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ARTICLE INFO ABSTRACT

Keywords: Accumulating evidence suggests that high serum uric acid (UA) is associated with left ventricular (LV)
Xanthine oxidase dysfunction. Although xanthine oxidase (XO) activation is a critical regulatory mechanism of the terminal step in
Doxorubicin

ATP and purine degradation, the pathophysiological role of cardiac tissue XO in LV dysfunction remains unclear.
We herein investigated the role and functional significance of tissue XO activity in doxorubicin-induced car-
diotoxicity. Either doxorubicin (10 mg/kg) or vehicle was intraperitonially administered in a single injection to
mice. Mice were treated with or without oral XO-inhibitors (febuxostat 3 mg/kg/day or topiroxostat 5 mg/kg/
day) for 8 days starting 24 h before doxorubicin injection. Cardiac tissue XO activity measured by a highly
sensitive assay with liquid chromatography/mass spectrometry and cardiac UA content were significantly
increased in doxorubicin-treated mice at day 7 and dramatically reduced by XO-inhibitors. Accordingly, XO-
inhibitors substantially improved LV ejection fraction (assessed by echocardiography) and LV developed pres-
sure (assessed by ex vivo Langendorff heart perfusion) impaired by doxorubicin administration. This was asso-
ciated with an increase in XO-derived hydrogen peroxide production with concomitant upregulation of apoptotic
and ferroptotic pathways, all of which were reduced by XO-inhibitors. Furthermore, metabolome analyses
revealed enhanced purine metabolism in doxorubicin-treated hearts, and XO-inhibitors suppressed the serial
metabolic reaction of hypoxanthine—xanthine-UA, the paths of ATP and purine degradation. In summary,
doxorubicin administration induces cardiac tissue XO activation associated with impaired LV function. XO-
inhibitors attenuate doxorubicin-induced cardiotoxicity through inhibition of XO-derived oxidative stress and
cell death signals as well as the maintenance of cardiac energy metabolism associated with modulation of the
purine metabolic pathway.

Uric acid
Reactive oxygen species
Purine metabolism

under normal condition, can be converted reversibly to xanthine oxidase

1. Introduction (XO) by oxidation of cysteine residues or irreversibly by limited prote-
olysis under pathological conditions [9-12]. In the process of catalyzing
Increasing evidence indicates that elevated serum uric acid (UA) the oxidation of hypoxanthine to xanthine and xanthine to UA, XDH uses
levels are an independent marker of cardiac dysfunction and oxidative the oxidized form of nicotinamide adenine dinucleotide (NAD") as an
stress in several cardiovascular diseases [1-4]. Indeed, high serum UA electron acceptor and reduces it to nicotinamide adenine dinucleotide
levels predict an increase in morbidity and mortality in patients with (NADH), whereas XO uses molecular oxygen as an electron acceptor and
heart failure [5,6]. We recently reported a close link between high UA reduces it to superoxide anions (O2) and hydrogen peroxide (H202),
levels and left ventricular (LV) dysfunction in patients with cardiovas- which are important sources of reactive oxygen species (ROS) [13-16],
cular diseases, including ischemic heart diseases [7]. leading to cardiac dysfunction through the inhibition of ATP synthesis in
UA is a final oxidation product of the metabolic breakdown of purine the heart [17]. It is therefore possible that the cardiac tissue UA level
nucleotides [8]. Xanthine oxidoreductase (XOR) reaction is the critical might increase in the failing heart as a result of the activation of cardiac
rate-limiting step in adenosine triphosphate (ATP) and purine degra- XO.
dation. Mammalian XOR exists in two inter-convertible forms: xanthine While previous studies have shown the enhanced cardiac XO activity
dehydrogenase (XDH), the native form of the enzyme in the tissues in various experimental models of LV dysfunction [18-23], the
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List of abbreviations

ADP adenosine diphosphate

AMP adenosine monophosphate

ATP adenosine triphosphate

Dox doxorubicin

GPX4 glutathione peroxidase 4

G6P glucose-6-phosphate

Feb febuxostat

FS fractional shortening

HPRT  hypoxanthine guanine phosphoribosyltransferase
LC/MS  liquid chromatography-mass spectrometry
LVDP left ventricular developed pressure
LVEF left ventricular ejection fraction
PPP pentose phosphate pathway

PRPP phosphoribosyl diphosphate

ROS reactive oxygen species

RPP rate pressure product

Topi topiroxostat

R5P ribose 5-phosphate

UA uric acid

X0 xanthine oxidase

expression and enzymatic activity of XO in the heart is generally low
compared to other organs, such as small intestine, liver, lung, and adi-
pose tissues [8,13]. In fact, cardiac XO is not significantly activated in
some experimental models of myocardial injury, although XO-inhibitors
still show substantial cardioprotective effects [24-26]. Therefore, the
pathophysiological role and functional consequence of tissue XO acti-
vation in the failing heart remain incompletely understood.
Doxorubicin (Dox), an anthracycline antibiotic also known as
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adriamycin, is a chemotherapeutic agent widely used for the treatment
of a wide range of malignancies. However, the clinical use of Dox is
limited by its serious drawback of cardiotoxicity. While the mechanisms
underlying Dox-induced cardiotoxicity have been studied extensively
[27-31], the involvement and pathophysiological significance of car-
diac tissue XO activation in Dox-induced cardiac dysfunction remain to
be fully elucidated.

To better understand the role and the functional significance of XO
activity in Dox-induced cardiotoxicity, we investigated whether cardiac
XO was activated in Dox-treated mice and whether XO-inhibitors
ameliorated LV function by inhibiting ROS and cell death signals as
well as by modifying cardiac purine metabolism.

2. Materials and methods
2.1. Animal models

The study design is shown in Fig. 1A. All animal procedures con-
formed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Research Com-
mittee at the Jikei University School of Medicine (2016-038C6). Male
ICR mice at 10-12 weeks of age were fed normal chow (CE-2; CLEA
Japan, Tokyo, Japan) mixed with or without XO-inhibitors; either
febuxostat (Feb, 3 mg/kg/day, SML 1285; Sigma-Aldrich, Tokyo, Japan)
or topiroxostat (Topi, 5 mg/kg/day, CS2033; Chemscene, Monmouth
Junction, NJ, USA), for 8 days. One day after the initiation of the
treatment with or without XO-inhibitors, either Dox (10 mg/kg, D1515;
Sigma) dissolved in saline or an equal volume of saline was administered
intraperitoneally. Mice were randomly assigned to six groups: control
group, Feb-treated group, Topi-treated group, Dox-treated group, Dox-
treated group treated with Feb, and Dox-treated group treated with
Topi. As the dietary intake was decreased during the protocol in Dox-
treated mice (Supplementary Fig. S1), the concentration of Feb and
Topi mixed into the chow was adjusted accordingly in the Dox-treated
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Fig. 1. The effects of Dox on the body and heart weights. (A) A schematic diagram of the experimental protocol. (B) Body weight changes during the protocol
(Control, n = 11; Feb, n = 11; Topi, n = 9; Dox, n = 12; Dox + Feb, n = 11; Dox + Topi, n = 11). Heart weight (C) and lung weight (D) at 7 days after Dox
administration with or without xanthine oxidase (XO) inhibitors treatment ([Heart weight] Control, n = 11; Feb, n = 10; Topi, n = 10; Dox, n = 10; Dox + Feb, n =
10; Dox + Topi, n = 10; [Lung weight] Control, n = 9; Feb, n = 9; Topi, n = 8; Dox, n = 10; Dox + Feb, n = 9; Dox + Topi, n = 8). Data are mean + SEM. ***P <
0.001 and **P < 0.01, Dox vs. Control; 71{P < 0.001 and {{P < 0.01, Dox + Feb vs. Feb; {{i{P < 0.001, }{{P < 0.01 and {P < 0.05, Dox + Topi vs. Topi.
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group in order to equalize the dosage amount of these drugs between
groups.

2.2. XOR activities measurement

The XO activities in various tissues, including the heart, were
measured using the horseradish peroxidase-linked Amplex Red fluo-
rescence assay kit (Molecular Probes, Invitrogen Detection Technolo-
gies) [32], according to the manufacturer’s protocol. In brief, tissues
were homogenized in T-PER Tissue Protein Extraction (Thermo Fisher
Scientific, USA) followed by centrifugation (14,000 g, 10 min, 4 °C). The
resulting supernatant was added to a working solution containing
Amplex Red reagent (100 pM), xanthine (0.2 mM), and horseradish
peroxidase type (0.4 U/ml), incubated at 37 °C for 30 min, and the HyO»
production was measured. Fluorescence readings were made in dupli-
cate in a 96-well plate at Ex/Em = 540/590 nm. The XO activity was
corrected by the protein concentration of the supernatant measured by a
Bradford assay.

Cardiac tissue XOR (XDH-plus-XO) and XO activities were also
measured using liquid chromatography-mass spectrometry (LC/MS) at
day 7 after Dox administration (Fig. 1A). Mice hearts at day 7 were snap-
frozen in liquid nitrogen and stored at —80 °C prior to the analysis. Each
frozen heart was minced with scissors in 4 vol of ice-cold 0.1 M
phosphate-buffered saline (PBS; pH 7.5) containing 10 mM dithio-
threitol, 0.5 mM EDTA-2Na, and protease inhibitor cocktail, and then it
was homogenized with a Teflon pestle. Dithiothreitol was added in order
to inhibit the oxidation of two critical cysteine residues of XDH and the
resultant reversible conversion to XO during the experimental process,
followed by gel filtration to remove excess dithiothreitol [9,11]. Ho-
mogenates were centrifuged at 20,000 g for 20 min at 4 °C to obtain the
supernatant as the cytosolic fraction. The XOR and XO activities were
measured using the method reported by Murase et al. [33] with some
modifications. The cytosol was passed through a Sephadex G-25 column
equilibrated with 20 mM Tris-HCl, 150 mM NaCl buffer (Tris-buffered
saline [TBS]; pH 8.5) to remove any small molecules. At the initiation of
the enzyme reaction, 25 pL of cytosol was added to TBS containing a
final concentration of 400 pM [13C2,15N2] -xanthine and 7.98 pM oxo-
nate (and 500 pM of NAD™ for XOR activity measurement) with an
adjusted total volume of 250 pL. After incubation for 5 min at 37 °C,
10-pL aliquots of the reaction mixture and 190 pL of TBS (20-fold
dilution) were added to 300 pL of ice-cold acetonitrile with 100 pL
methanol containing 4 pM [13C3,15N3]—uric acid (UA) as the internal
standard in order to stop the reaction. After the sample was centrifuged
at 20,000 g for 10 min at 4 °C, the supernatant was filtered with an
ultrafiltration membrane. The [13Cy,'°N,]-UA was quantitated using an
LC (Nexera X2; Shimadzu, Kyoto, Japan)-triple quadrupole mass spec-
trometer (Triple Quad 4500; SCIEX, Framingham, MA, USA). The
cytosolic protein concentration was determined using the BCA protein
assay kit (Takara Bio, Shiga, Japan). The XOR and XO activities were
expressed as [1C,,1°N,]-UA nmol/5 min/mg protein. The XDH activity
was calculated by subtracting XO activity from XOR activity.

2.3. Echocardiography

The mice at day 6 were lightly anesthetized with 0.5%-1.0% iso-
flurane to maintain their heart rate between 500 and 600 bpm and
placed in a supine position on a heating pad to preserve their body
temperature. Echocardiography was performed using a high-resolution
Vevo 3100 system (VisualSonics) equipped with a high-frequency ul-
trasound probe. The 2D M-mode was obtained at the level of the
papillary muscle, and end diastolic thickness of intraventricular septum
(IVSd), left ventricular end-diastolic dimension (LVDd), left ventricular
posterior wall thickness (LVPWd), and left ventricular end systolic
dimension (LVDs) were measured. The fractional shortening (FS) and
ejection fraction (EF) were calculated using the Vevo 3100 software
program (VisualSonics). All measurements were obtained in triplicate
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and averaged.
2.4. Experiments in langendorff hearts

At day 7, the mice were heparinized (1000 IU/kg, intraperitoneally
[i.p.]) and anesthetized (pentobarbital, 60 mg/kg, i. p.) in order to
eliminate suffering. The heart was then rapidly excised, and the aorta
was cannulated onto a Langendorff apparatus, followed by retrograde-
perfusion at a constant pressure (80 mmHg) with modified Krebs-
Henseleit buffer (11 mM glucose, 118 mM NaCl, 4.7 mM KCl, 2.0 mM
CaCl2, 1.2 mM MgS04, 1.2 mM KH2PO4, 25 mM NaHCO3, and 0.5 mM
EDTA), as previously described [34-36]. After stabilization by 10-min
perfusion, the cardiac hemodynamics were measured using a
water-filled balloon catheter introduced into the left ventricle.

2.5. Immunoblotting

Immunoblotting was performed as previously described [35,36] with
mouse monoclonal anti-XO (1:200, #sc-398,548; Santa Cruz Biotech-
nology, CA, USA); rabbit monoclonal anti-Bcl-2 (1:500, #3498; Cell
Signaling Technology, Tokyo, Japan), anti-cleaved-caspase3; (1:500,
#9661; Cell Signaling Technology, Tokyo, Japan), anti-GPX4 (1:20,000,
#ab125066; Abcam, Tokyo, Japan), and anti-GAPDH (1:5000, #2118;
Cell Signaling Technology, Tokyo, Japan); or mouse polyclonal anti-Bax
(1:1000, #2772; Cell Signaling Technology, Tokyo, Japan) and
anti-caspase-3 (1:1000, #9662; Cell Signaling Technology, Tokyo,
Japan). The signals were detected using chemiluminescence.

2.6. Cardiac and plasma UA measurement

Cardiac tissue UA content and plasma UA level were measured at day
7 using a UA assay kit (Sigma) according to the manufacturer’s protocol.
The heart tissue was homogenized in assay buffer and centrifuged
(13,000 g, 10 min, 4 °C). The blood was drawn immediately after the
heart excision and centrifuged (3000 g, 10 min, 4 °C) to collect plasma.
The resulting supernatant extracted from the tissue homogenate or
plasma was mixed with assay buffer containing a UA probe and enzyme
mix at 37 °C for 30 min, protected from light. After incubation, the
absorbance was measured at 570 nm. Tissue cardiac UA concentration
was corrected based on the protein concentration of the supernatant
measured by the Bradford protein assay.

2.7. Cardiac nitrite and nitrate measurement

The mouse hearts at day 7 after Dox administration were washed for
2-3 min by Langendorff apparatus to remove blood cells and frozen in
the liquid nitrogen. The frozen heart tissue was homogenized in T-PER
Tissue Protein Extraction followed by centrifugation (14,000 g, 10 min,
4 °C). The supernatant of heart tissue homogenate was centrifuged
(14,000 g, 30 min, 4 °C) through a 10 kDa molecular mass cut-off filter
(Amicon, Millipore Corporation, Bedford, MA, USA) to remove sub-
stances larger than 10 kDa. The filtrates were analyzed by using a Ni-
trite/Nitrate Assay kit (NKO5, Dojindo, Japan) according to
manufactured protocol. For measuring nitrite concentration, Griess
Reagent A was added to the ultrafiltrate and incubated at room tem-
perature for 5 min. Then, Griess Regent B was added to the mixture and
incubated at room temperature for 10 min. The tissue nitrite concen-
tration was measured with a microplate reader at the absorbance of 540
nm [37]. For measuring nitrate-plus-nitrite concentration, the ultrafil-
trate was mixed with the Nitrate Reductase solution and the Enzyme
Co-factors solution, and incubated at room temperature for 2 h, followed
by the same protocol of nitrite measurement described above. Nitrate
concentration was obtained by subtracting nitrite concentration from
nitrate-plus-nitrite concentration. The nitrite and nitrate concentrations
were corrected by the protein concentration of the supernatant before
ultrafiltration measured by a Bradford assay.
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2.8. DAF-FM DA-derived fluorescence detection in the heart

The fluorescent probe (DAF-FM DA, GORYO chemical, Japan) was
used to measure nitric oxide (NO) production in heart tissue homoge-
nates as previously described [38]. The mice hearts at day 7 after Dox
administration were washed for 2-3 min by Langendorff apparatus to
remove blood cells and frozen in the liquid nitrogen. The frozen heart
tissue was homogenized in 250 mM sucrose and 10 mM Tris-HCl
(pH7.4), and centrifuged (500 g, 10min, 4 °C). The supernatant was
incubated with 500 uM NAD™, 500 pM NADH and 1 mM NADPH using
PBS as a buffer. One hundred fifty pl of the mixed supernatants were
transferred in triplicates to black microplates and DAF-FM DA (10 pM)
was added to each well. Fluorescence readings were made at Ex/Em =
540/590 nm and measured every 60min for 10 h at 37 °C. The average
fluorescence per hour was calculated as NO concentration.

2.9. Metabolite extraction

Mouse hearts at day 7 were washed in PBS (FUJIFILM, Wako Pure
Chemical Corporation) at 4 °C, snap-frozen in liquid nitrogen, and
stored at —80 °C prior to analyses. Approximately 30 mg of frozen tissue
was plunged into 450-600 pL of 50% acetonitrile/MilliQ water con-
taining internal standards (H3304-1002; Human Metabolome technol-
ogies [HMT], Inc., Tsuruoka, Japan) at 0 °C in order to inactivate
enzymes. The tissue was homogenized thrice at 1500 rpm for 2 min
using a tissue homogenizer, and then the homogenate was centrifuged at
2300 g and 4 °C for 5 min. Subsequently, 400 pL of the upper aqueous
layer was centrifugally filtered through a Millipore 5-kDa cut-off filter at
9100 g and 4 °C for 120 min to remove proteins. The filtrate was
centrifugally concentrated and re-suspended in 50 pL of Milli Q water for
the capillary electrophoresis (CE)-MS analysis.

2.10. Metabolome analyses

Metabolome analyses were conducted using the C-SCOPE software
package of HMT using CE-time of flight mass spectrometry (CE-TOFMS)
for the cation analysis and CE-tandem mass spectrometry (CE-MS/MS)
for the anion analysis based on the methods previously described [39,
40]. In brief, the CE-TOFMS analysis was conducted using an Aligent CE
capillary electrophoresis system equipped with an Aligent 6210 time of
flight mass spectrometer (Aligent Technologies, Waldbronn, Germany).
The systems were controlled by the Aligent G2201AA ChemStation
software program, version B.03.01, for CE (Aligent Technologies) and
connected by a fused silica capillary (50-pm inner diameter. x 80-cm
total length) with commercial electrophoresis buffer (H3301-1001 and
13302-1023 for cation and anion analyses, respectively; HMT, Inc.) as
the electrolyte. The spectrometer was scanned from m/z 50 to 1000
[39]. Peaks were extracted using MasterHands automatic integration
software program (Keio University, Tsuruoka Yamagata, Japan) [41]
and MassHunter Quantitative Analysis software program, B.04.00 (Ali-
gent Technologies), in order to obtain peak information, including m/z,
peak area and migration time (MT). Signal peaks were annotated ac-
cording to the HMT metabolite database based on their m/z values with
the MT. The concentrations of metabolite were calculated by normal-
izing the peak area of each metabolite with respect to the area of the
internal standard and using standard curves with three-point calibra-
tions. A hierarchical cluster analysis (HCA) and principal component
analysis (PCA) were performed using HMT Inc.‘s proprietary software
programs, PeakStat and SampleStat, respectively. The metabolic
pathway of the detected metabolites was plotted using Vusualization
and Analysis of Networks containing Experimental Data (VANTED)
software program [42].

2.11. Statistical analyses

The data are presented as the mean + standard error of the mean
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(SEM) of at least three independent experiments. Student’s t-test was
used to compare the means of normally distributed continuous vari-
ables. One-way analysis of variance (ANOVA) followed by Tukey’s post-
hoc test was used for evaluations of the cardiac XO activity, plasma UA
concentrations, echocardiographic data (LVDd, and LVPWd), Langen-
dorff data (left ventricular developed pressure [LVDP], rate pressure
product [RPP], and negative dp/dt), immunoblots, and cardiac tissue
metabolites concentrations. Nonparametric data of cardiac UA content,
echocardiographic data (IVSd, EF, FS, and LVDs), and positive dp/dt
were compared between groups using Mann-Whitney U test when two
groups were compared or Kruskal Wallis test with Dunn’s post-hoc test
when more than two groups were compared. All statistical calculations
were performed using GraphPad Prism 8. A value of P < 0.05 was
considered to be significant.

3. Results
3.1. Effects of Dox on body weight and heart weight

The body weight was significantly decreased in Dox-treated mice,
regardless of the treatment with XO-inhibitors (Fig. 1B). This was mainly
due to a decrease in dietary intake observed in Dox-treated subjects
(Supplementary Fig. S1). Correspondingly, the heart weight was also
decreased in Dox-treated mice (Fig. 1C), while the lung weight was
comparable between the groups (Fig. 1D), indicating that a single in-
jection of Dox (10 mg/kg) did not induce pulmonary congestion at day 7
in the present study.

3.2. Effects of Dox administration on the cardiac tissue XO activity

We first measured the XO enzymatic activities in various tissues of
male ICR mice by Amplex Red fluorescence assay using xanthine as a
substrate in order to assess the tissue distribution of XO activity. Under
basal conditions, the XO activity was high in the small intestine, kidney,
and liver but relatively low in the heart (Fig. 2A), consistent with the
findings of a previous study [8]. This fluorescence assay actually detects
tissue HO2 production levels induced by XO activation, namely,
measuring tissue XO-derived ROS levels. We found that XO-derived
Hy0, levels were significantly increased in Dox-treated heart, which
was substantially reduced by the treatment with XO-inhibitors (Fig. 2B).
Based on these findings, cardiac tissue XO activity was measured more
directly by a recently developed highly sensitive assay with liquid
chromatography-mass  spectrometry  (LC/MS)  using  stable
isotope-labeled xanthine [33]. Cardiac XO activity was significantly
increased in Dox-treated mice compared to vehicle-treated controls
(4.21 + 0.26 nmol/5 min/mg protein vs. 2.86 + 0.15 nmol/5 min/mg
protein, P < 0.001, Fig. 2C), which was consistent with the results ob-
tained using Amplex Red assay (Fig. 2B). Of note, XO-inhibitors signif-
icantly reduced cardiac XO activity, even in the vehicle-treated subjects
([Feb] 1.9 + 0.22 nmol/5 min/mg protein; [Topi] 1.28 + 0.21 nmol/5
min/mg protein, P < 0.05, and P < 0.001 vs. Control, respectively), and
more substantial reduction of XO activity was observed in the
Dox-treated subjects ([Feb] 2.31 + 0.18 nmol/5 min/mg protein; [Topi]
1.40 + 0.15 nmol/5 min/mg protein, P < 0.001 vs. Dox alone, Fig. 2C).
The protein expression of XO was comparable between Dox-treated and
control hearts (Fig. 2D). Furthermore, cardiac UA content was signifi-
cantly increased in Dox-treated mice compared to vehicle-treated con-
trols (5.31 + 0.38 mg/g protein vs. 3.86 + 0.22 mg/g protein, P < 0.05,
Fig. 2E) and reduced by XO-inhibitors ([Feb] 2.30 + 0.12 mg/g protein;
[Topi] 1.86 + 0.08 mg/g protein, P < 0.01 vs. Dox alone, Fig. 2E).
Likewise, plasma UA level was significantly increased in Dox-treated
mice compared to controls (4.45 &+ 0.44 mg/dl vs. 3.27 + 0.22 mg/dl,
P < 0.05, Fig. 2F) and reduced by XO-inhibitors although the difference
between Feb and Dox alone was not significant ([Feb] 3.29 + 0.23
mg/dl; [Topi] 2.69 + 0.33 mg/dl, P = 0.053, and P < 0.01 vs. Dox alone,
respectively, Fig. 2F). XDH is an equivalent producer of UA and it needs
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Fig. 2. The cardiac XO activity is increased in Dox-treated mice. (A) Various tissue XO activities measured by the Amplex Red assay (n = 5 each). (B) Cardiac XO
activity (H202 production using xanthine as a substrate) normalized to vehicle-treated control at 7 days after Dox administration as measured by Amplex Red assay
(Control, n = 9; Dox, n = 8; Dox + Feb, n = 3; Dox + Topi, n = 3). (C) The cardiac XO activity was increased at 7 days after Dox administration and reduced by XO-
inhibitors, as measured by LC/MS (Control, n = 11; Feb, n = 8; Topi, n = 8; Dox, n = 11; Dox + Feb, n = 8; Dox + Topi, n = 9). (D) The protein expression of cardiac
XO after vehicle or Dox administration (n = 5 each). The UA content in the heart (E) and plasma UA concentrations (F) were increased at 7 days after Dox
administration ([Cardiac UA] Control, n = 6; Feb, n = 3; Topi, n = 3; Dox, n = 6; Dox + Feb, n = 4; Dox + Topi, n = 3; [Plasma UA] Control, n = 10; Feb, n = 9; Topi,
n = 8; Dox, n = 11; Dox + Feb, n = 10; Dox + Topi, n = 10). Data are mean + SEM. ***P < 0.001, **P < 0.01, and *P < 0.05 between indicated groups. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

to be considered. We found that cardiac tissue XDH activity was
significantly increased in Dox-treated mice compared to vehicle-treated
controls and XO-inhibitors significantly reduced cardiac XDH activity
(Supplementary Fig. S2A). However, the ratio of XDH to XO in cardiac
tissue was not markedly different between the groups, indicating that
Dox treatment does not significantly affect the posttranslational con-
version of XDH to XO in the cardiac tissue, at least in the present model
(Supplementary Fig. S2B).

3.3. Effects of Dox administration and XO-inhibitors on the nitrate-nitrite-
NO pathway in the heart

Recent studies have reported that XO is also a major nitrate to nitrite
and nitrite to NO reductase, particularly under certain conditions, such
as ischemia or conditions associated with compromised endothelial NO
synthase (eNOS) [38,43]. We therefore also assessed the cardiac tissue
levels of nitrate, nitrite, and NO (Supplementary Fig. S3). The levels of
cardiac nitrate and nitrite were comparable between the groups (Sup-
plementary Figs. S3A-S3B). The ratio of nitrite to nitrate, which in-
dicates the activity of nitrate reduction to nitrite, tended to be higher in
Dox-treated hearts than in vehicle-treated controls but not to a signifi-
cant degree (0.340 + 0.166 vs. 0.077 + 0.029, P = 0.10), and
XO-inhibitors did not significantly affect this ratio (Supplementary
Fig. S3C). On the other hand, the cardiac tissue NO content was not
increased in Dox-treated mice ([Dox] 32.3 & 0.7 RFU/hour vs. [Control]
29.1 £+ 1.5 RFU/hour, P = 0.16), but it was reduced by XO-inhibitors,
although the difference between Topi and Dox alone was not
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significant ([Dox Feb] 25.8 + 0.7 RFU/hour; [Dox Topi] 27.0 + 1.6
RFU/hour, P < 0.05, and P = 0.09 vs. Dox alone, respectively, Supple-
mentary Fig. S3D). These inconsistent data suggest that tissue XO acti-
vation in Dox-treated heart may influence the cardiac nitrate-nitrite-NO
pathway, but its impact is not significant, at least in the present exper-
imental model.

3.4. Effects of XO-inhibitors on Dox-induced cardiac dysfunction

To test the functional significance of the Dox-induced tissue XO
activation in the heart, we assessed the cardiac function by echocardi-
ography at day 6 (Fig. 3A-B and Online Videos) and by ex vivo Lan-
gendorff heart perfusion model at day 7 (Fig. 3C-E and Supplementary
Fig. S4) after Dox administration.

LVEF and FS as assessed by echocardiography were markedly
impaired in Dox-treated mice compared with vehicle-treated mice
(Fig. 3A-B, Supplementary Table S1, and Online Videos). Treatment
with either Feb or Topi resulted in a substantial improvement in both
LVEF and FS. LVDs was significantly larger in Dox-treated mice than in
vehicle-treated mice but significantly reduced after Topi treatment, and
non-significant trend toward decrease after Feb treatment (P = 0.053),
while LVDd was comparable between the groups.

To eliminate systemic influences from neurohumoral input as well as
the effects of circulating hematopoietic cells, the cardiac function was
also measured using an isolated Langendorff heart perfusion system
[34-36]. Consistent with the echocardiographic data, LV developed
pressure (LVDP), rate pressure product (RPP) (LVDP x heart rate, to
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Fig. 3. XO-inhibitors attenuate Dox-induced
cardiac dysfunction as assessed by echocar-
diography and ex vivo Langendorff heart
perfusion model. (A) Representative M-
mode echocardiograms obtained from
vehicle- or Dox-treated mice with or without
XO-inhibitors treatment. (B) XO-inhibitors
improved cardiac function at 6 days after
Dox administration, as indicated by EF and
FS (Control, n = 8; Feb, n = 8; Topi, n = 8;

Dox, n = 9; Dox + Feb, n = 8; Dox + Topi, n
= 8). LVDP (C), RPP (D), positive and
negative dp/dt (E) in vehicle- and Dox-
treated mice hearts with or without XO-
inhibitors treatment as assessed by ex vivo
heart perfusion (Control, n = 9; Feb, n = 8;

n
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assess the impact of the heart rate on the cardiac function), maximum
rate of contraction/relaxation (+dp/dt), and coronary flow as assessed
by ex vivo Langendorff heart perfusion were markedly impaired in
Dox-treated mice compared to vehicle-treated mice (Fig. 3C-E, Sup-
plementary Table S2 and Fig. S4). Treatment with either Feb or Topi
resulted in a substantial improvement in all of these hemodynamic
parameters.

3.5. Roles of apoptosis and ferroptosis in the effects of XO-inhibitors on
Dox-induced cardiotoxicity

We next examined the possible involvement of the apoptotic
pathway in the present model and found that Dox consistently induced
apoptosis in the heart, as indicated by an increase in cleaved-caspase 3
and Bax levels and a decrease in Bcl-2 levels (Fig. 4A). Feb decreased the
cleaved-caspase 3 levels and increased the Bcl-2 levels, while Topi
decreased the Bax levels and tended to increase Bcl-2 levels (P = 0.08),
suggesting that XO-inhibitors have anti-apoptotic effects with some
variations.

A recent study indicated that ferroptosis plays an important role in
Dox-induced cardiotoxicity [31]. Glutathione peroxidase 4 (GPX4) is an
important antioxidant enzyme, and the disturbance of the
GPX4-mediated redox balance is one of the defining characteristics of
ferroptosis [44,45]. Thus, we also examined the expression of GPX-4 in
the heart after Dox administration. GPX4 expression was significantly
decreased in Dox-treated hearts but ameliorated by XO-inhibitors
(Fig. 4B), indicating that anti-ferroptotic effects of XO-inhibitors might
be partly involved in the present model of Dox-induced cardiotoxicity.

3.6. Cardiac metabolomes after Dox administration with or without XO-
inhibitors treatment

We next measured the metabolites in the hearts in order to examine
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the effects of Dox on purine metabolism (Fig. 5 and Supplementary
Fig. S5). Adenosine triphosphate (ATP), the ratio of ATP to adenosine
diphosphate (ADP), and the adenylate energy charge tended to be
decreased in Dox-treated mice but attenuated by XO-inhibitors,
although the differences did not reach statistical significance due to
the low number of subjects (Fig. 5 and Supplementary Figs. S5D-E).
These data indicate that cellular energy metabolism is inhibited in the
Dox-treated heart, and XO-inhibitors recover this inhibition. On the
other hand, the major substrates in the pentose phosphate pathway
(PPP), such as xyrulose-5-phosphate, ribose-5 phosphate, and ribose 1-
phosphate, tended to be increased in Dox-treated mice but reduced by
XO-inhibitors. Furthermore, the ratio of glucose 6- phosphate (G6P) to
ribose 5-phosphate (R5P) trended lower in Dox-treated mice than in
vehicle-treated mice, and XO inhibitors tended to increase this ratio
(Supplementary Fig. S5F). These results indicate that PPP might be
upregulated in Dox-treated hearts and inhibited by XO-inhibitors.

Metabolites from ATP degradation and PPP are ultimately converted
to hypoxanthine, xanthine, and UA. Indeed, the hypoxanthine level in
Dox-treated mice treated with XO-inhibitors was significantly higher
than that in Dox-treated mice without XO inhibition, reflecting the fact
that XO-inhibitors inhibit the conversion from hypoxanthine to xanthine
and xanthine to UA in the heart. Accordingly, the cardiac UA level was
non-significantly increased in Dox-treated mice but significantly
decreased by XO-inhibitors, which was consistent with the findings of
the direct measurement of UA content, shown in Fig. 2E.

Glycolysis in Dox-treated hearts tended to be impaired compared to
vehicle-treated controls at the level of flux from fructose 6-phosphate
(F6P) to fructose 1,6-diphosphate (F1,6P) (Supplementary Fig. S5J),
which is the parameter of glycolysis in the heart [46]. Furthermore, the
amounts of total tricarboxylic acid (TCA) cycle metabolites trended
lower in Dox-treated hearts than in the controls (Supplementary
Fig. S5K). Concomitantly, the levels of oxidized nicotinamide adenine
dinucleotide (NADH), which is mainly generated from glycolysis and
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Fig. 4. Dox-induced apoptosis and ferroptosis in the heart are ameliorated by XO-inhibitors. (A) Representative immunoblots of the indicated apoptosis markers from
cardiac lysates at 2 days after Dox administration with or without XO-inhibitor treatment are shown. ([c-caspase3] Control, n = 10; Feb, n = 8; Topi, n = 8; Dox, n =
10; Dox + Feb, n = 10; Dox + Topi, n = 10; [Bax] and [Bcl-2] Control, n = 10; Feb, n = 10; Topi, n = 10; Dox, n = 10; Dox + Feb, n = 10; Dox + Topi, n = 9). (B)
Representative immunoblots of GPX4 from cardiac lysates at 2 days after Dox administration with or without XO-inhibitors treatment are shown (n = 6 each).
GAPDH immunoblotting is shown as a loading control. Dot-whisker plots indicate densitometric quantitation normalized to vehicle-treated control without XO-
inhibitors treatment. Data are mean + SEM. ***P < 0.001, **P < 0.01, *P < 0.05, and {{P < 0.01 between indicated groups.
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Fig. 5. Summary of changes in the cardiac tissue metabolomic profile as a function of Dox administration with or without XO-inhibitors treatment. The cardiac tissue
metabolite concentrations in the purine metabolism pathway and pentose phosphate pathway at 7 days after Dox administration with or without XO-inhibitors
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thosine monophosphate.

TCA cycle, as well as the NADH/NAD™ ratio tended to be decreased in
Dox-treated hearts (Supplementary Figs. SSA-C). These results indicate
that Dox impairs glycolysis, TCA cycle, and ATP synthesis in the heart
with the concomitant upregulation of PPP, leading to enhanced purine
metabolism through XO activation. XO-inhibitors subsequently block
the serial metabolic reaction of hypoxanthine-xanthine-UA, which may
ultimately result in preserving the cardiac tissue ATP levels by inhibiting
its degradation, in addition to exerting their antioxidative effects shown
in Fig. 2B (Graphical Abstract).

4. Discussion

The major findings of the present study are that Dox induces cardiac
tissue XO activation and increases the UA content, which is associated
with an impaired LV function. Treatment with XO-inhibitors substan-
tially reduces cardiac tissue XO activity and decreases UA content,
leading to a significant improvement in the LV function in the Dox-
treated heart. The potential underlying mechanisms are as follows: (1)
XO-inhibitors substantially reduced XO-derived HyO2 production with
concomitant downregulation of apoptotic and ferroptotic signaling
pathways in the Dox-treated heart; and (2) XO-inhibitors conserve the
cardiac tissue energy metabolism associated with modulation of the
purine metabolic pathway.

In the present study using a recently developed highly sensitive assay
with LC/MS [33], we clearly detected the tissue XO activity in the heart,
although it was not very high compared to the activity in other organs,
such as small intestine and liver. It is thus surprising that XO-inhibitors
significantly improved the cardiac function by suppressing even a slight
increase in the cardiac tissue XO activity induced by Dox administration.
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These findings suggest the following interpretations concerning tissue
XO activation in the heart: First, the degree of tissue XO activation in the
heart is likely to be more variable than that in other organs. Second,
local tissue XO activation may play a less significant role in damage to
other organs than in cardiac damage. In the heart, even a small increase
in XO activation may directly induce significant myocardial damage.
Therefore, the effects of XO-inhibitors on local tissue damage are likely
to be more prominent in the heart than in other organs due to the
naturally low XO activity. In other words, XO-inhibitors may exert a
more significant and substantial impact on the heart than on other or-
gans. Indeed, increasing evidence from both experimental [15,16,19,
21-24,26,47] and clinical [25,48-50] studies suggests a critical role for
XO-inhibitors in various models of heart failure, despite inconsistent
findings concerning the cardiac XO activation levels.

XDH is an equivalent producer of UA, and cardiac XDH activity
showed a similar trend to cardiac XO activity in the present study
(Supplementary Fig. S2A). The XDH/XO ratio is reported to be
approximately 5-7 in vivo [11,12], which is consistent with the present
findings, suggesting that the present data on XDH and XO activities
measured by LC/MS accurately reflect the in vivo physiological XOR
kinetics. Given that Dox treatment did not facilitate the conversion be-
tween XDH and XO (Supplementary Fig. S2B) or NADH production
(Supplementary Fig. S5A) but did increase the tissue HyO5 levels
(Fig. 2B), the Dox-induced cardiotoxicity observed in the present study
is most likely due to tissue XO activation per se rather than XDH acti-
vation. Meanwhile, XO concomitantly produces superoxide anion,
which is also produced by NADH/NADPH oxidase and uncoupled eNOS
[51]. Further studies are therefore warranted to determine whether or
not tissue superoxide anion is increased in the present Dox-induced
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cardiotoxicity model and to fully delineate the role of XO activation as
well as the other two enzymes.

While XO is generally recognized as a source of ROS, XOR has been
suggested to mediate NO formation via the reduction of nitrate and ni-
trite, conferring cardioprotection in various cardiovascular diseases [38,
43,52]. However, the results of the present study investigating
XOR-dependent activation of nitrate-nitrite-NO pathway in Dox-treated
heart were inconsistent and didn’t show significant differences between
the groups (Supplementary Figs. S3C-D). Taken together with the
negative findings on a switch of XOR formation as described above, the
nitrate-nitrite-NO pathway might be partly involved in the current
Dox-induced cardiotoxicity model, albeit without a substantial impact.
As this pathway has been shown to act as a compensatory mechanism
under conditions in which the eNOS activity is compromised [38], and
given reports that Dox induces endothelial damage in the heart [53],
further research is warranted to explore the pathophysiological signifi-
cance of the nitrate-nitrite-NO pathway in Dox-induced cardiotoxicity
with different protocols.

We previously reported in a clinical study that a high UA level is
causally related to LV dysfunction and vice versa, suggesting that there
is a possible cause-and-effect linkage between these factors [7]. Based on
these clinical findings, the proposed mechanisms underlying the close
linkage between the upregulation of the cardiac tissue XO activity and
the corresponding increase in the cardiac tissue UA content and the
impaired LV function in the Dox-treated heart is as follows (Graphical
Abstract): ATP produced in the mitochondria is transferred to myofibrils
through a creatine kinase energy shuttle (Cr-shuttle) and used by the
contractile mechanism to form ADP [54]; under conditions of ATP
dissipation and reduced Cr-shuttle, such as heart failure [55], the
metabolic turnover of the purine metabolism is increased, and the
breakdown paths below ADP are activated, eventually reaching the
breakdown endpoint of UA via XO activation [17,54]. With this mech-
anism, the elevated tissue UA levels in the Dox-treated hearts are likely
to be due to upregulated cardiac XO activity, which induces oxidative
stress [56], leading to Cr-shuttle inhibition (vicious cycle formation)
[54]. Likewise, the increased UA levels in both cardiac tissue and plasma
(thought to be partly secreted from the failing heart [3]) of Dox-treated
mice per se may also induce ROS generation. Inhibition of cardiac XO
would thus in turn reduce cytosolic ROS, which enhances ATP formation
via Cr-shuttle, thereby providing energy for contraction under condi-
tions of Dox-induced LV dysfunction, as demonstrated in a recent study
showing that XO-inhibitors accelerated Cr-shuttle [17]. Furthermore,
the metabolome analyses in the present study indicated the accelerated
above-described purine metabolism with concomitant enhanced PPP in
Dox-treated hearts and showed that XO-inhibitors block the paths of
ATP degradation. Likewise, hypoxanthine was accumulated in
XO-inhibitors-treated hearts, and thus it is possible that XO-inhibitors
facilitate the conversion from hypoxanthine to inosine monophosphate
(IMP) by hypoxanthine phosphoribosyltransferase (HPRT), namely,
purine salvage pathway, as previously reported in the heart and kidney
[29,57,58]. Taken together, the present findings suggest that
XO-inhibitors ameliorate Dox-induced cardiac dysfunction by
conserving the cardiac tissue ATP content via accelerating ATP supply
and reducing ATP degradation pathway.

The previous studies by Radi and Parks et al. demonstrated the anti-
oxidant role of UA by inhibiting XO at physiological levels in plasma
[10,59]. It is possible that this negative feedback also occurred in the
present study model, although UA plays opposite roles between organ
tissue and plasma, functioning as a pro-oxidant in the intracellular
environment but an anti-oxidant in the extracellular environment. Based
on the present findings that the cardiac tissue XO activity and UA con-
tent levels changed in parallel (observed both in direct measurements
[Fig. 2E] and metabolome analyses [Fig. 5]), it is unlikely that UA in-
hibits XO in the heart of the present model. Meanwhile, it is also possible
that XO activation by Dox-treatment may overwhelm UA-mediated XO
inhibition. Further studies using other anti-hyperuricemic agents, such
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as urate reabsorption inhibitors, will help elucidate the direct effects of
UA levels on the tissue XO activity.

Only a limited number of studies have shown the potential role of XO
activation in Dox-induced cardiotoxicity [47]. Although the major
mechanism for Dox-induced cardiotoxicity remains controversial, ROS
plays a critical role at any rate [27-29,60], and in fact, the present study
suggests that XO-derived HyO0y production is significantly involved
(Fig. 2B). Likewise, increasing evidence indicates that increased fer-
roptosis [31], which is programmed iron-dependent cell death [44], as
well as mitochondrial iron accumulation [30] are also deeply involved.
We found that GPX4 expression, a negative regulator of ferroptosis [45],
was decreased in Dox-treated hearts but improved by XO-inhibitors,
indicating that XO-inhibitors attenuate Dox-induced ferroptosis in the
heart, although the precise mechanisms by which cardiac XO upregu-
lates the ferroptotic pathway remain unknown. We also found that the
apoptotic pathway is upregulated in Dox-treated hearts by investigating
the expression of cleaved-caspase 3, Bcl-2, and Bax, consistent with a
series of previous studies [47], and attenuated by XO-inhibitors with
some variations. XO-inhibitors thus attenuate Dox-induced cardiotox-
icity by suppressing various cell-death pathways, presumably through
the antioxidative effects. Further studies are also warranted to fully
delineate the mechanisms by which Dox induces tissue XO activation in
the heart.

Several limitations associated with the present study warrant
mention. First, we examined a model of acute Dox-induced cardiac
dysfunction, so the pathogenesis and changes in the energy metabolism
might differ from those in chronic Dox-treated models (that actually
have a higher mortality with concomitant serious peritonitis during
experimental protocol by our hand). Second, given that XO is also
expressed and activated in endothelial cells, future studies should
investigate the effects of XO-inhibitors on Dox-induced myocardial
injury in vitro cardiomyocytes, although a considerable number of cells
will be required to measure the myocardial XO activity using the highly
sensitive LC/MS assay. Third, a multidirectional approach is required for
the assessment of ferroptosis, although a definitive methodology for the
detection of ferroptosis has not yet been established. Finally, the sample
size in the metabolome analysis was too small to determine statistical
significance between groups. Future investigations should directly
measure the metabolites of interest as well as the enzymatic activity that
catalyzes the reaction.

5. Conclusion

Our data demonstrate that the tissue XO activity as well as UA
content are increased in the Dox-treated heart, which is associated with
an impaired cardiac function. XO-inhibitors reduce the cardiac tissue XO
activity and UA content and improve cardiac function in the Dox-treated
heart. These findings are partly explained by the inhibition of XO-
derived oxidative stress and cell death signals as well as the mainte-
nance of cardiac energy metabolism associated with modulation of the
purine metabolic pathway in the subjects treated with XO-inhibitors.
The present study suggests that pharmacological XO inhibition repre-
sents a potential therapeutic strategy for the treatment of Dox-induced
cardiotoxicity.
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