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Abstract

Introduction: Renal ischemia-reperfusion (IR) injury is a major cause of acute kidney
injury and is strongly associated with oxidative stress, inflammation, and apoptosis.
Melatonin and Nigella sativa possess well-documented antioxidant and anti-
inflammatory properties that may provide renoprotective effects against IR-induced
renal damage.

Objective: The present study aimed to evaluate the potential nephroprotective
effects of melatonin and Nigella sativa, individually and in combination, against renal
IRinjury in rats.

Methods: Experimental renal IR injury was induced in rats by bilateral renal pedicle
clamping followed by reperfusion. Animals were divided into experimental groups:
Sham, IR, melatonin-treated, Nigella sativa-treated, and combined treatment.
Biomarkers of renal function, oxidative stress, inflammatory cytokines, apoptotic
markers, and kidney injury molecule-1 (KIM-1) were analyzed. Histopathological
changes of the renal tissue were examined using hematoxylin & eosin staining.
Results: In the renal IR injury group, serum urea, creatinine, tumor necrosis factor-
alpha, interleukin-6, and KIM-1 levels, as well as renal malondialdehyde and B-cell
lymphoma 2-associated X protein levels, were significantly higher, whereas renal
tissue reduced glutathione and B-cell lymphoma 2 levels were significantly lower,
compared with those of the Sham group. Melatonin and Nigella sativa treatment
significantly reduced these biochemical and histopathological changes. Importantly,
the combination therapy was associated with stronger renoprotective effects
than either therapy alone, as reflected by improved renal function, lower levels of
oxidative stress and inflammatory responses, restoration of apoptotic balance, and
better preservation of renal histological architecture.

Conclusion: The results of the present study suggest that melatonin and Nigella
sativa exert potent nephroprotective effects against IR injury via their modulation
of oxidative stress, inflammation, apoptosis, and KIM-1 protein levels. Co-treatment
with combined administration resulted in more powerful protective effects and could
be a potential therapeutic option for the prevention of IR-associated renal damage.

Keywords: Renal ischemia-reperfusion injury; Oxidative stress; Inflammation; Apoptosis;
Kidney injury molecule-1; Melatonin; Nigella sativa
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1. Introduction

Acute kidney injury (AKI) is a common clinical condition
associated with the rapid deterioration of renal function
with the onset of metabolic waste accumulation and
impairment in fluid/electrolyte and acid-base regulation.!
Renal ischemia-reperfusion (IR) injury is believed to be one
of the most important causes of AKI and is often observed
in renal transplantation, septic shock, cardiovascular
surgery, and severe hypotension. Despite advances in
supportive treatment, renal IR injury remains associated
with high morbidity and mortality due to the complexity of
its underlying pathophysiological mechanisms.?

The pathogenesis of renal IR injury involves multiple
interconnected mechanisms, including oxidative stress,
inflammation, mitochondrial dysfunction, and apoptotic
cell death. Reperfusion followingischemialeads to excessive
generation of reactive oxygen species (ROS), causing lipid
peroxidation, DNA damage, and cellular dysfunction.’ In
addition, inflammatory mediators such as tumor necrosis
factor-alpha (TNF-a) and interleukin-6 (IL-6) contribute
to tubular epithelial injury and endothelial dysfunction.*
Apoptosis also plays a crucial role in renal damage through
modulation of apoptotic regulatory proteins, including
B-cell lymphoma 2-associated X protein (Bax) and B-cell
lymphoma 2 (Bcl-2), where an increased Bax/Bcl-2 ratio
promotes mitochondrial membrane permeability and
activation of caspase-dependent pathways.®

Kidney injury molecule-1 (KIM-1) is a transmembrane
glycoprotein highly expressed in proximal tubular
epithelial cells following renal injury.® KIM-1 has emerged
as an early, sensitive, and specific biomarker for detecting
acute kidney injury and evaluating the severity of tubular
damage. Elevated KIM-1 levels are strongly associated
with ischemic and inflammatory renal injury, making
it a valuable marker for assessing nephroprotective
interventions.”

Nigella sativa, commonly known as black seed, is a
medicinal plant widely used in traditional medicine because
of its diverse pharmacological activities. Thymoquinone,
the major bioactive constituent of Nigella sativa, possesses
well-documented antioxidant, anti-inflammatory, and
anti-apoptotic properties.® Previous experimental studies
have shown that Nigella sativa possesses significant
antioxidant and anti-inflammatory properties that may
attenuate renal tissue injury and improve histopathological
alterations following ischemic damage.’

Melatonin is an endogenous indoleamine secreted
mainly by the pineal gland and has demonstrated significant
antioxidant and anti-apoptotic effects in an experimental
renal IR injury model."® Melatonin exerts renoprotective

effects through scavenging ROS, preserving mitochondrial
function, suppressing inflammatory signaling pathways,
and inhibiting apoptosis. Several studies have demonstrated
the beneficial effects of melatonin against renal IR injury
and oxidative renal damage."!

Both melatonin and Nigella sativa have demonstrated
renoprotective effects against renal IR injury, but there
are limited data on their combined therapeutic efficacy.
In addition, the possible synergism observed between the
differentagentson oxidative stress,inflammation, apoptosis,
and renal injury markers, including KIM-1, has not been
extensively studied in one experimental model. Hence,
the present study aimed to assess the nephroprotective
effect of combined Nigella sativa and melatonin treatment
compared to their individual treatment in reducing
oxidative stress, inflammatory mediators, apoptosis, and
KIM-1 protein concentration in renal IR injury in a rat
model. Given their complementary mechanisms of action,
we hypothesized that the combination therapy would have
greater nephroprotective effects than either agent alone.

2. Materials and methods
2.1. Experimental animals

Adult male Wistar albino rats aged 8-10 weeks old,
weighing 200-250 g (n = 40), were used in the present
experimental study. Animals were obtained from the
animal house of the University of Alkafeel and maintained
under standard laboratory conditions, including controlled
temperature (22 * 2 °C), relative humidity (55 + 5%), and
a 12-h light/dark cycle with free access to standard pellet
diet and water ad libitum. All experimental procedures
were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal
Care and Use Committee of the University of Alkafeel
(AU-IACUC-2024-039).

2.2. Chemicals and reagents

Melatonin powder was purchased from Sigma-Aldrich
(United States). All biochemical assay kits used to
determine oxidative stress and inflammatory markers were
commercially available, analytical-grade kits obtained

from certified manufacturers.

2.3. Preparation of Nigella sativa extract

Nigella sativa seeds were procured from a certified local
herbal supplier in Najaf, Iraq, and authenticated by a
pharmacognosy specialist. The seeds were cleaned, air-
dried, and mechanically ground into a fine powder.
Hydroalcoholic extraction was performed using 70%
ethanol in a Soxhlet apparatus for 24 h. The resulting extract
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was concentrated under reduced pressure at 40 °C using a
rotary evaporator and dried to obtain a semisolid extract.
Before administration, the extract was freshly dissolved in
distilled water and orally administered by gastric lavage to
the experimental animals at the 200 mg/kg dose."?

2.4. Experimental design and grouping

For the study, 53 male Wistar rats were initially obtained.
During the acclimatization period and induction of
anesthesia, 13 animals were lost and were thus excluded
from the experimental protocol. The 40 healthy rats were
assigned to the five experimental groups (eight rats per
group). Each rat was assigned a unique identification
number, and simple randomization was performed by
randomly drawing the numbered animals until each group
contained eight rats. All animals in the experimental
groups were included in biochemical, histopathological,
and statistical analyses:

(i) Group I (Sham): Rats underwent an operation without
renal ischemia.

(ii) Group II (IR): Rats subjected to renal IR injury
without treatment.

(iii) Group III (NS + IR): Rats treated with Nigella sativa
extract before renal IR injury.

(iv) Group IV (Mel + IR): Rats treated with melatonin
before renal IR injury.

(v) Group V (NS + Mel + IR): Rats treated with combined
Nigella sativa and melatonin before renal IR injury.

The study was planned with eight rats in each

experimental group as stipulated in the experimental

protocol. No formal a priori power analysis was conducted

prior to the start of the study, which would be considered

a limitation.

2.5. Induction of renal ischemia-reperfusion injury

Renal IR injury was induced according to previously
established protocols.® Briefly, rats were anesthetized
using ketamine (80 mg/kg) and xylazine (10 mg/kg)
intraperitoneally. Following a midline abdominal incision,
both renal pedicles were carefully isolated and occluded
using non-traumatic vascular clamps for 45 min to
induce ischemia. Reperfusion was initiated by removing
the clamps and restoring blood flow for 24 h. Successful
ischemia and reperfusion were confirmed visually by color
changes in renal tissues."

2.6. Drug administration

Melatonin was administered intraperitoneally at a dose of
10 mg/kg body weight, while Nigella sativa hydroalcoholic
extract was orally administered at a dose of 200 mg/kg
body weight once daily for seven consecutive days before
ischemia induction. The selected doses were based on

previous experimental studies.''®

2.7.Sample collection

At the end of the reperfusion period, blood samples
were collected via cardiac puncture under anesthesia for
biochemical analysis. Rats were then sacrificed, and kidney
tissues were rapidly excised, washed with cold saline, and
divided into portions for biochemical, molecular, and
histopathological analyses.

2.8. Assessment of renal function

Serum creatinine (E-BC-K188-M, Elabscience, United
States) and serum urea levels (E-BC-K183-M, Elabscience,
United States) were measured using commercially
available diagnostic kits according to the manufacturer’s
instructions to evaluate renal function.

2.9. Oxidative stress markers

Renal tissue malondialdehyde (MDA) levels were
determined as an index of lipid peroxidation (E-BC-
K025-M, Elabscience, United States), whereas reduced
glutathione (GSH) levels (E-BC-K030-M, Elabscience,
United States) were assessed to evaluate antioxidant
defense status.

2.10. Inflammatory markers

Serum  concentrations of TNF-a (E-EL-R2856,
Elabscience, United States) and IL-6 (E-EL-R0015,
Elabscience, United States) were measured using enzyme-
linked immunosorbent assay (ELISA) kits according to the
manufacturer’s protocols.

2.11. Apoptosis assessment

Protein levels of Bax (E-EL-R0098, Elabscience, United
States) and Bcl-2 (E-EL-R0096, Elabscience, United
States) were quantified in renal tissue homogenates
using commercially available ELISA kits according to the
manufacturer’s protocols.

2,12, Assessment of kidney injury molecule-1
concentration

Serum KIM-1 protein concentration was quantified
using a commercially available ELISA kit (E-EL-R0586,
Elabscience, United States) based on the manufacturer’s
instructions.

2.13. Histopathological examination

Kidney tissues were fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned at 4-5 um thickness, and
stained with hematoxylin and eosin (H&E). A pathologist
blinded to the treatment-group assignments evaluated
the histopathological changes, such as tubular necrosis,
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interstitial edema, inflammatory infiltration, and tubular
dilation, using light microscopy (Eclipse E200, Nikon
Corporation, Japan).

2.14, Statistical analysis

Data are presented as mean +* standard error of the mean
(SEM). GraphPad Prism version 10 (GraphPad Software,
United States) was used for statistical analyses. One-way
analysis of variance was conducted after the Shapiro-Wilk
test was used to determine the normality of the data. One-
way analysis of variance and Tukey’s multiple comparisons
test were used to analyze differences between groups.
Statistically significant differences were determined using
adjusted p-values calculated using Tukey’s test. p-values <
0.05 were deemed to be statistically significant.

3. Results

The present study investigated the potential renoprotective
effects of melatonin, Nigella sativa, and their combined
administration against renal IR-induced injury in
experimental rats. Renal function parameters, oxidative
stress biomarkers, inflammatory mediators, apoptotic
markers, and kidney injury markers were evaluated among
the studied groups.

3.1. Effect of treatments on renal function
parameters

3.1.1. Effect of treatments on serum urea levels

Serum urea levels were significantly elevated in the IR
group compared with the Sham group, indicating severe
renal dysfunction following IR injury. Treatment with
melatonin or Nigella sativa significantly reduced serum
urea levels compared with the IR group. The combined
treatment (IR+Mel+NS) demonstrated the greatest
reduction in serum urea levels, indicating enhanced
renal protective efficacy. The mean serum urea level was
higher in the IR group (91.29 mg/dL) than in the IR+Mel
group (42.43 mg/dL), IR+NS group (38.21 mg/dL), and
IR+Mel+NS group (29.46 mg/dL). Compared with the IR
group, the combined treatment reduced serum urea levels
by 67.7%, whereas melatonin alone and Nigella sativa alone
reduced serum urea levels by 53.5% and 58.1%, respectively
(Figure 1).

3.1.2. Effect of treatments on serum creatinine levels

Serum creatinine levels showed a significant increase in the
IR group compared with the Sham group. Administration
of melatonin or Nigella sativa significantly attenuated
creatinine elevation, while combined treatment restored

creatinine levels closer to normal values. The mean serum
creatinine was higher in the IR group (1.793 mg/dL) than
in the IR+Mel group (1.198 mg/dL), IR+NS group (1.094
mg/dL), and IR+Mel+NS group (0.840 mg/dL). The
serum creatinine level in the combined treatment group
was decreased by about 53.2%, which is higher than the
reductions in serum creatinine level in the melatonin and
Nigella sativa groups alone (39.0% and 33.2%, respectively)
(Figure 2).

Figure 1. Effect of different treatments on serum urea levels in
experimental groups. Data are expressed as mean + standard error of the
mean. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ***p <
0.0001.
Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.2. Effect of treatments on oxidative stress
biomarkers

3.2.1. Effect of treatments on renal malondialdehyde
levels

The level of MDA in the IR group was significantly elevated,
indicating elevated lipid peroxidation and oxidative stress.
Combination therapy resulted in the greatest decrease in
renal MDA, while significant decreases were observed for
the melatonin and Nigella sativa treatments. The mean renal
MDA level was lower in the IR+Mel group (32.84 pmol/g),
the IR+NS group (27.84 umol/g), and the IR+Mel+NS
group (24.90 umol/g) than in the IR group (51.45 pmol/g).
Compared with the IR group, the combined treatment
reduced renal MDA levels by 51.6%, whereas melatonin
alone and Nigella sativa alone reduced renal MDA levels
by 36.2% and 45.9%, respectively (Figure 3).
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Figure 2. The effect of various treatments on the serum creatinine level
in experimental groups. Data are expressed as mean * standard error of
the mean. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ***p
< 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella

sativa.

Figure 3. Effect of different treatments on renal malondialdehyde (MDA)
levels in experimental groups. Data are expressed as mean + standard
error of the mean. Statistical significance: *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.2.2. Effect of treatments on renal glutathione levels

Renal reduced GSH levels were significantly decreased in
the IR group compared with the Sham group. Treatment
with melatonin and Nigella sativa significantly restored
GSH levels, with the combined treatment showing the
greatest antioxidant effect. The mean renal GSH level
was elevated to 1.996 mmol/g in the IR+Mel group, 2.148
mmol/g in the IR+NS group, and 2.489 mmol/g in the
IR+Mel+NS group, compared with 1.149 mmol/g in the
IR group. Compared with the IR group, the combined
treatment increased renal GSH levels by 116.6%, whereas
melatonin alone and Nigella sativa alone increased renal
GSH levels by 73.7% and 87.0%, respectively (Figure 4).

Figure 4. Effect of different treatments on renal glutathione (GSH) levels
in experimental groups. Data are expressed as mean * standard error of
the mean. Statistical significance: *p < 0.05, **p < 0.01, **p < 0.001, ***p
< 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.3. Effect of treatments on inflammatory markers

3.3.1. Effect of treatments on serum tumor necrosis
factor-alpha levels

Serum TNF-a levels were markedly elevated in the IR
group compared with the Sham group, indicating a
severe inflammatory response induced by renal IR injury.
Treatment with melatonin or Nigella sativa significantly
reduced TNF-a levels, whereas combined treatment
exerted the strongest anti-inflammatory effect. The mean
serum TNF-a concentration showed a higher value of 353.5
pg/mL in the IR group than 224.4 pg/mL in the IR+Mel
group, 242.5 pg/mL in the IR+NS group, and 187.7 pg/mL
in the IR+Mel+NS group. Compared with the IR group,
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the combined treatment reduced TNF-a levels by 46.9%,
whereas melatonin alone and Nigella sativa alone reduced
TNEF-a levels by 36.5% and 31.4%, respectively (Figure 5).

Figure 5. Effect of different treatments on serum tumor necrosis factor
alpha (TNF-a) levels in experimental groups. Data are expressed as mean
+ standard error of the mean. Statistical significance: *p < 0.05, **p < 0.01,
*p < 0.001, ****p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.3.2. Effect of treatments on serum interleukin-6
levels

Serum IL-6 levels were significantly increased in the IR
group compared with the Sham group. Administration of
melatonin or Nigella sativa significantly attenuated IL-6
elevation, while combined treatment restored IL-6 levels
closer to normal values. The mean serum IL-6 levels were
lower in the IR+Mel group (4,461 pg/mL), the IR+NS
group (4,843 pg/mL), and the IR+Mel+NS group (3,656
pg/mL) than in the IR group (7,054 pg/mL). Compared
with the IR group, the combined treatment reduced IL-6
levels by 48.2%, whereas melatonin alone and Nigella sativa
alone reduced IL-6 levels by 36.8% and 31.3%, respectively
(Figure 6).

Figure 6. Effect of different treatments on serum interleukin-6 (IL-6)
levels in experimental groups. Data are expressed as mean + standard
error of the mean. Statistical significance: *p < 0.05, **p < 0.01, **p <
0.001, ****p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.4. Effect of treatments on apoptotic markers

3.4.1. Effect of treatments on B-cell lymphoma
2-associated X protein level

Renal Bax level was significantly upregulated in the IR
group compared with the Sham group, indicating enhanced
apoptotic activity. Treatment with melatonin or Nigella
sativa significantly reduced Bax levels, while the combined
treatment demonstrated the greatest anti-apoptotic effect.
The mean renal Bax level in the IR group was higher (3.330
pg/mg) than in the IR+Mel group (1.076 pg/mg), IR+NS
group (1.289 pg/mg), and IR+Mel+NS group (0.879 pg/
mg). The combined treatment significantly reduced Bax
level by about 73.6%. In comparison, melatonin alone
reduced Bax level by about 67.7%, and Nigella sativa alone
by about 61.3%, compared to the IR group (Figure 7).
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3.4.2. Effect of treatments on B-cell lymphoma 2 level

Renal Bcl-2 level was significantly reduced in the IR group
compared with the Sham group. Treatment with melatonin
or Nigella sativa significantly increased Bcl-2 level, whereas
combined treatment restored Bcl-2 level to near normal
levels. The mean renal Bcl-2 level was 0.955 pg/mg in the
IR group, 2.230 pg/mg in the IR+Mel group, 1.799 pg/mg
in the IR+NS group, and 2.925 pg/mg in the IR+Mel+NS
group. Compared with the IR group, Bcl-2 level increased
by 133.5% following melatonin treatment, 88.4% following
Nigella sativa treatment, and 206.3% following combined
treatment, with the highest concentration observed in the
combined treatment group (Figure 8).

Figure 7. Effect of different treatments on renal B-cell lymphoma
2-associated X protein (Bax) levels in experimental groups. Data are
expressed as mean + standard error of the mean. Statistical significance:
*p < 0.05,**p < 0.01, **p < 0.001, ***p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.5. Effect of treatments on renal injury marker

3.5.1. Effect of treatments on serum kidney injury
molecule-1 levels

Serum KIM-1 levels were significantly elevated in the IR
group compared with the Sham group, indicating severe
tubular epithelial injury. Treatment with melatonin
or Nigella sativa significantly reduced KIM-1 levels,
whereas combined treatment demonstrated the greatest
reduction, suggesting marked protection against renal
tubular damage. The mean serum KIM-1 level increased
from 74.31 ng/L in the Sham group to 126.70 ng/L in the

IR group. KIM-1 levels were 92.88 ng/L in the IR+Mel
group, 88.36 ng/L in the IR+NS group, and 79.94 ng/L
in the IR+Mel+NS group. Melatonin, Nigella sativa, and
combined treatment showed lower KIM-1 levels by 26.7%,
30.3%, and 36.9%, respectively, compared with the IR
group, with the combined treatment showing the largest
reduction (Figure 9).

Figure 8. Effect of different treatments on renal B-cell lymphoma 2 (Bcl-
2) levels in experimental groups. Data are expressed as mean + standard
error of the mean. Statistical significance: *p < 0.05, **p < 0.01, **p <
0.001, ****p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella
sativa.

3.5.2. Comparison between melatonin and Nigella
sativa monotherapy

The melatonin (IR+Mel) and Nigella sativa (IR+NS)
monotherapy groups were compared directly using Tukey’s
multiple comparisons test, which showed that the mean
serum urea in the IR+Mel group was significantly higher
than in the IR+NS group, while the mean serum KIM-1 in
the IR+NS group was significantly lower than in the IR+Mel
group. There were no significant differences between the
two monotherapies for serum creatinine or renal GSH.
Overall, these results suggest that both agents demonstrate
different but complementary nephroprotective properties
and that the synergistic treatment showed the highest
nephroprotective activity across all parameters evaluated.
No significant differences were found between the two
monotherapy groups in serum creatinine and renal GSH
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levels (Tukey’s adjusted p > 0.05), but significant differences
were observed in serum urea, renal MDA, serum TNF-
a, serum IL-6, renal Bax, renal Bcl-2, and serum KIM-1
levels.

Figure 9. Effect of different treatments on serum kidney injury molecule-1
(KIM-1) levels in experimental groups. Data are expressed as mean +
standard error of the mean. Statistical significance: *p < 0.05, **p < 0.01,
0 < 0,001, #**p < 0.0001.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella

sativa.

3.6. Histopathological findings

Histopathological examination of renal tissues from the
Sham group revealed normal renal architecture with intact
glomeruli and renal tubules. In contrast, renal tissues from
the IR group demonstrated marked tubular degeneration,
tubular dilatation, epithelial cell necrosis, vascular
congestion, inflammatory cell infiltration, and interstitial
edema. Treatment with melatonin or Nigella sativa
partially ameliorated these histopathological alterations.
Notably, combined treatment markedly preserved renal
tissue architecture with minimal tubular damage and
reduced inflammatory infiltration, indicating substantial
nephroprotective activity (Figure 10).

4, Discussion

Renal IR injury remains one of the major causes of
AKI and contributes significantly to morbidity and
mortality in both experimental and clinical settings.'®
The pathophysiology of renal IR injury is complex and
interlinked with oxidative stress, inflammatory responses,

endothelial dysfunction, mitochondrial impairment, and
activation of apoptotic pathways.”” Thus, the development
of effective renoprotective agents capable of modifying
renal tissue damage is a major therapeutic goal.

The present study aimed to assess the protective effect
of melatonin, Nigella sativa, and their combination against
renal IR-induced injury in rats. The current study showed
that renal IR caused a marked decrease in renal function,
elevated levels of oxidative stress, inflammatory markers,
activation of apoptotic pathways, and histopathological
changes in renal tissues. In contrast, the administration of
melatonin, Nigella sativa, and especially the combination
of both substantially prevented the onset of these renal
pathological changes.

Serum urea and creatinine levels were significantly
elevated in the IR group, suggesting severe renal
dysfunction after an IR injury. The present results are
consistent with those obtained from previous experimental
studies'!, which showed that renal IR injury causes severe
renal tubular epithelial injury and glomerular dysfunction,
leading to high levels of serum creatinine and blood urea
nitrogen.

Melatonin and Nigella sativa treatment showed
significantly lower levels of serum urea and creatinine
compared to the untreated IR rat group, indicating
attenuation of renal dysfunction. Dun et al.'' also reported
an anti-inflammatory effect of melatonin on IR-induced
renal damage, while Caskurlu et al.'*® showed that Nigella
sativa is protective against renal IR injury. Interestingly,
combined treatment with melatonin and Nigella sativa
had the greatest reduction in renal function biomarkers,
suggesting an enhanced renoprotective effect compared
with monotherapy.

The enhanced renoprotection achieved by the
combination may be due to interactions among the
different pharmacological mechanisms rather than a
shared mechanism. The antioxidant properties of Nigella
sativa, primarily its ability to scavenge free radicals via
thymoquinone, and of melatonin, mainly its ability to
protect mitochondrial function and limit oxidative injury,
are key factors in their anti-inflammatory effects and in
boosting endogenous antioxidant capacity. Concomitant
modulation of these interrelated mechanisms may explain
the improved renal function observed in the combined
treatment group.

Melatonin is a powerful endogenous antioxidant,
mainly produced by the pineal body. It has free-radical-
scavenging activity and exhibits a protective effect against
oxidative tissue damage.'” Previous studies have shown
that melatonin is a direct scavenger of hydroxyl radicals,

Volume X Issue X (2026)

doi: 10.36922/EJM0026210229


https://doi.org/10.36922/EJMO026210229

Eurasian Journal of Medicine
and Oncology

Melatonin and N. sativa in renal IR

Figure 10. Histopathological examination of renal tissue sections stained with hematoxylin and eosin in different experimental groups. The Sham group
showed normal renal architecture, whereas the IR group demonstrated marked renal tissue injury. Treatment with NS or melatonin improved renal
histological changes, while the combined treatment group (IR+Mel+NS) exhibited the greatest renoprotective effect with near-normal renal morphology.
(A) Sham group. Scale bar: 50 um; magnification: 400x. (B) IR group. Scale bar: 100 pm; magnification: 200x. (C) IR + NS group. Scale bar: 200 pm;
magnification: 100x. (D) IR + Mel group. Scale bar: 200 pm; magnification: 100x. (E) IR + Mel + NS group. Scale bar: 50 um; magnification: 400x.

Abbreviations: IR: Ischemia-reperfusion; Mel: Melatonin; NS: Nigella sativa.

hydrogen peroxide, and peroxynitrite, and upregulates
the antioxidant defense systems. Additionally, melatonin
affects mitochondrial membranes, helping to preserve
their integrity and the function of the electron transfer
chain, which prevents ROS production during reperfusion
injury.® These mechanisms could have played a role in the
significant biochemical improvements observed in the
present study.

Likewise, Nigella sativa has attracted considerable
attention due to its antioxidant, anti-inflammatory,
and anti-apoptotic effects. The main active component,
thymoquinone, has been demonstrated to have anti-
inflammatory activities, including inhibition of lipid
peroxidation, enhancement of antioxidant enzyme activity,
and suppression of the production of inflammatory
cytokines.? Accordingly, the protective properties of
Nigella sativa observed in the present study might be
mainly due to its antioxidative and anti-inflammatory
action.

Accordingly, the protective properties of Nigella sativa
observed in the present study might be mainly due to
its antioxidant and anti-inflammatory activities. These
molecular mechanisms could also contribute to the

protective activity of Nigella sativa against renal ischemia-
reperfusion injury.

Oxidative stress is a key component of renal IR
injury pathogenesis. During reperfusion, excess ROS are
generated, injuring cellular lipids, proteins, and DNA,
resulting in renal tubular injury and cell death.”? The
present study revealed that renal MDA was significantly
increased in the IR group, suggesting increased lipid
peroxidation. At the same time, the renal GSH level was
significantly decreased, indicating a loss of endogenous
antioxidant capacity.

Melatonin and Nigella sativa supplementation
significantly lowered MDA levels and restored GSH
levels. These findings are consistent with previous studies
indicating that both compounds had the most potent
antioxidant effect when they were used together in renal
IR injury.'’>* Combined treatment produced the greatest
antioxidant effect among all treated groups. These results
indicate that both agents can similarly suppress oxidative
stress in renal IR injury.

Excessive ROS generation can trigger downstream
inflammatory and apoptotic pathways such as nuclear
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factor kappa B (NF-kB) activation, downstream cytokine
production, and mitochondrial apoptotic cascades, which
are some of the earliest events that occur after reperfusion.
Thus, the decrease in lipid peroxidation and recovery of the
endogenous antioxidant capacity may be attributed, at least
in part, to the subsequent improvement in inflammatory
and apoptotic markers in the treated groups.

Tumor necrosis factor-alpha is considered one of the
key pro-inflammatory cytokines involved in renal tissue
damage during IR, as it promotes leukocyte infiltration,
endothelial dysfunction, and apoptotic signaling. IL-6 also
contributes significantly to inflammatory amplification and
progression of tissue injury.* Renal IR markedly increased
serum TNF-a and IL-6 levels, confirming activation of
inflammatory pathways following IR injury.

Administration of melatonin or Nigella sativa
significantly reduced TNF-a and IL-6 levels compared
with the IR group, while combined therapy demonstrated
the most pronounced anti-inflammatory effect. Similar
anti-inflammatory effects of melatonin and Nigella sativa
were previously documented in experimental renal
IR studies through the suppression of inflammatory
cytokines and NF-kB signaling pathways.>** These results
may be explained by inhibition of NF-«xB activation and
suppression of pro-inflammatory cytokine production by
both melatonin and thymoquinone.?**

In recent years, systems pharmacology studies have
confirmed that natural bioactive compounds can control
more than one molecular target that is associated with
kidney inflammation and cell survival. Kaya et al.*
found that these genes include TNF, AKTI and SRC,
and noted that the phosphoinositide 3-kinase/protein
kinase B signaling pathway plays a key role in regulating
inflammatory responses, oxidative stress, and tissue repair.
Thus, the decrease in TNF-a and IL-6 production in the
present study might reflect a more general modulation of
interconnected signaling pathways, in addition to cytokine
inhibition.?

Apoptosis represents another important mechanism
underlying renal IR-induced tissue injury. In the present
study, Bax levels were significantly increased in the IR
group, whereas Bcl-2 levels were significantly reduced. Bax
is a pro-apoptotic protein that promotes mitochondrial
membrane permeability and cytochrome c¢ release.
Conversely, Bcl-2 is an anti-apoptotic protein that preserves
mitochondrial integrity and inhibits programmed cell
death.”

Treatment with melatonin or Nigella sativa significantly
downregulated Bax protein levels while increasing Bcl-2
levels, suggesting suppression of apoptotic pathways. These

findings are supported by previous reports indicating
that melatonin and thymoquinone inhibit mitochondrial
apoptotic signaling and reduce renal tubular cell apoptosis
following IR injury.'"*® The combination therapy showed
superior anti-apoptotic activity compared with either
treatment alone. These findings support the hypothesis
that the protective effects of melatonin and Nigella sativa
involve the modulation of mitochondrial apoptotic
signaling.

Intracellular survival pathways (such as the
phosphoinositide 3-kinase/protein kinase B pathway) are
a significant determinant of the balance between Bax and
Bcl-2, favoring cell survival and inhibiting mitochondrial
apoptosis. Thus, reestablishment of this balance with
the combined treatment group could be one of the most
important mechanisms in maintaining the viability of
renal tubular cells after IR injury.

Kidney injury molecule-1 is considered one of the most
sensitive biomarkers for detecting renal tubular injury.”
In the present study, serum KIM-1 levels were markedly
elevated in the IR group, indicating severe tubular epithelial
damage following IR injury. Treatment with melatonin or
Nigella sativa significantly reduced KIM-1 levels, while
combined treatment produced the greatest reduction,
supporting the observed findings and the renoprotective
effects of these agents.

The observed reduction in KIM-1 levels is consistent
with the overall attenuation of oxidative stress,
inflammation, and apoptosis observed in the present study.
These findings suggest that the combined treatment may
suppress these pathological processes, thereby contributing
to the preservation of renal tubular integrity.

The biochemical results were corroborated by
histopathological examination. Renal tissue of the Sham
group had a normal renal architecture with intact glomeruli
and tubules. The IR group, however, showed significant
changes in tubular degeneration, tubular dilatation,
inflammatory cell infiltration, vascular congestion, and
necrotic changes. These pathological changes are the
hallmark of ischemic reperfusion injury to the kidney.

Melatonin and Nigella sativa supplementation partially
reduced histopathologic damage and slowed deterioration
of renal tissue architecture. Remarkably, the combined
treatment group showed near-normal renal morphology
with minimal tissue injury, confirming the better protective
effect of combined therapy.

The protective effect observed after the combination
of melatonin and Nigella sativa may be attributed to
their complementary mechanism(s). Melatonin is mainly
known for its direct scavenging effect on free radicals
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and mitochondrial protection, whereas Nigella sativa and
its constituent thymoquinone modulate inflammatory
cytokines and cellular oxidative pathways. Therefore, the
combination may provide broader protection against renal
ischemia-reperfusion injury.

In summary, these results indicate that the superior
effectiveness of the combined treatment is not likely to
be attributed to one mechanism. Concurrently targeting
oxidative stress, inflammatory signaling, mitochondrial
dysfunction, and apoptosis, however, might provide
greater protection against renal IR injury than either
targeting alone. Nevertheless, more mechanistic studies
that directly involve phosphoinositide 3-kinase/protein
kinase B, NF-kB, and mitogen-activated protein kinase
signaling pathways are warranted to validate these potential
molecular interactions.

Alimitation of the present study is that histopathological
changes were analyzed descriptively and without the use
of a standardized semi-quantitative injury scoring system,
such as the Jablonski score. The histological results matched
the biochemical results, and although this supports the
evaluation of renal tissue injury and treatment efficacy,
quantitative histopathological scoring should be included
in future studies.

Nigella sativa was prepared as a hydroalcoholic extract
following a previously published extraction protocol, using
the same standardized laboratory conditions. However, the
present study did not include analytical characterization of
the thymoquinone content and the detailed phytochemical
profile of the extract. Therefore, it is impossible to rule out
any batch-to-batch variability. For further standardization
of the extract and to enhance reproducibility, future studies
should include complete phytochemical characterization,
such as high-performance liquid chromatography analysis.
No formal a priori power analysis was carried out before
this study. Prospective sample size estimation should be
used in future studies to strengthen the statistical design.

5. Conclusion

The present study concluded that melatonin and Nigella
sativa effectively reduced renal IR injury in rats by
inhibiting oxidative stress, inflammatory response,
apoptotic pathways, and renal injury markers. Combined
administration produced greater protective effects than
either treatment alone, as evidenced by improved renal
function parameters, reduced inflammatory and oxidative
markers, restoration of apoptotic balance, and preservation
of renal histological architecture. These findings suggest
the potential therapeutic value of combined melatonin and
Nigella sativa administration in preventing IR-associated
renal injury.
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