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Introduction
Determining how anaesthesia affects the circadian rhythm 
is not only of scientific interest but also of potential clinical 
importance. Patients often experience sleep disturbances 
after surgery. Disruption of circadian rhythm and related 
sleep disorders cause adverse effects on inflammation and 
immune function, as well as altered mood, behaviour and 
cognitive dysfunction [1-4]. For these reasons, it is clinically 
important to elucidate the mechanism of postoperative 
circadian rhythm disorders.

Twenty-four h physiological processes are controlled by 
the circadian rhythm through a transcriptional feedback 
loop of clock genes and proteins [5,6]. The circadian clock 
is made up of four basic components at the molecular 
level. In mammals, these are the genes brain and muscle 
ARNT-like 1 (Bmal1), circadian locomotor exit hood 
(Clock), Period 2 (Per2), and Cryptochrome 1 (Cry1) [7]. 
While CLOCK and BMAL proteins were demonstrated 

to promote the transcription of Per2 and Cry1, PER2 and 
CRY1 proteins inhibit BMAL1:CLOCK transcriptional 
activity, thus limit their own transcription [8,9]. The protein-
mediated disruptions in the circadian rhythm caused by 
anaesthesia may hinder post-operative recovery [10].

Neurons associated with molecular clocks are located in 
the ventral region of the suprachiasmatic nucleus (SCN). 
When photoreceptors of the eye detect light, NMDA 
receptors in SCN are activated by the retinohypothalamic 
pathway, resulting in transcription of Per2 [8,11]. While the 
“master” of the circadian rhythm is the SCN, peripheral 
clocks in organs govern processes specific to that tissue 
in a particular tissue or cell type [12]. For example, the liver 
circadian clock regulates fasting glycaemic control and 
glucose clearance, while the pancreatic circadian clock 
regulates insulin secretion and glucose homeostasis [13]. 

Sevoflurane, isoflurane and desflurane are the most 
commonly used inhalation anaesthetics in clinical practice. 
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Abstract

Circadian rhythm disturbances caused by anaesthesia may be one of the important 
reasons of many disturbances following surgery. The effects of 6% desflurane on 
suprachiasmatic nucleus (SCN), liver, and pancreas PER2, CRY1, BMAL, and CLOCK 
circadian protein levels and serum concentrations of glucose, melatonin, cortisol 24 h 
following the administration of anaesthesia were determined in this study. 10–12-week-
old Wistar albino male rats (n=12) were divided into two groups. Control group (C) 
was not exposed to desflurane, while the anaesthesia group (D) received desflurane at 
6% concentration for 6 h between 07.00 and 13.00 a.m. and was euthanized 24 h after 
anaesthesia. Tissue samples were collected from both groups at the same time of the 
day (07.00 a.m.). Serum glucose, melatonin, cortisol and SCN, liver, pancreas CLOCK, 
BMAL1, PER2, CRY1 levels were determined using commercial kits. CLOCK and PER2 
protein levels in SCN and BMAL1 protein concentration in liver decreased, while liver 
PER2 protein level increased at the 24th h following anaesthesia. Pancreas BMAL1, 
CLOCK, PER2, CRY1 protein levels were not affected by the anaesthesia protocol 
applied. No statistically significant alteration was observed in plasma glucose, cortisol 
and melatonin concentrations. Our findings show that, the circadian clock rhythm in 
SCN and liver are still affected at the 24th h following exposure to desflurane.
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Circadian rhythm is affected after general anaesthesia with 
sevoflurane and isoflurane [14]. However, there is still a lack 
of information in the literature regarding the effects of 
desflurane anaesthesia on the circadian clock. Desflurane, 
one of the third generation inhaled anaesthetic drugs, is 
frequently preferred in clinical use for providing safe and 
effective anaesthesia [15] . Desflurane has a significantly 
lower blood solubility compared to other inhaler agents [8]. 
With low tissue solubility, there is an acceleration of 
induction and elimination and more precise control 
of alveolar desflurane concentration in anaesthesia 
maintenance. These properties contribute to the rapid 
onset of desflurane anaesthesia. Anaesthesiologists 
administer desflurane as a general anaesthetic to wake 
patients quickly after surgery. Based on these properties, 
desflurane may have a different effect on the circadian 
rhythm compared to other inhaled anaesthetics [16]. 
Human studies have suggested that there may be two 
separate toxic problems during the metabolism of 
desflurane. The first one is high current renal failure as a 
result of biotransformation to free fluoride ion; the second 
is that it can bind to hepatic tissue macromolecules and 
cause hepatotoxicity. Desflurane may also induce hepatic 
microsomal enzymes [16].

Melatonin has important physiological functions such as 
regulation of the circadian rhythm and the reproductive 
axis [17]. Melatonin secretion is controlled by the SCN, 
which regulates the day/night cycle. The administration of 
anaesthesia regardless of surgery may affect the circadian 
rhythm of melatonin [18]. Another hormone affected by 
anaesthesia is the cortisol. When melatonin receptors in 
the adrenal gland are stimulated with physiological doses, 
ACTH-mediated cortisol formation is suppressed [19].  
The balance between these two hormones is important for 
health. 

In the light of above information, we aimed to investigate 
SCN, liver and pancreas PER2, CRY1, BMAL and CLOCK 
protein levels and serum concentrations of glucose, 
melatonin, cortisol 24 h following the administration 
of 6% desflurane in 6 L min-1 100% oxygen to rats for 
6 h. It is anticipated that the results of the current study  
may provide important information about how long the 
effects of desflurane, a widely used anaesthetic in the 
clinic, on the circadian rhythm and hormonal balance 
may last.

Material and Methods
Ethical Approval

All experimental procedures were conducted in accordance 
with institutional animal care guidelines of Pamukkale 
University and approved by the local Animal Experiments 
Ethics Committee (PAUHADYEK-2021/33, 24.08.2021-07).

Animals

200-250 g, 10-12-week-old Wistar albino male rats (n=12, 
Pamukkale University Experimental Animal Unit) were 
used. The animals were housed in a temperature and 
humidity controlled (22-23°C, 50±5%) room under a 
12 h light-dark cycle. Standard diet food and water were 
available ad libitum.

Study Design and Anaesthesia Protocol 

Rats were divided into two groups (n=6 per group). For 
adaptation, the animals were placed in the anaesthetic 
chamber approximately 1 h, for 4 days before beginning 
the experiments. Control group (C) was not exposed to 
desflurane but was placed in the anaesthetic chamber, 
then transferred back to the cages and was euthanized at 
07.00 a.m. The anaesthesia exposure group (D) received 
desflurane at 6% concentration in 6 L min-1% 100% oxygen 
for 6 h in a transparent anaesthesia box between 07.00-
13.00 a.m. and was euthanized 24 h after anaesthesia at 
07.00 a.m. Tissue samples were collected from both groups 
at the same time of the day (07.00 a.m.) in order to avoid 
the original circadian variation in clock gene expressions. 
After anaesthesia, the fresh gas flow was decreased to 1 
L/min, then rats were transferred to their cages and kept 
at normal conditions (bright in daytime, dark at night) 
of the experimental animals unit of the university. In 
order to maintain their normal body temperature, the 
chambers housing the mice were placed on a heat sheet. 
The anaesthesia procedures were performed under dark 
conditions, and under a dim red light that did not affect 
the circadian rhythm.

Blood Sample and SCN, Liver and Pancreas Collection 

After the experiment, rats were euthanized with an 
overdose of sodium pentobarbital. SCN, liver and pancreas 
samples were collected without anaesthesia (C group) and 
24 h after exposure to desflurane (D group). The blood 
samples obtained from the tail vein of all rats at 07.00 a.m. 
were centrifuged on the same day (1100×g, 20 min). SCN, 
liver and pancreas tissues were minced and homogenized 
in PBS (tissue weight (g): PBS (mL) volume=1:9) using 
a glass homogenizer on ice. The homogenates were then 
centrifuged for 5 min at 5000×g to get the supernatant. 
Serum, SCN, liver and pancreas samples were stored at 
-80°C until experimental analysis.

Determining Glucose, Melatonin, Cortisol, CLOCK, 
BMAL1, PER2 and CRY1 Levels 

Serum glucose (Cat.No E1623Ra, BT Lab), melatonin 
(Cat.No E0601Ra, BT Lab), cortisol (Cat.No E0828Ra, BT 
Lab) and SCN, liver, pancreas CLOCK (Cat.No E2920Ra, 
BT Lab), BMAL1 (Cat.No E2919Ra, BT Lab), PER2 (Cat.
No E2917Ra, BT Lab), CRY1 (Cat.No E2918Ra, BT Lab), 
levels were determined using commercial ELISA kits.
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Statistical Analysis

As a result of the power analysis we performed, assuming 
that we could obtain a lower power, it was calculated 
that a power of 80% at a confidence level of 95% could 
be obtained if at least 12 rats (at least 6 rats for each 
group) were included in the study and the effect size 
was d=0.69. All calculations and power analysis were 
performed by the G-power program (version 3.1.9.2. 
Heinrich-Heine-Universitat. Duesseldorf. Germany). All 
statistical analyses were performed using SPSS 25.0 
(IBM SPSS Statistics 25 software (Armonk, NY: IBM 
Corp.). Continuous variables were defined by the mean 
± standard deviation. Shapiro Wilk tests were used for 
determination of normal distribution. For nonparametric 
test assumptions were provided,  Kruskal Wallis Variance 
Analysis (post hoc: Mann Whitney U test with Bonferroni 
Correction) were used when parametric test assumptions 

were not provided. The level of statistical significance was 
set at P≤0.05.

Results
Fig. 1 demonstrates that serum glucose, cortisol and 
melatonin levels were not altered significantly by 
the desflurane applied herein. Anaesthesia induced 
statistically significant decrements in SCN CLOCK, PER 
(Fig. 2) and liver BMAL1 protein levels, whereas it caused 
increment in liver PER protein concentration (Fig. 3) 24 
h after the application compared to control (P<0.05). On 
the other hand, no statistically significant alteration was 
determined in pancreas BMAL1, CLOCK, PER2, CRY1 
protein levels following desflurane anaesthesia (Fig. 4).

Discussion
Desflurane is one of the most commonly used modern 
inhaled anaesthetic agents [20]. It provides safer and effective 

Fig. 1. Serum glucose (A), cortisol (B) and melatonin (C) levels of the 
groups. C: Control, D: Desfluran group. Values are expressed as mean ± 
SD. :P<0.05, difference from C

Fig. 2. SCN BMAL1 (A), CLOCK (B), PER2 (C), CRY1 (D) protein levels 
of groups. C: Control, D: Desfluran group, SCN: Suprachiasmatic nucleus, 
BMAL1: brain and muscle ARNT-like 1, CLOCK: Circadian Locomoter 
Output Cycles Protein Kaput, PER2: PERIOD-2, CRY1: Cryptochrome-1. 
Values are expressed as mean ± SD. :P<0.05, difference from C

Fig. 3. Liver BMAL1 (A), CLOCK (B), PER2 (C), CRY1 (D) protein levels 
of groups. C: Control, D: Desfluran group, BMAL1: brain and muscle 
ARNT-like 1, CLOCK: Circadian Locomoter Output Cycles Protein 
Kaput, PER2: PERIOD-2, CRY1: Cryptochrome-1. Values are expressed as 
mean ± SD. :P<0.05, difference from C

Fig. 4. Pancreas BMAL1 (A), CLOCK (B), PER2 (C), CRY1 (D) protein 
levels of groups. C: Control, D: Desfluran group, BMAL1: brain and 
muscle ARNT-like 1, CLOCK: Circadian Locomoter Output Cycles 
Protein Kaput, PER2: PERIOD-2, CRY1: Cryptochrome-1. Values are 
expressed as mean ± SD
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anaesthesia in clinical use. Since uptake, distribution and 
elimination of desflurane are faster than similar drugs, 
it allows rapid changes in the depth of anaesthesia. Its 
solubility in blood and tissue is lower than the other 
halogenated anaesthetics [21]. We have administered 
desflurane at a concentration of 6% in accordance with 
the dose commonly used in surgeries at our hospital. 
Desflurane has the least in vivo metabolism among inhaled 
halogenated anaesthetics. However, all halogenated 
inhaled anaesthetics such as sevoflurane, desflurane and 
isoflurane may cause metabolic hepatocellular damage. 
Very serious but few cases of post-anaesthesia hepatic and 
renal injury have been reported [21]. In the present study, 
the protein levels which play role in the circadian rhythm 
(BMAL1, CLOCK, PER2, CRY1) at 07.00 a.m. in the non-
anaesthetized group were compared with the same protein 
levels at 07.00 a.m., 24 h after 6% desflurane anaesthesia. 
Our results demonstrated that CLOCK and PER2 protein 
levels in SCN as well as BMAL1 protein concentration in 
liver decreased, while liver PER2 protein level increased 
at the 24th h following anaesthesia compared to control 
group. Pancreas BMAL1, CLOCK, PER2, CRY1 protein 
levels were not affected by the anaesthesia protocol 
applied. Similarly, no statistically significant alteration 
was observed in plasma glucose, cortisol and melatonin 
concentrations 24 h after desflurane anaesthesia.

The relationship between melatonin and cortisol is 
especially important in terms of the effects of both 
hormones on the immune system. General anaesthesia 
is a sleep-wake state thought to alter circadian rhythms. 
Different studies have shown conflicting effects of surgery 
and anaesthesia on melatonin levels which is controlled 
by the SCN [10,22]. Ozer et al.[23] demonstrated that, 5.7% 
desflurane administration for six hours during the day and 
at night does not alter plasma melatonin levels in blood 
samples collected immediately after anaesthesia in 15 day 
old rats. Here, we have demonstrated for the first time that, 
plasma melatonin levels were not changed 24 h after 6% 
desflurane inhalation. The fact that samples were collected 
from both groups at the same time of the day (07.00 
a.m.) in order to avoid the original circadian variation 
may have played role in these results. Unfortunately, we 
could not determine possible time-dependent alterations 
in melatonin, cortisol and glucose levels in response 
to desflurane in the current study. Changes in these 
parameters might have occurred during the 24-hour 
period, but these alterations might have disappeared 
when we sampled blood at the 24th hour. Supporting this 
suggestion, in humans, following 1.5 h of anaesthesia, the 
elevated cortisol level was reduced to baseline after 24 h [24]. 
Unchanged plasma cortisol and glucose levels 24 h after 
exposure to desflurane in healthy rats without any surgical 
procedure may indicate that, the stress level of our rats 

was low. Similar to our results, Dikmen et al.[25] stated that, 
both desflurane and sevoflurane can be used safely during 
acute hyperglycemic state, because of their non-increasing 
blood glucose influences.

The presence of common clock and entrainment mechanisms 
for nocturnal and diurnal species was asserted [26]. The 
circadian rhythm involves the central clock in the SCN 
and peripheral clocks in other tissues which regulate local 
tissue-specific physiological functions [27]. Light entrains 
the SCN through retinohypothalamic pathway; whereas 
other stimuli as nutrition, temperature, stress reset the 
peripheral clocks, and entrainment depends on the 
timing of stimulation [28]. The core clock system, which 
co-ordinates the activity of peripheral clocks is made up 
of a feedback loop whereby BMAL1 and CLOCK induce 
the expression of Per2 and Cry1 genes. Later, the PER-
CRY heterodimer is known to repress the transcription of 
Clock and Bmal1 with negative feedback mechanism [29]. 
An additional loop consists the ROR and Rev-Erb factors, 
also regulated by BMAL1-CLOCK complex [30].

Volatile anaesthetics exert their specific actions at the 
molecular level, with proteins rather than lipids [31]. Imai 
et al.[5] demonstrated that, 4% desflurane applied for 6 h 
induces a phase shift in the circadian rhythm being largest 
in ZT6-12. Bmal and Cry1 expressions were elevated, 
whereas Clock expression was decreased in ZT12 in SCN. 
Per2 expression was also increased from ZT2 to ZT8 
and decreased later on. These authors collected their last 
SCN sample at ZT20 following anaesthesia and examined 
expressions of circadian rhythm genes. The reflection of 
gene expression alterations on protein levels may take 
several hours [26]. The innovation our data brings to the 
literature is that, CLOCK protein level still remains lower 
in SCN at the 24th h following 6% desflurane anaesthesia 
in rats. Additionally in line with the results of the above 
mentioned study, PER2 protein is also decreased in 
SCN at that time thereby causing a phase shift in the 
circadian rhythm of mice. This issue should be taken into 
consideration while using desflurane anaesthesia.

Most tissues of the body exhibit circadian oscillations 
through mechanisms involving both core clock genes 
common to all and numerous other tissue-specific genes 
that cooperate with each other and many circadian 
epigenetic modifiers are known to function in a tissue-
specific manner [32]. We also investigated the effects of 
6% desflurane on liver and pancreas circadian clock 
proteins and have shown for the first time that, while 
desflurane did not affect pancreas levels of these proteins, 
liver BMAL1 protein is supressed and PER2 is elevated 
24 h after anaesthesia. This finding should be kept in 
mind when dealing with patients with insulin resistance 
since it was demonstrated that liver-specific deletion 
of BMAL1 is known to result in a blunted sensitivity 
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to insulin [13]. DNA microarray study revealed that, 
approximately 10% of the sampled liver genome is under 
circadian control [33]. The regulated genes include the ones 
encoding cytoskeletal elements and enzymes involved in 
carbohydrate metabolism emphasizing the importance 
of liver circadian rhythm on feeding and digestion. 
Moreover it was demonstrated that, in the case of mPer2 
and mBmal1, the anti-phasic relationship observed in the 
SCN is retained in the liver, with a slightly delayed timing 
for both clusters [26]. Our resuts lead to the interpretation 
that following desflurane exposure, elevated liver PER2 
protein levels may have caused inhibition of BMAL1 by 
negative feedback mechanism. 

Halogenated ethers may have hepatic and renal side 
effects via transformation to toxic metabolites [34]. Rare 
instances of acute liver injury have been reported with 
all halogenated agents. Cytochrome P450 CYP2El seems 
to be the specific P450 isoform largely responsible for 
the defluorination of isoflurane. Although desflurane 
metabolism is approximately 10% of isoflurane, it is 
suggested that desflurane may also undergo metabolism by 
a route similar to that of isoflurane [35]. However, we have 
observed that liver CRY1 protein levels were not altered at 
24th h following desflurane exposure. When all circadian 
protein findings of the current study are evaluated 
together, it appears that 6% desflurane administration 
affects the levels of these proteins not only in the SCN but 
also in the liver for at least 24 h.

The present study may be considered as a preliminary 
one giving clues about the prevention and treatment of 
postoperative complications related to circadian rhythms 
following desflurane inhalation. Our results demonstrate 
that, the circadian clock rhythm is affected in SCN and 
liver for at least 24 h following desflurane anaesthesia. 
Examination of the effects of desflurane only at the 24th h, 
the fact that the intraday influences and later effects were 
not studied constitute the most important limitations 
of this study. Another limitation is that although the 
chambers housing the mice were placed on a heat sheet 
in order to maintain their normal body temperature, the 
body temperatures of the rats were not notified during 
the experimental procedure. When the influences of 
desflurane on circadian protein levels disappears and 
the time-dependent effects of this anaesthetic on other 
peripheral clocks as well as the mechanisms of these 
influences have not been clarified yet. Investigation of the 
circadian clock genes/proteins in response to desflurane 
anaesthesia in a variety of clinical situations is also 
necessary in order to clarify whether desflurane offers 
significant advantages over the other anaesthetic drugs.
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