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Abstract. Kidneys are one of the organs most affected by 
ischemia‑reperfusion (I/R) injury during surgical interven‑
tions. The present study aimed to investigate the effects of 
ketamine and dexmedetomidine administered in a rat model 
of renal I/R injury prior to ischemia. A total of 24  male 
Sprague‑Dawley rats were included in the present study 
and divided into four groups. The Sham group underwent 
laparotomy and right nephrectomy, while the other groups 
underwent laparotomy, right nephrectomy and 45 min of isch‑
emia to the left kidney, followed by reperfusion for 24 h. No 
medication was administered to the I/R group. The Ketamine 
group received 2 mg/kg intraperitoneal ketamine prior to 
ischemia. The Dexmedetomidine group received an initial 
dose of 1.0  mcg/kg dexmedetomidine intravenously over 
10 min before ischemia, followed by a continuous infusion 
of 1.0 mcg/kg/h during the operation. Blood was drawn for 
serum creatinine level measurements before the operation and 
at sacrifice. Renal samples were taken for histopathological 
examination right before the rats were sacrificed. The final 
creatinine measurements of the I/R and Ketamine groups 
were higher compared with those of the Sham group (P=0.012 
and P=0.001, respectively). The final creatinine measurements 
of the Dexmedetomidine group were lower compared with 
those of the Ketamine group (P=0.040). In addition, measure‑
ments of tubular dilation (P=0.002 and P=0.001, respectively), 
vacuolization in tubular epithelium (P=0.002 and P=0.003, 
respectively) and loss of brush border in tubular epithelium 

(P=0.008 and P=0.001, respectively) were significantly higher 
in the I/R and Ketamine groups compared with the Sham 
group, while there was no significant difference between the 
Dexmedetomidine group and the Sham group. Measurements 
in the Dexmedetomidine group were lower compared with the 
I/R group, but the difference was not statistically significant. 
Despite a reduction in serum creatinine levels and histopatho‑
logical injury scores in subjects treated with dexmedetomidine 
compared with the I/R group, the differences were not found 
to be statistically significant. By contrast, the Ketamine group 
demonstrated significantly higher serum creatinine levels 
and histopathological injury scores compared with both the 
I/R and Dexmedetomidine groups. These findings suggested 
that dexmedetomidine may be associated with more favor‑
able biochemical and histopathological outcomes compared 
with ketamine in the present experimental model of renal I/R 
injury; however, further studies are needed to validate these 
findings.

Introduction

Ischemia is defined as a temporary reduction or interrup‑
tion of blood flow to a tissue or organ, whereas reperfusion 
refers to the restoration of blood flow following a period of 
ischemia. Although reperfusion is essential for tissue survival, 
it may paradoxically cause additional tissue injury beyond that 
induced by ischemia itself. Kidneys, due to their high energy 
requirements and complex microvascular network, are among 
the most susceptible organs to ischemia‑reperfusion (I/R) 
injury (1). In numerous clinical conditions and surgical proce‑
dures, including kidney transplantation, partial nephrectomy, 
cardiopulmonary bypass, sepsis, urological interventions 
and hydronephrosis, renal I/R injury may occur and is often 
unavoidable (2). The clinical relevance of perioperative renal 
injury is substantial; a recent systematic review and meta‑anal‑
ysis that included 162 studies and 675,361 patients reported 
a pooled incidence of postoperative acute kidney injury of 
16% (95% CI, 14‑17%) following abdominal surgery (3). I/R 
injury can occur after re‑supplying ischemic tissues with 
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oxygenated blood, due to released free oxygen radicals and 
activated neutrophils, which can cause secondary organ 
dysfunction and ultimately lead to organ failure (1). Ischemic 
preconditioning, which involves brief episodes of ischemia 
followed by reperfusion to enhance tissue tolerance to a 
subsequent prolonged ischemic insult, has been identified as 
an important protective mechanism against I/R injury (4,5). 
Numerous experimental studies have investigated the potential 
protective effects of different pharmacological agents against 
I/R injury. Agents such as magnesium, N‑acetylcysteine, 
activated protein C, α‑melanocyte‑stimulating hormone 
and statins have been shown to reduce I/R injury in these 
models (6‑8). Dexmedetomidine, a highly selective and potent 
α2‑adrenergic agonist, is an effective sedative, anxiolytic and 
analgesic agent with protective effects against I/R injury in a 
number of organs, including the heart, brain and the kidney, 
likely due to the antioxidant and anti‑inflammatory properties 
of the compound  (9). Ketamine, an N‑methyl‑D‑aspartate 
(NMDA) antagonist, has been found to attenuate lipid peroxi‑
dation induced by I/R in numerous tissues such as the brain, 
myocardium and skeletal muscle (10). It has also been reported 
that ketamine reduces the positive effect of ischemic precon‑
ditioning on the heart (11). The present study was therefore 
designed to investigate the potential effects of preconditioning 
with ketamine and dexmedetomidine on renal I/R injury.

Materials and methods

Ethics approval and study setting. Ethics approval for the 
use of experimental animals was obtained from the Yeditepe 
University Animal Experiments Ethics Committee in October 
2020 (approval no. 2020‑871; decision no. 2020/10‑1). As 
Şanlıurfa Mehmet Akif İnan Training and Research Hospital 
did not have an appropriate experimental animal research 
facility, the experiments were conducted at the Experimental 
Research Center of Yeditepe University Faculty of Medicine 
(Istanbul, Turkey), from which the experimental animals were 
also obtained. There was no objection from Şanlıurfa Mehmet 
Akif İnan Training and Research Hospital to conducting the 
experiments at this external facility. The minimum number of 
subjects required for the present study was calculated to be 24, 
based on an effect size of 0.6, a power of 0.80 and an α error 
level of 0.05 using G*Power (version 3.1.9.7; Heinrich Heine 
University Düsseldorf).

The present study included 24 male Sprague‑Dawley rats, 
aged 10‑12 weeks and weighing ~370 g, obtained from the 
Experimental Research Center of Yeditepe University Faculty 
of Medicine (Istanbul, Turkey). Throughout the experiment, 
the animals were housed in rooms with controlled temperature 
(20‑24˚C) and humidity (40‑60%), under a 12/12‑h light/dark 
cycle, with ad libitum access to standard rat pellet feed and 
purified tap water. A heating lamp was used on the operating 
table to protect the rats from hypothermia, maintaining their 
body temperature between 37.0 and 37.5˚C as measured using 
a rectal probe. To prevent dehydration, physiological saline 
(30 ml/kg) was administered subcutaneously once during 
the experimental procedure. The rats were randomized 
into four groups: Group I: A group that would not undergo 
ischemic procedures (Sham group; n=6), Group II: A group 
that would undergo ischemia followed by reperfusion but no 

preconditioning procedure (I/R group; n=6), Group III: A group 
that would receive ketamine along with ischemia‑reperfusion 
(Ketamine group; n=6) and Group IV: A group that would 
receive dexmedetomidine along with I/R (Dexmedetomidine 
group; n=6).

All rats were anesthetized with isoflurane (Isoflurane 
USP 100 ml inhalation solution; Adeka Pharmaceutical and 
Chemical Products Industry and Trade Inc.), administered 
at 4% for induction and 1.5% for maintenance, together with 
intraperitoneal xylazine hydrochloride (5 mg/kg; Rompun® 2%; 
Bayer AG). The depth of anesthesia was assessed using the toe 
pinch test. Once adequate anesthesia depth was achieved, the 
surgical area was shaved and cleaned antiseptically with three 
layers of povidone‑iodine. Before operations were conducted, 
0.1 ml blood was drawn from the jugular vein for pre‑operative 
creatinine measurement. Ophthalmic ointment was applied to 
both eyes to prevent corneal drying during anesthesia. The 
rats were then positioned supine on the operating table, and 
a midline abdominal incision was performed to expose both 
kidneys. The renal pedicles were subsequently dissected.

Renal I/R model. For the kidney I/R model, total ischemia of 
the left kidney was induced using an atraumatic microvascular 
clamp to occlude the renal pedicle. Adequate occlusion was 
determined by the absence of pulsation in the renal pedicle 
and a color change in the kidney. Following the completion 
of the ischemia period, the microvascular clamp was removed 
to allow reperfusion. The procedures applied to the present 
study groups were as follows: Group I (Sham): Abdominal 
dissection and right nephrectomy. No surgical procedures 
were performed on the left kidney, which was left undisturbed 
under anesthesia for 45 min before the abdomen was closed. 
Group II (I/R): Abdominal dissection and right nephrectomy, 
followed by clamping of the left renal artery to induce isch‑
emia for 45 min. Afterwards, the clamps were removed and 
the abdomen was closed. Group III (Ketamine): In addition 
to isoflurane and xylazine anesthesia, this group received 
2 mg/kg intraperitoneal ketamine (Ketasol 10%; İnterhas 
Tıbbi ve Kimyevi Ürünler San. ve Tic. A.Ş.) before undergoing 
abdominal dissection and right nephrectomy, followed by 
ischemia through clamping of the left renal artery for 45 min. 
After removing the clamps, the abdomen was closed. Group IV 
(Dexmedetomidine): In addition to isoflurane anesthesia, this 
group received a 10‑min bolus of 1.0 mcg/kg intravenous 
dexmedetomidine (DEKSTOMID 200 mcg/2 ml intravenous 
concentrated infusion solution; (POLİFARMA İLAÇ SAN. 
VE TİC. A.Ş.) followed by a continuous infusion at a rate of 
1.0 µg/kg/h during the surgical procedure. After abdominal 
dissection and right nephrectomy, the left renal artery was 
clamped to induce 45 min of ischemia. Subsequently, the 
clamps were removed and the abdomen was closed. Blood 
samples (0.1 ml) were collected from all rats after the opera‑
tion for postoperative serum creatinine measurements. A total 
of 24 h after the I/R procedure, the rats were re‑anesthetized 
with isoflurane (4% for induction and 1.5% for maintenance). 
Under deep anesthesia, blood samples were collected through 
cardiac puncture and kidneys were harvested for biochemical 
and histopathological analyses. Subsequently, the animals 
were euthanized through cervical dislocation. The predeter‑
mined humane endpoint criteria included severe or persistent 
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signs of distress, markedly reduced activity, inability to access 
food or water, severe respiratory distress and signs of uncon‑
trolled pain. Animals meeting any of these criteria were to be 
euthanized before the scheduled end of the experiment. None 
of the rats met the humane endpoint criteria or required early 
euthanasia before the scheduled end of the study. Mortality 
was determined by the absence of heartbeat, spontaneous 
respiration and corneal reflex. The experimental protocol 
schematic is shown in Fig. 1.

Histopathological examination. Kidney tissue samples 
were fixed in 10% neutral‑buffered formalin (equivalent to 
~4% formaldehyde) for 36 h at room temperature (20‑25˚C). 
Following routine tissue processing, the samples were 
embedded in paraffin and sectioned at a thickness of 4 µm.

Hematoxylin and eosin staining was performed at room 
temperature (20‑25˚C) using a Leica ST5020 automated slide 
stainer (Leica Biosystems Nussloch GmbH). Following depa‑
raffinization and rehydration, the sections were stained with 
Harris hematoxylin (cat. no. 05‑12011E; Bio‑Optica Milano 
S.p.A.,) for 4 min and counterstained with alcoholic Eosin 
Y solution (cat. no. BS‑009; BESLAB/Histomed) for 30 sec. 
The sections were subsequently dehydrated through graded 
ethanol, cleared in xylene and mounted.

Masson's trichrome staining was performed manually at 
room temperature (20‑25˚C) using a Masson trichrome kit 
with aniline blue (cat. no. 04‑010802; Bio‑Optica Milano 
S.p.A.), according to the manufacturer's instructions. After 
the sections were rinsed with distilled water, six drops each 
of reagents A and B (Weigert's iron hematoxylin solutions A 
and B) were applied for 10 min. Without washing, the slides 
were drained and 10 drops of reagent C (alcoholic picric 
acid solution) were applied for 4 min. The sections were 
rapidly washed in distilled water for 3‑4 sec and treated 
with 10 drops of reagent D (Ponceau acid fuchsin) for 4 min. 
After washing in distilled water, 10 drops of reagent E 

(phosphomolybdic acid solution) were applied for 10 min. 
Without washing, the slides were drained and 10 drops of 
reagent F (Masson aniline blue) were applied for 5 min. 
Finally, the sections were washed in distilled water, rapidly 
dehydrated through ascending concentrations of ethanol, 
kept in the final absolute ethanol bath for 1 min, cleared in 
xylene and mounted.

Histopathological evaluation was performed using an 
Olympus CX43 light microscope (Olympus Corporation). 
The histopathological changes evaluated included Bowman's 
capsule dilation, tubular dilation, vacuolization in the tubular 
epithelium, loss of brush border in the tubular epithelium, 
hyaline casts in the tubules, tubular atrophy, mononuclear 
cell infiltration in the interstitium, erythrocyte extravasation 
in the interstitium and interstitial fibrosis. The examinations 
were performed in a blinded manner by two experienced 
pathologists from the Department of Pathology at Istanbul 
Medeniyet University. Tissue damage was scored according 
to the percentage of affected tubules as follows: 0, normal 
kidney (no damage); 1, minimal damage (<25%); 2, mild 
damage (25‑50%); 3, moderate damage (50‑75%); and 4, severe 
damage (>75%). After each histopathological change had been 
scored, the individual scores were combined to obtain the total 
histopathological injury score.

Biochemical evaluation. For the biochemical assessment 
of kidney damage, creatinine levels were measured. Blood 
samples used for serum creatinine measurements were coded 
prior to laboratory analysis and laboratory personnel were 
unaware of group allocation. The collected blood samples 
were centrifuged at ~2,400 x g for 9 min at 4˚C using a Hettich 
Universal 320R centrifuge (Andreas Hettich GmbH), and were 
stored at 4˚C. The blood samples were analyzed at the Yeditepe 
University Animal Experiments Laboratory (Istanbul, Turkey) 
using an IDEXX Vet Test 8008 (IDEXX Laboratories, Inc.) 
device.

Figure 1. Schematic view of the experimental protocol including Group I (Sham group), Group II (Ischemia‑reperfusion group), Group III (Ketamine group) 
and Group IV (Dex group). The black bar represents the 45‑min ischemic period. Blood and kidney tissue samples were collected 24 h after the experimental 
procedure. Dex, dexmedetomidine.
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Statistical analysis. For statistical analyses, NCSS 2020 
Statistical Software (version 20.0.3; NCSS, LLC) was used. 
Descriptive statistical methods (mean, SD and median) were 
employed in evaluating the present study data. Kruskal‑Wallis 
tests were used for comparisons among three or more groups 
that did not display normal distribution, while for pairwise 
comparisons, the Bonferroni‑Dunn test was employed. For 
within‑group comparisons of parameters that did not follow 
a normal distribution, the Wilcoxon Signed Ranks test was 
used. P<0.05 was considered to indicate a statistically signifi‑
cant difference. Statistical analyses were performed by an 
investigator who was not blinded to group allocation.

Results

Initial and final creatinine measurements for the groups are 
shown in Table I. No significant difference was found in the 
initial creatinine measurements between the groups (P>0.05). 
However, a significant difference was found in the final creati‑
nine measurements between the groups (P=0.001). Pairwise 
comparisons revealed that the final creatinine measurements 
in the I/R and Ketamine groups were significantly higher 
compared with those of the Sham group (P=0.012 and P=0.001, 
respectively). In addition, the final creatinine measurement in 
the Ketamine group was significantly higher compared with 
that of the Dexmedetomidine group (P=0.040). No significant 

differences were found between the final creatinine measure‑
ments of the other groups (P>0.05). Compared with the 
initial measurements, the final creatinine measurements were 
significantly increased in all four groups (Sham, P=0.027; I/R, 
P=0.028; Ketamine, P=0.028; Dexmedetomidine, P=0.028).

The comparison of histomorphological evaluations 
among the groups is shown in Table  II. Representative 
histopathological findings of renal I/R injury are shown 
in Fig. 2. No significant differences were found among the 
groups with regard to Bowman's capsule dilation (P=0.083), 
tubular atrophy (P=0.099) or erythrocyte extravasation 
in the interstitium (P=0.392). However, significant differ‑
ences were observed among the groups regarding tubular 
dilation (P=0.001), vacuolization in the tubular epithelium 
(P=0.001), loss of brush border in the tubular epithelium 
(P=0.001) and hyaline casts in the tubules (P=0.011). 
Pairwise comparisons showed that tubular dilation 
(P=0.002 and P=0.001, respectively), vacuolization in the 
tubular epithelium (P=0.002 and P=0.003, respectively) 
and loss of brush border in the tubular epithelium (P=0.008 
and P=0.001, respectively) were significantly higher in the 
I/R and Ketamine groups compared with the Sham group. 
In addition, hyaline cast measurements in the Ketamine 
group were significantly higher compared with those in the 
Sham group (P=0.014). Mononuclear cell infiltration in the 
interstitium and interstitial fibrosis were recorded as zero in 

Table I. Comparison of creatinine levels between groups.

Creatinine				    Dexmedetomidine
measurement	 Sham(n=6)	 I/R(n=6)	 Ketamine (n=6)	 (n=6)	 P‑value

Pre‑procedure	 48.33±6.38	 47.00±4.73	 47.17±9.54	 42.67±4.84	 0.388
Post‑procedure	 61.33±1.75	 418.00±79.00a	 634.00±150.25a	 241.50±52.66b	 0.001c

Within‑group	 0.027d	 0.028d	 0.028d	 0.028d	

comparison
(pre vs. post)

aP<0.05 vs. Sham group and bP<0.05 vs. Ketamine group. cKruskal‑Wallis test and dWilcoxon test. I/R, ischemia‑reperfusion.

Table II. Comparison of histomorphological changes between groups.

Histomorphological	 Sham	 I/R	 Ketamine	 Dexmedetomidine
changes	 (n=6)	 (n=6)	 (n=6)	 (n=6)	 P‑value

Bowman capsule dilatation	 0	 0.50±0.55	 1.00±0.89	 0.33±0.52	 0.083
Tubular dilatation	 0	 3.50±0.55a	 3.67±0.52a	 1.33±0.82	 0.001
Vacuolization in tubular epithelium	 0.17±0.41	 3.50±0.55a	 3.33±0.82a	 1.50±0.84	 0.001
Loss of brush border in tubular epithelium	 0	 3.00±0.63a	 3.33±1.21a	 1.00±0.89	 0.001
Hyaline casts in tubules	 0.17±0.41	 1.83±1.17	 2.50±1.38a	 0.83±0.98	 0.011
Tubular atrophy	 0	 0	 1.33±2.07	 0	 0.099
Mononuclear cell infiltration in interstitium	 0	 0	 0	 0	
Red blood cell extravasation in interstitium	 0	 0	 0	 0.17±0.41	 0.392
Interstitial fibrosis	 0	 0	 0	 0	

aP<0.05 vs. Sham group.
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all groups; therefore, statistical comparisons could not be 
performed.

Discussion

Within the present study, the effects of dexmedetomidine 
and ketamine on I/R injury were investigated. The main 
findings of the present study were as follows: i) In subjects 
treated with dexmedetomidine, serum creatinine levels and 
histopathological involvement were similar to the Sham group; 
ii) dexmedetomidine‑treated subjects exhibited significantly 
lower serum creatinine levels compared with the Ketamine 
group and; iii)  subjects treated with ketamine exhibited 
significantly higher final serum creatinine levels and histo‑
pathological involvement compared with the Sham group. 
Results suggested that dexmedetomidine might be more pref‑
erable than ketamine for protecting against I/R where renal 
ischemia is likely, such as transplantation surgery and vascular 
surgery.

Ischemia is defined as a reduction or cessation of blood 
flow to a tissue or organ, while reperfusion is the restoration 
of blood flow to the tissue or organ after ischemia (12). The 
condition characterized by endothelial damage caused by free 
oxygen radicals and superoxide radicals generated during 
reperfusion, increased microvascular permeability and tissue 
edema is known as I/R injury (13,14). Experimental renal 
I/R injury has been modeled using two different methods in 
previous literature. As used in the present study, one of these 
methods involves unilateral nephrectomy and clamping of 

the opposite renal artery or renal pedicle. Orvieto et al (15) 
compared nephrectomies where both the renal artery and 
vein were clamped, with nephrectomies where only the renal 
artery was clamped, in 36 pigs undergoing laparoscopic 
nephrectomy. Significant differences were found in serum 
creatinine levels on postoperative days 1, 3, 8 and 15 after 
leaving the right kidney ischemic for 120  min. Subjects 
where only the renal artery was clamped exhibited signifi‑
cantly lower creatinine levels compared with those where 
both the renal artery and vein were clamped. Similarly, 
additional studies have shown that clamping both the renal 
artery and veins is a more accurate method for inducing isch‑
emic damage (16,17). In the present study, the renal artery 
and vein were clamped together to induce renal ischemia in 
accordance with the literature.

Furthermore, previous studies have demonstrated that the 
duration of renal ischemia is an important determinant of the 
severity of I/R injury, with longer ischemic periods generally 
resulting in more pronounced functional and histopathological 
renal damage (18). In experimental renal I/R models, ischemia 
periods of 30‑60 min are commonly used, with 45 min being 
frequently employed in rat models  (19). While prolonged 
renal ischemia >60 min leads to acute tubular necrosis and 
renal failure, ischemia <30 min has been shown to result in 
rapid proliferation of tubular epithelial cells and repair of 
damaged renal tubules, improving renal function (6,20). A 
review by Simmons et al (17) compared ischemia durations in 
different studies and concluded that the appropriate ischemia 
duration for rats was 40‑45 min. The present study applied a 

Figure 2. Representative histopathological findings in renal tissue samples obtained from rats in the I/R group. (A) Bowman's capsule dilatation (black arrows), 
(B) tubular dilatation (black arrows), (C) vacuolization in tubular epithelium (black arrows) and (D) hyaline casts in tubules (black arrows). Hematoyxlin and 
eosin staining. Scale bars, 50 µm.

https://www.spandidos-publications.com/10.3892/etm.2026.13302
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45‑min ischemia duration based on this literature. In addition, 
Williams et al (20) investigated the effects of renal I/R injury 
after 45 min of ischemia followed by reperfusion at a number 
of time points up to 1 week and found that the effects of 
renal I/R injury began as early as 4 h, before peaking at 24 h. 
Cochrane et al (21) also noted that renal damage following 
reperfusion was observed as early as 4 h post‑event. Therefore, 
a 24‑h reperfusion period was targeted in the present 
experimental model. The significant differences in histomor‑
phological and biochemical data between the I/R group and 
the Sham group compared in the present study suggest that the 
selected I/R durations were adequate and the I/R model was 
correctly applied.

Serum creatinine is one of the most commonly used labo‑
ratory markers for the assessment of kidney function as it is 
widely available, inexpensive and easy to measure (22‑24). 
However, creatinine alone often falls short, especially in 
detecting mild to moderate kidney damage. Notable increases 
in creatinine levels can occur even without any meaningful 
renal disorder following heavy exercise or trauma  (25). 
Therefore, in certain cases, more sensitive markers such as 
β‑Trace protein, serum cystatin‑C levels and β‑2‑microglobulin 
are more effective in assessing renal function (26,27). Despite 
no renal ischemia being induced in the present Sham group, 
a significant difference was observed between the initial and 
final creatinine values, whereas no difference was observed 
in the histopathological evaluation; this may be attributed to 
the low sensitivity of creatinine measurement. The present 
study considered that this significant difference, despite the 
absence of renal ischemia, was associated with the surgical 
stress endured.

I/R is a common clinical scenario in transplantation 
surgery and vascular surgery (28). A number of mechanisms 
activate and release toxic products in ischemic tissue after 
revascularization, leading to systemic inflammatory response 
syndrome, which can cause multiorgan failure (1,12,29). The 
histomorphological findings in the kidneys following I/R 
injury include increased microvascular permeability, intersti‑
tial edema, inflammatory cell infiltration and parenchymal cell 
dysfunction (30). A number of agents considered to be effec‑
tive on the mechanisms causing I/R injury have been used in 
prophylaxis (pharmacological preconditioning) and treatment 
(pharmacological postconditioning).

Propofol is one of the pharmacological agents researched 
for its effect in pharmacological preconditioning to protect 
against renal ischemia. Yang  et  al  (31) investigated the 
protective effects of propofol on renal I/R injury in 32 rats 
and reported that propofol exhibits protective effects against 
I/R injury (32). An additional study comparing the effects 
of propofol and sevoflurane on I/R injury also showed that 
propofol exhibited more positive effects compared with sevo‑
flurane (33). Although both ketamine and dexmedetomidine 
have been investigated in experimental I/R models, relatively 
few studies have directly compared their effects on renal I/R 
injury. Curtis et al (8) directly compared S(+)‑ketamine and 
dexmedetomidine in a rat renal I/R model involving 45 min 
of renal ischemia and reported lower post‑reperfusion serum 
creatinine levels in the dexmedetomidine group than in the 
S(+)‑ketamine group, although dexmedetomidine did not 
completely prevent renal injury.

To the best of our knowledge, the effects of dexmedeto‑
midine on renal I/R injury in rats were first demonstrated 
in a study by Koçoğlu et al  (6). This study reported that 
intraperitoneal administration of 100 mcg/kg dexmedeto‑
midine at the beginning of reperfusion markedly reduced 
histopathological damage scores at 45 min and exhibited a 
renoprotective effect in their study, where they clamped the 
left renal artery of rats for 60 min following a right nephrec‑
tomy. In addition, this study found that the renal protective 
effect was not only limited to the early post‑reperfusion 
period but also continued at 24 h, which is considered the 
peak effect time for I/R injury. Similarly, Gu et  al  (34) 
studied the effects of dexmedetomidine on renal I/R injury 
in rats both in vivo and in vitro and reported that treatment 
with dexmedetomidine notably reduced changes in tubular 
structures at 24 h post I/R, including improvements in renal 
function. The protective effect of dexmedetomidine on renal 
I/R injury is not fully understood; however, it is considered 
to increase renal blood flow and glomerular filtration by 
reducing norepinephrine release (34). Similar to previous 
research, the present study also observed significant reduc‑
tions in both creatinine values and histomorphological 
variables, such as Bowman's capsule dilation, tubular 
dilation, vacuolization in tubular epithelium, loss of brush 
border in tubular epithelium and hyaline casts in the group 
treated with dexmedetomidine compared with the I/R group. 
Similarly, Lempiäinen et al (35) demonstrated that dexme‑
detomidine preconditioning attenuated renal I/R injury in 
rats; a 10 µg/kg dexmedetomidine bolus reduced serum 
creatinine levels by 30% and ameliorated I/R‑induced acute 
tubular necrosis, characterized by loss of brush border, 
tubular dilation, cast formation and cell lysis (35).

Studies regarding ketamine and I/R injury have yielded 
mixed results. While a number of studies have shown that 
ketamine reduces I/R injury (36), others have demonstrated 
that it increases renal ischemic damage  (8). The present 
results demonstrated that the Ketamine group experienced 
more severe renal injury compared with the I/R group. This 
finding, while unexpected in the context of general anes‑
thesia, aligns with recent evidence suggesting a detrimental 
role for NMDA receptor (NMDA‑R) blockade in certain 
renal contexts. 

NMDA‑Rs are constitutively expressed in the renal 
cortex, medulla and podocytes, where they serve a key 
role in maintaining normal renal function. A possible 
mechanism for the worsened outcomes is the dichotomous 
effect of NMDA‑R activity; while high‑level activation is 
toxic, low‑level basal activity drives nitric oxide synthase 
to produce nitric oxide, which is key in renal vasodilation. 
Therefore, the high‑trapping blockade of these receptors 
by ketamine may induce sustained renal vasoconstriction, 
further reducing renal blood flow during the critical reperfu‑
sion phase. In addition, ketamine has been shown to induce 
epithelial phenotypic changesin renal tubular cells by 
suppressing E‑cadherin expression and disrupting the apical 
junctional complex. This loss of cell‑to‑cell adhesion, poten‑
tially mediated by non‑classical pro‑fibrotic mechanisms, 
such as p38 MAPK activation and cytoskeletal reorganiza‑
tion, may impair tubular epithelial integrity (37). Finally, 
the disruption of glutamatergic signaling in podocytes by 
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ketamine may compromise the integrity of the glomerular 
filtration barrier, leading to exacerbated proteinuric injury. 
These combined hemodynamic and cellular mechanisms 
may explain why ketamine exacerbated the damage in the 
present experimental model (38). In the present study, both 
creatinine values and histomorphological variables such as 
Bowman's capsule dilation, tubular dilation, vacuolization in 
tubular epithelium, loss of brush border in tubular epithe‑
lium and hyaline casts were significantly increased in the 
Ketamine group compared with the Sham group. Despite the 
present findings supporting the data suggesting that ketamine 
increases renal ischemic damage, the present study suggests 
more comprehensive research is needed on this topic.

The present study exhibits a number of limitations. Only 
male rats were used, so the effects of fluctuating female 
hormones such as estrogen and progesterone on I/R injury are 
unknown. More rats would have been statistically more effective 
in demonstrating differences when significance is considered 
in the statistical analyses of histopathological examinations. 
Lastly, the assessment of additional renal biomarkers, such 
as β‑trace protein, serum cystatin C and β2‑microglobulin, 
alongside serum creatinine may have provided complemen‑
tary information regarding renal dysfunction and allowed a 
more comprehensive assessment of differences in renal injury 
between the experimental groups (26).

Furthermore, although the sample size was determined 
using an a priori power analysis, the relatively small number 
of animals per group (n=6) may have limited the ability to 
detect modest intergroup differences; therefore, a Type II error 
cannot be excluded. An additional limitation of this study 
is that dexmedetomidine and ketamine were administered 
through different routes (intravenously and intraperitoneally, 
respectively). Differences in absorption and pharmacokinetic 
profiles associated with these administration routes may 
have influenced the observed outcomes independently of the 
pharmacological effects of the drugs.

Overall, the present study aimed to investigate the 
effects of ketamine and dexmedetomidine, which are 
commonly used in anesthesia, on renal I/R injury. Despite 
a reduction in serum creatinine levels and histopathological 
evaluations having been observed in subjects treated 
with dexmedetomidine compared with the I/R group, the 
difference was not found to be statistically significant. 
In subjects treated with ketamine, both serum creatinine 
levels and histopathological evaluations were found to be 
significantly higher compared with those in both the I/R 
and Dexmedetomidine groups. In light of these findings, 
dexmedetomidine may represent a more favorable option 
compared with ketamine with regard to biochemical and 
histopathological outcomes in the present experimental 
model of renal I/R injury. However, further studies are 
needed to validate these findings.

Acknowledgements

Not applicable.

Funding

No funding was received.

Availability of data and materials

The data generated in the present study may be requested from 
the corresponding author.

Authors' contributions

MHE, HK, TBT and MGC designed the present study and 
experimental protocol. MHE, HK and TZ performed the 
experiments and collected and processed the data.MHE, 
HK, TBT and TZ analyzed and interpreted the results. MHE 
and HK prepared the manuscript draft and created the visual 
materials.TBT, MGC and TZ critically revised and edited the 
manuscript. MGC supervised the study. MHE, HK and MGC 
confirm the authenticity of all the raw data. All authors have 
read and approved the final version of the manuscript.

Ethics approval and consent to participate

The present study was approved by the Yeditepe University 
Local Ethics Committee for Animal Experiments (approval 
no. 2020‑871; decision no. 2020/10‑1; 30.10.2020). All animal 
procedures were conducted in accordance with institutional 
and national guidelines for the care and use of laboratory 
animals. Animals were anesthetized and sacrificed using 
accepted humane methods to minimize suffering.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Use of artificial intelligence tools

During the preparation of this work, artificial intelligence 
tools were used to improve the readability and language of 
the manuscript or to generate images, and subsequently, the 
authors revised and edited the content produced by the artifi‑
cial intelligence tools as necessary, taking full responsibility 
for the ultimate content of the present manuscript.

References

  1.	 Kalogeris T, Baines CP, Krenz M and Korthuis RJ: Cell biology 
of ischemia/reperfusion injury. Int Rev Cell Mol Biol  298: 
229‑317, 2012.

  2.	Malek  M and Nematbakhsh  M: Renal ischemia/reperfusion 
injury; from pathophysiology to treatment. J Renal Inj Prev 4: 
20‑27, 2015.

  3.	Liu J, Lin SH, Zhao YS, Luo RJ, Zhang ZT, Wang LY, Xie K, 
Fan J, Zhang M, Chai YS, et al: Incidence and risk factors of 
acute kidney injury after abdominal surgery: A systematic 
review and meta‑analysis. Ann Med 57: 2547324, 2025.

  4.	Shokeir AA, Hussein AM, Awadalla A, Samy A, Abdelaziz A, 
Khater  S and Barakat  N: Protection against renal isch‑
aemia/reperfusion injury: A comparative experimental study 
of the effect of ischaemic preconditioning vs. postconditioning. 
Arab J Urol 10: 418‑424, 2012.

  5.	Laurikka  J, Wu  ZK, Iisalo  P, Kaukinen  L, Honkonen  EL, 
Kaukinen S and Tarkka MR: Regional ischemic preconditioning 
enhances myocardial performance in off‑pump coronary artery 
bypass grafting. Chest 121: 1183‑119, 2002.

https://www.spandidos-publications.com/10.3892/etm.2026.13302


ERDOĞAN et al:  KETAMINE AND DEXMEDETOMIDINE IN RENAL ISCHEMIA-REPERFUSION8

  6.	Kocoglu H, Ozturk H, Ozturk H, Yilmaz F and Gulcu N: Effect of 
dexmedetomidine on ischemia‑reperfusion injury in rat kidney: 
A histopathologic study. Ren Fail 31: 70‑74, 2009.

  7.	 Chiao H, Kohda Y, McLeroy P, Craig L, Housini I and Star RA: 
Alpha‑melanocyte‑stimulating hormone protects against renal 
injury after ischemia in mice and rats. J Clin Invest 99: 1165‑1172, 
1997.

  8.	Curtis  FG, Vianna  PT, Viero  RM, Fiorio  PM, Silva  LM, 
Braz JR, Oliveira C and Castiglia YM: Dexmedetomidine and 
S(+)‑ketamine in ischemia and reperfusion injury in the rat 
kidney. Acta Cir Bras 26: 202‑206, 2011.

  9.	 Taniguchi  T, Kidani  Y, Kanakura  H, Takemoto  Y and 
Yamamoto K: Effects of dexmedetomidine on mortality rate and 
inflammatory responses to endotoxin‑induced shock in rats. Crit 
Care Med 32: 1322‑1326, 2004.

10.	 Peker K, Ökesli S, Kıyıcı A and Deyişli C: The effects of ketamine 
and lidocaine on free radical production after tourniquet‑induced 
ischemia‑reperfusion injury in adults. Ulus Travma Acil Cerrahi 
Derg 25: 111‑117, 2019.

11.	 Müllenheim J, Frässdorf J, Preckel B, Thämer V and Schlack W: 
Ketamine, but not S(+)‑ketamine, blocks ischemic precondi‑
tioning in rabbit hearts in vivo. Anesthesiology 94: 630‑636, 
2001.

12.	Collard  CD and Gelman  S: Pathophysiology, clinical mani‑
festations, and prevention of ischemia‑reperfusion injury. 
Anesthesiology 94: 1133‑118, 2001.

13.	 Olguner C, Koca U, Kar A, Karci A, Işlekel H, Canyilmaz M, 
Mavioĝlu O, Kizildaĝ S, Unlü G and Elar Z: Ischemic precondi‑
tioning attenuates the lipid peroxidation and remote lung injury 
in the rat model of unilateral lower limb ischemia reperfusion. 
Acta Anaesthesiol Scand 50: 150‑155, 2006.

14.	 Huang SS, Wei FC and Hung LM: Ischemic preconditioning 
attenuates postischemic leukocyte‑endothelial cell interactions: 
Role of nitric oxide and protein kinase C. Circ J 70: 1070‑1075, 
2006.

15.	 Orvieto MA, Zorn KC, Mendiola F, Lyon MB, Mikhail AA, 
Gofrit ON and Shalhav AL: Recovery of renal function after 
complete renal hilar versus artery alone clamping during open 
and laparoscopic surgery. J Urol 177: 2371‑2374, 2007.

16.	 Bechara GR, Damasceno‑Ferreira JA, Abreu LA, Costa WS, 
Sampaio FJ, Pereira‑Sampaio MA and Souza DB: Glomerular 
loss after arteriovenous and arterial clamping for renal warm 
ischemia in a swine model. Acta Cir Bras 31: 753‑758, 2016.

17.	 Simmons MN, Schreiber MJ and Gill IS: Surgical renal isch‑
emia: A contemporary overview. J Urol 180: 19‑30, 2008.

18.	 Weight SC, Furness PN and Nicholson ML: New model of renal 
warm ischaemia‑reperfusion injury for comparative functional, 
morphological and pathophysiological studies. Br J Surg 85: 
1669‑1673, 1998.

19.	 Ozbilgin S, Ozkardesler S, Akan M, Boztas N, Ozbilgin M, 
Ergur  BU, Derici  S, Guneli  ME and Meseri  R: Renal 
Ischemia/Reperfusion ınjury in diabetic rats: The role of local 
ıschemic preconditioning. Biomed Res Int 2016: 8580475, 2016.

20.	Williams P, Lopez H, Britt D, Chan C, Ezrin A and Hottendorf R: 
Characterization of renal ischemia‑reperfusion injury in rats. 
J Pharmacol Toxicol Methods 37: 1‑7, 1997.

21.	 Cochrane J, Williams BT, Banerjee A, Harken AH, Burke TJ, 
Cairns CB and Shapiro JI: Ischemic preconditioning attenuates 
functional, metabolic, and morphologic injury from ischemic 
acute renal failure in the rat. Ren Fail 21: 135‑145, 1999.

22.	Kashani K, Rosner MH and Ostermann M: Creatinine: From 
physiology to clinical application. Eur J Intern Med 72: 9‑14, 
2020.

23.	Treacy O, Brown NN and Dimeski G: Biochemical evaluation of 
kidney disease. Transl Androl Urol 8 (Suppl 2): S214‑S223, 2019.

24.	Cusumano  AM, Tzanno‑Martins  C and Rosa‑Diez  GJ: The 
Glomerular filtration Rate: From the diagnosis of kidney function 
to a public health tool. Front Med (Lausanne) 8: 769335, 2021.

25.	 Thomas  ME, Blaine  C, Dawnay  A, Devonald  MA, Ftouh  S, 
Laing C, Latchem S, Lewington A, Milford DV and Ostermann M: 
The definition of acute kidney injury and its use in practice. 
Kidney Int 87: 62‑73, 2015.

26.	Inker LA, Tighiouart H, Coresh J, Foster MC, Anderson AH, 
Beck GJ, Contreras G, Greene T, Karger AB, Kusek JW, et al: 
GFR estimation using β‑trace protein and β2‑microglobulin in 
CKD. Am J Kidney Dis 67: 40‑48, 2016.

27.	 Solichova  P, Novackova  L, Ochmanova  R and Stejskal  D: 
Assessment of serum beta‑trace protein (BTP) measurement in 
the prediction of glomerular filtration rate. Comparison with 
serum cystatin C. Biomed Pap Med Fac Univ Palacky Olomouc 
Czech Repub 150: 83‑84, 2006.

28.	Dorweiler B, Pruefer D, Andrasi TB, Maksan SM, Schmiedt W, 
Neufang  A and Vahl  CF: Ischemia‑reperfusion ınjury: 
Pathophysiology and clinical ımplications. Eur J Trauma Emerg 
Surg 33: 600‑612, 2007.

29.	 Yellon DM and Downey JM: Preconditioning the myocardium: 
From cellular physiology to clinical cardiology. Physiol Rev 83: 
1113‑1151, 2003.

30.	Devarajan P: Update on mechanisms of ischemic acute kidney 
injury. J Am Soc Nephrol 17: 1503‑1520, 2006.

31.	 Yang S, Chou WP and Pei L: Effects of propofol on renal isch‑
emia/reperfusion injury in rats. Exp Ther Med 6: 1177‑1183, 2013.

32.	Ammar AS and Mahmoud KM: Comparative effect of propofol 
versus sevoflurane on renal ischemia/reperfusion injury 
after elective open abdominal aortic aneurysm repair. Saudi 
J Anaesth 10: 301‑307, 2016.

33.	 Gu J, Sun P, Zhao H, Watts HR, Sanders RD, Terrando N, Xia P, 
Maze M and Ma D: Dexmedetomidine provides renoprotection 
against ischemia‑reperfusion injury in mice. Crit Care 15: R153, 
2011.

34.	Fukuda M, Vazquez AL, Zong X and Kim SG: Effects of the 
α2‑adrenergic receptor agonist dexmedetomidine on neural, 
vascular and BOLD fMRI responses in the somatosensory 
cortex. Eur J Neurosci 37: 80‑95, 2013.

35.	 Lempiäinen J, Finckenberg P, Mervaala EE, Storvik M, Kaivola J, 
Lindstedt K, Levijoki J and Mervaala EM: Dexmedetomidine 
preconditioning ameliorates kidney ischemia‑reperfusion injury. 
Pharmacol Res Perspect 2: e00045, 2014.

36.	Weigand MA, Schmidt H, Zhao Q, Plaschke K, Martin E and 
Bardenheuer HJ: Ketamine modulates the stimulated adhesion 
molecule expression on human neutrophils in  vitro. Anesth 
Analg 90: 206‑212, 2000.

37.	 Hills  CE, Jin  T, Siamantouras  E, Liu  IK, Jefferson  KP and 
Squires PE: ‘Special k’ and a loss of cell‑to‑cell adhesion in 
proximal tubule‑derived epithelial cells: Modulation of the adhe‑
rens junction complex by ketamine. PLoS One 8: e71819, 2013.

38.	Acosta‑Murillo NR and Dueñas Gómez Z: Possible protective 
effect or harmful of ketamine on isquemia‑induced acute kidney 
injury in a pediatric murine model. Austin J Anesth Analg 4: 
1045, 2016.


