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ABSTRACT

Epirubicin (EPI) is a widely used chemotherapeutic agent; however, its clinical utility is limited by severe side effects, particu-
larly the production of reactive oxygen species (ROS). Among these, cardiotoxicity is one of the most critical issues, and it is
worsened by impaired hepatic clearance resulting from liver dysfunction. This study aimed to investigate molecular changes
induced by EPI in the liver within the kynurenine pathway (KP), their possible contribution to cardiotoxicity, and the protective
effects of N-acetylcysteine (NAC). Rats received intraperitoneal injections of 50 or 300 mg/kg NAC, followed 1h later by 9.6 mg/
kg EPIL. Tryptophan (Trp), kynurenine (Kyn), kynurenic acid (KYNA), quinolinic acid (QA), kynureninase, and kynurenine
3-monooxygenase (KMO) levels in the liver and cleaved caspase-3 levels in the liver and heart tissue were measured using
ELISA. Hepatic and cardiac total antioxidant status (TAS) and total oxidant status (TOS) were determined using a colorimetric
method. Plasma levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine kinase (CK), creatine
kinase-MB isoenzyme (CK-MB), high-density lipoprotein (HDL), low-density lipoprotein (LDL), total cholesterol (T-chol), and
triglyceride (TG) were analyzed with a clinical biochemistry analyzer. Cardiac morphology was examined using hematoxylin-
eosin staining. EPI administration was associated with increases in plasma CK-MB, the AST/ALT ratio, LDL, T-chol, and TG,
with these increases partially attenuated by NAC treatment. Hepatic levels of Trp, QA, and KMO were positively correlated with
plasma CK-MB and the AST/ALT ratio. Additionally, EPI appeared to increase oxidative stress in heart tissue and induce mor-
phological changes. At the same time, NAC treatment was associated with partial improvement in these parameters, suggesting
that alterations in the hepatic KP may be linked to possible cardiac involvement. Our findings suggest that EPI-induced altera-
tions in hepatic KP may impair hepatic clearance, and NAC administration may provide partial protection, warranting further
investigation of a possible hepato-cardiac interaction.

1 | Introduction et al. 2009; Fabbi et al. 2015). The use of anthracyclines is re-

stricted by dose-related cardiotoxicity, which initially mani-

Epirubicin (EPI) is widely used in chemotherapy for various
types of cancer (Petit et al. 2020). It exerts its anticancer effects
by inhibiting cancer cell proliferation, inhibiting topoisomerase
activity, and generating reactive oxygen species (ROS), which
also contribute to its side effects (Alves et al. 2016; Kebieche
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fests as asymptomatic cardiac dysfunction and may potentially
progress to congestive heart failure (Fabbi et al. 2015). More
importantly, the liver plays a crucial role in the elimination of
anthracyclines from the body, and toxicity from these drugs can
be particularly severe in patients with impaired liver function
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(Kebieche et al. 2009; Twelves et al. 1989). Therefore, under-
standing the molecular changes induced by these drugs in the
liver may provide crucial insights for preventing cardiotoxicity.

In recent years, the kynurenine pathway (KP) and its metab-
olites have been recognized for their involvement in various
pathophysiological processes in liver diseases (Tan et al. 2025).
In response to inflammatory signals and oxidative stress, the
KP is activated by the enzyme indoleamine-2,3-dioxygenase-1
(IDO1), leading to decreased L-tryptophan (L-Trp) levels and
increased kynurenine (Kyn) levels. Subsequently, Kyn is con-
verted to KP metabolites through three distinct pathways:
conversion to kynurenic acid (KYNA) by kynurenine amino-
transferase (KAT); conversion to anthranilic acid by kynureni-
nase and subsequently to quinolinic acid (QA); or conversion to
3-hydroxykynurenine (3-HK) by kynurenine 3-monooxygenase
(KMO). Wang et al. (2021) demonstrated that KP activation
and KYNA upregulation were implicated in chemotherapeutic-
induced intestinal damage. Additionally, Kyn is a ligand for the
aryl hydrocarbon receptor (AhR), asreported by Bekkiet al. AhR
plays a pivotal role in breast cancer development by suppressing
apoptosis (Bekki et al. 2015). Collectively, these findings indi-
cate that KP activity is altered during cancer progression and in
response to chemotherapeutic treatments. Investigation of EPI-
induced changes in KP may contribute to a better understanding
of the pathogenesis of EPI-associated hepatic and cardiotoxicity.

N-acetylcysteine (NAC) is a compound recognized as a mul-
titarget drug and dietary supplement with antioxidant and
anti-inflammatory properties. NAC also helps prevent oxida-
tive stress and protects against cell damage (Berk et al. 2014;
Blanco-Ayala et al. 2020; Ayala et al. 2021). However, the effect
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of NAC supplementation on the hepatic KP and its potential im-
pact on EPI-mediated toxicity have not been previously studied.
Therefore, in the present study, the effects of EPI on the hepatic
KP and related biochemical parameters, as well as the potential
modulatory role of NAC supplementation on these alterations,
were comprehensively investigated.

2 | Materials and Methods
2.1 | Animals and Experimental Design

Allexperimental protocols were conducted on male albino Wistar
rats, aged 3 months and weighing 200-300g, in accordance with
the standards established by the Institutional Animal Care and
Use Committee at Aksaray University (2025/07-49). The study
used albino rats obtained from the Aksaray University Animal
Care Unit. Rats were provided with food and tap water ad libi-
tum, and the animals were housed in polycarbonate cages under
standard conditions (23°C+1°C and 50% + 5% humidity) with a
12:12-h light-dark cycle at all times.

The experimental design is shown in Figure 1. Animals were
randomly assigned to five groups (n=6 for each group). The
EPI-injected group (EPI group) received an intraperitoneal (i.p.)
saline injection, followed by an i.p. EPI (9.6 mg/kg) injection 1h
later. The NAC-received group (NAC group) received 300 mg/kg
NAC by i.p. injection, followed by saline injection 1h later. The
EPI and NAC groups received either 50mg/kg NAC (ENAC-50
group) or 300mg/kg NAC (ENAC-300 group) and, 1 h later, were
administered an i.p. EPI injection. The control group (CON) re-
ceived saline injections twice at 1-h intervals. Five days later,
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FIGURE1 | Experimental design. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; CK-MB,

creatine kinase-MB isoenzyme; HDL, high-density lipoprotein; IDO, enzyme indoleamine-2,3-dioxygenase; KMO, Kyn 3-monooxygenase; Kyn,

kynurenine; KYNA, kynurenic acid; LDL, low-density lipoprotein; OSI, oxidative stress index; QA, quinolinic acid; TAS, total antioxidant status; T-

chol, total cholesterol; TG, triglyceride; TOS, total oxidant status; Trp, tryptophan.
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the rats were anesthetized i.p. with a mixture of ketamine
(80mg/kg) and xylazine hydrochloride (5mg/kg) before being
sacrificed. Sigma-Aldrich (St. Louis, MO, USA) supplied the EPI
and NAC. Plasma samples were separated by centrifugation at
1500 g for 15min. The examined tissues were homogenized
in cold phosphate-buffered saline (PBS) at a 1:9 (w/v) buffer-
to-tissue ratio. Additionally, body weights of the animals were
measured at the beginning and at the end of the experimental
period to assess weight loss.

2.1.1 | Determination of Experimental EPI
and NAC Doses

We used a 9.6 mg/kg EPI dose for animals, which corresponds
to the commonly administered dose for chemotherapy in
patients at 60mg/m? (Dobbs et al. 2003; Dobbs et al. 1994;
Devaleriola 1994). We used lower (50mg/kg) and higher
(300mg/kg) doses of NAC administration, which have been
beneficial (Sabbaghziarani et al. 2024; Kalimeris et al. 2016),
in the present study to investigate the dose-dependent effects
in the livers of EPI-treated rats.

2.2 | Plasma Biochemical Parameters

The plasma samples were analyzed using a colorimetric method
(Fully Automatic Clinical Biochemistry Analyzer, Mindray
BS400), measuring the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), high-density lipopro-
tein (HDL), low-density lipoprotein (LDL), total cholesterol (T-
chol), total triglyceride (TG), creatine kinase (CK), and creatine
kinase-MB isoenzyme (CK-MB).

2.3 | Oxidative Stress—-Related Parameters
and KP-Related Parameters

Total antioxidant status (TAS) and total oxidant status (TOS)
were measured in liver and heart tissues using a colorimet-
ric test according to the manufacturer's instructions. The
oxidative stress index (OSI) was calculated as follows: OSI
(arbitrary units)=TOS (umol H,0, equivalent/L)/TAS (umol
Trolox equivalent/L) (Ozturk et al. 2011). Tryptophan (Trp),
Kyn, KYNA, QA, KMO, kynureninase, and neopterin levels
were evaluated in liver tissue; cleaved caspase-3 levels in liver
and heart tissues; and tumor necrosis factor-alpha (TNF-a)
in heart tissue using enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer's instructions. Also,
the Kyn/Trp ratio (KTR) is calculated to define IDO activ-
ity. TAS, TOS, and ELISA measurements in liver and heart
tissues were performed using the resulting supernatants ob-
tained after homogenization and centrifugation (1000 x g for
5min at 4°C) of the tissues, according to the manufacturer's
instructions.

The catalog numbers and measurement ranges of the assay
kits used were as follows: Trp (E2630Ra, 10-2000ng/L), Kyn
(E12003Ra, 0.2-200ng/L), KYNA (E2527Ra, 3.75-240ng/mL),
QA (EA0055Ge, 0.13-8 ng/mL), KMO (E2127Ra, 0.1-100ng/L),
kynureninase (E1183Ra, 0.3-90ng/mL), neopterin (E0958Ra,

0.05-30nmol/L), cleaved caspase-3 (E2444Ra, 20-6000ng/L),
and TNF-a (E0764Ra, 5-1000ng/L), all obtained from Bioassay
Technology Laboratory (BT Lab, Shanghai, China). TAS (RL007,
0.01-4.00mmol Trolox equivalent/L) and TOS (RL0024, 0.2-
80umol H,0, equivalent/L) were measured using kits from Rel
Assay Diagnostics (Gaziantep, Tiirkiye).

2.3.1 | Protein Measurements

Protein concentrations were determined at 595 nm using a modi-
fied Bradford assay with Coomassie Plus reagent, employing bo-
vine serum albumin as a standard (Pierce Chemical Company,
Rockford, IL, USA) (Bradford 1976).

2.4 | Histopathologic Examinations
of Cardiac Tissue

Cardiac tissues were preserved in 10% paraformaldehyde and
examined in 5- to 6-um-thick sections by hematoxylin-eosin
(H&E) staining and light microscopy (Zeiss 305, Germany)
(Periyanayagam et al. 2015; Dur et al. 2016).

2.5 | Statistical Analysis

Statistical analyses of the obtained data were conducted using
SPSS 23.0 (SPSS, Chicago, IL, USA) for Windows. Biochemical
parameters were analyzed with a one-way analysis of variance
(ANOVA) followed by the Tukey post hoc test for normally dis-
tributed variables and a Kruskal-Wallis test followed by the
Mann-Whitney U test for non-normally distributed variables.
Results are presented as the mean + SEM. A p value of less than
0.05 was deemed statistically significant. Pearson’s correlation
analysis was used to assess the relationship between the results.

3 | Results
3.1 | Plasma Biochemistry Parameters

As shown in Table 1, the AST levels in the EPI group were
markedly higher compared to the CON and ENAC-50 groups
and were significantly higher than the NAC group (p=0.010)
and the ENAC-300 group (p=0.008). The ALT levels in the
NAC, ENAC-50, and ENAC-300 groups were lower than in
the CON group (p=0.50, p=0.011, and p=0.001, respec-
tively). ALT levels were markedly lower in the ENAC-300
group than in the EPI group. However, this decreasing trend
did not reach significant levels. Also, the AST/ALT ratio of
the EPI group was significantly higher than that of the CON
group (p=0.001), and the AST/ALT ratio of the ENAC-50 and
ENAC-300 groups was significantly lower than that of the
EPI group (p=0.016, p=0.001). No difference was observed
between groups in plasma HDL levels. LDL levels in the EPI
group were significantly higher than in the CON, NAC, ENAC-
50, and ENAC-300 groups (p=0.001, p=0.001, p=0.004, and
p=0.001, respectively). The TG levels in the EPI group were
significantly higher than in the CON, ENAC-50, and ENAC-
300 groups (p=0.010, p=0.037, and p=0.004, respectively).
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TABLE1 | Evaluation of changes in biochemical parameters between groups.

CON NAC EPI ENAC-50 ENAC-300
AST (U/L) 214.4+16.9 176.5+16.5 251.7+15.3 217.2+11.5 175.0£11.3%#
ALT (U/L) 68.9+4.4 55.2+4.1* 57.1%1.5 52.1+2.0* 44.8 £2.8%**
AST/ALT 3.19+0.89 2.84+0.18 4.77£0.09%** 3.83+0.20" 3.37£0.30%##
HDL (mg/dL) 40.0+£2.2 40.0+£2.0 39.7+0.8 38.5+2.1 39.7x1.5
LDL (mg/dL) 10.7+0.8 10.4+0.5 14.7 £0.3%* 11.3+0.6%* 9.7 +£0.3%%#
TG (mg/dL) 55.8+1.7 55.8+11.6 75.1+7.1* 55.8+6.2% 47.6 1.8
T-chol (mg/dL) 62.9+2.1 65.0+3.3 75.8+2.8* 72.1+4.5 58.0+2.3%#¢
CK (U/L) 1872+175 1177 £ 131** 1201 £ 51** 997 £ 98*** 811 +14.8%**
CK-MB (U/L) 753 £45 814+44 949 +72 672+ 61% 536 + 57%##
Change in body weight (g) 7.67+1.667 7.50+5.993 —21.33+2.741** —10.67 £4.499* —14.17 £ 5.375%*

Note: Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc test for the analysis of AST, ALT, AST/ALT
ratio, HDL, LDL, CK, CK-MB, and change in body weight levels and a Kruskal-Wallis one-way ANOVA on ranks. All pairwise multiple comparison procedures were
performed using the Mann-Whitney U test for the analysis of TG and T-chol levels. All values are mean +SEM. n=6 for each group.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; CK-MB, creatine kinase-MB isoenzyme; CON, control; ENAC-
50, EPI+NAC (50mg/kg); ENAC-300, EPTI+NAC (300 mg/kg); EPI, epirubicin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NAC, N-acetylcysteine;

T-chol, total cholesterol; TG, triglyceride.
*p<0.05vs. CON.

**p<0.01 vs. CON.

**#%p <0.001 vs. CON.

#p<0.05vs. EPIL.

##p<0.001 vs. EPI.

###p <0.000 vs. EPL.

##€p <0.05 vs. ENAC-50.

T-chol levels in the EPI group were significantly higher com-
pared to the CON and ENAC-300 groups (p =0.016, p=0.004).
Additionally, in the ENAC-300 group, the values were lower
compared to the ENAC-50 group (p=0.025). CK levels in the
CON group were significantly higher compared to the NAC,
EPI, ENAC-50, and ENAC-300 groups (p=0.001, p=0.002,
p=0.001, and p=0.001, respectively). NAC administration
decreased CK levels in the ENAC-50 and ENAC-300 groups;
however, this trend did not reach statistical significance.
Additionally, CK-MB levels increased markedly in the EPI
group compared to the CON group; however, this trend did
not reach statistical significance. NAC administration signifi-
cantly reduced CK-MB levels in the ENAC-50 and ENAC-300
groups when compared to the EPI group (p =0.016, p=0.001).

Additionally, animals in the EPI group experienced a significant
weight loss compared with the CON and NAC groups (p =0.001,
p=0.001). Weight loss was attenuated in the ENAC-50 and
ENAC-300 groups; however, this reduction did not reach statis-
tical significance, and body weight remained significantly lower
than that of the CON and NAC groups (p=0.047, p=0.013;
p=0.049, p=0.014).

3.2 | Hepatic Oxidative Stress
and Apoptosis-Related Parameters

Table 2 shows the results of oxidative stress-related parame-
ters in the liver. The liver TAS levels were not different between
groups. The liver TOS levels were significantly higher in the EPI
group compared to the CON and ENAC-300 groups (p=0.002,

p=0.018). The liver OSI levels were higher in the EPI, ENAC-
50, and ENAC-300 groups than in the CON group (p=0.004,
p=0.037, p=0.004). Also, the OSI levels tended to be lower in
the ENAC-50 group than in the EPI group and were signifi-
cantly lower than in the ENAC-300 group (p=0.055, p=0.037).
Cleaved caspase-3 levels showed a nonsignificant increase in
the EPI group compared to the CON group (p=0.077), whereas
they were significantly reduced in the ENAC-50 group com-
pared to the EPI group (p=0.011). Neopterin levels were signifi-
cantly higher in the EPI group compared to the CON, ENAC-50,
and ENAC-300 groups (p=0.016, p=0.006, and p=0.037,
respectively).

3.3 | Heart Oxidative Stress and Apoptosis-Related
Parameters

Table 2 shows the results of oxidative stress-related param-
eters in the heart. TAS levels reduced in the EPI group com-
pared to the CON group, significantly increased compared
to the ENAC-50, and markedly increased compared to the
ENAC-300 group (p=0.004, p=0.006, p=0.78). TOS lev-
els were higher in the EPI group than in the CON and NAC
groups (p=0.001, p=0.004). Also, TOS levels decreased in the
ENAC-50 group compared to the EPI group (p=0.004). OSI
levels were higher in the EPI group than in the CON, ENAC-
50, and ENAC-300 groups (p=0.004, p=0.010, and p =0.016,
respectively). TNF-a levels were higher in the EPI group com-
pared to the CON, NAC, ENAC-50, and ENAC-300 groups
(p=0.001, p=0.001, p=0.001, and p=0.001, respectively).
Cleaved caspase-3 levels were lower in the EPI group than in
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TABLE 2 | Evaluation of oxidative stress-related parameters between groups.

CON NAC EPI ENAC-50 ENAC-300
Liver TAS levels (umol 0.105+0.01 0.077+0.00 0.097+0.01 0.108 £0.009 0.09+0.015
Trolox/g protein)
Liver TOS levels (mol H,0, 2.11+0.13 3.75+£0.85 5.38 £0.52%* 3.8+0.48 2.74+0.51%
Eq/g protein)
Liver OSI levels (arbitrary 23.60+2.89 49.15+12.09 52.95+9.56%* 36.12+3.705* 55.02 4 5.77%*¢
units)
Cleaved caspase-3 (ng/g 124.59+16.0 145.27+8.4 181.18 £17.5 106.35+18.6" 139.14+£9.3
protein)
Neopterin (nmol/g protein) 0.131£0.025 0.157+0.020 0.267+£0.05* 0.119 +0.020%# 0.145+0.021%

Heart cleaved caspase-3 (ng/g  292.698 £46.942

289.198 £45.221

253.997+31.687  298.761+£21.793  295.193+25.761

protein)

Heart TAS levels (umol 0.247+0.019 0.263+0.135 0.105+0.003** 0.145 +0.009**## 0.127+0.012%
Trolox/g protein)

Heart TOS levels (umol H,O, 2.984+0.203 3.156+0.151 4.694 +0.344%## 3.474+0.345% 3.875+0.400

Eq/g protein)

Heart OSI levels (arbitrary 12.350+1.213

units)

Heart TNF-o levels (ng/g 6.402+0.343

protein)

34.699 +14.147

5.768 £0.756***

44.558 £2.710** 27.326 £3.458" 28.162+3.645"*

14.787 £1.154%%*  5.925+0.5665"# 5.90+0.346%*

Note: Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc test for the analysis of TAS, TOS, and cleaved
caspase-3 levels in the liver. Statistical analysis was also performed using a Kruskal-Wallis one-way ANOVA on ranks followed by the Mann-Whitney U test for the
analysis of OSI and neopterin levels in the liver. All values are mean + SEM. n =6 for each group.

Abbreviations: CON, control; ENAC-50, EPI+NAC (50mg/kg); ENAC-300, EPI+NAC (300mg/kg); EPI, epirubicin; NAC, N-acetylcysteine; OSI, oxidative stress
index; TAS, total antioxidant status; TNF-a, tumor necrosis factor-alpha; TOS, total oxidant status.

*p<0.05vs. CON.
**p <0.01 vs. CON.
*#*p <0.001 vs. CON.
p<0.05vs. EPL.
p<0.001vs. EPIL.
p<0.000vs. EPL
p<0.05vs. ENAC-50.

the ENAC-50 and ENAC-300 groups; however, this trend did
not reach statistical significance.

3.4 | Hepatic KP-Related Parameters

Hepatic Trp levels were significantly increased in the EPI
group (72.765+10.467ng/g protein) compared to the CON
(44.477 £4.437ng/g protein), NAC (44.488 +2.909 ng/g protein),
ENAC-50, and ENAC-300 (37.901 £2.779ng/g protein) groups
(p=0.010, p=0.010, p=0.003, and p=0.001, respectively)
(Figure 2A).

Hepatic Kyn levels in the EPI group (1900z+211ng/g pro-
tein) were significantly higher compared to the CON group
(1319 +£56.7ng/g protein) (p=0.016), markedly higher com-
pared to the NAC group (1248 + 254 ng/g protein), and signifi-
cantly lower in the ENAC-300 group (904 +35ng/g protein)
compared to the CON, EPI, and ENAC-50 (1414 £255ng/g
protein) groups (p=0.004, p=0.004, p=0.037) (Figure 2B).
The hepatic KYNA levels were measured at 10,071 £ 1654 ng/g
protein in the CON group, 9690+ 1947ng/g protein in
the NAC group, 13,193+1445ng/g protein in the EPI

group, 6358+396ng/g protein in the ENAC-50 group, and
8418 +2893ng/g protein in the ENAC-300 group. The KYNA
levels in the EPI group were significantly higher compared to
the ENAC-50 group and noticeably higher than the ENAC-
300 group (p=0.003 and p=0.060, respectively) (Figure 2C).
Hepatic QA levels in the EPI group (322+33ng/g protein)
were significantly higher than those in the CON group
(231 £20ng/g protein), the NAC group (211 + 14 ng/g protein),
the ENAC-50 group (157 £ 14 ng/g protein), and the ENAC-300
group (203 +17ng/g protein) (p=0.037, p=0.008, p=0.001,
and p=0.004, respectively) (Figure 2D). Hepatic KMO lev-
els in the EPI group (69,742 + 7056 ng/g protein) were signifi-
cantly higher than those in the CON group (48,227 + 6637 ng/g
protein) and the ENAC-300 group (43,289 +4403ng/g pro-
tein) and were markedly higher compared to the NAC
group (51,257 +3361ng/g protein) and the ENAC-50 group
(49,046 £4312ng/g protein) (p=0.037, p=0.016, p=0.055,
and p=0.078, respectively) (Figure 3A). Hepatic kynureni-
nase levels in the EPI group (953 +£ 124 ng/g protein) were sig-
nificantly higher than those in the CON group (331 £37ng/g
protein), the NAC group (561 £49ng/g protein), the ENAC-
50 group (231+55ng/g protein), and the ENAC-300 group
(422+308ng/g protein) (p=0.001, p=0.005, p=0.001, and
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FIGURE 2 | Hepatic levels of KP metabolites. (A) Liver Trp levels; (B) liver Kyn levels; (C) liver KYNA levels; and (D) liver QA levels. Statistical
analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc test to analyze Trp levels in the liver tissue
and a Kruskal-Wallis one-way ANOVA on ranks followed by the Mann-Whitney U test for the analysis of Kyn, KYNA, and QA levels. All values
are mean + SEM. n=6 for each group. *, p<0.05; **, p<0.01; *** p <0.001. Abbreviations: Kyn, kynurenine; KYNA, kynurenic acid; QA, quinolinic

acid; Trp, tryptophan.

p=0.001, respectively) (Figure 3B). No difference was ob-
served between groups in hepatic KTR and QA/KYNA levels
(Figure 3C,D).

3.5 | Correlation Result Between KP Metabolites
and Biochemical Results

As shown in Table 3, correlation analysis revealed the re-
lationship between liver KMO levels and LDL (Pearson
r=0.382, p=0.037), T-chol (Pearson r=0.432, p=0.017), AST/
ALT (Pearson r=0.411, p=0.024), CK-MB (Pearson r=0.393,
p=0.032), and cleaved caspase-3 (Pearson r=0.404, p=0.077),
as well as the relationship between liver QA levels and LDL
(Pearson r=0.584, p=0.001), TG (Pearson r=0.391, p=0.033),
AST (Pearson r=0.368, p=0.046), AST/ALT (Pearson r=0.424,
p=0.020), CK (Spearman r=0.380, p=0.038), CK-MB
(Spearman r=0.380, p=0.038), and cleaved caspase-3 (Pearson
r=0.514, p=0.004). Also, correlation analysis revealed the re-
lationship between liver Trp levels and LDL (Pearson r=0.494,
p=0.006), T-chol (Pearson r=0.389, p=0.034), TG (Pearson
r=0.564, p=0.001), AST (Pearson r=0.403, p=0.027), AST/
ALT (Pearson r=0.525, p=0.003), CK (Spearman r=0.432,
p=0.017), CK-MB (Pearson r=0.566, p=0.001), and cleaved
caspase-3 (Pearson r=0.665, p=0.000). These correlations are
considered exploratory and may be influenced by differences
between experimental groups; therefore, they should be inter-
preted with caution.

3.6 | Histopathological Analysis

The H&E results for heart tissues are shown in Figure 4. The
heart tissues of the CON group had a typical morphological
structure, and the NAC group section had the same appearance
as the CON group. In the EPI group, irregularly arranged muscle
fibers and areas of inflammation were observed. In the EPI-50
group, the damage was significantly reduced compared to the
EPI group, and the muscle fibers were found to be more regular.
In the EPI-300 group, edema and irregularity in tissue fibers,
along with moderate damage, were observed. Histopathological
examination scores for heart tissues are presented in Table 4.
When the EPI group's damage scores were examined, they were
found to be statistically higher than those of the CON and NAC
groups (p <0.5). The damage scores in the ENAC-50 and ENAC-
300 groups were significantly lower compared to the EPI group
(p<0.5); however, there was no significant difference between
the ENAC-50 and ENAC-300 groups (p>0.5).

4 | Discussion

4.1 | EPI-Induced Oxidative Stress, Cell Death,
and Systemic Catabolic Effects

EPI and other anthracycline chemotherapeutics have been
shown to induce oxidative stress and pro-inflammatory re-
sponses in cardiac tissue, leading to increased ROS and
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FIGURE 3 | Hepatic expression and enzymatic activity of KP components. (A) Liver KMO levels; (B) liver kynureninase levels; (C) liver KTR lev-
els; and (D) liver QA/KYNA levels. Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc
test to analyze kynureninase levels in the liver tissue and a Kruskal-Wallis one-way ANOVA on ranks followed by the Mann-Whitney U test for the
analysis of KMO, IDO, and QA/KYNA levels. All values are mean + SEM. n=6 for each group. *, p <0.05; **, p<0.01; *** p<0.001. Abbreviations:
KMO, Kyn 3-monooxygenase; KTR, kynurenine/tryptophan ratio.

TABLE 3 | Correlation result between KP metabolites and biochemical results.

KMO QA Trp

rvalue p value rvalue p value rvalue p value
LDL 0.382* 0.037 0.584** 0.001 0.494** 0.006
HDL —0.026 0.893
T-chol 0.432* 0.017 0.063 0.741 0.389* 0.034
TG 0.111 0.558 0.322 0.083 0.564** 0.001
AST 0.229 0.221 0.391* 0.033 0.403* 0.027
ALT 0.211 0.262 0.368 0.046 0.167 0.379
AST/ALT 0.411 0.024 0.424* 0.020 0.525%* 0.003
CK 0.016 0.933 0.380* 0.038 0.432%* 0.017
CK-MB 0.393* 0.032 0.380* 0.038 0.566** 0.001
Cleaved caspase-3 0.404* 0.027 0.514%* 0.004 0.665%** 0.000

Note: Correlation analysis was performed using Pearson's correlation analysis between hepatic KMO levels and LDL, HDL, T-chol, TG, AST, AST/ALT, CK, CK-MB,
and cleaved caspase-3 levels; QA levels and LDL, T-chol, TG, AST, AST/ALT, CK-MB, and cleaved caspase-3 levels; and Trp levels and LDL, T-chol, TG, AST, ALT,
AST/ALT, CK-MB, and cleaved caspase-3 levels, as well as Spearman'’s correlation analysis between hepatic QA and CK and CK-MB levels and between hepatic Trp
and CK levels. n=30 for each group.

Abbreviations: AST, aspartate aminotransferase; CK, creatine kinase; CK-MB, creatine kinase-MB isoenzyme; KMO, Kyn 3-monooxygenase; LDL, low-density
lipoprotein; QA, quinolinic acid; T-chol, total cholesterol; TG, triglyceride; Trp, tryptophan.

*p<0.05.

**p<0.01.

**%p <0.001.
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ENAC-300

FIGURE 4 | Histological changes in the heart with H&E stain (magnification x 40). Control: The control group displayed a typical structure;

NAC: The NAC group had a histological appearance similar to the control group; EPI: The EPI group displayed irregularly arranged muscle fibers

and areas of inflammation; ENAC-50: The ENAC-50 group had reduced damage, and the muscle fibers were more regularly arranged; ENAC-300:
The ENAC-300 group displayed moderate damage with edema and disorganization of tissue fibers.

TABLE 4 | Histopathological scores of liver injury.

Control NAC EPI ENAC-50 ENAC-300

Median Median Median Median Median
Parameters (25-75) (25-75) (25-75) (25-75) (25-75) Test ist. P
Total score 0(0-)A 0(0-D)A 3(2-3)C 11-2)A 2(2-3)B 138.539 <0.001

Note: Statistical analysis was done using a Kruskal-Wallis one-way analysis of variance on ranks. All pairwise multiple comparison procedures were done using the
Dunn-Bonferroni post hoc test. All values are mean +SEM, and n=6 for each group, A<B<C<D; p<0.005.

elevated levels of inflammatory cytokines, including TNF-a,
contributing to cardiomyocyte injury and dysfunction
(Fabiani et al. 2021). Supporting the existing literature, in-
creased OSI and TNF-a levels were observed in the cardiac
tissue of the EPI group in our study, and these biochemical
alterations were corroborated by histological evidence of

myocardial damage. In addition, plasma CK-MB levels and
the AST/ALT ratio, both considered indicators of cardiovascu-
lar injury (Higashitani et al. 2022), were reported. In the pres-
ent study, plasma CK-MB levels and the AST/ALT ratio were
significantly increased in the EPI group compared with the
CON group. Thus, our findings are consistent with previous
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studies, demonstrating that chemotherapeutic agents, partic-
ularly anthracyclines such as doxorubicin and EPI, increase
cardiac biomarkers (Ding et al. 2024). Moreover, CK-MB re-
lease requires loss of membrane integrity (Omran et al. 2022).
In apoptosis, cells undergo programmed cell death in a con-
trolled manner without loss of membrane integrity or release
of intracellular contents into the extracellular space, result-
ing in minimal inflammatory response (Erekat 2025). Taken
together, the histological and biochemical findings suggest
that myocardial injury in the EPI group may predominantly
involve apoptosis-independent cell death mechanisms that
compromise membrane integrity rather than classical apopto-
sis. In line with this interpretation, recent studies have shown
that EPI induces ferroptosis in cardiomyocytes, a regulated
form of cell death closely linked to lipid peroxidation and
necrotic-like tissue damage (Erekat 2022).

Interestingly, plasma CK levels were decreased, possibly reflect-
ing reduced muscle mass in the EPI group. Consistent with this
view, pronounced body weight loss was observed in EPI-treated
animals. Supporting this notion, chemotherapy has been shown
to exacerbate skeletal muscle loss in cancer patients through a
multifactorial interplay involving treatment-related anorexia,
nausea, and generalized physiological stress (Pedrosa et al. 2023;
Mallard et al. 2024). Notably, sarcopenia has been identified as
a significant risk factor for severe toxicity in patients with breast
cancer receiving perioperative EPI therapy (Ueno et al. 2020).
Moreover, patients with breast cancer have been reported to ex-
hibit a reduced number of skeletal muscle sarcomeres compared
with healthy controls even before the initiation of chemotherapy
(Gamble et al. 2023). Collectively, these findings indicate that
the catabolic phase is characterized by accelerated proteolysis in
skeletal muscle, leading to increased release of amino acids into
the circulation and enhanced hepatic uptake and utilization in
the liver (Vary et al. 1989). Our results showed increased hepatic
Trp levels in the EPI group, and we suggest that increased he-
patic Trp levels may be due to increased catabolic processes in
skeletal muscle. Moreover, decreased CK levels in the EPI group
may be related to skeletal muscle loss.

Supporting this view, decreased CK levels have been reported in
patients with type 2 diabetes and low muscle mass, further sup-
porting the association between reduced CK levels and muscle
wasting (Hu et al. 2023). Similarly, clinical observations have
shown that a subset of patients initially diagnosed with acute
myocardial infarction (AMI) presented with low total CK and el-
evated CK-MB levels. However, total CK subsequently increased
in most cases (Vladutiu and Schachner 1989). Taken together,
these findings suggest that EPI contributes to cardiac toxicity,
consistent with previous reports (Dong et al. 2022). Thus, the re-
duction in CK levels observed in the EPI group may be related to
skeletal muscle loss; however, the effects of EPI on body weight
and muscle mass warrant further investigation.

On the other hand, it is well established that hyperlipidemia
is a significant risk factor for cardiovascular diseases (Yang
et al. 2006). Our results are consistent with previous stud-
ies demonstrating that anthracycline-based chemotherapy
induces hyperlipidemia, which may be associated with in-
creased oxidative stress, as reflected by an elevated OSI index.
Hyperlipidemia has also been linked to hepatic dysfunction,

and chemotherapeutic agents are known to affect liver function
adversely (Lu et al. 2020; Zhu et al. 2020). In agreement with
this evidence, increased plasma lipid levels were observed in the
EPI group.

4.2 | Hepatic KP Activation and Interpretation
of Liver Injury

Our study demonstrated that KP metabolites, including Kyn,
QA, and KYNA, were elevated in the livers of the EPI group, in-
dicating activation of the hepatic KP. The first and rate-limiting
step of this pathway is regulated by both IDO and tryptophan
2,3-dioxygenase (TDO). Although inflammatory stimuli and ox-
idative stress primarily induce IDO, which is widely expressed
in extrahepatic tissues, TDO is predominantly expressed in the
liver and regulated mainly under physiological and metabolic
conditions.

Although inflammatory conditions may induce IDO expres-
sion, the KTR—commonly used as a proxy for IDO activ-
ity—remained unchanged in our study. This finding does not
necessarily exclude IDO involvement, as increased substrate
availability, reflected by elevated hepatic Trp levels, may mask
changes in IDO activity when assessed by ratio-based indices.
Moreover, emerging evidence indicates that both IDO and TDO
can be expressed under cancer-related conditions and that tumor
or host tissues may utilize either enzyme, or both, to regulate KP
metabolism (Obara-Michlewska 2022).

Neopterin has been proposed as a marker linking circulating
Trp levels to inflammation-induced IDO activation (Jorgensen
et al. 2025). In the present study, the absence of a concomitant
increase in neopterin levels, together with the hepatic localiza-
tion of our measurements and the unchanged KTR, suggests
that the observed KP activation in the EPI group may predom-
inantly reflect TDO-mediated regulation rather than classical
inflammation-driven IDO activation. Importantly, although
changes in downstream metabolites support pathway-level ac-
tivation of the hepatic KP, they do not allow a definitive distinc-
tion between the relative contributions of IDO and TDO at the
initial step.

Recent studies have demonstrated that alterations in KP me-
tabolites exert significant immunological effects and are closely
associated with the development and progression of various
pathological conditions (Jasim et al. 2023; Al-Hakeim et al. 2023;
Al-Hakeim et al. 2025). In addition, the balance between KP
metabolites influences their pathophysiological roles. In our
study, both QA and KYNA levels increased in the liver of the
EPI group, without a significant change in the QA/KYNA ratio.

The increase in KYNA may represent a compensatory defense
mechanism, as KYNA has been shown to scavenge ROS and
exert cytoprotective effects (Han et al. 2021a), unlike QA (Al-
Hakeim et al. 2025; Crump et al. 2024). Nevertheless, this po-
tential protective response does not appear sufficient to prevent
apoptosis in the liver of the EPI group. These findings suggested
that other pro-apoptotic KP metabolites, such as Trp and 3-HK,
may contribute to apoptotic signaling. Previous studies have
reported that downstream metabolites such as 3-HK possess
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pro-apoptotic properties and have also highlighted that KMO is
a critical metabolic checkpoint regulating the balance between
cytotoxic (3-HK and QA) and cytoprotective (KYNA) branches
of the KP. Inhibition of KMO has been shown to attenuate the
production of 3-HK and QA, thereby shifting KP away from
the oxidative, cytotoxic branch (Al-Hakeim et al. 2023; Kupjetz
et al. 2025). Accordingly, the increased KMO expression and
elevated QA levels observed in the EPI group may suggest ac-
tivation of the apoptosis-related downstream branch of the KP.
Supporting this interpretation, cleaved caspase-3 levels cor-
related positively with hepatic Trp, KMO, and QA levels in the
EPI group. However, as 3-HK levels were not directly measured,
these findings do not demonstrate accumulation of 3-HK per
se. Thus, our results are interpreted as reflecting activation of
the KP rather than the accumulation of a specific intermediate
metabolite and are presented within a hypothesis-generating
framework.

Although apoptosis was increased in the liver of the EPI group,
plasma ALT levels did not increase, suggesting that necrotic cell
death and membrane disruption are required for ALT release
into the circulation (Han, Ryu, et al. 2021b). Because disruption
of the cell membrane is required for the release of intracellu-
lar enzymes into the plasma, also supporting this, plasma AST
levels have been shown to correlate with the extent of necro-
sis in hepatic ischemia-reperfusion models (Yang et al. 2014;
O'Brien et al. 2000). Furthermore, reduced KMO levels have
been reported in patients with pancreatic necrosis (Jakkampudi
et al. 2023).

Therefore, our results suggest that the increased hepatic KMO
levels observed in the EPI-treated group may be associated with
relative suppression of necrotic cell death, which could partly
explain the absence of elevated plasma ALT levels.

Beyond liver injury, our results suggest that alterations in KP
metabolites may be indirectly associated with hepatic detoxifi-
cation capacity and may contribute to EPI-induced cardiac tox-
icity. The liver is the primary site of anthracycline metabolism,
and dose adjustment is recommended in patients with impaired
liver function (Kebieche et al. 2009). Clinical pharmacoki-
netic studies have demonstrated that hepatic clearance of EPI
correlates with serum AST levels, and elevated AST has been
associated with reduced EPI clearance and increased systemic
toxicity (Fabbi et al. 2015; Twelves et al. 1992).

Similarly, metabolomic analyses in anthracycline-induced liver
injury models have revealed close associations between AST/
ALT levels and hepatic metabolic disturbances, and antioxidant
treatment has been shown to ameliorate both liver enzyme el-
evations and cardiac injury, highlighting a functional hepato-
cardiac interaction (Aikemu et al. 2016). In clinical practice,
combined liver function parameters, including AST/ALT ra-
tios, are increasingly recommended for monitoring suspected
drug-induced liver injury (Treem et al. 2021). Thus, AST may
serve as a sensitive indicator reflecting changes in EPI pharma-
cokinetics. In addition, QA accumulation has been reported to
reflect the severity of liver dysfunction (Chen et al. 2021), and
Trp-derived metabolites have been shown to modulate cyto-
chrome P450 expression, thereby influencing xenobiotic metab-
olism, immune responses, and cellular homeostasis (Haduch

et al. 2023). These findings suggest that alterations in the hepatic
KP may underlie hepatic dysfunction observed during chemo-
therapeutic interventions.

In the present study, positive correlations were observed be-
tween plasma CK-MB levels and AST/ALT ratios, as well as
hepatic KMO expression and Trp and QA levels, suggesting a
potential link between hepatic KP activation and cardiac injury.
Moreover, plasma LDL and T-chol levels correlated positively
with hepatic Trp, QA, and KMO levels. Elevated plasma lipid
parameters have been linked to hepatic dysfunction (Kathak
et al. 2022), and mechanistic studies indicate that upregula-
tion of IDO may contribute to dyslipidemia (Wang et al. 2025).
Therefore, our results suggest that the observed correlations
among plasma CK-MB levels, AST/ALT ratios, hepatic KMO
expression, and Trp and QA levels may indicate an interac-
tion among KP activation, altered hepatic metabolic function,
and cardiac injury. However, these associations are exploratory
and hypothesis-generating and should be interpreted with cau-
tion. Further studies incorporating direct pharmacokinetic and
hepatic clearance assessments are warranted to clarify this
relationship.

4.3 | Dose-Dependent Effects of NAC
and the Hepato-Cardiac Axis

In our study, NAC administration improved plasma lipid and
cardiac parameters in the ENAC-50 and ENAC-300 groups.
Supporting NAC's lipid-lowering effects, Yang et al. (2006) re-
ported that in rats fed a high-fat diet (HFD), a weakened an-
tioxidant defense system led to hyperlipidemia; NAC partially
reversed these changes. Additionally, in experimental models,
NAC has been shown to improve plasma lipid profiles and re-
store redox balance under dyslipidemic conditions, thereby
enhancing myocardial protection and reducing infarct size in
settings of ischemia-reperfusion injury and HFD-induced oxi-
dative stress (Zaobornyj et al. 2025). Thus, our findings suggest
that NAC's lipid-lowering effects may contribute to its cardio-
protective properties.

In addition, NAC administration decreased the OSI index,
cleaved caspase-3 levels, and KMO expression in the liver of
the ENAC-50 group and normalized hepatic Trp levels in this
group. Thus, it can be concluded that EPI activates an adaptive
mechanism in liver tissue via the KP pathway and that NAC
application can normalize these parameters. However, it is es-
sential to consider the dose-dependent effects of NAC supple-
mentation, as high doses can be toxic and even cause cell death
or apoptosis (Liu et al. 2017). In the present study, the OSI index
was increased in the liver of the ENAC-300 group; however, this
increase did not result in significant changes in the assessed
biochemical parameters. This observation may be related to the
administration of high-dose NAC, which has been reported to
attenuate antioxidant capacity and thereby contribute to oxi-
dative stress paradoxically. NAC mainly acts by regulating the
supply of cysteine for glutathione (GSH) synthesis. However,
mechanistic research also indicates that high-dose NAC ad-
ministration can reduce GSH levels and may lead to oxidative
stress (Tenorio et al. 2021; Devrim-Lanpir et al. 2021; Mlejnek
et al. 2021). Moreover, the ENAC-50 group showed reduced OSI
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and TNF-a levels in cardiac tissue, accompanied by improved
myocardial morphology; the ENAC-300 group did not demon-
strate further improvement in these parameters. Collectively,
these findings suggest that the biological effects of NAC under
EPI-induced toxicity may not be linearly dose dependent and
that higher doses may shift the redox equilibrium toward a less
favorable state. Nevertheless, the underlying mechanisms and
the dose-dependent profile of NAC require further investigation.

5 | Conclusion

This study suggests that EPI administration activates the he-
patic KP, disrupts lipid metabolism, and induces oxidative stress
and apoptosis, which may collectively contribute to impaired
hepatic clearance and cardiotoxicity. NAC supplementation,
particularly at a moderate dose, effectively ameliorated these
alterations by reducing oxidative damage and modulating KP-
related enzyme activity. These findings highlight the role of KP
metabolites, especially Trp, QA, and KMO, as potential media-
tors of chemotherapy-related toxicity. Targeting the KP pathway
may be a promising strategy to mitigate EPI-induced adverse
effects and improve treatment outcomes.
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