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ABSTRACT

Epirubicin (EPI) can cause metabolic side effects, including chemotherapy-related diabetes, partly through oxidative stress that
disrupts zinc (Zn) homeostasis and impairs autophagy. This study investigated the effects of EPI on Zn regulation and autophagy
in the pancreas, as well as the modulatory role of N-acetylcysteine (NAC). Rats received EPI (9.6 mg/kg) by intraperitoneal in-
jection (i.p.) followed 1h later by NAC (50 or 300 mg/kg, i.p.). Glucose homeostasis was assessed using the Homeostatic Model
Assessment (HOMA-IR), and $-cell function was assessed using HOMA-{ levels. Plasma insulin levels, as well as insulin, pro-
insulin, beclin, autophagy-related proteins (ATG5), Microtubule-Associated Protein 1 Light Chain 3 (LC3), phosphorylated Akt
(p-Akt), mechanistic target of rapamycin complex 1 (mTOR1), cleaved caspase-3, Zrt/Irt-like Protein 10 (ZIP10), and the prolif-
eration marker Ki-67 in pancreatic tissue, were measured using commercial ELISA kits. Total oxidant status (TOS) and total
antioxidant status (TAS) were measured using commercial colorimetric assay kits, and the oxidative stress index (OSI) was cal-
culated. Zn levels in pancreatic tissue and plasma samples were measured using a colorimetric method. Morphological changes
in the pancreas were assessed by hematoxylin and eosin staining. As a result, in the EPI group, oxidative stress and ZIP10 levels
increased, whereas Zn levels decreased, as well as pancreatic autophagy, proliferation, and insulin synthesis increased. Oxidative
stress decreased in both the EN-50 and EN-300 groups, with a more pronounced decrease in the EN-300 group. Furthermore, in
the EN-300 group, pancreatic Zn, ZIP10, autophagy, and proliferation levels decreased, whereas mTOR1 levels increased. The
pancreatic insulin synthesis observed in the EN-50 group was not observed in the EN-300 group. In conclusion, the increased
autophagy observed in the Epi group may reflect an adaptive response to oxidative stress. The effects of NAC on oxidative stress
may be dose-dependent, and high-dose NAC administration may suppress EPI-induced autophagy via mTOR1-mediated signal-
ing. Furthermore, the relationship among Zn levels, autophagy, and insulin synthesis observed in the experimental groups may
contribute to a better understanding of EPI-associated diabetogenic alterations.

1 | Introduction inhibiting topoisomerase, and generating reactive oxygen spe-

cies (ROS), which are also responsible for its side effects. These
Epirubicin (EPI) is a chemotherapeutic agent used in various processes damage vital biomolecules and cause cell death (Alves
malignancies; however, its clinical application is significantly et al. 2016), which can damage pancreatic islets and accelerate
restricted by severe adverse effects (Petit et al. 2020). EPI ex- the development of diabetes mellitus (DM). A 2016 case report
erts its anticancer effects by inhibiting cancer proliferation, described an individual with breast cancer treated with EPI
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who developed symptoms suggestive of DM after chemotherapy
(Sharma et al. 2016). However, the exact molecular changes that
EPI causes in pancreatic cells are not known.

Autophagy plays an essential role in cell differentiation and sur-
vival, and is necessary to maintain homeostasis under physiolog-
ical conditions (Kong et al. 2017). It recycles cellular components
through autophagic flux, which encompasses autophagosome
formation, lysosomal fusion, degradation, and macromolecule
release (Tuohetaerbaike et al. 2020). Various growth and nu-
trient signals regulate autophagy in response to stress. Growth
factors activate the phosphatidylinositol-3-kinase (PI3K)/pro-
tein kinase B (Akt)/(mechanistic target of rapamycin complex)
1 (mTORC1), which suppresses autophagy. When ATP levels
decrease, activation of adenosine 5’-monophosphate (AMP)-
activated protein kinase (AMPK) inhibits mTORC1 and acti-
vates the autophagy machinery (Pasquier 2016; Tuohetaerbaike
et al. 2020).

Autophagy is also essential for pancreatic cell survival (Kong
et al. 2017) and insulin secretion (Sheng et al. 2017). Regulating
autophagy is critical for maintaining {3-cell survival and pancre-
atic function. Many studies have demonstrated that zinc (Zn) is
vital for $-cell function, including insulin processing and secre-
tion (Gyulkhandanyan et al. 2008), and that it promotes auto-
phagy (Liuzzi and Pazos 2020). Furthermore, evidence suggests
that Zrt/Irt-like Protein 10 (ZIP10) facilitates the transport of
extracellular Zn into cells, thereby increasing cellular Zn levels
(Jeong and Eide 2013), and conferring chemoprotective prop-
erties (Li et al. 2021). This information suggests that ZIP10-
mediated Zn regulation in EPI-induced diabetic symptoms may
play a role in pancreatic autophagy and function, and that mod-
ulation of oxidative stress index (OSI), which is responsible for
EPI side effects, may be beneficial in influencing these changes.
Therefore, understanding the biological effects of Zn may help
clarify the mechanisms underlying pancreatic responses to oxi-
dative stress and chemotherapeutic injury.

N-acetylcysteine (NAC) is a multi-target drug and dietary sup-
plement with antioxidant and anti-inflammatory effects. NAC
also supports glutathione synthesis (GSH), thereby preventing
oxidative stress and cell damage (11), which in turn affects (3-
cells and insulin target cells (12). Therefore, we investigated how
EPI affects ZIP10-mediated changes in pancreatic Zn levels, the
impact of these changes on autophagy and glucose homeostasis,
and whether NAC has a beneficial effect.

2 | Materials and Methods
2.1 | Animals and Experimental Design

Male albino Wistar rats (aged 3 months) from Aksaray University
were used following institutional ethical approval (2025/4-37).
All rats were housed in controlled conditions (temperature
23°C+1°C, humidity 50% + 5%, and a 12-h light/dark cycle), and
had ad libitum access to standard chow and water.

Figure 1 shows the experimental design, including the animal
model and the measured parameters. Animals were randomly
assigned to four experimental groups (n =6 per group).

Control group: Rats received i.p. saline followed by a second
i.p. saline injection 1h later. This group served as both the un-
treated and the vehicle control.

EPI-treated group (Epi group): Rats received i.p. saline, fol-
lowed 1h later by EPI (9.6 mg/kg, i.p.). This group was used to
evaluate the effects of EPI alone.

NAC-treated group (Nac group): Rats received NAC
(300mg/kg, i.p.) followed 1h later by a second i.p. saline in-
jection (equivalent volume to EPI). This group was included to
evaluate the independent effects of NAC while maintaining the
same injection frequency and experimental conditions as the
EPI-treated groups.

Combination groups: Rats received NAC prior to EPI admin-
istration to evaluate its potential protective effects. Specifically,
one group received low-dose NAC (50mg/kg, i.p.) 1h before EPI
injection (EN-50 group), and another group received high-dose
NAC (300mg/kg, i.p.) 1 h before EPI injection (EN-300 group).

Five days post-treatment, animals were anesthetized
and sacrificed. EPI (Dobbs et al. 2003; Dobbs et al. 1994;
Devaleriola 1994) and NAC doses were based on previous lit-
erature (Sabbaghziarani et al. 2024; Kalimeris et al. 2016), and
all compounds were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.1.1 | Determination of Experimental EPI Dose

The typical EPI dose administered to patients undergoing che-
motherapy is 60 mg/m?2, equivalent to approximately 1.56 mg/kg
in humans. The rat-equivalent dose was calculated using body
surface area normalization with Km factors (human Km =37,
rat Km =6) according to the following formula: Human equiv-
alent dose (HED, mg/kg)=Animal dose (mg/kg)x(Animal
Km/Human Km). Accordingly, the rat-equivalent dose was
9.6 mg/kg. Therefore, a 9.6 mg/kg EPI dose was used in rats, cor-
responding to the commonly administered human chemother-
apy dose of 60 mg/m? (Nair and Jacob 2016).

2.1.2 | Determination of Experimental NAC Dose

Previous studies have reported that NAC administration at
50mg/kg (Sabbaghziarani et al. 2024) is beneficial. Therefore, in
this study, lower (50 mg/kg) and higher (300 mg/kg) NAC doses
will be used to evaluate the efficacy of low and high NAC doses
in EPI rats (Kalimeris et al. 2016). This approach was intended
to capture a broader therapeutic range.

2.2 | Biochemical Analysis

Tissue samples were homogenized in phosphate-buffered sa-
line (PBS) at a 1:9 (w/v) ratio. The homogenates were centri-
fuged at 10,000 xg for 5min at 4°C, and the supernatants were
collected for biochemical analyses. Plasma samples were ob-
tained by centrifuging whole blood at 1500 xg for 15min. All
samples were stored at —80°C for biochemical analysis (Afsar
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with the needle directed cranially at a 20-30° angle to minimize the risk of organ injury.

[ Intraperitoneal (i.p.) injections were administered into the lower right abdominal quadrant ]

FIGURE1 | Experimental design. Epirubicin (9.6 mg/kg) was injected by i.p. injection, and 1h later, the NAC (50 mg/kg or 300 mg/kg) was in-
jected by i.p. injection. Fasting glucose levels were measured using a glucometer; a biochemistry analyzer was used for zinc levels of plasma and

pancreas tissue, and an ELISA assay was used for other parameters. Abbreviations: EPI, Epirubicin; i.p., intraperitoneal; mTOR, mammalian target

of rapamycin; NAC, N-acetylcysteine; OSI, oxidative stress index; p-AKT, phosphorylated Protein kinase B; TAS, total antioxidant status; TOS, total

oxidant status.

and Kantar 2025). Plasma insulin levels and pancreatic tissue
levels of insulin, proinsulin, beclin, autophagy-related pro-
teins (ATGS5), Microtubule-Associated Protein 1 Light Chain 3
(LC3), phosphorylated Akt (p-Akt), mTORI, cleaved caspase-3,
ZIP10, and Ki-67 were measured using commercial ELISA Kkits
(Bioassay Technology Laboratory, BT Lab). The method is based
on antigen—-antibody binding and HRP-mediated color develop-
ment, and absorbance was measured spectrophotometrically
at 450nm (Afsar, Oz, and Eranil 2026). Zn concentrations in
plasma and pancreatic tissue were determined by a colorimet-
ric assay on a fully automated clinical biochemistry analyzer
(Mindray BS400).

2.2.1 | Fasting Glucose Measurement

Animals were fasted overnight before testing, and glucose lev-
els were determined using a glucometer (Accuro, pM1-300,
Bionime Corporation, Taiwan) by blood collected from the tail
(Afsar, Dogan, et al. 2026).

2.2.2 | Homeostatic Model Assessment (HOMA)

Insulin resistance (HOMA-IR) was calculated as fasting insulin
(mIU/L) x fastingglucose(mM) + 22.5.3-Cellfunction(HOMA-f)

was estimated using the formula: (HOMA-£)% =[360 X fasting
insulin (uIU/ml)]/(fasting glucose (mg/dl)-63) (Abdulmalek
and Balbaa 2019).

2.2.3 | Total Oxidant and Antioxidant Status

Total oxidant status (TOS) and total antioxidant status (TAS)
measurement: TOS and TAS levels were measured using a
colorimetric assay (Rel Assay Diagnostic). The principle of
TOS analysis is based on the oxidation of the ferrous ion-o-
dianisidine complex to ferric ions by oxidant molecules present
in the sample. The ferric ions subsequently form a colored com-
plex with xylenol orange under acidic conditions. The color in-
tensity, measured at 530nm spectrophotometrically, is directly
proportional to the total number of oxidant molecules in the
sample. The principle of TAS analysis is based on the reduction
of the characteristic color of the ABTS (2,2’-azino-bis[3-ethylb
enzothiazoline-6-sulfonic acid]) radical cation by antioxidants
present in the sample. The decrease in color intensity was mea-
sured colorimetrically at 660nm and reflects the sample's total
antioxidant capacity.

The oxidative stress index (OSI) was calculated as OSI (arbi-
trary units)=TOS (umol H,0, equivalent/L)/TAS (umol Trolox
equivalent/L) (Ozturk et al. 2011).
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All tissue sample results were normalized to tissue protein con-
tent, as described in an earlier study (Afsar and Kantar 2025;
Afsar, Dogan, et al. 2026). Protein concentrations were deter-
mined at 595nm using a modified Bradford assay with Coomassie
Plus reagent, using bovine serum albumin as the standard (Pierce
Chemical Company, Rockford, Illinois, USA) (Bradford 1976).

2.3 | Histopathologic Examinations of Pancreatic
Tissues

Pancreatic tissues were fixed in 10% paraformaldehyde, embedded
in paraffin, and sectioned at 5-6um thickness. The sections were
stained with hematoxylin and eosin (H&E) and examined under a
light microscope (Leica DFC450, Germany). Histopathological al-
terations, including cellular degeneration, cytoplasmic vacuoliza-
tion, and contour irregularities, were evaluated semi-quantitatively
in a blinded manner. Tissue injury was scored according to the
severity of histopathological changes as follows: 0=no lesion;
1=mild; 2=moderate; and 3=severe. Total histopathological
scores were calculated from the examination of multiple ran-
domly selected fields at identical magnification (Periyanayagam
et al. 2015; Dur et al. 2016; Afsar, Dogan, et al. 2026).

2.4 | Statistical Analysis

All statistical analyses were conducted in SPSS 23.0 (SPSS,
Chicago, Illinois, USA) for Windows. For normally distributed
data, one-way ANOVA was followed by Tukey's post hoc test.
For non-normally distributed data, the Kruskal-Wallis test was
followed by Mann-Whitney U tests, and multiple comparisons
were corrected using the Benjamini-Hochberg false discovery
rate (FDR) procedure (Lee and Lee 2020). All values are pre-
sented as mean +SD, n=6 per group, and q <0.05 was consid-
ered significant. The importance of appropriately determining
sample size in scientific studies has been highlighted previously.
Sample size estimation was performed using power analysis
based on effect-size calculations (Shojaee Barjoee et al. 2025).
Power analysis was performed using G*Power (version 3.1.9.7).
The calculation was based on five independent groups, an
a=0.05 significance level, and a desired statistical power of 0.80
(Ersoz et al. 2023). Accordingly, n =6 in each group. Histological

data were analyzed with the Kruskal-Wallis test followed by
Dwass-Steel-Critchlow-Fligner post hoc test.

3 | Results

3.1 | Analysis of Glucose Homeostasis and Insulin
Synthesis

Pairwise comparisons indicated that HOMA-IR levels were
significantly lower in the EN-300 group than in the EN-
50 group (p<0.05). In addition, plasma insulin levels were
lower in the EN-300 group than in the EN-50 group (p <0.05).
Pancreatic insulin levels were significantly higher in the Epi
group than in the control group (p <0.05), and higher in the
EN-50 group than in the EPI group (p <0.05) and the EN-300
group (p <0.05).

HOMA-f levels were significantly higher in the Epi group than
in the control group (p<0.05). No significant difference was
observed between the groups in fasting blood glucose levels.
Results are shown in Table 1.

3.2 | Analysis of Autophagy
and Proliferation-Related Parameters

The results of the analysis of autophagy- and proliferation-
related parameters are presented in Table 2.

LC3 levels in the control group were significantly lower than in
the NAC group (p <0.05) and the Epi group (p <0.05), and in the
EN-300 group were significantly lower than in the EN-50 group
(p<0.05).

ATG-5 levels in the control group were significantly lower than
in the EPI group (p<0.01). NAC administration decreased
ATG-5 levels in the EN-300 group compared with the EN-50
group (p <0.01). No difference in ATGS5 levels was observed be-
tween the control and NAC groups (p > 0.05).

Pancreatic beclin levels in the EN-50 group were significantly
higher than in the EPI group (p <0.05) and in the EN-300 group

TABLE1 | Evaluation of changes of glucose homeostasis and insulin synthesis between groups.

Control NAC EPI EN-50 EN-300
Fasting blood glucose levels (mg/dL) 105+2.966 99+3.98 105+10.068 98 +£6.802 107 +5.820
Plasma insulin levels (mIU/L) 0.556+0.424  0.601+0.258  0.787+0.302 1.079+0.267  0.606+0.204°
HOMA-IR levels 2.648+2.001  2.734%+1.219 3.619£1.169 4.859+1.056 2.941+1.053°
HOMA-f levels (%) 4.136+3.420 6.389+2.546 7.231+4.415* 10.019+4.480 5.463+1.486
Pancreas pro-insulin levels (ng/g protein)  3.484+1.494  5.517+1.526 5.957+2.115 6.373+2.060* 3.750+1.031
Pancreas insulin levels (mIU/g protein) 0.355+0.147  0.601%£0.258  0.633%£0.157*  1.079+0.267*  0.606+0.204°

Note: Statistical analysis was performed using Kruskal-Wallis's One-Way Analysis of Variance on Ranks. Pairwise comparisons were performed using the Mann-
Whitney U test, and p-values were adjusted for multiple comparisons using the Benjamini-Hochberg false discovery rate procedure. All values are mean+SD, n=6 for

each group.
*p<0.05 vs. control.
4p<0.001 vs. EPL.
bp <0.05 vs. EN-50.
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(p<0.01). No difference in beclin levels was observed between
the control and NAC groups or between the control and EPI
groups (p>0.05).

p-Akt levels in the control group were lower than in the NAC
group (p<0.05), and in the EN-300 group were lower than in
the EN-50 group (p <0.001). No difference in p-Akt levels was
observed between the control and EPI groups (p > 0.05).

mTOR1 levels in the EN-300 group were significantly higher
than in the EPI (p<0.05) and EN-50 groups. No difference
in mTOR1 levels was observed between the control and NAC
groups or between the control and Epi groups (p> 0.05).

Ki-67 levels in the EPI group were significantly higher than in the
control group (p <0.01) and the EN-300 group (p <0.01). No differ-
ence in mTOR1 levels was observed between the control and NAC
groups or between the EN-50 and EN-300 groups (p>0.05).

3.3 | Analysis of Oxidative Stress
and Apoptosis-Related Parameters

We measured TAS, TOS, and OSI levels in pancreatic tissue to
assess oxidative stress. TAS levels in the control group were sig-
nificantly higher than in the EPI group (p<0.01) and signifi-
cantly lower than in the NAC group (p<0.01). TAS levels in
the EN-50 group were significantly lower than in the EN-300
group (p<0.01) and significantly higher than in the EPI group
(p<0.01). TOS levels were lower in the control group than in the
EPI group (p <0.05) and higher than in the NAC group (p <0.01).
TOS levels were also lower in the EN-300 group compared to
the EPI group (p <0.01). OSI levels were significantly higher in
the EPI group than in the control (p <0.001), EN-50 (p <0.001),
and EN-300 groups (p <0.001). OSI levels were also lower in the
NAC group compared to the control group (p<0.01). Cleaved
caspase-3 levels were significantly higher than in the control
group (p <0.05). Results are shown in Table 3.

TABLE 2 | Evaluation of autophagy and proliferation-related parameters between groups.

Control NAC EPI EN-50 EN-300
LC3 levels (ng/g protein) 30.40+10.697 65.42 +28.895* 80.69 £ 53.565* 107.47 £47.700 46.58 +14.313¢%
ATG-5 levels (ng/g protein) 26.492+7.131 29.798 £2.492 41.094 £3.501** 46.883+8.00 28.171+4.9714
Beclin levels (ng/mg protein) 0.396+0.158 0.683+0.547 0.731+0.247 1.173£0.2492 0.515+0.140¢
p-Akt levels (ng/mg protein) 0.527+0.431 1.448 +£0.501* 2.177£1.790 3.60+0.887 1.822+0.546°¢

mTOR1 levels (ng/g protein) 56.546 £ 37.46

30.646+12.55

25.642+17.45 27.447+11.10 64.679 +£32.51%¢

Ki-67 levels (ng/mg protein) 0.695+0.540 1.500£1.135 2.08010.575%* 1.345+0.465 1.154+0.194°

Note: Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc test for pancreatic ATG-5 and p-AKT levels.
Statistical analysis using the Kruskal-Wallis test was followed by Mann-Whitney U tests, and multiple comparisons were corrected using the Benjamini-Hochberg
false discovery rate (FDR) procedure for pancreatic LC3, Beclin, and mTOR levels in pancreatic tissue. All values are presented as mean = SD n =6 per group, and
q<0.05 was considered significant.

Abbreviations: ATG-5, autophagy-related proteins-5; LC3, Microtubule-associated protein 1 light chain 3; mTOR, mechanistic target of rapamycin complex 1; p-AKT,
phosphorylated Protein kinase B.

*p <0.05 vs. control.

**p <0.01 vs. control.

4p<0.05vs. EPI.

5p <0.01 vs. EPIL.

¢p<0.05vs. EN-50.

dp<0.01 vs. EN-50.

TABLE 3 | Evaluation of changes in oxidative stress and apoptosis related parameters between groups.

Control NAC EPI EN-50 EN-300
TAS (umol Trolox/g protein) 0.12+0.004 0.29 £0.311** 0.08 £0.034** 0.16+0.011° 0.24+0.023¢
TOS (umol H,0, Eq/g protein) 2.93+0.790 1.92+0.562* 5.01+£1.53* 3.83+1.24 2.25+1.00°
OSI (arbitrary units) 22.21+5.86 9.67 £4.30** 86.47 +45.3%** 23.63+7.13¢ 9.05+3.68°
C-caspase-3 levels (ng/g protein) 56.68+32.9 56.64+25.0 99.94 +28.3* 87.18+30.9 70.43+19.3

Note: Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc test for pancreatic TOS and OSI levels in the
pancreas tissue. Statistical analysis was performed using the Kruskal-Wallis test followed by Mann-Whitney U tests, and multiple comparisons were corrected using
the Benjamini-Hochberg false discovery rate (FDR) procedure for pancreatic TAS and cleaved caspase-3 levels. The OSI was calculated as follows: OSI (arbitrary
units)=TOS (umol H,0, equivalent/L)/TAS (umol Trolox equivalent/L). All values are mean = SD n=6 for each group.

Abbreviations: c-caspase-3, cleaved caspase-3; OSI, oxidative stress index; TAS, total antioxidant status; TOS, total oxidant status.

*p<0.05 vs. control.

**p <0.01 vs. control.

*#*p <0.001 vs. control.

4p<0.05vs. EPI.

bp<0.01 vs. EPL.

¢p<0.001 vs. EPL.

dp<0.05 vs. EN-50.

€p<0.01 vs. EN-50.
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3.4 | Analysis of Zinc-Related Parameters

As shown in Table 4, pancreatic ZIP10 levels in the control
group were significantly lower than in the NAC (p<0.05) and
EPI groups (p<0.01). ZIP10 levels in the EN-300 group were
also lower than in the EPI (p <0.01) and EN-50 groups (p <0.05).
Pancreatic Zn levels in the control group were significantly
higher than in the NAC (p <0.05) and EPI groups (p <0.01). NAC
administration significantly reduced pancreatic Zn levels in the
EN-300 group compared to the EPI group (p <0.05). Plasma Zn

levels in the control group were significantly lower than in the
NAC group (p<0.05).

3.5 | Histological Analysis

HE-stained pancreatic tissues were evaluated for edema, in-
flammatory cell infiltration, acinar cell degeneration, and hem-
orrhage (Figure 2). The histopathological scoring results for
pancreatic tissues are presented in Table 5.

TABLE 4 | Evaluation of changes in zinc-related parameters between groups.

Control NAC EPI EN-50 EN-300
Pancreas ZIP-10 levels (ng/g protein) ~ 49.035+23.6 81.291 £21.5* 75.489£29.3**  98.076 +31.8 56.678 +20.3¢
Pancreas zinc levels (ug/mg protein) 6.903+1.22 5.318 £1.04* 4.464£0.843** 4.086+1.86 3.305£0.678**2
Plasma zinc levels (ug/dL) 60.667 +14.8 90.791 4 13.4** 73.043+5.01 87.345+21.8 64.814+11.7

Note: Statistical analysis was performed using the Kruskal-Wallis test, followed by Mann-Whitney U tests, and multiple comparisons were corrected using the

Benjamini-Hochberg false discovery rate (FDR) procedure for pancreatic.
All values are mean +SD n=6 for each group.

*p<0.05 vs. control.

**p <0.01 vs. control.

4p<0.05vs. EPI.

bp<0.01 vs. EPL.

¢p<0.05vs. EN-50.

FIGURE2 | Histological changes in the pancreas with hematoxylin and eosin stain (magnification x 40). Pancreatic sections were scored for ede-

ma, inflammatory cell infiltration, acinar cell degeneration, and hemorrhage (0=absent/rare, 1=mild, 2=moderate, 3 =severe). The control and
EPI groups showed normal morphology, whereas NAC induced acinar cell degeneration. EN-50 markedly reduced tissue damage compared to NAC,

and EN-300 showed moderate protection.

TABLE 5 | Histopathological scores of pancreatic injury.

Control NAC EPI EN-50 EN-300

Median Median Median Median Median Kruskal-
Parameters (25-75) (25-75) (25-75) (25-75) (25-75) Wallis H D
Total score 0(0-0)? 0(0-1) 2(2-3) 1(1-3) 2(2-3)%b 146.350 <0.001

Note: Data are presented as median (25th-75th percentile). Statistical analysis was performed using the Kruskal-Wallis test followed by the Dwass-Steel-Critchlow-
Fligner post hoc test. Different superscript letters indicate statistically significant differences between groups (p <0.05). n=6 for each group.

2p<0.001 vs. NAC.
bp<0.001 vs. EN-50.
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The severity of each criterion was graded on a scale of 0-3: 0:
absent or rare; 1: mild; 2: moderate; 3: severe (Periyanayagam
et al. 2015; Dur et al. 2016).

As shown in Table 5, pancreatic tissues in the control group ex-
hibited normal morphology, and no significant difference was
observed between the control and EPI groups (p>0.05). The low-
est histopathological damage scores were observed in the control
and EPI groups. In the NAC group, degeneration and irregular
contours were observed in the acinar cells. Histopathological
damage scores in the NAC group were significantly higher than
those in the control group (p <0.001) and the EPI group (p <0.001).
Importantly, tissue damage was significantly reduced in the EN-
50 group compared with the NAC group, whereas moderate dam-
age was observed in the EN-300 group. Histopathological damage
scores in the EN-50 group were significantly lower than those in
the NAC group (p<0.001). Similarly, the EN-300 group differed
significantly from the NAC group (p <0.001), although damage re-
mained higher than in the EN-50 group. Additionally, significant
differences were observed between the EPI and EN-300 groups
(p<0.001) and between the EN-50 and EN-300 groups (p <0.001).

4 | Discussion

This study explored the impact of EPI-induced pancreatic Zn
alterations on glucose homeostasis through autophagy and the
modulatory role of NAC supplementation.

Zn is essential for normal pancreatic function, and both deficiency
and excess are linked to diabetes (Abdulmalek and Balbaa 2019).
Therefore, extracellular and intracellular Zn levels are regulated
by transporter proteins, including Zn transporters (ZnTs) and im-
porters (ZIPs, Zrt- and Irt-like proteins) (Jeong and Eide 2013).
ZIP10 is a Zn importer that increases cytoplasmic Zn levels either
by facilitating the uptake of extracellular Zn into the cytoplasm
or by promoting the release of Zn from intracellular organelles
into the cytoplasm. Additionally, studies have shown increased
ZIP10 expression in pancreatic cells (Gyulkhandanyan et al. 2008;
Gyulkhandanyan et al. 2006; Foster et al. 2014; Takatani-Nakase
et al. 2014). Furthermore, a study demonstrated that high glucose
concentrations increase ZIP10 and that intracellular Zn content
in breast cancer cells (Kagara et al. 2007). In the present study,
pancreatic ZIP10 levels were elevated in the Epi group compared
with the control group. These findings suggest that ZIP10 may be
related to Zn transport in the pancreas of the Epi group. On the
other hand, our results showed reduced Zn levels in the pancreas
of the Epi group, suggesting that Zn is used for insulin synthesis.

Zn is essential for insulin synthesis, storage, and secretion in 3-
cells. During insulin production, proinsulin is synthesized and
then processed into active insulin, which is stored in secretory
granules as Zn?*-stabilized hexamers. Upon secretion, these
hexamers dissociate into biologically active monomers, releas-
ing Zn?* ions into the extracellular space (Li 2014). In the pres-
ent study, the EPI group showed significantly higher pancreatic
insulin and HOMA-f levels than the control group. Moreover,
plasma insulin, HOMA-IR, and plasma Zn levels were nu-
merically higher in the EPI group than in the control group.
Furthermore, no change in blood glucose levels was observed
in the EPI group compared with the control group. Our results

suggest a potential link between ZIP10 expression and the adap-
tive redistribution of Zn in §-cell processes induced by EPI. This
may provide a protective response to EPI-induced cellular stress
and insulin resistance, helping maintain blood glucose levels.
Our findings align with previous studies linking chemother-
apy agents to insulin resistance (Sharma et al. 2016). However,
this interpretation should be considered hypothesis-generating
rather than providing mechanistic evidence in the role of Zn and
ZIP10 in this process.

Zn plays a crucial role in maintaining cell viability and regu-
lating autophagy (Lin et al. 2020) due to its immunomodula-
tory, antioxidant, and anti-inflammatory properties (Jarosz
et al. 2017). However, the literature is divided on the effects of
Zn on autophagy. In line with this, previous research in human
hepatoma cells has demonstrated that Zn deficiency suppresses
autophagic activity, whereas Zn supplementation enhances it
(Sun et al. 2018). Conversely, other studies show that Zn defi-
ciency stimulates autophagy (Kawamata et al. 2017). A recent
study shows that Zn depletion stimulates autophagy in yeast
(Ding and Zhong 2017). Similarly, in our study, we observed de-
creased pancreatic Zn levels and elevated levels of LC3, Beclinl,
and ATGS, indicating enhanced autophagy (Pasquier 2016) in
the EPI group compared to the control group. Our findings sug-
gest that autophagy may be increased in the pancreas as a de-
fense against EPI-induced stress.

Supporting this view, excessive production of ROS during ox-
idative stress can stimulate autophagy as a protective mech-
anism against cellular injury and apoptosis (Zhu et al. 2022).
Consistent with earlier findings (Alves et al. 2016), the present
study found that EPI treatment increased TOS and OSI levels,
enhanced apoptotic activity, decreased TAS levels, increased
Ki-67 levels, and preserved morphological structure in the Epi
group. Recent studies have shown that ROS play a key role in
triggering autophagy in response to chemotherapy-induced
stress (Silva and Peixoto 2018; Choi et al. 2017). Chittaranjan
et al. also reported that Ki-67 production was increased in the
EPI-resistant cells (Chittaranjan et al. 2014). In this respect, our
results are consistent with studies showing that autophagy is
an adaptive response to oxidative stress (Rossin et al. 2025) and
promotes cell survival and proliferation (Niranjan et al. 2021;
Wang et al. 2020). Furthermore, our results suggest that this
adaptive response may help preserve the Epi group’s morpholog-
ical structure against oxidative stress.

In the EN-50 and EN-300 groups, NAC administration reduced
OSI levels in pancreatic tissue compared with the Epi group.
These findings align with studies showing beneficial effects at
both doses (Sabbaghziarani et al. 2024; Kalimeris et al. 2016).
Furthermore, the more pronounced reduction in oxidative stress
with high-dose NAC compared with low-dose NAC suggested
that high-dose NAC is more effective at lowering oxidative
stress. Additionally, high-dose NAC administration reduced
LC3 and Ki-67 levels in the EN-300 group compared with the
Epi group, suggesting that high-dose NAC is more effective at
inhibiting autophagy and proliferation. Zn levels in the EN-300
group were also reduced, and this reduction was greater than
in the EPI group. Interestingly, although autophagy was sup-
pressed in the EN-300, it was not suppressed in the EPI group.
These findings suggest that varying degrees of Zn deficiency
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may differentially regulate autophagy-related cellular signaling
pathways. Because small changes in signaling molecules may
lead to substantial alterations in signaling pathway dynamics
and cellular responses (Afsar and Kantar 2025).

Autophagy is tightly regulated by the AMP-activated protein ki-
nase (AMPK) and the Akt/mTORC1 signaling pathways. Under
energy stress, AMPK activation promotes autophagy by inhibit-
ing mTORCI1 (Pasquier 2016). Zn deficiency disrupts mitochon-
drial function and energy metabolism, lowering the ATP/AMP
ratio and activating AMPK (Kim et al. 2022; Kong et al. 2020).
Similarly, Kim et al. demonstrated that Zn deficiency in neuro-
nal cells affects the AMPK/mTOR pathway, thereby increasing
autophagy (Kim et al. 2022). However, severe ATP depletion may
impair autophagic flux by disrupting ATP-dependent lysosomal
acidification and other energy-requiring autophagic processes
(Mandic et al. 2024). Moreover, Zn deficiency has been shown
to impair mitochondrial respiratory function and ATP produc-
tion, thereby contributing to metabolic stress and altered auto-
phagic signaling (Sun et al. 2016; Liu et al. 2021). In our study,
mTOR1 levels were decreased in the EPI group but increased
in the EN-300 group relative to the EPI group. Therefore, our
findings suggest that mild Zn deficiency may trigger adaptive
survival responses, whereas more severe Zn deficiency may dis-
rupt cellular homeostasis and suppress autophagy under severe
metabolic stress. In addition, autophagy regulation may have oc-
curred through modulation of mTOR1 signaling. However, the
role of mTOR1 in autophagy inhibition may be mediated by the
AMPK pathway rather than the AKT/mTOR pathway, because
p-AKT levels did not increase despite elevated mTOR1 in the
EN-300 group.

Our findings are consistent with previous studies demonstrating
the bidirectional effects of Zn deficiency on autophagy (Ding and
Zhong 2017; Sun et al. 2018). Moreover, reduced Zn levels may
be due to lower ZIP10 levels in the EN-300 group. Supporting
this view, a study demonstrated that ZIP10 upregulation serves
as an adaptive mechanism to maintain intracellular Zn avail-
ability (Shim et al. 2025). However, further studies are needed to
develop a precise mechanistic understanding of how autophagy
isregulated in the EPI group, particularly the roles of Zn, ZIP10,
and AMPXK-related signaling in modulating autophagy. In the
NAC-only group, TAS levels increased, whereas TOS and OSI
levels decreased relative to the control group. However, mild
degeneration and contour irregularities were observed in pan-
creatic acinar cells. Although suppression of oxidative stress is
generally protective, excessive reduction of ROS levels may im-
pair physiological redox signaling, disrupt cellular homeostasis,
and contribute to reductive stress-related cellular dysfunction
(Schieber and Chandel 2014). Therefore, the morphological al-
terations observed in pancreatic tissue of the NAC group may
be associated with excessive suppression of ROS generation and
disruption of normal redox signaling. NAC is a versatile agent
widely used in clinical and experimental settings; however, its
limitations and potential toxic effects remain incompletely eluci-
dated (Tsai et al. 2024; Ershad et al. 2026). Our findings are con-
sistent with a study showing that excessive NAC administration
causes hepatic toxicity by disrupting GSH and reducing ATP lev-
els (Tsai et al. 2024). Our findings also highlight the differential
effects of NAC dosage on pancreatic function in EPI-treated rats.
Insulin levels in the pancreas were higher in the EN-50 group

than in the EPI group; however, they were similar to those of the
EPI group in the EN-300 group. This pattern may be related to
the effects of high doses of NAC on the pancreas, as morpholog-
ical improvement was observed in the EN-50 group compared to
the NAC group, but this improvement was more limited in the
EN-300 group. In this respect, our findings are consistent with
studies showing that high doses of NAC may be associated with
organ toxicity.

In the early stages of type 2 diabetes, compensatory hyperin-
sulinemia develops in response to insulin resistance, whereas
progressive 3-cell dysfunction in later stages results in impaired
insulin secretion and relative hypoinsulinemia (Lu et al. 2024).
Supporting this, a population-based study of 1168 non-diabetic
adolescents and adults found that individuals with the high-
est insulin secretion levels had greater adiposity, less favorable
lipid profiles, and reduced glucose tolerance (Trico et al. 2018).
The 2016 case report also described an individual with breast
cancer treated with EPI who developed symptoms suggestive of
DM after chemotherapy (Sharma et al. 2016). Taken together,
these findings suggest that the molecular alterations observed
in pancreatic tissue of the EPI group may reflect a profile predic-
tive of diabetes risk. NAC treatment can worsen these diabetic
conditions.

As a result, NAC administration exerted beneficial effects
against EPI-mediated oxidative stress, but it may also adversely
affect pancreatic morphology. These findings indicate that NAC
may have therapeutic potential for reducing EPI-induced oxida-
tive stress-related side effects; however, its effects should be in-
terpreted cautiously, and further mechanistic and experimental
studies are needed to clarify its safety and biological impact on
pancreatic tissue.

5 | Conclusion

In summary, our study suggests that EPI-induced changes in
pancreatic Zn levels may trigger compensatory mechanisms,
including autophagy, to maintain insulin secretion and miti-
gate oxidative stress-induced damage. NAC supplementation
had dose-dependent effects on these processes: low-dose NAC
(EN-50) reduced oxidative stress and enhanced insulin syn-
thesis, whereas high-dose NAC (EN-300) appeared to reduce
autophagy and impair pancreatic function. Furthermore, Zn
may regulate autophagy via mTOR1 in a dose-dependent man-
ner; accordingly, decreased Zn in the Epi group may have in-
creased autophagy, whereas more severe Zn deficiency in the
EN-300 group may have suppressed autophagy. Collectively,
these findings highlight the intricate interplay among Zn ho-
meostasis, autophagy, and oxidative stress in pancreatic func-
tion and underscore the importance of antioxidant dosage in
modulating adaptive cellular responses under chemothera-
peutic stress.

6 | Limitations
This study has several limitations. First, pharmacokinetic data

(including plasma drug concentrations) in rats were not ana-
lyzed to confirm the dose equivalence of the selected EPI dose.
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Second, pancreatic-specific toxicity assessment was not con-
ducted in the NAC-only group.

Third, the hypothesis that excessive antioxidant activity could
lead to reductive stress was not directly tested.

Fourth, the absence of a positive autophagy control group limits
mechanistic interpretation.

Fifth, investigation of Zn and ZIP10 localization, functional zinc
transport assays, or other zinc transporters could help explain
the observed findings.
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