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Abstract

The clinical use of doxorubicin (DOXO) may be limited by its dose-dependent chronic cardiotoxicity, the severity of which shows
sex-based differences. Several tryptophan (Trp) metabolites are associated with oxidative stress, inflammation, and metabolic distur-
bances in heart failure. Here, we aimed to characterize changes in left ventricular (LV) concentrations of selected Trp metabolites
in DOXO-induced chronic cardiotoxicity in both sexes. Therefore, male and female Wistar rats (300–400 g) were divided into 2-2
groups: physiological saline-treated (6 � 1 mL/kg, ip) control and DOXO-treated (6 � 1 mg/kg, ip) groups. At weeks 12 and 19, echo-
cardiography was performed. At week 20, blood pressure measurement, histology in LV and renal samples, RT-qPCR, and
ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) for genes and metabolites related to oxi-
dative stress, inflammation, glucose and fatty acid metabolism, and Trp metabolites in LV samples were performed. At week 12, dia-
stolic dysfunction developed in both sexes. At the endpoint, DOXO-treated animals showed echocardiographic, histological, and
molecular signs of chronic cardiotoxicity, accompanied by LV repression of glycerol-3-phosphate dehydrogenase and carnitine pal-
mitoyltransferase, overexpression of glucose transporter-1, increased levels of 3-hydroxykynurenine, and mild renal fibrosis without
blood pressure elevation in both sexes. However, only male DOXO-treated rats exhibited systolic dysfunction, a lower reduced-to-
oxidized glutathione ratio, overexpression of interleukin-6, increased levels of kynurenine, quinolinic acid, and glomerular hypertro-
phy. DOXO-treated females showed higher levels of anthranilic acid and overexpression of acyl-CoA dehydrogenase, suggesting
better fatty acid utilization. In conclusion, male animals developed accelerated DOXO-induced chronic cardiotoxicity accompanied
by more pronounced changes in the markers of oxidative stress, inflammation, and Trp metabolism.

NEW & NOTEWORTHY Doxorubicin (DOXO) induced accelerated chronic cardiotoxicity in males. In response to DOXO, both
sexes developed mild renal fibrosis; however, only males showed histological signs of glomerular hypertrophy. Left ventricular
concentrations of several tryptophan metabolites associated with oxidative stress and inflammation (kynurenine and quinolinic
acid), metabolism (NADþ ), and fibrosis (indoxyl sulfate) were higher in DOXO-treated males. DOXO-treated females had higher
left ventricular expression of acyl-CoA dehydrogenase, suggesting better fatty acid utilization.
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INTRODUCTION

Cancerous and cardiovascular diseases (CVDs) are the
leading causes of death in high- and middle-income coun-
tries (1). Due to the recent diagnostic and therapeutic advan-
ces in oncology, long-term cancer survivors are one of the
fastest-growing populations (2). After recurrent malignan-
cies, CVDs are the second leading cause of morbidity and
mortality in cancer survivors (3).

Anthracyclines, including DOXO, are effective and widely
used chemotherapeutic agents in various cancer types,
including leukemias and Hodgkin’s lymphomas, as well as
solid malignancies such as breast, ovarian, and lung cancers,
in both pediatric and adult patients with cancer (4, 5).
Although DOXO is one of the most potent antineoplastic
agents, its clinical use might be limited by its dose-depend-
ent side effects, including chronic cardiotoxicity character-
ized by dilated left ventricles with thinner walls and systolic
and diastolic dysfunction (3, 6).

The underlying mechanisms of DOXO-induced chronic
cardiotoxicity, particularly the sex-based differences, are
multifactorial and have not yet been fully elucidated.
Proposed mechanisms include cardiomyocyte (CM) mem-
brane injury, DOXO-iron complex-catalyzed and cyto-
chrome-P450-mediated free radical production leading to
elevated oxidative stress, inflammatory mechanisms, mito-
chondrial damage, intracellular calcium overload, and vari-
ous forms of cell death, including apoptosis, ferroptosis, and
pyroptosis (4, 6–9). Notably, both clinical and preclinical
studies reported sex-related differences in the development
and severity of DOXO-induced chronic cardiotoxicity (5). In
adult premenopausal patients and animal studies, female
sex hormones might explain the less severe DOXO-induced
cardiotoxicity in females by attenuating oxidative stress and
apoptosis (5, 10). Indeed, in preclinical studies, the cardiac
expression of several genes related to oxidative stress and
cell death, as well as mitochondrial biogenesis and energy
metabolism, has been shown to exhibit sexual dimorphism
(5, 11, 12).

Nicotinamide adenine dinucleotide (NADþ ) serves as the
primary electron carrier coenzyme in energy metabolism,
such as glycolysis and the tricarboxylic acid cycle (13). It is a
precursor to the de novo synthesis of NADPþ /NADPH,
which plays a key role in anabolic reactions, the cellular
redox state, and the glutathione (GSH) and thioredoxin anti-
oxidant defense systems (14). Moreover, NADþ /NADH
serves as a cosubstrate for enzymes that play crucial roles in
calcium homeostasis, DNA repair, cell survival, antioxidant
defense, andmetabolic regulation, such as cyclic ADP-ribose
synthase, poly(ADP-ribose) polymerase (PARP), and sirtuins
(13, 15). Declines in the NADþ level and altered NADþ /
NADH redox homeostasis have been reported in various
CVDs, including heart failure (13).

NADþ is produced in themain Trp catabolic pathway, i.e.,
the kynurenine pathway (16). This pathway is increasingly
recognized for its role in the development of heart failure;
however, the pathophysiological roles of its metabolites,
such as kynurenic acid and 3-hydroxykynurenine, remain
controversial (17–20). Changes in several Trpmetabolite lev-
els, particularly kynurenine and quinolinic acid, are linked
to oxidative stress, inflammation, immune responses,

mitochondrial dysfunction, and metabolic shifts that can
contribute to the development and progression of heart fail-
ure (17, 19, 21–25). Beyond NADþ , these metabolites may
represent additional targets for intervention in heart failure.
However, their role and potential sex-dependent effects
in DOXO-induced chronic cardiotoxicity have not been
described yet.

Beyond the kynurenine pathway, Trp can be metabolized
via the serotonin and indole pathways, producing a variety
of biologically active metabolites (26). Although serotonin
may increase contractility via 5-HT4 receptors in the heart
as a compensatorymechanism, long-term elevation can con-
tribute to the progression of heart failure by altering calcium
handling and activating fibroblasts (27). Moreover, indoxyl
sulfate (INS), a well-known uremic toxin produced by the
gut microbiota and liver, is associated with heart failure and
cardiovascular events in patients with chronic kidney dis-
ease via various mechanisms, including oxidative stress,
inflammation, and fibrosis in the heart (28). In contrast,
indole-3-propionic acid has been shown to attenuate dia-
stolic dysfunction, metabolic remodeling, oxidative stress,
and inflammation while also restoring NADþ /NADH and
sirtuin levels in heart failure with preserved ejection fraction
(EF; 29).

Therefore, in our present study, we aimed to characterize
changes in LV concentrations of selected Trp metabolites
across the kynurenine, serotonin, and indole pathways in a
rat model of DOXO-induced chronic cardiotoxicity in both
sexes.

MATERIALS AND METHODS

Ethics Approval

This investigation conformed to the EUDirective 2010/63/
EU. It was approved by the regional Animal Research Ethics
Committee of Csongrad County (project license X./462/2024,
dated March 26, 2024) and by the University of Szeged in
Hungary. All institutional and national guidelines for the
care and use of laboratory animals were followed.

Animals

A total of 16 male (300–400 g) and 18 female (200–260 g)
Wistar Hannover rats (Rattus norvegicus, strain: HanTac:
WH, RRID: RGD_1566433, 8–10 wk old, Charles-Rivers
Laboratories, Germany) were housed in individually venti-
lated cages (Tecniplast Sealsafe IVC system, Buguggiate,
Italy) under a 12/12-h light/dark cycle in a temperature-con-
trolled room (22 ± 2�C; relative humidity 55% ± 10%) with
access to standard rat chow and tap water ad libitum.

Experimental Setup

After 1 wk of acclimatization, male and female animals
were randomized into two control and two DOXO-treated
groups based on body weight (n¼ 7–9 animals; Fig. 1). At days
1, 4, 7, 10, 13, and 16, control rats were treated with saline
(1 mL/kg, ip) and animals in the DOXO group were adminis-
tered DOXO (1 mg/kg, ip; Doxorubicin Teva 2 mg/mL, Teva
Pharmaceutical Industries Ltd., Debrecen, Hungary, i.e.,
6 mg/kg cumulative dose; Fig. 1). The dosing and timing of
DOXO cycles were calculated based on preclinical studies and
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human chemotherapy regimens, adjusted for rat metabolism
and body surface area (30–33). Atweeks 12 and 19, echocardi-
ography was performed to assess cardiac morphology and
function. Then, animals were placed in metabolic cages
(Tecniplast Metabolic Cage System, Buguggiate, Italy) for 24 h
to collect urine. At week 20, blood pressure was measured
under isoflurane anesthesia (Forane, Aesica, Queenborough
Limited, Queenborough, UK). Thereafter, the abdominal cav-
ity was opened to collect blood from the aorta. Then, rats
were euthanized by overdosing on sodium pentobarbital
(100 mg/kg, ip). The hearts, lungs, kidneys, and tibias were
excised and washed in Krebs–Henseleit solution to remove
blood. The total heart, LV, right ventricular, kidney, and lung
weights were measured, and the left ventricles were trans-
versely sectioned from the mid-papillary to the basal level.
The basal parts of the left ventricles and the mid parts of the
left kidney were fixed in 4% buffered formalin for histological
analysis. The apical parts of the left ventricles were freshly
frozen in liquid nitrogen and stored at �80�C until further
biochemical measurements, including RT-qPCR and ultra-
high-performance liquid chromatography-tandemmass spec-
trometry (UHPLC-MS/MS, Fig. 1).

Transthoracic Echocardiography

Atweeks 12 and 19, cardiac morphology and function were
assessed by TTE, as previously described (34, 35). In brief,
rats were anesthetized with 2% isoflurane (Forane, Aesica,
Queenborough Limited, Queenborough, UK). Two-dimen-
sional (2D) B-mode, M-mode in the parasternal long-axis
view, pulsed-wave Doppler, and tissue Doppler images were
performed by the criteria of the American Society of

Echocardiography with a Vivid IQ ultrasound system
(General Electric Medical Systems, New York, NY) using a
phased array 5.0–11 MHz transducer (General Electric 12S-RS
probe, General Electric Medical Systems, New York, NY).
Data from three consecutive heart cycles were analyzed
(EchoPAC Dimension v201, General Electric Medical
Systems) by an experienced investigator in a blinded man-
ner. The mean values of three measurements were calcu-
lated and used for statistical evaluation. Systolic and
diastolic septal and posterior wall thicknesses (SWTs, SWTd,
PWTs, and PWTd, respectively) were obtained from the para-
sternal long-axis view at the level of the mitral valve. The left
ventricular internal diameters at the end of systole and
diastole (LVESD and LVEDD) were measured by M-mode
echocardiography from the long-axis view between the
endocardial borders. The LV relative wall thickness was cal-
culated as (2 � PWTd)/LVEDD. Isovolumic contraction time
(IVCT), ejection time (ET), and isovolumic relaxation time
(IVRT) were measured using pulsed-wave Doppler across the
mitral valve. IVCT was measured as the time from mitral
valve closure to aortic valve opening. ET was determined as
the time from aortic valve opening to aortic valve closure.
IVRT was defined as the time from aortic valve closure to
mitral valve opening. The myocardial performance (Tei)
index was calculated as (IVCT þ IVRT)/ET. The left ventric-
ular end-diastolic volume (LVEDV) and left ventricular
end-systolic volume (LVESV) were calculated on two-dimen-
sional four-chamber view images delineating the endocar-
dial borders in diastole and systole. The stroke volume (SV)
was calculated as the difference between LVEDV and
LVESV. Ejection fraction (EF) was calculated using the

Figure 1. Experimental setup. Male and female Wistar rats were divided into 2-2 groups: control treated with physiological saline (6 � 1 mL/kg, ip), and
DOXO (6� 1 mg/kg, ip) groups. The animals were then followed for 20 wk. Atweeks 12 and 19, echocardiography was performed to assess cardiac func-
tion and morphology. At week 19, the animals were placed into metabolic cages for 24 h to collect urine. At week 20, arterial blood pressure (BP) mea-
surement was performed under anesthesia. Then, blood was collected from the abdominal aorta, and hearts, lungs, kidneys, and tibias were isolated.
Histopathological examinations were performed on left ventricular and kidney samples to assess fibrosis and hypertrophy. Real-time quantitative poly-
merase chain reaction (RT-qPCR) was performed to quantify gene expression related to nitro-oxidative stress, inflammation, glucose, and fatty acid
metabolism. Ultra-high-performance liquid chromatography-tandemmass spectrometry (UHPLC-MS/MS) was used to measure oxidative stress markers,
Trp, and glucose metabolites. DOXO, doxorubicin; Trp, tryptophan.
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formula (SV/LVEDV) � 100. Cardiac output (CO) was calcu-
lated as the product of SV and heart rate (HR).

Blood Pressure Measurements

At week 20, animals were anesthetized with isoflurane
(induction 5% andmaintenance 2%) in the presence of room
air with a flow of 2 L/min, and placed onto a homeothermic
blanket (Thermostar Model 69020, RWD Life Science Co,
Ltd.) to control and maintain body core temperature (at
36.5�C ± 1.0�C). A median incision was made on the neck,
and the right common carotid artery was isolated and sepa-
rated from the vagal nerve. The cranial end of the isolated
section was ligated with a Mersilk 5-0 thread (Ethicon,
Johnson & Johnson Ltd., Budapest, Hungary), and a loop
was placed under the aboral portion of the vessel. A small
incision was made in the arterial wall near the cranial liga-
ture, and a PE50 polyethylene catheter (BTPE-25, Instech
Laboratories, Inc., Plymouth, PA) was inserted into the
artery. Blood pressure measurements were performed
between 08:30 AM and 2:00 PM using a SEN-02 pressure
transducer (MDE Medical Biology Research, Development,
and Manufacturing Ltd., Budapest, Hungary) connected to
an EXP-HG-1 amplifier (MDE Ltd.) and aWS-DA data acquisi-
tion system (MDE Ltd.). Data were recorded, and blood pres-
sure was evaluated using S.P.E.L. Advanced Haemosys
software (MDE Ltd.). A short time (3–4 min) after equilibra-
tion and stabilization of hemodynamic parameters following
cannulation, a 50-s segment of blood pressure and ECG
recordings was evaluated to obtain heart rate and systolic,
diastolic, andmean arterial blood pressure values. The aver-
age of the 50 s recordings at 2 kHz was used to compare
blood pressure values across different study groups.

Urine Laboratory Parameters

Urine creatinine and protein levels were determined to
assess the toxic effects of DOXO on the kidneys. Urine creati-
nine and urine protein levels were measured by standard
laboratory methods as described previously (35, 36).

Serum Laboratory Parameters

Serum albumin concentration was measured by a colori-
metric assay (Hoffmann-La Roche Ltd., Switzerland) using
bromocresol green as an anionic dye that binds to albumin.
The color intensity of the blue-green color is directly propor-
tional to the albumin concentration in the sample and is
measured photometrically.

Serum urea and creatinine levels were quantified using a
kinetic UV spectrophotometric method, following Jaffe’s
method as previously described (35, 36). The reagents and
the platform analyzers were from Roche Diagnostics
(Hoffmann-La Roche Ltd., Switzerland).

Creatinine clearance was calculated according to the
standard formula [urine creatinine concentration (μM) �
urine volume for 24 h (mL)]/[serum creatinine concentration
(μmol/L) � 24�60 min] (35, 36). Urine volume and urine
creatinine concentrations weremeasured atweek 19.

Serum glucose levels were quantified using the hexokinase
enzymatic method as a reference. During the reaction, the
rate of NADPH formation is directly proportional to the glu-
cose concentration and ismeasured photometrically.

Serum total cholesterol, high-density lipoprotein (HDL)
cholesterol, and triglyceride levels were measured using the
Roche Cobas 8000 analyzer system and enzymatic colori-
metric assays from Roche (Hoffmann-La Roche Ltd.,
Switzerland; 37). Low-density lipoprotein (LDL) cholesterol
was calculated according to the Friedewald formula (37).

Histological Analyses

Subvalvular areas of the left ventricles were fixed in for-
malin, embedded in paraffin, cut transversally into 5-μm
sections, and stained with hematoxylin-eosin (HE) or picro-
sirius red/fast green (PSFG), as described previously (35, 38).
Histological slides were scanned with a Pannoramic Midi II
scanner (3-D-Histech, Budapest, Hungary). Digital slide
processing was performed using SlideViewer version 2.6 (last
accessed August 14, 2024).

On the digital HE images, cardiomyocyte (CM) perimeters
and cross-sectional areas were evaluated using the Biology
Image Analysis Software (BIAS 1.0, Single-Cell Technologies
Ltd., Szeged, Hungary, https://single-cell-technologies.com/
bias/) (35, 38). Glomerular and tubular diameters were meas-
ured on HE-stained kidney sections using digital slides, and
the largest diameters were recorded for each. Fifty glomeruli
and tubules per animal were randomly selected for analysis.
LV and renal fibrosis were assessed on PSFG slides using an
in-house-developed program as described previously (34, 35,
38). Representative HE- and PSFG-stained slides were cap-
tured in Panoramic Viewer 1.15.4 (3-D-Histech, Budapest,
Hungary; https://old.3dhistech.com/pannoramic_viewer).

Transcription Profiling by Quantitative Reverse
Transcription Polymerase Chain Reaction in Left
Ventricular Tissue Samples

Quantitative RT-PCR was performed using gene-specific
primers to monitor LV mRNA expression, as previously
described (34, 38). Qiagen RNeasy Fibrous Tissue Mini Kit
(Qiagen, Hilden, Germany) was used to isolate RNA. It was
quantified using a NanoDrop OneMicrovolume UV-Vis spec-
trophotometer (Thermo Fisher Scientific Inc., Waltham,
MA). Then, 100 μg of total RNA was reverse-transcribed
using the iScript cDNA synthesis kit (Bio-Rad Laboratories
Inc., Hercules, CA). The cDNAs were analyzed in technical
duplicates using 10 μL reaction volumes. Specific primers
(Acadl: long-chain specific acyl-CoA dehydrogenase, mito-
chondrial, No. qRnoCIP0029670; Acox1: peroxisomal acyl-
coenzyme A oxidase 1, No. qRnoCIP0027493; Aldoa: aldolase
A, No. qRnoCED0001360; Cpt1a: carnitine O-palmitoyltrans-
ferase 1, liver isoform, No. qRnoCIP0031435; Gapdh: glyceral-
dehyde-3-phosphate dehydrogenase, No. qRnoCID0057018;
Il6: interleukin-6, No. qRnoCID0053166; Ldha: lactate dehy-
drogenase A chain, No. qRnoCED0006780;Myh6: a-myosin
heavy chain, No. qRnoCID0001766; Myh7: b-myosin heavy
chain, No. qRnoCED0001215; Nppa: A-type natriuretic pep-
tide, No. qRnoCED0006216; Pfk: 6-phosphofructokinase,
liver type, No. qRnoCID0001033; Pkm: pyruvate kinase iso-
zymes M1/M2, No. qRnoCID0002639; Slc2a1: solute carrier
family 2 member 1, No. qRnoCEP0025043 and Slc2a4: solute
carrier family 2 member 4, No. qRnoCIP0023827) and
SsoAdvanced Universal SYBR Green Supermix (all from
BioRad Laboratories Inc., Hercules, CA) were applied
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according to the manufacturer’s instructions using a
BioRad CFX-96 machine and BioRad CFX Manager soft-
ware (BioRad Laboratories Inc., Hercules, CA) for cycle
threshold value analysis. Gene expression was calculated
using the relative standard curve method. Ubiquitin C
(Ubc, No. qRnoCED0057022, BioRad Laboratories Inc.,
Hercules, CA) was used as a housekeeping control gene for
normalization.

Left Ventricular Metabolite Measurements by
UHPLC-MS/MS

The LV samples were prepared, and metabolite levels
were quantified by ultra-high-performance liquid chroma-
tography-tandem mass spectrometry (UHPLC-MS/MS).
Sample preparation and chromatographic conditions were
applied as described in our previously published protocols
(39–41). Althoughmass spectrometric parameters (i.e., MRM
transitions, declustering potentials, and collision energies)
and retention times were previously reported for several ana-
lytes (39–41), they were not consistently detailed for all com-
pounds measured in the present work. Therefore, the
missing MS settings and retention times used in this study
are provided in the next paragraph to ensure complete trans-
parency and reproducibility.

MRM transition of indoxyl sulfate (INS) was 211.9/131.9
using �50 V as the declustering potential and �25 V as the
collision energy; retention time: 11.48 min. MRM transition
of asymmetric dimethyl arginine (ADMA) was 203.2/46.0
using 50 V as the declustering potential and 30 V as the colli-
sion energy; retention time: 1.00 min. MRM transition of
symmetric dimethyl arginine (SDMA) was 203.2/172.0 using
50 V as the declustering potential and 20 V as the collision
energy; retention time: 1.06 min. MRM transition of reduced
glutathione (GSH) was 308.2/179.1 using 50 V as the declus-
tering potential and 14 V as the collision energy; retention
time: 1.76 min. MRM transition of oxidized glutathione
(GSSG) was 614.4/485.1 using 50 V as the declustering poten-
tial and 17 V as the collision energy; retention time: 2.58 min.
MRM transition of NADþ was 664.2/136.1 using 85 V as the
declustering potential and 50 V as the collision energy;
retention time: 2.00 min. MRM transition of lactate was
88.9/43.0 using �50 V as the declustering potential and �15
V as the collision energy; retention time: 1.70 min. MRM
transition of pyruvate was 86.9/59.0 using �50 V as the
declustering potential and �11 V as the collision energy;
retention time: 1.30 min. MRM transition of indole-3-lactic
acid was 206.1/188.1 using 50 V as the declustering potential
and 12 V as the collision energy; retention time: 13.00 min.
MRM transition of indole-3-propionic acid was 190.1/130.1

using 50 V as the declustering potential and 19 V as the colli-
sion energy; retention time: 13.00 min. MRM transition of
indole-3-carboxaldehyde was 146.1/118.1 using 50 V as the
declustering potential and 19 V as the collision energy; reten-
tion time: 12.40min.

Statistical Analysis

The sample size was calculated using the freely available
sample size calculator software G�Power (RRID: SCR_013726,
version 3.1.9.7, downloaded from https://www.psychologie.
hhu.de/arbeitsgruppen/allgemeine-psychologie-und-
arbeitspsychologie/gpower). All statistical analyses were
performed with GraphPad Prism Software (RRID: SCR_
002798, version 8.01, GraphPad Software Inc., Boston, MA).
The normal distribution of the data was assessed using the
Shapiro–Wilk test. Two-way analysis of variance (ANOVA)
was used to compare groups. In cases of significant differen-
ces between groups, multiple pairwise comparisons were
corrected for multiple comparisons using the Holm–Sidak
method in the post hoc test. All values are presented as
means ± SE, and a P value of <0.05 was accepted as statisti-
cally significant.

RESULTS

DOXO Treatment Resulted in More Severe Renal
Dysfunction in Males

Because of the toxic effects of DOXO on the kidneys and
the crosstalk between cardiac and renal function, kidney
function parameters were assessed at the end point (Table 1).
Both males and females showed significantly lower serum
albumin levels and higher urinary protein concentrations in
response to DOXO treatment than their sex-matched con-
trols (Table 1). However, DOXO-treated females had signifi-
cantly higher serum albumin levels than DOXO-treated
males (Table 1). Moreover, DOXO-treated males showed
markedly higher serum urea and creatinine concentrations
and a tendency toward decreased creatinine clearance (P ¼
0.053) compared with the sex-matched control group
(Table 1). There were nomarked differences in the urine vol-
ume among the groups (Table 1).

DOXO-Treated Males Developed Heart Failure at an
Accelerated Rate Based on Echocardiography

Transthoracic echocardiography was performed at weeks
12 and 19 to investigate whether DOXO leads to similar LV
morphological and functional alterations in both sexes
(Supplemental Figs. S1–S3, Fig. 2,A–H and Fig. 3,A–F).

Table 1. The effects of sex and DOXO on serum and urine parameters

Parameter (Unit) Control Male DOXO Male Control Female DOXO Female

Serum albumin, g/L 37 ±0.7 26 ± 1.9� 43 ±0.9# 38 ± 1.5�#
Urine protein, mg/dL 93 ±55 1,116 ± 358� 67 ± 12 531 ± 144
Serum urea, mmol/L 6.9 ± 0.4 8.5 ± 0.6� 7.6 ± 0.4 8.0 ± 0.4
Serum creatinine, μmol/L 39 ± 1.9 54 ± 5.7� 38 ±2.9 41 ± 3#
Urine creatinine, μmol/L 4,865 ± 823 5,343 ± 649 4,254 ± 394 2,592 ± 316�#
Urine volume, mL 31 ± 4.23 28 ±2.68 28 ±5.81 35 ± 5.54
Creatinine clearance 2.12 ± 0.15 1.53 ±0.21 1.46 ±0.09# 1.25 ±0.1

Values are presented as means ± SE. DOXO, doxorubicin. �P < 0.05 DOXO vs. control group, #P < 0.05 females vs. males (n ¼ 7–9 ani-
mals, one-way ANOVA, Holm–Sidak post hoc test).
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Atweek 12, posterior and septal wall thicknesses, LV diam-
eters and volumes, as well as CO, were significantly lower in
females independent of DOXO treatment due to their
smaller body size compared with males (Supplemental Figs.
S1 and S2). However, at this stage, there were no significant
differences in LV wall thicknesses, diameters, relative wall
thickness, volumes, or EF between the control and DOXO-
treated groups in either sex (Supplemental Figs. S1–S3).
Notably, the e 0 was significantly lower and the E/e0 was
markedly higher only in the male DOXO-treated group com-
pared with the male control group, indicating echocardio-
graphic signs of diastolic dysfunction (Supplemental Fig. S1).
There were no significant differences in IVRT, IVCT, ET, and
Tei index among the groups at week 12 (Supplemental Fig.
S3, A andD).

At week 19, PWTd and SWTd, as well as LVESD, were sig-
nificantly decreased in control females compared with the
control males, due to the smaller body size of females (Fig. 2,
B, D, and E). In response to DOXO treatment, both sexes
showed markedly reduced PWTd and SWTd, as well as
decreased relative wall thickness, compared with the sex-
matched control groups (Fig. 2, B, D, and G). However, only
the DOXO-treated males showed a significantly increased
LVEDD, LVESV, LVEDV, SV, and CO, as well as markedly
decreased EF compared with the male control group, indi-
cating the development of LV dilation at an accelerated rate
in DOXO-treated males (Fig. 2G, Fig. 3, A–C, E, and F). The
heart rate tended to increase in the DOXO-treatedmales (P¼
0.051) as compared with the sex-matched control group
(Fig. 3D). In the DOXO-treated females, LVESV (P ¼ 0.055)
and EF (P ¼ 0.087) tended to increase (Fig. 3, B and F). Both

DOXO-treated males and females developed diastolic dys-
function, indicated by markedly reduced e0 and elevated
E/e0, as well as shorter IVRT compared with the sex-matched
control groups (Fig. 3,G andH, Supplemental Fig. 3E). There
were no significant differences in the IVCT, ET, and Tei
index among the groups atweek 19 (Supplemental Fig. S3, F–
H). Moreover, blood pressure values, including systolic, dia-
stolic, and mean arterial pressures, did not differ signifi-
cantly from those measured in the control animals at week
20 (Fig. 3,G–I).

DOXO Treatment Led to Reduced Heart Weight and
Increased Kidney Weight in Males Only

Females had significantly lower body weights at both the
start and the end of the experiment than males (Table 2).
Due to their smaller body size, females had lower organ
weights, including the heart, left and right ventricles, lungs,
and kidneys, as well as shorter tibia length (Table 2). In
response to DOXO treatment, males showed lower heart and
LV weights and increased kidney weight than females, con-
sistent with laboratory and echocardiographic results
(Table 2).

Both Sexes Showed Histological Signs of Compensatory
Cardiomyocyte Hypertrophy and Interstitial Fibrosis in
Response to DOXO Treatment

CM cross-sectional areas were measured on HE-stained
slides to observe the cardiac effects of DOXO at the cellular
level (Fig. 4A). CM cross-sectional areas were significantly
increased in both DOXO-treated groups compared with the
sex-matched control groups, suggesting the development of

Figure 2. The effects of sex and DOXO on echocardiographic parameters at week 19. A: posterior wall thicknesses in systole (PWTs), posterior wall thick-
nesses in diastole (PWTd, B), septal wall thicknesses in systole (SWTs, C), septal wall thicknesses in diastole (SWTd, D), left ventricular end-systolic diameter
(LVESD, E), left ventricular end-diastolic diameter (LVEDD, F), relative wall thickness calculated as (2� PWTd)/LVEDD (G), early diastolic mitral annular velocity
(e0,H), and ratio of the peak early diastolic mitral inflow velocity to the early diastolic mitral annular velocity (E/e0, I). Values are presented as means ± SE, �P<
0.05 DOXO vs. control group, #P< 0.05 females vs. males (n¼ 7–9 animals, one-way ANOVA, Holm–Sidak post hoc test). Cont, control; DOXO, doxorubicin.
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compensatory hypertrophy in the surviving CMs (Fig. 4B).
To strengthen our results on CMhypertrophy, the ratio of LV
expression of the myosin heavy chain b (Myh7) and a (Myh6)
isoforms was measured as a molecular marker of hypertro-
phy. The Myh7/Myh6 ratio tended to increase (P ¼ 0.051)
only in DOXO-treatedmales compared with the sex-matched
control group (Fig. 4C). PSFG-stained slides were used to
assess LV fibrosis development (Fig. 4A). The LV collagen
content was significantly increased in both sexes in response
to DOXO treatment compared with the sex-matched control
groups, confirming the development of LV interstitial fibro-
sis (Fig. 4D).

Both Sexes Developed Mild Renal Fibrosis, and Only
Males Showed Glomerular Hypertrophy in Response to
DOXO Treatment

Glomerular and tubular diameters were measured on HE-
stained slides, and renal fibrosis was assessed on PSFG-
stained slides (Supplemental Fig. S4, A–C). Only DOXO-
treated males showed significantly increased glomerular

diameters compared with the sex-matched control group
(Supplemental Fig. S4A). There were no significant differen-
ces in the tubular diameters among the groups (Supplemental
Fig. S4B). In response to DOXO, both sexes developed mild
renal fibrosis compared with the sex-matched control group
(Supplemental Fig. S4C).

DOXO Treatment Resulted in Left Ventricular
Overexpression of Inflammatory and Oxidative Stress
Markers in Males

The myocardial stretch marker Nppa and the inflamma-
tory marker Il6 were significantly overexpressed only in the
male DOXO-treated animals compared with the sex-matched
controls (Fig. 5,A and B). In accordance with the echocardio-
graphic results, the LV Nppa expression tended to increase
(P ¼ 0.065) in the female DOXO-treated group compared
with the female control group, and it was markedly lower
compared with the male DOXO-treated group (Fig. 5B). The
ratio of the reduced and oxidized glutathione (GSH/GSSG)
was significantly lower in the DOXO-treated male group

Figure 3. The effects of sex and DOXO on hemodynamic parameters measured by echocardiography at the endpoint. A: left ventricular end-diastolic vol-
ume (LVEDV), left ventricular end-systolic volume (LVESV, B), stroke volume (SV, C), heart rate (HR,D), cardiac output (CO, E), ejection fraction (EF, F), sys-
tolic blood pressure (SBP, G), diastolic blood pressure (DBP, H), and mean arterial blood pressure (I). Values are presented as means ± SE, �P < 0.05
DOXO vs. control group, #P< 0.05 females vs. males (n¼ 6–9 animals, one-way ANOVA, Holm–Sidak post hoc test). Cont, control; DOXO, doxorubicin.

Table 2. The effects of sex and DOXO on body weights and organ weights

Parameter (Unit) Control Male DOXO Male Control Female DOXO Female

Body weight at the beginning, g 343 ± 16 351 ± 8 230 ±5# 228 ±5#
Body weight at the endpoint, g 490 ±23 442 ± 13 289 ± 11# 280 ± 10#
Heart weight, mg 1,081 ± 62 974 ± 22� 733 ± 8# 739 ± 12#
Left ventricle weight, mg 876 ± 41 787 ± 27� 599± 10# 599±9#
Right ventricle weight, mg 189 ±27 168 ±9 126 ± 8# 144 ± 6
Lung weight, g 1,515 ± 46 1,523 ± 33 1,158 ± 23# 1,151 ± 28#
Kidney weight, g 1,273 ± 73 1,737 ± 141� 833 ±26# 917 ± 44#
Tibia length, cm 42 ±0.33 42 ±0.26 38 ±0.5# 39 ±0.29#

Values are presented as means ± SE. DOXO, doxorubicin. �P < 0.05 DOXO vs. control group, #P < 0.05 females vs. males (n ¼ 7–9 ani-
mals, one-way ANOVA, Holm–Sidak post hoc test).
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only, and it tended to decrease in the female DOXO-treated
group (P ¼ 0.10) compared with the sex-matched control
groups, indicating elevated LV oxidative stress (Fig. 5C). LV
endothelial nitric oxide synthase (Nos3) was significantly
repressed in both DOXO-treated groups, suggesting LV
remodeling in both sexes (Fig. 5D). However, the LV Nos3
expression was markedly lower in females independently of
DOXO treatment (Fig. 5D). The LV concentrations of the
endothelial nitric oxide synthase (eNOS) inhibitors ADMA
and SDMA were markedly increased in the DOXO-treated
males compared with the sex-matched controls, probably
contributing to the elevated oxidative stress and accelerated
heart failure in the DOXO-treated males (Fig. 5, E and F). In
addition, the LV level of the Trpmetabolite and uremic toxin
indoxyl sulfate was markedly higher only in the DOXO-
treatedmales compared with control males (Fig. 5G).

Left Ventricular Kynurenic Acid and NAD1

Concentrations Were Higher in DOXO-Treated Males

There were no significant differences in the LV Trp levels
between the groups (Fig. 6A). In response to DOXO treat-
ment, LV kynurenine levels were significantly higher in
males than in sex-matched controls (Fig. 6B). In addition,
DOXO-treated females had markedly lower kynurenine lev-
els than DOXO-treated males (Fig. 6B). LV kynurenic acid
concentrations were not significantly different between the
DOXO-treated and sex-matched control groups (males, P ¼
0.12; females, P¼ 0.22, Fig. 6C). The LV anthranilic acid con-
centrations were significantly elevated only in the DOXO-
treated female rats compared with the sex-matched control
group (Fig. 6D). In addition, the female DOXO-treated group
had a markedly elevated anthranilic acid level compared
with that in the male DOXO-treated group (Fig. 6D). In
response to DOXO treatment, LV 3-hydroxykynurenine

concentrations were markedly higher in both sexes than in
the sex-matched control groups (Fig. 6E). There were no sig-
nificant differences in the LV xanthurenic acid levels
between the groups (Fig. 6F). The DOXO-treated males
showed markedly elevated LV quinolinic acid concentra-
tions compared with the sex-matched control group
(Fig. 6G). The LV quinolinic acid levels were slightly higher
(P ¼ 0.12) in the female DOXO-treated group compared with
the sex-matched control group (Fig. 6G). Interestingly,
NADþ concentration was significantly elevated only in the
male DOXO-treated group compared with the sex-matched
control group (females, P ¼ 0.37; Fig. 6H). In addition, the
DOXO-treated females had markedly lower LV NADþ levels
than DOXO-treatedmales (Fig. 6H).

The LV concentrations of additional Trp metabolites,
including serotonin, 5-hydroxyindoleacetic acid, indole-3-
acetic acid, indole-3-propionic acid, and indole-3-lactic acid,
were not significantly different between the groups (Fig. 7,
A–E). The indole-3-carboxaldehyde level was markedly ele-
vated only in the DOXO-treated males compared with the
sex-matched control group (Fig. 7F).

DOXO Alters the Expression of Genes Associated with
Glucose Uptake and Glycolysis in the Left Ventricle in
Both Sexes

There was no significant difference in the serum glucose
levels between the groups (Fig. 8A). The insulin-independent
glucose transporter 1 (Slc2a1) was markedly overexpressed,
and the insulin-dependent glucose transporter 4 (Slc2a4)
was significantly repressed in the left ventricles of the
DOXO-treated groups as compared with those of the sex-
matched control groups (Fig. 8, B and C). The LV expression
of aldolase-A (Aldoa), responsible for the conversion of fruc-
tose-1,6-bisphosphate to glyceraldehyde 3-phosphate during

Figure 4. The effects of sex and DOXO on cardiomyocyte
hypertrophy and interstitial fibrosis. A: representative histo-
logical sections stained with hematoxylin-eosin (HE, 100�)
and picrosirius red and fast green (PSFG, 20�), cardiomyo-
cyte (CM) cross-sectional area (μm2) (B), b-myosin heavy
chain to a-myosin heavy chain ratio (Myh7/Myh6) (C), and
left ventricular (LV) collagen content (D). Values are pre-
sented as means ± SE, �P < 0.05 DOXO vs. control group,
#P < 0.05 females vs. males (n ¼ 5–9 animals, one-way
ANOVA, Holm–Sidak post hoc test). Cont, control; DOXO,
doxorubicin.
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glycolysis, was significantly lower in both DOXO-treated
groups compared with the sex-matched control groups
(Fig. 8D). Importantly, the NADþ -using enzyme in glycol-
ysis, i.e., glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), was markedly repressed in the left ventricles of
both DOXO-treated groups as compared with that in the
sex-matched control groups (Fig. 8E). In addition, the LV
expression of the ATP- and pyruvate-producing key
enzyme in the last step of glycolysis, pyruvate kinase
(Pkm), was markedly lower in the male DOXO-treated
group and tended to decrease (P ¼ 0.09) in the female
DOXO-treated group compared with their sex-matched
control groups (Fig. 8F). Interestingly, LV pyruvate levels
were markedly higher in the female control group than in
the male control group (Fig. 8G). In response to DOXO, the
LV pyruvate levels were markedly reduced only in the
female DOXO-treated group compared with the sex-
matched control group (Fig. 8G). The lactate-producing
lactate dehydrogenase (Ldha) was significantly repressed
in the DOXO-treated females, and it showed a decreasing
tendency (P ¼ 0.07) in the DOXO-treated males compared
with the sex-matched control groups (Fig. 8H). Similarly to
pyruvate levels, LV lactate concentrations were significantly
higher in control females than in control males (Fig. 7I). The
LV lactate levels were markedly reduced only in the DOXO-
treated females compared with the sex-matched control
group (Fig. 8I). Notably, the lactate/pyruvate ratio was mark-
edly lower in the DOXO-treated females compared with the

DOXO-treatedmales, probably indicating better glucose uti-
lization in aerobic glycolysis (Fig. 8J).

LV Carnitine Palmitoyltransferase-1aWas Repressed in
Both Sexes, and Acyl-CoA Dehydrogenase Was
Overexpressed in Females in Response to DOXO
Treatment

In response to DOXO, serum triglyceride levels were
increased only in males as compared with the sex-matched
control group (Fig. 9A). The LV expression of carnitine pal-
mitoyltransferase-1a (Cpt1a) was decreased in both DOXO-
treated groups compared with the sex-matched control
groups, suggesting disturbed transfer of the acyl group of a
long-chain fatty acyl-CoA from coenzyme A to carnitine in
themitochondria (Fig. 9B). Notably, the LV expression of the
first enzyme in the mitochondrial b-oxidation, i.e., acyl-CoA
dehydrogenase (Acadl), showed an increasing tendency in
the DOXO-treated males (P ¼ 0.06) and was markedly ele-
vated in the DOXO-treated females compared with the sex-
matched control groups (Fig. 9C). There was no significant
difference in the LV expression of the first enzyme in the
peroxisomal b-oxidation of long-chain fatty acids, i.e., perox-
isomal acyl-coenzyme A oxidase 1 (Acox1), among the groups
(Fig. 9D). Serum total cholesterol, LDL, and HDL cholesterol
levels were significantly elevated in the male DOXO-treated
group compared with the sex-matched control group (Fig. 9,
E–G). The LDL/HDL ratio did not differ significantly among
the groups (Fig. 9H).

Figure 5. The effects of sex and DOXO on left ventricular gene expression and metabolite concentrations related to myocardial stretch, nitro-oxidative
stress, and inflammation. A-type natriuretic peptide (Nppa; A), interleukin-6 (Il6, B), reduced glutathione to oxidized glutathione ratio (GSH/GSSG, C),
endothelial nitric oxide synthase (Nos3, D), asymmetric dimethylarginine (ADMA, E), symmetric dimethylarginine (SDMA, F), and indoxyl sulfate (INS, G).
Values are presented as means ± SE, �P< 0.05 DOXO vs. control group, #P< 0.05 females vs. males (n¼ 5–9 animals, one-way ANOVA, Holm–Sidak
post hoc test). Cont, control; DOXO, doxorubicin.
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DISCUSSION

In our present exploratory study, we have demonstra-
ted that male animals developed DOXO-induced chronic

cardiotoxicity at an accelerated rate, accompanied by more
severe renal morphological and functional changes. Our
descriptive results revealed sex-related changes in LV Trp
metabolism accompanied by increased oxidative stress and

Figure 7. The effects of sex and DOXO on
serotonin and several left ventricular
metabolite levels in the indole pathway.
Serotonin (A), 5-hydroxyindole acetic acid
(B), indole-3-acetic acid (C), indole-3-propi-
onic acid (D), indole-3-lactic acid (E), and
indole-3-carboxaldehyde (F). Values are
presented as means ± SE, �P < 0.05
DOXO vs. control group (n ¼ 5–7 animals,
one-way ANOVA, Holm–Sidak post hoc
test). Cont, control; DOXO, doxorubicin.

Figure 6. The effects of sex and DOXO on the left ventricular levels of tryptophan and its several metabolites in the kynurenine pathway. Tryptophan
(Trp; A), kynurenine (B), kynurenic acid (C), anthranilic acid (D), 3-hydroxykynurenine (3-OH kynurenine, E), xanthurenic acid (F), quinolinic acid (G), and
nicotinamide-adenine-dinucleotide (NADþ , H). Values are presented as means ± SE, �P < 0.05 DOXO vs. control group, #P < 0.05 females vs. males
(n¼ 5–7 animals, one-way ANOVA, Holm–Sidak post hoc test). Cont, control; DOXO, doxorubicin.
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inflammation, as well as altered glucose and fatty acid uti-
lization, in the development of heart failure in DOXO-
induced chronic cardiotoxicity. To the best of our knowl-
edge, this study is the first to demonstrate sex-based

differences in the LV levels of several Trp metabolites,
including kynurenine, quinolinic acid, NADþ , and indole-
3-carboxaldehyde, in response to DOXO in a chronic cardi-
otoxicity model.

Figure 8. The effects of sex and DOXO on serum glucose levels, left ventricular gene expression, and metabolite concentrations related to glucose
metabolism. Serum glucose (A), glucose transporter-1 (Slc2a1; B), glucose transporter 4 (Slc2a4; C), aldolase-A (Aldoa; D), glyceraldehyde-3-phosphate
dehydrogenase (Gapdh; E), pyruvate kinase M1/M2 (Pkm; F), pyruvate (G), lactate dehydrogenase-A (Ldha; H), lactate (I), and lactate/pyruvate ratio (J).
Values are presented as means ± SE, �P< 0.05 DOXO vs. control group, #P< 0.05 females vs. males (n¼ 6–8 animals, one-way ANOVA, Holm–Sidak
post hoc test). Cont, control; DOXO, doxorubicin.

Figure 9. The effects of sex and DOXO on
serum lipid levels and left ventricular gene
expression related to lipid metabolism.
Serum triglyceride (A), carnitine O-palmi-
toyltransferase-1a (Cpt1a; B), long-chain
specific acyl-CoA dehydrogenase (Acadl;
C), peroxisomal acyl-coenzyme A oxidase-1
(Acox1; D), serum cholesterol (E), serum
LDL (F), serum HDL (G), and LDL/HDL (H)
ratio. Values are presented as means ± SE,
�P < 0.05 DOXO vs. control group, #P <
0.05 females vs. males (n ¼ 6–8 animals,
one-way ANOVA, Holm–Sidak post hoc
test). Cont, control; DOXO, doxorubicin.

TRYPTOPHAN METABOLITES IN DOXORUBICIN-INDUCED CARDIOTOXICITY

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00026.2026 H679

Downloaded from journals.physiology.org/journal/ajpheart (2A02:2455:1CA1:2600:4027:6D56:D25F:2E78) on September 9, 2026.

https://doi.org/10.1152/ajpheart.00026.2026


We administered a cumulative DOXO dose of 6 mg/kg
(equivalent to 420 mg/m2 in patients), based on extrapola-
tion of the clinical dose to rats, as detailed in the MATERIALS

AND METHODS. A cumulative DOXO dose of> 350–400mg/m2

can cause DOXO-induced chronic cardiotoxicity with impaired
EF (<50%), and a cumulative dose beyond 550 mg/m2

increases the risk of the development of congestive heart
failure in patients (42–44).

At week 12, there were no echocardiographic signs of mor-
phological differences among the groups in our present
study. However, only the DOXO-treated male group devel-
oped diastolic dysfunction (i.e., decreased e 0 and increased
E/e0). At the end point, both sexes exhibited echocardio-
graphic and histological signs of DOXO-induced chronic car-
diotoxicity, characterized by diastolic LV wall thinning,
decreased relative wall thickness, and interstitial fibrosis,
with concomitant diastolic dysfunction. Beyond LV struc-
tural alterations, such as LV hypertrophy and interstitial
fibrosis, endothelial dysfunction may also contribute to dia-
stolic dysfunction in patients, consistent with reduced LV
Nos3 expression in our present study (45, 46). During LV
remodeling, surviving CMs may develop compensatory
hypertrophy to maintain cardiac pump function, as evi-
denced by an increase in CM cross-sectional area in
response to DOXO in both sexes in our present study (47).
In response to DOXO, different patterns of hypertrophic
remodeling may have distinct effects on ventricular geom-
etry and function (48–50). Concentric LV hypertrophy
resulting from increased CM width relative to length due
to parallel addition of sarcomeres produces wall thicken-
ing and is often linked to diastolic dysfunction (51). In con-
trast, wall thinning, chamber dilation, and the dilated
phenotype most often result from eccentric hypertrophy
characterized by increased CM length relative to width
due to assembly of sarcomeres in series (52). Since CM
length-to-width ratios and other morphometric parame-
ters were not assessed in the present study, we cannot
determine whether the observed wall thinning reflects
eccentric hypertrophic remodeling, CM loss, or a combina-
tion of these processes. In our present study, only the
DOXO-treated male group exhibited a significant reduc-
tion in systolic function. In contrast, the DOXO-treated
female group showed only a trend toward reduced EF at
week 19. Moreover, LV dilatation (i.e., increased LVEDD,
LVESD, LVEDV, and LVESV) and Nppa overexpression
were more pronounced in the DOXO-treated male group,
suggesting accelerated heart failure progression in males,
consistent with previous studies (12, 53). Indeed, in adult
patients, the majority of clinical studies reported more
severe DOXO-induced chronic cardiotoxicity in men (5).
Moreover, the total heart and LV weights were markedly
reduced only in DOXO-treated males compared with sex-
matched controls. Similar reductions in cardiac mass were
reported in experimental models of DOXO-induced cardio-
toxicity, driven by cardiac atrophy (50, 54). In contrast, CO
was markedly higher in the male DOXO-treated group
than in the male control group in our present study, likely
due to the formula used for calculation (CO ¼ SV �HR). In
the DOXO-treated male group, both LVEDV and LVESV
were significantly increased, resulting in a markedly
higher SV than in the male control group. Probably as

compensation for reduced EF, HR was slightly increased;
however, this change was not significant (P ¼ 0.22) in the
DOXO-treated male group compared with the male control
group. However, it should be acknowledged that volume
measurements obtained with MRI or pressure-volume
catheters may yield more accurate hemodynamic results
than transthoracic echocardiography.

Although DOXO is acclaimed for its cardiotoxic effects in
patients, it can cause chronic nephrotoxicity in both rodent
models and humans, particularly with preexisting cardiovas-
cular, kidney, andmetabolic diseases (55–57). In our present
study, despite mild renal fibrosis, there were no significant
differences in blood pressure between DOXO-treated groups
and their sex-matched controls, similar to previous studies
using low DOXO doses to induce chronic cardiotoxicity (34,
58). However, only DOXO-treated males showed increased
kidney weight and glomerular diameters, and elevated
serum creatinine and urea levels, with a trend toward
decreased creatinine clearance. Moreover, the LV concentra-
tion of the well-known uremic toxin and prooxidant indoxyl
sulfate was markedly increased only in the DOXO-treated
males (28). In contrast, DOXO-treated females exhibited pro-
teinuria alone, suggesting less severe kidney injury, consist-
ent with other studies on DOXO-induced nephrotoxicity
models (59–61). In cardio-renal syndromes, the pathophysi-
ology of heart failure and renal failure is closely intercon-
nected by the reciprocal relationship between cardiac and
renal injury (62). In our present study, the temporal relation-
ship between renal injury and cardiac metabolic alterations
cannot be determined because renal parameters were
assessed at a single time point. Therefore, the impaired kid-
ney function in the DOXO-treated males might contribute to
or be a consequence of the accelerated chronic cardiotoxic-
ity. Moreover, sex-based differences in the expression and
activity of drug-metabolizing enzymes, such as cytochrome
P450, may contribute to DOXO-induced cardiotoxicity and
nephrotoxicity by mediating the metabolism of several bio-
logically active endogenous compounds, including arachi-
donic acid and sexual steroids (60, 63–66). However, a more
detailed characterization of sex-based differences in DOXO-
induced nephrotoxicity was out of the scope of the present
study, which focuses on LV changes in response to DOXO.

Increased oxidative stress and inflammation are well-
known factors in the development of DOXO-induced cardio-
toxicity (4, 6). Indeed, in our present study, the proinflam-
matory Il6 was overexpressed in the left ventricle of the
DOXO-treated male group. The LV GSH/GSSG ratio was
markedly reduced in DOXO-treated males and tended to
decrease in DOXO-treated females, indicating elevated oxi-
dative stress. It is well known that increased oxidative stress
can promote regulated cell death pathways, including apo-
ptosis, pyroptosis, necroptosis, and ferroptosis (7). Recent
evidence suggested that ferroptosis could play a crucial role
in DOXO-induced cardiotoxicity (7). Interestingly, ferropto-
sis is triggered primarily by iron-dependent lipid peroxida-
tion, which is driven by iron overload, glutathione (GSH)
depletion, and the oxidation of polyunsaturated fatty acids
in phospholipids (7).

The LV expression of Nos3 was significantly reduced in
both sexes in response to DOXO, suggesting a decrease in LV
nitric oxide (NO) synthesis. It has been reported that reduced
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eNOS expression might contribute to uncoupling, a process
in which eNOS produces superoxide rather than NO, further
exacerbating oxidative stress, inflammation, and endothelial
dysfunction (67). Beyond endothelial cells, Nos3 is also
expressed in CMs, where its depletionmay contribute to car-
diac remodeling, including hypertrophy and fibrosis (68).
Moreover, in our present study, the L-arginine metabolites
ADMA and SDMA levels were markedly increased in the left
ventricles ofmales in response to DOXO, consistent with pre-
vious human and cell-based studies (69, 70). It has been
reported that ADMA directly inhibits eNOS. SDMA can
reduce L-arginine availability by competing with it for cellu-
lar transport, thereby indirectly causing eNOS uncoupling
and diminished NO production, leading to elevated nitro-
oxidative stress, inflammation, hypertrophy, and fibrosis
(69, 71–73). Moreover, elevated plasma levels of ADMA in
patients with heart failure are associated with increased oxi-
dative stress and impaired glomerular filtration (74).
Elevated plasma SDMA levels are associated with the pro-
gression of chronic kidney disease by increasing the expres-
sion of proinflammatory cytokines, including IL-6 and TNF-
a (71). In our present study, sex-based differences in ADMA
and SDMA levels, the GSH/GSSG ratio, and Il6 overexpres-
sion may contribute to the accelerated DOXO-induced
chronic cardiotoxicity in males. Notably, the reduction in
Nos3 expression observed in DOXO-treated females, despite
the lack of significant changes in LV ADMA and SDMA lev-
els, indicates that Nos3 expression and regulation involve
further factors and mechanisms. In our present study, LV
Nos3 expression was measured at the transcript level rather
than the protein level, which limits the interpretation of the
results. Beyond ADMA and SDMA levels, the expression and
activity of NOS3 protein could also bemodified by a complex
network, including changes in microRNA levels, hormonal
and metabolic status (e.g., estrogen, hyperglycemia, and
hyperinsulinemia), the availability of its cofactors (e.g., cal-
cium ions, L-arginine, and tetrahydrobiopterin), protein-pro-
tein interactions (e.g., heat shock proteins), elevated nitro-
oxidative stress, and posttranscriptional changes, such as
phosphorylation, S-glutathionylation, etc. (75–78). However,
the investigation of these factors was out of the scope of our
present study.

Here, wemeasured key tryptophan (Trp) metabolites, par-
ticularly those involved in the kynurenine pathway, in the
left ventricle after DOXO treatment. Trp metabolism can be
modulated by inflammation, thereby exacerbating cardio-
vascular diseases (17). A central metabolite of the kynurenine
pathway is kynurenine, a pluripotent intermediate in the
biosynthesis of further metabolites that participate in
inflammation andmetabolism (17). In our present study, LV
kynurenine levels were increased in DOXO-treated males,
consistent with a previous study on DOXO-induced cardio-
toxicity in male mice (79). Moreover, elevated plasma levels
of kynurenine have been linked to heart failure and cardiac
remodeling in patients (23, 24). Under chronic inflammatory
conditions, such as chronic kidney disease or DOXO-induced
cardiac injury, an imbalance may occur between the proin-
flammatory and anti-inflammatory downstream products of
the kynurenine pathway (80, 81). Kynurenic acid is a promis-
ing therapeutic agent for DOXO-induced cardiotoxicity, as it
has been reported to enhance mitochondrial function,

reduce oxidative stress, and inhibit the ATP synthase inhibi-
tory subunit 1 (82). However, in our present study, kynurenic
acid levels were not significantly changed by DOXO in either
sex (P¼ 0.12 inmales and P¼ 0.22 in females).

In our present study, LV anthranilic acid levels were mark-
edly increased only in the DOXO-treated females. In a study
on aortic root tissues, anthranilic acid treatment reduced oxi-
dative stress and inhibited the release of proinflammatory
cytokines (IL-1b, IL-6, and TNF-a) from macrophages and
endothelial cells (83). In experimental models, a synthetic
analog of anthranilic acid, tranilast, alleviated diastolic dys-
function, cardiac fibrosis, and hypertrophy, and reduced albu-
minuria and plasma creatinine levels in diabetic rats by
blocking transforming growth factor-b (18). Furthermore, a
study examining DOXO-induced myocardial damage found
that tranilast reduced cardiac apoptosis, hypertrophy, fibrosis,
and functional and ECG changes (47). In our present study,
the redirection of Trp away from degradation via the kynuren-
ine pathwaymay explain the increased anthranilic acid levels
in DOXO-treated females, suggesting a compensatory mecha-
nism to alleviate DOXO-induced chronic cardiotoxicity.

In our present study, we observed a significant increase in
3-hydroxykynurenine in both sexes of DOXO-treated animals.
Inflammation can increase the production of 3-hydroxyky-
nurenine, a controversial metabolite with both antioxidant
and prooxidant properties (19, 20). In clinical studies, ele-
vated plasma levels of 3-hydroxykynurenine have been
associated with inflammation and oxidative stress in
heart failure and chronic kidney disease (24, 84). The ele-
vation of 3-hydroxykynurenine in both sexes, alongside
a male-specific increase in quinolinic acid, might be
explained by sex-dependent regulation of the enzyme
3-hydroxyanthranilate-3,4-dioxygenase responsible for
converting 3-hydroxykynurenine to the downstreammetab-
olite quinolinic acid, rather than simply the initial produc-
tion of 3-hydroxykynurenine (85).

Under physiological conditions, quinolinic acid serves as
a precursor in the synthesis of NADþ , a critical cofactor for
cellular functions. However, in excess, quinolinic acid can
exert inflammatory effects via IL-1 and IL-6, disrupting the
oxidant/antioxidant balance. It forms stable iron complexes,
thereby increasing lipid peroxidation and hydroxyl radical
generation, enhancing peroxynitrite formation, and altering
the reduced glutathione/oxidized glutathione ratio (25, 86).
Notably, quinolinic acid can enhance NADþ production,
which is essential for cardiac cells to meet their increased
energy demands in heart failure (15). Indeed, in our present
study, LV quinolinic acid and NADþ levels were signifi-
cantly increased in the DOXO-treated males and showed
only a tendency to increase in the DOXO-treated females.
Consequently, we hypothesized that more pronounced oxi-
dative stress and inflammation might activate the kynuren-
ine pathway to a greater extent, resulting in higher levels of
the end product, NADþ , in DOXO-treated males than in
females. These metabolic changes might represent an adapt-
ive response to the accelerated heart failure observed in the
male DOXO-treated group. However, it should be noted that
NADþ levels alone, without the NADþ /NADH ratio, provide
limited information about cellular redox state andmetabolic
health. Our next stepwas to investigate themetabolic utiliza-
tion of NADþ in glycolysis.
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The adult heart generates ATP primarily through mito-
chondrial oxidative phosphorylation (�95%) and cytoplas-
mic glycolysis (�5%) (87). CMs responsible for pump
function constitute 70%–85% of the total volume of the adult
mammalian heart but only represent �25%–35% of the total
number of cells (88). Although non-CMs, such as vascular
smooth muscle cells, endothelial cells, and fibroblasts,
occupy a smaller volume fraction, they are essential for nor-
mal heart structure and function, providing the extracellular
matrix, intercellular communication, and blood supply
needed for efficient CM contraction (88). Both CMs and
non-CMs respond to stress, and maladaptive changes in
non-CMs, such as fibrosis or reduced capillary density, par-
ticipate in the pathogenesis of heart failure (88). Under phys-
iological conditions, endothelial cells, activated fibroblasts,
and, in particular, CMs prefer mitochondrial b-oxidation of
free fatty acids for ATP production (87, 89). b-Oxidation pro-
duces 129 ATP from palmitic acid. Under physiological cir-
cumstances, glucose is taken up mainly via the insulin-
dependent glucose transporter GLUT4 and, to a lesser
extent, via the insulin-independent GLUT1 to the adult heart
(90). Glucose contributes to ATP production by 25%–30% via
both mitochondrial pyruvate oxidation, which yields 36–38
ATP molecules, and anaerobic glycolysis, which produces
only 2 ATP molecules and lactate (87, 90). Although glucose
is not the predominant fuel for the healthy adult heart, the
heart switches its substrate preference from free fatty acids
to glucose under various circumstances, including hypertro-
phy and progressive heart failure (90). Glycolysis requires
NADþ molecules in the GAPDH-catalyzed step (87). In heart
failure, mitochondrial oxidative capacity declines, leading to
reduced ATP production via b-oxidation of free fatty acids or
pyruvate oxidation from glucose (87). In heart failure, the
heart attempts to compensate for the imbalance between
energy demand and supply by increasing insulin-independ-
ent glucose uptake and by shifting metabolism toward
glycolysis. Indeed, in our present study, the insulin-inde-
pendent glucose transporter Slc2a1 was overexpressed,
whereas the insulin-dependent glucose transporter Slc2a4
was repressed in both DOXO-treated groups, consistent with
previous preclinical and clinical findings (12, 91). However,
in our hands, the aerobic glycolytic enzymes (i.e., Aldoa and
Gapdh in both sexes and Pkm in males) and the anaerobic
Ldh (in females) were significantly repressed in the DOXO-
treated animals, indicating a disturbance in glucose utiliza-
tion by aerobic or anaerobic glycolysis, contrary to our
expectations and literature data (91). However, in pressure-
overload-induced heart failure, the decline in glycolysis and
glucose oxidation was shown to be an early metabolic
change in the development of cardiac hypertrophy with dia-
stolic dysfunction (92). Notably, the lactate/pyruvate ratio
was significantly reduced in DOXO-treated females com-
pared with DOXO-treated males, suggesting better glucose
utilization in females. We speculate that the significantly
higher NADþ levels in DOXO-treated males and the slightly
higher levels in females may result from repression of
Gapdh, as less NADþ is consumed in this reaction.

In our present study, serum triglyceride and cholesterol
levels were increased in DOXO-treated males, as reported in
our previous study and by others (34, 93). Hyperlipidemia
may be attributed to DOXO-induced peroxisome proliferator-

activated receptor c inhibition, leading to decreased lipid
clearance, lipotoxicity, and inflammation (93). In our present
study, LV repression of mitochondrial carnitine palmitoyl-
transferase 1a (Cpt1a) in response to DOXO may indicate a
disturbance in the transport of acyl groups from the cyto-
plasm to mitochondrial b-oxidation enzymes. Interestingly,
the first enzyme in mitochondrial b-oxidation (i.e., Acadl)
was overexpressed in DOXO-treated females, suggesting
greater compensation and utilization of free fatty acids,
which might explain their less severe heart failure than in
DOXO-treated males. Indeed, Zhang et al. (92) demonstrated
in pressure-overload-induced heart failure that a decline in
fatty acid oxidation was associated with a transition from
diastolic dysfunction to systolic dysfunction.

Conclusions

In our rat model, DOXO treatment induced LV wall thin-
ning and cardiac fibrosis with diastolic dysfunction, repres-
sion of endothelial nitric oxide synthase at the transcript
level, and disturbed glucose (i.e., overexpression of Slc2a1
and repression of Aldoa and Gapdh) and fatty acid (i.e.,
repression of Cpt1a) metabolism, as well as mild renal fibro-
sis in both sexes. DOXO-treated males developed chronic
cardiotoxicity at an accelerated rate, characterized by left
ventricular dilation and decreased ejection fraction, and
renal dysfunction with increased glomerular diameters,
serum urea, and creatinine levels. Moreover, DOXO-treated
males exhibited increased serum triglyceride and cholesterol
concentrations. They also displayed more pronounced
changes in LV gene expression and metabolite levels asso-
ciated with oxidative stress (e.g., increased ADMA and
SDMA levels, reduced GSH/GSSG ratio, andNos3 repression)
and inflammation (e.g., Il6 overexpression). Importantly, LV
concentrations of several Trp metabolites associated with
oxidative stress and inflammation (e.g., kynurenine and qui-
nolinic acid), energy metabolism (NADþ ), and fibrosis (e.g.,
indoxyl sulfate) were higher in DOXO-treated males. Our
results align with the existing literature, suggesting that
males may be more susceptible to DOXO-induced cardiac
damage. Our present findings suggest that sex-based differ-
ences in LV Trpmetabolism, oxidative stress, inflammation,
and energy metabolism in response to DOXO are associated
with the accelerated development of heart failure with sys-
tolic dysfunction in males (Fig. 10). However, further studies
are needed to determine whether these sex-based differen-
ces, particularly in the LV Trpmetabolite concentrations, are
causes or consequences of the accelerated disease progres-
sion in the DOXO-treated males. DOXO-treated females
exhibited less severe renal dysfunction and higher LV mito-
chondrial acyl-CoA dehydrogenase expression, suggesting
improved fatty acid utilization, which might explain their
better systolic function.

Limitations

The potential protective role of female hormones, particu-
larly estrogen, in DOXO-induced cardiotoxicity was not thor-
oughly explored in this study (e.g., by ovariectomy or
administration of estrogen tomales). Although previous stud-
ies suggest that estrogen may offer cardioprotective effects,
our focus was more on the descriptive characterization of
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sex-based differences in response to DOXO. A detailed analy-
sis of hormonal levels could provide further insight into the
sex-based differences in the development of DOXO-induced
chronic cardiotoxicity. The applicability of our findings is

limited by the absence of aging and comorbidities, such as
cancer or other relevant cardiovascular risk factors.
Moreover, our present findings are limited to the follow-
up time points (i.e., 12 and 19 wk for echocardiography,

Figure 10. Sex-based differences and putative organ crosstalk in DOXO-induced chronic cardiotoxicity and nephrotoxicity. Acadl, long-chain specific
acyl-CoA dehydrogenase; ADMA, asymetric dimethyl arginine; Aldoa, aldolase-A; CM, cardiomyocyte; Cpt1a, carnitine O-palmitoyltransferase-1a;
Gapdh, glyceraldehyde-3-phosphate dehydrogenase; GSH/GSSG, reduced to oxidized glutathione ratio; Il6, interleukin-6; LV, left ventricular; Nos3,
endothelial nitric oxide synthase; SDMA, syMetric dimethyl arginine; Slc2a1, glucose transporter-1; Slc2a4, glucose transporter 4. Figure created with a
licensed version of BioRender.com. DOXO, doxorubicin.
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and 20 wk for histology and biochemical measurements in
tissue samples) and do not rule out the possibility that
females may develop DOXO-induced chronic cardiotoxicity
and renal dysfunction of similar severity at a later time point.
Importantly, our exploratory study is mainly descriptive and
correlative; therefore, the observed metabolic alterations,
particularly changes in Trpmetabolite levels, cannot be inter-
preted as direct causes or consequences of DOXO-induced
chronic cardiotoxicity. Therefore, amore detailed exploration
of the molecular mechanisms, including analysis of gene
expression at the transcript andprotein levels, aswell as post-
transcriptional modifications of proteins, underlying the
observed sex-based differences in Trpmetabolism, would be
essential to elucidate the pathways and interactions between
different cell types involved inDOXO-induced chronic cardio-
toxicity in future studies.
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