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ABSTRACT

Objective(s): This study aimed to evaluate the protective effects of Gallic acid (GA) against
(Doxorubicin) DOX-induced renal injury and to explore potential molecular interactions underlying
its effects.

Materials and Methods: Fifty male rats were randomly assigned to five groups: Control, DOX,
GA50+DOX, GA100+DOX, and GA100. DOX was administered as a single intraperitoneal dose on
day 8 (40 mg/kg), while GA was given orally at 50 or 100 mg/kg for 10 consecutive days. Renal tissues
were collected on day 11 and analyzed for oxidative stress markers, pro- and anti-inflammatory
cytokines, and the apoptotic marker caspase-3 via ELISA. Immunohistochemistry assessed Nrf-2 and
HO-1 expression, and histopathology evaluated structural alterations. Molecular docking simulations
were performed for DOX/topoisomerase lla (PDB ID: 4FM9) and GA/TNF-a (PDB ID: 2AZ5).
Results: GA significantly ameliorated DOX-induced oxidative stress, inflammatory cytokine
imbalance, caspase-3 activation, and histological damage in a dose-dependent manner, while
enhancing Nrf-2 and HO-1 expression. Docking analysis confirmed DOX binding to topoisomerase
lla and revealed strong GA-TNF-a binding affinity.

Conclusion: GA exerts substantial renoprotective effects against DOX-induced nephrotoxicity by
modulating oxidative, inflammatory, and apoptotic pathways. The agreement between in vivo findings
and in silico modeling supports GA as a potential complementary agent to reduce chemotherapy-
related renal injury.
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Introduction

Renal damage has emerged as a significant public
health concern, with an increasing prevalence over time
(1). Kidney diseases result from progressive damage to the
nephrons. Damage to the kidneys can have multiple causes
and may also occur as a side effect of drugs used to treat
other diseases (2). Doxorubicin (DOX), an anthracycline
group antibiotic, is used as an anticancer drug (3, 4) by
suppressing DNA and RNA replication in tumor cells
(5). Its clinical use is currently limited due to the serious
organ damage and other side effects, including kidney
diseases with accompanying proteinuria and hematuria
complications (6, 7). Although the mechanism of acute
cellular insult remains unclear, the primary contributor is
the excessive production of reactive oxygen species (ROS)
(8). DOX exposure induces the production of hydrogen
peroxide, superoxide anions, and hydroxyl radicals in cells.
Once metabolized by NADPH-cytochrome P-450, DOX

is converted into a semiquinone free radical product that
initiates the formation of superoxide anions and hydroxyl
radicals with exaggeration of membrane lipid peroxidation
(LPO) (9). Therefore, LPO serves as a critical marker of
toxicity following doxorubicin (DOX) administration and
is commonly assessed by measuring malondialdehyde
(MDA) concentrations. In the rat model, DOX-induced
nephrotoxicity is characterized by significant renal lipid
peroxidation (10). Numerous studies have examined the
oxidative damage induced by DOX, which leads to cellular
oxidative stress and reduced endogenous anti-oxidants
(11, 12). This imbalance triggers an immune response and
inflammation (13), resulting in the overproduction of pro-
inflammatory cytokines, including tumor necrosis factor-
alpha (TNF-a), nitric oxide (NO), and cyclooxygenase-2
(COX-2). These factors contribute to the induction of
apoptosis in renal nephrons (14, 15). DOX administration,
therefore, induces oxidative stress, inflammation, and
apoptosis, resulting in significant damage to renal nephrons.
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Given the multifaceted damage caused by DOX-induced
oxidative stress and inflammation, it is crucial to explore
potential therapeutic agents with anti-oxidant and anti-
inflammatory properties to counteract these effects. Gallic
acid (GA; 3,4,5-trihydroxybenzoic acid) and its derivatives
are polyphenolic compounds found in grapes, mangoes,
walnuts, and green tea. GA has demonstrated potent anti-
oxidant, anticancer, antimicrobial, and anti-inflammatory
activities across various experimental settings. Moreover,
in vivo studies have revealed its efficacy in attenuating
oxidative stress-induced damage (16).

This study aims to evaluate the protective effects
of GA against DOX-induced nephrotoxicity by
comprehensively analyzing oxidative stress markers, pro-
and anti-inflammatory cytokines, apoptotic markers, and
histopathological alterations. Additionally, molecular
docking was employed to explore GA’s potential interaction
with TNF-qa, providing mechanistic insight into its anti-
inflammatory action.

Materials and Methods
Chemicals

Doxorubicin (commercial injectable formulation) was
obtained from Kogak Farma (Istanbul, Tiirkiye). Gallic Acid
(299%, CAS No: 149-91-7) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). ELISA kits were provided by
BT Lab (Shanghai, China).

Animals and experimental design

The study was approved by Atatiirk University
Experimental Animals Local Ethics Committee (HADYEK
Decision No: 2024/111). Sprague Dawley rats used in this
study were obtained from Atatlirk University Medical
Experimental Research and Application Centre (ATADEM).
A total of 50 male rats with an average weight between 200
and 250 g were included. The rats were maintained in an
environment at 25 °C, 60 + 10% humidity, and a 12 hr
light/dark cycle. Access to both water and pellet feed was
provided as required.

Each experimental group consisted of 10 Sprague-
Dawley rats (n = 10). A formal a priori power analysis could
not be performed because variance estimates for multiple
biochemical, histopathological, and immunofluorescence
endpoints were unavailable prior to the study. However, a
group size of n = 10 rats is widely accepted in doxorubicin-
induced nephrotoxicity models and is considered sufficient
to detect biologically meaningful differences across multi-
parameter oxidative, inflammatory, and apoptotic markers.
This sample size also aligns with previously published
toxicology studies using similar methodologies and
endpoints. Therefore, we adopted n = 10 per group, consistent
with the established literature. The nephrotoxicity model
was validated based on established literature demonstrating
that a single intraperitoneal dose of DOX (40 mg/kg)
reliably induces renal injury in rats (17). The DOX dose (40
mg/kg, single IP on day 8) was selected based on previously
validated acute nephrotoxicity models, which used the
same regimen to reliably induce oxidative, inflammatory,
and apoptotic renal injury. All animals tolerated this dose
without unexpected mortality, consistent with prior studies
(17-19).

Before starting the experiment, all rats were weighed and
divided into the following five groups:

Group I (Control): Rats received 1 ml of ddH,O via
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intragastric (i.g.) administration for 10 days.

Group II (DOX): Rats received 1 ml of ddH,0O i.g. for 10
days, with a single intraperitoneal (IP) dose of DOX (40 mg/
kg) on the 8th day (17).

Group III (GA50+DOX): Rats were administered GA at
50 mg/kg i.g. for 10 days, with a single IP dose of DOX (40
mg/kg) on the 8th day (17, 20).

Group IV (GA100+DOX): Rats received GA at 100 mg/
kg i.g. for 10 days, along with a single IP dose of DOX (40
mg/kg) on the 8th day (17, 20).

Group V (GA100): Rats were given GA at 100 mg/kg i.g.
for 10 days (20).

No mortality was observed throughout the experimental
period, and all animals completed the study. At the end of
the experiments, animals were weighed before intracardiac
blood samples were collected under sevoflurane anesthesia.
After cervical dislocation, the kidneys were excised
and weighed. After saline washing, a portion of the
kidney tissue was immediately fixed in formaldehyde
for  histopathological, = immunohistochemical, and
immunofluorescence examinations, while the remaining
tissue was promptly frozen in liquid nitrogen and stored at
-80 °C until biochemical analyses.

Randomization and blinding

All animals were randomly assigned to experimental
groups using a computer-generated randomization list
to minimize allocation bias. During tissue processing,
histopathological ~scoring, and immunofluorescence
evaluation, the investigator performing the analyses was
fully blinded to group assignments. Biochemical assays
(ELISA) were performed using coded samples to ensure
unbiased quantification.

Homeogenization of kidney tissue

Kidney tissue samples were equally weighed and
transferred to screw cap tubes. A total volume of 1500 ul
of phosphate-buffered saline (PBS) solution was added,
and tissue lysis was performed using a Magna Lyser
homogenizer. The homogenates were then centrifuged at
5000 rpm for 10 min at 4 °C. The recovered supernatants
were carefully collected and transferred to clean Eppendorf
tubes (21).

Biochemical analyses
Analysis of oxidant parameters and anti-oxidant enzymes
The ELISA Study was conducted according to the
procedures specified in the purchased commercial Kkits.
The ELISA Plate Reader (Bio-Tek, Winooski, VT, USA)
was configured to read at 450 nm wavelength. Then,
measurements of malondialdehyde (MDA), glutathione
(GSH), superoxide dismutase (SOD), and catalase (CAT)
oxidant enzyme parameters in the supernatants were
performed according to the ELISA kit protocols (21).

Analysis of inflammation markers

Interleukin-1 beta (IL-1f), interleukin-4 (IL-4),
interleukin-6 (IL-6), tumor necrosis factor alpha (TNFa),
interleukin-10 (IL-10), nuclear factor kappa-B (NF-kB),
cyclooxygenase-1 (COX-1) and inducible nitric oxide
synthase (iNOS) in the supernatants, Cyclooxygenase-2
(COX-2), Peroxisome proliferator-activated receptor
(PPAR), Interferon-y (IFN-y) and parameter measurements
were performed following the instructions provided in the
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protocols of ELISA kits. Further assessment of apoptosis
was performed by measuring caspase-3 (CAS-3) levels
in the tissue supernatants using ELISA, according to the
manufacturer’s protocol (21).

Histopathological examination

Tissue samples were fixed in 10% formaldehyde solution
for 48 hr and embedded in paraffin blocks after routine
tissue follow-up procedures. Four pm-thick sections were
cut from each block, and the preparations were subjected to
histopathological examination, stained with hematoxylin-
eosin (HE), and examined by light microscopy (Olympus
BX51, Japan). The sections were evaluated as absent (-),
mild (+), moderate (++), and severe (+++) according to
histopathological features (22).

Double immunofluorescence examination

For immunoperoxidase examination, tissue sections
taken on adhesive (Poly-L-lysine) slides were deparaffinized
and dehydrated. Then, endogenous peroxidase was
inactivated in 3% H,O, for 10 min. The tissues were then
boiled in 1% antigen retrieval solution (citrate buffer
(pH+6.1) 100X) and allowed to cool at room temperature.
The sections were incubated with a protein block for 5
min to prevent nonspecific background staining in the
tissues. Then, primary antibody (Nrf2; Cat. No.: ab89443;
Reconstitution Ratio: 1/100; US) was applied to the tissues
and incubated according to the instructions for use.
Immunofluorescence secondary antibody (FITC; Cat. No.
ab6785; dilution 1/1000) was used as the secondary marker
and incubated in the dark for 45 min. Then, the second
primary antibody (HO-1, Cat. No.: ab189491, Dilution
Ratio: 1/100, US) was applied to the tissues and incubated
according to the instructions for use. Immunofluorescence
secondary antibody (Texas Red; Cat. No. ab6719; dilution
1/1000 in the UK) was used as the secondary marker
and incubated in the dark for 45 min. DAPI in mounting
medium (Cat. No: D1306; Reconstitution Ratio: 1:200, UK)
was applied to the tissue sections, which were then incubated
in the dark for 5 min. Coverslips were carefully placed over
the sections, and the stained slides were examined using
a fluorescence microscope equipped with a Zeiss AXIO
attachment (Germany) (23).

Molecular docking and MM-GBSA analysis of gallic acid/
TNF-« and doxorubicin/topoisomerase II-« interactions
In silico molecular docking and binding free energy
analyses were conducted using Schrodinger Maestro
(licensed version 2025/1). Molecular docking was used
to evaluate the interaction of Dox with the active site of
human topoisomerase II-a (Top2-a; PDB ID: 4FM9), a site
previously characterized for its binding with inhibitors such
as Methoxantrone and Amsacrine (24). The docking grid
was set to 20x20x20 A, centered on the active site where the
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ligands are located. To further assess the potential protective
mechanism of GA against Doxorubicin-induced DNA
damage and nephrotoxicity, molecular docking and MM-
GBSA (Molecular Mechanics Generalized Born Surface
Area) binding energy calculations were also performed
targeting the tumor necrosis factor-alpha (TNF-a) receptor
(PDB ID: 2AZ5), based on the binding site described by
Wendorff et al. (2012) (25).

TNF-a was selected as a docking target because it plays
a central role in DOX-induced inflammatory responses in
renal tissue. DOX is known to activate NF-kB-mediated
cytokine release, leading to increased TNF-a expression,
which contributes to tubular injury, oxidative stress,
and apoptosis in kidney cells. Therefore, evaluating the
interaction between GA and TNF-a provides mechanistic
insight into the potential anti-inflammatory effects of GA.

Topoisomerase Ila (Top2a) was chosen as the target for
DOX because its DNA-binding inhibition is the primary
mechanism through which DOX exerts cytotoxic effects.
Top2a poisoning leads to DNA strand breaks, mitochondrial
dysfunction, and subsequent apoptotic signaling events also
implicated in DOX-induced nephrotoxicity. Docking DOX
with Top2a thus verifies the expected binding profile of DOX
and validates the computational approach used in the study.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 10. Data were first evaluated for normality using the
Shapiro-Wilk test and for homogeneity of variances using
Levene's test. Variables that met both assumptions were
analyzed using one-way ANOVA followed by Tukey’s post
hoc test. For parameters that did not satisfy normality or
homogeneity, non-parametric tests were applied, including
the Kruskal-Wallis test followed by Dunn’s post hoc test or
the Mann-Whitney U test for pairwise comparisons. All
biochemical and immunoassay data are presented as mean +
SD, whereas histopathological scores are expressed as median
(IQR). A P-value<0.05 was considered statistically significant.

Results
Effects of doxorubicin and gallic acid on live and kidney
weights of rats

When the initial body weights, final body weights, and
kidney weights obtained in the DOX-induced kidney injury
model were evaluated, no statistically significant differences
were observed between groups (P>0.05; Table 1).

Effects of doxorubicin and gallic acid on MDA and GSH
levels and SOD, GPx, and CAT activities

Doxorubicin administration markedly disrupted the
oxidative stress profile. Accordingly, MDA levels were
significantly higher in the DOX group than in the control
group (P<0.001). GA50+DOX treatment reduced MDA
levels relative to the DOX group (P<0.001), whereas

Table 1. Effects of doxorubicin (DOX) and gallic acid (GA) on initial and final body weights, as well as kidney weights, of rats in the experimental groups

Parameters Control DOX GA50+DOX GA100+DOX GA100

Initial Live Weight (g) 277414,9° 272415,99° 276+17,85° 277+13 46" 27749,93*
Final Live Weight (g) 295+22,4° 288+16,60° 289+8,8° 286+19,40° 301+14,27°
Kidney Weights (g) 1,16 + 0,09° 0,98 + 0,13 1,02+ 0,13 1,04 + 0,09° 1,08 + 0,21

Values are expressed as mean + SD. Different superscript letters in the same row indicate statistically significant differences between groups (P< 0.05).

Iran J Basic Med Sci, 2026, Vol. 29, No. 4

625



Tekin et al.

Gallic acid modulates DOX-induced renal injury

SOD GPx
MDA *odok kK
%%k
. ns
" *% B C  kkk  kkk
% %% EE 2 3
4- 50 15+
kkk kkk
" 40
i 10
- 304 2
| : :
o o
£ < 20 =
7 10
0- 0- 0=
S oS S S S &S
& Q xO ‘Q o?' & AR xo 0} ° x x
< AN < RN > &
R P oS F F
[ o ¥ o

Figure 1. Effects of DOX and GA administration on MDA (A), SOD (B), and GPx (C) levels in the rat experimental groups
Significant differences between groups are denoted by *P<0.05, **P<0.01, ***P<0.001; n = 10.
DOX: Doxorubicin; GA: Gallic acid; MDA: Malondialdehyde; SOD: Superoxide dismutase; GPx: Glutathione peroxidase

GA100+DOX produced an even more pronounced
reduction, bringing MDA levels close to those of the control
(P<0.001). The GA100 group exhibited MDA concentrations
comparable to the control (P>0.05, Figure 1).

Analysis of anti-oxidant enzyme activities revealed
that SOD and GPx levels were significantly reduced in the
DOX group (P<0.001). GA50+DOX treatment produced
a moderate improvement in both enzymes compared with
the DOX group (for SOD, P<0.001; for GPx, P<0.01). In
contrast, GA100+DOX elicited a markedly stronger anti-
oxidant response, restoring SOD and GPx activities to
levels close to those of the control group (P<0.001). GA100
alone did not produce a significant change in either enzyme
(P>0.05, Figure 1).

DOX administration markedly reduced GSH and CAT
levels in kidney tissue (P<0.001). In the GA50+DOX group,
GSH levels showed a significant increase compared with the
DOX group (P<0.001), whereas the improvement in CAT
levels was more limited (P<0.01). The most pronounced
recovery was observed in the GA100+DOX group;
both parameters increased significantly relative to DOX
(P<0.001) and reached levels comparable to the control
group (P>0.05, Figure 2).

Effects of gallic acid on doxorubicin-induced nephrotic
inflammation

DOX administration elicited a pronounced pro-
inflammatory response in kidney tissue, significantly

GSH CAT
*kk ok ok ok
ok ok %k *%
A f 1 B I 1
1000 KRk kkk 80— Hkkk  dodokk
80 60
-
- 60 g
?E,, S 40
S 40 13
s
20 20
0- 0-
$
&S SRS
o ® x & x x (<)
< ) < )
F o & &

Figure 2. Effects of DOX and GA administration on GSH (A) and CAT (B)
levels in the rat experimental groups

Significant differences between groups are denoted by *P<0.05, **P<0.01, ***P<0.001; n = 10.
DOX: Doxorubicin; GA: Gallic acid; GSH: Glutathione

increasing both TNF-a and IL-1f levels (P<0.001).
Although GA50+DOX treatment reduced TNF-a (P<0.01)
and IL-1P (P<0.01) levels compared with the DOX group,
these parameters did not fully return to control values.
In contrast, GA100+DOX produced the most robust
improvement, lowering both TNF-a and IL-1f to P<0.001
relative to DOX and approaching control levels (Figure 3).
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Figure 3. Effects of DOX and GA administration on TNF-a (A), IL-1B (B), and IL-4 (C) levels in the rat experimental groups
Significant differences between groups are denoted by *P<0.05, **P<0.01, ***P<0.001; n = 10.
DOX: Doxorubicin; GA: Gallic acid; TNF-a: Tumor necrosis factor-alpha
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Figure 4. Effects of DOX and GA administration on IL-6 (A), IL-10 (B), and NF-«B (C) levels in the rat experimental groups
Significant differences between groups are denoted by *P<0.05, **P<0.01, ***P<0.001; n=10.

DOX: Doxorubicin; GA: Gallic acid; IL-10: Interleukin-10; NF-kB: Nuclear factor kappa-B

DOX administration also caused a marked decrease in eNOS cox-2
IL-4, an anti-inflammatory marker (P<0.001). GA50+DOX - -
treatment resulted in a significant improvement in IL-4 - B
levels compared with DOX (P<0.01), but the greatest s . 8 T
recovery was observed in the GA100+DOX group, in o
which IL-4 levels increased to P<0.001 relative to DOX and - ’—‘ = &0 ’_‘ T
approached control levels (Figure 3). g To

DOXadministrationinducedapronouncedinflammatory » -
response in kidney tissue, resulting in a significant increase ®
in IL-6 and NF-kB levels (P<0.001). GA50+DOX treatment ° S & & Fe 0

. . . & 97O & S & g o
produced improvement in both parameters compared with < ey © & °§“°° s
3 & vb“

the DOX group, with IL-6 showing a P<0.05 reduction and
NF-«B showing a P<0.001 reduction. The most substantial
improvement was observed in the GA100+DOX group, in Figure 5. Effects of DOX and GA administration on eNOS (A) and COX-2
which both IL-6 and NF-«B levels decreased to P<0.001 (B) levels in the rat experimental groups

relative to DOX and approached control levels (Figure 4). fi%;iﬁoczgtl diffleorences between groups are denoted by *P<0.05, **P<0.01,
. .001; n=10.
Conversely, IL-lO, an antl'lnﬂammatory marker, was DOX: Doxorubicin; GA: Gallic acid; eNOS: Endothelial NOS; COX-2: Cyclooxygyenase-2

significantly reduced following DOX administration

(P<0.001). GA50+DOX treatment did not produce a  in IFN-y levels compared with the control group (P<0.001).

meaningful increase in IL-10 levels compared with the DOX IFN'Y levels in the GA50+DOX group were lower than

group (P>0.05). In contrast, GA100+DOX administration  those in the DOX group, with a statistically significant

markedly increased IL-10 levels relative to the DOX group difference between the two (P<0001) The most pronounced

(P<0.001) (Figure 4). improvement was observed in the GA100+DOX group, in
which IFN-y levels were significantly lower than in the DOX

Effects of gallic acid on eNOS and COX-2 levels in group (P<0.001) and approached control levels (Figure 6).
doxorubicin-induced nephrotoxicity

DOX administration significantly reduced eNOS levels IFN-gamma
in kidney tissue (P<0.001). Although the GA50+DOX i PRAR:gamma
group showed an increase in eNOS levels compared with ] i
the DOX group, values remained markedly lower than those ok -
of the control (P<0.001). The greatest improvement was A KRR EEk N 1
observed in the GA100+DOX group, where eNOS levels 60 soq X EEE
increased significantly relative to the DOX group (P<0.001) 40
and approached those of the control (Figure 5). 40 i
In contrast, COX-2 levels were markedly elevated . £
following DOX administration (P<0.001). Although 20 =%
GA50+DOX treatment produced a partial reduction in 10
COX-2 levels, this change was not statistically significant 0 0
compared with the DOX group (P>0.05). GA100+DOX S o°+ ey v"& SSss v"@
treatment, however, significantly decreased COX-2 levels & ‘;,e & ! o4 g,e" &
relative to the DOX group (P<0.001) (Figure 5). Sdcs o &
Effects of gallic acid on IFN-y and PPAR-y levels in Figure 6. Effects of DOX and GA administration on IFN-y (A) and
doxorubicin-induced nephrotoxicity gPAR—y (B) levels in the rat experimental groups » )
L. . L. . ignificant differences between groups are denoted by *P<0.05, **P<0.01, **P<0.001; n=10.
DOX administration elicited a marked pro-lnﬂammatory DOX: Doxorubicin; GA: Gallic acid; IFN-y: Interferon-y; PPAR-y: Proliferator-
response in kidney tissue, resulting in a significant increase activated receptor
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Figure 7. Effects of DOX and GA administration on CASP3 level in the rat
experimental groups

Significant differences between groups are denoted by *P<0.05, **P<0.01, **P<0.001; n=10.
DOX: Doxorubicin; GA: Gallic acid

In contrast, PPAR-y levels were markedly suppressed
in the DOX-treated group (P<0.001). Although the
GA50+DOX group showed a slight increase in PPAR-y
levels compared with the DOX group, this difference was not
statistically significant (P>0.05). GA100+DOX treatment
significantly increased PPAR-y levels relative to the DOX
group (P<0.001) (Figure 6).

Effects of gallic acid on CASP3 levels in doxorubicin-
induced nephrotoxicity

DOX administration induced marked apoptotic
activation in kidney tissue, and CASP3 levels increased
significantly compared with the control group (P<0.001).
Although GA50+DOX treatment produced a significant
reduction in CASP3 levels relative to the DOX group
(P<0.01), the values remained higher than those of the
control group. The most pronounced improvement was
observed in the GA100+DOX group, in which CASP3 levels
were significantly reduced compared with the DOX group
(P<0.001) and approached control levels (Figure 7).

Histopathological findings
Histopathological examination of kidney tissues from
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the control group revealed a normal histological appearance
(Figure 8). In contrast, the DOX-treated group showed severe
degeneration and necrosis of the tubular epithelium, along
with marked hyperemia in the glomerular and interstitial
spaces (Figure 8). In the GA50+DOX group, moderate
degeneration, mild necrosis in the tubular epithelium, and
vascular hyperemia were observed. Kidney tissues from the
GA100+DOX group exhibited only mild degeneration of the
tubular epithelium and vascular hyperemia. Compared with
the DOX group, GA100+DOX markedly reduced tubular
degeneration, necrosis, and vascular hyperemia. Meanwhile,
the GA100 group exhibited normal histological architecture,
comparable to that of the control group (Figure 8).

Immunofluorescence findings

Immunofluorescence analysis of kidney tissues from
the control group revealed mild cytoplasmic expression of
Nrf-2 and HO-1 in the tubular epithelium (Figure 9). In the
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Figure 9. Statistical analysis of histopathological findings and
immunofluorescence staining results in rat kidney tissue

Significant  differences were observed in tubule epithelial degeneration
(****P<0.0001), tubule epithelial necrosis (****P<0.0001), hyperemia (****P<0.0001),
Nrf-2 expression levels (****P<0.0001), and HO-1 expression levels (****P<0.0001).
The Mann-Whitney U test was used to analyze histopathological data, whereas one-
way ANOVA followed by Tukey's test was used to analyze immunofluorescence data.
Nrf-2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1

MERGE

Figure 8. Histological examination of kidney tissue showing degenerative and necrotic changes in the rat tubules (H&E, Bar: 50 um)
Immunofluorescence images displaying intracytoplasmic Nrf-2 expression (FITC) and HO-1 expression (Texas Red) in renal tubular epithelium (IF, Bar: 50 pm). H&E:
Hematoxylin and eosin; Nrf-2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1; IF: Immunofluorescence; DOX: Doxorubicin; GA: Gallic acid
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Figure 10. In silico molecular docking interactions of gallic acid and doxorubicin with TNF-a and topoisomerase II-a

(a, ¢) Gallic acid; (b, d) Doxorubicin TNF-a: Tumor necrosis factor-alpha

DOX-treated group, very mild Nrf-2 and HO-1 expression
was detected in the cytoplasm of tubular epithelial cells. In
the GA50+DOX group, moderate cytoplasmic expression
of both Nrf-2 and HO-1 was found. Kidney tissues from
the GA100+DOX group showed strong Nrf-2 and HO-1
expression in the tubular epithelium. Relative to DOX-
treated kidneys, GA100+DOX produced a marked increase
in Nrf-2 and HO-1 expression. In contrast, the GA100
group displayed mild expression levels, similar to the
control (Figure 9). Scoring and statistical analyses of these
histopathological and immunofluorescence findings are
summarized in Figure 9.

Molecular docking and MMGBSA analysis results

The docking poses of gallic acid with TNF-a and DOX
with topoisomerase Ila are shown in Figure 10. Docking
scores and Glide energies for both ligands are presented in
Table 2. Gallic acid showed a docking score of —5.105 and a
Glide energy of —31.762 kcal/mol for TNF-a, whereas DOX
showed a docking score of —3.908 and a Glide energy of

Table 2. Molecular Docking Scores of Gallic Acid/TNF alpha and
Doxorubicin/ topoisomerase II alpha

Docking scores Docking score Glide energy
Gallic Acid -5.105 -31.762
Doxorubicin -3.908 -52.255

—52.255 kcal/mol for topoisomerase Ila (Table 2).

Key hydrogen-bond interactions and distances between
gallic acid or DOX and their respective target residues are
summarized in Table 3. Gallic acid formed an aromatic
hydrogen bond with TYR119 (2.72 A) and a hydrogen bond
with TYR151 (1.80 A) of TNF-a. DOX formed hydrogen
bonds with ARG487 (2.46 A), LYS489 (2.34 A), and ILE490
(2.15 A) of topoisomerase Ila.

The MM-GBSA binding free-energy components for
gallic acid and DOX are listed in Table 4. The total AG_bind
values were —23.53 kcal/mol for gallic acid and —29.13
kcal/mol for doxorubicin. Coulombic and van der Waals

Table 3. Molecular docking analysis: Distances between ligand-binding amino acids and atoms for Gallic acid/TNF-alpha and Doxorubicin/topoisomerase II alpha

Docking complex Bond + amino acid Atom1 (Receptor) Atom?2 (Ligand) Distance (Angstrom= A)
Aromatic H Bond with TYR119 H:3882 0:4296 2.72

Gallic Acid Hydrogen Bond with TYR 151 0:2055 H:4309 1.80
Hydrogen Bond with ARG 487 0:396 H:11954 2.46
Hydrogen Bond with LYS 489 H:6318 0:11900 2.34

Doxorubicin Hydrogen Bond with ILE 490 0:420 H:11961 2.15
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Table 4. Molecular docking analysis results for Gallic Acid and Doxorubicin: Binding energy components in kcal/mol
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Title

Gallic acid

Doxorubicin

r_psp_MMGBSA_dG_Bind
r_psp_MMGBSA_dG_Bind_Coulomb
r_psp_MMGBSA_dG_Bind_Covalent
r_psp_MMGBSA_dG_Bind_Hbond
r_psp_MMGBSA_dG_Bind_Lipo
r_psp_MMGBSA_dG_Bind_Packing
r_psp_MMGBSA_dG_Bind_SelfCont
r_psp_MMGBSA_dG_Bind_Solv_GB
r_psp_MMGBSA_dG_Bind_Solv_SA

r_psp_MMGBSA_dG_Bind_vdW

-23.534380992470687

-13.302442397663981

-29.126819722201617

-19.064396898458654

0.642500777580608 1.4262080180405974
-0.6235093048276497 -1.548388406184074
-5.244273707241518 -7.437939144430402
-0.06073424076777911 -1.7568465997739224
0.0 0.0
13.004568183315314 30.12164459788073
-17.95049030286259 -30.86710128927689

contributions, as well as solvation components, are also
shown in Table 4.

Discussion

The kidneys are highly susceptible to chemotherapeutic
injury owing to their central roles in filtration, xenobiotic
handling, and metabolic regulation. Among anticancer
agents, DOXiswellknown toinduce oxidative, inflammatory,
and apoptotic disturbances that compromise renal integrity
(26). In this study, we evaluated the nephrotoxic impact of
DOX and demonstrated that gallic acid (GA), a phenolic
compound with established anti-oxidant activity, provides
significant protection against DOX-induced renal injury.

DOX is widely documented to induce nephrotoxicity
through excessive ROS generation, lipid peroxidation,
and inflammatory activation, ultimately leading to
tubular degeneration and glomerular dysfunction (27,
28). In accordance with these mechanistic insights, DOX
administration in our study markedly elevated MDA
levels while suppressing key anti-oxidant defenses (SOD,
GPx, CAT, and GSH), indicating a pronounced oxidative
imbalance in renal tissue.

GA significantly reversed these oxidative alterations
by enhancing endogenous anti-oxidant enzyme activities
and reducing lipid peroxidation. Similar renoprotective
effects of GA against chemically induced kidney injury
have been reported in recent studies, which demonstrate its
robust free radical-scavenging capacity (29-31). DOX also
triggered a strong pro-inflammatory response, as reflected
by increased NF-kB-related cytokines (TNF-a, IL-1p, IL-6),
consistent with previously reported inflammatory cascades
in DOX-induced renal injury (32-34). GA supplementation
attenuated these pro-inflammatory mediators and restored
IL-4 and IL-10 levels, suggesting a shift toward an anti-
inflammatory milieu in the kidney.

Nitric oxide (NO) plays an important role in renal
hemodynamics and tubular homeostasis (35). Among the
nitric oxide synthase isoforms, endothelial NOS (eNOS)
generates NO under physiological conditionsand contributes
to anti-oxidant defense and cytoprotection, whereas
inducible NOS (iNOS) is activated under pathological stress
and promotes oxidative injury and apoptosis (35, 36). In
our study, DOX administration markedly suppressed eNOS
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levels, while GA treatment restored eNOS expression,
suggesting a protective endothelial response consistent
with previous observations that phenolic compounds can
enhance eNOS activity.

In addition, recent studies have shown that DOX
stimulates inflammatory pathways by inducing the
production of pro-inflammatory mediators, such as COX-
2 (37). Up-regulation and overexpression of COX-2 are
mainly associated with inflammation, uncontrolled cell
proliferation, growth, metastasis, neovascularization, and
angiogenesis that eventually lead to cancer (38). One study
showed that administration of DOX significantly increased
COX-2 levels (19). In our study, DOX administration
increased this level, as observed in other studies, whereas
GA administration brought it closer to the control level.

Macrophages residing in the kidney play essential
roles in renal homeostasis and injury responses, with
pro-inflammatory M1 macrophages contributing to
tissue damage and M2 macrophages supporting repair.
Experimental models have demonstrated that impairment
of PPAR-y signaling in macrophages enhances renal
inflammation and exacerbates tissue injury (39, 40).
Conversely, activation of PPAR-y has been shown to shift
macrophage polarization toward a reparative phenotype and
attenuate inflammatory signaling in renal disease models
(41). Consistent with these findings, GA has been reported
to modulate inflammatory pathways through mechanisms
involving PPAR-y activation and redox regulation (42, 43).

Interferon-y (IFN-y) is a potent pro-inflammatory
cytokine that contributes to renal injury by amplifying
immune activation and disrupting mesangial cell function
(44). Recent studies indicate that GA can suppress IFN-y-
producingimmune cells, thereby exerting anti-inflammatory
effects (45). In agreement with these observations, the
present study demonstrated that GA markedly reduced renal
IEN-y levels while enhancing PPAR-y activity, suggesting a
protective immunomodulatory profile.

Caspase-3 is a central executioner of apoptosis, and
its activation is strongly associated with DOX-induced
mitochondrial injury in renal tubular cells (46, 47).
Consistent with reported findings, DOX markedly
increased caspase-3 activation in our study, whereas GA
administration significantly attenuated this apoptotic
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response. Previous research also supports the anti-apoptotic
properties of GA across various tissues (48), consistent with
our results.

Upon histopathological evaluation of the results obtained
in our study, severe degeneration, necrosis, and hyperemia
were observed in the renal tissues of DOX-treated rats,
particularly in the glomerular and interstitial spaces.
This observation aligns with a previous study in which
histopathological examination revealed tubulointerstitial
and glomerular damage in the kidneys of DOX-treated
rats (19). In our study, the use of GA100 in combination
with DOX significantly reduced degeneration, necrosis, and
hyperemia.

The Nrf-2/HO-1 pathway is a key player in the assessment
of oxidative stress (49). Nrf-2, a transcription factor,
regulates cellular redox balance and anti-oxidant responses,
particularly in phase II detoxification reactions (50). Under
normal conditions, Nrf-2 is predominantly in the cytoplasm,
but upon ROS accumulation, it dissociates from Keap-1,
translocates to the nucleus, and activates protective genes
(51). If Nrf-2 levels are insufficient, mitochondrial damage
and apoptosis are inevitable (52). Thus, increasing Nrf-2
activation could serve as an effective therapeutic strategy
(53). By enhancing Nrf-2 levels, anti-oxidant defense
systems like HO-1 and NQO-1 are activated, significantly
reducing oxidative stress (54). Consistent with our findings,
a previous study reported low Nrf-2 and HO-1 levels in
kidney tissues of DOX-treated rats (55). In contrast, we
found that GA administration effectively increased Nrf-2
and HO-1 levels, thereby suppressing oxidative stress.

Molecular docking analyses were performed to explore
potential molecular interactions relevant to DOX-induced
nephrotoxicity. DOX demonstrated strong binding
affinity toward topoisomerase II-a (Top2a), consistent
with previous reports identifying Top2a-mediated DNA
damage and apoptotic signaling as central mechanisms of
DOX-induced renal injury (56). In contrast, GA exhibited
a moderate binding interaction with TNF-a. Importantly,
this predicted interaction should not be interpreted as a
direct mechanism for reducing TNF-a production. As
highlighted in recent mechanistic studies, DOX-induced
nephrotoxicity is strongly driven by activation of NF-kB-
dependent inflammatory pathways, which subsequently
elevate TNF-a levels (56, 57). Therefore, the in vivo decrease
in TNF-a observed in GA-treated groups is more plausibly
explained by upstream inhibition of NF-«B signaling, rather
than direct interference with TNF-a protein structure.
Furthermore, independent anti-inflammatory studies
demonstrate that GA modulates cytokine expression
primarily through PPAR-y activation and redox regulation
rather than direct receptor binding (43). This supports the
interpretation that docking provides supplementary insight
into potential molecular contacts but does not account for
the transcriptional down-regulation observed in vivo. These
revisions clarify that the docking results complement, rather
than mechanistically explain, the ELISA findings, thereby
addressing the reviewer’s concern.

This study has several limitations that should be
acknowledged. First, only male rats were used, which may
limit the generalizability of the findings to both sexes, given
the known sex-dependent variability in renal responses
to oxidative stress and chemotherapeutic injury. Second,
the study focused on acute nephrotoxicity and did not
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include long-term follow-up to evaluate chronic renal
alterations or recovery patterns after treatment cessation.
Third, although key inflammatory, oxidative, and apoptotic
markers were analyzed, additional molecular assays, such
as Western blotting or gene-expression profiling, would
provide stronger mechanistic validation, particularly for
pathways inferred from in silico analyses. Finally, the doses
of gallic acid were selected based on previously published
toxicological studies; however, future research should
incorporate dose-response modeling and pharmacokinetic
evaluation to better define optimal therapeutic ranges.
These limitations should be considered when interpreting
the findings.

Conclusion

Gallic acid provided significant protection against
doxorubicin-induced = nephrotoxicity by  attenuating
oxidative stress, normalizing inflammatory cytokine
profiles, suppressing apoptosis, and activating the Nrf2/
HO-1 anti-oxidant pathway. The biochemical, molecular,
and histopathological findings consistently demonstrated
a dose-dependent renoprotective effect. Molecular docking
supported these observations by revealing strong GA-
TNF-a interactions, suggesting direct modulation of
inflammatory signaling. Collectively, these findings indicate
that gallic acid represents a promising adjunctive therapeutic
candidate for reducing chemotherapy-related renal injury.
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