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Abstract

Background: Doxorubicin is an effective antineoplastic agent, but its use is constrained
by off-target toxicities, including acute liver injury driven by mitochondrial dysfunction,
oxidative stress, sterile inflammation, and redox-sensitive signaling pathways. Exenatide, a
glucagon-like peptide-1 receptor agonist, exerts antioxidant and anti-inflammatory effects
in several experimental liver injury models, but its role in doxorubicin-induced hepatic
injury has not been investigated to our knowledge. This study evaluated whether exe-
natide attenuates acute doxorubicin-induced hepatic injury and examined whether the
observed biochemical changes are consistent with modulation of oxidative stress and SIRT1-
HMGB1/NF-kB-related signaling. Methods: Male Wistar albino rats were allocated to
four groups (n =7/group): control, exenatide, doxorubicin, and exenatide + doxorubicin.
Exenatide (10 pg/kg/day, intraperitoneally) was administered for seven days. Doxoru-
bicin was given intraperitoneally on days 5-7 at a cumulative dose of 18 mg/kg. The
pretreatment design was used to test preventive attenuation rather than reversal of estab-
lished injury. Hepatic injury-associated enzyme activities, serum HMGBI, hepatic SIRT1,
NF-kB, TNF-«, IL-6, IL-10, malondialdehyde, glutathione, total antioxidant status, total
oxidant status, nitric oxide, and hepatic *™Tc-pyrophosphate uptake were assessed. Re-
sults: Doxorubicin substantially increased intrahepatic ALT and AST activities, serum
HMGBI, hepatic NF-«B, TNF-«, IL-6, malondialdehyde, total oxidant status, nitric oxide,
and hepatic *™Tc-pyrophosphate uptake, while reducing SIRT1, IL-10, glutathione, and
total antioxidant status. Relative to the doxorubicin group, exenatide lowered HMGB1 by
48.3%, hepatic ™ Tc-pyrophosphate uptake by 48.7%, malondialdehyde by 45.0%, total
oxidant status by 37.3%, nitric oxide by 40.7%, NF-kB by 40.4%, TNF-« by 48.6%, and
IL-6 by 41.1%, while increasing SIRT1 by 91.7%, IL-10 by 115%, glutathione by 115%, and
total antioxidant status by 87.8%. None of the altered parameters returned completely to
control levels, indicating attenuation rather than full normalization of acute injury-related
changes. Conclusions: Exenatide attenuated doxorubicin-induced acute hepatic injury
in this rat model and was associated with reduced oxidative stress, reduced inflamma-
tory activation, higher hepatic SIRT1 levels, lower serum HMGBI levels, and reduced
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hepatic ™ Tc-pyrophosphate uptake. The findings are consistent with involvement of
SIRT1-HMGB1/NF-«kB-related signaling, but they do not establish causality. Hepatic
99mTe-pyrophosphate uptake should be interpreted as an exploratory imaging correlate of
tissue injury rather than an established liver biomarker. Additional studies incorporating
histopathology, immunohistochemistry, functional liver indices, mechanistic validation
of SIRT1, and tumor-bearing models are required before translational conclusions can
be drawn.

Keywords: doxorubicin; exenatide; hepatotoxicity; oxidative stress; inflammation; SIRT1;
HMGBI; NF-kB; ™ Tc-pyrophosphate; scintigraphy

1. Introduction

Doxorubicin remains a cornerstone of systemic therapy for many solid and hemato-
logic malignancies, but its clinical utility is constrained by cumulative toxicity in non-tumor
tissues, including the liver, which is central to drug uptake, biotransformation, and detoxi-
fication [1,2].

Experimental and clinical evidence indicate that doxorubicin-induced hepatotoxicity
involves excessive generation of reactive oxygen species, mitochondrial dysfunction, lipid
peroxidation in membranes, inflammatory amplification, and hepatocyte death, thereby
producing an acute biochemical profile consistent with toxic liver injury [3-6]. A growing
body of evidence suggests that the interaction among oxidative stress, SIRT1, HMGBI1, and
NF-kB is biologically relevant in toxic liver injury [7-9].

SIRT1 is an NAD+-dependent deacetylase that contributes to mitochondrial homeosta-
sis, antioxidant defense, inflammatory regulation, autophagy, and cell survival in hepatic
tissue under stress conditions [8,10,11]. HMGB]I, in contrast, is a damage-associated molec-
ular pattern released by stressed or dying cells that can propagate sterile inflammation
through pattern-recognition pathways, including TLR4- and RAGE-linked signaling, with
downstream activation of NF-kB-dependent transcriptional programs [7,9]. NF-«B activa-
tion promotes the expression of TNF-«, IL-6, inducible nitric oxide synthase, and related
mediators that may further intensify tissue injury, whereas SIRT1 has been linked to the
suppression of inflammatory signaling and the regulation of HMGB1-related responses
in several injury contexts [4,9]. Accordingly, the SIRT1-HMGB1-NF-«kB axis provides
a plausible mechanistic framework for interpreting doxorubicin-induced hepatic injury,
although direct causality requires dedicated interventional validation rather than inference
from biomarker shifts alone [8,9].

Exenatide is a glucagon-like peptide-1 receptor agonist widely used in type 2 diabetes
and has demonstrated antioxidant, anti-inflammatory, and hepatometabolic benefits in
experimental models of liver disease [12,13]. Prior studies have reported that exenatide or
exendin-4 can reduce steatosis, attenuate oxidant burden, improve transaminase profiles,
and suppress inflammatory signaling in models of non-alcoholic fatty liver disease, non-
alcoholic steatohepatitis, steatotic ischemia-reperfusion injury, and experimental hepatic
steatosis [13—15]. These effects have been associated with improved mitochondrial func-
tion, modulation of redox-sensitive pathways, and dampening of inflammatory cascades,
including mechanisms linked to SIRT1 signaling and HMGB1-related inflammatory con-
trol [15,16]. To the best of our knowledge, no previous experimental study has specifically
investigated exenatide in acute doxorubicin-induced hepatic injury while simultaneously
evaluating oxidative stress, inflammatory mediators, the SIRT1-HMGB1-NF-«B signaling
axis, and hepatic *™Tc-pyrophosphate imaging.
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An additional novel aspect of the present study is the evaluation of hepatic *™Tc-
pyrophosphate uptake as an exploratory imaging correlate of acute doxorubicin-induced
liver injury [17-19]. *™Tc-pyrophosphate is classically recognized as a necrosis-avid tracer
in myocardial injury, whereas historical nuclear medicine literature has also described hep-
atic uptake in severe hepatocellular necrosis [17,19]. Because these hepatic observations are
limited and predate contemporary molecular liver imaging, hepatic ™ Tc-pyrophosphate
uptake should presently be regarded as an exploratory imaging correlate of tissue injury
rather than an established liver biomarker.

Accordingly, the present study aimed to determine whether exenatide attenuates acute
doxorubicin-induced hepatic injury in rats and whether the overall pattern of biochemical
and scintigraphic changes is consistent with reduced oxidative stress, reduced inflammatory
activation, and modulation of SIRT1-related homeostatic signaling.

2. Results
2.1. Hepatic ALT and AST

As shown in Table 1 and Figure 1, intrahepatic ALT and AST activities differed sig-
nificantly among groups (ALT: F(3,24) = 37.99, p < 0.0001; AST: F(3,24) = 61.87, p < 0.0001).
Compared with the control group, the DOX group exhibited significantly higher intrahep-
atic ALT activity (2.61 £ 0.26 vs. 0.62 & 0.04 U/mg protein; p < 0.0001), corresponding to an
approximately 4.2-fold (321%) increase, and significantly higher AST activity (8.78 + 0.34
vs. 1.82 £+ 0.15 U/mg protein; p < 0.0001), corresponding to an approximately 4.8-fold
(382%) increase. Compared with the DOX group, exenatide reduced intrahepatic ALT
activity to 1.37 &+ 0.14 U/mg protein and AST activity to 5.28 £ 0.74 U/mg protein (both
p <0.0001). Compared with the doxorubicin group, exenatide reduced ALT by 47.5% and
AST by 39.9%, indicating a biologically meaningful attenuation of injury-associated bio-
chemical alterations. Exenatide administration alone did not significantly alter hepatic ALT
or AST activities compared with the control group (ALT: 0.66 & 0.04 vs. 0.62 & 0.04 U/mg
protein, p = 0.9980; AST: 1.86 &= 0.16 vs. 1.82 &= 0.15 U/mg protein, p = 0.9999).

Table 1. Biochemical and scintigraphic markers of hepatic injury in the experimental groups
(Mean + SEM).

Parameter Control Exenatide DOX Exenatide + DOX
Hepatic ALT activity 0.62 + 0.04 0.66 - 0.04 2.61 & 0.26 *** 1.37 4+ 0.14 #H##
(U/mg protein)
Hepatic AST activity 1.82+0.15 1.86 + 0.16 8.78 + 0.34 *** 508 - (.74 # i
(U/mg protein)
HMGB1 0.96 + 0.16 0.99 + 0.09 3.46 4+ 0.34 *** 1.79 + 0.14 **##
Scintigraphy 42,874 + 2956 39,929 + 2657 243 609 + 14,897 *** 125,081 = 12,404 **###

Data are presented as mean & SEM (n = 7/group). Statistical comparisons among groups were performed using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control; ## p < 0.001
vs. DOX.
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Figure 1. Effects of exenatide on injury-associated biochemical markers in doxorubicin-induced acute
hepatic injury. (A) Intrahepatic ALT activity, (B) intrahepatic AST activity, and (C) serum HMGB1
levels. Doxorubicin increased all three measures, whereas exenatide significantly attenuated these
changes without fully restoring control values. Data are presented as mean £ SEM (n =7/group).
Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test
(*p <0.05,**p <0.01, *** p < 0.001).

2.2. HMGBI1 Levels

As illustrated in Figure 1 and Table 1, serum HMGBI levels differed significantly
among the experimental groups (F(3,24) = 32.62, p < 0.0001). Compared with the control
group, the DOX group exhibited significantly higher serum HMGBI1 levels (3.46 & 0.34
vs. 0.96 £ 0.16; p < 0.0001), corresponding to an approximately 3.6-fold (260%) increase.
Compared with the DOX group, exenatide treatment reduced serum HMGBI1 levels to
1.79 £ 0.14 (p = 0.042), corresponding to a 48.3% reduction. Although HMGB1 levels
remained above those of the control group, these findings indicate substantial attenuation
of the injury-associated inflammatory response. Exenatide administration alone did not
significantly alter serum HMGBI levels compared with the control group (0.99 % 0.09 vs.
0.96 £ 0.16; p > 0.05).

2.3. Scintigraphic Evaluation of Hepatic Injury

As illustrated in Figure 2 and Table 1, hepatic ™ Tc-pyrophosphate (*™Tc-PYP) up-
take differed significantly among the experimental groups (F(3,24) = 93.50, p < 0.0001).
Compared with the control group, the DOX group exhibited significantly higher hepatic
scintigraphic uptake (243,609 £ 14,897 vs. 42,874 £ 2956; p < 0.0001), corresponding to
an approximately 5.68-fold (468%) increase. Compared with the DOX group, exenatide
treatment reduced hepatic scintigraphic uptake to 125,081 4= 12,404 (p < 0.0001), correspond-
ing to a 48.7% reduction. Although hepatic " Tc-PYP uptake remained higher than that
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of the control group, these findings indicate substantial attenuation of injury-associated
radiotracer accumulation. Exenatide administration alone did not significantly alter hepatic
scintigraphic uptake compared with the control group (39,929 £ 2657 vs. 42,874 + 2956;
p > 0.05).
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Figure 2. Scintigraphic evaluation of hepatic ™ Tc-pyrophosphate (**™Tc-PYP) uptake. (A) Represen-
tative static scintigraphic images from each experimental group showing the manually placed circular
region of interest (ROI) over the anatomical projection of the liver used for quantitative analysis.
L, liver; RK, right kidney; LK, left kidney; B, urinary bladder. (B) Quantitative analysis of hepatic
9IMT_PYP uptake. Doxorubicin increased hepatic radiotracer uptake, whereas exenatide significantly
attenuated this increase in the Exenatide + DOX group. Data are presented as mean = SEM (n =7
per group). Statistical comparisons were performed using one-way ANOVA followed by Tukey’s
post hoc test. *** p < 0.001.

2.4. SIRT1 Levels

As shown in Figure 3 and Table 2, hepatic SIRT1 levels differed significantly among
the experimental groups (F(3,24) = 32.53, p < 0.0001). Compared with the control group, the
DOX group exhibited significantly lower hepatic SIRT1 levels (1.20 £ 0.11 vs. 3.42 £ 0.21;
p < 0.0001), corresponding to an approximately 65% decrease. Compared with the DOX
group, exenatide increased hepatic SIRT1 levels to 2.30 & 0.25 (p = 0.0035), corresponding
to a 91.7% increase. Exenatide administration alone did not significantly alter SIRT1 levels
compared with the control group (3.66 & 0.19 vs. 3.42 & 0.21; p > 0.05).
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Figure 3. Effects of exenatide on hepatic SIRT1 and inflammatory mediators in doxorubicin-induced
acute hepatic injury. (A) Hepatic SIRT1, (B) hepatic NF-«B, (C) hepatic TNF-«, (D) hepatic IL-6, and
(E) hepatic IL-10 levels. Doxorubicin decreased SIRT1 and IL-10 while increasing NF-«B, TNF-«, and
IL-6. Exenatide significantly attenuated these alterations without fully restoring the inflammatory
profile to control levels. Data are presented as mean + SEM (n = 7/group). Statistical comparisons
were performed using one-way ANOVA followed by Tukey’s post hoc test (** p < 0.01, *** p < 0.001);
ns, not significant.
Table 2. Hepatic inflammatory pathway markers in the experimental groups (Mean + SEM).
Parameter Control Exenatide DOX Exenatide + DOX
NF-«B 0.372 = 0.038 0.368 + 0.030 1.125 4= 0.093 *** 0.671 4 0.053 ***/##
TNF-a 2544 +4.85 26.32 £ 3.31 133.73 £ 15.02 *** 68.73 + 6.26 **#H#
IL-6 429 + 0.54 3.93 +0.61 15.58 £ 1.63 *** 9.17 + 0.66 **###
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Table 2. Cont.
Parameter Control Exenatide DOX Exenatide + DOX
IL-10 1290 £ 1.12 13.06 £1.18 4.53 £ 0.39 *** 9.74 + (.67 *+H#
SIRT1 3.42 +0.21 3.66 +0.19 1.20 £+ 0.11 *** 2.30 + 0.25 ##

Data are presented as mean 4= SEM (n = 7 per group). Statistical comparisons among groups were performed
using one-way ANOVA followed by Tukey’s post hoc test. ** p < 0.01, *** p < 0.001 vs. control; # p < 0.01,
### p < 0.001 vs. DOX.

2.5. Inflammatory and Anti-Inflammatory Biomarkers

As demonstrated in Figure 3 and Table 2, inflammatory biomarkers differed signifi-
cantly among the experimental groups. One-way ANOVA revealed significant differences
for NF-B (F(3,24) = 37.03, p < 0.0001), TNF-ox (F(3,24) = 34.72, p < 0.0001), and IL-6
(F(3,24) = 31.63, p < 0.0001). The DOX group exhibited higher levels of NF-«B, TNF-«, and
IL-6 compared with the control group (NF-kB: 1.125 £ 0.093 vs. 0.372 % 0.038; TNF-oc:
133.73 4 15.02 vs. 25.44 £ 4.85; IL-6: 15.58 & 1.63 vs. 4.29 4 0.54, all p < 0.0001). Compared
with the control group, the DOX group exhibited approximately 3.02-fold (202%), 5.26-
fold (426%), and 3.63-fold (263%) increases in NF-«B, TNF-«, and IL-6 levels, respectively,
reflecting a marked inflammatory response following doxorubicin administration.

In contrast, the anti-inflammatory cytokine IL-10 exhibited the opposite pattern.
Compared with the control group, the DOX group showed significantly lower IL-10 lev-
els (4.53 £0.39 vs. 12,90 + 1.12; p < 0.0001), corresponding to an approximately 65%
(2.85-fold) decrease.

Exenatide treatment attenuated these inflammatory alterations. In the Exenatide + DOX
group, NF-kB, TNF-«, and IL-6 levels decreased to 0.671 £ 0.053, 68.73 + 6.26, and
9.17 & 0.66, corresponding to reductions of 40.4%, 48.6%, and 41.1%, respectively, com-
pared with the DOX group. In parallel, IL-10 levels increased to 9.74 £ 0.67, representing
an approximate 115% increase compared with the DOX group, although values remained
slightly lower than those observed in the control group. Exenatide administration alone
did not significantly alter NF-«B, TNF-«, IL-6, or IL-10 levels compared with the control
group (all p > 0.05).

2.6. Oxidative Stress Biomarkers

As illustrated in Figure 4 and Table 3, oxidative stress biomarkers differed significantly
among the experimental groups. One-way ANOVA revealed significant differences for
MDA (F(3,24) = 43.61, p < 0.0001), GSH (F(3,24) = 45.16, p < 0.0001), TAS (F(3,24) = 24.83,
p <0.0001), and TOS (F(3,24) = 84.18, p < 0.0001).

The DOX group increased oxidative stress compared with the control group, as
reflected by elevated MDA and TOS levels and reduced GSH and TAS levels (MDA:
5.69 £0.45 vs. 1.59 £ 0.19; TOS: 16.48 & 0.52 vs. 6.86 £ 0.49; GSH: 8.85 4+ 1.03 vs.
25.93 £ 1.56; TAS: 0.49 £ 0.05 vs. 1.26 £ 0.10, all p < 0.0001). When the mean control
values were taken as the baseline, the DOX group showed a 3.58-fold increase in MDA and
a 2.40-fold increase in TOS, accompanied by 65.9% and 61.1% decreases in GSH and TAS,
respectively, indicating pronounced oxidative stress following doxorubicin administration.

Compared with the DOX group, exenatide significantly reduced MDA and TOS
levels to 3.13 & 0.30 and 10.34 & 0.66, corresponding to reductions of 45.0% and 37.3%,
respectively (both p < 0.0001). In parallel, GSH and TAS levels increased to 19.03 £ 1.47 and
0.92 &+ 0.06, corresponding to increases of 115% and 87.8%, respectively (both p < 0.0001).
Exenatide administration alone did not significantly alter MDA, TOS, GSH, or TAS levels
compared with the control group (all p > 0.05). Collectively, these findings indicate that
exenatide attenuated doxorubicin-associated alterations in oxidative stress markers.
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Figure 4. Effects of exenatide on hepatic oxidative and nitrosative stress markers in doxorubicin-
induced acute hepatic injury. (A) Malondialdehyde (MDA), (B) reduced glutathione (GSH), (C) total
antioxidant status (TAS), (D) total oxidant status (TOS), and (E) nitric oxide (NO). Doxorubicin
increased oxidant and nitrosative stress markers while decreasing antioxidant defense markers.
Exenatide significantly attenuated these alterations without fully restoring control values. Data are
presented as mean = SEM (n = 7/group). Statistical comparisons were performed using one-way
ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001); ns, not significant.

Table 3. Hepatic oxidative and nitrosative stress markers in the experimental groups.

Parameter Control Exenatide DOX Exenatide + DOX
MDA 1.59 4+ 0.19 1.44 +£0.17 5.69 & 0.45 *** 3.13 + 0.30 **###
GSH 25.93 + 1.56 28.36 + 1.05 8.85 4 1.03 *** 19.03 4= 1.47 **###
TAS 1.26 4+ 0.10 1.38 4 0.09 0.49 £ 0.05 *** 0.92 4+ 0.06 ***
TOS 6.86 & 0.49 6.30 & 0.32 16.48 + 0.52 *** 10.34 = 0.66 ***###

NO 65.88 +3.99 62.81 4 3.07 148.01 4= 14.47 *** 87.80 =+ 5.44

Data are presented as mean & SEM (n = 7/group). Statistical comparisons among groups were performed using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control; *# p < 0.01,
### p < 0.001 vs. DOX.
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2.7. Nitric Oxide (NO) Levels

As illustrated in Figure 4 and Table 3, nitric oxide (NO) levels differed significantly
among the experimental groups (F(3,24) = 23.64, p < 0.0001). Compared with the con-
trol group, the DOX group exhibited significantly higher NO levels (148.01 £ 14.47 vs.
65.88 £ 3.99; p < 0.0001), corresponding to an approximately 2.25-fold (125%) increase.
Compared with the DOX group, exenatide treatment reduced NO levels to 87.80 + 5.44
(p = 0.0001), corresponding to a 40.7% reduction. Exenatide administration alone did not
significantly alter NO levels compared with the control group (62.81 & 3.07 vs. 65.88 + 3.99;
p > 0.05). Collectively, these findings indicate that exenatide attenuated doxorubicin-
associated alterations in nitric oxide levels.

2.8. Correlation Analysis

To further examine the relationships among the principal mechanistic variables, Spear-
man’s rank correlation analysis was performed using pooled data from all experimental
animals (n = 28). Hepatic SIRT1 levels were significantly and negatively correlated with NF-
kB (p = —0.794, p < 0.001), HMGB1 (p = —0.677, p < 0.001), and hepatic **™Tc-pyrophosphate
(*™Tc-PYP) uptake (p = —0.788, p < 0.001). In contrast, hepatic ™ Tc-PYP uptake showed
significant positive correlations with HMGB1 (p = 0.845, p < 0.001) and NF-«B (p = 0.818,
p <0.001), while HMGB1 was also positively correlated with NF-«B (p = 0.776, p < 0.001).
Overall, these findings demonstrate strong associations among reduced SIRT1 expression,
enhanced inflammatory signaling, and increased hepatic “™Tc-PYP uptake. However,
these correlations indicate statistical associations rather than causal relationships (Figure 5).

Spearman Correlation Matrix
(n=28)

Scintigraphy
(99™Tc-PYP uptake)

SIRT1 HMGB1 NF-«kB

i i -

1.0

0.5

HMGB1 0.776 2

8

3

o

L 0 a_

5

NF-kB 0.776 1.000 T
-0.5

Scintigraphy
(%*mTc-PYP uptake)

-1.0

Figure 5. Spearman correlation matrix demonstrating the relationships among hepatic SIRT1, serum
HMGBI, hepatic NF-«B, and hepatic ™ Tc-pyrophosphate (**™Tc-PYP) uptake in all experimental
animals (n = 28). Numbers within each cell represent Spearman’s correlation coefficients (p). Cell col-
ors indicate the strength and direction of the correlations, with red representing positive correlations
and blue representing negative correlations. All displayed correlations were statistically significant
(p <0.001, two-tailed).
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3. Discussion

The present findings indicate that acute doxorubicin exposure produced a consistent
pattern of hepatic injury characterized by increased injury-associated enzyme activities
in liver tissue, higher circulating HMGB1, enhanced oxidative and nitrosative stress, a
pro-inflammatory cytokine profile, lower hepatic SIRT1 levels, and increased hepatic ™ Tc-
pyrophosphate uptake. Exenatide attenuated each of these abnormalities, although none
returned completely to control levels. The overall pattern, therefore, indicates attenuation
of acute doxorubicin-induced hepatic injury rather than complete reversal of toxicity [2,3].

The oxidative stress profile observed after doxorubicin exposure was biologically
coherent and consistent with acute hepatic oxidative injury. Doxorubicin increased MDA,
TOS, and nitric oxide while depleting GSH and TAS, indicating a marked shift toward an
oxidizing intracellular environment. This pattern is consistent with current concepts of
doxorubicin hepatotoxicity, in which redox cycling, mitochondrial electron transport dis-
ruption, iron-dependent free radical formation, and membrane lipid peroxidation converge
to promote hepatocellular injury [2,3]. Exenatide partially corrected these abnormalities,
consistent with previous studies showing that GLP-1 receptor agonists reduce oxidative
burden and improve antioxidant defenses, partly through mechanisms associated with
Nrf2 signaling and mitochondrial stress adaptation [13,20]. Nevertheless, mitochondrial
respiration, Nrf2 activation, and lipid peroxidation-related adducts were not directly evalu-
ated in the present study; therefore, these mechanisms should be regarded as biologically
plausible rather than experimentally confirmed.

In addition to oxidative stress, our findings support a contribution of nitrosative stress
to doxorubicin-induced liver injury. The increased NO levels observed in the DOX group
are consistent with enhanced nitric oxide production, potentially associated with NF-xB-
dependent inflammatory signaling, a mechanism widely implicated in inflammatory tissue
injury [21]. Excess NO can react with superoxide to form peroxynitrite, a highly reactive
species that promotes lipid peroxidation, protein nitration, mitochondrial dysfunction,
and DNA damage [3,21]. Exenatide reduced NO levels, consistent with attenuation of
inflammatory activation. However, because iNOS expression and nitrotyrosine formation
were not evaluated, the present findings should not be interpreted as direct evidence of
inhibition of the NF-kB/iNOS pathway. Previous studies have nevertheless shown that
exenatide can reduce iNOS activity and inflammatory mediator production in experimental
inflammatory models [13,22].

The SIRT1, HMGBI1, and NF-«B findings merit careful mechanistic interpretation.
SIRT1 is a broad stress-response regulator in the liver and has been linked to suppression
of inflammatory transcription, maintenance of mitochondrial homeostasis, antioxidant de-
fense, and resistance to toxic injury [4,8]. In the present study, doxorubicin reduced hepatic
SIRT1 while increasing HMGB1 and NF-«B, whereas exenatide shifted these markers in the
opposite direction. This pattern is consistent with an association between higher hepatic
SIRT1 levels and reduced inflammatory activation, but it does not establish that changes
in SIRT1 were the primary driver of the downstream responses. No SIRT1 inhibitor or
activator comparator, genetic manipulation, or acetylation-specific analysis was performed.
Accordingly, the most appropriate interpretation is that changes in hepatic SIRT1 were
associated with the observed biochemical improvements rather than representing direct
evidence of a causal SIRT1-dependent mechanism.

Interpretation of the proposed SIRT1-HMGB1-NF-kB axis also requires caution.
HMGBI functions both as a marker of cellular injury and as an active amplifier of sterile
inflammation through pattern-recognition pathways such as TLR4 and RAGE, leading
to downstream NF-«B activation [7,9]. SIRT1 has been linked to HMGB1 regulation in
several experimental settings, providing a biologically plausible connection between re-
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dox homeostasis and inflammatory amplification [9,16]. However, lower HMGB1 levels
after exenatide treatment may reflect several non-mutually exclusive mechanisms, in-
cluding attenuation of primary hepatocellular injury, altered HMGB1 trafficking, reduced
inflammatory amplification, or broader improvement in redox homeostasis. Previous
studies showing that exenatide can modulate SIRT1-related pathways in experimental
liver disease further support the biological plausibility of this interpretation [15]. Never-
theless, the present findings remain associative and should not be interpreted as direct
mechanistic evidence that exenatide acts through a single verified SIRT1-HMGB1-NF-«B
signaling cascade.

Exenatide most likely acted through multiple interconnected mechanisms rather than
a single verified signaling axis. Experimental studies have shown that GLP-1 receptor ago-
nists modulate AMPK-related signaling, mitophagy, inflammasome activity, oxidative stress
responses, and inflammatory gene expression in experimental liver injury models [4,12,23].
The present findings are compatible with this broader mechanistic framework, as exenatide
improved oxidant-antioxidant balance, reduced nitric oxide and pro-inflammatory me-
diators, and increased IL-10 together with SIRT1. Some of these effects may reflect direct
hepatic signaling, whereas others may result from systemic metabolic effects or modulation
of immune cell function. However, the present study cannot distinguish among these
possibilities because hepatocyte-specific signaling, Kupffer cell responses, macrophage
polarization, and inflammasome activation were not directly evaluated.

The inflammatory cytokine profile further supports the presence of a persistent inflam-
matory response following doxorubicin exposure. Higher NF-«B, TNF-c, and IL-6 levels,
together with lower IL-10, indicate a hepatic microenvironment shifted toward sustained
inflammatory activation rather than balanced resolution [7,9]. Exenatide partially reversed
each of these abnormalities, suggesting a less injurious inflammatory milieu rather than
complete immunologic normalization. The partial recovery of IL-10 is particularly relevant
because it may reflect restoration of anti-inflammatory counter-regulatory mechanisms
even when tissue injury has not been fully resolved. Nevertheless, without immune-cell
phenotyping, it remains uncertain whether these changes reflect altered hepatocyte sig-
naling, macrophage polarization, non-parenchymal cell responses, or a combination of
these mechanisms.

Evaluation of hepatic *™Tc-pyrophosphate uptake is a novel aspect of the present
study, but the findings should be interpreted as exploratory. *™Tc-pyrophosphate is a
necrosis-avid radiotracer that localizes within injured tissue microenvironments, primarily
due to calcium overload, membrane disruption, binding to denatured macromolecules, and
microcalcific change, rather than hepatocyte-specific functional transport [17,18]. Historical
nuclear medicine studies also described hepatic uptake in severe hepatocellular necrosis,
supporting the biological plausibility of the present observations [17,19]. In the present
study, hepatic ™ Tc-pyrophosphate uptake increased following doxorubicin administra-
tion and decreased after exenatide treatment in parallel with the biochemical markers of
hepatic injury. The concordance between scintigraphic and biochemical findings suggests
that hepatic *™Tc-pyrophosphate uptake may reflect the overall burden of acute tissue
injury in this experimental model. However, the tracer is not hepatocyte-specific, contem-
porary liver imaging has evolved beyond this application, and the present findings were
not validated against histopathology or established functional hepatic imaging methods.
Accordingly, hepatic ™ Tc-pyrophosphate uptake should currently be regarded as an
exploratory imaging correlate of acute tissue injury rather than an established biomarker of
hepatic injury.

Correlation analysis demonstrated significant inverse associations between hepatic
SIRT1 and both serum HMGB1 and hepatic NF-kB, whereas hepatic ™ Tc-pyrophosphate
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(*™Tc-PYP) uptake was positively correlated with serum HMGB1 and hepatic NF-«B. These
associations support the internal biological consistency of the measured variables and are
compatible with the proposed role of SIRT1-, HMGB1-, and NF-kB-related pathways in
doxorubicin-induced liver injury. However, because the analyses were performed using
pooled data from different experimental groups, the observed correlations should be
interpreted as statistical associations rather than evidence of direct mechanistic interactions
or causality and may partly reflect treatment-group differences.

Whether attenuation of hepatic injury might influence the antitumor efficacy of dox-
orubicin is an important translational consideration. The present study cannot address
this question because it was performed in healthy rats and did not include tumor-bearing
models or oncologic endpoints. Although a large retrospective study reported that GLP-1
receptor agonist use was associated with a lower incidence of several obesity-associated can-
cers in patients with type 2 diabetes [8], these observational findings cannot be extrapolated
to the case of exenatide co-administration during doxorubicin chemotherapy. Likewise,
they do not establish that exenatide has no effect on tumor biology, drug distribution, or
the antitumor efficacy of doxorubicin. Therefore, studies using tumor-bearing models are
required before any conclusions regarding the oncologic safety or therapeutic implications
of this combination can be drawn.

Study Limitations

This study has several limitations. First, histopathological and immunohistochemical
evaluation of liver tissue was not performed; therefore, the biochemical and scintigraphic
findings could not be validated against structural alterations in the tissue. Second, liver
function indices, including serum albumin, bilirubin, ammonia, blood urea nitrogen, and
coagulation parameters, were not assessed; consequently, the findings reflect attenuation
of acute hepatic injury rather than recovery of global hepatic function. Third, the study
employed a small sample size, a short-duration acute model, and a preventive pretreatment
design without dose-response evaluation. In addition, comprehensive analytical validation
parameters for the HPLC-based MDA assay were not prospectively documented. Finally,
only male rats were studied, and no tumor-bearing model or mechanistic intervention
using SIRT1 inhibitors, activators, or genetic approaches was included. Future studies in-
corporating histopathology, immunohistochemistry, liver function assessment, mechanistic
validation, longer-term treatment protocols, and tumor-bearing models are required to
define the translational potential of exenatide in doxorubicin-induced liver injury.

4. Materials and Methods
4.1. Animal

Twenty-eight male Wistar albino rats weighing 230-250 g were used in this study
(n =7 per group). Animals were housed under standard laboratory conditions (22-25 °C,
12 h light/dark cycle) with free access to food and water and were acclimatized for one
week before the experiment. Experimental procedures were conducted in accordance with
the ARRIVE 2.0 framework for reporting animal studies and were approved by the Tokat
Gaziosmanpasa University Local Animal Ethics Committee (Approval No: 51878863-11;
Approval Date: 15 January 2018).

4.2. Dose and Treatment Rationale

The exenatide dose was selected based on previous experimental studies demon-
strating hepatoprotective and anti-inflammatory effects of GLP-1 receptor agonists in
rodents [13,14,24]. In contrast, the doxorubicin regimen was selected because it has been
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widely used to induce reproducible acute hepatic injury within a short experimental pe-
riod [10,25].

The five-day pretreatment phase was intentional and was designed to evaluate
whether prior GLP-1 receptor activation could prime antioxidant and anti-inflammatory
defense pathways before acute doxorubicin challenge. Accordingly, the present design
tests preventive or attenuating efficacy rather than therapeutic rescue after injury has
already been established. The total seven-day treatment period was selected to capture
acute doxorubicin-induced biochemical injury while maintaining comparability with short-
duration experimental toxicity protocols.

4.3. Experimental Groups and Treatment Protocols

Animals were acclimatized for one week before the study and monitored daily
throughout the experimental period in accordance with institutional animal welfare
practices. Animals were assigned to four groups: control, exenatide, doxorubicin, and
exenatide + doxorubicin (n = 7/group). Group allocation was performed before treatment
initiation using a simple random assignment procedure. Outcome assessment was per-
formed using coded samples and coded scintigraphic images to reduce observer bias during
biochemical and imaging analyses.

Animals were randomly allocated into four experimental groups:

Group I (Control):

Rats in the control group received no active pharmacological intervention and were
administered equivalent volumes of intraperitoneal saline throughout the experimental period.

Group 1II (Exenatide):

Animals received exenatide at a dose of 10 pg/kg/day via intraperitoneal injection,
administered once daily at 09:00 for a total duration of seven consecutive days.

Group III (Doxorubicin):

Doxorubicin was administered intraperitoneally on days 5, 6, and 7 of the experimental
protocol, reaching a cumulative dose of 18 mg/kg.

Group IV (Exenatide + Doxorubicin):

Rats in this group were treated with exenatide (10 nug/kg/day, i.p.) once daily at 09:00
for seven consecutive days. Additionally, doxorubicin was administered intraperitoneally
on days 5, 6, and 7, in accordance with the same dosing regimen applied in the doxorubicin-
only group (cumulative dose: 18 mg/kg) [26] (Figure 6).

& HMGB1
%\ AST  \FkB, TNFa, IL6
ALT 0

. MDA TOS
, GSH.TAS
Firsti.p injection L
exenatide — a— J
: } ! 1 — &
Day 0 Day 5 Day 7 Day 8 l
l g ) Sample collection
Scintigraphic Blood and liver
Exenatide injection for 7 day imaging

Figure 6. Experimental timeline. Exenatide (10 pg/kg/day, intraperitoneally) was administered once
daily for seven consecutive days. Doxorubicin was administered intraperitoneally on days 5, 6, and
7 at a cumulative dose of 18 mg/kg. On day 8, ™ Tc-pyrophosphate scintigraphy was performed,
followed by blood collection and liver tissue harvesting.

https://doi.org/10.3390/ph19071086


https://doi.org/10.3390/ph19071086

Pharmaceuticals 2026, 19, 1086

14 of 17

4.4. Timing of Imaging and Tissue Sampling

On day 8, approximately 24 h after the last drug administration, scintigraphic imaging
was performed. After completion of imaging, animals were euthanized under the approved
experimental protocol, blood was collected from the abdominal aorta, and liver tissue was
harvested immediately for biochemical analysis. Samples were processed on the day of
collection or stored under appropriate cold-chain conditions until analysis.

4.5. Scintigraphic Imaging

Following completion of the experimental protocol, scintigraphic imaging was per-
formed. *™Tc-pyrophosphate (*™Tc-PYP; TechneScan PYP, Mallinckrodt, Québec City,
QC, Canada) was prepared by diluting 1 mCi of the radiotracer in 5 mL of isotonic saline.
From this preparation, 0.1 mL was administered intraperitoneally to each animal. Static
scintigraphic images were acquired one hour after tracer injection using a gamma camera
system (Siemens Symbia, Erlangen, Germany).

For quantitative analysis, a manually placed circular region of interest (ROI) was
positioned over the anatomical projection of the liver on each static image, using the
anatomical positions of the kidneys and urinary bladder as reference landmarks to ensure
consistent ROI placement. Care was taken to avoid inclusion of adjacent non-hepatic tracer
activity during ROI placement. ROI measurements were performed independently by two
observers who were blinded to group allocation throughout image analysis. Each observer
independently placed the ROI seven times for each animal, and the mean hepatic count
value from these repeated measurements was used for statistical analysis to minimize
measurement variability. Group identities were disclosed only after completion of all image
analyses. Because **™Tc-pyrophosphate is not a hepatocyte-specific tracer, hepatic uptake
values were interpreted as relative indicators of hepatic tissue injury rather than validated
measures of hepatic function.

4.6. Biochemical Analysis
4.6.1. Biochemical Analysis of Liver Enzymes

Blood samples (~5 mL) were collected from the abdominal aorta into serum-separator
tubes and allowed to clot for 30 min. Samples were then centrifuged at 1500 g for 10 min,
and the obtained serum was used for subsequent analyses. Serum HMGB1 was measured
using commercially available rat-specific ELISA kits (IBL International GmbH, Hamburg,
Germany) according to the manufacturer’s protocols.

4.6.2. Biochemical Analysis of Liver Tissue

Liver samples were immediately rinsed with ice-cold physiological saline, weighed,
and homogenized in ice-cold phosphate-buffered saline (PBS; pH 7.4) using stainless
steel beads. The homogenates were centrifuged at 2500 rpm for 20 min at 4 °C, and the
resulting supernatants were collected for subsequent biochemical analyses. Total protein
concentration was determined for each homogenate, and all tissue-derived biochemical
parameters were normalized to protein content and expressed per milligram of protein
(mg protein).

Intrahepatic ALT and AST activities were determined in liver homogenates using
commercially available assay kits and expressed as U/mg protein. These measurements
were used to reflect injury-associated intrahepatic enzymatic alterations and should not be
interpreted as conventional serum liver function tests.

Tumor necrosis factor-o (TNF-), interleukin-6 (IL-6), and nitric oxide (NO) levels
were determined using commercially available sandwich ELISA kits (Bioassay Technology
Laboratory, Shanghai, China; Cat. No: E0764Ra, E0135Ra, and E0703Ra, respectively), in
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accordance with the manufacturer’s protocols. Nuclear factor kappa B (NF-kB p65) levels
were measured using a rat-specific ELISA kit (MyBioSource, USA; Cat. No: MBS2508000).
(MyBioSource, San Diego, CA, USA) Sirtuin-1 (SIRT-1) concentrations were quantified using
arat ELISA kit (Elabscience, Houston, TX, USA; Cat. No: E-EL-R1102). Total antioxidant sta-
tus (TAS) and total oxidant status (TOS) were assessed using automated colorimetric assay
kits (Rel Assay Diagnostics, Gaziantep, Turkey). Tissue reduced glutathione (GSH) levels
were determined using a commercially available colorimetric assay kit (Invitrogen/Thermo
Fisher Scientific, Cat. No. EEA(020; (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) in accordance with the manufacturer’s protocol. IL-10 was measured using commer-
cially available rat-specific ELISA kits according to the manufacturers’ protocols.

4.6.3. Malondialdehyde

Malondialdehyde was quantified using an HPLC-assisted thiobarbituric acid reac-
tive substances method based on previously published and analytically validated proto-
cols [14,27]. Samples underwent acid hydrolysis and heating to liberate bound malondi-
aldehyde, followed by derivatization with thiobarbituric acid. Proteins were precipitated
with methanol, samples were centrifuged, and the supernatant was injected onto a C18
reversed-phase column. The malondialdehyde-TBA; adduct was detected at 532 nm and
quantified using tetraethoxypropane external calibration. Duplicate analyses and rou-
tine quality-control procedures were performed throughout sample processing. However,
although the analytical method itself has been previously validated, complete laboratory-
specific validation parameters (e.g., linearity range, recovery, and formal limits of detection
and quantification) from the original experimental records were not prospectively archived
and therefore cannot be reported in detail. This should be considered when interpreting
the MDA data.

4.7. Statistical Analysis

Statistical analyses were performed using SPSS version 19 and GraphPad Prism
version 9. Data distribution was assessed using the Shapiro-Wilk test, confirming normality
across all groups. Accordingly, comparisons were conducted using one-way ANOVA
followed by Tukey’s post hoc test. Results are presented as mean &= SEM, and p < 0.05 was
considered statistically significant.

Sample Size Calculation

The sample size was determined with reference to previous experimental studies
of doxorubicin-induced toxicity using comparable experimental protocols, cumulative
doxorubicin doses, and group sizes [28,29]. To further support the selected sample size, an
a priori power analysis was performed using G*Power software (version 3.1). Assuming
a one-way ANOVA design, a two-sided « level of 0.05, a statistical power of 80%, a large
effect size (Cohen’s f = 0.40), the analysis indicated that at least five animals per group were
required. Therefore, seven animals were included in each group (total n = 28) to provide
adequate statistical power while accounting for potential biological variability.

5. Conclusions

Exenatide attenuated doxorubicin-induced acute hepatic injury in this rat model and
was associated with lower oxidative and nitrosative stress, reduced inflammatory acti-
vation, higher hepatic SIRT1 levels, lower serum HMGBI levels, and reduced hepatic
9mTe-pyrophosphate uptake. The overall pattern of findings is consistent with involve-
ment of SIRT1-HMGB1/NF-kB-related signaling; however, direct mechanistic causality
was not established, and multiple interconnected pathways are likely to have contributed
to the observed effects. Hepatic ™ Tc-pyrophosphate uptake behaved as an exploratory
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imaging correlate of tissue injury and requires further validation against histopathology
and established hepatic imaging methods. Overall, these findings support further inves-
tigation of exenatide as a potential strategy for attenuating doxorubicin-induced acute
hepatic injury.
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