. 
All results were reported as means ± SD.

Results
In this study, the morphometric measurements (L, DExt) 

and mechanical properties (moment of inertia, bone 
breaking force, and stiffness values) of quail bones, along 
with their variations according to gender, light color, and 
stocking density, are detailed in Table 2 and Table 3.

According to the Table 2 and Table 3, the morphometric 
(L, DExt) and mechanical properties of quail bones 
(moment of inertia, bone breaking force and stiffness 
values) differed between genders (P<0.000). In addition, 
although there was a significant difference in stiffness of 
bones among the light groups (P=0.047), but the used 
post hoc test could not measure the differences among the 
groups. No significant difference was seen in the results 
of all the parameters among differently stocked groups. 
In addition, the statistical analysis also showed that there 
were no interactions between the two provided stocking 
density rates on biomechanical parameters of quail bones.

Correlation analyses were performed separately for sex, 
stocking density, and light colour groups (Fig. 2, Fig. 4)

The correlation matrices revealed distinct gender-specific 
patterns in the relationships between structural and 
mechanical properties. In males, external measurements 
demonstrated robust correlations with mechanical 
properties, particularly the DExtML showing strong 
negative correlations with Elastic Modulus (r ≈ -0.8) and 
Strength (r ≈ -0.6). Similarly, in males, DExtCrCd exhibited 
substantial negative correlations with Elastic Modulus 
(r ≈ -0.7) and Strength (r ≈ -0.5). Conversely, females 
displayed generally weaker correlations, with DExtML 
showing moderate negative correlations with Elastic 
Modulus (r ≈ -0.6) and Strength (r ≈ -0.4). The Imm4 

parameter demonstrated notable positive correlations 
with mechanical properties in both genders, though the 
relationship was more pronounced in males (r ≈ 0.7 with 

Table 3. Effect of Gender, colored light, stocking density of bone biomechanical properties in the Quails1,2

Parameters N Moment of 
Inertia (mm4)

Force
(N)

Deformation 
(mm)

Stiffness
(N/mm)

Strength
(MPa)

Elastic Modulus 
(MPa)

Gender
Male 72 2.743±0.937 45.910±0.923 0.727±0.021 83.276±1.738 119.137±3.058 5317.593±145.076

Female 48 3.387±1.147 55.452±1.130 0.710±0.026 95.092±2.129 121.56±3.745 4921.957±177.681

Colored light

White 40 2.992±1.282 49.699±1.264 0.717±0.029 87.954±2.380 121.245±4.187 5165.824±198.653

Blue 40 2.947±1.282 50.425±1.264 0.733±0.029 85.716±2.380 122.613±4.187 5143.890±198.653

Green 40 3.256±1.282 51.918±1.264 0.705±0.029 93.883±2.380 117.186±4.187 5049.610±198.653

Stocking density
100cm2/Quails 60 3.155±1.047 50.716±1.032 0.732±0.024 89.009±1.943 118.666±3.418 5022.712±162.200

200cm2/Quails 60 2.975±1.047 50.646±1.032 0.705±0.024 89.359±1.943 122.030±3.418 5216.838±162.200

P

Gender 0.000 0.000 0.337 0.000 0.617 0.087

Stocking density 0.188 0.425 0.535 0.047 0.636 0.908

Colored light 0.227 0.900 0.343 0.899 0.488 0.399

1 Data presented as Mean ± SD 
 2 The interaction between groups was not significant for investigated traits (P>0.05)
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Strength) compared to females (r ≈ 0.6 with Strength). 
Internal measurements (DIntML and DIntCrCd) exhibited 
weaker correlations compared to external measurements 
across both genders (Fig. 2).

Correlation analysis revealed distinct patterns between 
normal-density (A) and high-density (B) bone specimens. 
In normal-density specimens, external measurements 
(DExtML) showed strong negative correlations with 
mechanical properties, particularly with Modulus of 
Elasticity (r ≈ -0.8) and Strength (r ≈ -0.6). The DExtCrCd 
parameter also showed significant correlations with 
mechanical properties (with Modulus of Elasticity r ≈ 
-0.7). Similarly, high-density specimens showed generally 

weaker correlations between external measurements 
and mechanical properties; DExtML showed moderate 
correlations with Modulus of Elasticity (r ≈ -0.6) and 
Strength (r ≈ -0.4). Interestingly, the Imm4 parameter 
showed strong positive correlations with mechanical 
properties in both density groups. However, it was slightly 
more pronounced in normal density specimens (with r 
≈ 0.7 Strength) than in high density specimens (r ≈ 0.6). 
Internal measurements (DIntML and DIntCrCd) showed 
relatively weak correlations in both density groups, 
suggesting that external dimensions may be more reliable 
predictors of mechanical properties, especially in normal 
density bone specimens (Fig. 3). 

Fig 2. A comparative analysis of correlation patterns the male groups 
(A), female groups (B) under stocking density conditions. Red colours: 
negative correlation, Blue Colours: positive correlation

Fig 4. A comparative analysis of correlation patterns under white (A), blue (B), and green (C) light 
condition. Red colours: negative correlation, Blue colours: positive correlation

Fig 3. A comparative analysis of correlation patterns the normal-density 
groups (A), the high-density groups (B), under stocking density conditions. 
Red colours: negative correlation, Blue colours: positive correlation 
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Correlation matrices provide insights into the structural-
mechanical relationships of bone samples by revealing 
distinct patterns across the three lighting conditions. Under 
all lighting conditions (A), external measurements showed 
the strongest correlations with mechanical properties. 
Specifically, DExtML showed robust negative correlations 
with Elastic Modulus and Strength, while DExtCrCd showed 
similarly strong correlations with mechanical parameters. 
Similarly, under blue light conditions (B), correlations 
between external measurements and mechanical 
properties weakened moderately. The DExtML parameter 
maintained negative correlations with Elastic Modulus 
and Strength, albeit with reduced strength. Green light 
conditions (C) revealed a pattern in which correlation 
strengths generally remained weaker than those observed 
under white and blue light. The relationship between 
external measurements and mechanical properties 
remained negative. Internal measurements (DIntML 
and DIntCrCd) showed relatively consistent, but weak 
correlations across all three lighting conditions, while 
the Imm4 parameter consistently showed strong negative 
correlations with mechanical properties across all lighting 
conditions, with slightly varying magnitudes (Fig. 4). 

Discussion
The findings of this study shed light on the intricate 
relationship between light exposure and bone health in 
Japanese quails. They reveal that the colour of LED light 
can significantly impact bone stiffness, albeit without 
marked effects on bone strength and elastic modulus. 
These results align with the hypothesis that environmental 
factors, such as light wavelength, play a critical role in 
avian development and welfare.

The gender effect on bones revealed that the moment of 
inertia was significantly higher in females than in male 
quail bones. This result was supported by the previous 
observation that the diaphysis cross-sectional area of 
bone was greater in females than in male quails [16]. Our 
study was also consistent with research findings on broiler 
males and females, which showed higher densitometric 
and geometric parameters in females compared to male 
broilers [17,18]. There was the possibility of female quail 
adaptation to bear a heavy weight by bone geometrical 
changes, which resulted in increased diameters. Although 
strength and stiffness were found to be significantly 
(P<0.000) higher in female quails than in male quails, bone 
strength was not affected by gender. In a previous study by 
Rath et al.[19], bone strength in broilers was not affected by 
gender. Our study was also consistent with the findings 
of studies conducted on female and male chickens, which 
showed higher densitometric and geometric parameters in 
female chickens compared to male chickens [17], and that 
bones are more sensitive to physical loads during growth; 

therefore, the results are generally characterized by an 
increase in bone mass through periosteum and endosteal 
apposition, with or without changes in mineral density [20].

It has been reported that bone density increases with age 
in females compared to males [17] and that the effects of 
the egg-laying mechanism and hormones increase bone 
density [21]. There were findings that the effects on sex-
related bone traits became more pronounced in the later 
stages of the birds’ lives [22], which may be an important 
factor affecting the bone strength of these quails. The 
different LED lights increased bone stiffness in the quails 
exposed to “Green” light, which is particularly intriguing. 
Specifically, the linear model analysis reveals a statistically 
significantly higher stiffness in the green group, suggesting 
that the wavelength or intensity of green light may 
promote bone quality aspects that are not immediately 
apparent through gross morphological measurements. 
The reason could be the fact that birds possess high peak 
sensitivity between wavelengths of 545 to 575 nm (green 
light). This result was in accordance with the previous 
findings of Rozenboim et al.[3], who found that green 
light was associated with increased growth of broiler 
birds. This finding was also in line with prior research 
focused primarily on blue and green wavelengths [23,24], 
which suggested that a broader spectrum of light colours, 
including those closer to the yellow wavelength, may 
influence avian bone physiology. That’s why, in this study, 
green light also influenced the biomechanical properties 
of the bones to some extent. 

However, the influence of light colour on the birds was 
seen as trivial, suggesting insignificant improvement 
in strength and elastic modulus of the quail bones [25]. 
Multiple variables, including dimensions, strength, and 
elastic modulus of quail bones, among the different light-
exposed groups (White, Blue, Green), did not reveal 
statistically significant differences. These findings show 
that while lighting conditions may influence growth and 
behaviour in poultry, their direct impact on the quail’s 
bone physical and biomechanical properties may require a 
more nuanced understanding of a larger study group [2,26].

Our results add to the growing body of evidence that light 
colour has a physiological impact on bone development. 
This agrees with studies in broiler chickens, where light 
intensity and color significantly influence skeletal health [4,5]. 
Previous studies highlighted the role of light in modulating 
skeletal muscle development and possibly bone quality 
through mechanisms such as enhanced activity levels or 
altered metabolic pathways affecting bone density and 
strength [2,24].

Housing birds at higher densities has been found 
associated with leg weakness and poor walking ability [27]. 
However, this study did not follow the previous findings. 
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Further research is needed on how environmental factors 
synergize to affect bone health and integrity in poultry, 
potentially focusing on biochemical or morphological 
differences [28,29].

The correlation analysis of morphological and bio-
mechanical data revealed complex relationships between 
bone architecture and mechanical properties. The analysis 
demonstrated that external dimensions serve as reliable 
predictors of mechanical properties in bone architecture, 
with higher bone stiffness specifically related to increased 
moment of inertia and periosteal mediolateral diameter. 
This finding aligns with previous research in which wider 
tibial bones of Lohmann Dual exhibited greater rigidity 
than the narrow tibia of Ross 308 chicken [30]. However, 
the bone strength and elastic modulus showed negative 
correlations with diameter and moment of inertia, which 
could be attributed to the dependence of strength not only 
on bone geometry but also on cortical thickness, porosity, 
and trabecular framework [14].

These structural-mechanical relationships demonstrated 
distinct patterns influenced by multiple factors, including 
gender and density variations. Gender-specific differences 
indicated sexual dimorphism’s role, with males exhibiting 
stronger correlations between dimensional and mechanical 
parameters compared to females, suggesting the necessity 
of gender-specific approaches in structural measurements. 
Additionally, density-dependent variations showed that 
normal-density samples maintained stronger correlations 
between dimensional and mechanical parameters 
compared to high-density samples.

In addition, the observed relationships between structural 
and mechanical properties in bone analysis revealed 
relatively similar correlation patterns with the choice of 
lighting conditions, but with minor differences. This 
similarity in correlation patterns under different lighting 
conditions suggested that lighting protocols could be 
evaluated similarly in bone morphometry and mechanical 
property assessments. The illumination conditions 
significantly impacted these structural-mechanical 
relationships, with white light providing the most 
pronounced correlations and potentially offering optimal 
conditions for structural-mechanical assessments. In 
contrast, blue and green light conditions demonstrated 
moderate correlation strengths, which might be more 
suitable for specific analytical purposes. This variation 
across different lighting conditions emphasizes the critical 
importance of implementing standardized illumination 
protocols in bone morphometry and mechanical property 
assessments in veterinary research settings.

However, this study had several limitations that should 
be considered when interpreting the results. First of all, 
the tibiotarsus bone, which is frequently preferred in 

poultry studies, was used and its effects on other bones 
were not investigated. Additionally, while three different 
LED light colors were tested, the study did not investigate 
the effects of different light intensities or photoperiods 
that could affect bone development. Finally, the study did 
not include biochemical markers of bone metabolism or 
histological analysis, which could provide deeper insights 
into the mechanisms underlying the observed effects of 
light exposure on bone properties.

In conclusion, the impact of sex on bone properties was 
clear, with female quail bones showing significantly 
higher values for moment of inertia, fracture strength, 
and hardness compared to male quail bones. This finding 
aligns with the adaptation of female quails to support 
heavier body weights, indicating sex-specific mechanisms 
in bone development. However, stocking density did not 
significantly affect bone parameters, which contradicts 
previous research and warrants further investigation. 
Overall, this study highlights the intricate nature of bone 
development and the impact of environmental factors. 
While lighting conditions do not appear to affect bone 
morphology, the differences in hardness significantly 
suggest that optimal light exposure is essential. This opens 
up avenues for future research into these interactions.
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Introduction
The western honey bee (Apis mellifera) plays a central 
role in sustaining pollination networks that underpin 
the functioning of natural ecosystems, while also 
serving as an indispensable component of global 
agricultural production systems. Pollination services 
directly influence approximately 75% of flowering plant 
species and contribute to around 35% of global food 
production, thereby supporting both biodiversity and 
food security worldwide [1]. However, in recent decades, 
various stressors-including climate change, pesticide use 
in agriculture, and habitat fragmentation-have led to 
significant declines in local honey bee populations. These 
threats pose serious risks not only at ecological but also 
economic and genetic levels, challenging the long-term 
sustainability of apiculture and pollination services [2,3]. 

In this context, accurate identification and monitoring of 
local genetic lineages are crucial for understanding intra-
species adaptation dynamics and for developing strategic 
conservation efforts to safeguard native populations. 
Traditional morphometric analyses have long been 
employed as the primary approach for identifying 
subspecies and geographic variants of honey bees. Among 
these, forewing venation patterns have historically served 
as key morphological indicators for differentiating 
populations [4]. Nevertheless, this method is increasingly 
inadequate for modern biometric applications due to its 
dependency on expert interpretation, labor-intensive and 
time-consuming processes, and limited scalability for large 
datasets. Furthermore, the reliance on visual assessments 
introduces subjectivity, which in turn compromises the 
reproducibility and standardization of results [5].  

In recent years, rapid advancements in artificial intelligence 
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and computer vision have enabled the fast, objective, and 
high-throughput analysis of morphological data. These 
developments form the foundation for automated systems 
that increasingly complement human expertise in image-
based classification tasks. Convolutional Neural Networks 
(CNNs) have emerged as powerful and flexible models 
that overcome the limitations of traditional morphometric 
approaches, owing to their data-driven learning strategies 
and multi-layered architectures [6]. CNNs are implemented 
through diverse architectures that emphasize different 
strategies for feature extraction and network depth. 
Prominent examples used in transfer learning include 
VGG16, which emphasizes a simple yet deep layer 
organization; ResNet50, which introduced residual 
connections to allow the training of very deep networks 
without degradation problems; and InceptionV3, which 
incorporates multi-scale convolutional filters for efficient 
feature extraction [7]. A key strength of CNNs lies in their 
ability to autonomously learn both local and global patterns 
embedded in image data, eliminating the need for manual 
feature engineering. Particularly in symmetrical structures 
such as wing morphology, CNNs effectively capture subtle 
variations-even those imperceptible to the human eye-that 
carry taxonomic significance, thus demonstrating high 
discriminative power in complex morphological pattern 
recognition tasks [8-10]. These capabilities not only enhance 
classification performance but also meet core requirements 
of modern biometric analysis, such as reproducibility, 
scalability, and adaptability. Consequently, CNN-based 
systems signify a paradigm shift in morphometric 
evaluation, paving the way for more comprehensive and 
objective strategies with the potential to progressively 
replace traditional methods [11].

Various CNN-based approaches have been proposed in 
the literature for the classification of honey bee subspecies. 
For example, De Nart et al.[12] compared different CNN 
models using 9.887 wing images from seven subspecies and 
reported that ResNet50 achieved an accuracy above 94%. 
Similarly, the DeepWings© system developed by Rodrigues 
et al.[13] employed a hybrid CNN–SVM framework on 
images from 26 subspecies and achieved an average 
accuracy of 86.6%. Oleksa et al.[14] on the other hand, made 
a significant contribution to addressing the issue of data 
sharing in this field by providing a large-scale open-access 
dataset comprising 26.481 honey bee wing images collected 
from different regions across Europe. However, this open-
access dataset has so far been utilized mainly for classical 
morphometric or statistical analyses, and applications 
of multi-class CNN-based classification remain absent. 
More broadly, most existing studies have concentrated 
on subspecies-level identification, leaving the automated 
classification of geographic population variation largely 
underexplored.

In this study, a total of 2.500 forewing images of honey bees 

from Croatia, Poland, Romania, Spain, and Greece were 
used to achieve automated morphological classification of 
populations at the country level. To this end, three different 
CNN architectures-VGG16, InceptionV3, and ResNet50-
were implemented through transfer learning, and the 
classification performance of each model was evaluated 
based on metrics such as accuracy, precision, recall, and F1-
score. The study aims to fill a critical gap in the literature 
by focusing on geographic population-level classification, 
which has received limited attention, and by providing 
a comparative performance analysis of CNN-based 
models. This approach offers the potential to overcome 
the limitations of traditional morphometric methods by 
enabling faster, more objective, and scalable classification 
processes.

Material and Methods
Ethical Statement

This study did not involve any procedures requiring 
ethical approval.

Material

In this study, a total of 2.500 forewing images of worker 
honey bees (Apis mellifera) from various regions of Europe 
were used. The images were obtained from a public 
domain dataset published by Oleksa et al. and hosted on 
the Zenodo platform [14]. The original dataset contains 
26.481 forewing images collected from 13 European 
countries; however, for the purposes of this study, only the 
data from five countries-Croatia, Poland, Romania, Spain, 
and Greece-with sufficient sample sizes were included in 
the analysis (Fig. 1).

Fig 1. Locations from which honey bee samples were collected
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For each country, a balanced subset consisting of 500 
wing images was created by applying a stratified random 
sampling procedure across multiple geographic locations 
included in the dataset. This approach ensured that each 
country class was equally represented while partially 
reflecting its internal geographic variation. The images 
were obtained by mounting the wings of worker bees 
between microscopic slides and capturing them digitally 
under controlled optical conditions. All images were in 
high-resolution. PNG format and were used directly for 
analysis without any manual annotation or segmentation 
procedures (Fig. 2). The image files followed a naming 
convention beginning with ISO 3166-1 alpha-2 country 
codes (e.g., GR-0001-wing01.png) and were organized 
into separate. ZIP archives for each country.

Preprocessing

A total of 2.500 wing images in .PNG format were subjected 
to preprocessing to standardize their dimensions prior to 
analysis. All images were resized to an input resolution 
of 224 × 224 pixels and converted into three-channel 
tensors in RGB format. Pixel values were normalized 
from the original 0-255 range to a 0-1 scale. No manual 
segmentation, background removal, or landmark 
annotation was applied; the images were analyzed in their 
raw form.

Data Augmentation

To address the limited number of samples in the dataset 
and to better capture intra-country morphological 
variation, data augmentation techniques were applied. 
This process aimed to reduce the risk of overfitting during 
model training and to enhance the model’s ability to 
recognize generalizable morphological patterns.

From each original wing image, synthetic variations were 
generated using the following transformations:

- Random horizontal flipping

- Random rotation up to ±15°

- Random width and height shifts of up to ±10%

- Random zooming within a ±10% range

- Minor pixel brightness variations (brightness range: 0.8-
1.2)

These transformations were implemented in real time (on-
the-fly) on the training data using the ImageDataGenerator 
class from the Keras library. Data augmentation was 
applied only to the training set; the validation and test sets 
were evaluated in their raw, unaltered forms.

CNN Architectures

In this study, three widely used Convolutional Neural 
Network (CNN) architectures were evaluated for 
the classification of honey bee wing images: VGG16, 
ResNet50, and InceptionV3. These models represent 
different design principles: VGG16 with its simple but 
deep layer organization is a common reference in transfer 
learning; ResNet50 introduces residual connections 
that allow the training of very deep networks without 
degradation problems; and InceptionV3 employs multi-
scale convolutional filters within its modules, enabling 
efficient extraction of diverse features from complex 
images [7]. All architectures were implemented through 
transfer learning using pre-trained ImageNet weights. 
During training, the initial layers were frozen and only the 
final layers were fine-tuned for task-specific adaptation.

The input dimensions were standardized to 224 × 224 
× 3 across all models. The original classification layers 
were replaced with a fully connected dense layer of five 
neurons, each representing one country class, with 
softmax activation applied to generate probabilities for 
class membership.

For training, the Adam optimization algorithm was 
employed with a learning rate of 0.0001. Each architecture 
was trained independently, and classification performance 
was evaluated separately to ensure fair comparison.

Model Training

The dataset was divided into 80% training and 20% 
test sets, with 10% of the training data reserved for 
validation. Stratified sampling was applied to preserve 
class distribution across subsets. All CNN models were 
trained independently for a maximum of 50 epochs with 
a batch size of 32. To prevent overfitting, early stopping 
was applied, terminating training if validation loss (val_
loss) did not improve for five consecutive epochs. The 
Adam optimizer was used with a learning rate of 0.0001, 
and categorical cross-entropy was selected as the loss 
function due to the multi-class classification task and 
its compatibility with the softmax activation function. 
The ModelCheckpoint callback was employed to save 
the weights corresponding to the epoch with the best 
validation performance. 

Fig 2. Example of a honey bee forewing with the image quality used in 
the analyses
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All analyses were conducted in Python on the Google 
Colab platform. Models were implemented with 
TensorFlow 2.11 and Keras, supported by NumPy, Scikit-
learn, Matplotlib, and Seaborn libraries, and training was 
performed on an NVIDIA Tesla T4 GPU-enabled system.

Evaluation Metrics

To evaluate the classification performance of the  
models, several metrics were computed on the test  
dataset. These included accuracy, precision, recall, and 
F1-score. To provide a comprehensive assessment of 
each model’s ability to correctly identify all classes, these 
metrics were reported both per class and as macro-
averaged scores (Fig. 3).

In addition, confusion matrices and Receiver Operating 
Characteristic (ROC) curves were visualized for each 
model. Class-wise recall and specificity levels were analyzed 
in detail. The confusion matrices were used to identify 
which classes were most frequently misclassified with one 
another, while the ROC curves and the corresponding 
Area Under the Curve (AUC) values reflected the overall 
discriminative power of the models.

PCA-Based Morphological Distribution Analysis

In addition to the classification performance achieved by 
the deep learning models, Principal Component Analysis 
(PCA) was performed to further explore inter-individual 
morphological patterns. For this analysis, shape features 
derived from each wing image were computed using Hu 
moments. Hu moments consist of seven statistical values 
that are invariant to geometric transformations such as 

rotation, scaling, and translation, and are commonly 
used to describe object shapes in a stable manner. Each 
individual was represented as a seven-dimensional feature 
vector based on the computed Hu moments, and these 
vectors were subsequently reduced to two dimensions 
using the PCA algorithm. The resulting PCA plots visually 
illustrated morphometric similarities and differences 
among individuals and allowed for the analysis of class-
level overlaps.

Results
The classification performance of the three Convolutional 
Neural Network (CNN) architectures is summarized 
in Table 1. Among them, VGG16 achieved the highest 
accuracy at 95%, with precision, recall, and F1-score 
values of 0.95, reflecting balanced and consistent 
recognition across all classes. InceptionV3 followed with 
93% accuracy and comparable precision–recall metrics 
(≈0.93). ResNet50 showed the lowest overall accuracy 
(90%) but maintained a relatively high precision (0.93), 
suggesting a more conservative classification approach 
that may have reduced false positives.

As shown in Fig. 4-A,B,C, the confusion matrices provide 
a comparative overview of class-wise discrimination. 
VGG16 reached 100% accuracy for Spain (ES) and Greece 
(GR), with precision and recall values of 1.00, likely due to 
distinctive morphological traits in these populations. In 
contrast, classification errors occurred in Croatia (HR), 
where 14 samples were misclassified as Poland (PL) (recall 
= 0.86), and in PL, where four samples were assigned to 
HR (recall = 0.96). Romania (RO) showed moderate 
confusion with seven misclassifications into HR and PL. 
For ResNet50 (Fig. 4-B), ES, GR, and RO were perfectly 
classified, but minor errors occurred in HR (recall = 0.97). 
The greatest difficulty was observed in PL: only 55 of 100 
samples were correctly identified, with 45 misclassified 
as HR, leading to sharp declines in both precision and 
recall. The InceptionV3 model (Fig. 4-C) also achieved 
100% accuracy for ES and GR. However, HR showed 
weaker performance, with 23 samples classified as PL and 
one as RO (recall = 0.76). Precision in PL was reduced by 
nine misclassifications from HR, while recall remained 
relatively high (91/100 correctly classified). For RO, only 
two misclassifications into HR were observed, and the 
overall recognition was strong.

Fig 3. Workflow pipeline used for wing image classification using VGG16, 
ResNet50, and InceptionV3 architectures

Table 1. Average classification performance metrics by model

Model Accuracy Precision Recall F1-Score Support

VGG16 0.95 0.95 0.95 0.95 500

ResNet50 0.90 0.93 0.90 0.90 500

InceptionV3 0.93 0.93 0.93 0.93 500
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Receiver Operating Characteristic (ROC) curves for the 
three CNN architectures (Fig. 5-A,B,C) demonstrated 
consistently high inter-class discriminative performance. 
For Spain (ES), Greece (GR), and Romania (RO), all 
models achieved an Area Under the Curve (AUC) value of 
1.00, confirming perfect separation without classification 
errors. This finding highlights the distinctiveness of 
the wing patterns in these populations and the strong 
ability of CNNs to capture such features. By contrast, 
slight reductions in AUC values were observed for 
Croatia (HR) and Poland (PL), with VGG16 achieving 
the highest scores (0.99), followed by ResNet50 (0.98) 
and InceptionV3 (0.97). These differences indicate that 
morphological similarities between HR and PL created 
a greater challenge for accurate separation. The ROC 
curve slopes further suggest that InceptionV3 performed 
comparatively weaker for these classes. Overall, ROC 
analysis confirmed VGG16 as the most consistent model, 
ResNet50 as balanced, and InceptionV3 as relatively 
limited in discriminative ability for certain populations. 

In addition to the classification analyses, a Principal 
Component Analysis (PCA) was performed using shape 
features derived from Hu moments to further explore 

morphological similarities and differences among the 
samples. The first two principal components together 
explained 80.09% of the total variance, indicating that most 
of the morphological variation was effectively captured. 

Fig 6. Two-dimensional PCA plot illustrating the morphological variation 
of honey bee wing images from five different populations. Each point 
represents a single individual, and colors indicate country-specific 
groupings (ES, GR, RO, PL, HR). The first two principal components 
collectively explain 80.09% of the total variance

Fig 4. Confusion matrices illustrating the classification performance of different CNN models. (A) VGG16, (B) ResNet50, and (C) InceptionV3. Each 
matrix displays the actual versus predicted class distributions, highlighting the ability of each model to distinguish among honey bee wing images from 
different populations

Fig 5. ROC curves demonstrating the classification performance of the CNN models. (A) VGG16, (B) ResNet50, and (C) InceptionV3. The curves 
illustrate the trade-off between true positive and false positive rates across different classification thresholds. AUC values are reported to quantify the 
overall discriminative ability of each model
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As shown in Fig. 6, the five country groups generally 
formed distinct clusters; however, a marked overlap was 
observed between Croatia (HR) and Poland (PL). This 
overlap was also reflected in the CNN misclassification 
patterns, where up to 45% of PL samples were assigned to 
HR by ResNet50.

Discussion
The findings of this study demonstrated that CNN-
based models can classify honey bee populations with 
high overall accuracy, particularly when using wing 
image data. Among the evaluated architectures, VGG16 
consistently outperformed ResNet50 and InceptionV3 
across accuracy, precision, recall, and F1-score metrics, 
indicating its robustness and balance in handling class 
distinctions. These results align with previous studies, 
such as De Nart et al.[12], which demonstrated the 
applicability of CNN-based classification to honey bee 
wing images, supporting the notion that such models 
offer higher-resolution discrimination than traditional 
morphometric approaches. Taken together, these findings 
indicate that while all models produced highly accurate 
results for certain classes, classification performance 
declined notably due to recurring misclassifications 
between the HR and PL classes. The consistent confusion 
between Croatia (HR) and Poland (PL) may be rooted 
not only in algorithmic limitations but also in biological 
similarity. According to Mahalanobis distance values 
reported by Oleksa et al.[14], the distance between the HR 
and PL populations was calculated as 3.91-the smallest 
among the five countries analyzed in this study. Thus, 
it can be inferred that these classification errors reflect 
not only model-specific weaknesses but also genuine 
morphometric proximity, which naturally influences the 
learning process of the models. 

Previous studies have employed a variety of CNN 
architectures for classifying bee wing images, thereby 
providing useful comparative benchmarks. De Nart et 
al.[12] evaluated ResNet50, MobileNetV2, InceptionV3, 
and Inception-ResNetV2 architectures on approximately 
9,887 honey bee wing images and reported accuracies 
exceeding 92%, with Inception-based models achieving 
the strongest performance in many classes. Similarly, 
Spiesman et al.[15] demonstrated that convolutional neural 
networks, specifically EfficientNetV2L, can achieve high 
accuracy (up to 98.1%) when classifying challenging 
bee taxa using forewing images, reinforcing the value of 
morphological image-based approaches for species-level 
identification. In a broader insect context, Sauer et al.[16] 
developed a CNN for distinguishing mosquito species 
based solely on wing images and achieved a macro-F1 
score of about 0.90 using RGB images, demonstrating 
that even highly similar wing venation patterns can be 

reliably differentiated with well-trained architectures. In 
the present study, VGG16 delivered the best performance. 
This outcome may be attributed to the model’s balance 
between complexity and regularization, which allowed 
it to generalize effectively on a limited dataset without 
overfitting. ResNet50, while robust for deep feature 
learning due to its residual connections, tended to 
perform more conservatively in morphologically similar 
classes, leading to reduced recall. InceptionV3, although 
designed to capture multi-scale features, was less effective 
than VGG16 in separating the HR-PL populations. 
Collectively, these findings suggest that in contexts where 
repetitive and fine-scale morphological traits dominate-
such as forewing venation-simpler architectures may offer 
an optimal trade-off between capacity and generalization. 
The observed performance differences support the view 
that architecture choice should be carefully aligned with 
the morphological complexity of the problem under 
investigation.

Beyond the performance comparisons, another important 
distinction is methodological. Unlike landmark-based 
approaches such as DeepWings© software developed by 
Rodrigues et al.[13] and Garcia et al.[17] or similar systems 
that rely on predefined vein coordinates, our method 
did not require any manual extraction of morphometric 
landmarks. Instead, the CNN models directly processed 
raw wing images, learning discriminative features in a 
data-driven manner. This represents a methodological 
shift in wing morphometrics, as it removes observer-
dependent steps and allows the models to capture subtle 
and potentially more informative morphological patterns 
that may be overlooked in landmark-based analyses. Such 
an approach enhances objectivity, reduces preprocessing 
effort, and expands the scalability of morphometric 
studies to large datasets.

The applications of artificial intelligence in apiculture 
extend far beyond classification. For example, DeepBee© 
achieved over 98% accuracy in detecting eggs, larvae, 
and honey, outperforming traditional observation [18]. 
Other approaches, such as those of Voudiotis et al.[19], 
integrated cameras with deep learning to identify Varroa-
infested bees with 86% accuracy. Deep learning has also 
been applied to more complex biological features: Lösel 
et al.[20] distinguished brain structures of bees and wasps 
using micro-CT and CNNs. In addition, Kongsilp et al.[21] 
combined Mask R-CNN with Kalman filtering to track 
waggle dances within hives. Collectively, these studies 
highlight the versatility of deep learning in tackling 
diverse apicultural challenges, ranging from colony health 
monitoring to behavioral analysis.

This study demonstrated that CNN-based models can 
classify honey bee populations with high accuracy based 
on wing morphology, with the VGG16 architecture 
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exhibiting particularly balanced and reliable performance. 
The recurrent overlaps observed between morphologically 
similar populations, such as HR and PL, reflect not only 
model-related challenges but also genuine biological 
proximities. Beyond these results, the present work 
introduces a distinctive contribution by demonstrating 
that accurate classification can be achieved without 
manual landmark extraction, relying instead on fully 
automated, data-driven feature learning from raw wing 
images. This methodological simplification enhances 
objectivity and scalability, making the approach more 
suitable for large-scale morphometric applications. Future 
research may further improve class-level discrimination 
and generalization capacity by incorporating more 
diverse datasets and advanced modeling strategies, but the 
present findings already establish CNN-based workflows 
as a robust and innovative framework for population-level 
analyses in apicultural research.
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Introduction
Muscle is a plastic tissue that continuously adjusts its 
shape, size, and function according to internal and 
external stimuli [1]. Local muscle atrophy is divided 
into disuse atrophy and denervation atrophy. Disuse 
atrophy often occurs in patients who are bedridden for 
a long time, or in patients with joint breaking for a long 
time, while denervation atrophy is mainly caused by 
neurological diseases or traumatic violence that damages 
skeletal muscle nerves [2]. Trauma or inflammation makes 
the nerves at the injury site undernourished, and the 
related skeletal muscles receive nerve impulses restricted, 
which in turn causes related muscle atrophy [3]. Compared 
with disuse atrophy, skeletal muscle denervation atrophy 
is more serious, and its treatment has always been the 
main focus of relevant clinical workers [4]. At present, the 
treatment of muscle atrophy is mostly limited to physical 
rehabilitation training and the treatment of a small number 
of hormone drugs. Therefore, an in-depth exploration of 
the pathogenic mechanism of muscle atrophy is crucial for 
taking targeted interventions, paying off muscle function, 
and improving the quality of the patient’s life [5].

BYHW Decoction is a traditional prescription of traditional 
Chinese medicine. BYHWD is often used to treat the 
sequelae of cerebrovascular accidents (such as stroke), 
including facial paralysis, aphasia, hemiplegia, paraplegia 
and other diseases of Qi deficiency and blood stasis [6]. 
Nowadays, it is mostly used to treat neurological injury-
related diseases such as cerebrovascular disease, facial 
nerve palsy, polio sequelae, sciatica, concussion sequelae, 
etc., and has achieved remarkable clinical effects [7].

In this study, we mainly analyzed the main pharmacological 
components of BYHWD, and studied the inhibitory effect 
of its main components on denervation of tibial anterior 
muscle in mice with peroneal nerve injury through animal 
experiments.

Material and Methods
Ethical Approval

All procedures performed involving animals were in 
accordance with the ethical standards of the Institutional 
Animal Care and Use Committee (IACUC) of Nanjing 
University of Chinese Medicine (No. 202203A041). 
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Abstract

Buyang Huanwu Dcoction (BYHWD) is a traditional Chinese medicine that has been 
widely used for the clinical treatment of skeletal muscle atrophy which is a common 
complication after motor neuron injury and seriously affects the recovery of skeletal 
muscle function. This study aimed to explore the main components of Buyang Huanwu 
decoction and its possible mechanism for treating skeletal muscle and nerve atrophy 
in mice. Total fibular nerve injury model was established by using total fibular nerve 
clamp surgery. Main component of decoction was detected by HPLC and LC-MS, 
the morphology of skeletal muscle samples was observed using hematoxylin-eosin 
staining (H&E) and laser lens, and the expressions of muscular atrophy related proteins 
were detected by Western blot. Astragaloside is the main components of BYHWD, it 
promotes the recovery of injured neuroskeletal muscle and significantly inhibits the 
atrophy of related muscle tissue (P<0.05). Denervation of skeletal muscle is closely 
related to autophagy, and Astragaloside can effectively inhibit autophagy after skeletal 
muscle injury. Astragaloside, the main component of BYHWD, promotes the recovery 
of skeletal muscle denervation by inhibiting autophagy.
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Animals

SPF grade, male, 6 weeks old, body weight 200 ± 10 
g, 42 SD rats, purchased from Changzhou Cavens 
Laboratory Animal Co., Ltd. Laboratory animal license 
number: SCXK (Su) 2016-0010. All experimental animals  
began formal experiments after one week of adaptive 
feeding.

Animal Model

Rats were weighed, 10% chloral hydrate (300 g/mL) 
was injected intraperitoneally for anesthesia, and the 
surgical area of the left femur was routinely prepared 
and disinfected. Take a 1.5 cm incision in the middle of 
the left posterior femur, cut the skin and fascia in turn, 
free and fully expose the femur of the sciatic nerve, and 
perform the common peroneal nerve clamp down. With 
14 cm hemostatic forceps, the upper total teeth clamp the 
common peroneal nerve 3 times, 10 seconds/time, 10 sec 
apart each time; the width of the crush injury is 5 mm. 
The distal end of the injury was marked with 9-0 non-
invasive sutures, and the surgical incision was sutured 
layer by layer. After the rats woke up, they were put back 
into the cage for normal feeding. All animals were injected 
with the corresponding drug intraperitoneally on the 2nd 
day after modeling, and the normal group and the model 
group were injected with the same amount of normal 
saline for 7 days. After 18 days of surgical modeling, 
all rats were euthanized, and the tibial anterior muscle 
tissues on the left and right sides of the rats were taken 
respectively. The tibial anterior muscle tissue was divided 
into three parts for storage: 2.5% glutaraldehyde solution 
was fixed at 4°C; -80°C was stored at low temperature; 4% 
paraformaldehyde solution was fixed at room temperature 
for subsequent detection.

Experimental Grouping

The first part of the experiment: Normal group (replaced 
by the right healthy side of the model group); (2) Model 
group; (3) Astragaloside group (20 mg/kg); (4) Capillary 
isoflavone group (20 mg/kg); (5) Ferulic acid group 
(100 mg/kg); (6) Paeoniflorin group (20 mg/kg); (7) 
Ligustrazine group (100 mg/kg); (8) Mecobalamine 
positive control group (600 μg/kg), 6 in each group. 
Intraperitoneal injection was started two days after 
modeling and lasted for a total of 7 days. 

The second part of the experiment: Base on the first 
experiment, the main active ingredient group + FOXO 
agonist was added, and 40 mg/kg of FOXO agonist was 
injected intraperitoneally every day for 7 consecutive 
days. Intraperitoneal injection was started two days after 
modeling, which lasted for a total of 7 days. The normal 
group and the model group were injected with the same 
amount of normal saline.

HPLC and LC-MS Experiments

HPLC: Precisely weigh 0.55 mg of pilus isoflavones, ferulic 
acid, paeoniflorin, and ligustrazine samples, place them 
in 10 mL brown volumetric flasks, add 70% methanol 
solution to dissolve and dilute to scale, and make a sample 
containing 0.055 mg per mL. Reference solution. Precisely 
weigh Buyang Huanwu Decoction and add methanol to 
dissolve, centrifuge the supernatant, and put the bandwidth 
evaluation in a 5 mL volumetric flask, shake well, and get 
it. Detection conditions: mobile phase: A 0.05% H3PO4 
aqueous solution; B 0.1% methanol; chromatographic 
column: Symmetry C18, 4.6 x 250 mm; flow rate: 0.6 mL/
min; column temperature: 30°C; injection volume: 5 μL; 
DAD detector Detection wavelength: 320 nm.

LC-MS: Take 0.0050 g of Astragaloside reference 
substance, weigh it precisely, place it in a 10 mL volumetric 
flask, add an appropriate amount of methanol to dissolve 
and dilute to scale, and make a solution containing 0.5 
mg per 1 mL. Precisely weigh BYHW Decoction and add 
methanol to dissolve, centrifuge the supernatant, and put 
the bandwidth evaluation in a 5 mL volumetric flask, 
shake well. Detection conditions: Column: ACQUITY 
UPLCTMBEH C18 (1.7 μm, 50 mm * 2.1 mm); Column 
temperature: 35°C; Mobile phase: A 0.1% formic acid 
water (positive ion mode)/water, B acetonitrile; Flow 
rate: 0.2 Lmin; Injection volume: 5 μL; Autosampler 
temperature/TEM: 15°C.

Western Blot

Samples were cracked in RIPA lysis buffer plus PMSF 
in low temperature, and BCA assay kit (Santa Cruz, 
California, USA) detected total protein concentration. 
Prepared protein samples were separated in SDS-PAGE 
and transferred into 0.22 μm PVDF membranes and 
incubated with prepared antibodies. Finally, enhanced 
chemiluminescence (ECL, ThermoFisher, MA, USA) 
visualized this membrane. Antibodies against FOXO/
p-FOXO and GAPDH were purchased from Abcam 
(Cambridge, MA, USA). Antibodies against MuRF-1, 
Atg5, Beclin-1, LC3I and LC3II were purchased from 
Proteintech Group (Proteintech Group, Wuhan, China).

H&E Staining

Pretibial muscle tissue was dissected from each group. The 
prepared muscle tissue slices were dewaxed and hydrated. 
After washed by water, synovial tissue slices were staining 
in hematoxylin solution for 5 min. Next, differentiated by 
1% hydrochloric  alcohol for 15s, the slices were washed 
with water. And then synovial  tissue slices were stained  
by eosin solution for 1 min. Finally, muscle  tissue slices 
were dehydrated, transparentized and sealed by neutral 
gum, observed under an optical microscope (Olympus, 
Tokyo, Japan).
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Immunohistochemistry Staining

Pretibial muscle tissues were dissected from each 
group. First, Pretibial muscle  tissue was fixed in 4% 
formaldehyde, embedded in paraffin. Each paraffin 
block was cut into 5 mm sections with a cryostat. The 
prepared Pretibial muscle tissue slices were dewaxed and 
hydrated followed washed by water. Secondly, Pretibial 
muscle tissue slices were sealed in 5 % normal goat serum 
for 30 min at room temperature. And then the slices were 
incubated with primary (p-FOXO 1:60, FOXO 1:300, LC3 
1:300, Atg5 1:150, Beclin-1 1:100) antibody overnight at 
4°C. After washing with PBS, the slices were incubated 
with biotinylated goat anti-rabbit IgG for 1 h. Finally, the 
slices were stained by DAB until a color change, and was 
observed under microscope (Olympus, Tokyo, Japan). 

Masson Staining

Collect the tibial anterior muscle tissue, take out all the 
tissues, and dehydrate them sequentially through a layer 
of ethanol in a dehydrator. Put the melted paraffin into the 
embedding frame, place it on a -20°C freezer to cool, take 
it out of the embedding frame after the wax block solidifies 
and trim it, and place the embedded paraffin block in a 4°C 
refrigerator for setting. Slice after setting for 10 h. Briefly, 
Masson staining was performed on a 10 μm cryosection of 
muscle fixed with 95% alcohol for 20 min. Sections then 
were incubated with different solutions supplemented 
in Masson’s Trichrome Stain Kit. At the end, the section 
was dehydrated with 95% alcohol for 10 sec, two rinses 
in anhydrous alcohol for 10 sec, and two rinses in xylene 
for 1 min each. The sections were mounted with Neutral 
balsam for imaging and fibrosis quantification. Muscle 
fibrosis quantification was performed by using Image J.

Transmissive Electron Microscope

Take rat tibial anterior muscle tissue, wash it with 

normal saline, immediately put it in a pre-chilled 2.5% 
glutaraldehyde solution, and fix it overnight at 4°C. 
After all tissues were fixed, the rat tibial anterior muscle 
tissue was cut into tissue blocks of 1 mm³ size. Replace 
the 1% osmium acid solution, let it stand at 4°C for 2 h, 
and wash 3 times again with 1 x PBS. The tissue samples 
to be inspected were subjected to 50% (15 min), 70% (15 
min), 80% (15 min), 90% (15 min), 95% (15 min), 100% 
(20 min), 100% (20 min) ethanol layer dehydration. 
After the transition of propylene oxide permeation, 
the samples were embedded with resin, and ultra-thin 
sections (thickness 70-90 nm) of lead citrate solution and 
50% ethanol saturated solution of dioxy uranium acetate 
were stained for 15 min respectively. Under transmission 
electron microscope, images were collected to observe  
the ultrastructure of tissue samples.

Data Processing and Statistical Methods

The data obtained from the experiment were expressed 
by mean ± standard error (Mean ± SEM), and all data 
were processed and statistically analyzed using GraphPad 
Prism 6. The t-test was used for the comparison between 
the mean values of the two groups of samples, and the 
ANOVA test was used for the comparison between 
the mean values of multiple groups of samples. P<0.05 
indicates that the difference is statistically significant.

Results
The Ingredients Contained in BYHWD

In order to study the main components of BYHW 
Decoction, HPLC and LC-MS were used to detect the 
contents of Isoflavones, Ferulic Acid, Paeoniflorin, 
Ligustrazine and Astragaloside in the medicinal solution, 
respectively. The analysis results showed that, the content 
of Astragaloside in the decoction (3.78 mg/mL) (Fig. 
1-A) is much larger than that of other components, 

Fig 1. The concentration of the main components in BYHWD. A- The concentration of astragaloside; B- The 
concentration of calycosin; C- The concentration of paeoniflorin; D- The concentration of ligustrazine; E- The 
concentration of ferulic acid
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Isoflavone (0.11 mg/mL) (Fig. 1-B), Ferulic Acid (0.14 
mg/mL) (Fig. 1-C), Paeoniflorin (1.48 mg/mL) (Fig. 1-D), 
Ligustrazine (0.0063 mg/mL) (Fig. 1-E). The experimental 
results clearly indicate that astragaloside is the dominant 
chemical substance that dissolves after the BYHW 
decoction is boiled, suggesting that it may be one of the 
key substances underlying the efficacy of this compound 
formula. This also reflects the significant role of astragalus 
as the principal herb in the formula.

Astragaloside Inhibits the Atrophy Level of Skeletal 
Muscle After Nerve Injury

After determining the concentration of each component, 
we tested the therapeutic effect of each component on 
de-neuromuscular atrophy using mecobalamine tablets 
as positive control in animal models. HE staining results 
showed that compared with control group, muscle 
tissue of each treatment group was damaged to varying 
degrees, On the other hand, the degree of muscle tissue 
loss was significantly reduced in the treatment group 
compared with the blank model group (Fig. 2-A). Except 
for the positive control of mecobalamine, Astragaloside 
group was the closest to normal tissues in terms of 
tissue morphology. The electron microscopy results 
of muscle tissue were similar to those of HE (Fig. 2-B), 
which indicates that Astragaloside may be the main 
pharmacodynamic component. 

Autophagy Plays an Important Role in Skeletal Muscle 
Denervation Atrophy

Based on previous studies on skeletal muscle, the ubiquitin-
proteasome pathway or the autophagic lysosome pathway 
is the most likely deep cause of skeletal muscle denervati 

on atrophy. To this end, we examined and compared the 
expression levels of key proteins of these two signaling 
pathways in normal tissues and model tissues (Fig. 2-C). As 
shown in Fig. 2-C, the expression level of LC3II/I and the 
ratio of LC3II/I in the model group were both increased, 
indicating the improved autophagy level of muscle cells. 
During autophagy formation, cytoplasmic type LC3 
(LC3-I) will enzymolysis a small section of polypeptide 
and transform into membrane type (LC3-II). The increase 
of LC3-II represents the initiation of autophagy, and the 
LC3-II/I ratio can also estimate the level of autophagy. 
These results suggests that autophagy is the underlying 
cause of denervation atrophy in skeletal muscle.

Astragaloside Fights Skeletal Muscle Denervation by 
Inhibiting Muscle Autophagy

To verify this hypothesis, we treated animal model with 
Astragaloside alone, with autophagy labeled protein 
FOXO agonist as a control. The experimental results 
showed that the muscle dry-wet ratio in the model group 
was significantly improved after receiving Astragaloside 
treatment, but the data of group E was significantly 
decreased after the using of FOXO agonist (Fig. 3-A,B,C), 
suggesting that the using of autophagy agonist could 
inhibit the therapeutic effect of Astragaloside on skeletal 
muscle denervation. Masson staining showed that the 
blue collagen fiber tissue of Astragaloside group was 
significantly less than that of model group, and the blue area 
of FOXO agonist group showed obvious expansion (Fig. 
3-D). Under electron microscope (Fig. 3-E), the number 
of scattered autophagosomes in Astragaloside group was 
significantly reduced, but the number of autophagosomes 
was significantly increased after the use of FOXO agonist. 

Fig 2. Therapeutic effects of each monomeric component on skeletal muscle atrophy. A-H&E staining results of muscle 
tissues after treatment in each group; B- Electron microscopic images of muscle tissue in each group after treatment; 
C- Expression levels of key proteins in muscular atrophy related signaling pathways (M: Model) (**P<0.01, ***P<0.001 
vs. the control group
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These results suggest that Astragaloside inhibits skeletal 
muscle denervation via lysosomal autophagy.

Astragaloside Inhibits Skeletal Muscle Denervation 
Autophagy Through FOXO Related Pathway

Autophagy is a highly conserved and multi-step metabolic 
process that maintains homeostasis of the intracellular 
environment by degrading damaged proteins, cellular 
metabolites and diseased organelles. The occurrence 
and development of many diseases are associated with 
changes in autophagy activity, and the autophagy related 
gene microtubule-associated protein 1 light chain 3, LC3 
and autophagy related gene-5 (ATG5) are both important 
genes involved in the regulation of autophagy activity. In 
our results, the expression level of LC3 and Atg5 protein 
were significantly upregulated after animal model was 
established and down-regulated after treatment which 
indicates us the important role of autophagy in skeletal 
muscle denervation atrophy (Fig. 4-A,B). Besides, studies 
have shown that FOXO can activate the autophagy 
mechanism of different cell types by affecting the 
expression of autophagy genes which including ATG5. 
Therefore, we used FOXO agonists as a distraction to 
determine whether autophagy in muscle tissue after motor 
nerve injury is mediated by changes in the FOXO pathway. 
As predicted, the addition of FOXO agonists reversed the 

efficacy of the treatment in both the mecobalamine and 
astragaloside groups.

Discussion
In this study, starting from the basic composition of 
traditional Chinese medicine, the contents of the five  
most important components in the BYHWD, Isoflavones, 
Ferulic acid, Paeoniflorin, Ligustrazine and Astragaloside, 
were detected by HPLC and LC-MS methods [8]. All 
monomers have a certain inhibitory effect on skeletal 
muscle atrophy caused by nerve injury in vivo. Among 
them, Astragaloside has the highest concentration 
in decoction, and its monomer has the most obvious 
inhibitory effect on muscle atrophy [9]. Pharmacologically 
speaking, Astragaloside has many pharmacological 
activities, it can effectively activate mononuclear 
macrophage system, stimulate macrophage and T cell 
function to play an antiviral effect; Astragaloside can 
prevent adrenal hyperplasia and thymus atrophy in the 
alert phase of stress response, and prevent abnormal 
changes in the resistance phase and exhaustion phase 
of stress response so as to play an anti-stress role [10]. In 
addition, Astragaloside can also enhance cell metabolism, 
promote blood circulation, and improve cardiopulmonary 
function in some cases [11].

In terms of clinical research, Astragaloside has a good 

Fig 3. Terapeutic effects of Astragaloside on skeletal muscle nerve injury. 
A- The molecular structure of astragaloside; B- Morphology of tibial 
anterior muscle in each group after treatment: C- The ratio of dry weight 
and wet weight of anterior tibial muscle in each group after treatment; 
D- Masson staining of tibial anterior muscle in each group after treatment; 
E- Electron microscopic morphology of tibial anterior muscle in each 
group after treatment. Yellow arrows: Autophagosome. *P<0.05, **P<0.01, 
***P<0.001 vs. the control group 

Fig 4. Astragaloside regulates autophagy in skeletal muscle cells through 
autophagy related pathway. A- Western Blot results of autophagy-related 
proteins in tibial anterior muscle after treatment; B- Immunohistochemical 
results of autophagy-related proteins in tibial anterior muscle after 
treatment. *P<0.05, **P<0.01, ***P<0.001 vs. the control group
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curative effect in the treatment of the body after nerve 
injury. Qi et al.[12] used BYHWD to feed rats after spinal cord 
injury. The experimental results show that the decoction 
can inhibit PAF. The application of BYHW significantly 
improved the motor function of rats; the research results 
of Zhao et al.[13] team on the gerbil model of ischemia-
reperfusion injury showed that BYHWD could protect 
the nerve function of gerbils after reperfusion injury by 
improving brain microcirculation. A study indicated that 
BYHWD can inhibit the apoptosis of nerve cells caused 
by hypoxia by eliminating reactive oxygen species and  
NO [14]. Our results show that the inhibitory effect of 
BYHWD on skeletal muscle denervation may be produced 
by inhibiting skeletal muscle cell autophagy.

Whether it is the expression of autophagy-related proteins 
after monomer treatment, or the immunohistochemical 
results of autophagy-related proteins in tissues, and the 
number of autophagy corpuscles in tissues under electron 
microscopy, the results of autophagy-related detection 
showed significant changes among the groups [15]. This also 
directly affects the wet-to-weight ratio and cross-sectional 
area of skeletal muscle after treatment. Autophagy is a 
dynamic process through which cytoplasmic components 
can be decomposed into basal components and then re-
entered into the cytoplasm for reuse [16]. Autophagy is 
also a major protective mechanism that allows cells to 
survive a variety of stress conditions, such as nutrient 
or growth factor deprivation, hypoxia, reactive oxygen 
species (ROS), DNA damage, and more [17]. MuRF-
1 encodes E3s ubiquitin ligase, which is essential for 
protein ubiquitination degradation and determines the 
degradation rate of this pathway [18]. However, from the 
detection results of samples, there was no significant 
difference in the expression of MuRF-1 in normal tissue 
and model group, but there was significant difference 
in the expression of LC3, the signature protein of the 
autophagic lysosome pathway [17]. Under basic conditions, 
low levels of autophagy exist in all types of cells, but stimuli 
such as nutritional deficiencies or hypoxia may lead to up-
regulation of autophagy levels [19].

After the injury of the common peroneal nerve, the 
conduction of nerve impulses is hindered, resulting in 
the disuse of some muscle fibers controlled downstream, 
resulting in disuse muscular atrophy [20]. At the same time, 
the release of acetylcholine from the peripheral parts of the 
damaged nerve fibers decreases, and sympathetic nerve 
nutrition weakens, resulting in muscle atrophy [21]. Our 
findings reveal a possible mechanism of muscle disuse 
atrophy, that is, after motor nerve injury, downstream 
skeletal muscle due to lack of nutritional factors in order to 
maintain mixing, the level of autophagy in skeletal muscle 
cells increases, and the number of muscle fibers decreases, 
resulting in muscle atrophy. Combined with the research 

results of Cheng et al.[22], on the one hand, BYHWD 
strengthened the microcirculation downstream of injury 
and alleviated the lack of nutritional factors caused by 
nerve injury, on the other hand, its main component, 
Astragaloside, can effectively reduce the expression of 
autophagy related proteins in skeletal muscle, thereby 
inhibiting skeletal muscle atrophy.

Motor nerve injury induces muscle atrophy via autophagy 
activation and nutrient deficiency. BYHWD alleviates 
atrophy by improving microcirculation and its component 
Astragaloside suppresses autophagy, offering a therapeutic 
strategy for nerve injury-related muscle wasting.
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Introduction
The yellow-margined box turtle (C. flavomarginata) 
belongs to the family Emydidae and the genus Cuora [1-3]. It 
is highly valued for its edible, medicinal, and ornamental 
qualities, and is easily domesticated. These attributes 
have driven intensive wild harvesting, resulting in severe 
declines in population. Consequently, it is now afforded 
legal protection at both national and international levels [4]. 
Intensive artificial breeding has been developed to meet 
market demand. However, high-density farming practices 
often lead to frequent disease outbreaks, including 
pneumonia, shell rot, peptic ulcer, and cystic disease. 
In 2021, Du et al.[5] reported fatal duodenal perforation 
in a juvenile yellow-margined box turtle caused by 
Chelonobacter oris, and in 2016, Aeromonas hydrophila was 
documented to cause keratitis in this species [6]. Among 
these various diseases, bacterial gastroenteritis is a common 
and clinically significant problem in C. flavomarginata. To 
date, gastrointestinal diseases related to turtles have been 
described in Chinese grass turtles (Mauremys reevesii) [7], 
yellow pond turtles (Mauremys mutica) [8], leatherback 

turtle (Dermochelys coriacea) [9], and red-footed turtles 
(Chelonoidis carbonarius) [10], which are caused by 
Escherichia coli, Salmonella spp., Aeromonas punctata, 
Aeromonas sobria, Vibrio metschnikovii, Photobacterium 
damselae subsp. piscicida, and Clostridium perfringens. 
However, scarce information is available on C. braakii as a 
bacterial pathogen in turtles. 

C. braakii is considered to be an important human and 
aquaculture pathogen. It has been documented to cause 
disease in a wide range of aquatic species, including 
the red claw crayfish (Cherax quadricarinatus) [11], 
black carp (Mylopharyngodon piceus) [12], spiny frog 
(Quasipaa spinosa) [13], rainbow trout (Oncorhynchus 
mykiss) [14], catfish (Silurus asotus) [15], Melanotaenia 
praecox [16], and other aquatic animals. As a typical 
opportunistic pathogen, it can also cause inflammation 
and bacteremia in human tissue [17,18]. Infections with 
C. braakii are frequently characterized by necrotizing 
inflammation and immunosuppression in host species, 
especially poikilothermic aquatic ones [19]. The bacterium 
demonstrates considerable tissue invasiveness and 
environmental adaptability in such hosts [20]. Given that  
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C. flavomarginata is a poikilothermic aquatic reptile whose 
immune function is highly susceptible to environmental 
stress, its immune responses may share similarities with 
those reported in fish and amphibians. We therefore 
hypothesized that  C. braakii  poses a comparable 
pathogenic threat to this turtle species.

This study demonstrates the association of C. braakii 
with severe gastroenteritis in C. flavomarginata. We 
systematically characterized its phenotypic and biochemical 
characteristics, pathogenicity, antibiotic resistance profile, 
and histopathological changes induced by infection. These 
findings offer a scientific basis for the clinical diagnosis 
and control of bacterial gastroenteritis in this species. 
They also hold practical significance for protecting the 
health of captive populations of this endangered turtle.

Material and Methods
Ethical Statement 

All animal experimental procedures in this study strictly 
adhered to international ethical guidelines for animal 
experimentation and relevant Chinese regulations. The 
experimental protocol was reviewed and approved by the 
Academic Committee of the College of Oceanography 
and Ecological Science at Shanghai Ocean University 
and received formal approval from the Shanghai Ocean 
University Animal Ethics Committee (Approval No. 
SHOU-DW-2024-300).

Isolation and Identification of the Pathogen

On November 25, 2024, we obtained a diseased C. 
flavomarginata (230 g in weight) from a commercial 
farm in Shanghai, exhibiting multiple clinical signs. The 
individual initially presented with lethargy, significantly 
reduced food intake, and diminished activity. These 
symptoms were subsequently accompanied by the 
excretion of green feces. The abnormal manifestations 
persisted for more than 48 h and showed no improvement 
following initial routine surface disinfection and 
isolation. The condition progressed to include complete 
anorexia, redness and swelling around the anus, dark 
brown fecal excretion, limb edema, and sunken orbits. 
The turtle eventually became severely debilitated and 
succumbed to the illness. The moribund turtles were 
immediately transported to the laboratory on ice packs 
for immediate microbiological analysis. The body surface 
of dead turtles was disinfected with 75% ethanol (Huankai 
Microbiology Science and Technology Co., Ltd., China), 
and necropsy was performed under aseptic conditions. 
Liver lesions were aseptically streaked with a sterilized 
loop onto LB agar (Huankai Microbiology Science 
and Technology Co., Ltd., China) and violet red bile 
glucose agar (VRBGA) plates (Hangzhou Microbiology 
Reagent Co., Ltd., China). The inoculated plates were 

incubated aerobically at 37°C for 24 h. A predominant 
bacterial colony was repeatedly subcultured on fresh LB 
agar to obtain a pure isolate, designated strain A1. For 
phenotypic characterization, strain A1 was cultured 
on LB agar at 37°C for 24 h, and colony morphology 
was recorded. Based on relevant literature and the 
characteristics of enterobacteria, Biochemical profiling 
was performed using Bacterial Biochemical Identification 
kit (Hangzhou Microbial Reagent Co., China), including 
tests for glucose fermentation, lysine decarboxylase, 
ornithine decarboxylase, H2S production, peptone water, 
lactose fermentation, dulcitol fermentation, phenylalanine 
deaminase, urea, citrate, sucrose fermentation [21]. 
Results were interpreted according to Bergey’s Manual of 
Systematic Bacteriology. 

The genomic DNA of the pathogenic isolate was extracted 
using a bacterial DNA kit (Personal Biotechnology 
Co., Ltd., China), and the 16S rDNA gene region was 
amplified by PCR using the universal primers 27F 
(5-AGAGTTTGATCCTGGCTCAG-3) and 1492R (5-GGT 
TACCTTGTTACGACTT-3). The PCR amplification 
reaction mixture (50 μL) consisted of: 1 μL genomic DNA 
(20 ng/μL), 5 μL 10xBuffer (containing 2.5 mM Mg2+), 1 
μL Taq polymerase (5 U/μL), 1 μL dNTP mix (10 mM), 
1.5 μL of each primer (10 μM), and 39.0 μL ddH2O. The 
mixture was gently flicked to combine the components, 
and droplets on the tube wall were collected by brief 
centrifugation. Amplification was carried out in a thermal 
cycler under the following conditions: initial denaturation 
at 95°C for 5 min; 35 cycles of denaturation at 95°C for 
30 s, annealing at 58°C for 30 s, and extension at 72°C 
for 90 s;  and a  final extension at 72°C for 7 min. After 
amplification, 3 μL of the PCR product was analyzed by 1% 
agarose gel electrophoresis to confirm the presence of the 
target amplicon. The PCR products were purified and 
sequenced by Shenzhen MicroUnion Technology Group 
Co., Ltd. (China), and the sequencing was performed on 
an ABI3730-XL genetic analyzer. The obtained sequence 
was analyzed using the BLAST algorithm on the NCBI 
website (https://www.ncbi.nlm.nih.gov, accessed on 
December 7, 2024) to identify the species with the greatest 
sequence similarity to our isolate. Sequences with high 
similarity scores and from related aquaculture pathogens 
were selected for further analysis. A phylogenetic tree 
was constructed using the neighbor-joining method [22] 

in MEGA5.1 software (http://www.megasoftware.net/, 
accessed on December 7, 2024). The tree was subjected to 
a confidence test with 1000 bootstrap replications.

Experimental Infection

Trachemys scripta elegans  and  C. flavomarginata  both 
belong to the class Reptilia, order Testudines, and suborder 
Cryptodira [23,24]. They share numerous ecological and 
biological traits, including a freshwater habitat, an 

https://www.cambridge.org/core/journals/parasitology/article/abs/what-is-babesia-microti/A43051FD2C19839FE3F56E9CA2774A69
https://www.sciencedirect.com/science/article/pii/S0020751909000277?via%3Dihub
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omnivorous diet, and similarities in the anatomical 
structure of the digestive system, physiological functions, 
and basic immune responses [25-27]. Disease reports also 
indicate that these species are susceptible to common 
health issues, such as pneumonia [28] and ophthalmitis [29], 
which present with similar clinical manifestations 
upon pathogenic bacterial infection [30]. Furthermore, 
in adherence to the “3R Principles” (Replacement, 
Reduction, and Refinement) and due to ethical as well as 
institutional regulatory constraints -specifically, the lack 
of approved animal ethics protocol for experimental work 
involving C. flavomarginata at our institution- the present 
study selected Trachemys scripta elegans as the infection 
model to investigate gastroenteritis caused by C. braakii. 

After strain A1 was cultured at a constant temperature 
for 24 h, the bacterial lawn was harvested with 
0.85% sterilized saline. The bacterial suspension was 
adjusted to a concentration of 3x108 CFU/mL. Twenty 
healthy  Trachemys scripta elegans  (carapace length: 
9.0±2.0 cm; body weight: 110±20 g) were purchased from 
a farm in Jinhua, Zhejiang Province. The turtles were fed 
ad libitum twice daily for 14 days in an aerated tap water 
environment maintained at 28°C according to established 
husbandry protocols. No signs of disease or abnormalities 
were observed during this period. The turtles were then 
equally divided into two groups: a control group and an 
experimental group, with 10 individuals in each group. 
The experimental group received an intraperitoneal 
injection of 0.2 mL of the bacterial suspension, whereas 
the control group received an equal volume of sterile 
saline. The injected turtles were housed in individual 
tanks (80 x 47 x 28 cm) and fed normally throughout the 
experimental period. Survival rates and clinical signs were 
monitored and recorded daily for 45 days. Mortality of the 
Trachemys scripta elegans was monitored and recorded 
daily following the initiation of the infection experiment. 
For the purpose of survival analysis, a death was coded 
as “1”. Censored data -defined as individuals that either 
survived until the end of the study period or died from 
causes unrelated to the experimental infection- were coded 
as “0”. All data were compiled and subjected to statistical 
analysis using GraphPad Prism software (version 10.1.2). 
Survival rates across groups were compared using the 
Log-rank (Mantel-Cox) test. A two-tailed P value of less 
than 0.05 was considered statistically significant.

Histopathology

The main organs of the digestive system (liver, intestine, 
and stomach) were collected from deceased  Trachemys 
scripta elegans and fixed in 4% paraformaldehyde solution 
for histopathological analysis. Following fixation, the 
tissues were dehydrated through a graded ethanol series, 
cleared in xylene, embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (H&E). The prepared 

sections were then examined under a light microscope for 
observation, photography, and assessment of pathological 
changes.

Antimicrobial Susceptibility Assay

The Kirby-Bauer (K-B) disk diffusion method was 
employed. Four antibiotic disks were placed on each agar 
plate. The plates were then incubated at 28°C for 18 to 
24 h. Following incubation, the diameters of the zones 
of inhibition were measured using manual calipers. Each 
experiment was performed in triplicate, and the average 
diameter was calculated for analysis. The antimicrobial 
susceptibility results were interpreted according to the 
standards provided by the Clinical and Laboratory 
Standards Institute (CLSI) [31].

Results
Autopsy of the diseased Trachemys scripta elegans revealed 
several pathological changes. These included an enlarged 
liver and gallbladder with necrotic and congested tissues, 
a stomach with blood on its outer wall, and intestines that 
were inflated with blood, had inelastic walls, and showed 
erosion of the hind-gut (Fig. 1). In the experimental 
infection, individuals in the experimental group exhibited 
progressive mortality, culminating in 100% cumulative 
mortality by day 45. The initial mortality occurred on day 
4, with a peak mortality period observed between days 
15 and 30. The final death was recorded on day 45. In 
contrast, all turtles in the control group remained healthy 
throughout the experimental period, with no mortality 
observed (Fig. 2). The survival analysis revealed a 
statistically significant difference between the two groups 
(Log-rank test, χ²= 4.907, df = 1, *p* = 0.0267). Consistent 
with the survival curve, the infected group exhibited a 
significantly lower survival rate compared to the control 
group, demonstrating that the experimental bacterial 
infection significantly reduced the survival of Trachemys 
scripta elegans.

Fig 1. Anatomical diagram of a diseased turtle
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In the experimental group, infected turtles exhibited a 
range of clinical signs, including tail floating, anal mucus 
discharge, diarrhea with greenish stools (Fig. 3-a), and a 
progressive reduction in food intake leading to complete 
anorexia. Occasional open-mouth breathing, limb edema 

and weakness were also observed. Upon dissection, 
pathological findings included hemorrhagic streaks on 
the outer stomach wall, intestinal distension with serosal 
hemorrhage, and swollen and partially eroded livers 
(Fig. 3-b,c,d). Some affected individuals also showed 
severe pulmonary emphysema (Fig. 3-e,f). The clinical 
manifestations and postmortem lesions observed in 
Trachemys  scripta  elegans were consistent with those 
previously described in C. flavomarginata. The original 
challenge strain, A1, was successfully reisolated from the 
infected Trachemys scripta elegans and confirmed through 
molecular and phenotypic analyses. Accordingly, Koch’s 
postulates were fulfilled, confirming the pathogenic 
potential of C. braakii strain A1 in this host species.

Observation and Identification of Strain A1

After 24 h of incubation, strain A1 formed circular, convex, 
smooth, moist colonies with entire margins, measuring 
approximately 1-2 mm in diameter. The colonies exhibited 
a milky white and translucent appearance (Fig. 4-a). 

Fig 3. Symptoms and anatomical diagram of the onset of Trachemys 
scripta elegans. a- Typical gastroenteritis symptoms of dead turtles, b, c, d- 
dissection of the turtle infected with C. braakii, e, f- pneumonia symptoms

Fig 2. Survivals of experimental Trachemys scripta elegans infected 
intraperitoneally with strain A1 for Forty Five days (CON, 0 CFU/mL; 
T1, 3×108CFU/mL)

Fig 4. Morphological observation of strain A1

Table 1. Physiological and biochemical characteristics of strain A1 and the 
reference strain C. braakii CICC 21598

Test Item Strain A1 C. braakii CICC 
21598

Glucose fermentation + +

Lysine decarboxylase + +

Ornithine decarboxylase + +

H₂S production + +

Peptone water + +

Lactose fermentation + +

Dulcitol fermentation + +

Phenylalanine deaminase - -

Urea - -

Citrate + +

Sucrose fermentation - -

+ positive; - negative. The reference strain CICC 21598 was obtained from the China 
Center of Industrial Culture Collection (CICC)

https://bvajournals.onlinelibrary.wiley.com/doi/full/10.1136/vr.148.26.819
https://link.springer.com/article/10.1007/s11250-005-5691-z
https://www.sciencedirect.com/science/article/pii/S0304401706000598?via%3Dihub
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On violet red bile dextrose agar (VRBGA), the colonies 
developed a distinct pink coloration (Fig. 4-b). According 
to the results of the biochemical identification test of strain 
A1, glucose, lysine, ornithine, H2S production, peptone 
water, lactose, dulcitol, and citrate were positive, and 
phenylalanine, urea, and Sucrose were negative (Table 1). 
These biochemical characteristics are consistent with those 
of C. braakii, supporting the preliminary identification 
of strain A1 as C. braakii. Genomic DNA was extracted 
from strain A1 using a commercial kit and served as the 
template for PCR amplification. Amplified products were 
separated by 1% agarose gel electrophoresis, which yielded 
a target band of approximately 1, 500 bp (Fig. 5). The 16S 
rDNA sequence of strain A1 was deposited in GenBank 
under accession number PX129799.1. BLAST analysis 
revealed 99.58% similarity with C. braakii (accession no. 

CP113163.1). Phylogenetic analysis further confirmed 
that strain A1 clusters within the same clade as  C. 
braakii reference strains (Fig. 6).

Histopathological Analysis 

Histopathological examination of the deceased turtles 
revealed that the hepatocytes were polygonal in shape, 
with scant eosinophilic cytoplasm and mild hydropic 
degeneration. Scattered inflammatory cell infiltration and 
cholestasis were observed within the hepatic parenchyma 
(Fig. 7-a, arrow 2). Increased brown pigment deposits 
were noted in focal areas (Fig. 7-a, arrow 1). Marked 
fibrous tissue proliferation was evident in the portal 
areas, accompanied by disorganization of the hepatic 
plate architecture. Hepatic sinusoids were distinct and 
contained numerous nucleated erythrocytes (Fig. 7-a, 
arrow 3). In the intestinal tissue, villi were seen projecting 
into the lumen. The mucosal lamina propria exhibited 
a significant reduction in glandular structures, with 
some glands displaying slight architectural irregularity. 
Prominent fibrous tissue proliferation and extensive 
inflammatory cell infiltration were observed in the lamina 
propria (Fig. 7-c, arrow 2). The muscularis mucosae 
was mildly thickened, and scattered inflammatory cells 
were present in both the submucosa and the lamina 
propria (Fig. 7-c, arrow 1). In the stomach, certain 
glandular structures appeared irregular, with a noticeable 
decrease in gland number and increased inflammatory 
cell infiltration (Fig. 7-e, arrow 2). The lamina propria 
showed substantial fibrous hyperplasia and abundant 
inflammatory cell infiltration (Fig. 7-e, arrow 1). The 

Fig 5. The result of PCR primers specificity test

Fig 6. Phylogenetic tree based on the 16S rDNA sequence similarity

Fig 7. H&E staining of diseased and normal experimental turtles. a- Liver 
of diseased Trachemys scripta elegans (20×, H&E), b- Liver of healthy 
Trachemys scripta elegans (20×, H&E), c- Intestinal tract of diseased 
Trachemys scripta elegans (20×, H&E), d- Intestinal tract of healthy 
Trachemys scripta elegans (20×, H&E), e- Stomach of diseased Trachemys 
scripta elegans (20×, H&E), f- Stomach of healthy Trachemys scripta 
elegans (20×, H&E)
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muscularis mucosae was slightly thickened, and scattered 
inflammatory cells were identified within the submucosa 
and lamina propria.

Antimicrobial Susceptibility of Pathogenic Strain

The antimicrobial susceptibility profile of strain A1 
is summarized in Table 2. The strain was susceptible 
to amikacin, gentamicin, piperacillin, cefuroxime, 
cefuroxime, cefoperazone, ceftazidime, and ceftriaxone. 
Conversely, it was resistant to ampicillin, cephalexin, 
cefazolin, penicillin G, kanamycin, streptomycin, 
doxycycline, vancomycin, lincosamide, and erythromycin. 
Intermediate susceptibility was observed for tetracycline, 
minocycline, and polymyxin B. These results indicate that 
strain A1 exhibits a multidrug-resistant phenotype, with 
resistance observed to narrow-spectrum beta-lactams 
(penicillin G and first-generation cephalosporins) and 
specific aminoglycosides (kanamycin and streptomycin).

Discussion 
This study is the first to identify and confirm C. braakii 
as an emerging pathogen associated with lethal gastro-
enteritis in C. flavomarginata. Notably, we observed and 
documented several previously unreported clinical signs 

-including limb edema, respiratory distress- which 
provide critical insights into its unique pathogenic 
presentation in turtles. The findings reveal specific 
gross lesions, antimicrobial resistance patterns, and 
characteristic histopathological changes induced by this 
bacterium. Together with physiological, biochemical, and 
pathogenicity analyses, this research not only expands 
the known spectrum of reptilian bacterial pathogens but 
also establishes a crucial reference for understanding the 
pathogenic mechanisms of C. braakii in chelonians. These 
results offer valuable theoretical and practical guidance 
for developing targeted disease control strategies for  
this species.

Our findings indicate that C. braakii is a primary 
causative agent of severe gastroenteritis in turtles. 
Turtle gastroenteritis, a common reptilian disease, is 
characterized by well-documented clinical signs and 
pathological features. In the initial stages, infected 
turtles typically exhibit lethargy, reduced mobility, 
and anorexia. Their feces are soft and poorly formed, 
ranging in color from green to yellow-brown or dark 
brown. In severe cases, watery diarrhea with a foul odor 
is observed. Advanced disease is marked by sunken eyes 

Table 2. Susceptibility of strain A1 to antimicrobials

Antimicrobials Content 
(μg/disk)

Zone Diameter Breakpoints (mm) Inhibition Zone 
Diameter (mm) Susceptibility

S I R

Ampicillin (AMP) 10 ≥17 14~16 ≤13 11 R

Amikacin (AMK) 30 ≥17 15~16 ≤14 18 S

Piperacillin (PIP) 100 ≥21 18~20 ≤17 28 S

Cephalexin (CN) 30 ≥18 15~17 ≤14 11 R

Cefazolin (CZ) 30 ≥18 15~17 ≤14 6 R

Cefuroxime (CXM) 30 ≥18 15~17 ≤14 23 S

Cefoperazone (CPZ) 75 ≥21 16~20 ≤15 30 S

Ceftriaxone (CTR) 30 ≥27 25~26 ≤25 30 S

Ceftazidime (CAZ) 30 ≥18 15~17 ≤14 28 S

PenicillinG (PEN) 1 ≥21 18~20 ≤17 6 R

Gentamicin (GEN) 10 ≥15 13~14 ≤12 22 S

Kanamycin (KAN) 30 ≥18 14~17 ≤13 9 R

Streptomycin(S) 10 ≥15 12~14 ≤11 11 R

Tetracycline (TET) 30 ≥19 15~18 ≤14 15 I

Minocycline (MI) 30 ≥19 15~18 ≤14 18 I

Doxycycline (DO) 30 ≥16 13~15 ≤12 12 R

Polymyxin B (PB) 300 ≥12 8~11 ≤7 11 I

Vancomycin (VAN) 30 ≥13 9~12 ≤8 6 R

Lincosamide (LCM) 2 ≥31 24~30 ≤23 6 R

Erythromycin (E) 15 ≥23 14~22 ≤13 6 R

S: susceptible; I: intermediately susceptible; R: resistant
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and abnormal feces, which may be egg-white-like, black, 
or liver-colored. Terminal stages often involve complete 
anorexia, leading to death from progressive debilitation. 
Gross pathological examination revealed a pronounced 
inflammatory response in the digestive tract. The 
gastrointestinal mucosa exhibits erosions and ulcerations, 
often accompanied by excessive mucus production, severe 
hemorrhage, or petechiae. The lumen may contain a white, 
clear, or milky gelatinous exudate. The liver frequently 
exhibits pale yellow lesions, consistent with secondary 
hepatic involvement [32-34]. However, limb edema and 
severe pulmonary emphysema appear to be a novel feature 
of C. braakii infection, distinguishing it from infections 
caused by common pathogens such as Salmonella 
spp., Escherichia coli, or Aeromonas hydrophila [35]. 
These findings are consistent with a study in night herons 
(Nycticorax nycticorax) [36], which reported that C. braakii 
infection can cause depression, anorexia, dyskinesia, and 
diarrhea. Furthermore, this pathogen has been isolated 
from the liver and intestine of diseased Procambarus 
clarkii and Andrias davidianus exhibiting diarrhea and 
dehydration [37,38]. The high virulence of C. braakii strains 
from rhesus monkeys (Macaca mulatta) was demonstrated 
in animal models. Collectively, these reports from diverse 
species corroborate our findings and underscore the 
significant pathogenic capacity of C. braakii. This cross-
species pathogenicity underscores its role as an emerging 
multi-host opportunistic pathogen. The mechanism 
underlying its gastroenteritic effects likely involves the 
induction of significant inflammation and damage to the 
gastrointestinal mucosa [39,40].

Antimicrobial susceptibility testing revealed that C. braakii 
exhibited high resistance to lincosamide and macrolide 
antibiotics, consistent with findings in red crayfish [41]. In 
contrast, its susceptibility to β-lactams, tetracyclines, and 
aminoglycosides differed from profiles reported elsewhere. 
Notably, predominant resistance was observed against 
narrow-spectrum β-lactams, a finding corroborated by 
Li et al.[37]. These variations in antimicrobial susceptibility 
may be attributed to differences in host species, 
environmental conditions, and selective pressures from 
the unregulated or excessive use of broad-spectrum 
antibiotics. Such practices promote the emergence and 
dissemination of resistant strains. For example, the 
multidrug resistance gene cfr was detected in C. braakii 
isolates from chicken farm environments in Jiangxi,  
China [42]. Additionally, the carbapenemase gene blaKPC-2 
and the plasmid-mediated colistin resistance gene mcr-1 
have been identified in this species [43,44]. The presence of 
these resistance genes poses serious challenges for clinical 
management and complicates the control of C. braakii 
infections. Furthermore, C. braakii infection often triggers 
a multi-tissue inflammatory response, leading to clinical 

manifestations including anorexia, digestive dysfunction, 
and diarrhea. In severe cases, the infection can be fatal [45]. 
Characteristic histopathological features include gastric 
mucosal erosion or ulceration, submucosal hemorrhage 
with inflammatory cell infiltration, and mild to moderate 
glandular hyperplasia with structural disorganization, 
congestion, edema, and inflammation. Additional features 
involve swelling of the intestinal epithelial mucosa with 
extensive submucosal inflammatory cell infiltration, as 
well as hepatic erythrocyte accumulation and pigment 
deposition [46]. The pathological observations in this study 
were consistent with these previously described changes. 
However, we identified additional specific alterations, 
including polygonal hepatocytes with cytoplasmic 
vacuolization and cholestasis, fibrotic tissue proliferation 
in portal areas, disorganized hepatic cord structures, 
abnormal protrusion of intestinal villi into the lumen, and 
fibrosis in the gastric lamina propria. These discrepancies 
may arise from variations in host immune status, 
bacterial virulence, environmental stressors, and genetic 
background [47]. The stomach, intestine, and liver were 
identified as the primary organs affected by C. braakii. 
This targeting of vital digestive organs likely explains the 
high mortality rates associated with clinical symptoms 
such as anorexia and diarrhea [48]. 

These findings have direct clinical and managerial 
implications for aquaculture. In cases where farmed 
turtles exhibit symptoms including anorexia, lethargy, and 
digestive disturbances, infection with  C. braakii  should 
be included as a differential diagnosis. This suspicion 
is reinforced by necropsy findings such as dull 
yellow hepatic lesions with white flocculent material, 
gastrointestinal hemorrhage, necrosis, and the presence 
of gelatinous exudate. Confirmatory diagnosis should 
rely on bacteriological isolation followed by 16S rDNA 
sequencing. Given that the isolated strain exhibited 
multi-drug resistance to commonly used β-lactams 
(e.g., ampicillin, penicillin G), aminoglycosides (e.g., 
kanamycin), and macrolides (e.g., erythromycin), 
empirical use of these antibiotics should be avoided to 
prevent treatment failure and the spread of resistance. 
Instead, alternative strategies such as phage therapy (e.g., 
phage vB-CbrM-HP1, which has proven effective in 
reducing C. braakii load in fish [49]) could be considered 
due to its high specificity and favorable safety profile [50]. 
From a management perspective, stringent biosecurity 
measures are essential. These include optimizing water 
quality, ensuring feed hygiene, maintaining controlled 
stocking densities, and implementing regular disinfection 
of ponds and equipment. Furthermore, quarantine 
protocols for newly introduced animals are critical to 
prevent pathogen introduction. Finally, as C. braakii is 
a zoonotic pathogen capable of infecting humans, these 
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measures are also vital for protecting occupational health 
and preventing cross-contamination.

However, this study has several limitations. Firstly, the 
bacterial isolate was derived from a single dominant strain 
(A1) obtained from a limited sample size (n=1) at one 
farm, which may not represent the full genetic diversity 
of  C. braakii  pathogens. Secondly, although justified by 
ethical considerations and the physiological similarities 
of the digestive system, the use of a surrogate model 
(Trachemys scripta elegans) for the challenge experiment 
may not perfectly recapitulate the natural infection process 
in the primary host, C. flavomarginata. Finally, while our 
work focused on pathogen identification, pathological 
characterization, and antimicrobial susceptibility testing, 
the underlying molecular mechanisms -including key 
virulence factors (e.g., adhesins, toxins) and resistance genes 
(e.g., AmpC β-lactamases, aminoglycoside-modifying 
enzymes)- remain uncharacterized. Future studies should 
expand the sample size to include geographically diverse 
strains, prioritize challenge experiments in the original 
host species where feasible, and employ genomic and 
molecular techniques to comprehensively elucidate the 
pathogenic and resistant mechanisms of C. braakii.
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Introduction
Kefir, a fermented milk beverage of Caucasian origin, has 
been gaining increasing importance in the food industry 
owing to its rich composition of probiotic microorganisms 
and its potential health benefits. It is known that various 
parameters are effective in the evaluation of kefir quality [1]. 
To obtain a high-quality kefir, the fermentation process 
must be carried out under optimal conditions, while 
maintaining the balance and diversity of microorganisms 
working in symbiosis [2]. 

In line with current technological advancements, 
literature show that in addition to classical methods, 
the use of artificial intelligence-based approaches in 
the quality evaluation of food products through various 
microbiological and physicochemical parameters has been 
increasingly adopted. The sole use of either subjective or 
objective methods in food quality evaluations may prove 
insufficient, particularly under conditions of uncertainty. 
In addition to measurable physical parameters, the 

integration of linguistic data based on expert opinion into 
the decision-making process provides a contribution to 
quality assessment procedures [3,4]. At this point, the fuzzy 
logic approach, which contributes to the processing of 
both quantitative and qualitative data, is regarded as an 
effective and powerful tool for dealing with uncertainty 
in measurements and the lack of precision in expert 
evaluations [5].

Scientific studies employing fuzzy logic-based methods 
in food quality assessment have demonstrated that it is 
possible to integrate numerical measurements and expert 
judgments within a common decision-making framework 
under conditions characterized by uncertainty and 
measurement errors. In the dairy industry, microbiological 
test outputs obtained from bulk tank milk have been 
transformed into linguistic variables through membership 
functions, and compound indicators related to milking 
practices and herd quality have been derived by means 
of inference using rule bases (e.g., Mamdani or Takagi-
Sugeno-Kang) [6]. In sensory evaluation, panel scores have 

Kafkas Univ Vet Fak Derg
31 (5): 679-688, 2025

DOI: 10.9775/kvfd.2025.34643

Abstract

Parallel to rising consumer interest in functional foods, attention to probiotic and 
natural-content products such as kefir has significantly expanded in recent years. As 
in all instruments related to food production, the aim in the kefir production process 
is to obtain a high-quality product, and to ensure the sustainability of production in a 
healthy manner. In this study, the aim is to develop a fuzzy logic-based decision support 
system for the quality evaluation of kefir samples categorized into somatic cell and fat 
(low/high) measurement groups. For this purpose, the system inputs were determined 
as incubation temperature, incubation time, storage time, total bacterial count, and pH. 
In the model output, kefir quality indices were calculated for each observation, and 
quality classes were obtained. In the comparative quality evaluations between the system 
and expert decisions, the fuzzy logic-based decision support system was found to have 
achieved a success rate of 93.75%. In addition, the Chi-square statistic  
and Kappa statistic  regarding the decisions made by both the 
expert and the system were found to be statistically significant (P<0.05). The results 
indicate that fuzzy logic can be effectively used as a decision support tool in the quality 
evaluation of kefir samples. 

Keywords: Classification, Decision support system, Fuzzy logic, Kefir, Quality
Article ID: KVFD-2025-34643 
Received: 04.06.2025  
Accepted: 09.09.2025  
Published Online: 15.09.2025

(*) Corresponding author:  
Aslı AKILLI
Phone: +90 386 280 4840 
Cellular phone: +90 530 942 1421 
Fax: +90 386 280 4677
E-mail: asliakilli@ahievran.edu.tr

How to cite this article?
Akıllı A, Kezer G, Kul E: Evaluation of 
microbiological properties in kefir production 
with fuzzy logic-based decision support system. 
Kafkas Univ Vet Fak Derg, 31 (5): 679-688, 
2025.  
DOI: 10.9775/kvfd.2025.34643 

https://orcid.org/0000-0003-3879-710X
https://orcid.org/0000-0003-1530-3664
https://orcid.org/0000-0003-4961-5607
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


Microbiological Evaluation of Kefir Using Fuzzy Logic Kafkas Univ Vet Fak Derg
680

been integrated through fuzzification and rule-based/TSK 
modeling, allowing overall acceptability and product rankings 
to be calculated more consistently; this approach has been 
successfully applied to pistachio shell marmalade, various 
tea samples, and breads enriched with apple pomace [7-9]. 
In the context of packaging and storage, multi-criteria inputs 
such as modified atmospheric conditions, storage duration, 
and sensory descriptors have been synthesized within a 
fuzzy inference engine to perform suitability evaluations 
for various fruits [10]. In industrial quality control, product 
attributes that could not be precisely defined by sharp 
boundaries have been represented through knowledge-
based fuzzy systems, enabling robust decision-making 
even in the absence of strict thresholds [11]. Furthermore, 
by means of hybrid designs that consider both subjective 
and objective criteria, the effects of different oil types and 
frying methods on the quality of potato slices have been 
evaluated through the integration of textual/sensory data 
and instrumental measurements within the same inference 
structure; similarly, the expression of expert cupping 
criteria for specialty coffee beans in fuzzy sets has provided 
consistent quality ratings [12,13].

The approaches and applied studies reported in the literature 
provide both a theoretical and practical foundation for the 
development of a fuzzy decision support system capable 
of performing holistic classification under uncertainty, 
specifically in the context of kefir. In the present study, 
measurable physical and microbiological indicators were 
integrated with expert opinions within a single inference 
architecture, and the suitability of the developed fuzzy 
logic-based system for reliably and consistently classifying 
kefir quality under uncertain conditions was examined. 
The hypothesis was tested that the classifications of the 
proposed fuzzy logic-based system after defuzzification 
would exhibit a statistically significant degree of agreement 
with expert evaluations. This study aimed to develop a fuzzy 

logic–based decision support system to evaluate the quality 
of kefir samples produced from raw milk with varying 
somatic cell counts and fat content. The analyses conducted 
within the scope of this research were structured into two 
main phases. Throughout the study, a methodological 
workflow was employed that integrated both experimental 
procedures and fuzzy logic modeling, ensuring a systematic 
and comprehensive approach to quality assessment. This 
article is organized into four main sections following the 
introduction. In the second section, the materials and 
methods of the research are explained in detail; the data 
collection process, the design of the fuzzy system, and 
the technical details related to fuzzy rules are presented. 
The third section includes the application findings and 
results of the developed system. In the fourth section, the 
aforementioned results are discussed in comparison with 
expert evaluations, and the performance and limitations of 
the system are assessed. 

Material and Methods
Ethical Statement

As no procedures were carried out on animals in this study, 
approval from the Local Ethics Committee for Animal 
Experiments was not required.

Study Design

Milk samples used in kefir production were obtained from 
a private dairy farm in Kırşehir province. Within the scope 
of the research, analyses related to the determination of 
milk components and somatic cell counts were conducted 
in the laboratories of the Department of Animal Science, 
Faculty of Agriculture, Kırşehir Ahi Evran University. 
Kefir production and microbiological analyses of the kefir 
samples were carried out in the Agricultural Biotechnology 
laboratories of the same faculty.

Fig 1. Flowchart of the research process and decision support system
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The analyses conducted within the scope of this study 
were structured in two main phases. The methodological 
workflow applied throughout the research, including both 
experimental procedures and fuzzy logic modeling, is 
presented in Fig. 1. During the first phase, milk samples 
were obtained and transferred to the laboratory under 
strictly controlled hygienic conditions. Subsequently, 
analyses pertaining to milk components and somatic 
cell counts were performed, alongside microbiological 
examinations of the kefir samples. In the second phase, 
applications related to fuzzy system modeling were carried 
out, and the design of the decision support system was 
optimized to enhance analytical robustness.

In the operational process of the fuzzy logic-based decision 
support system, milk samples were initially classified into 
two groups, low and high, based on somatic cell count and 
milk fat content. In the subsequent stage, the milk samples 
within each group were separately coded and converted 
into kefir in accordance with the procedures outlined in 
the methodology section. The measurement values related 
to the input variables were obtained through chemical and 
microbiological analyses. In the functioning of the fuzzy 
system, five input variables were considered, particularly 
for the formulation of “if-then” rules to ensure successful 
application. During the process of converting the input 
variables representing the kefir samples into fuzzy 
numbers, class boundaries were established based on the 
Turkish Codex on Raw Milk and Heat-Treated Drinking 
Milk (Communiqué No: 2019/12), expert opinions, and 
a detailed literature review. The data were restructured 
through rule base connections created in accordance 
with fuzzy logic terminology and the architecture of the 
decision support system. In this way, a fuzzy system was 
developed by using the microbiological characteristics 
of the kefir samples included in the dataset. The system 
inputs were defined as “Incubation Time,” “Incubation 
Temperature,” “Storage Time,” “pH,” and “Total Aerobic 
Mesophilic Bacteria Count (TBC).” The system output 
was designated as “Kefir Quality Class.”

Milk Sample Collection

Prior to sampling, milk in the bulk tanks was stirred to 
ensure homogeneity. Following this process, 1000 mL 
of milk was transferred into sterile tubes without the 
addition of any preservatives. Adhesive labels indicating 
the farm identification number and the sampling date 
were applied to each tube. The collected milk samples 
were placed between ice packs under hygienic conditions 
and transported in sealed containers to the laboratory of 
the Department of Animal Science, Faculty of Agriculture, 
Kırşehir Ahi Evran University. Upon arrival, the samples 
were stored at approximately +4°C, and all analyses were 
completed within five hours.

Milk Composition and Somatic Cell Count (SCC) 
Analyses

Within the scope of milk composition analysis, fat and 
solids-not-fat (SNF) contents were determined using a 
Funke Gerber LactoStar (3510) milk analyzer, which is 
located in the laboratory of the Department of Animal 
Science, Faculty of Agriculture, Kırşehir Ahi Evran 
University. For the determination of somatic cell count 
(SCC), milk samples were analyzed using a DeLaval brand 
cell counter in the same laboratory. Based on the results 
obtained, milk samples were classified into four groups 
according to somatic cell count (low/high) and fat content 
(low/high). The microbiological and chemical quality 
parameters of raw milk, as specified in the Turkish Food 
Codex Communiqué on Raw Milk and Heat-Treated 
Drinking Milk (Communiqué No: 2019/12), were used 
as a reference during the grouping of milk samples. The 
values used in the grouping stage are given in Table 1 [14].

Kefir Production and Microbiological Analyses

Milk samples, previously grouped according to SCC and 
fat content levels (low/high), were homogenized within 
each group and subjected to heat treatment at 95°C for 3 
min. After heat treatment, the milk samples were cooled 
to 25 degrees Celsius to be used for kefir production. Kefir 
production was carried out according to the traditional 
method, and each group was inoculated with 3% kefir 
grains. In accordance with the experimental design, 
two incubation temperatures “24°C and 28°C” were 
applied. For each temperature condition, two different 
incubation durations were implemented: the first group 
was incubated for 19 h, and the second group for 23 h. As 
a result of this grouping procedure, a total of 16 distinct 
kefir samples were obtained. PH values and total bacterial 
counts were measured on days 0, 5, 10, and 15 of storage. 
The enumeration of total aerobic mesophilic bacteria was 
performed using the pour plate method on Plate Count 
Agar (PCA; Darmstadt, Germany), followed by incubation 
at 30°C for 48 h. Colony-forming units were then counted 

[15]. pH measurements were conducted using a digital pH 
meter (Hanna HI 2211c pH/ORP Meter) with a sensitivity 
of 0.01 units [16].

Fuzzy Logic Based Decision Support System

The operation of fuzzy systems is based on interval 
mathematics and fuzzy logic, utilizing linguistic variables 
derived from membership functions as inputs in the 

Table 1. Class limits for somatic cell count and fat measurements

Class Limits Low High

Somatic Cell Count (SCC) (cells/mL) x<400.000 x≥400.000

Fat (%) x<3.5 ≥3.5
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decision-making process [17]. These input variables are 
matched through the antecedents of linguistic IF-THEN 
rules. The output of each rule is then converted into a 
numerical value by applying a defuzzification method 
based on the membership degrees of the relevant variables. 
The fuzzy inference system refers to the process of 
systematically mapping a comprehensive set of linguistic 
variables into output values through a rule-based 
framework. Fig. 1 illustrates the operational structure 
of the fuzzy inference system. As shown in the diagram, 
the system architecture comprises four fundamental 
components: fuzzification, the fuzzy inference engine, the 
fuzzy rule base, and defuzzification. 

In the fuzzification phase, converting crisp variables 
representing the quality evaluation of kefir samples into 
fuzzy inputs is carried out. During this process, the shape 
of the membership functions for the input variables, 
their positions on the x-axis, and the number of subsets 
is determined. By assigning a membership function 
ranging between 0 and 1 to each input variable, the 
transformation into linguistic variables is achieved [18]. A 
membership function essentially consists of five conceptual 
components: the core (elements with a membership degree 
of 1), the support (elements with membership degrees 
greater than 0), the boundary regions (elements with 
membership degrees between 0 and 1 surrounding the 
core), the crossover point (elements with a membership 
degree of 0.5), and the height (the maximum membership 
degree attained by any element of the set). In this study, 
triangular, trapezoidal, and S-shaped functions were 
used by considering the structure of the input variables 
and the variation in quality class intervals. The triangular 
membership function is represented by three parameters: 
the interval between parameters  and  constitutes 
the support, and parameter  represents the core of the 

membership function [17]. Its mathematical representation 
is given in Equation 1.

	 [1]

The trapezoidal membership function is expressed by the 
function given in Equation 2, where the intervals between 
parameters  and  define the boundaries of the 
function, whereas the interval between parameters  
constitutes the core of the function [19].

	 [2]

The S-shaped membership function is represented by 
the mathematical expression given in Equation 3 for an 
increasing trend and in Equation 4 for a decreasing trend, 
through the parameters a₁, a₂, and a₃ [19]. 

	 [3]

	 [4]

In the inference phase, fuzzy information is expressed 
through IF-THEN rules using the logical connectors 
AND and OR. The process of deriving new information 
from the knowledge stored in the system’s knowledge base 
is referred to as inference. In this process, the fuzzy sets 
in the knowledge base and the input and output variables 
in the model are defined, and the decision-making logic 
operates in conjunction. The rules were prepared based 
on expert knowledge and a detailed literature review, 
taking into account the number of subsets of the input 

Fig 2. Designed fuzzy system (a), Incubation time membership function (b), Incubation 
temperature membership function (c), Storage time membership function (d), pH membership 
function (e) and Total bacteria count membership function (f) 
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variables. In this study, the ‘Mamdani’ inference method 
was used [20,21]. The rule structures of the Mamdani method 
are presented in Equation 5, where  and  represent 
input variables, and  and  represent output variables. 

 and  denote membership functions, while  
and  indicate the fuzzy result sets at the end of each rule 

[22].

		
[5]

In the defuzzification phase, converting the fuzzy 
information obtained during the inference phase into precise 
output values is carried out. In this study, the ‘Centroid’ 
defuzzification method was used [23]. The mathematical 
representation of the Centroid method is provided in 
Equation 6, where  represents the defined output variable,  

 represents the membership degree of the output 
variable, and  represents the defuzzified value.

				               	     [6]

In the output of the system designed within the scope of 
the study, kefir quality indices were calculated for each 
observation, and quality classes were obtained. The 
applications related to the fuzzy logic-based decision 
support system were carried out in the R2024b (Matrix 
Laboratory) environment. The quality classes of the 
kefir samples were also obtained through expert opinion 
provided by a subject-matter specialist. The quality 
evaluations of the fuzzy logic-based decision support 
system and those of the expert were compared. In addition, 
Kappa statistics and agreement test results were included  
to assess the consistency of the decisions.

Results
In the design of the fuzzy system, the class intervals 
defined for the input variables are presented in Table 2. In 
this context, the classes were designed to be overlapping, 
in other words, to allow for partial intersection. According 
to the information provided in the table, in order to obtain 
high-quality kefir, the incubation time should be 19 h, and 
the incubation temperature must be maintained between 
22-24°C. One of the significant indicators of high-
quality kefir is the pH measurement, which is expected 
to be around 4.6. In the kefir production process, a total 
aerobic mesophilic bacteria count of 7.85 or a value close 
to it indicates that the kefir quality is high. Increases in 
the amount of total aerobic mesophilic bacteria within 
acceptable limits are interpreted as an indication that 
the kefir production has been carried out in a healthy 
manner and that the beneficial microorganisms within 
the structure of the kefir are functioning properly.

In the Matlab environment, to perform the fuzzification 
process, which is the first step of the fuzzy system design 
within the ‘fuzzy logic designer’, the membership functions 
of the selected parameters were defined. Additionally, the 
quality classes and class intervals were established based 
on the information presented in Table 2. The general 
structure of the fuzzy logic-based decision support system 
designed within the scope of this study is presented in Fig. 
2-a. As can be seen in the toolbox, the system consists of 
five input variables and one output variable.

In the scope of this study, the membership functions of 
the input variables, are presented as follows: Incubation 

Table 2. Quality class ranges of input variables

Class Incubation Time 
(Hour)

Incubation 
Temperature (ºC)

Storage Time 
(Days) pH Total Aerobic Mesophilic Bacteria 

Count (cfu/mL)

Low x<22 or 24>x 10>x 3<x<4.3 x<7.5

Medium 20<x<24 . 6<x<10 4<x<4.35 7<x<7.85

High 18.5<x<21 22<x<24 2<x<6 4.3<x<4.65 7.85≤ x ≤9.5

Fig 3. Fuzzy logic toolbox rule base
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time in Fig. 2-b, incubation temperature in Fig. 2-c, storage 
time in Fig. 2-d, pH in Fig. 2-e, and total bacterial count 
in Fig. 2-f. The selection of membership functions was 
carried out by considering the variation and structural 
characteristics of the input variables. For instance, when 
the incubation time exceeds 23 h, declines in kefir quality 
and structural deficiencies are encountered. Therefore, 
the S-shaped membership function was preferred. 
However, for the classes defined as high and medium, the 
boundaries related to the incubation time could, using 
triangular membership functions, be represented, thereby 
enabling the transformation into fuzzy numbers. Similar 
interpretations are valid for incubation temperature and 
storage time. When evaluating the membership function 
of another input variable, pH, it was determined that 
the fuzzification of the continuous data obtained using 
triangular membership functions led to better system 
performance than other methods. Considering the 
conditions under which kefir bacteria are cultivated, 
S, and triangular membership functions were used to 
represent the total bacterial count variable based on the 
variation in the data structure. In the inference stage, a 
rule base was created for the representation of knowledge. 
A section of the rule table created for the input variables 
used is presented in Table 3. According to the fuzzy 

system structure, 108 “if-then” rules were formulated. 
The number of rules was obtained by the multiplication 
of the number of membership functions for each of the 
input variables. However, depending on the nature of the 
research, changes in the number of rules may occur in 
some cases. Here, “H” indicates high, “L” indicates low, 
and “M” indicates medium. The application of the rules 
indicates the decision’s quality.

In Fig. 3, the general view of the fuzzy rules created with 
the help of the ‘rule viewer’ in the fuzzy logic toolbox of 
the Matlab Program is presented. The views in the first 
five columns represent the input variables, while the 
views in the rightmost column represent the kefir quality 
classes. As can be seen in Fig. 3, when the incubation time 
of the kefir sample is 23 h; the incubation temperature is 
28°C; the storage period is 15 days; the pH value is 4.03; 
and the total bacterial count is 6.26 cfu/mL, the output 
value obtained using the defuzzification method is 0.194. 
The quality class decision of the fuzzy system for the kefir 
sample is interpreted as “low.” When the figures were 
evaluated by an expert, it was confirmed that the fuzzy 
system produced realistic and accurate decisions.

As a result of the analyses conducted using the fuzzy 
logic-based decision support system, the changes in kefir 

Table 3. Fuzzy rules

Rule 
No Input 1 Class Input 2 Class Input 3 Class Input 

4 Class Input 
5 Class Kefir 

Quality

1 If IncTime H AND Inc.Temp. H AND Stor. Time H AND pH H AND TBC H THEN H

4 If IncTime H AND Inc.Temp. H AND Stor. Time H AND pH M AND TBC H THEN H

5 If IncTime H AND Inc.Temp. H AND Stor. Time H AND pH M AND TBC M THEN H

14 If IncTime H AND Inc.Temp. H AND Stor. Time M AND pH M AND TBC M THEN M

15 If IncTime H AND Inc.Temp. H AND Stor. Time M AND pH M AND TBC L THEN M

18 If IncTime H AND Inc.Temp. H AND Stor. Time M AND pH L AND TBC L THEN M

19 If IncTime H AND Inc.Temp. H AND Stor. Time L AND pH H AND TBC H THEN H

27 If IncTime H AND Inc.Temp. H AND Stor. Time L AND pH L AND TBC L THEN L

28 If IncTime H AND Inc.Temp. L AND Stor. Time H AND pH H AND TBC H THEN H

29 If IncTime H AND Inc.Temp. L AND Stor. Time H AND pH H AND TBC O THEN H

83 If IncTime L AND Inc.Temp. L AND Stor. Time H AND pH H AND TBC O THEN M

84 If IncTime L AND Inc.Temp. L AND Stor. Time H AND pH H AND TBC L THEN M

85 If IncTime L AND Inc.Temp. L AND Stor. Time H AND pH M AND TBC H THEN M

86 If IncTime L AND Inc.Temp. L AND Stor. Time H AND pH M AND TBC M THEN M

87 If IncTime L AND Inc.Temp. L AND Stor. Time H AND pH M AND TBC L THEN L

98 If IncTime L AND Inc.Temp. L AND Stor. Time M AND pH L AND TBC M THEN L

99 If IncTime L AND Inc.Temp. L AND Stor. Time M AND pH L AND TBC L THEN L

100 If IncTime L AND Inc.Temp. L AND Stor. Time L AND pH H AND TBC H THEN H

104 If IncTime L AND Inc.Temp. L AND Stor. Time L AND pH M AND TBC M THEN L

105 If IncTime L AND Inc.Temp. L AND Stor. Time L AND pH M AND TBC L THEN L

107 If IncTime L AND Inc.Temp. L AND Stor. Time L AND pH L AND TBC M THEN L

108 If IncTime L AND Inc.Temp. L AND Stor. Time L AND pH L AND TBC L THEN L



Kafkas Univ Vet Fak Derg
AKILLI, KEZER, KUL

685

quality were visualized in a three-dimensional graph. 
In Fig. 4, the surface view of the rules in the Matlab 
program is presented: total bacteria count-incubation 
time (a), total bacteria count-incubation temperature 
(b), total bacteria count-storage time (c), and pH-total 
bacteria count (d). As can be seen in Fig. 4-a, when the 
incubation time exceeds 20 h, significant decreases in 
kefir quality can be observed, especially under conditions 
of high bacterial load. The findings in Fig. 4-a indicate 
that exceeding a certain threshold of fermentation time 
negatively affects microbial viability and/or metabolic 
balance and leads to a decrease in product quality. In 
Fig. 4-b, when the incubation temperature exceeds 24°C, 
losses in kefir quality occur in parallel with decreases 
in bacterial count. At this point, it was determined that 
the increase in temperature negatively affected microbial 

activity and reduced fermentation efficiency. Similarly, 
Fig. 4-c shows that increases in storage time caused 
decreases in total bacterial count and kefir quality. Fig. 
4-d also shows that decreases in pH and total bacterial 
count lead to decreases in kefir quality. The findings of the 
research demonstrate that reductions in the kefir quality 
index occur with decreasing pH values and low microbial 
density. It was concluded that the reflection of laboratory-
prepared conditions on kefir quality could be interpreted 
successfully through fuzzy numbers and the fuzzy rule 
base within the fuzzy logic-based decision support system.

In Table 4, a portion of the quality evaluation results of 
kefir samples produced from milk samples categorized as 
having low or high levels according to somatic cell count 
is presented. Based on the evaluations conducted on the 
kefir samples, it was determined that the low somatic 

Fig 4. Surface view representations of the fuzzy logic-based decision support system: Total bacterial 
count- incubation time (a), Total bacterial count - incubation temperature (b), Total bacterial count 
- storage time (c), pH - total bacterial count - (d)

Table 4. Fuzzy system and expert decision results for somatic cell groups

Kefir 
Sample SCC Group Incubation Time 

(Hour)
Incubation 

Temperature (ºC)
Storage Time 

(Days) pH TBC System 
Decision

Expert 
Decision

1 Low 19 24 0 4.503 9.18 Medium High

6 Low 19 28 0 4.480 9.22 Medium High

18 Low 19 24 5 4.17 9.02 High High

22 Low 19 28 5 4.14 9.18 High High

28 High 23 24 5 4.13 8.95 High High

35 Low 23 24 10 4.1 8.72 High High

40 Low 23 28 10 4.09 8.38 Medium Medium

48 High 23 28 10 4.11 8.76 Medium Medium

57 High 19 24 15 4.077 6.37 Low Low

64 High 23 28 15 4.009 6.49 Low Low
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cell group kefir was of better quality compared to those 
in the high somatic cell group. In the evaluation of kefir 
samples classified according to somatic cell count (SCC), 
an increase in SCC level was found to be associated with 
a decrease in kefir quality classifications. As presented in 
Table 4, kefir samples in the low SCC group were observed 
to be classified predominantly as medium or high quality, 
whereas samples in the high SCC group were more 
frequently determined to be of lower quality. In Table 5 
is presented a portion of the quality evaluation results, of 
kefir samples produced from milk samples categorized 
by milk fat content as low and high. Similar values were 
obtained regarding kefir quality across the milk fat 
profiles (Low/High). When the fuzzy logic-based decision 
support system and expert evaluations were compared 
within the scope of the SCC and fat groups, a correct 
classification rate of 93.75% and a high level of agreement 
were observed. Similarly, in the milk fat content groups, 
the system showed a 93.75% overlap with expert decisions, 
indicating consistent performance across different milk 
component groups. To evaluate the statistical agreement 
between the system and expert decisions, Cohen’s Kappa 
coefficient and Chi-Square (χ²) values were calculated. 
The results indicated that the Kappa statistic value 
reflected a very high level of agreement for both of somatic 
cell and fat groups (SCC group 
; Fat group .  The designed fuzzy 
system could model expert decisions with high accuracy 
in accordance with multivariate quality parameters and 
demonstrated effective learning performance in samples 
characterized by uncertainty. The Chi-Square values 

 calculated 
within the scope of the analyses proved statistically 
significant, demonstrating that the harmony between the 
fuzzy system and expert decisions was not coincidental 
but occurred through a strong relationship (P<0.05). 

Discussion
A review of scientific studies in the literature addressing 
fuzzy logic-based decision support systems and quality 
classification problems has observed that features similar 
to those in the fuzzy system designed in this study are 
present. Moreover, the performance level of the findings 
is high. In the study conducted by Harris [24], the input 
variables were considered in terms of compositional (fat, 
dry matter) and hygienic aspects (SCC, total bacterial 
count). A system with a similar structure was designed, 
similar to our study. Kavdır and Guyer [25] designed a 
decision support system for apple quality grading using 
triangular and trapezoidal membership functions, along 
with the Centroid method, similar in structure to our 
study. Working with a much larger dataset than our 
research, the authors included input variables based on 
physical characteristics and reported a success rate of 89%. 
In the decision support system designed by Görgülü [19] 

for the quality classification of floral honey, triangular 
and trapezoidal membership functions and the Mamdani 
inference method were employed, similar to our study.  
A success rate of 94.28% was reported. Unlike our study, 
another study used a smaller number of samples and rules. 
In another study by the same author on fig fruit quality 
classification, a similar system operation and comparable 
success rate (94.26%) were observed [26]. Consistent with 
our study, a similar system operation was employed for 
agricultural product quality assessment by Baskar and 
Doraipandian [27]. Cha et al.[6] also designed a system 
incorporating triangular membership functions and the 
Mamdani inference method, similar to the structure of 
our study. In contrast to the current study, which used 
fewer samples, a different study used a larger number 
of samples, yet the system’s success rate was reported as 
77%. Akıllı et al.[28] developed a fuzzy logic-based decision 
support system aiming to classify raw milk samples into 

Table 5. Fuzzy system and expert decision results for milk fat groups

Kefir 
Sample Fat Group Incubation 

Time (Hour)
Incubation 

Temperature (ºC)

Storage 
Time 

(Days)
pH TBC System 

Decision Expert Decision

1 Low 19 24 0 4.582 7.9 Orta High

6 Low 19 28 0 4.514 8.99 Orta High

18 Low 19 24 5 4.18 8.85 High High

22 Low 19 28 5 4.13 9.03 High High

28 Low 23 24 5 4.17 9.27 High High

35 Low 23 24 10 4.12 8.38 High High

40 Low 23 28 10 4.09 7.42 Medium Medium

48 Low 23 28 10 4.09 8.14 Medium Medium

57 High 19 24 15 4.116 5.86 Medium Medium

64 High 23 28 15 4.029 6.26 Low Low
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quality classes, utilizing the measured values of total 
bacterial count, somatic cell count, and protein content as 
input variables. Kefir production modeling was addressed 
similar to the present study, in the study conducted by 
Akgül et al.[29]. In that study, incubation temperature, 
incubation time, and culture inoculum ratio were used as 
input variables. Unlike our study, where pH was reported 
as the output variable to be achieved at the end of kefir 
production. Additionally, due to the use of fewer input 
variables than in our study, fewer rules were employed. 
Akgül et al [30] modeled a similar dairy product, yogurt, 
using the Mamdani inference method. The researchers, 
who employed a system structure similar to our study, 
defined pH as the output variable. In contrast to our 
study, a different number of membership subsets and 
rules were used in this study, and a total of 343 yogurt 
samples were analyzed. As in our study, a high system 
success rate of 90.27% was obtained for the system in 
question. In the study by Ertekin and Kaya [31], a similar 
structure was used with a fermented food product, and 
a comparable decision support system was designed. 
Similar to our study, microbiological analyses were used 
as input variables. As a result of their analysis, it was found 
that the decision support system which was established 
to determine the quality classes of samples showed a 
success rate of 85%. Unlike our research, the number of 
input variables in the study mentioned was three, and 
the number of rules was reported as 27. Upon reviewing 
fuzzy logic-based decision support systems designed for 
quality assessment of food and agricultural products in 
the literature, it has been determined that the number 
of input variables, membership functions, and subset 
counts vary depending on the nature of the product under 
investigation. System optimization is largely dependent on 
the accurate definition of the membership function. The 
subsequent stages of the system continue their operation 
through these functions. Therefore, a detailed literature 
review and system testing are of critical importance. 
Another crucial aspect is the accurate integration of 
expert knowledge into the system for the optimization of 
rules, as the performance of fuzzy systems largely depends 
on the knowledge-based consistency of the defined rules.

In this study, a decision support system was developed to 
assist in classifying the quality of kefir samples included 
in the dataset by evaluating their microbiological 
characteristics. By transforming numerical findings 
expressed as crisp values into fuzzy numbers, a large 
number of variables were simultaneously integrated into 
the system. Instead of binary definitions expressed only 
as “low-high,” a more flexible perspective was introduced 
for addressing the quality problem. An objective approach 
was presented for the quality evaluation of kefir, one of the 
fermented dairy products. The experimental validation 

studies revealed that the system achieved a success rate of 
93.75% in agreement with expert decisions. Furthermore, 
the statistical analyses of the system outputs indicated 
a highly significant level of consistency between the 
evaluations of human experts and the system results. 

In conclusion, the developed fuzzy logic-based decision 
support system was able to classify kefir quality with 
high accuracy under conditions of uncertainty caused 
by measurements and environmental variables. In this 
regard, the fuzzy system contributed to the effective 
management of uncertainty in the quality control 
processes of dairy products and provided a flexible 
and reliable decision support approach. The study also 
examined the effects of grouping milk samples according 
to somatic cell count and milk fat content, on kefir quality. 
It was determined that increases in somatic cell count had 
a negative effect on kefir quality. It was also observed that 
increases in milk fat partially affected the kefir formation 
process. The total bacterial count was identified as the 
most important variable in kefir quality. The presence of 
probiotics, which enable the formation of kefir and are 
of great importance for human health, was identified as 
one of the most crucial factors determining kefir quality. 
When the effects of variations in the other input variables 
included in the system, on kefir quality were evaluated, 
it was observed that high-quality kefir was obtained with 
an incubation time of 19 h, an incubation temperature of 
22-24°C, and a storage period of 5 days. In future studies, 
different perspectives may be developed by addressing 
different types of input variables, membership functions, 
inference, and defuzzification methods. It is also believed 
that the integration and optimization of different artificial 
intelligence methods will make a positive contribution 
to the quality assessment of fermented food products. 
The information presented in this study is expected to 
be beneficial to researchers working in the fields of food, 
agriculture, animal husbandry, and veterinary sciences 
in terms of decision-making, quality evaluation, and 
classification processes.
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Introduction
Pharmaceutical residues originating from human and 
veterinary use are increasingly recognized as micro-
pollutants in aquatic environments [1]. These substances 
can persist at low concentrations in surface and ground 
waters, exerting biological activity on non-target 
organisms and potentially altering ecosystem functions [2,3]. 
The combined input from wastewater treatment plants, 
agricultural runoff and the application of animal 
manures create continuous exposure scenarios for aquatic  
biota [4,5].

An additional notable cause of drug contamination arises 
from utilizing fecal matter from animals like pigs, poultry, 
and humans as a source of nutrients. As highlighted by 
Suryanto et al.[6], some antibiotics may have a longer half-

life in water and can lead to adverse effects on the fish 
species. Reports have highlighted the adverse effects of 
antibiotics on aquatic organisms, including impacts on 
survival, growth, reproductive capabilities, and changes in 
biochemical indicators, potentially disrupting the entire 
aquatic food chain.

In large-scale animal farming, veterinary drugs such as 
coccidiostats and anthelmintics are commonly given 
to livestock. These chemicals can enter the aquatic 
environment through animal waste from outdoor 
animals or when contaminated liquid manure is applied 
to farmland. Through processes like surface runoff, 
leaching, and drift, these substances can lead to both acute 
and chronic toxicity in aquatic organisms, potentially 
disrupting biodiversity and affecting the functioning of 
ecosystems [7,8]. 
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Abstract

Pharmaceutical residues from livestock production are increasingly detected in aquatic 
systems where they may persist at low concentrations and affect non-target organisms. 
Among these, Amprolium is a coccidiostat extensively used in poultry farming with 
residues capable of reaching surface waters via runoff from manure-amended soils and 
wastewater effluents. Despite its widespread use, ecotoxicological data for freshwater 
invertebrates are limited, restricting reliable environmental risk assessment. This study 
aimed to evaluate both acute and chronic effects of Amprolium on Daphnia magna, 
a sensitive and widely used model organism in aquatic toxicology. Acute toxicity 
tests, performed according to OECD protocols, exposed neonates (<24 h old) to five 
concentrations (100–300 mg/L), producing a clear concentration- and time-dependent 
response, with a 48-h EC50 of 48.71 mg/L. Chronic 21-day exposures at environmentally 
relevant concentrations (0.0625 and 0.125 mg/L) significantly reduced survival, 
heart rate and reproductive output relative to controls (P<0.05). Statistical analyses 
demonstrated that both exposure level and duration strongly influenced physiological 
and reproductive endpoints. These findings reveal that even trace levels of Amprolium 
may disturb population dynamics and ecosystem functioning. The results highlight 
the scientific and practical importance of incorporating ecotoxicity data into livestock 
waste management strategies and support the need for regulatory measures to limit 
pharmaceutical emissions to aquatic environments.
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Amprolium is one of the widely used pharmaceuticals in 
poultry production as a coccidiostat, and residues have the 
potential to reach surface waters via runoff from manure-
amended fields or direct discharges from intensive farms. 
The paucity of standardized acute and chronic ecotoxicity 
data for Amprolium constrains robust risk assessment for 
freshwater invertebrates [9].

Daphnia magna, used in this study, is a widely recognized 
model organism in aquatic toxicology, frequently 
employed in both acute and chronic assays due to its 
high sensitivity to pollutants and practical advantages 
over vertebrate species. Its use facilitates pre-screening 
of chemicals, supports alternative testing strategies, and 
contributes to the development of more efficient and 
sustainable approaches in environmental risk assessment 
and toxicological research.

This study aims to fill that gap by quantifying both 
short-term (12-48 h EC10-EC50) and long-term (21-day 
reproductive and survival) effects of Amprolium on 
Daphnia magna, a standard model organism in aquatic 
toxicology. By coupling conventional endpoints (mortality, 
reproduction) with physiological measures we provide  
a more comprehensive toxicological profile and discuss 
the ecological implications for aquatic systems impacted 
by livestock waste.

Material and Methods
Ethical Statement

The study does not require approval from the Local 
Animal Experiments Ethics Committee.

Test Organism and Culture Conditions 

Cultures of Daphnia magna were maintained in the 
laboratory before acute and chronic tests. For all 
toxicity tests, Daphnids (<24 h old) were obtained from 
these stock cultures and acclimated to test conditions. 
All toxicity tests were performed at 21°C±0.5°C in a 
temperature-controlled laboratory, consistent with 
standard Daphnia test conditions. Dissolved oxygen and 
pH were measured in all treatments and controls and were 
kept within acceptable ranges (dissolved oxygen ≥6 mg/L 
in stock; during tests, dissolved oxygen was maintained 
and reported for each group). The water temperature 
was maintained at 26°C±1°C in the laboratory where the 
research was conducted. Lighting was provided with a 
photoperiod providing 12 h of light and 12 h of darkness 
using fluorescent lamps placed on the water surface and 
automatically turning on and off. Each box contained an 
air stone that provided 8-10 ppm of oxygen. Test solutions 
were refreshed three times a week. Daphnia was fed with 
0-100 µ size Inve Aquaculture brand feed daily. The feed 
was given in 0.1 g powder form by dissolving it in water.

Preparation of Amprolium

Ampronet oral solution, containing 250 mg/mL of 
Amprolium, was obtained from a local pharmaceutical 
warehouse in Tekirdağ, Türkiye. The solution, with 
Amprolium as its active ingredient, was then directly 
added to the experimental aquarium.

Acute Toxicity Tests

Acute toxicity tests expose Daphnia magna to elevated 
concentrations of a substance for a brief period, usually 
between 24 and 48 h. The acute toxicity test of Amprolium 
was conducted following standard OECD protocols for D. 
magna acute test [10] under laboratory conditions that were 
consistent with the rearing procedures. Acute toxicity 
assays were conducted using Daphnids (<24 hrs old) to 
calculate EC10 and EC50 values. In addition to EC50, EC10 
values were calculated to provide a more ecologically 
relevant threshold for sublethal effects. While EC50 
represents the concentration at which 50% of the organisms 
show a response, EC10 is a more sensitive indicator of early 
physiological or behavioural changes that may occur at 
environmentally realistic concentrations. This parameter 
is frequently recommended in regulatory ecotoxicology as 
it better reflects no-effect or low-effect levels, which are 
critical for risk assessment and environmental protection 
standards.

Five test concentrations (100, 125, 200, 225 and 300 mg/L) 
plus a control were tested in triplicate, with 20 Daphnids 
per replicate (60 per concentration). The experiment 
employed 100 mL glass beakers as test containers; each 
filled with 25 mL of the test solution. The trial was 
conducted in the absence of aeration. Throughout the 
experiment, the test organisms did not receive any food 
to avoid affecting water quality. Immobility of Daphnia 
samples was assessed by gently shaking test tubes and the 
dead were observed to sink to the bottom motionless. pH 
and oxygen levels were assessed in the control and the test 
concentrations. Water change was done every 24 hours. 
Immobilization was recorded at 12, 24, 36 and 48 h by 
gently agitating the beakers and noting organisms that 
were unable to swim after agitation. No food was supplied 
during acute tests to avoid water-quality changes. pH and 
dissolved oxygen were monitored and reported for each 
sampling time.

Chronic Toxicity Tests

A total of 180 Daphnia magna were used for chronic toxicity 
tests consisting of three groups, one control and two trial 
groups, each containing 60 daphnids. Each group was kept 
in separate 9 boxes to consist of 3 replicate subgroups. 
The Daphnia divided into groups were obtained from the 
same aquarium and distributed according to the random 
sampling method. Chronic toxicity assays involve extended 
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exposure of Daphnia magna to lower concentrations 
of a substance, typically over several generations. The 
chronic assessments of Daphnia magna were conducted 
over 21 days, adhering to established OECD protocols [11] 
and maintaining the same temperature and photoperiod 
outlined in the rearing procedures. Daphnids, aged less 
than 24 hours at the start of the test, were exposed for 21 
days to two different concentrations of Amprolium 0.0625 
and 0.125 mg/L. These concentrations were determined 
considering concentrations likely to be present in practical 
wastewater conditions, with the European Food Safety 
Authority (EFSA) referring to predicted environmental 
concentrations of Amprolium in groundwater and surface 
water as 0.036 and 0.012 mg/L [12]. One group was kept in 
control and not exposed to Amprolium. The count of living 
offspring generated per animal per day was monitored 
from the initial offspring’s first day. The Daphnids were 
transferred to freshly prepared pharmaceutical dilutions 
every alternate day and received daily feeding. Over the 21 
days, the creatures were observed daily for mortality and 
reproductive status. Survival and offspring production 
were evaluated each time the solutions were refreshed, 
with pH and oxygen levels measured concurrently. The 
animals were not fed during the test times. The number of 
deaths and eggs were also recorded on the same test days.

The transparency of Daphnia magna enables clear 
observation of its internal structures and physiological 
processes under a microscope. On measurement days, 
individual test organisms were placed on a single-cavity 
microscope slide in a 50 µL droplet of aquarium water. 
One-minute video recordings of their movements 
under the microscope (Soif BK300-L) were taken and 
slowed down to 25% of the original speed using VLC 
Media Player. This approach was chosen because direct 
microscopic counting of heartbeats is often error-prone 
due to their rapid contractions. Video analysis provides 
more precise and reproducible results, reduces observer 
bias, allows post-experiment verification, and enables 
reliable detection of subtle physiological changes during 
long-term exposure.

Statistical Analysis

The software SPSS v27.0 was used for the statistical analyses. 
A one-way analysis of variance (ANOVA) followed by a 
Scheffe test was applied to assess the statistical differences 
between the different pharmaceutical concentrations 
and the control (P<0.05) to determine if the applied 
concentration of the pollutants had a significant effect on 
the heartbeats. 

The two-way Repeated Measures ANOVA, employing 
a Huynh-Feldt correction was used for mean heartbeat 
values across assessment stages.

The chi-square test was used to compare mortality rates 

between groups, and the weekly egg production numbers 
were compared using the Kruskal-Wallis test due to non-
normal distribution.

The acute EC10 (10% mortality) and EC50 (50% mortality) 
assays (measuring immobile organisms) were performed 
in triplicate for 100, 125, 200, 225 and 300 mg/L 
concentrations of Amprolium, each treatment containing 
60 (20x3) Daphnids. The 95% confidence limits for these 
assays, as well as for the 12, 24, 36 and 48-h acute test was 
determined by calculating the effective concentration 
values and their 95% confidence limits using non-linear 
regression analysis through Probit analysis. Concentration 
factors were used as input data concentrations.

Results 
The mean of the heartbeat measurements was expressed in 
heartbeats per minute and averaged for the experimental 
and control test animals.

Acute Tests

Exposure of D. magna to Amprolium at different 
concentrations for 12, 24, 36 and 48 h resulted in a negative 
effect on its survival. During the acute tests with Daphnids, 
no mortality was observed in the control group. The oxygen 
content remained unaltered and there were no significant 
pH fluctuations throughout the testing process. Table 1 
presents the concentration levels examined, alongside the 
calculated EC10 and EC50 values for 12, 24, 36 and 48 h. A 
significant increase in deaths over time was observed due 
to the effect of the applied concentrations. Both EC50 and 
EC10 values ​​were determined to provide insight into low 
effect levels that would occur at environmentally realistic 
concentrations. Fig. 1 also demonstrates the concentration 
effect on survival over time. 

Chronic Tests

Results showed that even low concentrations of 
Amprolium in water led to a decrease in heart rates, while 
simultaneously increasing death rates, egg numbers, and 
offspring production (P<0.05). pH levels for control, 
0.0625 and 0.125 mg/L groups were 7.04 (6.97-7.20), 6.58 
(6.40-6.73) and 6.52 (6.40-6.75), respectively while O2 
levels for control, 0.0625 and 0.125 mg/L groups were 6.18 
(6.00-6.40), 4.11 (4.00-4.20), 4.05 (4.00-4.20).

Changes in the Heartbeats

Over 21 days, differences in heart rates of Daphnia magna 
exposed to varying concentrations of Amprolium revealed 
a significant reduction in heart rates with increasing 
concentrations (Table 2, P<0.05). The 0.125 g/mL group 
showed a significant difference from the control group 
within the first 3 days and differed from the 0.0625 g/mL 
group on day 6. By days 9 and 12, the trial groups were 
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significantly different from the control group, with all 
groups showing significant differences from each other 
on days 15, 18 and 21 (P<0.05). 

After the sixth day, the trial groups differed from the 
control group (P<0.05), while the control group drew 
almost a stable curve throughout the entire study (Fig. 2). 

The two-way repeated measures ANOVA test revealed 
that the difference between the repeated measurements 
depending on time and the interaction of the concentration 
with time was statistically significant (P<0.05).

The two-way Repeated Measures ANOVA, employing a 
Huynh-Feldt correction, revealed a statistically significant 
variance in the mean heartbeat values across assessment 
stages (0, 3rd, 6th, 9th, 12th, 15th, 18th, and 21st days) (F (6.123, 
685.723) = 13.023, P<0.05) (Table 3, Table 4,). 

Table 1. Daphnia magna acute EC values for Amprolium with confidence limits (95% probability)

Exposure Time (h) n Mortalities EC Concentration levels 
(100-300 mg/L) LCIa UCIb

12 60 43.8
EC10 0.28 NA NA

EC50 21.55 NA NA

24 60 47.6
EC10 6.63 0.02 23.49

EC50 47.77 5.24 80.45

36 60 51.6
EC10 10.55 0.39 27.83

EC50 46.65 10.40 73.98

48 60 54.6
EC10 16.04 1.68 34.04

EC50 48.71 15.60 72.24

a: Lower Confidence Interval, b: Upper Confidence Interval

Fig 1. Acute EC values for Amprolium with confidence limits (95% 
probability) for Daphnia magna at 12, 24, 36 and 48 h

Fig 2. The course of the heart beats over time

Table 2. One-way ANOVA test results for group comparisons of heartbeats 
by time (days)

Days Concentration n S F Sig.

0

None 60 500.40 3.62

0.637 .5300.0625 60 501.25 4.36

0.125 60 495.58 3.45

3

None 60 503.87a 4.47

5.36 .0050.0625 60 492.93ab 5.98

0.125 60 479.08b 5.52

6

None 60 507.18a 5.40

6.86 .0010.0625 60 498.25a 5.97

0.125 59 478.59b 5.31

9

None 60 500.67a 4.35

9.96 .0000.0625 60 474.00b 5.30

0.125 57 472.68b 5.37

12

None 56 505.96a 4.56

12.15 .0000.0625 60 483.98b 5.59

0.125 50 470.24b 4.86

15

None 54 502.26a 4.42

20.91 .0000.0625 52 475.19b 5.30

0.125 44 458.20c 4.91

18

None 52 501.04a 3.51

35.94 .0000.0625 48 470.60b 4.97

0.125 42 452.62c 3.56

21

None 51 502.24a 2.59

103.14 .0000.0625 35 465.14b 3.36

0.125 29 439.83c 3.72

P<0.05



Kafkas Univ Vet Fak Derg
YARDIMCI, YAĞCILAR, POLAT

693

Additionally, time and concentration interactions were 
also found to be statistically significant (P<0.05).

Survival

The survival and mortality data of test organisms 
throughout the 21-day exposure period are presented in 
Table 5. According to these results, the highest mortality 
was recorded in the 0.125 g/L treatment group, whereas 
the lowest mortality occurred in the control group. The 

statistical significance of the differences among groups was 
further evaluated using the chi-square test, the outcomes 
of which are summarized in Table 6 (P<0.05).

Egg Numbers

Fertility, as indicated by the number of eggs produced  
per week, was negatively affected over time in the trial 
groups exposed to different concentrations of Amprolium 
(Table 7).

Table 3. The two-way repeated measures ANOVA - Mauchly’s test of sphericity

Within Subjects
Effect Mauchly’s W Approx. Chi-

Square df Sig.
Epsilonb

Greenhouse-
Geisser Huynh-Feldt Lower-bound

Time .442 89.298 27 .000 .811 .875 .143

b: A correction factor when the assumption of sphericity is violated

Table 4. Tests of within-subjects’ effects on heartbeats

Source Type III Sum of 
Squares df Mean Square F Sig. Partial Eta 

Squared
Noncent. 

Parameter
Observed 

Powera

Time

Sphericity 
Assumed 99468.287 7 14209.755 13.023 .000 .104 91.161 1.000

Greenhouse-
Geisser 99468.287 5.678 17518.467 13.023 .000 .104 73.943 1.000

Huynh-Feldt 99468.287 6.123 16246.283 13.023 .000 .104 79.734 1.000

Lower-bound 99468.287 1.000 99468.287 13.023 .000 .104 13.023 .947

Time * 
Concentration

Sphericity 
Assumed 60561.686 14 4325.835 3.965 .000 .066 55.504 1.000

Greenhouse-
Geisser 60561.686 11.356 5333.096 3.965 .000 .066 45.021 .999

Huynh-Feldt 60561.686 12.245 4945.809 3.965 .000 .066 48.546 .999

Lower-bound 60561.686 2.000 30280.843 3.965 .022 .066 7.929 .701

Error
(Time)

Sphericity 
Assumed 855444.657 784 1091.128

Greenhouse-
Geisser 855444.657 635.926 1345.195

Huynh-Feldt 855444.657 685.723 1247.508

Lower-bound 855444.657 112.000 7637.899

a: Computed using alpha = .05

Table 6. Chi-square tests for survival * concentration

Test Value df
Asymptotic 
Significance

(2-sided)

Pearson Chi-Square 18.686a 2 .000

Likelihood Ratio 20.120 2 .000

Linear-by-Linear Association 17.385 1 .000

N of Valid Cases 180

a. 0 cells (0.0%) have an expected count less than 5. The minimum expected count is 
21.67

Table 5. Survival * concentration crosstabulation

Survival
Concentration

Total
None 0.0625 0.125

Dead
Count 9 25 31 65

Expected Count 21.7 21.7 21.7 65.0

Alive
Count 51 35 29 115

Expected Count 38.3 38.3 38.3 115.0

Total
Count 60 60 60 180

Expected Count 60.0 60.0 60.0 180.0
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Discussion
This study utilized Daphnia magna as a sentinel species to 
examine the environmental and ecological consequences 
of pharmaceutical residues derived from animal waste. 
Findings revealed that even at trace concentrations, these 
contaminants present significant hazards to aquatic biota. 
In particular, changes in cardiac activity, survival rates, 
and reproductive output observed in Daphnia exposed 
to Amprolium emerged as highly sensitive biomarkers. 
Such endpoints can therefore serve as robust indicators 
for evaluating the ecological impacts of micropollutants 
and hold promise as early-warning metrics in aquatic 
environmental monitoring programs.

The acute toxicity tests conducted with Daphnia magna 
in the current study revealed a significant impact on 
their survival, demonstrating an increased sensitivity 
to Amprolium. The EC50 value, which indicates the 
concentration of a chemical toxic to 50% of the test 

organisms within a specific exposure period was 
determined to be 48.71 mg/L over 48 h. This finding 
underscores the heightened susceptibility of D. magna to 
Amprolium under laboratory conditions in a short-term 
exposure in this study. 

Various studies report EC50 values for antiparasitic and 
anticoccidial drugs with different values. Puckowski 
et al.[13] reported 48-h EC50 values for Flubendazole 
and Fenbendazole as 0.0448 mg/L and 0.0193 mg/L. 
Yoshimura and Endoh [9] found 48-h EC50 values for 
Amprolium hydrochloride, Levamisole hydrochloride, 
Pyrimethamine and Trichlorfon as 227 mg/L, 64.0 mg/L, 
5.2 mg/L and 0.00026 mg/L, respectively. It is important to 
recognize that EC50 values can vary significantly based on 
factors like strain, water hardness, pH, temperature, and 
other environmental conditions. As such, interpreting 
these values should be done carefully, considering the 
specific parameters of each study. Furthermore, the rate 
in surface waters and long-term exposure will lead to 

Table 7. Kruskal-Wallis Test results for the comparison of the egg numbers

Time Concentration n Mean Mean Rank Kruskal-Wallis 
H df P

Day 0

Control 60 2.92 86.33

1.442 2 .4860.625 60 3.37 96.92

1.25 60 2.82 88.25

Day 3

Control 60 3.35 89.78

1.456 2 .4830.625 60 3.48 96.47

1.25 60 3.00 85.25

Day 6

Control 60 2.25 116.12

28.486 2 .0000.625 60 1.40 86.31

1.25 59 .78 67.19

Day 9

Control 60 2.07 115.40

32,103 2 .0000.625 60 1.02 80.01

1.25 57 .63 67.48

Day 12

Control 56 1.70 96.03

9.398 2 .0090.625 60 .80 82.15

1.25 50 .52 71.09

Day 15

Control 54 1.56 92.56

19.934 2 .0000.625 52 .42 66.82

1.25 44 .27 64.82

Day 18

Control 52 1.58 90.36

24.189 2 .0000.625 48 .50 64.31

1.25 42 .21 56.37

Day 21

Control 51 1.49 72.01

22.765 2 .0000.625 35 .43 49.20

1.25 29 .14 43.98

P<0.05
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significant changes in concentration values. When the 
effects of mixtures of different wastes are added to this, 
the table will change completely.

Chronic toxicity assessments provide a comprehensive 
understanding of potential ecological impacts and aid 
in determining acceptable long-term exposure levels. 
Different chemicals can have varying effects on D. 
magna, causing toxicity and affecting mortality and 
reproduction. In the current research, D. magna exposed 
to different concentrations of Amprolium with increased 
concentrations significantly reduced the heartbeat rates 
and this decrease became more pronounced over time 
(P<0.05, Table 2). In an earlier study, the heartbeat rate 
proved to be the most sensitive toxicity endpoint [14]. 
Similar to this study, Vo et al.[15] examined the chronic 
effects of Ampicillin on Daphnia magna and found 
significant reductions in survival, reproduction, and 
growth. Several other researchers suggest that substances 
like herbicides, gasoline pollution, environmental hormones, 
and ethanol can impact the metabolism of Daphnia 
magna by reducing the heartbeat rate [16-18]. Taken together 
with literature information, our results indicate that 
the heart rate of Daphnia magna can provide a reliable 
basis for toxicological studies and testing of aquatic 
micropollutants.

The methodology applied in this study for calculating 
heart rate numbers led to different results from the 
numbers reported in the literature because the same 
precision was not applied in other similar studies. A 
remarkable change was seen in the numbers obtained by 
reducing the video recording speed to 25% in calculating 
the heartbeat numbers. This method offers the possibility 
of obtaining healthier values for fast repetitive movements 
at the microscopic level. In this study, it was determined 
that the control group had an average of 500 beats per 
minute, while values ​​around 300 and below are reported 
in the literature [19]. It was observed that when attempting 
to count the heartbeats of Daphnia under a microscope by 
eye, accurate values could not be obtained.

Considering the aspect of repeated measurements, 
significant differences in each measurement period 
were noticed in the experimental groups, while a stable 
condition was observed in the control group (Fig. 1, 
Table 3, Table 4). Time concentration interaction was also 
found to be statistically significant; differences in values 
occurred not only depending on time but also depending 
on concentration.

There was a significant difference between the 
concentration groups in terms of the number of deaths 
(P<0.05) during the chronic exposure. On a week-by-week 
basis, a significant increase in deaths has been observed in 
the last 3 weeks in the 0.125 and 0.0625 g/L concentration 

groups in the last week. Considering both the mortality 
rates and the decreasing number of heartbeats, it can be 
concluded that a significant number of Daphnia magna 
exposed to Amprolium initially exhibit physiological 
resistance, but this resistance diminishes over time. This 
finding is also significant as it highlights the emergence of 
the resistance threshold.

Amprolium also had a negative impact on fertility in 
Daphnia magna, with a decrease in the number of eggs 
produced corresponding to the higher concentrations 
used. It is important to note that, while the presence of 
residual Amprolium in the water reduces heart rates and 
egg production in Daphnia over time, it also leads to an 
increase in mortality.

To mitigate potential risks to the aquatic environment, 
proper regulations are needed concerning the sale, use, 
and disposal of medications. Additionally, sanctions 
should be enforced against those who fail to comply with 
these regulations.

Since anticoccidials are commonly used in animal 
husbandry, their residues often end up in animal waste. 
These drugs are typically absorbed slowly and excreted 
through the feces. When animal waste is used as 
fertilizer, anticoccidials can leach into the environment, 
contaminating soil and water. This is particularly 
concerning in intensive farming systems, where large 
numbers of animals are confined and fed medicated feed 
pellets. 

Pharmaceuticals and their metabolites, many of which are 
ionizable and whose ecotoxicological behavior varies with 
pH, represent an uncertain environmental risk; in marine 
aquaculture, their release via fish waste can contaminate 
coastal waters [20].

Building on the points discussed above, the following 
section highlights the key implications of our findings and 
their relevance to environmental risk assessment.

Daphnia studies are crucial for assessing the toxicity of 
aquatic substances, offering valuable insights into their 
ecological impacts. As sensitive water quality indicators, 
Daphnia help monitor environmental changes and 
evaluate ecosystem risks. The high responsiveness of D. 
magna to various stressors, including chemical pollutants, 
heavy metals, and pesticides, allows for detecting harmful 
effects even at low concentrations, making it a key model 
for evaluating environmental contaminants.

Utilizing both acute and chronic toxicity assays provides 
a comprehensive overview of a substance’s toxicological 
profile. Acute tests detect immediate hazards, whereas 
chronic tests uncover subtle, long-term effects. Regulatory 
agencies often mandate data from both types of assessments 
for substance approval and classification, highlighting 
their critical role in environmental risk evaluation.
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This study demonstrated that Amprolium had a 
significant effect on the survival and reproduction of 
Daphnia magna, highlighting its sensitivity as an indicator 
of micropollutant toxicity. Acute toxicity tests showed a 
clear increase in mortality over time, with statistically 
significant differences in repeated measurements and a 
notable interaction between concentration and time.

While pharmaceuticals are vital for treating infections, 
their responsible use is essential to minimize 
environmental damage from yearly pollutant releases into 
surface waters. Thus, standard laboratory ecotoxicity tests, 
as demonstrated by this study’s findings, could effectively 
assess ecosystem quality and rank hazards in water bodies 
affected by urban runoff and wastewater.

In conclusion, the long-term effects of pollutants on 
aquatic organisms, including reproductive issues, 
physiological changes, and sensitive species extinction, 
can disrupt ecosystems and lead to broader community-
level consequences. Therefore, we recommend that 
large-scale treatment plants integrate toxicity assessment 
with physicochemical parameter monitoring. This dual 
approach would refine animal waste management, 
reducing its potential impact on aquatic life before 
wastewater enters water systems.
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Introduction
Food security, defined in numerous ways, is commonly 
understood as ensuring access to sufficient, quality food 
for all, through availability, accessibility, and sustainable 
practices and prevent hunger [1]. A strong food security 
system ensures access to safe, nutritious food for a country’s 
population [2]. Aquatic animal production from fisheries 
and aquaculture worldwide reached 177.8 million tons in 
2020 [3-5]. For many people, especially in coastal cities, fish 
is an important source of food because they are high in 
vitamins and minerals, low in fat, and have a considerable 
source of protein. For the prevention of chronic diseases 
linked to diet, public health guidelines often include 1-2 
weekly servings of fish [6]. The internationally recognized 
definition of marine pollution encompasses the 
introduction of chemicals into the marine environment, 
either directly or indirectly through human activities, 
resulting in detrimental effects on biota and water quality [7]. 
Marine ecosystems face significant risk from industrial 
and domestic pollutant discharge [8,9]. The residence time 

of pollutants in estuaries results in a significantly greater 
impact on the coastal zone compared to inland river 
systems [10]. The presence of heavy metals and organic 
pollutants within marine environments constitutes a 
significant ecological concern. Heavy metal deposition in 
fish organs is influenced by metal concentration, exposure 
time, absorption, environmental factors (temperature, 
hardness, pH salinity, water and sediment metal levels, 
ecological needs), and fishing period and the water’s 
physical and chemical properties, and biological factors 
(age, feeding, size, gender). The primary organs of metal 
bioaccumulation are the gills, kidneys, and liver [11-13]. 

Heavy metal toxicity represents a major environmental 
and health concern, as exposure to these elements is 
associated with a wide range of adverse health effects. 
Although heavy metals have no essential biological 
role in the human body, their accumulation can impair 
physiological processes and disrupt normal biological 
functions. Prolonged retention of these toxic elements 
may result in chronic health conditions. The severity of 
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Abstract

Heavy metal (HMs) contamination in marine environments is a global concern, affecting 
fish health and seafood safety. This study examined the effects of HMs on 90 emperor 
fish from the Red Sea, focusing on metal levels in water and fish liver, blood parameters, 
and liver histopathology. Using inductively coupled plasma mass spectrometry, different 
levels of heavy metals were detected. While some metals, such as Pb, Cu, and Zn, were 
undetectable in seawater from both northern and southern regions, Ni, Fe, and Mn were 
higher in the north. As a result, compared to the South area, fish from the North showed 
a significant increase in serum hepatic enzymes, with ALT, AST, ALP, and GGT elevated 
by 27.3%, 36.9%, 11.6%, and 35.4%, respectively. Bilirubin levels were 20.5% higher in 
the North, indicating liver dysfunction. This matches liver histology findings, where the 
North area had a mean liver damage score of 2.0, indicating moderate hepatocellular 
degeneration, congestion, and prominent melanomacrophage centers. Conversely, the 
South area had a lower mean liver damage score of 0.5, reflecting mostly normal or mild 
changes and relatively intact liver structure. The study concludes that HMs poisoning 
significantly harms fish in the north, emphasizing the importance of biochemical 
and histopathological markers in assessing marine pollution and its risks to both 
environmental health and food safety.
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metal toxicity depends on the absorbed dose, the route of 
exposure, and the duration of contact [14]. Heavy metals 
exhibit several detrimental characteristics that make 
them particularly concerning from both environmental 
and biological perspectives. They possess long biological 
half-lives, allowing them to remain in organisms 
for extended periods without efficient metabolic 
elimination. Additionally, they have a high capacity for 
bioaccumulation and biomagnification, enabling them to 
concentrate in tissues and increase in abundance through 
the food chain. Their chemical stability contributes to 
strong environmental persistence, meaning they resist 
natural degradation processes and remain in ecosystems 
for decades or longer, posing sustained ecological and 
health risks [15]. 

The Red Sea represents a highly diverse and ecologically 
rich marine ecosystem, with more than 1.200 documented 
species of fish [16]. Sewage represents a significant 
environmental threat across the region. Coastal zones also 
host power and desalination plants, oil refineries, fertilizer 
production facilities, and chemical industries [17].

Fish and other seafood are frequently among the primary 
sources of metal exposure in the general population. 
When toxic metal concentrations in foods exceed 
permissible limits, they pose risks to human health and 
are prohibited from trade under many national and 
international regulations [18]. The experimental sites in 
Jeddah are subject to multiple contamination sources 
that significantly impact coastal water quality and marine 
ecosystems. The northern site (Dahaban) is near to 
Distillation Plant Dahaban which is a Water treatment 
plant. The southern site (Sarum) is close to the SAWACO 
seawater desalination plant and the Jeddah 2nd industrial 
city. These anthropogenic inputs may create distinct 
pollution gradients, making these locations ideal for 
comparative studies on heavy metal contamination and 
its effects on marine biota in the Red Sea ecosystem. This 
study investigates the effects of heavy metals on fish from 
the Red Sea, Jeddah. The research involves measuring 
the concentrations of selected heavy metals in seawater 
and fish liver, evaluating their impact on specific blood 
parameters, and examining histopathological alterations 
in fish liver tissue.

Materials and Methods
Ethical Approval

The animal study has been reviewed and approved by 
ZU‑IACUC committee. was performed in accordance 
with the guidelines of the Egyptian Research Ethics 
Committee and the guidelines specified in the Guide for 
the Care and Use of Laboratory Animals (2025). Ethical 
code number ZU‑IACUC/3/F/284/2025.

Study Sites and Fish Sampling

This study was conducted from 2023 to 2024 in one of the 
major urban cities of the Kingdom of Saudi Arabia. Two 
sampling sites were selected, situated in the north and 
south of Jeddah. The northern site (Dahaban) is located 
about 50 km north of Jeddah city, at GPS coordinates 
22°03’11.5”N and 38°55’16.5”E. It includes fishing areas 
and is close to the Distillation Plant Dahaban, which 
is a Water treatment plant. The southern site (Sarum) 
is located on the southern corniche of Jeddah, at GPS 
coordinates 21°07’32.5”N and 39°10’48.7”E, close to 
SAWACO seawater desalination plant and the Jeddah 2nd 
industrial city (Fig. 1). 

Eighteen water samples were collected from each site to 
ensure the collection of representative data. A map showing 
the geographic locations of these sampling stations in 
the northern and southern regions of Jeddah. The sites 
were selected based on their contrasting environmental 
conditions and pollution levels. 

A total of 90 specimens of the emperor fish species, carset 
(Lethrinus lentjan, 21), Abu Bose (Lethrinus microdon, 12), 
Mohaysni (Lethrinus mahsena, 15),  Abu Sirin (Lethrinus 
obsoletus, 9), khorrami (Lethrinus nebulosus, 8), Abu 
Nuqtah (Lethrinus harak, 7), saqa (Lethrinus borbonicus, 
9), and abu Zahu - Kharmiya (Lethrinus xanthochilus, 9) 
were collected in a fish trap (cage) by local fishermen at 
each site. The species of fish were identified according 
to external features by Abu Shusha et al.[19]. Fish samples 
were kept alive in clean tanks containing aerated seawater 

Fig 1. Detailed map of Jeddah showing sampling locations



Kafkas Univ Vet Fak Derg
ALSOLMY, MOMINKHAN, MELEBARY

699

and taken to the laboratory. For each fish, morphological 
measurements and blood drawn were taken. Then, all 
fish samples were dissected on the same day. The most 
abundant species of emperor fish were Lethrinus lentjan 
(Carset), Lethrinus mahsena (Mohaysni) and Lethrinus 
microdon (Abu Bose).

Water Analysis

The surface water samples from the north and south areas 
were collected in clean 1-L plastic bottles. All sample 
bottles were immediately transferred to a cool box to the 
National Water Company laboratory in Jeddah, where 
analyses were conducted on the same day of collection 
to avoid potential temporal effects on water quality 
parameters and heavy metal speciation.

Physicochemical Parameters

Each water sample was analyzed for water temperature 
(°C), pH, total dissolved solids (mg/L), and conductivity 
(µS/cm) using the multi meter (HACH, HQ40d, Loveland, 
CO, USA). Turbidity (NTU) was measured with the 
portable turbidimeter (HACH, 2100Q). Total hardness 
(mg/L), total alkalinity (mg/L), and chloride (mg/L) 
were determined using the AUTO Titration (Metrohm, 
905 Titrando, potentiometric titration, Switzerland). 
Ammonia (mg/L), nitrate (mg/L), sulfate (mg/L), 
and iron (mg/L) were measured with the Laboratory 
Spectrophotometer (HACH, DR 5000™ UV-Vis).

Heavy Metal Analysis

The seawater samples were acidified to pH <2 with 
ultrapure nitric acid immediately upon arrival at the 
laboratory and then subjected to membrane filtration 
(0.45 µm) to remove particulates. Acidification and 
digestion were performed in the laboratory on the same 
day as collection, rather than in the field, to ensure sample 
integrity while allowing precise control of reagent purity 
and digestion conditions. Seawater samples were then 
diluted and analyzed for copper (Cu), zinc (Zn), lead 
(Pb), manganese (Mn), cadmium (Cd), and nickel (Ni) 
using a Perkin Elmer NexION 300X Inductively Coupled 
Plasma–Mass Spectrometer (ICP-MS). The ICP-MS was 
selected for seawater analysis due to its superior multi-
element capability, very low detection limits (sub-µg/L), 
and high throughput, which are critical for trace-level 
determinations in complex saline matrices. The metals 
concentration was analyzed according to the American 
Public Health Association (APHA 3125) standard method. 
Metal concentrations in water samples are expressed  
as mg/L.

Morphological Parameters of Fish

In the laboratory, morphological measurements as 
conducted for all collected specimens. For each fish, the 

total body length was measured to the nearest centimeter 
using a tape measure on a flat surface, and the total body 
weight was recorded to the nearest gram using digital 
balance (OHAUS, Scout pro balance). The condition 
factors of fish samples were calculated using the following 
equation [17]: 

Condition Factor (K) = [body weight (g)/body length3 
(cm3)] *100. 

In addition, other parameters (standard length, total 
length, fork length, head length, eye diameter, and body 
depth) of each fish were measured in (cm). 

Biochemical and Hematological Parameters

The fish were anesthetized by adding 3-5 drops of clove oil 
to the water tank. Blood samples were withdrawn from the 
caudal vein using a heparinized syringe. Each blood sample 
was analyzed for the total cell count of red blood cells (RBCs), 
white blood cells (WBCs), neutrophils, lymphocytes, 
monocytes, eosinophils, basophils, hemoglobin (HGB), 
and platelets (PLT). A commercial kit for a complete blood 
count (CBC) from Bio-Lab Diagnostics Ltd. (Mumbai, 
India) was used to assess the blood cell count, following 
the manufacturer’s recommendations. A hemocytometer 
was used in blood cell count, in which the blood diluting 
fluid was prepared as described by Svobodova et al.[20]. The 
blood cells were counted on the counting chamber of a 
hemocytometer with the aid of a compound microscope.

In addition, blood samples were centrifuged at 2000 rpm for  
20 min to obtain blood serum which was kept frozen at –20°C 
until being processed for various biochemical analyses: 
total protein [TP, Cat no 04810716, Roche Diagnostics 
(Switzerland)], albumin [ALB, OSR6102, Beckman Coulter 
(USA)], total bilirubin [BL, DF30, Siemens Healthineers 
(Germany)], aspartate aminotransferase [AST, 3L82, Abbott 
Diagnostics (USA)], alanine aminotransferase [ALT, 3L52, 
Abbott Diagnostics (USA)], gamma-glutamyl transferase 
[GGT, 3L72, Abbott Diagnostics (USA)], and alkaline 
phosphatase [ALP, 3L62, Abbott Diagnostics (USA)]. The 
biochemical analyses of blood samples were analyzed by 
Dynex Best 2000 automated microplate Immuno analyzer 
(DSX Automated Elisa System, Germany, Listing# 835485).

Collection of Liver Tissue for Heavy Metal Analysis 

The dissected liver was removed and weighed to calculate 
the liver weight to body weight ratio then it was divided into 
liver tissue which will be fixed in 10% buffered formalin 
for histopathological examination. The other liver lobe will 
be frozen and kept at -20°C until biomarker analysis. Also, 
the concentrations of heavy metals iron (Fe, mg/kg), zinc 
(Zn, mg/kg), copper (Cu, mg/kg), manganese (Mn, mg/
kg), nickel (Ni, mg/kg), lead (Pb, mg/kg), and cadmium 
(Cd, mg/kg) were measured in liver tissue using atomic 
absorption spectrophotometer (BIO RAD, SmartSpec 
Plus spectrophotometer). Liver digests were analyzed by 
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Atomic Absorption Spectrophotometry (AAS) because 
tissue matrices often require matrix-matched calibration, 
and AAS provides robust, cost-effective quantification for 
individual metals at higher concentration ranges. All metal 
determinations followed the APHA Method 3125 standard 
protocol, and results are reported as mg/L for water and 
mg/kg wet weight for liver samples. The liver tissues were 
transferred to an oven set at 80°C for 8 h until completely 
dried. Dry tissues were then digested in a mixture of 
concentrated nitric (HNO3) and perchloric acids (HClO4) 
according to the method described by Neugebauer et al.[21]. 
The mixture in a flask was gently shaken and placed on a 
hot plate until the tissues were completely digested to clear 
solutions. Then, the concentration (mg/L) of heavy metals 
in the solution is measured using an atomic absorption 
spectrophotometer.

Collection of Liver Tissue for Histological 
Examination

Fixed liver in phosphate-buffered formal saline was 
dehydrated and embedded in paraffin as blocks. Then 
they were sectioned (8 μm thickness), spread on glass 
slides, and stained with haematoxylin and eosin (H & E) [22].

Statistical Analysis

The statistical analyses for the data were conducted using 
the Statistical Package for the Social Sciences (SPSS). 
Significant differences between the north and south areas 
were tested using two-sample t-tests at a probability level 
of P<0.05.

Results
Physicochemical Parameters of Seawater

The physicochemical parameters of seawater at the north 
and south areas are presented in in Table 1. Surface 
water temperature and total hardness were relatively 

consistent between the two sites. Electrical conductivity 
and total dissolved solids (TDS) were slightly higher 
in the northern area compared to the southern area. A 
notable difference in pH was observed, with the southern 
area showing a significantly higher pH than the northern 
area (P<0.01). Additionally, turbidity was significantly 
higher in the north than in the south (P<0.01). Total 
alkalinity was significantly greater in the southern site 
compared to the northern site (P<0.05). The sulfate 
concentration was higher in the north than in the south 
(P<0.05). No noticeable differences were observed in 
chloride and nitrate levels between the two locations, and 
ammonia concentrations remained below detectable levels 
(<0.1 mg/L) across all samples.

Heavy Metals in Water 

Table 2 displays the amounts of heavy metals in water 
samples taken from the north and south locations. All 
samples had cadmium (Cd), lead (Pb), copper (Cu), and 
zinc (Zn) levels below the limit of detection, which is less 
than 0.002 mg/L. The north had greater quantities of nickel 
(Ni) than the south. The northern samples had slightly 
higher concentrations of iron (Fe) than the southern ones. 
The north area had a higher concentration of Mn in water 
samples compared to the south area.

Morphological Parameters of Fish

Table 3 and Table 4 display the data for each fish species 
from the north and south areas with respect to their total 
body weight, liver weight, standard length, fork length, 
body depth, head length, eye diameter, condition factor 
(K), and hepatosomatic index, which is the ratio of liver 
weight to body weight. The total body weight of L. lentjan 
was highest in the northern region, whereas that of L. 
borbonicus was lowest. When compared to other species 
in the south, L. xanthochilus had the highest total body 

Table 1.  Mean ± SE of physicochemical parameters in seawater from two areas

Parameters North South P Value

Temperature (°C) 22.143±0.15 22±0 0.9 NS

Electrical Conductivity (mS/cm) 62.09±0.93 61.84±0.05 0.89 NS

Total dissolved solids (mg/L) 41942.86±1046.96 39820±20 0.75 NS

pH 7.45±0.14 8.082±0.03** <0.01

Turbidity (NTU) 9.14±1.08** 5.38±0.20 <0.01

Total Hardness(mg/L) 7862.43±55.64 7898.4±22.77 0.99 NS

Total Alkalinity(mg/L) 180±10.19 210.4±6.14* <0.05

Ammonia(mg/L) <0.1 <0.1 -

Chloride(mg/L) 34423.86±2408.54 29236.2±713.84 0.13 NS

Nitrate(mg/L) 1.02±0.31 1.19±0.08 0.89 NS

Sulfate(mg/L) 861.86±316.12* 349.4±48.55 <0.05

Two- sample t-test, * P<0.05; ** P<0.01, NS: Not significant
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weight while L. obsoletus had the lowest. The liver weights 
of the northern L. lentjan and L. nebulosus were higher than 
those of the other species, whereas the liver weights of the L. 
microdon were much lower. Liver weight was highest in L. 
mahsena and lowest in L. obsoletus in the southern region.

In the northern region, L. lentjan had the longest total body 
length, whilst L. borbonicus had the shortest. The total body 
length of L. xanthochilus was the longest in the southern 
region, whilst that of L. obsoletus was the shortest.

Similarly, in the northern region, L. lentjan had the longest 
forks and L. borbonicus the shortest. In the southern region, 
L. xanthochilus had the longest forks and L. obsoletus the 

Table 2. Mean ± SE of some heavy metal concentrations in water from two areas

Heavy Metals North South WHO 
(2011) P Value

Cd(mg/L) <0.002 <0.002 0.003 0.99 NS

Pb(mg/L) <0.002 <0.002 0.01 0.95 NS

Cu(mg/L) <0.002 <0.002 2.00 0.99 NS

Zn (mg/L) <0.002 <0.002 3.00 0.99 NS

Ni (mg/L) 1.68±1.32* 0.18±0.05 0.05 <0.05

Fe (mg/L) 0.077±0.006 0.070±0.006 0.30 0.98 NS

Mn (mg/L) 1.04±0.22 0.67±0.19 0.50 0.045 

Two- sample t-test; * P<0.05; ** P<0.01; NS: Not significant

Table 3. Mean ± SE of morphological parameters of fish from two areas

Area Species Total Body Weight 
(g)

Liver Weight 
(g)

Total Body Length 
(cm)

Condition Factor 
(K)

Hepatosomatic 
Index

North

L. lentjan 397.24±26.01 3.90±0.35 30.11±0.79 1.42±0.03 1.01±0.07

L. obsoletus 240.25±0.25 2.60±0.2 25.7±0.10 1.46±0.025 1.05±0.05

L. nebulosus 226.5±36.5 3.45±0.95 24.75±1.05 1.48±0.05 1.49±0.18

L. mahsena 193.58±20.28 2.60±0.37 22.49±0.76 1.63±0.03 1.30±0.09

L. microdon 165.29±37.80 1.68±0.44 22.60±1.55 1.30±0.05 1.02±0.11

L. borbonicus 165.15±22.85 1.80±0 22.30±0.40 1.48±0.13 1.11±0.15

South

L. xanthochilus 221.25±68.75 1.85±0.55 25.40±2.10 1.30±0.09 0.84±0.01

L. mahsena 218.67±45.20c 3.13±0.84 23.23±1.25 1.70±0.09 1.40±0.08

L. harak 183.08±11.79 2.34±0.23 23.18±0.54 1.41±0.02 1.22±0.09

L. obsoletus 126.4±0.2 1.15±0.15 21.25±0.5 1.31±0.12 0.80±0.01

Table 4.  Mean ± SE of morphological parameters of fish from two areas

Area Species Fork Length 
(cm)

Standard Length 
(cm)

Body Depth 
(cm)

Head Length 
(cm)

Eye Diameter 
(cm)

North

L. lentjan 28.23±0.71 25.70±0.65 10.08±0.28 8.44±0.25 1.65±0.04

L. obsoletus 24.55±0.05 22.45±0.25 8.50±0.1 7.70±0.2 1.75±0.15

L. nebulosus 23.30±0.70 20.95±0.55 8.35±0.45 6.95±0.25 1.60±0.1

L. mahsena 21.12±0.70 19.71±0.85 8.67±0.25 6.52±0.21 1.65±0.07

L. microdon 21.03±1.39 19.38±1.29 7.45±0.29 6.55±0.53 1.54±0.04

L. borbonicus 20.70±0.20 19.65±0.15 8.10±0.80 6.20±0 1.45±0.15

South

L. xanthochilus 23.70±2.20 22.0±1.90 7.25±0.15 7.75±0.85 1.90±0.10

L. mahsena 21.77±1.16 20.27±1.16 8.97±0.52 6.63±0.33 1.60±0

L. harak 21.70±0.51 19.77±0.49 7.70±0.19 6.37±0.18 1.60±0.04

L. obsoletus 19.75±0.5 18.1±0.1 7.15±0.05 6.05±0.15 1.45±0.05
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shortest. Similar patterns emerged when looking at the 
standard length, with L. lentjan being the longest in the 
northern region and L. borbonicus and L. microdon were the 
shortest. Standard length was greatest for L. xanthochilus 
and lowest for L. obsoletus in the southern region. Among 
the northern species, the body depth in north area was 
the highest in L. lentjan and whereas was the lowest in L. 
microdon. The body depth in south area of L. mahsena was 
the highest, whereas L. obsoletus was the lowest among 
other fish species.

Head length was greatest in L. lentjan in the northern 
region and lowest in L. borbonicus. The southern region 
showed the greatest head length in L. xanthochilus and 
the shortest in L. obsoletus. In terms of eye diamester, 
the northern species of L. obsoletus had the largest 
measurement, while the southern species of L. borbonicus 
had the smallest. In the southern region, L. obsoletus had 
the smallest eyes and L. xanthochilus the biggest.

In the northern region, L. mahsena had the greatest 
condition factor (K) value, whilst L. microdon had the 
lowest. While L. obsoletus and L. xanthochilus displayed 
the lowest values in the southern area, and L. mahsena 
had the highest. In the northern region, L. nebulosus had 
the greatest hepatosomatic index, whilst L. lentjan and L. 

obsoletus had the lowest. The hepatosomatic index was 
highest in L. mahsena and lowest in L. xanthochilus and L. 
obsoletus in the southern region.

Biochemical Blood Analysis

The biochemical analysis of fish serum from the North 
and South areas revealed significant differences across 
several liver function markers, protein metabolites (Table 
5). Fish from the North area exhibited higher mean 
values for alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), and 
gamma-glutamyl transferase (GGT) compared to those 
from the South area, suggesting increased hepatic enzyme 
activity and possible hepatocellular stress or damage 
in the North. In addition, albumin, bilirubin and total 
protein concentrations were slightly higher in the North 
area, further supporting altered liver function or protein 
metabolism in the North relative to the South.

Hematological Parameters of Blood

The values of WBCs, RBCs, platelets, hemoglobin, 
neutrophils, lymphocytes, monocytes, eosinophils, and 
basophils in blood fish samples are shown in Table 6.  
In this study, the average hematological parameters  
during the study period were higher in the northern 

Table 5. Mean ± SE of biochemical parameters in fish serum from two areas

Parameter Unit North Area South Area P Value

Liver Function Markers

ALT U/L 30.48±4.32* 23.94±8.92 <0.05

AST U/L 41.29±5.91* 30.16±10.25 <0.05

ALP U/L 70.56±10.21* 63.20±13.80 <0.05

GGT U/L 35.89±6.87* 26.50±9.75 <0.05

Protein and Metabolites

Albumin g/dL 4.60±0.52 3.86±0.78b 0.75 NS

Bilirubin mg/dL 1.06±0.18 0.88±0.14 0.62 NS

Total Protein g/dL 6.63±0.39 6.50±0.74 0.81 NS

Two- sample t-test; * P<0.05; ** P<0.01; NS: Not significant

Table 6.  Mean ± SE of hematological parameters in fish blood from two areas

Hematological Parameters North South P Value

WBCs (cells/cubic millimetre) 12.26±0.97×103 9.05±1.06×103 0.67 NS

RBCs (cells/cubic millimetre) 4.67±0.60×106 6.32±0.58×106 0.58 NS

Platelets (cells/cubic millimetre) 783.42±76.71* 630.5±60.19 <0.05

Haemoglobin (g/dl) 10.7±0.53 12.23±0.59 0.15 NS

Neutrophil (%) 31.83±1.87 45.00±3.78* <0.05

Lymphocyte (%) 53.17±2.50* 42.83±2.07 <0.05

Monocyte (%) 11.00±1.2 9.33±1.43 0.11 NS

Eosinophil (%) 3.52±0.61 2.17±0.60 0.23 NS

Basophil (%) 0.5±0.15 0.67±0.21 0.74 NS

Two- sample t-test; * P<0.05; ** P<0.01; NS: Not significant
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area for some parameters. Conversely, levels of RBCs, 
hemoglobin, neutrophils, and basophils were higher in 
the southern area.

Although white blood cell counts were greater in the 
northern region than in the southern region, this difference 
did not reach statistical significance (P>0.05). Relative 
to this, there was no discernible difference between the 
north and the south in terms of RBC levels; nonetheless, 
southern levels were higher. Northern platelet counts were 
significantly greater than southern ones (P<0.05). While 
there was no statistically significant difference, northern 
regions had lower hemoglobin levels and southern regions 
had greater ones. In the south, there was a noticeable and 
statistically significant rise in neutrophil counts when 
contrasted with the north (P<0.05). On the other hand, 
there was a slight but noticeable increase in lymphocyte 
counts in the north. The north had somewhat higher 
numbers of monocytes and eosinophils, whereas the 
south had somewhat higher levels of basophils. But these 
variations did not reach a statistically significant level.

Heavy Metal Determination in Liver 

Table 7 presents an analysis of heavy metal concentrations 
in the liver tissue. The accumulation pattern varied 
between the two areas: the North area showed higher 
concentrations of most metals, including Iron (Fe), Zinc 
(Zn), Manganese (Mn), Cadmium (Cd), and Nickel (Ni), 
may suggesting a broader and more intense source of 
industrial or multiple pollution sources in that region. 
Conversely, the South area had higher levels of Copper 
(Cu) and Lead (Pb), which could point to different 
contamination sources, such as agricultural practices (e.g., 
copper-based pesticides) or historical use of leaded fuel. 
The high levels of Cd are especially concerning because 
this metal has no biological role and is known to cause 
extensive cellular damage, impair neurological functions, 
and lead to organ failure. This data provides a clear and 
compelling explanation for the physiological changes 
previously observed in these fish. The significantly 
elevated liver enzymes (ALT, AST) are classic biomarkers 

of liver cell damage and necrosis, directly linked to the 
toxic effects of these accumulated metals. 

Histological Examination of Fish Liver

The liver of fish from south area: The largest portion 
of the liver consists of hepatic tissue, while a smaller 
portion includes pancreatic tissue, blood sinusoids, and 
bile ducts. In some specimens, vacuolated hepatocytes 
with deeply stained nuclei, exocrine pancreatic tissue 
surrounding the portal vein, and connected to blood 
sinusoids were observed (Fig. 2-A). Their cytoplasm 
is filled with lipids in the form of large lipid droplets. 
Additionally, histological examination revealed blood 
congestion in the blood sinusoids of most of the studied 
fish. Bile ducts, mostly located near the central vein in the 
liver tissue and close to exocrine pancreatic tissue (Fig. 
2-B,C), were also observed. Furthermore, some specimens 
displayed exocrine pancreatic tissue surrounding the 
portal vein, separated from hepatocytes by wide spaces 

Table 7. Mean ± SE of heavy metal concentrations (mg/kg wet weight) in 
liver tissue of fish from two areas

Heavy Metal North Area South Area P Value

Fe (mg/kg) 2.31±0.30** 1.40±0.11 <0.01

Cu (mg/kg) 0.86±0.10 1.25±0.12* <0.05

Zn (mg/kg) 2.79±0.15** 1.55±0.16 <0.01

Pb (mg/kg) 1.59±0.11 2.19±0.16* <0.05

Mn (mg/kg) 2.01±0.12 1.68±0.10 0.88 NS

Cd (mg/kg) 4.26±0.22** 2.79±0.20 <0.01

Ni (mg/kg) 2.44±0.26** 1.29±0.11 <0.01

Two- sample t-test; * P<0.05; ** P<0.01; NS: Not significant

Fig 2.  Histological sections of liver of south area showing: (A) Vacuolated 
hepatocytes (H) with deeply stained pyknotic nuclei, exocrine pancreatic 
tissue (*) surrounding portal vein (PV) and connected with blood sinusoids 
(S). Note: the melano–macrophage center (MMCs) inside the exocrine 
pancreas (X 400 H&E). (B): Another liver section with numerous congested 
blood sinusoids (s) between deeply stained acidophilic hepatocytes (H), 
exocrine pancreatic tissue (*) surrounding portal vein (PV) and bile duct 
(BD). Note: The exocrine pancreatic tissue separated from hepatocytes by 
wide space (blue star), blood exudate (yellow arrows) and brown pigments 
(black arrow) (X 200 H&E). (C): numerous congested blood sinusoids (s) 
between deeply stained acidophilic hepatocytes (H), exocrine pancreatic 
tissue (*) surrounding portal vein (PV) and bile duct (BD). Note: The 
exocrine pancreatic tissue separated from hepatocytes by wide space (blue 
star), blood exudate (yellow arrows) and brown pigments (black arrow) (X 
200 H&E). (D): accumulation of brown pigments (black arrows) between 
the vacuolated hepatocytes (H) (X 400 H&E). (E): vacuolated hepatocytes 
with deeply stained pyknotic nuclei (H), melano–macrophage center 
(MMCs)and exocrine pancreas (X 400 H&E). (F): numerous congested 
blood sinusoids (s) between deeply stained acidophilic hepatocytes (H) 
and surrounding the central vein (CV). Note: the presence of brown 
pigments (black arrow) between the hepatocytes (X 400 H&E)
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containing blood exudate and brown pigments (Fig. 
2-C). The bile ducts are lined with cuboidal cells and are 
visible between the hepatocytes (Fig. 2-B). The presence 
of hemosiderin pigments was noted on hepatocytes, 
near blood sinusoids of fish from the southern area, 
and between the vacuolated hepatocytes (Fig. 2-D,F). 
Numerous congested blood sinusoids were observed 
between deeply stained acidophilic hepatocytes (Fig 2F). 
The melano-macrophage center (MMC) is a special type 
of macrophage that contains various pigments, appears 
as a pigment cluster, and is surrounded by a capsule of 
simple squamous epithelium. Moreover, some MMCs 
were found surrounded by exocrine pancreatic tissue 
within the interstitial tissue, as well as located in the 
hepatic parenchyma (Fig. 2-A,E,F). These macrophages 
have small peripheral nuclei and contain various pigments 
in their cytoplasm, including brown melanin pigments.

The Liver of Fish From the Northern Area

 The liver of fish from the northern area shows that the 
parenchymal hepatocytes are radially arranged around a 
central vein in cords of two cells thick. Narrow, straight 
blood sinusoids stemming from the central vein separate 
each cord. These sinusoids are covered by typical 
elongated endothelial cells with flattened nuclei (Fig. 
3-A). The H&E-stained sections reveal hepatocytes with 
a normal appearance of vacuolar cytoplasm, likely due to 
numerous lipid droplets, with small amounts of cytoplasm 
and rounded, vesicular nuclei (Fig. 3-B). The pancreatic 
exocrine tissue is distributed within the liver as part of 
the hepatopancreas. Microscopic observations indicate 
that pancreatic cells are differentiated from hepatic tissue 
by their basophilic basal part and eosinophilic apical 
cytoplasm (Fig. 3-B,D). The epithelium of bile ducts is 
simple (Fig. 3-C). Hepatocytes that are highly vacuolated 
and degenerated, showing nuclear karyolysis, along with 
a dilated and congested central vein with a thick wall 
and clumps of brown pigments, were observed (Fig. 
3-E). In some specimens, a C-shaped hyaline, acidophilic 
structure, possibly a worm, surrounded by a connective 
tissue capsule and located near the central vein, was seen 
(Fig. 3-F). Cells from the MMC aggregations are situated 
close to the hepatic blood vessels, bile ducts, and alongside 
the hepatopancreas (Fig. 3-A,D).  Liver histology findings 
showed that the North area had a mean liver damage score 
of 2.0, indicating moderate hepatocellular degeneration, 
congestion, and prominent melanomacrophage centers. 
Conversely, the South area had a lower mean score of 0.5, 
reflecting mainly normal or mild changes and a relatively 
intact liver structure. 

Discussion
In this study, we measured physicochemical parameters 
and heavy metal concentrations in seawater and examined 

the metabolic responses of emperor fish in northern 
and southern Jeddah, Red Sea. The results show that the 
northern area had higher average values for electrical 
conductivity (EC), total dissolved solids (TDS), chloride, 
sulfate, and turbidity, while the southern area had higher 
pH, total alkalinity, total hardness, and nitrate levels. 
Statistically significant differences were found for pH, 
turbidity, sulfate, and total alkalinity (P<0.05).

All regions have mean pH values within the WHO-
recommended 6.5-8.5 range. The north has lower 
pH levels (6.82-8.00) could be due to organic matter 
decomposition, whereas the south has higher pH values 
(up to 8.15) could be due to algal photosynthesis reducing 
CO₂ concentrations. CO2 absorption from saltwater 
raises pH [23]. Many investigations in contaminated Al-
Kumrah found pH levels of 6.62 and 7.00. In Jeddah city, 
various studies found pH of 7.84 in Rabigh and 8.31 in 
Al-Shoaibah [24]. The average TDS in two locations was 
greater than 30,000 mg/L, indicating that they were saline 

Fig 3.  Histological sections of liver of north area showing: (A): Hepatic 
cell cords (H) radiating from the central vein (CV) and separated by 
blood sinusoids (S), exocrine pancreatic tissue (*) surrounding portal 
vein (PV) and blood sinusoids (S). Note: the melano–macrophage center 
(MMCs) and bile duct (BD) (X 100 H&E). (B): vacuolated hepatocytes 
(H) with vesicular nuclei and exocrine pancreatic tissue (*) surrounding 
the melano-macrophage center (MMCs). Note: the blood sinusoid (S) 
between the hepatocytes (X 400 H&E). (C): highly vacuolated hepatocytes 
(H) with nuclear karyolysis, degenerated exocrine pancreatic tissue (*) 
and bile ducts (BD). Note: the melano-macrophage center (MMCs) and 
the blood sinusoid (S) (X 200 H&E). (D): A higher magnification of the 
previous section shows highly vacuolated hepatocytes (H) with nuclear 
karyolysis, degenerated exocrine pancreatic tissue (*) and bile ducts (BD). 
Note: the melano-macrophage center (MMCs) and the blood sinusoid 
(S) (X 400 H&E). (E): highly vacuolated and degenerated hepatocytes 
(H) with nuclear karyolysis, dilated and congested central vein (CV) with 
thick wall and contained clumps of brown pigments (green arrows) (X 
400 H&E). (F): vacuolated hepatocytes (H) with deeply stained pyknotic 
nuclei and appearance of C- shaped hyaline acidophilic structure (may be 
worm) (*) surrounded by connective tissue capsule (CT) located adjacent 
to the central vein (CV) (X 400 H&E)
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water, which ranged from 30.000 to 40.000 mg/L. The Red 
Sea’s high salinity and geographical location caused TDS 
concentrations to rise in the Shuaiba region to 38.600 to 
48,400mg/L [25]. In addition, EC analyzes water’s dissolved 
ions and increased ion content from wastewater discharges 
drove EC similarly [26]. The average EC at Safaga along 
the Egyptian red sea was 60.6 mS/cm. Elevated chloride, 
nitrate, and phosphate concentrations in sewage flow may 
explain the observed increases in electrical conductivity 
and temperature in these two regions [27]. 

The low ammonia levels (<0.1 mg/L) in both regions may 
suggest minimal sewage impact. Rising nitrate levels in 
the south may indicate human-caused fertilizer loading, 
which may boost phytoplankton productivity. Younis et 
al.[25] discovered minimum ammonia concentrations in 
Shuaibah, Red Sea water samples, ranging from 0.03 to 0.11 
mg/L. Nitrogen forms, released effluents, phytoplankton 
uptake rate, and nitrification or denitrification in the 
research region may be affected by human activities. The 
north had turbidity levels above 5 NTU, which might be 
due to sedimentation and effluents, whereas the south 
met the clarity norms. Human impact appears to have 
decreased in the south. The northern spike may be due to 
more sewage and soil particles entering the sea [27].

Natural geochemical characteristics and mineral-rich 
discharges may have created increased overall hardness 
and alkalinity in the north [28]. Higher alkalinity in both 
places may raise carbonate concentrations, which buffer 
water. GoA’s coastal waters have increased buffering ability 
due to the high concentration of calcium carbonates in the 
water column [29].

Both regions have chloride and sulfate levels above the 
WHO recommendations, which are ≤250 and ≤500 mg/L, 
respectively. High chloride levels indicate environmental 
salinity and possibly industrial inputs, especially near 
desalination plants. Sulfate levels, however, are lower than 
in other studies, suggesting a lack of anthropogenic impacts. 
Al-Taani et al.[29] found that Cl concentrations ranged 
from 13.500 to 35.000 mg/L and sulfate concentrations 
from 2.600 to 8.900 mg/L, indicating that desalination 
plant discharge may cause a significant concentration of 
chloride ions in the water, which is similar to the current 
study in the south.

In general, the north of Jeddah had the highest mean 
values for most metrics. The discharge of treated and 
untreated sewage and industrial effluents from enterprises 
and factories may cause these results. This is comparable 
to Red Sea areas affected similarly [30]. In the present 
study, the means of Cd, Pb, Cu, and Zn were below the 
detection limit in two areas. In addition, Ni, Fe, and Mn 
were higher in the north area compared to the south area. 
The concentration of most heavy metals in seawater in 

the north and south areas was below the WHO standards, 
except Mn and Ni. The concentrations of Mn, and Ni 
in the water of the south area were slightly higher than 
permitted ones, while those in the water of north area had 
greatly exceeded them. 

The rise in heavy metal levels in seawater is directly linked 
to human activities. This correlation is supported by 
the findings of Al-HasawiHassanine [24], which reported 
elevated levels of heavy metals in the Al-Khamra area 
of Jeddah, likely attributed to anthropogenic sources. 
The concentrations of Cd, Cu, Fe, Mn, Zn, Ni, and Pb 
collected from were significantly higher in this study 
compared to the current study. ICP-MS is selected for 
water analysis due to its ultra-trace sensitivity, which 
allows reliable measurement of elements at extremely low 
concentrations (down to parts per trillion), matching the 
low analyte content and simple matrix of water samples. 
In contrast, AAS is well-suited for biological samples 
like liver because it effectively manages moderate-to-
high analyte concentrations and performs reliably in less 
complex organic matrices, while also being cost-effective 
for routine single-element quantification. 

Fish morphological parameters varied widely. These 
variations in total length, body weight, and condition 
factor are normal and due to species, age, sex, and size. 
Fish size may fluctuate due to high water metal levels [31]. 
Lethrinus lentjan in the north and xanthochilus in the 
south had the highest mean overall length and weight 
in this study. In Lethrinus obsoletus, overall length and 
weight averaged lowest. The current study matches 
GabrMal [32], who found a link between length and weight 
for the top ten coral reef fish species from southern 
Jeddah. Shellem et al.[33] showed an average total length 
of 27.2 cm for Jeddah Lethrinus xanthochilus, supporting 
the current study. Lethrinus lentjan averaged 27.31 cm in 
Egypt [34], similar to the current study.

The condition factor K values indicate fish health, and 
greater K values reduced illnesses [35]. A condition factor 
greater than one indicates fish fitness, which is supported 
by the current study’s K value of 1.30-1.70, indicating 
healthy body weights. The hepatosomatic index (HIS) is 
the main metabolic indicator in animals. Varea et al.[36] 
reported 1.42 and 0.47 condition factors and HSI in Viti 
Levu, Fiji’s Lethrinus harak in the wet season.

The livers of emperor fish from two regions have higher 
ALT, AST, ALP, and GGT. The north region fish have 
higher liver enzymes than south area fish, may indicate 
persistent toxicity from ambient habitat toxicants. This 
contradicts Al-HasawiHassanine [24] who analyzed liver 
enzymes in Jeddah-trapped emperor fish Lethrinus 
harak. Results indicate greater amounts of total protein, 
albumin, and bilirubin in the northern area, with no 
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significant difference (P<0.05). Liver structural alterations 
that reduce aminotransferase and deamination may raise 
plasma protein levels. Total protein and albumin are 
essential fish metabolites. Fish total protein and albumin 
levels are important indicators for aquatic ecosystem 
toxicity [37]. Serum biochemistry ranges vary by species 
and are regulated by seasonal changes, water temperature, 
nutrition, fish age, and sex [38]. Thus, greater liver functions 
in the north may indicate higher pollution exposure than 
in the south.

Elevated liver enzymes, such as aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), and gamma-
glutamyl transferase (GGT), are commonly observed 
in individuals exposed to heavy metals like lead (Pb), 
cadmium (Cd), and mercury (Hg). These enzymes are 
released into the bloodstream when hepatocytes are 
injured or undergo necrosis, often as a result of cellular 
stress and the toxic effects of heavy metals. The primary 
mechanism behind this association is the induction of 
oxidative stress: heavy metals increase the production 
of reactive oxygen species (ROS), disrupt antioxidant 
defense systems, and damage cell membranes, leading to 
hepatocyte dysfunction and death. This oxidative stress 
induces the leakage of intracellular enzymes into the 
circulation, which serves as a sensitive indicator of liver 
injury and early hepatic toxicity in both epidemiological 
and experimental studies

Hematological parameters were selected based on their 
recognized sensitivity and importance in toxicological 
research. The results of this study are similar to those 
of El-Hamed et al.[39] which they assessed many blood 
parameters (WBCs, hemoglobin, neutrophil, monocyte, 
and eosinophil) in Lethrinus harak fish from Safaga, Egypt. 
However, in contrast to this study, the RBCs values were 
lower, whereas the lymphocyte values were higher. In the 
current study, the means of WBCs, platelets, lymphocyte, 
monocyte, and eosinophil were higher in the north area. 
On the other hand, the means of RBCs, hemoglobin, 
neutrophil, and basophil were higher in the southern area. 
Stressful conditions often lead to decreased RBC counts 
and hemoglobin levels in fish. This stress-induced anemia 
serves as a valuable indicator for assessing environmental 
stress. This finding agrees with RBCs and hemoglobin 
levels in the current study where its level was less in the 
northern area. According to Javed et al.[40] who observed 
increased WBC in Channa punctatus fish. Leukocytosis 
may be indicative of the extent of tissue damage and stress 
caused by heavy metals, potentially reflecting an activated 
immune response [41]. So, this finding agrees with WBC 
levels in the current study where its level was high in the 
northern area.

Fish growth is negatively affected by contaminated food 
that contains high levels of heavy metals. A clear indicator 

of metal toxicity in fish is the stunted growth [42]. The 
mean concentrations of Fe, Zn, Mn, Cd, and Ni in liver 
tissue of fish from the north area were higher than fish 
from south area. On other hand, the mean of Cu and Pb 
were high in the south area. A significant difference was 
found in all concentrations of heavy metals in the emperor 
liver between the two areas at (P<0.05) expect Mn. In the 
present study, the concentration of most heavy metals 
at two areas were below the FAO standards expect Cd 
and Mn in two areas and the Pb concentration on south 
area. Several studies have shown the effect of heavy metal 
pollution on liver tissue in emperor fish collected from 
the Red Sea, Jeddah Coast, Saudi Arabia [43]. The liver is 
essential for detoxification and storage, serving as a key 
organ for both the accumulation and elimination of heavy 
metals from the body. The liver tissues tend to accumulate 
higher levels of heavy metals compared to muscle tissue, 
which is the primary edible portion and typically exhibits 
lower concentrations. This occurrence can happen even 
when the levels of heavy metals in water are low or not 
detectable [44]. 

Thus, south-area emperor fish livers have better 
histological structure than north-area fish. This study 
found MMCs in the hepatic parenchyma of all fish species 
from two regions. MMCs aggregates contain Kupffer-
like phagocytic cells. Al-Khumrah and Sudanese Red Sea 
investigations have found MMCs. Large MMC densities 
are usually linked to degenerative and necrotic liver 
diseases [23,24]. Several northern specimens had extremely 
vacuolated and degraded hepatocytes with karyolitic 
nuclei. Many vacuolar structures and dark particles 
were found. Histological changes in fish liver tissue may 
be due to Kupffer cells, which detoxify contaminants or 
fat buildup in hepatocytes [31]. Also, in Jeddah fish like 
Lethrinus harak [23,24] and Naso hexacanthus [45]. Lipid 
droplets were observed in both locations, but the southern 
area’s cytoplasm had larger droplets, indicating more lipid 
buildup. Severe fatty infiltration caused hepatomegaly and 
pale liver tissue. Histologically, hepatocytes had extensive 
lipid droplets. In necrotic hepatocytes, these droplets 
showed as empty vacuoles as Mohammed et al.[46]. Some 
current study specimens have blood sinusoids and central 
venous congestion. This study agrees with Jenjan et al.[47], 
who found central venous congestion caused by larger 
hepatocytes with hydronic degeneration. Dilatation 
congests Siganus rivulatus hepatic blood sinusoids and 
arteries. Agree with Mohamed et al.[48] in S. rivulatus 
and MahmoudAbd El Rahman [49] in Mugil capito fish. 
Hepatocyte deterioration and blood sinusoidal congestion 
were found. Jasim Aldoghachi et al.[50] also found liver 
deterioration and sinusoidal congestion in Pb and Cd-
exposed fish. in conclusion, the results of this study show 
that Lethrinus fish, which were collected the northern 



Kafkas Univ Vet Fak Derg
ALSOLMY, MOMINKHAN, MELEBARY

707

shore of Jeddah, are negatively affected by heavy metal 
pollution in terms of their liver function, blood parameters, 
and tissue structure. There may be dangers to human and 
environmental health from the elevated concentrations 
of Mn, Ni, Pb, and Cd, which surpassed international 
safety limits. The results highlight the critical need for 
monitoring and controlling coastal contamination and 
provide support for the idea that Lethrinus species can be 
useful bioindicators of marine pollution.
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all aspects and report their decisions (rejection, revision or peer-review) to the chief editor. This stage takes about 1 month.
• 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 journal’s 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 Üniversitesi Veteriner Fakültesi 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 Üniversitesi Veteriner 
Fakültesi 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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1- Kafkas Universitesi Veteriner Fakultesi Dergisi (abbreviated title: Kafkas 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.

INSTRUCTION FOR AUTHORS
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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- At least 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 F, 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/kvfd.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. 4th 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 Üniversitesi Veteriner Fakültesi 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)
• The author’s name, institutional affiliation, Open Researcher and Contributor ID (ORCID) 
• Congress-symposium, project, thesis etc. information of the manuscript (if any) 
• Corresponding author’s address, phone, fax, and e-mail information 
- Manuscript
• Title, abstract, keywords and main text
• 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
• Acknowledgements
• Funding Support
• Competing Interests
• Generative Artificial Intelligence (AI)
• Authors’ Contributions
Further Considerations
• Journal policies detailed in this guide have been reviewed
• 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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