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Abstract
Background  While anthracyclines, commonly used in cancer treatment, are well known to cause cardiotoxicity, no validated 
biomarkers currently exist that can predict the early development of doxorubicin-induced cardiotoxicity (DIC). Therefore, 
identifying early biomarkers of DIC is urgently needed. Metabolomics approaches have been used to elucidate this relation-
ship and identified related metabolite markers. However, differences in pre-clinical model systems make it challenging to 
draw definitive conclusions from the discoveries and translate findings into clinical applications.
Aim of review  A systematic literature search on metabolomics studies of DIC was conducted with the goal to identify 
and compare study results reported using in vitro models, animal models, and studies from clinical patients. Metabolites 
identified across all studies were pooled to uncover biologically meaningful patterns that are significantly enriched in the 
data. Finally, pooled metabolites perturbed by DIC were mapped to metabolic pathways to explore potential pathological 
implications.
Results  We reviewed 28 studies published between 2000 and 2024 that utilized metabolomics approaches to investigate 
DIC. The included studies used a variety of analytical techniques, including LC–MS, GC–MS, and NMR. The analysis 
revealed that metabolites such as inosine, phenylalanine, arginine, and tryptophan were commonly perturbed across all study 
models, with carnitine metabolism and purine and pyrimidine metabolism being the most affected pathways. Metabolite Set 
Enrichment Analysis (MSEA) using MetaboAnalyst identified the arginine biosynthesis, citrate cycle, and alanine, aspartate, 
and glutamate metabolism pathways as significantly enriched.
Conclusion  These findings underscore the potential of metabolomics in identifying early biomarkers for DIC, providing 
a foundation for future studies aimed at preventing cardiotoxicity and improving treatment strategies for cancer patients 
receiving DOX-containing therapies.
Key scientific concepts of review  Altogether, metabolomics studies suggest metabolic alterations in DIC, albeit little overlap 
between studies especially with animal and human studies. Attempts at intercepting these pathways have shown that inter-
vention in DIC may be possible. Future research should focus on developing precise cardiotoxicity models that incorporate 
cancer metabolism, as these will be crucial in bridging the gap between laboratories (in vitro and animal models) and clinical 
studies to identify subclinical biomarkers in the early stage of DIC that can effectively identify new targets for interventions 
to reduce lethal cardiovascular disease risk.
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1  Introduction

With rapid advances in the quality of health care and can-
cer treatment, there has been an improvement in the 5-year 
overall survival with most cancers (Allemani et al., 2018; 
Anderson et al., 2021). Among cancer treatments, anthracy-
cline-based chemotherapies, especially doxorubicin (DOX), 
are a widely used and fundamental treatment in reducing 
mortality rates for breast cancer and other malignancies.

Despite its effectiveness, the use of DOX is significantly 
limited by dose-dependent cardiotoxicity, with a notable 
26% incidence of heart failure observed at cumulative doses 
of 550 mg/m2 (Chatterjee et al., 2010; Deidda et al., 2019; 
Feijen et al., 2019; Takemura & Fujiwara, 2007; Vejpongsa 
& Yeh, 2014). Acute cardiotoxicity affects up to 11% of 
patients, while chronic cardiotoxicity occurs in approxi-
mately 1.7% of cases (Yeh & Bickford, 2009). Acute car-
diotoxicity is considered reversible, and presents with chest 
pain, palpitations, or tachycardia, which may result from 
supraventricular or ventricular arrhythmias, atrioventricular 
heart block, or myopericarditis (Camilli et al., 2024; Cardi-
nale et al., 2015; Gawlik et al., 2023; Totzeck et al., 2023). 
Patients at the extremes of ages are more prone to develop-
ing irreversible chronic cardiotoxicity, which presents with 
clinical signs of heart failure (HF) (Heemelaar et al., 2023). 
The onset of HF with dyspnea, fatigue, orthopnea, third heart 
sound (S3), and a reduced left ventricular ejection fraction 
(LVEF) portends a poor prognosis (Chatterjee et al., 2010). 
Patients initiated with DOX-based regimens are monitored 
for cardiotoxicity with echocardiography, multigated acqui-
sition scan, cardiac magnetic resonance (CMR), or radio-
nuclide ventriculography. However, echocardiography is 
operator-dependent (Gottdiener et al., 2004), and there are 
risks associated with radiation exposure from radionuclide 
angiography (Volkova & Russell, 2011). The use of CMR 
is limited due to the technology and expertise required (Qin 
et al., 2022). Endomyocardial biopsy is the gold standard 
for determining cardiotoxicity after chemotherapy, but the 
invasiveness and sampling error limit its use (Palaskas et al., 
2021; Saidi & Alharethi, 2011).

Several studies have shown that changes in metabolic 
pathways occur long before the onset of clinical symp-
toms or changes in LVEF (Cocco et al., 2020; Planek et al., 
2020; Schnackenberg et al., 2016). However, no validated 
biomarkers that can predict the early development of drug-
induced cardiotoxicity currently exist. Cardiac troponin T 
and troponin I have been used in preclinical studies to assess 
early cardiac tissue damage (Hausner et al., 2013); but, their 
predictive value in cardiotoxicity is limited and has not been 
validated in clinical studies (Herman et al., 1998; Monsuez, 
2012; Yu et al., 2018).

Early biomarkers of DOX-induced cardiotoxicity (DIC) 
are urgently needed to identify patients at risk. Metabolo-
mics uses mass spectrometry (MS) and/or nuclear magnetic 
resonance (NMR) spectroscopy to identify perturbations in 
low molecular weight metabolites resulting from toxicity 
and disease (Patti et al., 2012; Viant et al., 2019), and is ide-
ally suited for identifying early indications of DIC (Clish, 
2015). It is a relatively new field that has rapidly emerged as 
an indispensable tool for precision medicine in identifying 
alteration in metabolic pathways (Srivastava, 2019). Mod-
ern advances in analytical technology, particularly metabo-
lomics, present an opportunity to identify early biomarkers 
of DIC. Early detection of these biomarkers would allow 
healthcare providers to intervene before clinical symptoms 
develop, potentially preventing or minimizing cardiac dam-
age in patients (Yuan et al., 2020; Zhang et al., 2021).

1.1  Aim of review

This narrative review with systematic search approach aimed 
to compile and analyze the literature on the use of metabo-
lomics to assess DIC in different model systems, including 
findings from in vitro systems, animal models, and human 
studies, and to summarize metabolite markers of DIC in 
order to identify knowledge gaps in the field. Markers iden-
tified from different model systems were further extrapo-
lated in metabolic pathways associated with DIC to shed 
light on how the knowledge gained can be translated into 
clinical studies, ultimately helping to develop targeted treat-
ment strategies for chemotherapy-induced cardiotoxicity.

2  Methods

2.1  Literature search

We systematically searched the PubMed database for stud-
ies that used metabolomics approaches to investigate DIC. 
The bibliographic search was performed in September 2024 
and included literature from the year 2000 up to that time. 
An English language filter was applied due to limited trans-
lation resources. We used the following search terms in 
PubMed and received the following results: (1) “Metabolo-
mics AND Cardiotoxicity AND Doxorubicin” (n = 44); (2) 
“Metabolomics AND Doxorubicin” (n = 207); (3) “Meta-
bolic profiling AND Cardiotoxicity AND Doxorubicin” 
(n = 43); (4) "Untargeted Metabolic profiling AND Cardio-
toxicity AND Doxorubicin" (n = 6); (5) "Targeted Metabolic 
profiling AND Cardiotoxicity AND Doxorubicin" (n = 17).
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2.2  Eligibility criteria

In this study, we only included original publications. 
Reviews and meta-analyses, comments, guidelines, edito-
rials or letters, conference summaries, cardiac toxicity not 
addressed and non-longitudinal studies were excluded. 
From the results of the initial query, we filtered based on the 
following inclusion criteria: (1) studies investigating cardio-
toxicity in the context of doxorubicin as part of the treat-
ment; (2) studies employing either targeted or untargeted 
metabolomics approaches; (3) studies conducted using 
human subjects, in vivo models, or in vitro systems.

2.3  Data collection process and analysis

AS screened all the article titles and abstracts. Disagree-
ments were resolved by consensus among AS, and PCH. 
Full texts of articles deemed potentially eligible during 
the initial screening were obtained for further reading. The 
search and selection processes are detailed in the flow dia-
gram (Fig. 1).

We searched for overlapping manuscripts from sources 
(1) to (5) (Sect. 2.1). Out of 317 initially identified manu-
scripts, 187 duplicates were removed, leaving 130 for fur-
ther review. These manuscripts, focused on metabolomics 
and cardiotoxicity, were sorted by relevance, including those 
investigating the metabolomics aspects of chemotherapy-
induced cardiotoxicity. We excluded articles that were unre-
lated to the topic (n = 36), unrelated to doxorubicin-induced 
cardiotoxicity metabolomics (n = 18), unrelated to cardio-
toxicity (n = 12), did not use doxorubicin as part of cancer 
treatment (n = 8); and review articles (n = 26). Thirty reports 
were assessed for eligibility, of which two studies using 

cyclophosphamide as chemotherapy agent were excluded, 
and finally the search has led to a total of 28 articles for the 
final analysis (Table 1 and Supplemental Table 1).

We categorized the available data into three broad 
groups: studies conducted in 1) in vitro cell culture systems, 
2) animal models (mice and rats), and 3) patients. Metabo-
lites with significant alterations in response to DOX identi-
fied in the 28 selected articles were summarized and used 
for pathway enrichment analysis with using MetaboAnalyst 
5.0 (Pang et al., 2021). Briefly, all 462 metabolites reported 
across the 28 studies were pooled into MetaboAnalyst 5.0 to 
retrieve their corresponding Human Metabolome Database 
(HMDB) IDs, along with identifiers from Public Chemi-
cal Database (PubChem), Chemical Entities of Biological 
Interest (ChEBI), METLIN Metabolite and Chemical Entity 
Database (METLIN), and Kyoto Encyclopedia of Genes 
and Genomes (KEGG). Among these, 231 metabolites 
were successfully matched to HMDB IDs and subsequently 
mapped to KEGG human metabolic pathways for functional 
interpretation. Metabolite Set Enrichment Analysis (MSEA) 
was conducted using the hypergeometric test to identify 
biologically meaningful patterns significantly enriched 
in pre-defined metabolite sets described in the literature. 
Similarly, we performed separate MSEA analyses for each 
model system (in vitro, rat, mouse, human) using a list of 
perturbed metabolites mapped with HMDB IDs to identify 
both shared and unique metabolic pathways affected across 
different model systems.

Fig. 1  Flowchart of the literature 
search and study selection for the 
narrative review on metabolomics 
in models of doxorubicin-induced 
cardiotoxicity
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Sample type Sample 
size

Technique Targeted/
Untargeted 
metabolomics

Significant metabolites References

In vitro studies
 H9c2 rat 
cardiomyocytes

NA UHPLC-MS Untargeted 5-Methylthioadenosine, Cranitine, Guanosine, Monophos-
phate, 5-Methyltetrahydrofolate,
5-Thymidylic Acid, S-Adenosylmethionine, Cytidine 
Monophosphate, N-Acetylneuraminic Acid, 5'-Methyl-
thioadenosine, S-Adenosylhomocysteine, Tryptophan, 
Methionine, Cytosine, Arginine, Uracil,
Uridine, Pantothenic Acid, Inosine, Aspartic Acid, Lysine,
Inosinic Acid, Proline, Phenylalanine, Tyrosine, Glutamate,
Glutathione, Citrate, Cytidine, Deoxyinosine, Pipecolic, 
Acid, Betaine, Adenine, N-Acetyl Muramic Acid, Pato-
thenic Acid, S-Adenosylhomocyteine, S-Asenosylmethio-
nine, 5-Methylthioadenosine, Glutamine,
3-Hydroxymethylglutaric Acid, Carnitine

Yi et al. 
(2018)

 Human 
induced plu-
ripotent stem 
cell-derived 
cardiomyocytes

NA NMR Targeted Acetate, Pyruvate, Formate Chaud-
hari et al. 
(2017)

 H9c2 rat 
cardiomyocyte

NA UHPLC‐QTOF-MS Untargeted 1, 4-beta-D-Glucan, 3-Carboxy, 1-Hydroxypropylthiamine, 
Diphosphate, 3-Methoxy,4-Hydroxyphenylglycol Glucuro-
nide, Eicosanoyl-CoA, Coenzyme A, Palmitic Acid,
Pantothenic Acid, Oleic Acid

Wen et al. 
(2020b)

Animal studies
 Male C57BL/6 
mice

N = 36
(Serum)

UHPLC-QTOF-MS Untargeted 1-Arachidonoylglycero Phosphoinositol, 8-HOTE, 
LysoPA(18:1/0:0), LysoPA(18:2/0:0), LysoPA(20:2/0:0), 
LysoPE (22:5/0:0), PC(15:1/0:0), PC(17:1/0:0), 
PI(22:6/0:0), PI(18:2/0:0), 15-HPETE, 1-Pentadec-
anoyl-Glycero-3-Phosphate, 8-HETrE, 20-HDoHE, 
LysoPC(17:0/0:0), Cer(d18:0/14:0), Cer(d18:0/12:0), 
LysoPE(22:0/0:0), LysoPE(20:5/0:0), LysoPE(20:4/0:0), 
LysoPE(20:3/0:0), LysoPE(18:3/0:0), LysoPE(18:2/0:0), 
LysoPE(18:1/0:0), LysoPE(16:0/0:0), 1-Octadecylglycero-
3-Phosphocholine, LysoPE(18:0/0:0), LysoPC(22:5/0:0),
LysoPC (20:5/0:0), LysoPC (20:2/0:0), LysoPC (20:1/0:0), 
LysoPC (20:0/0:0), LysoPC (20:0/0:0), LysoPC (18:3/0:0),
LysoPC (18:2/0:0), LysoPC (18:0/0:0), LysoPC (16:1/0:0), 
LysoPC (16:0/0:0), LysoPC (15:0/0:0), LysoPC (14:0/0:0),
LysoPA (18:0/0:0), 9,10-DHOME, 15-HETE, Eicosatri-
enoic Acid, LysoPC (18:1/0:0), Docosahexaenoic Acid, 
Eicosapentaenoic Acid, Docosapentaenoic Acid, Phos-
phorylcholine, Arachidonic Acid, Tryptophan, Uric Acid, 
L-Phenylalanine, Glycerophosphocholine

Wang et 
al. (2020)

 Male B6C3F1 
mice

N = 74 
(Heart 
tissue)

GC–MS, NMR Targeted Acetylcarnitine (C2), Acetylornithine, Carnitine, Glutaryl-
carnitine (C5-DC), Hexenoylcarnitine (C6:1), Pimelylcar-
nitine (C7-DC), Putrescine, Tryptophan, Citrulline, Valine, 
Methionine, Leucine, Kynurenine,
Arginine, Serotonin, Ornithine, Serine, Lysine, Histidine,
Isoleucine, Asparagine, Threonine, Proline, Alanine, Phe-
nylalanine, Tyrosine, Glycine

Schnack-
enberg et 
al. (2016)

Table 1  Summary of the 28 metabolomics studies on DOX-induced cardiotoxicity included in this review
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Sample type Sample 
size

Technique Targeted/
Untargeted 
metabolomics

Significant metabolites References

 Male B6C3F1 
mice

N = 74 
(Plasma)

GC–MS, NMR Targeted Acetylornithine, Butyrylcarnitine (C4), Carnitine, Glu-
taconylcarnitine (C5:1-DC), Glutarylcarnitine (C5-DC), 
Hexadecadienylcarnitine (C16:2), Hexadecanoylcarni-
tine (C16), Hydroxyhexadecadienylcarnitine (C16:2-
OH), Hydroxyhexadecenoylcarnitine (C16:1-OH), 
Hydroxyoctadecenoylcarnitine (C18:1-OH), Hydroxytet-
radecenoylcarnitine (C14:1-OH), Nonaylcarnitine (C9), 
Octadecanoylcarnitine (C18), Pimelylcarnitine (C7-DC), 
Propionylcarnitine (C3), Tetradecanoylcarnitine (C14),
Valerylcarnitine (C5), Tryptophan, Citrulline, Valine,
Hydroxyproline, Methionine, Leucine, Glutamine, Argi-
nine, Succinate, Ornithine, Lactate, Serine, Isoleucine, 
Threonine, Proline, Alanine, Phenylalanine, Tyrosine, 
Glutamate, Glycine

Schnack-
enberg et 
al. (2016)

 ICR mice N = 24
(Heart 
tissue)

GC–MS Untargeted Glyceraldehyde 3-phosphate, Linoleic Adid, 
β-Hydroxybutyric acid, Dihydroxyacetone phosphate, 
Phosphate, Arachidonic Acid, Threonic Acid, Valine, Stea-
ric Acid, Fructose, Glutamine, Succinate, Myo-Inositol, 
Lactate, Isoleucine, Threonine, Proline, Alanine, Phenylala-
nine, Malate, Glycine, Glucose, Citrate, Cholesterol

Tan et al. 
(2011)

 Male BALB/c 
mice

N = 30
(Serum)

UHPLC‐QTOF-MS Untargeted Cer(d18:0/22:0), Cer(d18:0/20:0), Cer(d18:0/18:0), Cer(d1
8:0/16:0),Cer(d18:0/14:0), Sphingosine, Linoleyl carnitine, 
Palmitoylcarnitine, Propionylcarnitine, Proline, Valine, 
PC (34:2), Creatine, SM(d18:1/24:2), SM(d18:2/24:0), 
SM(d18:1/22:0), SM(d18:1/16:0), LysoPC(22:6), 
LysoPC(20:5), LysoPC(18:3), Arginine, Lysine

Zhang et 
al. (2021)

 Male Sprague–
Dawley rats

N = 24
(Serum)

GC–MS Untargeted 11-Eicosanoic Acid, 9-Octadecenamide, Valine, Urea, 
Aspartate, Lactate, Proline, Alanine, D-Galactose, 
D-Glucose

Alhaz-
zani et al. 
(2021)

 Male Sprague–
Dawley rats

N = 16
(Heart 
tissue)

GC–MS Untargeted MG (16:0/0:0/0:0), 3-Methyl-1-Pentanol, Lactate,
Valine, Stearic Acid, Propanoic Acid, Phenol, Palmitic 
Acid, Alanine, Glycerol, Glycine, D-Glucose, Cholesterol

Geng et al. 
(2021)

 Male Sprague–
Dawley rats

N = 16
(Serum)

GC–MS Untargeted Tyrosine, MG (16:0/0:0/0:0), MG (0:0/18:0/0:0), Oleamide, 
N-Methylphenylethanolamine, Lactate, Tryptophan, Valine, 
Stearic Acid, Leucine, Urea, Pyroglutamate, Palmitic Acid, 
Serine, Isoleucine, Proline, Alanine, Glutamate, Glycine, 
D-Glucose, Cholesterol

Geng et al. 
(2021)

 Male Wistar 
rats

N = 35
(Plasma)

UHPLC-QTOF-MS Targeted Linoleic Acid, Alpha-Ketogluterate, Cartolone-
3-Glucoronide, Ecosapentaenoic Acid, L-Palmitoyl 
Carnitine, LysoPC(18:1 (11Z)/0:0), LysoPC(20:4 
(8Z,11Z,14Z,17Z)/0:0), LysoPE (0:0/24:6 
(6Z,9Z,12Z,15Z,18Z,21Z)), Tetradecanefioic Acid, 
Pyroglutamine, 11,14,17-Eicosatrienoic Acid, 
12,13-Epoxy-9,15-Octadecadienoic Acid, Trimethoprim, 
Prolylhydroxyproline, Tryptophan, Octanoylcarnitine, 
Glutamine, Sphingosine, Phenylpyruvic Acid, Tyrosine, 
Creatine

Yuan et al. 
(2020)

 Male Sprague–
Dawley rats

N = 40
(Serum)

UHPLC-QTOF-MS Untargeted Acetylphosphate, LysoPC(18:1(9Z)), Oleic acid, Coen-
zyme A, 3-Carboxy-1-hydroxypropylthiamine diphosphate, 
PC (16:0/16:0), PE(O-18:1(1Z)/20:4(5Z,8Z,11Z,14Z)),
Palmitic acid

Wen et al. 
(2020c)

 Male Sprague–
Dawley rats

N = 48
(Serum)

GC/LC–MS Untargeted 11–12-Epoxyeicosatrienoic Acid, Arachidonic Acid,
Linoleylcanitine, Pamitoylcarnitine, Prostaglansin J2, 
Sphinganine 1-Phsophate, LysoPC (20:2), LysoPC (15:0), 
LysoPC (14:0), Oleoylcarnitine, Tryptophan, Stearoylcarni-
tine, Phenylacetylglycine, Hippuric Acid, Indoxyl Sulfate, 
Linoleic Acid, Cholic Acid, Uric Acid, Sphingosine 
1-Phosphate, Taurine, Palmitic Acid, Oleic Acid, Isoleu-
cine, Phenylalanine, Glycocholic Acid, Carnitine

(Zhou et 
al. (2020)

Table 1  (continued) 
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Sample type Sample 
size

Technique Targeted/
Untargeted 
metabolomics

Significant metabolites References

 Male Sprague–
Dawley rats

N = 50
(Serum)

UHPLC-QTOF-MS Untargeted Arachidonic acid, Phosphatidylethanolamine, Biotinyl-
5-AMP, PA (16:0/16:0), Beta-D-Glucuronoside, Hexanoyl-
CoA, 15(S)-HETE, Leukotriene D4

Wen et al. 
(2020a)

 Male Sprague–
Dawley rats

N = 26
(Heart 
tissue)

NMR Untargeted Alanine, Fumarate, Glycerin, Glycerophosphocholine,
Creatine, Carnitine

Niu et al. 
(2016)

 Male Sprague–
Dawley rats

N = 26
(Serum)

NMR Untargeted 3-Hydroxybutyrate, Lipid, N-Acetyl-Glycoprotein, O-Ace-
tyl-Glycoprotein, Β-Glucose, Acetone, Phosphocholine,
Trimethylamine-N-Oxide, Valine, Leucine, Succinate, 
Pyruvate, Myo-Inositol, Lactate, Lysine, Isoleucine, Phe-
nylalanine, Glutamate, Formate, Glycerin, Glycine, Citrate, 
Dimethylglycine, Creatine, Acetoacetate

Niu et al. 
(2016)

 Male Sprague–
Dawley rats

N = 60
(Heart 
tissue)

GC–MS and 
UPLC-MS/MS

Untargeted 1,3-Dipalmitoylglycerol, 15-Methylpalmitate, 2-Pal-
mitoleoylglycerophosphocholine, 2-Stearoylglycerol 
(2-Monostearin), Adenosine 5'-Monophosphate (AMP), 
C-Glycosyltryptophan, Cytidine 5'-Monophosphate (5'-
CMP), Decanoyl Sulfate, Glutathione Oxidized (GSSG), 
Palmitoleate (16:1N7), Riboflavin (Vitamin B2), Sedohep-
tulose-7-Phosphate, Succinylcarnitine, 2-Linoleoylglyc-
erophosphocholine, 1-Stearoylglycerophosphoglycerol, 
Phenol Sulfate, N-Acetylmethionine, 1-Oleoylglycerophos-
phoethanolamine, Palmitoyl Sphingomyelin, Stachydrine, 
3-Hydroxydecanoate, Malonylcarnitine, Butyrylcarni-
tine, Coenzyme A, Nicotinamide, Thiamin Diphosphate, 
Dehydroascorbate, Citrulline, Stearoylcarnitine, Salicylate, 
Propionylcarnitine, Octanoylcarnitine, Hexanoylcarnitine, 
Isovalerylcarnitine, Kynurenine, 3-Indoxyl Sulfate, Uracil, 
Xanthine, Squalene, Pantothenic Acid, Acetylcarnitine, 
Anserine, Histidine, Alanine, Glutamate, Glycerate, Glu-
cose, Cytidine, Cholesterol, Carnosine

Chen et al. 
(2015)

 Male Wistar 
rats

N = 90
(Heart 
tissue)

NMR Untargeted 3-Hydroxybutyrate, Acetoacetate, β-Glucose, Dimethyl 
Glycine, Nicotinamide, Valine, Leucine, Glutamine, Pyro-
glutamate, Succinate, Taurine, Inosine, Aspartate, Lactate, 
Lysine, Isoleucine, Asparagine, Alanine, Phenylalanine, 
Tyrosine, Hypoxanthine, Glutamate, Formate, Fumarate, 
Fumarate, Glycerol, Glycine, Choline, Creatine, AMP

Andreadou 
et al. 
(2014)

 Male Wistar 
rats

N = 42 
(Heart 
tissue)

NMR Targeted Alanine, Glutamate, Glutamine, Succinate, Acetate, Cre-
atine, Taurine

Andreadou 
et al. 
(2009)

 Male Wistar 
rats

N = 32
(Serum)

UHPLC–MS Untargeted Deoxyadenosine, 4-Hydroxy-d-proline, Norvaline, 2-Meth-
ylbutyryl glycine, 9'-Carboxy-gamma-tocotrienol, 9-Reti-
noic acid, Sphingosine 1-phosphate, LysoPE(20:4/0:0),Lys
oPE(20:3(5Z,8Z,11Z)/0:0), LysoPE(0:0/18:3(6Z,9Z,12Z)), 
10,11-dihydro-20-dihydroxy-LTB4, Octadecanedioic 
acid, PE(20:3(5Z,8Z,11Z)/22:0), Docosapentaenoic acid, 
SM(d18:1/23:0)

Zhao et al. 
(2021)

 Male BALB/c 
mice

N = 96
(Serum)

NMR Untargeted 3-Hydroxybutyrate, 4-Hydroxybutarate, Aspartete, 
Acetone, Glycylproline, Methionine, Cysteine, Creati-
nine, Arginine, 5-Hydroxylysine, UDP-glucose, 2-Oxo-
glutarate, Lactate, Isoleucine, Glutamate, Carnosine, 
2-Hydroxybutyrate

Quan 
Jun et al. 
(2017)

 C57BL/6 J 
mouse

N = 34 
(Heart 
tissue)

UHPLC‐QTOF-MS Untargeted SM(d17:2/16:0), SM(d18:1/15:0), LysoPI (18:2), LysoPI 
(20:4), LysoPE (22:6), LysoPE (22:5), LysoPE (20:3), 
LysoPE (18:1), LysoPE (14:0), LysoPE (16:1), Tetradec-
anoylcarnitine, Eicosadienoic Acid, Docosatrienoic Acid, 
Leukotriene B4, Ethanolamide, Dodecanoylcarnitine,
Arachidonic Acid, Linoleic Acid, Xanthine, Uric Acid, 
Sphingosine 1-Phosphate, Succinate, Isoleucine, Malate

Ding et al. 
(2023)

Table 1  (continued) 

1 3

   68   Page 6 of 25



A narrative review of metabolomics approaches in identifying biomarkers of doxorubicin-induced…

Sample type Sample 
size

Technique Targeted/
Untargeted 
metabolomics

Significant metabolites References

 Swiss albino 
mice

N = 30
(Heart 
tissue)

LC–MS/MS Targeted 1-Palmitoyl-2- (5-Hydroxy-8-Oxo-6-Octenedioyl)-
Sn-Glycero-3-Phosphatidylcholine, 1-Stearoyl-2-Hy-
droxy-Sn-Glycero-3-Pe, 5-Hydroxy-DL-Tryptophan, 
Adenosine Monophosphate (AMP), Palmitoyl Carnitine, 
3-Hydroxyoctadecanoylcarnitine, Linoleamide, Leukot-
riene B4, Taurine, Testosterone, D-Pantothenic Acid, 
Choline, Creatine

Khan et al. 
(2022)

 Male Wistar 
rats

N = 18
(Heart 
tissue)

LC–MS Targeted 3-Phosphoglycerate And 2-Phosphoglycerate, 6-Bisphos-
phate, C10:0 Carnitine, C10:1 Carnitine, C12:0 Carnitine, 
C12:1 Carnitine, C14:0 Carnitine, C14:1 Carnitine, C14:2 
Carnitine, C16:0 Carnitine, C16:1 Carnitine, C16:2 Car-
nitine, C18:0 Carnitine, C18:1 Carnitine, C6:0 Carnitine, 
C8:0 Carnitine, C8:1 Carnitine,, Carnitine, Fructose-
1-Phosphate, Glucose-6-Phosphate, Fructose-6-Phosphate, 
C18:2 Carnitine, ATP, Phosphoenolpyruvate, Succinate, 
Lactate, Glucose

Thonusin 
et al. 
(2023b)

 Male Wistar 
rats

N = 18
(Serum)

LC–MS Targeted C10:0 Carnitine, C10:1 Carnitine, C12:0 Carnitine, C12:1 
Carnitine, C14:0 Carnitine, C14:1 Carnitine, C14:2 Car-
nitine, C16:0 Carnitine, C16:1 Carnitine, C16:2 Carni-
tine, C18:0 Carnitine, C18:1 Carnitine, C6:0 Carnitine, 
C8:0 Carnitine, C18:2 Carnitine, Succinate, Carnitine, 
Acetoacetate

Thonusin 
et al. 
(2023b)

 Male Wistar 
rats

N = 24
(Serum)

UHPLC‐QTOF-MS Targeted C14:0 carnitine, C18:2 carnitine, Lysine, C16:2 carnitine, 
Arginine, PA(36:2), PI(38:4), LysoPC(18:0), C14:1 Carni-
tine, PE(38:4), Histidine, PG(34:1), LysoPE(20:0), C18:1 
carnitine, PG(36:2), PG(36:1), C16:0 carnitine, PC(38:6), 
C14:2 carnitine, PE(38:2), C2:0 carnitine, PE(38:6), Lys-
oPS(18:0), C10:1 carnitine, PI(36:2), PI(36:1), Ornithine, 
Uracil, PC(34:1), PC(36:2), Phenylalanine, Succinate, 
Valine, Citrulline, N-Acetylornithine, Taurine, Gluta-
mine, Tyrosine, 2,3-DihydroxybenzoateM, Hypoxanthine, 
PC(34:2), C5:0 carnitine, Methionine, LysoPC(18:2), Tryp-
tophan, Homocysteic acid, Uridine, Alpha-Ketoglutarate, 
Threonine, Acetic acid, Acetoacetate, Palmitoleic acid, 
C4:0 carnitine, PE(34:1), Aspartate, Asparagine, PG(38:1), 
Citrate, PC(36:4)

Thonusin 
et al. 
(2023a)

 Male Wistar 
rats

N = 24
(Heart 
tissue)

UHPLC‐QTOF-MS Targeted C4:0 carnitine, PC(36:2), PE(36:3), C2:0 carnitine, Gluta-
mate, PG(38:1), PE(36:2), Taurine, C12:1 carnitine, C16:2 
carnitine, PE(38:2), C10:1 carnitine, N-Acetylornithine, 
PC(34:2), C8:1 carnitine, PC(36:1), PE(36:1), C16:0 
carnitine, C18:2 carnitine, Tryptophan, LysoPC(18:2), 
C5:0 carnitine, C14:1 carnitine, C16:1 carnitine, Hypo-
xanthine, PE(38:4), LysoPE(18:0), Citrulline, Alanine, 
Uridine, Glutamine, PA(36:1), PE(34:1), PC(34:1), 
Homocysteic acid, C18:1 carnitine, Histidine, PC(36:4), 
LysoPI(18:1), LysoPE(20:2), Ornithine, PS(36:2), Choline, 
LysoPC(16:0), LysoPE(18:1), C12:0 carnitine, PA(36:2), 
LysoPE(16:0), C8:0 carnitine, LysoPC(18:1), Acetoacetate, 
Lactate, Stearic acid, PG(36:2), PI(34:1), LysoPI(18:0), 
Tyrosine, PS(40:6), PS(38:4), Oleic acid, Malate, Glycine, 
Proline, Threonine, PI(38:4), Valine, Isoleucine, Alpha-
ketoglutarate, Asparagine, PG(34:1), Serine, PI(36:1), 
Phenylalanine, Arachidonic acid, Methionine, Linoleic 
acid, Aspartate, Palmitic acid, PC(38:6), LysoPE(20:0), 
PG(36:1), PE(38:6), C14:0 carnitine, Lysine, LysoPS(18:0), 
C18:0 carnitine, Arginine, Citrate, 2,3-Dihydroxybenzoate, 
Myristic acid, C3:0 carnitine

Thonusin 
et al. 
(2023a)

Table 1  (continued) 
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3.1  Methods in metabolic profiling and statistical 
analyses

Metabolic profiling was conducted using various techniques, 
including gas chromatography (GC) / liquid chromatogra-
phy (LC)-MS (1 study), GC–MS (3 studies), GC–MS; ultra-
performance liquid chromatography (UPLC)-MS/MS (1 
study), LC–MS (2 studies), LC–MS/MS (4 studies), LC–MS/
MS and NMR combined (1 study), NMR alone (4 studies), 
ultra-high pressure liquid chromatography (UHPLC)-MS (2 
studies), and UHPLC– quadrupole time-of-flight (QTOF)-
MS (10 studies). A total of 17 studies identified potential 

3  Results

Twenty-eight studies were eligible and included in the final 
review. In animal models, because metabolic similarities 
between rats and humans are higher than between mice and 
humans (Blais et al., 2017; Gibbs et al., 2004; Mattes et al., 
2014), rat models were the most commonly studied and 
comprised 14 articles. A total of 8 studies used mouse mod-
els, 3 used in vitro cell culture models, and 3 were patient-
based studies. The studies are detailed in Sect. 3.2 below.

Sample type Sample 
size

Technique Targeted/
Untargeted 
metabolomics

Significant metabolites References

 ICR mice N = 48
(Serum)

UHPLC‐QTOF-MS Untargeted 12-Hydroxy-12- Octadecanoylcarnitine, Tetradecenoyl-
carnitine, Alpha-Ketoglutarate, LysoPI(20:4), Palmi-
toleoylcarnitine, MG(0:0/16:0/0:0), 3-Oxododecanoic 
Acid, 3-Oxodecanoic Acid, LysoPC(22:6), LysoPC(20:4), 
LysoPC(20:1), LysoPC(20:0), LysoPC(18:3), Arachi-
donoylcarnitine, Tetradecanoylcarnitine, Dodecanoylcar-
nitine, 3-Hydroxycapric Acid, Docosahexaenoic Acid, 
Prostaglandin E2, Arachidonic Acid, Taurochenodes-
oxycholic Acid, L-Pipecolic Acid, Hexanoylglycine, 
Kynurenine, Glutamine, Deoxycholic Acid, Arginine, 
3-Hydroxydodecanoic Acid, Sphinganine, Succinate, 
Palmitoylcarnitine, Ornithine, Phenylpyruvic Acid, Ace-
tylcarnitine, Lactate, Lysine, Histidine, Proline, Tyrosine, 
Glycerophosphocholine, Carnitine

Xue et al. 
(2023)

 C57BL/6 mice N = 18
(Serum)

LC–MS/MS Targeted Cer 16:0, Cer 22:2, Cer 23:0, Cer 24:0 OH, Cer 24:1, Cer 
24:2

Yun et al. 
(2021)

Clinical patients
 Human N = 38 

(Plasma)
LC–MS Targeted Citrate, Inosine, Hypoxanthine, Aconitic acid, Uric acid, 

Pseudouridine, Orotic acid
Asnani et 
al. (2020)

 Human N = 170
(Plasma)

LC- MS/MS Targeted Arginine, asymmetric dimethylarginine, 
N-monomethylarginine

Finkel-
man et al. 
(2017)

 Human N = 74
(Plasma)

UHPLC‐QTOF-MS Targeted Dodecenoylcarnitine, Hexadecadienoylcarnitine, Isoleucine 
Leucine, Lysophosphatidylcholine (16:0), Lysophosphati-
dylethanolamine (18:1), Lysophosphatidylinositol (18:1), 
Oleoylcarnitine,
Phosphatidic Acid (34:1), Phosphatidylcholine (36:1), 
Phosphatidylcholine (36:2), Phosphatidylethanolamine 
(34:1), Phosphatidylethanolamine (38:4), Phosphati-
dylglycerol (34:1), Phosphatidylglycerol (36:1), Phos-
phatidylglycerol (36:2), Phosphatidylserine (38:4), 
Phosphatidylserine (40:6), Tetradecadienoylcarnitine, 
Tetradecenoylcarnitine, Myristoylcarnitine, Linoleylcarni-
tine, Palmitoleoylcarnitine, Lauroylcarnitine, Arachidonic 
Acid, Tryptophan, Stearoylcarnitine, Propionylcarnitine, 
Octanoylcarnitine, Hexanoylcarnitine, Isobutyrylcarni-
tine, Isovalerylcarnitine, Decanoylcarnitine, Glutamine, 
Palmitoylcarnitine,
Acetylcarnitine, Phenylalanine, Malate, Glycine

Thonusin 
et al. 
(2024)

UHPLC Ultra high-pressure liquid chromatography, MS mass spectrometry, GC gas chromatography, LC liquid chromatography, NMR nuclear 
magnetic resonance, HPLC high performance liquid chromatography, HILIC hydrophilic interaction liquid chromatography, UHPLC-QTOF-
MS ultra high-pressure liquid chromatography, quadrupole time-of-flight mass spectrometry, QQQ-MS/MS triple-quadrupole tandem mass 
spectrometry, BCAA branched-chain amino acids

Table 1  (continued) 
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towards control levels, with the HG/[6]-GR combination 
showing the strongest therapeutic effect. While [6]-GR 
alone had a weaker impact, the HG/[6]-GR combination 
demonstrated superior efficacy in regulating DOX-induced 
metabolic disorders compared to individual treatments.

Similarly, Yi et al. (2018) examined the protective effects 
of the traditional Chinese medicine Danhong against DOX-
induced toxicity in H9c2 cells. Using non-targeted metabo-
lomics via LC–MS, they identified 31 altered metabolites in 
DOX-treated cells (Table 1) (Yi et al., 2018), mainly related 
to disturbances in amino acid and nucleotide metabolism. 
In DOX-treated cells, significant alterations in amino acid 
profiles were observed, including decreased levels of lysine, 
tyrosine, phenylalanine, tryptophan, and methionine. These 
amino acids are crucial for energy metabolism and are pre-
cursors for substances that enter the citrate cycle, such as 
pyruvate, 2-oxoglutarate, and fumarate. This metabolic 
disruption likely contributes to the energy deficiency and 
heart damage caused by DOX. Additionally, abnormali-
ties in nucleotide metabolism, particularly in purine and 
pyrimidine pathways, were noted in the DOX group. The 
downregulation of nucleotides like adenine, cytidine, uri-
dine, and inosine suggests an inhibition of cell proliferation, 
likely due to impaired DNA and RNA synthesis. However, 
Danhong treatment was found to modulate key metabolic 
pathways, including those involving arginine, glutathione 
(GSH), pantothenic acid, cytidine, inosine, and 5'-methyl-
thioadenosine. The results suggest that Danhong injection 
may exert therapeutic effects by improving energy metabo-
lism and reducing oxidative stress.

3.2.2  Mouse model studies

Animal studies have been used for centuries as a human 
proxy to untangle the complexity of metabolic pathways, 
drug efficacy, and toxicity.

Schnackenberg et al. (2016) conducted a targeted metab-
olomics study to examine the cumulative effects of DOX 
administered weekly at 3  mg/kg for eight weeks in the 
heart and plasma of male B6C3F1 mice. Myocardial injury 
and cardiac pathology were observed at cumulative DOX 
doses of 6, 9, 12, 18, and 24 mg/kg. At a 6 mg/kg dose, 37 
plasma metabolites and 22 heart tissue metabolites showed 
significant increases, while 5 heart metabolites—primarily 
carnitines, including acetylcarnitine (C2), carnitine (C0), 
glutarylcarnitine (C5-DC), hexenoylcarnitine (C6:1), and 
pimelylcarnitine (C7-DC) decreased compared to the con-
trol group (Supplemental Table 1 and Table 1). By the end 
of the 8-week study, a consistent and significant reduction 
in the levels of arginine, acetylornithine, carnitine, and ace-
tylcarnitine was observed in cardiac tissue, along with a 
persistent elevation in succinate and acetate levels. These 

biomarkers through untargeted metabolomics, while 11 
studies employed targeted metabolomics. Various statisti-
cal methods were used, including univariate t-tests, one-
way analysis of variance (ANOVA), machine learning 
algorithms such as Principal Component Analysis (PCA), 
Partial Least Squares (PLS), or Orthogonal projections to 
Latent Structures Discriminant Analysis (OPLS-DA) with 
Variable Importance in Projection (VIP) to identify aberrant 
metabolites. Software tools such as SIMCA-P and the web-
based platform MetaboAnalyst (​h​t​t​p​​s​:​/​​/​d​e​v​​.​m​​e​t​a​​b​o​a​n​​a​l​y​​s​t​.​​
c​a​/​h​o​m​e​.​x​h​t​m​l) were used, and KEGG Pathway database 
was referenced in the pathway analysis. Metabolites identi-
fied from the 28 studies included in this review are summa-
rized in Table 1 and Supplemental Table 1.

3.2  Summary of the main results and findings

3.2.1  In vitro cell culture studies

Traditionally, animal model studies have been used for toxi-
cological risk assessment; however, recent advances have 
made cell culture studies invaluable for providing a well-
controlled environment to investigate the molecular basis 
of toxicity.

Among the three studies using cell culture systems, 
Chaudhari et al. (2017) examined cultures of human-
induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs), followed by H-NMR-based metabolic pro-
filing to investigate DOX-induced toxicity. Of the 20 tar-
geted metabolites, significant changes were observed in 
pyruvate, acetate, and formate. Repeated exposure to DOX 
resulted in reduced acetate and pyruvate uptake, as well as 
decreased ATP production, indicating dysfunctional mito-
chondrial energy metabolism. The irreversible depletion of 
formate was hypothesized to result from disrupted nucleo-
tide metabolism (Chaudhari et al., 2017).

Wen et al. (2020b) investigated the potential cardiopro-
tective effects of higenamine (HG) combined with [6]-gin-
gerol ([6]-GR) on chronic heart failure induced by DOX in 
H9c2 rat cardiomyocyte cell lines. This systematic review 
primarily focused on the adverse cardiac effects of DOX 
compared to the control group, rather than the protective 
efficacy of the combined treatments. A significant perturba-
tion of metabolites was observed in H9c2 cells treated with 
DOX, compared to the control group, based on metabolite 
ratios. Specifically, the study found a significant decrease in 
the levels of eight metabolites: 1,4-beta-D-Glucan, 3-car-
boxy-1-hydroxypropylthiamine diphosphate, 3-Methoxy-
4-Hydroxyphenylglycol glucuronide, Eicosanoyl-CoA, 
Coenzyme A, palmitic acid, pantothenic acid, and oleic 
acid (Table 1) (Wen et al., 2020b). Pre-treatment with HG, 
[6]-GR, or their combination shifted metabolic parameters 
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Hydrophilic Interaction Liquid Chromatography 
(HILIC) is used to separate polar compounds. Recently, 
Zhang et al. (2021) used this technique to assess the poten-
tial benefit of pretreatment with Astragalus polysaccharides 
(ASP) for 3 days, followed by DOX (3 mg kg−1 per day on 
days 1, 5, 9 and 11) in 30 male BALB/c mice. In the DOX-
treated group, perturbations in 22 polar serum metabolites 
were observed compared to the control group. Of these, 
9 metabolites, including sphingomyelin, phosphatidyl-
choline, propionyl carnitine, lysine, arginine, and proline, 
were decreased, while 13 metabolites, such as lysophos-
phatidylcholine, ceramide, valine, sphingosine, creatine, 
palmitoylcarnitine, and linoleylcarnitine, were increased 
(Supplemental Table 1) (Zhang et al., 2021). Notably, 12 of 
these metabolites, which are involved in sphingolipid and 
glycerophospholipid metabolism, showed reversal in the 
ASP pretreatment group (Zhang et al., 2021).

Ding et al. (2023) screened multiple mitochondria-tar-
geted components from Sini decoction (SND) to explore 
their potential therapeutic effects against DOX-induced 
cardiomyopathy (DCM) in male C57BL/6  J mice. Using 
a novel cardiac mitochondrial membrane chromatography 
(CMMC)-TOFMS system, the authors detected DOX-
induced alterations in 23 metabolites using an untargeted 
approach. In the DOX-treated group, 13 metabolites includ-
ing sphingomyelin, lysophosphatidylinositol, lysophos-
phatidylethanolamine, eicosadienoic acid, linoleic acid, 
xanthine, and malic acid—were decreased, while 10 metab-
olites including tetradecanoylcarnitine, docosatrienoic acid, 
leukotriene B4 ethanolamide, dodecanoylcarnitine, arachi-
donic acid, uric acid, sphingosine 1-phosphate, succinic 
acid, and isoleucine were increased (Supplemental Table 1) 
(Ding et al., 2023). Most of these metabolites are associated 
with arachidonic acid metabolism, citrate cycle metabolism, 
and fatty acid metabolism.

To investigate the cardioprotective effects of admin-
istering DOX in conjugates with green synthesized sele-
nium nanoparticles (SeNPs) in Swiss albino mice, Khan et 
al. (2022) divided animals into 6 groups (n = 5 per group) 
treated intraperitoneally: control, SeNP1 (0.5  mg/kg), 
SeNP2 (1.5  mg/kg), DOX (5  mg/kg), or the conjugates 
SeNP1-DOX (5 mg/kg), or SeNP2-DOX (7 mg/kg) (Khan 
et al., 2022). Mice received DOX injections every other 
day for 7  days. Using LC–MS/MS metabolomics, they 
found DOX treatment decreased 6 metabolites (linoleam-
ide, leukotriene B4, taurine, testosterone, choline, creatine) 
and increased 7 metabolites (5-hydroxy-DL-tryptophan, 
AMP, palmitoyl carnitine, 3-hydroxyoctadecanoylcarni-
tine, D-pantothenic acid, etc.) in heart tissue (Supplemental 
Table  1 and Table  1). Notably, the SeNP-DOX conjugate 
reversed several of these DOX-induced metabolic distur-
bances, suggesting that SeNPs can mitigate DOX toxicity. 

metabolic changes were significant at the 6  mg/kg dose 
and occurred prior to any alterations in troponins or cardiac 
function, suggesting their potential as early biomarkers for 
predicting cardiotoxicity (Schnackenberg et al., 2016).

Tan et al.  (2011) identified 24 prospective myocardial 
metabolite biomarkers from myocardial tissue of ICR mice 
treated with a single dose of DOX (20  mg  kg−1) using 
GC–MS. Of the 24 metabolites identified via an untargeted 
approach, 8 metabolites (linoleic acid, β-hydroxybutyric 
acid, arachidonic acid, L-valine, lactate, isoleucine, threo-
nine, and citrate) decreased, while 16 metabolites, includ-
ing glyceraldehyde 3-phosphate (G-3-P), dihydroxyacetone 
phosphate (DHAP), phosphate, threonic acid, stearic acid, 
fructose, glutamine, succinate, myo-inositol, proline, 
l-alanine, phenylalanine, malate, glycine, glucose, and 
cholesterol, increased in the DOX-treated group (Table  1 
and Supplemental Table 1) (Tan et al., 2011). The authors 
concluded that elevated levels of fructose, glucose, G-3-
P, and DHAP were linked to increased glycolysis, while 
reduced lactate was attributed to upregulated myocardial 
lactate dehydrogenase. The reduction in citrate, along with 
elevated levels of malate and succinate, suggested a distur-
bance in the citric acid cycle. Regarding lipid metabolism, 
elevated stearic acid levels indicated reduced β-oxidation of 
saturated fatty acids. Additionally, the reduction in valine 
and isoleucine was hypothesized to result from their utiliza-
tion as an alternative energy source (Tan et al., 2011).

To investigate the cardioprotective effects of dexrazox-
ane (DZR) in the setting of DIC, Quan Jun Y. et al. used 
a flank tumor model of CT26 colorectal carcinoma cells 
(cell injection on day 0). A total of 96 male BALB/c mice 
were divided into tumor and non-tumor bearing and treated 
with 12 mg kg−1 DOX per day on days 8, 11 and 14. In the 
DOX-treated tumor-bearing mice, 1H-NMR spectroscopy 
analysis of serum revealed increased levels of 2-oxoglu-
tarate, VLDL/LDL, 3-hydroxybutyrate, 5-hydroxylysine, 
4-hydroxybutyrate, 2-hydroxybutyrate, creatine, and argi-
nine, while levels of acetone, glutamate, lactate, cysteine, 
isoleucine, aspartate, UDP-glucose, glycylproline, methio-
nine, and carnosine were decreased. To isolate the effect 
of DOX and eliminate the confounding impact of cancer, 
the DOX-treated control mice were compared with control 
mice, revealing increases in 4-hydroxybutyrate, trans-4-hy-
droxy-L-proline, 5-hydroxylysine, alanine, 2-hydroxybu-
tyrate, 2-oxoglutarate, 3-hydroxybutyrate, and creatine, 
with decreases in glucose, glutamate, acetoacetate, acetone, 
TMAO, cysteine, aspartate, isoleucine, and glycylproline 
levels (Supplemental Table 1). These changes were observed 
in the serum using 1H-NMR spectroscopy, compared with 
control mice, suggesting enhanced oxidation (QuanJun et 
al., 2017).
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Table 1 and Table 1) (Geng et al., 2021). Similarly, in serum 
samples increased levels of 15 metabolites (pyroglutamic 
acid, L-serine, L-isoleucine, L-proline, L-glutamic acid, 
glycine, D-glucose and cholesterol) and decreased levels 
of 6 metabolites (MG (16:0/0:0/0:0), MG (0:0/18:0/0:0), 
D-lactic acid, stearic acid, palmitic acid, L-alanine) were 
observed (Supplemental Table 1 and Table 1). Commonly 
dysregulated metabolites in serum and heart tissue such as 
MG (16:0/0:0/0:0), D-lactic acid, stearic acid, palmitic acid, 
L-alanine, L-valine, glycine, D-glucose, cholesterol) could 
serve as important biomarkers(Geng et al., 2021).

Niu et al. (2016) studied metabolic perturbations in 
heart, serum, urine, and kidney of 26 male SD rats after 
intraperitoneal administration of DOX for 15  days. The 
rats were divided into a DOX group (n = 16) and a control 
group (n = 10). DOX was administered intraperitoneally 
on alternate days for 15 days at a successively increasing 
dose of 1, 1, 2, 2, 3, 3, 4, and 4 mg/kg. Significant meta-
bolic changes were observed in the DOX-treated group 
compared to control group, with 13 metabolites (pyruvate, 
succinate, creatine, dimethylglycine, glycerin, isoleucine, 
leucine, lysine, myo-inositol, N-acetyl-glycoprotein, O-ace-
tyl-glycoprotein, phenylalanine) showing increased levels, 
while 12 metabolites showing decreased levels in serum 
(3-hydroxybutyrate, acetoacetate, acetone, citrate, formate, 
glutamate, glycine, lactate, etc.) (Niu et al., 2016). In the 
heart, seven metabolites were elevated (carnitine, gluta-
mine, glycerophosphocholine, inosine, taurine, uridine, 
etc.), while histidine and lactate were reduced. At the end of 
the study period, echocardiographic measurements showed 
significant reductions in the thickness of the intraventricular 
septum in systole, the left ventricular posterior wall in dias-
tole, and fractional shortening in the DOX-treated group, 
correlating with these metabolic shifts. Serum metabolites 
like 3-hydroxybutyrate, glycine, and acetone, and heart 
metabolites like carnitine and fumarate were key markers. 
The study identified fatty acid metabolism disruption as a 
key factor in DIC (Niu et al., 2016).

Yun et al. (2021) assessed the cardioprotective effects of 
periplocymarin against DOX-induced heart failure in mice. 
Male C57BL/6 mice (8–10  weeks old) were divided into 
three groups: control (n = 5), DOX (n = 7), and DOX + perip-
locymarin (n = 6). The DOX+periplocymarin group received 
periplocymarin (5 mg/kg) for 3 days, followed by a single 
DOX injection (20  mg/kg) to induce heart failure. Perip-
locymarin treatment continued for 3  days after the DOX 
injection, while control and DOX groups received saline 
injections. Targeted metabolomics revealed increases in all 
six ceramide metabolites in the DOX group compared to 
controls (Supplemental Table 1 and Table 1), with cerami-
des linked to cardiac dysfunction via apoptosis, oxidative 

These findings position the SeNP-DOX conjugate as a 
promising therapeutic strategy for reducing DOX’s adverse 
effects.

In the study by Xue et al. (2023), untargeted metabolo-
mics was used to investigate the combination effects and 
mechanisms of the Huangqi-Fuzi herb-pair (Qifu decoc-
tion, QFD) against DIC in mice. Forty-eight male ICR mice 
(25-28  g) were randomly divided into six groups (n = 8): 
control, DOX, QFD-low dosage (QFD-L), QFD-high dos-
age (QFD-H), HQD, and FZD. The DOX group received 
intraperitoneal injections of 3  mg/kg every other day for 
two weeks (cumulative dose 21 mg/kg). The QFD-L, QFD-
H, HQD, and FZD groups were orally administered their 
respective treatments at doses of 4.5 g, 9 g, 6 g, and 3 g of 
crude herbs/kg body weight for 14 consecutive days. The 
untargeted metabolomics approach identified 41 metabo-
lites downregulated in the DOX group compared to control 
(Supplemental Table 1 and Table 1) (Xue et al., 2023). DOX 
disrupted 12 metabolic pathways, including energy metabo-
lism, amino acid metabolism, arachidonic acid metabolism, 
and glycerophospholipid metabolism. QFD significantly 
regulated all 12 pathways, demonstrating stronger cardio-
protective effects compared to the individual herbs. These 
findings suggest that QFD's synergistic effects in maintain-
ing metabolic homeostasis make it a promising therapeutic 
option for DIC.

3.2.3  Rat model studies

Rat models present distinct advantages over mice as 
research models: their larger physical size simplifies surgi-
cal interventions and sample collection, while their easier 
handling improves the accuracy of blood sampling and 
imaging procedures. Most importantly, rat metabolism bet-
ter resembles human metabolic processes, making them 
particularly valuable for studying human diseases and drug 
responses (Bryda, 2013).

Geng et al. (2021)  investigated the metabolic derange-
ments in the serum, heart, liver, kidney, and brains tissues 
of male Sprague–Dawley (SD) rats after exposure to DOX. 
The rats were randomly divided into a control and DOX 
group. A total of 7 doses of 2.5 mg/kg were injected intra-
peritoneally every two days, while the control group was 
injected with normal saline Perturbations, 21, 13, 9, 9, and 
7 dysregulated metabolites were observed in serum, heart, 
liver, brain, and kidney respectively between the DOX 
and the control groups. In the heart, the authors observed 
increased levels of L-valine, phenol, glycine, D-glucose, 
and cholesterol were observed, while decrease in levels of 
monoacyl glyceride (MG) (16:0/0:0/0:0), 3-methyl-1-pen-
tanol, D-lactic acid, stearic acid, propanoic acid, palmitic 
acid, L-alanine, and glycerol were observed (Supplemental 
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11,14,17-eicosatrienoic acid, 12,13-epoxy-9,15-octadeca-
dienoic acid, alpha-linolenic acid, LysoPC(18:1 (11Z)/0:0), 
phenylpyruvic acid, and sphingosine) in the DOX-treated 
group compared to controls (Supplemental Table  1 and 
Table  1). They identified 21 biomarkers related to tyro-
sine, tryptophan, phenylalanine biosynthesis, D-glutamine, 
D-glutamate metabolism, and fatty acid biosynthesis. 
The study suggests that DOX-induced heart failure (HF) 
involves disruptions in energy, amino acid, fatty acid, and 
glycerolipid metabolism. While healthy hearts primarily 
rely on fatty acid oxidation, failing hearts shift toward glu-
cose oxidation, a change linked to hypertrophy and impaired 
function.

Andreadou et al. (2014) studied the cardioprotective 
effects of oleuropein in a chronic model of DIC in rats 
(Andreadou et al., 2014). The rats were divided into six 
groups and treated with DOX, oleuropein, or a combination 
of both. The study identified 28 upregulated metabolites, 
including fumarate, glutamate, glutamine, glycerol, gly-
cine, hypoxanthine, inosine, and isoleucine, along with one 
downregulated metabolite, acetoacetate/acetone in DOX 
compared to controls (Supplemental Table 1 and Table 1). 
DOX treatment significantly impaired left ventricular con-
tractility induced inflammatory and degenerative lesions, 
and increased oxidative stress markers such as malondialde-
hyde, interleukin-6, and endothelin-1. DOX also disrupted 
nitric oxide (NO) homeostasis by increasing inducible nitric 
oxide synthase (iNOS) expression while reducing endothe-
lial nitric oxide synthase (eNOS), Akt, and AMP-activated 
protein kinase (AMPK) activation. Metabolomic analysis 
showed altered energy metabolism and protein biosynthe-
sis in DOX-treated rats, whereas oleuropein mitigated these 
adverse effects. In addition, studies in the human prostate 
cancer cell line PC-3 showed that oleuropein did not alter 
DOX-induced cancer cell growth inhibition in vitro. The 
study concluded that oleuropein prevents DIC by activating 
AMPK, reducing iNOS expression, and restoring NO bio-
availability, suggesting it as a potential therapeutic strategy 
to prevent DIC.

Chen et al.(2015) conducted a metabolomic study to 
examine DIC and the cardioprotective effects of Shengmai 
Injection (SMI) in male Sprague–Dawley rats (Chen et al., 
2015). The rats were randomized into a control group, DOX 
treatment (6 injections, 2.5 mg/kg each, over 2 weeks), SMI 
treatment (12 injections, 3  ml/kg each, over 4  weeks), or 
DOX and SMI. Metabolic profiling was performed using 
GC–MS and LC–MS/MS, revealing 26 downregulated 
metabolites in heart tissue, including 3-indoxyl sulfate, ace-
tylcarnitine, AMP, carnosine, citrulline, dehydroascorbate, 
glutamate, glycerate, histidine, and malonylcarnitine, as well 
as 24 upregulated metabolites such as hexanoylcarnitine, 
isovalerylcarnitine, kynurenine, and α-acetylmethionine in 

stress, and inflammation, ultimately culminating in heart 
failure (Yun et al., 2021).

Zhao et al. (2021) examined the cardioprotective effects 
of captopril and Schisandrin B (Sch B) on DOX-induced 
myocardial injury in male Wistar rats. The rats were 
divided into four groups (control, model, Captopril, and 
Sch B), with the model group receiving DOX injections 
(2.5 mg/kg) for 6 weeks to induce myocardial injury. The 
Sch B (10 mg/kg) and Captopril (2.25 mg/kg) groups were 
treated for 2 weeks after DOX administration (Zhao et al., 
2021). Using UHPLC-MS, the study identified 15 potential 
metabolites in serum samples of the DOX group compared 
to the control, including 4 decreased metabolites (e.g., 
9'-carboxy-gamma-tocotrienol, docosapentaenoic acid) 
and 11 increased metabolites (e.g., sphingosine 1-phos-
phate, deoxyadenosine, SM(d18:1/23:0)) (Supplemental 
Table 1 and Table 1). Lipid metabolites reflect biochemical 
pathways involved in energy metabolism, lipid signaling, 
oxidative stress, and inflammation– processes crucial for 
maintaining heart health and potentially signaling cardiac 
dysfunction (Bhat et al., 2024; Borodzicz-Jażdżyk et al., 
2022; Foran et al., 2024; Schulze et al., 2016).

Zhou et al. (2020) explored the cardioprotective effects 
of Sini Decoction (SND) on DOX-induced heart failure in 
rats. Forty-eight male Sprague–Dawley rats were divided 
into six groups: control, DOX, SND + DOX, ACFD + DOX, 
ZOFD + DOX, and GUFD + DOX. SND and other treatments 
were administered daily at 10 g/kg for three weeks, while 
DOX (2.5 mg/kg) was administered intraperitoneally over 
2 weeks to induce heart failure (Zhou et al., 2020). Untar-
geted metabolomic analysis using GC-LC–MS revealed 7 
downregulated metabolites (including 11–12-epoxyeico-
satrienoic acid, LysoPC (20:2), hippuric acid, indoxyl sul-
fate, taurine, isoleucine, and carnitine) and 19 upregulated 
metabolites (such as arachidonic acid, linoleylcarnitine, pal-
mitoylcarnitine, LysoPC(15:0), LysoPC(14:0), linoleic acid, 
sphingosine 1-phosphate, palmitic acid, phenylalanine, and 
glycocholic acid) in the DOX-treated group compared to 
controls. These metabolic alterations reflect the cardio-
toxic effects of DOX, likely involving disruptions in lipid 
metabolism, amino acid metabolism, and oxidative stress 
pathways. The metabolomic analysis highlights potential 
biomarkers and metabolic pathways implicated in DIC, 
offering possible targets for cardioprotective interventions.

Yuan et al. (2020) employed integrated metabolomics 
and proteomics of cardiac tissue and plasma to investigate 
the molecular mechanisms underlying DIC in male Wis-
tar rats (Yuan et al., 2020). The study revealed decreased 
levels of 12 metabolites (including alpha-ketoglutarate, 
cartolone-3-glucuronide, eicosapentaenoic acid, gluta-
mine, L-octanoylcarnitine, pyroglutamine, tryptophan, and 
tyrosine), and increased levels of 9 metabolites (such as 
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symmetric dimethylarginine, and N-monomethylarginine—
at baseline, one month, and two months following DOX-
containing chemotherapy to explore the link between 
oxidative/energy metabolites and DIC. Of the 170 patients, 
32 developed acute cardiotoxicities over a maximum fol-
low-up period of 5.4 years. One-month post-chemotherapy, 
decreased plasma arginine levels were associated with DIC, 
while two months post-chemotherapy, increased levels of 
asymmetric dimethylarginine and N-monomethylarginine 
were associated with acute cardiotoxicity (Finkelman et al., 
2017).

Thonusin et al. (2024) investigated changes in periph-
eral blood plasma metabolomes as potential markers for the 
severity and prognosis of DIC in breast cancer patients, with 
a focus on differences between HER2-positive and HER2-
negative patients. The study included 37 HER2-positive 
and 37 HER2-negative breast cancer patients, assessing 
cardiac function. Significant changes in blood metabo-
lomes were observed between HER2-positive and HER2-
negative patients two weeks post-DOX treatment (Thonusin 
et al., 2024). Specifically, 33 metabolites were altered in 
HER2-positive patients, while 29 metabolites were altered 
in HER2-negative patients (Supplemental Table  1 and 
Table  1). These changes were associated with disruptions 
in amino acid, fatty acid, and phospholipid metabolism. 
The study also found correlations between plasma metabo-
lome changes and cardiac parameters, such as LVEF and 
cardiac injury biomarkers, suggesting that plasma metabo-
lomes could serve as markers of DIC severity. Furthermore, 
in HER2-negative patients, changes in blood metabolomes 
two weeks after treatment were predictive of long-term car-
diac outcomes, highlighting their potential as prognostic 
markers. These findings suggest that plasma metabolome 
analysis may offer non-invasive markers for assessing DIC 
severity and prognosis, with the possibility to tailor meta-
bolic interventions based on HER2 status.

3.3  Significantly perturbed metabolites were 
identified across three major model systems (in 
vitro, animal, human)

The studies summarized above utilized various sample 
types, including cell lines, plasma, serum, and heart tissue 
from both animal and humans (Fig. 2a). A total of 28 studies 
were included in the analysis, leading to the identification 
of five common metabolites (citrate, inosine, phenylalanine, 
arginine, and tryptophan) that were shared across all three 
model types (Fig. 2a). Between animal and human studies, 
27 common perturbed metabolites were identified, primar-
ily linked to carnitine metabolism, purine and pyrimidine 
metabolism, and tryptophan metabolism. In cell line and 
animal studies, 22 metabolites were identified, including the 

the DOX group compared to controls. The study demon-
strated that DIC led to significant cardiac remodeling, dys-
function, and metabolic disturbances, particularly in lipid, 
amino acid, vitamin, and energy metabolism. SMI treatment 
improved cardiac function, reduced fibrosis, apoptosis, and 
oxidative stress, and restored energy metabolism, highlight-
ing its cardioprotective potential. These findings indicate 
that SMI confers cardioprotection by enhancing energy 
metabolism, reducing oxidative stress, and modulating key 
metabolic pathways.

Thonusin et al. (2023a) investigated serum metabolomes 
as potential non-invasive biomarkers and therapeutic targets 
for DOX- and trastuzumab-induced cardiotoxicity in male 
Wistar rats. The rats were divided into four groups: con-
trol, doxorubicin, trastuzumab, and their respective vehicle 
groups (Thonusin et al., 2023a). Metabolomic analysis was 
performed using MS, revealing significant alterations in 
107 serum metabolites (e.g., histidine, homocysteic acid, 
hypoxanthine, lysine, LysoPC(18:0), LysoPC(18:2), methi-
onine, N-acetylornithine, and ornithine) and 100 cardiac 
metabolites (e.g., N-acetylornithine, ornithine, PA(36:1), 
PA(36:2), PC(34:1), 2,3-dihydroxybenzoate, acetoac-
etate, alpha-ketoglutarate, arachidonic acid, and arginine) 
(Supplemental Table  1 and Table  1). The study assessed 
the relationship between 100 cardiac metabolites and 107 
serum metabolites to understand the associations of these 
metabolites with doxorubicin-induced cardiotoxicity (DIC). 
The analysis revealed strong correlations between 72 car-
diac and 61 serum metabolites in the doxorubicin (DOX) 
treatment group. DOX treatment caused more pronounced 
changes in cardiac function and injury markers compared 
to trastuzumab, indicating greater cardiotoxicity. The study 
emphasizes the potential of blood metabolomic profiling as 
a non-invasive approach for assessing heart failure severity 
and underscores the possibility of developing metabolic-
targeted therapies to prevent or mitigate cardiotoxicity.

3.2.4  Human studies

A case–control study by Asnani et al. (2020) involving 38 
female breast cancer patients found that decreased plasma 
levels of citric acid at 3 months after starting DOX corre-
lated with changes in LVEF. The study targeted 71 metabo-
lites representing various metabolic pathways and defined 
cardiotoxicity as a reduction in LVEF of ≥ 10% or a decrease 
to < 55% relative to baseline. Among patients who devel-
oped cardiotoxicity by six months, increases in purine and 
pyrimidine metabolites and decreases in citric acid and aco-
nitic acid levels were observed (Asnani et al., 2020).

In a study of 170 breast cancer patients, Finkelman et al 
(2017) investigated six pre-selected plasma metabolites—
arginine, citrulline, ornithine, asymmetric dimethylarginine, 
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including valine, proline, pantothenic acid, carnitine, glu-
tamate, tyrosine, aspartate, kynurenine, 3-hydroxybutyrate 
alanine, succinate, taurine, LysoPC, LysoPE, acetylcarni-
tine and others. Most of these metabolites were associated 
with alanine, aspartate and glutamate metabolism; phenyl-
alanine, tyrosine and tryptophan biosynthesis; and glycine, 
serine, and threonine metabolism.

3.5  Significantly perturbed metabolites in heart 
tissue, plasma, and serum samples in mice

Eight studies using mice as model systems were included, 
focusing on different sample types: four on heart tissues, 
one on plasma samples, and four on serum samples. Nota-
bly, Schnackenberg et al. (2016) conducted a study that 
included both plasma and heart tissue samples. Across the 
studies, the most significantly perturbed metabolites iden-
tified in heart tissue, plasma, and serum samples included 
phenylalanine, lactate, succinate, glutamine, tetradecanoyl-
carnitine, carnitine, ornithine, arginine, methionine, valine, 
and tryptophan (Fig. 3a). In heart tissue and serum samples, 

five shared metabolites across all models (Fig. 2a). These 
metabolites were predominantly involved in amino acid, 
purine, and pyrimidine metabolism.

3.4  Comparison of significantly perturbed 
metabolites in the in vitro, rat, mouse, and human 
studies

In a deeper comparison of different animal models (rat and 
mouse) with in vitro and human studies, citrate, phenylala-
nine, arginine, and tryptophan were the most significantly 
perturbed metabolites (Fig. 2b). Specifically, acetic acid, cyti-
dine, formate, inosine, palmitic acid, uridine, uracil, coen-
zyme A, oleic acid, pyruvate were metabolites commonly 
affected in the animal models and in vitro studies (Fig. 2b). 
For details on their regulation, please refer to Supplemental 
Table 1″. Between rat and human studies, carnitine metabo-
lites (such as stearoylcarnitine, octanoylcarnitine, hexanoyl-
carnitine, isovalerylcarnitine, and acetylcarnitine) were the 
most affected (Fig.  2b). Notably, between rat and mouse 
studies, 69 common perturbed metabolites were identified, 

Fig. 3  Venn diagram representing 
overlapping significantly perturbed 
metabolites across different sample 
types in mice and rat Studies. a 
Overlap of significantly altered 
metabolites due to DIC in mice 
across heart tissue, serum, and 
plasma samples. b Overlap of sig-
nificantly altered metabolites due 
to DIC in rats across heart tissue, 
serum, and plasma samples

 

Fig. 2  Venn diagrams representing 
overlapping significantly perturbed 
metabolites across different study 
models. a Overlap of significantly 
altered metabolites in response to 
DOX doxorubicin-induced cardio-
toxicity (DIC) in in vitro, animal, 
and human studies; b Overlap of 
significantly altered metabolites 
in response to DOX in vitro, rat, 
mouse, and human studies
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samples identified 89 commonly perturbed metabolites, pre-
dominantly belonging to amino acid metabolites, carnitine 
metabolites, and phospholipid metabolites, which were the 
most frequently observed categories (Fig. 3b). Interestingly, 
five metabolites overlapped between plasma and serum 
samples, while two metabolites, linoleic acid and octanoyl-
carnitine, overlapped between plasma and heart tissue.

This systematic review identified and summarized signif-
icant metabolites consistently reported across multiple stud-
ies in heart tissue, serum, plasma, and cell lines, with a focus 
on metabolites identified in at least two studies (Fig. 4). The 
most prominently upregulated metabolites across multiple 
studies and sample types include phenylalanine, succinate, 
glycine, valine, glutamine, tyrosine, tryptophan, leucine, 
lactate, isoleucine, alanine, threonine, taurine, proline, pal-
mitoylcarnitine, and methionine. In contrast, consistently 
downregulated metabolites include glutamate, C10:1 carni-
tine, carnitine tryptophan, lactate, arginine, alanine, trypto-
phan, proline, citrate, arachidonic acid, and C18:1 carnitine.

3.7  Metabolite set enrichment analysis

We pooled all 462 metabolites identified from all 28 stud-
ies into MetaboAnalyst 5.0, and further used MSEA to 
identify biologically meaningful patterns that are signifi-
cantly enriched in the data. MSEA has a built-in tool to 
convert between compound common names, synonyms, 

24 perturbed metabolites were identified, including palmi-
toylcarnitine, uric acid, arachidonic acid, dodecanoylcarni-
tine, eicosadienoic acid, LysoPE (22:5/0:0), LysoPI (20:4), 
lysine, acetylcarnitine, and kynurenine, along with 13 
metabolites common across all three sample types (Fig. 3a). 
In heart tissue and plasma samples, 23 shared metabolites 
were observed, including glycine, alanine, serine, tyrosine, 
threonine, leucine, citrulline, acetylornithine, glutarylcarni-
tine (C5-DC), and pimelylcarnitine (C7-DC), in addition to 
the 13 metabolites common across all three sample types. 
Similarly, 15 metabolites were consistent across plasma 
and serum samples, including glutamate and C3:0 carni-
tine, along with the same 13 metabolites common across 
all three sample types (Fig. 3a). These findings suggest that 
heart tissue, plasma, and serum are reliable sample types for 
studying DIC. Importantly, isoleucine, lactate, proline, tryp-
tophan, valine, methionine, arginine, and ornithine, which 
were consistently identified across all three sample types, 
may serve as key biomarkers for DIC.

3.6  Significantly perturbed metabolites in heart 
tissue, plasma, and serum samples in rats

In rats, alpha-ketoglutarate, glutamine, creatine, tyro-
sine, and tryptophan were the most significantly perturbed 
metabolites across heart tissue, plasma, and serum samples 
(Fig.  3b). Comparisons between heart tissue and serum 

Fig. 4  Summary of significant metabolites affected by DIC identified in two or more studies. The size of the bar and the number in each box indi-
cate the number of studies reported and whether the metabolite levels increased (up) or decreased (down)
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and mouse models, including pantothenate and CoA bio-
synthesis, arginine and proline metabolism, phenylalanine, 
tyrosine, and tryptophan biosynthesis, alanine, aspartate, 
and glutamate metabolism, and arginine biosynthesis. Four 
metabolic pathways—citrate cycle (TCA cycle), histidine 
metabolism, glycine, serine, and threonine metabolism, and 
butanoate metabolism—were commonly affected across rat, 
and mouse models. Additionally, valine, leucine, and isoleu-
cine biosynthesis was the only pathway commonly affected 
across rat, mouse, and human models.

4  Discussion

DOX is a widely used chemotherapeutic agent, particularly 
effective in treating various types of cancers, including 
breast cancer (Devericks et al., 2022; Singal & Iliskovic, 
1998). However, its clinical use is significantly limited due 
to its cardiotoxic effects (Devericks et al., 2022; Mohammed 
et al., 2021; Singal & Iliskovic, 1998). DIC involves oxida-
tive stress, mitochondrial dysfunction, and apoptosis in car-
diomyocytes (Aryal & Rao, 2016). This condition is a major 
concern in oncology, as it can lead to irreversible damage 
to the heart, manifesting as cardiomyopathy or heart fail-
ure. Metabolomics provides a powerful approach to under-
stand the molecular underpinnings of DIC by profiling the 
metabolites altered in response to treatment. DOX accumu-
lates in mitochondria of cardiomyocytes, hepatocytes, and 
blood cells, contributing to its immense dose-limiting toxic 

identifiers used in HMDB ID, PubChem, ChEBI, METLIN, 
and KEGG. Out of the 462 metabolites, 231 were success-
fully matched to HMDB IDs, which were then mapped to 
KEGG human metabolic pathways for functional interpre-
tation. Over-representation analysis (ORA) was conducted 
using the hypergeometric test to evaluate whether a par-
ticular metabolite set is represented more than expected 
by chance within the given list of 462 potential markers 
(Supplemental Table  2). Figure  5 summarizes metabolic 
pathways predicted to be affected using findings from all 
studies where arginine biosynthesis (FDR = 4.5E-07), citrate 
cycle (FDR = 3.1E-04) and alanine, aspartate, and gluta-
mate metabolism (FDR = 7.4E-04) were highlighted as the 
top three metabolite sets enriched within the pre-defined 
metabolites from all studies. Similarly, we performed path-
ways enrichment analysis for each model studies (in vitro, 
rat, mouse, and human) (Supplemental Tables 3–6, Supple-
mental Fig.  1) and identified glyoxylate and dicarboxyl-
ate metabolism was the most affected pathway across the 
groups (Supplemental Fig.  2). In vitro studies uniquely 
exhibited alterations in cysteine and methionine metabolism 
as well as pyrimidine metabolism. Glutathione metabolism 
was exclusively impacted in mouse studies, while purine 
metabolism was distinct to human studies. In contrast, pyru-
vate metabolism, neomycin, kanamycin, and gentamicin 
biosynthesis, β-alanine metabolism, glycolysis/gluconeo-
genesis, glycerophospholipid metabolism, and lipoic acid 
metabolism were uniquely affected in rat studies. Five meta-
bolic pathways were commonly affected across in vitro, rat, 

Fig. 5  Over-Representation Analy-
sis of metabolite findings from all 
studies using MetaboAnalyst
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biosynthesis, TCA cycle, alanine, aspartate and glutamate 
metabolism, arginine and proline metabolism, glutathione 
metabolism, purine metabolism, and pyruvate metabo-
lism. These pathways are primarily linked to mitochondrial 
energy metabolism, the TCA cycle, and β-oxidation of fatty 
acids, with their dysregulation leading to oxidative stress 
and impaired glutathione metabolism, contributing to DOX 
induced toxicity (Li et al., 2019; Rushing et al., 2023; Zheng 
et al., 2019). Figure 5 and Supplemental Table 2 summa-
rize the widespread early effects of DOX treatment on these 
metabolic pathways.

The arginine biosynthesis pathway is essential for car-
diovascular health, playing a role in NO production, energy 
metabolism, and the urea cycle (Finkelman et al., 2017; 
Li et al., 2019). DIC significantly disrupts this pathway, 
affecting key metabolites such as glutamic acid, L-arginine, 
citrulline, and ornithine. N2-acetylornithine is vital for the 
conversion processes leading to citrulline and arginine syn-
thesis, while L-aspartic acid participates in the urea cycle 
and amino acid biosynthesis, helping maintain nitrogen 
balance (Finkelman et al., 2017). Under stress conditions 
like cardiotoxicity, metabolic disruptions involving these 
metabolites occur. In this review, we found a decrease in 
L-aspartic acid levels in rat serum samples (QuanJun et al., 
2017) and cell line studies (Yi et al., 2018), while levels 
increased in rat serum and heart tissue samples (Andreadou 
et al., 2014; Thonusin et al., 2023a). Oxoglutaric acid, a key 
component of the TCA cycle and amino acid metabolism, 
influences oxidative stress pathways and energy produc-
tion, both critical for protecting cardiac function under toxic 
stress (An et al., 2021; Chen et al., 2018). We observed that 
alpha-ketoglutarate levels in heart tissue and serum samples 
increased in a rat study due to DOX treatment (Thonusin et 
al., 2023a), whereas other rat and mouse studies reported a 
decrease in alpha-ketoglutaric acid in plasma (Yuan et al., 
2020) and serum samples (Xue et al., 2023). Similarly, an 
increase in 2-oxoglutarate was found in serum samples in 
mice studies (QuanJun et al., 2017). Fumaric acid, another 
TCA cycle intermediate, plays a vital role in energy pro-
duction, and its dysregulation can indicate metabolic dis-
tress in cardiac cells, particularly under oxidative stress or 
hypoxic conditions common in HF (Ashrafian et al., 2012; 
Pravenec et al., 2014). Fumaric acid was found to increase 
(Andreadou et al., 2014) and decrease (Niu et al., 2016) after 
DOX treatment in rat heart tissue. Additionally, proline and 
hydroxyproline, crucial for collagen synthesis (Levick et 
al., 2019), are disrupted in DOX treatment, contributing to 
structural damage and fibrosis (Fenwick et al., 2019). Two 
studies reported a decrease in proline levels in rat (Alhaz-
zani et al., 2021) and mouse (Geng et al., 2021) serum sam-
ples, while one study observed an increase in proline levels 
in rat serum samples (Xue et al., 2023). Impairment of the 

profile (Geng et al., 2021; Verheijen et al., 2018). The rec-
ommended cumulative total lifetime dose of DOX should 
not exceed 450–550 mg/m2 body surface area, as the risk 
of congestive cardiac failure greatly increases beyond that 
dose (Rahman et al., 2007). Currently, the diagnosis is made 
based on clinical signs of HF, e.g., S3 gallop, jugular venous 
distention, nonspecific ST-T wave changes, low voltage 
QRS complexes, echocardiography to detect a change in 
LVEF, and elevation of serum Brain natriuretic peptide and 
troponin T levels (Chatterjee et al., 2010; Ky et al., 2014; 
Strigun et al., 2011). The development of these signs and 
symptoms indicates a point of no return and portends a poor 
prognosis (Mercuro et al., 2007). Several ongoing investi-
gations aim to find highly sensitive and specific predictive 
biomarkers, so that early intervention may be started. More-
over, such biomarkers may point to potential new targets to 
detect the cardiotoxicity early.

Metabolomics, as an emerging field, is proving invalu-
able in identifying key metabolites involved in the patho-
genesis of DIC, pinpointing specific biomarkers for early 
detection, treatment, and monitoring the effectiveness of 
interventions. In this systematic review, we identified four 
common metabolites (inosine, phenylalanine, arginine, and 
tryptophan) that were shared across all three study models 
(cell line, animal model, and human studies) (Andreadou et 
al., 2014; Finkelman et al., 2017; Niu et al., 2016; QuanJun 
et al., 2017; Schnackenberg et al., 2016; Tan et al., 2011; 
Thonusin et al., 2023a, 2024; Wang et al., 2020; Yi et al., 
2018; Yuan et al., 2020; Zhang et al., 2021; Zhou et al., 
2020).

Across all four study types (rat, mouse, cell line, and 
human), phenylalanine, arginine, and tryptophan were the 
most significantly perturbed metabolites. In a cell line study 
by Yi et al. (Yi et al., 2018), levels of these three metabo-
lites were decreased due to DIC. Human studies, however, 
reported an increase in phenylalanine and tryptophan lev-
els (Thonusin et al., 2024) and a decrease in arginine levels 
(Finkelman et al., 2017). In rat studies, tryptophan levels 
decreased in two studies (Thonusin et al., 2023a; Yuan et al., 
2020) and increased in two others (Thonusin et al., 2023a; 
Zhou et al., 2020). Arginine levels increased in heart tis-
sue but decreased in serum (Thonusin et al., 2023a). Phe-
nylalanine levels were consistently increased in heart tissue 
and plasma samples across four studies (Andreadou et al., 
2014; Niu et al., 2016; Thonusin et al., 2023a; Zhou et al., 
2020). The SABRE study and the British Women's Health 
and Heart Study reported that higher phenylalanine levels 
are associated with increased cardiovascular risk (Würtz et 
al., 2015).

Pathway analyses from multiple studies have identified 
231 perturbed metabolites with matching compound IDs 
across 28 studies, including pathways involved in arginine 
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results in lactate accumulation, while fumarate is neces-
sary for oxaloacetate regeneration. Pyruvic acid levels were 
found to decrease in rat serum samples (Niu et al., 2016), 
and cell line studies (Chaudhari et al., 2017). Phosphoenol-
pyruvic acid, involved in glycolysis and gluconeogenesis, 
maintains energy balance, and disruptions in its metabolism 
can worsen cardiac energy deficits. Monitoring these inter-
mediates provides insight into metabolic dysfunction and 
identifies therapeutic targets to mitigate cardiotoxicity.

In DIC, the alanine, aspartate, and glutamate metabolism 
pathways are also disrupted, impairing energy production 
and amino acid balance. Key metabolites such as L-aspartic 
acid, L-alanine, glutamic acid, and glutamine play critical 
roles in energy metabolism and response to oxidative stress 
(Antonarelli et al., 2021; Watanabe et al., 2021). L-aspartic 
acid, essential for the urea cycle and nucleotide synthesis, 
is disrupted in cardiotoxicity, affecting energy metabolism 
and protein synthesis (Sivakumar et al., 2008, 2011). L-ala-
nine, crucial for the glucose-alanine cycle, regulates glucose 
levels and energy production, while impaired metabolism 
exacerbates energy deficits in cardiac cells (Fernandez-
Caggiano et al., 2020; Lee et al., 2020). Glutamic acid, 
central to amino acid metabolism and a precursor to glu-
tamine, maintains nitrogen balance and supports energy 
production through the TCA cycle (Yoo et al., 2020). Its 
disruption increases oxidative stress, worsening cardiotoxic 
effects (Watanabe et al., 2021). Citric acid, a key compo-
nent of the TCA cycle, is essential for ATP production, and 
its disruption impairs energy metabolism in cardiotoxicity 
(Doenst et al., 2013). Pyruvic acid links glycolysis to the 
TCA cycle, and its impaired metabolism reduces energy 
production, increasing lactate and worsening heart dysfunc-
tion (Lopaschuk et al., 2021). Succinic acid, vital for ATP 
generation, and oxoglutaric acid, crucial for amino acid 
metabolism, also face dysregulation, leading to oxidative 
stress and impaired energy production (Chouchani et al., 
2014; Zhang et al., 2020). These disruptions may contribute 
to mitochondrial dysfunction, reduced ATP production, and 
cardiac damage, highlighting them as potential therapeutic 
targets for cardiotoxicity prevention.

Glyoxylate and dicarboxylate metabolism plays a key 
role in DIC, intersecting with energy production and oxida-
tive stress pathways. A nested case–control plasma metabo-
lomics study in coronary artery disease patients (Lv et al., 
2024) identified it, along with the TCA cycle, as one of the 
most affected pathways. Perturbations in key metabolites 
(citric acid and malic acid) indicate mitochondrial dysfunc-
tion, oxidative stress, and energy dysregulation, emphasiz-
ing their role in cardiotoxicity and potential cardioprotective 
targets (Geng et al., 2024).

The myocardium relies mainly on fatty acid oxidation 
followed by glycolysis as an energy source for its high 

creatine cycle further exacerbates ATP deficits, weakening 
cardiac function.

Glutamine levels were reported to increase in both heart 
tissue and plasma (Andreadou et al., 2009, 2014; Niu et al., 
2016; Schnackenberg et al., 2016; Tan et al., 2011; Thonusin 
et al., 2023a, 2024), However, a decrease in glutamine lev-
els was observed in heart tissue (Thonusin et al., 2023a) and 
serum (Yuan et al., 2020) due to DIC in rat studies. Gluta-
mine metabolism is a key aspect of metabolic reprogram-
ming, closely linked to amino acid transporters. Glutamine 
serves as a substrate in the de novo purine biosynthesis 
pathway (Mayers et al., 2016). While glutamine is non-
essential for normal cells, highly proliferative cancer cells 
rely on it as an essential substrate for energy production and 
the synthesis of nucleotides, lipids, and proteins. In breast 
cancer, amino acid transporters SLC1A5 and SLC6A14 are 
upregulated to transport glutamine (Kim et al., 2013; Van 
Geldermalsen et al., 2016), significantly impacting tumor 
biology. In lung and breast cancers, glutamine transport 
plays a crucial role in influencing cellular metabolism, 
growth, and survival via mTOR signaling (Hassanein et al., 
2013; Moses & Neckers, 2015). Additionally, mTOR can 
modify amino acid substrates such as glycine and aspartate 
in de novo purine biosynthesis within certain tumors (Allen 
et al., 2016; Locasale, 2013).

The citrate cycle (TCA cycle) is critical for energy pro-
duction, and its disruption is closely associated with car-
diotoxicity, particularly in response to treatments like DOX. 
Key metabolites such as oxoglutaric acid, succinic acid, 
malic acid, and citric acid play essential roles in ATP produc-
tion. Thiamine pyrophosphate, a cofactor in the TCA cycle, 
is crucial for decarboxylation reactions, while 3-carboxy-
1-hydroxypropylthiamine diphosphate is an intermediate in 
thiamine-dependent reactions. In this systematic review, we 
observed that thiamine diphosphate levels decreased in rat 
heart tissue after DOX treatment (Chen et al., 2015). Addi-
tionally, in cell lines and mouse studies, the levels of 3-car-
boxy-1-hydroxypropylthiamine diphosphate were found to 
be reduced (Wen et al., 2020b, 2020c). However, the level 
of succinic acid was found to increase in serum, plasma, 
and heart tissue (Andreadou et al., 2009, 2014; Schnacken-
berg et al., 2016; Tan et al., 2011; Thonusin et al., 2023a, 
2023b), with only one study reporting a reduced level in 
rat serum samples (Niu et al., 2016). Succinic acid signals 
mitochondrial dysfunction when dysregulated, a hallmark 
of DIC. Malic acid facilitates energy conversion to ATP, and 
citric acid disruptions can impair the entire cycle, reducing 
energy production and increasing oxidative stress. In this 
review, the level of malic acid was found to increase in heart 
tissue samples of rats and mice (Tan et al., 2011; Thonusin 
et al., 2023a), and in plasma samples of humans (Thonusin 
et al., 2024). Impaired pyruvate to acetyl-CoA conversion 
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damages the phospholipid bilayers, membrane proteins, and 
the membrane permeability (Carvalho et al., 2014; QuanJun 
et al., 2017; Verheijen et al., 2018).

Biomarker discovery is often hampered by low transla-
tional success rates. We are aware that the metabolomics 
approaches reviewed in this study contained in vitro studies 
from various origins (rat embryonic cardiomyocytes, mouse 
cardiomyocytes, human cardiomyocytes in the cell culture 
system) and different strains of animals (Sprague–Dawley 
rats, Wistar rats, B6C3F1 mice, ICR mice, C57BL/6 and 
BALB/c mice), all providing valuable preclinical informa-
tion between basic research and clinical practice. Here, we 
want to highlight that of all the studies reviewed examining 
biomarkers of chemotherapy-induced cardiotoxicity, only 
one study used tumor bearing animals although it was not 
a breast cancer model (QuanJun et al., 2017). Cancer is a 
systemic disease, characterized by an altered metabolism 
with increased uptake and utilization of glucose to achieve 
increased energy requirements and involving not just the 
tumor, but a systematic dysfunction in the immune surveil-
lance and microenvironment that allows cancer progression 
(Egeblad et al., 2010; McAllister & Weinberg, 2010).

This review has some strengths. First, it systematically 
compiles and evaluates existing literature on the metabo-
lomic assessment of DIC, providing a comprehensive 
overview of available data from different model systems. 
Second, the integration of data from in vitro, animal, and 
human studies provides a translational perspective, aiding 
in understanding the mechanistic underpinnings of DIC 
and potential clinical applications. Third, pathway enrich-
ment analysis provides insights into metabolic alterations 
associated with DIC, supporting future biomarker discovery 

metabolic requirements. However, depending on substrate 
concentration, lactate, ketone bodies, amino acids and, 
acetate can be used as alternative energy sources (Kodde et 
al., 2007). Animal and cell culture studies have repeatedly 
shown altered levels of acylcarnitine, glycerolipids, choles-
terol, palmitic acid, and stearic acid after DOX treatment 
(Table  1) (Geng et al., 2021; Thonusin et al., 2023a). An 
upward trend in stearic acid with a reduction in acetone/
acetoacetate suggests inhibition of β-oxidation of fatty acids 
(Andreadou et al., 2014; Tan et al., 2011; Wang et al., 2020; 
Zhang et al., 2021). Proteomics has shown dose-dependent 
downregulation of mitochondrial carnitine/acylcarnitine 
carrier; this prevents entry of long-chain acetyl-CoA into 
the mitochondria, reducing the β-oxidation of fatty acids 
and mitochondrial energy production (Niu et al., 2016; 
Schnackenberg et al., 2016).

Identifying metabolites involved in energy metabolism is 
at the core of understanding DIC (Fig. 6). To this end, stud-
ies have identified reduced levels of α-ketoglutarate, citrate, 
branched-chain amino acids (valine and isoleucine) together 
with elevated succinate, malate, acetate levels, among others 
(Supplemental Table 1) (Andreadou et al., 2009; Chaudhari 
et al., 2017; Tan et al., 2011). Hypotheses involving reduced 
activities of succinate dehydrogenase and malate dehydro-
genase have emerged. However, data supporting a role for 
oxidative stress are still strong. DOX is reduced by mito-
chondrial complex I (NADH: ubiquinone oxidoreductase), 
which is abundant in the mitochondria of cardiomyocytes. 
This forms a semiquinone that leads to the generation of 
reactive oxygen species, with depleted levels of glutathione 
exacerbating cardiotoxicity. DOX also reacts with transi-
tional metals such as iron to form similar free radicals. This 

Fig. 6  Perturbed metabolic path-
ways and metabolites (Green) in 
DOX-induced cardiotoxicity. PRPP 
Phosphoribosyl pyrophosphate, 
UMP Uridine monophosphate, 
IMP Inosine monophosphate, AMP 
Adenosine Monophosphate, GMP 
Guanosine monophosphate, dTMP 
Deoxythymidine monophosphate, 
THF Tetrahydrofolate, DHF Dihy-
drofolate, CoA Coenzyme A, CPT 
1 Carnitine palmitoyltranferase 1, 
CPT2 Carnitine palmitoyltranfer-
ase 2, CAT Carnitine/acylcarnitine 
translocase. BioRender was used 
to create the figure (Color figure 
online)
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methodologies to improve the translational impact of the 
findings. To improve reproducibility and reliability, research-
ers should adopt rigorous statistical models and validation 
strategies, including cross-validation and bootstrapping. 
Implementing standardized reporting practices, such as those 
outlined by the Metabolomics Standards Initiative (MSI), 
can enhance study transparency and comparability. A check-
list or reporting guideline, such as Clear documentation of 
sample preparation protocols, analytical methods, instrument 
settings, metabolite identification procedures, and statistical 
analyses will strengthen the field, ultimately leading to more 
robust biomarker discovery and scientific outcomes.

5  Conclusions

In conclusion, while efforts to identify metabolite bio-
markers for DIC have highlighted important metabolic 
pathways, a definitive set of biomarkers remains elusive. 
Future research should prioritize untargeted metabolo-
mics in DOX-treated rat models and clinical patients, with 
standardized treatment protocols to improve predictive 
biomarker identification. Comparing data from tumor bear-
ing models and cancer patients will help address species-
specific differences and enhance translational potential of 
findings. Additionally, using female tumor-bearing animal 
models may provide more relevant comparisons to breast 
cancer patients. Therapeutic interventions must ensure that 
chemotherapy's anti-tumor effects are preserved while pro-
tecting the heart. Understanding the metabolic disturbances 
induced by DOX, such as those affecting arginine and pro-
line metabolism and the TCA cycle, have the potential of the 
early identification of patients at risk for DIC and can guide 
strategies to mitigate cardiotoxicity by restoring metabolic 
balance and reducing oxidative stress.
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and therapeutic target identification. Fourth, the use of sys-
tematic search criteria and structured eligibility assessment 
enhances the reproducibility and reliability of findings.

The review was limited to the variability in study 
designs, sample sizes, and analytical methodologies among 
the included studies, which may introduce bias and reduce 
comparability. The majority of included studies focused on 
preclinical models, limiting the direct clinical applicability 
of findings. Differences in metabolomic platforms and ana-
lytical approaches across studies may result in inconsisten-
cies in reported metabolites and pathway associations. The 
relatively small number of human studies included in the 
analysis limits the generalizability of findings to broader 
patient populations. A significant challenge in metabolomics 
is ensuring the accurate identification of differential metab-
olites. Biological samples are inherently complex, contain-
ing thousands of metabolites. Advanced techniques such as 
mass spectrometry (MS) and nuclear magnetic resonance 
(NMR) provide valuable data; however, accurately iden-
tifying metabolites remains difficult due to signal overlap 
and high variability. Many laboratories rely on commercial 
product libraries, which may not always be comprehensive 
or of high quality. Ideally, metabolomics studies should use 
authentic standards—known compounds with well-charac-
terized structures and properties—to enhance metabolite 
identification reliability. However, acquiring authentic stan-
dards for all metabolites in a sample is often impractical due 
to cost and availability constraints. As a result, researchers 
frequently depend on commercial libraries, which can intro-
duce systematic biases or inaccuracies. Properly constructed 
and maintained in-house libraries could mitigate these 
issues, but establishing such resources demands signifi-
cant time, expertise, and financial investment, making them 
infeasible for many laboratories. Metabolite identification is 
further complicated by the presence of structural isomers, 
which are challenging to differentiate without well-char-
acterized standards. Misidentification can lead to incorrect 
conclusions in biomarker discovery. Additionally, statistical 
analysis in metabolomics presents another major challenge. 
Given the large number of variables being tested simulta-
neously, researchers must use appropriate statistical meth-
ods to control for false discoveries and address the multiple 
testing problem. However, many metabolomics studies still 
employ simplistic or inadequate statistical approaches, lead-
ing to inflated false-positive rates or the omission of true 
biological signals. Inconsistent application of significance 
thresholds, such as p-values or false discovery rates, further 
exacerbates these issues.

To address the limitations of current studies, future 
research should incorporate several key strategies by incor-
porating multi-omics approaches, expanding clinical valida-
tion efforts, and ensuring standardization in metabolomics 
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