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Abstract: Doxorubicin, a widely used chemotherapeutic drug in clinical oncology, causes a series
of cardiac side effects referred to as doxorubicin-induced cardiotoxicity. Hyperhomocysteinaemia
is an independent risk factor for multiple cardiovascular diseases. However, whether hyperho-
mocysteinaemia contributes to doxorubicin-induced cardiotoxicity is currently unknown. In this
study, we explored the pathogenic effects of hyperhomocysteinaemia induced by dietary methionine
supplementation (2% wt/wt in rodent chow) in a mouse model of doxorubicin-induced cardiotox-
icity. Our data showed that methionine supplementation doubled serum homocysteine levels,
inducing mild hyperhomocysteinaemia. Doxorubicin at a cumulative dosage of 25 mg/kg body
weight led to significant weight loss and severe cardiac dysfunction, which were further exacer-
bated by methionine-induced mild hyperhomocysteinaemia. Doxorubicin-induced cardiac atrophy,
cytoplasmic vacuolisation, myofibrillar disarray and loss, as well as cardiac fibrosis, were also
exacerbated by methionine-induced mild hyperhomocysteinaemia. Additional folic acid supple-
mentation (0.006% wt/wt) prevented methionine-induced hyperhomocysteinaemia and inhibited
hyperhomocysteinaemia-aggravated cardiac dysfunction and cardiomyopathy. In particular, hyper-
homocysteinaemia increased both serum and cardiac oxidative stress, which could all be inhibited
by folic acid supplementation. Therefore, we demonstrated for the first time that hyperhomocys-
teinaemia could exacerbate doxorubicin-induced cardiotoxicity in mice, and the pathogenic effects of
hyperhomocysteinaemia might at least partially correlate with increased oxidative stress and could
be prevented by folic acid supplementation. Our study provides preliminary experimental evidence
for the assessment of hyperhomocysteinaemia as a potential risk factor for chemotherapy-induced
cardiotoxicity in cancer patients.
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1. Introduction

Doxorubicin, or Adriamycin, is an anthracycline antibiotic isolated from the bacteria
Streptomyces peucetius var. caesius in 1969 [1]. Ever since its first introduction into clinical
oncology in the 1970s [2,3], doxorubicin has been widely used as a chemotherapeutic
drug for solid tumours (e.g., breast cancer, pediatric osteosarcoma and hepatoblastoma,
etc.) and hematologic malignancies (e.g., acute lymphoblastic leukaemia, Hodgkin/non-
Hodgkin lymphoma, etc.) [4]. Although doxorubicin has powerful anti-cancer potential, it
also causes severe side effects that restrict its clinical application. One of its most serious
side effects is a series of dose-dependent, cumulative and progressive cardiac injuries
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referred to as doxorubicin-induced cardiotoxicity, which can occur as early as the first
dosage or be delayed until decades after the last administration [5–7]. Ranging from
early-onset electrocardiography abnormalities and asymptomatic cardiac dysfunction to
chronic cardiomyopathy, doxorubicin-induced cardiotoxicity ultimately leads to congestive
heart failure and even cardiac death, therefore significantly affecting the life quality and
expectancy of the cancer survivors [5–7]. Previously, approximately 3–5% of cancer patients
are estimated to develop heart failure when the accumulative doxorubicin dose reaches
400 mg/m2, whereas the incidence of heart failure dramatically increases to 7–26% and
18–48% when the accumulative doxorubicin doses reach 550 mg/m2 and 700 mg/m2,
respectively [8]. However, recent guideline from the American Society of Clinical Oncology
indicates that the reported incidence of cardiac dysfunction might be underestimated due
to limitations of heart failure reporting on clinical trials and lack of long-term follow-up [9].
According to updated statistics, about 9% of patients develop cardiac dysfunction at a
cumulative doxorubicin dose of 250 mg/m2, and the incidence rates jump to 18% and 38%
at cumulative doxorubicin doses of 350 mg/m2 and 450 mg/m2, respectively [9]. In light
of the low threshold for doxorubicin-induced cardiotoxicity, there is an urgent need to
elucidate the risk factors and underlying mechanisms for better prevention and treatment
of the disease.

Homocysteine is a sulfur-containing non-essential amino acid [10,11]. As an inter-
mediate product of methionine metabolism, homocysteine is formed by a three-step se-
quential cascade mediated by S-adenosyl-L-methionine synthase, methyltransferase and
S-adenosyl-L-homocysteine hydrolase, a process known as the transmethylation of the
methionine [10,11]. Homocysteine can then either accept a methyl group via folate/vitamin
B12-dependent as well as folate/vitamin B12-independent re-methylation to transform
back into methionine or metabolised to form cysteine via cystathionine β-synthase and
cystathionine γ-lyase-dependent trans-sulfuration pathway [10,11].

Generally, all tissues can produce homocysteine. However, the circulating homocys-
teine concentration is normally maintained below 10 µmol/L [10,11]. Nutritional factors
(e.g., excessive methionine intake, dietary vitamin B12 or folate shortage) or genetic defects
disrupting the transmethylation, re-methylation or trans-sulfuration pathway (e.g., genetic
polymorphisms (commonly C677T and A1298C) in methylene tetrahydrofolate reductase
or inherited deficiency in cystathionine β-synthase) can impair homocysteine homeosta-
sis, leading to an elevation of circulating homocysteine concentration that subsequently
induces devastating cardiovascular consequences, such as coronary heart diseases, stroke,
and aneurysm [10,11]. In addition, an increase in circulating homocysteine can also be
induced by some medication side effects (e.g., methotrexate, theophylline, phenytoin, and
cyclosporine) or chronic diseases (e.g., end-stage renal disease, severe hepatic dysfunction,
diabetes mellitus, and hypothyroidism) [12].

For the past three decades, more and more evidence has indicated that hyperhomocys-
teinaemia, defined as a circulating homocysteine concentration ≥15 µmol/L, is an inde-
pendent risk factor for cardiovascular diseases (especially vascular diseases), although the
pathogenesis is not fully elucidated [13,14]. However, whether hyperhomocysteinaemia
could contribute to doxorubicin-induced cardiotoxicity is currently unknown. In this
study, we explored the pathogenic effects of hyperhomocysteinaemia in a mouse model of
doxorubicin-induced cardiotoxicity induced by doxorubicin injection. We also explored
whether folic acid supplementation could rescue hyperhomocysteinaemia and inhibit
doxorubicin-induced cardiotoxicity in the current hyperhomocysteinemic model.

2. Results
2.1. Methionine-Induced Hyperhomocysteinaemia Exacerbates Doxorubicin-Induced
Cardiac Dysfunction

To explore the effect of homocysteine on doxorubicin-induced cardiotoxicity, mice
were fed with a methionine-supplemented (2% methionine wt/wt) diet to induce hyper-
homocysteinaemia, and those who received normal rodent chow diet feeding were used
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as controls. After three weeks of the diet feeding, mice were subjected to five consecutive
injections of doxorubicin (5 mg/kg body weight per week) or the same amount of saline
(Figure 1A). During the experimental period, the body weight of the mice was recorded
once per week. As shown in Figure 1B, doxorubicin injection induced progressive weight
loss, which was exacerbated by methionine-supplemented diet feeding (Figure 1B). At
the end-point of the experiment, circulating homocysteine levels were compared between
the methionine-supplemented and the control diet groups. We found that doxorubicin
injections did not elicit a remarkable impact on circulating homocysteine concentrations.
However, methionine-supplemented diet feeding doubled circulating homocysteine lev-
els as compared with those received control diet feeding (Figure 1C). Doxorubicin, at a
cumulative dosage of 25 mg/kg body weight, induced severe cardiac dysfunction, as
indicated by a significant decrease in ejection fraction (EF) and fractional shortening (FS)
in echocardiography (Figure 1D,E) and a significant increase in cardiac atrial natriuretic
factor (Anf ) and B-type natriuretic peptide (Bnp) expression by quantitative real-time PCR
(Figure 1F). Methionine-induced hyperhomocysteinaemia caused a further reduction of EF
and FS (Figure 1D,E) as well as a further increase in Anf and Bnp levels (Figure 1F), suggest-
ing that methionine-induced hyperhomocysteinaemia exacerbated doxorubicin-induced
cardiac dysfunction.
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Figure 1. Methionine (Met)-induced hyperhomocysteinaemia exacerbates doxorubicin-induced car-
diac dysfunction. (A) Schematic illustration of the experimental design. (B) Body weight during
the experimental process. The arrow indicates a single doxorubicin (DOX) injection. (C) Serum
homocysteine (Hcy) concentration at the end of the experiment. (D) Representative M-mode echocar-
diography at the end of the experiment. (E) Calculation of ejection fraction (EF%, left) and fractional
shortening (FS%, right). (F) Quantitative real-time PCR analysis of cardiac Anf (left) and Bnp (right)
expression. n = 6–10 per group. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ns—not significant.

2.2. Methionine-Induced Hyperhomocysteinaemia Exacerbates Doxorubicin-Induced
Cardiomyopathy

Doxorubicin-induced cardiomyopathies in animal models are typically characterised
by cardiac myocyte atrophy, cytoplasmic vacuolisation, as well as myofibrillar disarray
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and loss [15]. Inflammatory cells can be absent in doxorubicin-induced cardiomyopa-
thy, but fibrosis usually develops in the late stage [15]. Our data showed that in the
methionine-induced hyperhomocysteinaemia group, doxorubicin-induced cardiac atrophy
was more prominent, as shown by a further reduction of heart size (Figure 2A) as well
as a further decrease in heart weight and heart weight/tibial length ratio, suggesting
that methionine-induced hyperhomocysteinaemia promoted doxorubicin-induced cardiac
atrophy (Figure 2B). Exacerbation of doxorubicin-induced cardiac atrophy by methionine-
induced hyperhomocysteinaemia was also confirmed by cardiomyocyte dihydroethidium
(DHE) staining, which showed a further decrease in mean cardiomyocyte cross-sectional
areas in the methionine-supplemented diet group, compared with those of the control
diet group (Figure 2C). Moreover, H&E staining showed that doxorubicin-induced cyto-
plasmic vacuolisation, as well as myofibrillar disarray and loss, was exacerbated in the
methionine-supplemented diet group (Figure 2D), while Masson staining showed that
doxorubicin-induced cardiac fibrosis was also exacerbated in the methionine-supplemented
diet group (Figure 2E).
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Figure 2. Methionine (Met)-induced hyperhomocysteinaemia exacerbates doxorubicin-induced cardiomy-
opathy. (A) Representative gross appearance (upper) and cross-sectional H&E staining (lower) of the heart.
(B) Heart weight (left) and heart weight/tibial length ratio (right). (C) Representative WGA staining of the
heart sections (upper) and quantitation of myocyte cross-sectional areas (lower). (D) Representative H&E
staining of the heart sections. The arrow indicates cytoplasmic vacuolisation. (E) Representative Masson
staining of the heart sections. n = 6–10 per group. **: p < 0.01; ***: p < 0.001.

2.3. Folic Acid Supplementation Inhibits Methionine-Induced Hyperhomocysteinaemia and
Its-Associated Cardiac Dysfunction

We next treated methionine-fed mice with an additional 0.006% wt/wt folic acid in
their chow to test whether folic acid could inhibit hyperhomocysteinaemia-exacerbated
cardiotoxicity (Figure 3A). As shown in Figure 3B, folic acid supplementation only had a
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mild impact on doxorubicin-induced weight loss in the methionine-fed mice during the
doxorubicin injection process (Figure 3B). However, at the end-point of the experiment, folic
acid supplementation almost fully reversed methionine-induced hyperhomocysteinaemia
(Figure 3C). By inhibiting hyperhomocysteinaemia, folic acid supplementation remarkably
improved doxorubicin-induced cardiac dysfunction, as demonstrated by a significant
increase in EF and FS (Figure 3D,E) and a significant decrease in Anf and Bnp expression
(Figure 3F) in the methionine-fed mice subjected to doxorubicin injections.
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Figure 3. Folic acid (FA) supplementation inhibits methionine-induced hyperhomocysteinaemia
and hyperhomocysteinaemia-aggravated cardiac dysfunction. (A) Schematic illustration of the ex-
perimental design. (B) Body weight during the experimental process. The arrow indicates a single
doxorubicin (DOX) injection. (C) Serum homocysteine (Hcy) concentration at the end of the experi-
ment. (D) Representative M-mode echocardiography at the end of the experiment. (E) Calculation of
ejection fraction (EF%, left) and fractional shortening (FS%, right). (F) Quantitative real-time PCR
analysis of cardiac Anf (left) and Bnp (right) expression. n = 5–8 per group. *: p < 0.05; **: p < 0.01;
***: p < 0.001; ns—not significant.

2.4. Folic Acid Supplementation Reduces Hyperhomocysteinaemia-Aggravated Cardiomyopathy

The impact of folic acid supplementation on doxorubicin-induced cardiomyopathy
was also evaluated. We found that folic acid supplementation significantly reduced
doxorubicin-induced cardiac atrophy in the methionine-fed mice, as shown by a rela-
tive increase in heart size (Figure 4A) as well as a relative increase in heart net weight and
heart weight/tibial length ratio (Figure 4B) in the folic acid-supplemented mice receiv-
ing doxorubicin injections. Improvement of doxorubicin-induced cardiac atrophy in the
folic acid-supplemented mice was further confirmed by calculating cardiomyocyte cross-
sectional areas in WGA staining (Figure 4C). Folic acid supplementation also improved
doxorubicin-induced cytoplasmic vacuolisation, myofibrillar disarray and loss shown in
H&E staining (Figure 4D), as well as cardiac fibrosis shown in Masson staining (Figure 4E)
in the methionine-fed group.
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Figure 4. Folic acid (FA) supplementation inhibits hyperhomocysteinaemia-aggravated cardiomy-
opathy. (A) Representative gross appearance (upper) and cross-sectional H&E staining (lower) of
the heart. (B) Heart weight (left) and heart weight/tibial length ratio (right). (C) Representative
WGA staining of the heart sections (upper) and quantitation of myocyte cross-sectional areas (lower).
(D) Representative H&E staining of the heart sections. The arrow indicates cytoplasmic vacuolisation.
(E) Representative Masson staining of the heart sections. n = 5–8 per group. *: p < 0.05; ***: p < 0.001.

2.5. Increased Oxidative Stress Might Contribute to Hyperhomocysteinaemia-Aggravated
Cardiomyopathy

Oxidative stress is caused by an imbalance between antioxidants and reactive oxy-
gen species (ROS) [16]. Usually, the activities of the antioxidants, including superoxide
dismutase, catalase, and reduced glutathione, as well as lipid peroxidation levels indi-
cated by malondialdehyde content, are used to evaluate the level of oxidative stress in
the serum [17,18], while the level of oxidative stress in the cardiac tissue is evaluated by
cardiac DHE fluorescent intensity and ROS-generating enzyme NADPH oxidase (NOX)
expression [19,20]. Here, we showed that doxorubicin significantly decreased serum super-
oxide dismutase but increased malondialdehyde content, which was further exacerbated
by methionine-induced hyperhomocysteinaemia (Figure 5A,B). Furthermore, doxorubicin
significantly increased cardiac DHE fluorescent intensity as well as Nox2 and Nox4 gene
expression, which was also further exacerbated by methionine-induced hyperhomocys-
teinaemia (Figure 5C,D). Folic acid supplementation, by inhibiting the increase in circulating
homocysteine concentration, protected against increased serum (Figure 5E,F) and cardiac
oxidative stress (Figure 5G,H). Notably, hyperhomocysteinaemia itself increased serum
and cardiac oxidative stress, which could also be inhibited by folic acid, even without
doxorubicin treatment (Figure 5).
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Figure 5. Increased oxidative stress might contribute to hyperhomocysteinaemia-aggravated car-
diomyopathy. (A) Serum superoxide dismutase (SOD) content in methionine (Met)-fed hyperhomo-
cysteinemic mice. (B) Serum malondialdehyde (MDA) content in methionine (Met)-fed hyperho-
mocysteinemic mice. (C) Representative dihydroethidium (DHE) staining of the heart sections in
methionine (Met)-fed hyperhomocysteinemic mice, scale bar = 20 µm. (D) Quantitative real-time
PCR analysis of cardiac Nox2 (left) and Nox4 (right) expression in methionine (Met)-fed hyperhomo-
cysteinemic mice. (E) Serum superoxide dismutase (SOD) content in methionine (Met)-fed mice with
folic acid (FA) supplementation. (F) Serum malondialdehyde (MDA) content in methionine (Met)-fed
mice with folic acid (FA) supplementation. (G) Representative DHE staining of the heart sections in
methionine (Met)-fed mice with folic acid (FA) supplementation, scale bar = 20 µm. (H) Quantitative
real-time PCR analysis of cardiac Nox2 (left) and Nox4 (right) expression in methionine (Met)-fed
mice with folic acid (FA) supplementation. n = 5–7 per group. *: p < 0.05; **: p < 0.01; ***: p < 0.001;
ns—not significant.

3. Discussion

In this study, we demonstrated for the first time that: (1) Methionine-induced hyperho-
mocysteinaemia exacerbated doxorubicin-induced cardiac dysfunction and cardiomyopa-
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thy in mice; (2) folic acid inhibited methionine-induced hyperhomocysteinaemia and associ-
ated cardiotoxic effects; and (3) hyperhomocysteinaemia decreased circulating antioxidants
and increased cardiac ROS levels, which could be inhibited by folic acid supplementation.

Homocysteine, as described above, is an intermediate product of methionine metabolism.
Therefore, is closely associated with methionine homeostasis [10,11]. Being an essential
sulfur-containing amino acid, methionine is normally contained in dietary protein, and
the major sources of methionine include eggs, fish, meat, and cereal grains [10,11]. For
rodents, the average content of methionine in normal chow diets is 5–7 g/kg [21]. In-
creased daily methionine intake by dietary methionine supplementation has been used
to induce experimental hyperhomocysteinaemia. Notably, there is evidence showing that
2.7% methionine supplementation to the normal rodent chow diet reduces food intake
and causes severe growth suppression, thymus atrophy, changes in plasma biochemical
parameters, and abnormal organ histology in rats, indicating broad toxicity of high di-
etary methionine supplementation [22]. In comparison, 0.9% methionine supplementation
leads to mild growth suppression and a minor change in plasma biochemical parameters,
whereas 0.3% supplementation hardly results in any adverse effect [22]. More importantly,
methionine supplementation between 0.3% and 0.9% might produce potential metabolic
benefits via the modulation of various metabolic factors and epigenetic regulations [23–26].
Therefore, supplementation of methionine between 0.3% and 0.9% might be considered a
relatively safe or even healthy range, at least in rodents [24]. In the current study, we used
a normal rodent chow diet with 2% methionine supplementation to induce hyperhomocys-
teinaemia in mice. The methionine content in this diet is significantly higher than the safe
range (0.3–0.9%) but lower than the toxic level (2.7%) and has been demonstrated to cause
a mild-to-moderate increase in circulating homocysteine levels without gross observation
of severe adverse effects in mice [27,28].

As a prevalent metabolic disorder, hyperhomocysteinaemia is well established as
an independent risk factor for vascular diseases, such as coronary heart disease, stroke
and aneurysm [10,11]. Recently, we have demonstrated that hyperhomocysteinaemia also
promotes pathological cardiac hypertrophy in hypertension, and its pro-hypertrophic effect
at least involves Calcineurin-NFAT signalling [29]. Apart from profound impacts on the
cardiovascular system, hyperhomocysteinaemia is increasingly recognised as a potential
risk factor as well as a biomarker for a variety of cancers, including breast cancer, leukaemia,
and colorectal cancer, as summarised in a recent review [30,31]. Hyperhomocysteinaemia
not only facilitates the onset and progression of cancers but also affects the development
of cancer-related complications, such as venous and arterial thrombosis [31]. In fact, hy-
perhomocysteinaemia has been suggested as the most common factor correlated with the
formation of venous thromboembolism in cancer patients, although the precise underlying
mechanisms are not fully elucidated [32]. In addition to cancer-related complications, can-
cer therapy-associated complications are another important aspect that significantly affects
the prognosis of cancer survivors. Of which, cancer therapy-associated cardiotoxicity, espe-
cially chemotherapy-induced cardiotoxicity, is a cause of cancer-related deaths second only
to the cancer itself [33,34]. However, whether hyperhomocysteinaemia could be a contribu-
tory factor to chemotherapy-induced cardiotoxicity is still unknown. Here we provided the
first experimental evidence that hyperhomocysteinaemia promoted doxorubicin-induced
cardiac dysfunction and cardiomyopathy, indicating that cancer survivors with hyperhomo-
cysteinaemia might have an increased risk of developing cardiotoxicity upon chemotherapy
treatment compared to those without hyperhomocysteinaemia. Therefore, their circulating
homocysteine concentration during and after cancer therapy should be closely monitored.

Folate, or vitamin B9, an essential nutrient from the vitamin B group, is found nat-
urally rich in fruits and green leafy vegetables [12,35]. Its derivative, tetrahydrofolate, is
the central acceptor molecule in the one-carbon cycle, a process crucial for purine and
pyrimidine biosynthesis [12]. In clinics, folate supplementation is routinely used to prevent
and treat neural tube defects, megaloblastic anaemia, and cognitive decline [36,37]. As a
cofactor for methylenetetrahydrofolate reductase, folate also contributes to homocysteine
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homeostasis via mediating the re-methylation of homocysteine into methionine and func-
tions as the most important dietary determinant of circulating homocysteine levels [10,11].
In cancer patients, the rapid proliferation of tumour cells uses circulating folate for de novo
purine synthesis. Therefore, it might induce folate shortage and subsequent hyperhomo-
cysteinaemia, especially in the advanced stage of cancers [38,39]. In rodents, folic acid has
been demonstrated to correct hyperhomocysteinaemia as well as hyperhomocysteinaemia-
associated pathogenesis [40–42]. In humans, daily folic acid supplementation of 0.5–5.0 mg
is estimated to produce an approximately 25% decrease in circulating homocysteine lev-
els [12]. However, in contrast to experimental studies, lowering circulating homocysteine
levels by folic acid supplementation is incapable of improving cardiovascular outcomes
in some population-based studies [43–47]. In this study, we showed that folic acid could
inhibit methionine-induced hyperhomocysteinaemia and, especially, its pathogenesis on
doxorubicin-induced cardiotoxicity. Worth mentioning is that in a recent study, folic acid
supplementation is demonstrated to protect against doxorubicin-induced cardiotoxicity
by modulating endothelial nitric oxide synthase phosphorylation and nitric oxide pro-
duction, which subsequently reduce oxidative stress and impairment of mitochondrial
function [48]. In contrast to the current study, such a cardio-protective role of folic acid is
observed without the context of hyperhomocysteinaemia. Although experimental evidence
suggests a cardiac benefit of folic acid, whether folic acid could be used as a preventive
and therapeutic option against doxorubicin-induced cardiotoxicity in cancer survivors still
needs to be confirmed in further explorations.

Although the underlying mechanisms for doxorubicin-induced cardiotoxicity are
multifactorial and not fully elucidated, oxidative stress is one of the major well-established
causes [49]. Most intracellular ROS are generated in the mitochondria, where ROS-
producing enzymes transform doxorubicin to semiquinone [16]. Semiquinones can then
react with oxygen to generate superoxide anions, which can be either transformed into
hydrogen peroxide by superoxide dismutase or transferred to ROS or reactive nitrogen
species [16]. In a subsequent iron-catalyzing Fenton reaction, superoxide anions and
hydrogen peroxide might generate more active and toxic hydroxyl radicals, increasing
intracellular oxidative stress [16]. Notably, cardiomyocytes contain 35–40% more mito-
chondria than other parenchymal cells [16]. The relatively high content of mitochondria in
cardiomyocytes might partially explain the increased susceptibility of cardiomyocytes to
doxorubicin-induced injury [50]. In the current study, we demonstrated that mild hyperho-
mocysteinaemia could exacerbate doxorubicin-induced increase in circulating oxidative
stress levels, as indicated by a further decrease in superoxide dismutase and a further
increase in the lipid peroxidation marker malondialdehyde in hyperhomocysteinemic mice;
hyperhomocysteinaemia also exacerbated doxorubicin-induced increase in cardiac oxida-
tive stress levels, as indicated by a significant increase in cardiac DHE fluorescent intensity
as well as cardiac Nox2 and Nox4 expression. Interestingly, folic acid supplementation, by in-
hibiting the increase in serum homocysteine induced by methionine diet feeding, protected
against the hyperhomocysteinaemia-aggravated increase in both circulating oxidative stress
levels and cardiac oxidative stress injury. Therefore, hyperhomocysteinaemia-aggravated
oxidative stress might at least partially contribute to hyperhomocysteinaemia’s pathogenic
effects on doxorubicin-induced cardiotoxicity.

4. Materials and Methods
4.1. Animals, Diets and Experimental Design

Male C56BL/6J wild-type mice aged 4–5 weeks were purchased from Beijing Vital River
Laboratory (Beijing, China) and housed in individually ventilated cages with free access to diet
and water. Diets used in this study include a normal rodent chow diet, a methionine diet (rodent
chow diet supplemented with 2% (wt/wt) methionine) [27,28], and a methionine diet with addi-
tional folic acid (0.006% wt/wt) supplementation [51,52]. Cardiotoxicity was induced by five
consecutive peritoneal injections of doxorubicin (MedChemExpress, Monmouth Junction,
NJ, USA) at the dosage of 5 mg/kg body weight per week, as previously described [53,54].
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Animal welfare and all experimental procedures were conducted according to the
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised
1996) and approved by the Animal Care and Use Committee of Dalian Medical University
(approval number AEE-21079).

4.2. Serum Biochemical Assay

Blood was collected by retro-orbital bleeding under ketamine-xylazine anaesthesia
(ketamine: 0.2 g/kg body wt, xylazine: 0.01 g/kg body wt; intraperitoneal injection) and
serum was obtained by centrifugation at 4000 rpm for 10 min in 4 ◦C. Serum homocysteine
concentration was determined using a commercial Elisa kit (ml002038; Mlbio, Shanghai,
China), according to the manufacturer’s guidance. Serum superoxide dismutase (SOD)
(BC0175; Solarbio, Beijing, China) and malondialdehyde (MDA) (BC0025; Solarbio, Beijing,
China) concentration was determined using commercial kits from Solarbio, according to
the manufacturer’s guidance.

4.3. Echocardiography

Mice were anaesthetized by 1.5% isoflurane inhalation. Transthoracic echocardiog-
raphy was performed using Vevo 770 Micro-Ultrasound system (Visual Sonics, Toronto,
ON, Canada) as previously described [55]. In brief, after the mouse heart rate stabilised
at 400–500 beats per minute under isoflurane anaesthesia, parasternal long-axis images
were obtained in B-mode, and the scan head was appropriately positioned to identify the
maximum left ventricular length. Then the M-mode cursor was positioned perpendicular
to the maximum left ventricular dimension in end-diastole and systole to obtain short-axis
M-mode images, which were further used for measuring left ventricular wall thickness and
chamber dimensions to calculate ejection fraction (EF) and fractional shortening (FS). Both
EF and FS were averaged from three cardiac cycles.

4.4. Histopathology

Mice were sacrificed by CO2 inhalation and flushed by phosphate buffer saline
through the left ventricle. The entire hearts were removed and weighed. After fixation
in 4% paraformaldehyde solution (Life-iLab, Shanghai, China), hearts were embedded in
paraffin and cross-sectioned at 5 µm thickness. Cardiac gross morphology and fibrosis
were visualised by Hematoxylin and eosin (H&E) staining (G1120; Solarbio, Beijing, China)
and Masson’s trichrome staining (G1340-7; Solarbio, Beijing, China), while cardiomyocyte
size and reactive oxygen species (ROS) levels were visualised by rhodamine-labelled wheat
germ agglutinin (WGA) (1.25 mg/mL; ZD0510, Vector Laboratory, Burlingame, CA, USA)
staining and dihydroethidium (DHE) staining (1 µmol/L; Sigma-Aldrich, St. Louis, MO,
USA) [56], respectively. Quantifications of WGA-stained cardiomyocyte cross-sectional
areas and DHE fluorescent intensity were performed with Image J software (ImageJ1.51j8,
NIH, United States).

4.5. Quantitative Real-Time PCR Analysis

RNA extraction and quantitative real-time PCR were performed as previously de-
scribed [57]. In brief, total RNA was extracted using Tri-reagent (R1100; Solarbio, Beijing,
China) and reverse-transcribed to first-strand complementary DNA with an RT Master
Mix for qPCR (HY-K0501; MedChemExpress, Monmouth Junction, NJ, USA). Amplifica-
tions were performed in 35 cycles using the Applied Biosystems 7500 FAST real-time PCR
system with SYBR Green qPCR reagents (AN19L919; Life-iLab, Shanghai, China). Each
cycle consisted of heating denaturation for 30 s at 94 ◦C, annealing for 30 s at 56 ◦C, and
extension for 30 s at 72 ◦C. All samples were quantitated using the comparative CT method
for relative gene expression quantitation and normalised to β-actin levels. The primers
used in this study are listed in Table 1.
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Table 1. Primers used for quantitative real-time PCR analysis.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

Anf CACAGATCTGATGGATTTCAAGA CCTCATCTTCTACCGGCATC

Bnp GAAGGTGCTGTCCCAGATGA CCAGCAGCTGCATCTTGAAT

Nox2 ACCGGGTTTATGATATTCCACCT GATTTCGACAGACTGGCAAGA

Nox4 CAGATGTTGGGGCTAGGATTG GAGTGTTCGGCACATGGGTA

β-actin ACTGCCGCATCCTCTTCCT TCAACGTCACACTTCATGATGGA

4.6. Statistical Analysis

All data were presented as Mean ± standard error of the mean (SEM). Statistical
comparisons were evaluated by two-way ANOVA followed by Tukey’s test or the Mann–
Whitney U-test for nonparametric data with GraphPad Prism software (Graphpad prism
7.00). A p-value < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, the current study demonstrates for the first time that hyperhomocys-
teinaemia could exacerbate doxorubicin-induced cardiotoxicity in mice, and the pathogenic
effects of hyperhomocysteinaemia might at least partially correlate with increased oxidative
stress and could be prevented by folic acid supplementation. This study provides preliminary
experimental evidence for the assessment of hyperhomocysteinaemia as a potential risk factor
for chemotherapy-induced cardiotoxicity in cancer patients. Further studies are needed to define
the underlying molecular mechanism of hyperhomocysteinaemia’s pathogenesis.
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