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ARTICLE INFO ABSTRACT
Keywords: Background: We previously reported that upregulated AMP deaminase (AMPD) contributes to diastolic ventric-
AMP deaminase ular dysfunction via depletion of the adenine nucleotide pool in a rat model of type 2 diabetes (T2DM), Otsuka

Xanthine oxidoreductase
Diabetic cardiomyopathy
Heart failure
Mitochondria

Long-Evans-Tokushima Fatty rats (OLETF). Meanwhile, AMPD promotes the formation of substrates of xanthine
oxidoreductase (XOR), which produces ROS as a byproduct. Here, we tested the hypothesis that a functional link
between upregulated AMPD and XOR is involved in ventricular dysfunction in T2DM rats.

Methods and results: Pressure-volume loop analysis revealed that pressure overloading by phenylephrine infusion
induced severer left ventricular diastolic dysfunction (tau: 14.7 + 0.8 vs 12.5 + 0.7 msec, left ventricular end-
diastolic pressure: 18.3 + 1.5 vs 12.2 + 1.3 mmHg, p < 0.05) and ventricular-arterial uncoupling in OLETF than
in LETO, non-diabetic rats, though the baseline parameters were comparable in the two groups. While the
pressure overload did not affect AMPD activity, it increased XOR activity both in OLETF and LETO, with OLETF
showing significantly higher XOR activity than that in LETO (347.2 + 17.9 vs 243.2 £+ 6.1 pg/min/mg). Under
the condition of pressure overload, myocardial ATP level was lower, and levels of xanthine and uric acid were
higher in OLETF than in LETO. Addition of exogenous inosine, a product of AMP deamination, to the heart
homogenates augmented XOR activity. OLETF showed 68% higher tissue ROS levels and 47% reduction in
mitochondrial state 3 respiration compared with those in LETO. Overexpression of AMPD3 in H9c2 cells elevated
levels of hypoxanthine and ROS and reduced the level of ATP. Inhibition of XOR suppressed the production of
tissue ROS and mitochondrial dysfunction and improved ventricular function under the condition of pressure
overload in OLETF.

Conclusions: The results suggest that increases in the activity of XOR and the formation of XOR substrates by
upregulated AMPD contribute to ROS-mediated diastolic ventricular dysfunction at the time of increased cardiac
workload in diabetic hearts.

1. Introduction study revealed that the risk of hospitalization for heart failure in patients
with type 2 diabetes was higher than that in non-diabetic subjects

Diabetic cardiomyopathy is defined as cardiac dysfunction encom- despite good control of other cardiovascular risk factors, while the in-
passing structural, functional and metabolic changes in the absence of crease in risk of myocardial infarction was negligible in those patients
coronary artery disease and hypertension [1,2]. A large population [3]. It has been reported that diastolic dysfunction precedes systolic
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dysfunction in patients with diabetic cardiomyopathy [1] and diastolic
dysfunction appears to predict cardiovascular mortality in type 2 dia-
betic patients, even in those without clinically manifest heart failure at
rest [4]. Thus, treatment for diastolic dysfunction in diabetic patients
would be of clinical importance, though no specific therapy is currently
available for this disorder.

We recently reported that upregulation of AMP deaminase (AMPD)
activity by reduced micro RNA (miR)-301b is one of the mechanisms
underlying augmentation of diastolic dysfunction at the time of pressure
overload in diabetic hearts [5,6]. AMPD activity was 2.5-fold higher in
Otsuka Long-Evans-Tokushima fatty rats (OLETF), an established model
of type 2 diabetes (T2DM) [5,6], than in LETO, non-diabetic control rats,
and the upregulated AMPD activity was associated with an increase in
the level of IMP and decreases in the levels of adenine nucleotide pool
and ATP during ventricular pressure overloading [5]. Overexpression of
flag-AMPD3, an exclusively dominant isoform in rats, resulted in
reduction of ATP level in cardiomyocytes, indicating a causal relation-
ship between increased AMPD activity and ATP depletion [6]. However,
roles of increased IMP and inosine nucleosides by AMPD upregulation in
diabetic cardiomyopathy have not been examined.

In the present study, we hypothesized that upregulated AMPD aug-
ments the pathological role of xanthine oxidoreductase (XOR), via in-
creases in both XOR activity and formation of its substrates, in diabetic
cardiomyopathy. The rationale for the hypothesis is three-fold. First,
while XOR is synthesized in its constitutively active dehydrogenase
form, it can be converted through sulfhydryl group oxidation or limited
proteolysis to xanthine oxidase, a form that produces cytotoxic reactive
oxygen species (ROS) [7,8]. Experimental studies using animal heart
failure models demonstrated that administration of XOR inhibitors
improved mechano-energetic coupling and left ventricular (LV) func-
tion, attenuated LV remodeling and promoted survival [9-12]. Notably,
the magnitude of functional improvement with XOR inhibitors depends
on the initial level of XOR activity [10], indicating that XOR inhibitors
would be particularly effective in hearts with high XOR activity.
Furthermore, some observational studies and meta-analyses showed
that elevated serum uric acid level is an independent predictor of poor
cardiac function and high mortality in patients with heart failure
[13,14]. Second, our previous study showed that upregulated activity of
AMPD in type 2 diabetic hearts results in elevation of the levels of IMP,
inosine and xanthine, substrates of XOR, in the LV myocardium under
the condition of pressure overload [5]. Third, increase in XOR activity
under diabetic conditions has been reported in non-cardiac tissues
[15-18]. We tested our hypothesis by using OLETF as a model of T2DM
as in previous studies [5,6,19,20] since it has been shown that OLETF
have many similarities to T2DM patients in terms of metabolic and
cardiovascular phenotypes [1,5,21,22,23].

2. Methods

The methods used in this study are described in detail in Electronic
Supplementary Material, Supplementary Methods. This study was con-
ducted in strict accordance with the Guide for the Care and Use of
Laboratory Animals published by National Research Council of the Na-
tional Academies, USA (2011) and was approved by the Animal Use
Committee of Sapporo Medical University.

2.1. Animal models

We used male OLETF and their non-diabetic controls, Long-Evans-
Tokushima Fatty rats (LETO), at the age of 29-35 weeks in this study.
The rats were maintained in a 14 h/10 h light-dark cycle temperature-
controlled room (22 + 1 °C) with free access to water and a standard
rodent chow (CRF-1, Charles River Laboratories, Japan) or CRF-1 con-
taining 0.5 mg/kg day ! of topiroxostat (Sanwa Kagaku Kenkyusho,
Japan) for 2 weeks prior to experiments.

22

Journal of Molecular and Cellular Cardiology 154 (2021) 21-31
2.2. Measurement of hemodynamics

Rats were anesthetized with isoflurane (2.5%) with supplemental
oxygen (1 L / minute), intubated and ventilated by a rodent respirator
(model 683, Harvard Apparatus, South Natick, MA). Cardiac function
was analyzed using a catheter-tip manometer (Miller Instruments,
Houston, TX) and a conductance catheter (Unique Medical, Tokyo,
Japan) inserted into the LV cavity through the right carotid artery. In-
tegral 3 (Unique Medical) was used to store data from the tip-
manometer and to calculate systolic and diastolic functional parame-
ters. The left ventricular (LV) pressure-volume relationship (PVR) was
determined as previously reported [5]. Hemodynamic data were ob-
tained at baseline and 3 min after LV end-systolic pressure (LVESP) had
been elevated to 200 mmHg by gradual titration of continuous infusion
of phenylephrine. These hemodynamic analyses were performed blindly
in OLETF and LETO that were randomly assigned to a pretreatment with
(n=9 and n = 8, respectively) or without (n = 9 and n = 7, respectively)
per oral administration of topiroxostat.

2.3. Measurement of AMP deaminase (AMPD) activity

AMPD activity in the heart tissue was measured as previously
described [5,6].

2.4. Measurements of purine metabolites, XOR activity and activity of
hypoxanthine phosphoribosyl transferase (HPRT)

ATP content in the myocardium was measured using an ATP color-
imetric/fluorometric assay kit (BioVision Inc., Milpitas, CA). Left ven-
tricular tissues were homogenized in phosphate buffered saline (pH 7.4)
containing protease inhibitor cocktail (Roche, Basel, Switzerland) and
centrifuged at 20,000g for 20 min at 4 °C. For the determination of
purine bases, these homogenates or plasma were added to methanol
containing [*3C,, 5N, ]-xanthine, [13C3,15N]-hypoxanthine and
[13C2,15N2]—UA as internal standards. The resulting suspensions were
centrifuged at 3000 g for 15 min at 4 °C. The supernatants were 5-fold
diluted with distilled water and filtered through an ultrafiltration
membrane (AcroPrep Advance Filter Plate for Ultrafiltration, Omega 3 K
MWCO, PALL), and purine bases were measured using liquid chroma-
tography/triple quadrupole mass spectrometry (LC/TQMS, Nexera/
QTRAP4500, SHIMADZU/SCIEX). Activity of XOR was measured by the
method described previously [26,27] with slight modification. In brief,
the heart homogenates, kidney homogenates or plasma were added to a
mixture containing [13C2,15N2]-xanthine (0.667 pmol/1), NAD" (0.133
pmol/1), and oxonate (0.013 mmol/1) in 20 mmol/1 Tris buffer (pH 8.5)
and were incubated at 37 °C for 30 min. Methanol containing *3c,,
15N2]-UA was added to the mixture, and then the mixture was centri-
fuged at 3000 g for 15 min at 4 °C. The supernatants were dried using a
centrifugal evaporator, and the precipitates were reconstituted with
150 plL distilled water. The amounts of [*3Cy,5N,]-UA production were
measured using LC/TQMS (Nexera/QTRAP4500, SHIMADZU/SCIEX),
and activity of XOR was expressed as [*3Cy, SNy]-UA nmol/min/mg
protein.

Enzyme activity of HPRT in the myocardium was measured using
PicoProbe™ Hypoxanthine Phosphoribosyl Transferase Activity Assay
Kit (BioVision).

2.5. Measurement of oxidative stress

As indices of oxidative stress, areas stained with anti-4-
hydroxynonenal (4-HNE) antibody in ventricular sections, tissue levels
of malondialdehyde (MDA) and 4-HNE, and tissue level of proteins
carbonylation were determined by using methods described in Supple-
mentary Methods. Tissue level of advanced glycation end-products
(AGE) that reportedly regulates ROS was also determined by using
OxiSelect Advanced Glycation End Product Competitive ELISA Kit (Cell
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Biolabs, Inc., San Diego, CA). ROS levels in H9c2 cells were monitored
by 2'-7'-dichlorofluorescein (DCF) fluorescence.

2.6. Nonheme iron assay

Nonheme iron contents in the cytosolic and mitochondrial fractions
in the heart were measured as previously described [24].

2.7. Immunoblotting

Proteins in the myocardial samples were determined by immuno-
blotting using snap-frozen heart tissues as previously reported [5,6].
Antibodies used in this study were as follows: XDH (55156-1-AP, Pro-
teintech, IL); AMPD3 (23997-1-AP, Proteintech, IL); NOX2 (ab129068,
Abcam, UK); NOX4 (ab133303, Abcam); catalase (C0979, Sigma-
Aldrich, St Louis, MO); MnSOD (06-984, Merck Millipore, Burlington,
MA); VDAC1 (ab14734, Abcam); and vinculin (V9131, Sigma-Aldrich).

2.8. Immunoprecipitation of AMPD3

Precleared cell lysates (500 pg) were incubated with 2 pg of anti-
AMPD3 antibody (sc398548, Santa Cruz Biotechnology, Dallas, TX) in
IP buffer (20 mM Tris-HCl [pH 7.4], 1 mM EGTA, 5 mM NaNs, 50 mM
NaCl, 1 mM PMSF, 50 mM Na3VOQy, 1% Triton X-100, 0.5%NP-40 and a
protease inhibitor cocktail) at 4 °C overnight with rotation. The
antibody-AMPD3 complex was collected with magnet beads and washed
with IP buffer. The immunoprecipitates were subjected to immuno-
blotting using anti-phospho-Thr antibody (#9318, Cell Signaling Tech-
nology, Danvers, MA).

2.9. Cell culture and transfection

H9c2 cells (American Type Culture Collection) were cultured in
DMEM supplemented with 10% FBS at 37 °C with 5% CO.. The cells
were used for experiments when they were 70-90% confluent. miRNA
inhibitors for miR-301b were purchased from Exiqon (Valencia, CA) and
transfected at a final concentration of 25 nmol/1 in the H9c2 cells using
Lipofectamine® RNAiMAX Reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s recommendations. To generate an expression
vector for FLAG-tagged AMPD3, the coding region of AMPD3 was
amplified from rat cDNA by PCR using KOD-Plus- Ver. 2 (Toyobo, Osaka,
Japan) and the following primers: 5-AAAAGCGGCCGC-
GATGCGCGCGCCCGTGTGTG-3' (forward) and 5-AAAAGGATCCC-
TAGTCCGCCAGGGCTGTGATC-3' (reverse). The PCR fragment was
cloned into NotI and BamHI sites of p3xFLAG-CMV™-7.1 expression
vector (Sigma-Aldrich). The cDNA sequence was verified by nucleotide
sequencing. FLAG-AMPD3 or FLAG-control vector was transfected in the
H9c2 cells using FuGENE HD (Promega, Madison, WI) according to the
manufacturer’s recommendations.

2.10. Measurement of mitochondrial respiration

Mitochondrial oxygen consumption rate was measured in isolated
mitochondria from rat hearts by Seahorse XFe96 Analyzer (Agilent
Technologies) as previously described with slight modifications [24].

2.11. Statistics

Group mean data are shown as means + S.E. One-way analysis of
variance was used to test differences among group mean data. When
analysis of variance indicated a significant overall difference, multiple
comparisons were performed using the Tukey-Kramer post-hoc test. The
difference was considered to be statistically significant if p was less than
0.05.
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3. Results

3.1. Distinct responses of hemodynamic parameters to pressure overload
in OLETF and LETO and their modification by inhibition of XOR

We first confirmed a diabetic phenotype of OLETF and cardiac
dysfunction at the age of 29-35 weeks. As in our previous studies
[5,6,21], OLETF showed significantly larger body weight and higher
plasma glucose level than those of LETO as shown in Supplementary
Table 1. In our previous studies, we repetitively confirmed elevation of
plasma glucose, serum triglycerides and plasma insulin levels in OLETF
at the age of 29-35 weeks compared with those in LETO [5,6,19,25],
and insulin resistance in OLETF at the same ages was demonstrated by
the glucose clamp method [25]. Thus, we did not determine all of the
plasma metabolic parameters in the present study. Under a conscious
condition, heart rates were comparable in OLETF and LETO, but blood
pressure was significantly higher in OLETF than in LETO (Supplemen-
tary Table 1). To examine the involvement of XOR in diastolic
dysfunction in OLETF, we first determined XOR activity in the tissue and
the effect of topiroxostat, a selective inhibitor of XOR [26], on LV
function in OLETF and LETO. The activity of XOR in the LV myocardium,
plasma and kidney was significantly higher in OLETF than in LETO in an
unstimulated condition (Supplementary Fig. S1). Administration of
topiroxostat dose-dependently inhibited XOR activity in the LV
myocardium, plasma and kidney (Supplementary Fig. S1). Since
administration of topiroxostat at the highest dose tested, 0.5 mg/kg/
day, for 14 days had no effect on body weight, plasma glucose level,
heart rate or blood pressure (Supplementary Table 1), we chose the dose
of 0.5 mg/kg/day for subsequent experiments.

In pressure-volume loop analysis, tau and LVEDP were comparable
in OLETF and LETO at baseline (Fig. 1A and B). Similarly, there was no
significant difference in end-systolic elastance (Ees), dP/dtmax, arterial
elastance (Ea) or Ea/Ees, an index for ventricular-arterial coupling, in
OLETF and LETO at baseline (Fig. 1C-F). We next attempted to confirm
different responses of the hemodynamic parameters to pressure over-
load in OLETF and LETO, which we previously reported [5,6], and to
examine whether the responses are modified by treatment with top-
iroxostat. Four rats (2 LETO, 1 LETO treated with topiroxostat and 1
OLETF) were excluded from the experiment as systolic blood pressure
was below 90 mmHg during stabilization before pressure-volume rela-
tionship measurement, and the remaining 33 rats were included in the
analyses. OLETF and LETO underwent continuous intravenous infusion
of phenylephrine for elevation of blood pressure to 200 mmHg. During
the pressure overload, tau was significantly prolonged (from 8.0 + 0.4 to
14.7 £+ 0.8 and from 6.1 & 0.2 to 12.5 + 0.7 msec) and LVEDP was
significantly elevated (from 5.6 0.4 to 18.3 & 1.5 and from 4.7 + 0.7 to
12.1 + 1.3 mmHg) in both OLETF and LETO. Under the condition of
pressure overload, LVEDP in OLETF was significantly higher than that in
LETO (Fig. 1B) and tau also tended to be higher in OLETF than in LETO
(Fig. 1A). Treatment with topiroxostat significantly improved both tau
(from 14.7 + 0.8 to 11.8 & 0.8 msec, Fig. 1A) and LVEDP (from 18.3 +
1.5t011.3 £ 1.1 mmHg, Fig. 1B) in OLETF but not in LETO, while it did
not significantly change the parameters before pressure overloading. Ees
and dP/dtmax were also significantly increased by the pressure overload
to comparable levels in OLETF and LETO (Fig. 1C and D). Topiroxostat
tended to increase Ees in OLETF, though the effect did not reach sta-
tistical significance (Fig. 1C). Pressure overload-induced increase in Ea
was not significantly affected by topiroxostat in OLETF and LETO
(Fig. 1E). A significant increase in Ea/Ees under the condition of pres-
sure overload was also observed in both OLETF and LETO (Fig. 1F), with
OLETF showing significantly higher Ea/Ees than that in LETO. Admin-
istration of topiroxostat abolished the pressure overload-induced in-
crease in Ea/Ees in OLETF, but not in LETO (Fig. 1F). These findings
indicate that XOR plays a role in the pressure overload-induced deteri-
oration of diastolic function and ventricular-arterial coupling in diabetic
hearts.
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A B Cc Fig. 1. Hemodynamic response to pressure overload
Tau (msec) 200 - LVEDP (mmHg) Ees (mmHg/ml) with or without treatment with topiroxostat (0.5 mg/
16.0 1 1800 - kg/day). Summary of changes in tau (A), left ven-
16.0 | 1500 1* tricular end-diastolic pressure (LVEDP) (B), end-
12.0 | ' * systolic elastance (Ees) (C), dP/dtmax (D), effective
’ 12.0 1200 - i * arterial elastance (Ea) (E), and ventricular-arterial
] * coupling (Ea/Ees) (F) in LETO and OLETF. Rats
8.0 - 900 1 T were exposed to pressure overloading of 200 mmHg
8.0 1 600 (PO) by phenylephrine infusion. N = 7-9 in each
group. *p < 0.05 vs. baseline, { p < 0.05 vs. LETO-
4.0 - Base PO 4.0 Base PO 300 - Base PO c.ontrol, I p < 0.05 vs. OLETchontrol.. Base, base-
line. PO, pressure overload. Topiro, topiroxostat.
D dP/dtmax E Ea (mmHg/ml) F Ea/Ees
15000 ;  (mmHg/sec) . 2700 | 2.7
* # T
12000 - 2100 - i 21
9000 1500 T 15
6000 - . 900 - 0.9
3000 300 - 0.3
Base PO Base PO Base PO
=== | ETO-control LETO-topiro === OLETF-control OLETF-topiro

3.2. Distinct involvement of pressure overload and XOR on modification
of purine metabolic pathways in OLETF and LETO

results of our previous studies [5,6], activity of AMPD was significantly
higher in OLETF than in LETO both at baseline and under the condition
of pressure overload (Fig. 2A). At baseline, XOR activity level was higher
in OLETF than in LETO (Fig. 2B), while there was no significant differ-
ence between hypoxanthine, xanthine and uric acid levels in the two
groups (Fig. 2C-E). Interestingly, pressure overload significantly
increased XOR activity and levels of xanthine and uric acid in both LETO

To test our hypothesis that upregulated AMPD augments the path-
ological role of XOR, we examined the relationships between AMPD,
XOR and the purine metabolic pathway in the pressure overload-
induced cardiac dysfunction in T2DM hearts. Consistent with the
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AMPD \1/[\ 0.25 - *’—‘ 500 - * *
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Fig. 2. Effects of phenylephrine-induced pressure overload on purine metabolic pathways. Activity of AMPD (A), activity of XOR (B), and levels of hypoxanthine (C),
xanthine (D) and uric acid (E) in the presence or absence of pressure overload are shown. PO, pressure overload. N = 4-6 in each group. *p < 0.05.
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and OLETF, and the magnitude of changes was larger in OLETF than in
LETO (Fig. 2B, D-E). The levels of hypoxanthine were comparable in
OLETF and LETO at baseline and the difference in hypoxanthine level
between the two groups did not reach statistical significance under the
condition of pressure overload (Fig. 2C). The results appear to contradict
upregulation of AMPD in OLETF but are possibly explained by an
adaptive response of the hypoxanthine-guanine phosphoribosyl trans-
ferase (HPRT)-mediated purine salvage pathway [27] (detailed discus-
sion in Section 4.4).

Treatment with topiroxostat did not alter the activity of AMPD
(Fig. 3A), while it significantly inhibited myocardial XOR activity both
in OLETF and LETO (Fig. 3B). During the pressure overloading, ATP
level in the LV myocardium was significantly lower and levels of
xanthine and uric acid were higher in OLETF than in LETO (Fig. 3C, E
and F), while hypoxanthine levels were similar in the two groups
(Fig. 3D). These changes in tissue metabolite levels by pressure over-
loading in OLETF were attenuated by topiroxostat.

3.3. Inhibition of XOR abolishes the increase in the level of oxidative
stress in OLETF

A significantly higher level of oxidative stress in the myocardium
under the condition of pressure overload in OLETF than in LETO was
indicated by higher tissue levels of 4-HNE immunoreactivity (Fig. 4A)
and MDA plus 4-HNE (Fig. 4B), indices for lipid peroxidation, and levels
of carbonylated proteins (Fig. 4C). We also determined the level of AGE,
since it has been reported to be upregulated by diabetic conditions and
to regulate ROS in a bidirectional fashion [28,29]. As shown in Sup-
plementary Fig. S2, the level of AGE in the myocardium tended to be
higher in OLETF than in LETO, but the difference was not statistically
significant. Levels of AGE in both OLETF and LETO were not changed by
topiroxostat. In contrast, the elevations in 4-HNE immunoreactivity and
MDA + 4-HNE levels and increased protein carbonylation in OLETF

Journal of Molecular and Cellular Cardiology 154 (2021) 21-31

were attenuated by topiroxostat (Fig. 4A-C), indicating a major role of
XOR in increased oxidant stress.

In contrast to XOR activity, protein levels of nicotinamide adenine
dinucleotide phosphate oxidase (NOX)2, NOX4, manganese superoxide
dismutase (MnSOD) and catalase in the myocardium were not signifi-
cantly different in OLETF and LETO (Supplementary Fig. S3), arguing
against their roles in increased oxidative stress in the myocardium of
OLETF.

3.4. Increased AMPD contributes to the upregulation of XOR activity in
OLETF under the condition of pressure overload

To explore the mechanisms underlying the upregulated XOR activity
in OLETF (Fig. 2B), we examined the protein level of XOR and its rela-
tionship with AMPD3. As shown in Fig. 5A, OLETF showed 16% higher
XOR protein level than did LETO under the condition of pressure over-
load, regardless of treatment with topiroxostat. We examined whether
increased expression of AMPD3 is causally related to elevation of XOR
protein level in OLETF. H9c2 cells were transfected with Flag-tagged
AMPD3 and the expression level of XOR was analyzed. Despite the
markedly elevated level of AMPD3 protein after transfection of Flag-
AMPD3 (Fig. 5B), XOR protein level was unaffected (Fig. 5C). Next,
we examined the possibility that AMPD3 and XOR were simultaneously
regulated by miR-301b. This possibility was postulated since we previ-
ously found that down-regulation of miR-301b is responsible for AMPD3
upregulation in diabetic hearts [6], and TargetScan, an algorithm for
finding genomic targets for the miRNAs, predicted binding of miR-301b
to the 3’'UTR of XOR mRNA. However, transfection of an miR-301b in-
hibitor at a dose that increased AMPD by 4.7 fold did not change XOR
protein level in H9c2 cells (Fig. 5D and E). Because a relatively small
increase in XOR protein levels was unlikely to entirely explain the
elevation of XOR activity, we next postulated that increase in the
amount of inosine upregulates XOR activity in the myocardium, as
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Fig. 3. Effects of topiroxostat on purine metabolic pathways under the condition of pressure overload. Activity of AMPD (A), activity of XOR (B), and levels of ATP

(C), hypoxanthine (D), xanthine (E) and uric acid (F) in the presence or absence of topiroxostat are shown. N = 4-6 in each group. *p < 0.05.
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Fig. 4. Effects of topiroxostat on oxidative stress in the left
ventricular myocardium. (A) Representative images of left
ventricular sections stained with anti-4-hydroxynonenal (4-

HNE) antibody under the condition of pressure overload with
or without treatment with topiroxostat (top panels) and
8 quantitative analysis of 4-HNE-positive areas (bottom panels).
(B) Level of malondialdehyde (MDA) plus 4-HNE and (C)
protein carbonylation in the LV myocardium under the con-
dition of pressure overload with or without treatment with
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demonstrated in chick liver tissue [30]. Indeed, our previous metab-
olomic analyses demonstrated that tissue inosine level during pressure
overloading was 1.2-fold higher in OLETF than in LETO, while the dif-
ference was statistically insignificant at the baseline condition [5]. Thus,
we measured the activity of XOR in LV homogenates obtained from
LETO and OLETF with or without addition of exogenous inosine. As
shown in Fig. 5F, the activity of XOR was significantly augmented by
addition of inosine at the final concentration of 300 pmol/L, which is
estimated to mimic the increase in endogenous inosine in OLETF under
the condition of pressure overload [5]. Thus, it is plausible that
increased AMPD in OLETF contributes to upregulation of XOR activity
under the condition of pressure overload via an increased level of
inosine.

Since phosphorylation of XOR on Thr222 by CDK5 has been reported
to contribute to hypoxia-induced hyperactivation of XOR in the lung
[31], we determined the levels of phospho-Thr of XOR in LETO and
OLETF. Anti-XOR immunoprecipitates obtained from the myocardia of
LETO and OLETF were separated by SDS-PAGE followed by immuno-
blotting with anti-phospho-Thr antibody. As shown in Supplementary
Fig. S4, no difference was observed between LETO and OLETF in the
level of phospho-Thr of XOR in XOR-immunoprecipitates, arguing
against the possibility that increased activity of XOR in the heart of
OLETF was mediated by Thr-phosphorylation.

Cellular iron level has also been shown to be critical for regulation of
XOR activity [32,33]. However, the levels of iron in either the cytosol or
mitochondrial fraction of the LV myocardium were similar in OLETF and
LETO, regardless of treatment with topiroxostat (Supplementary
Fig. S5).

We next examined whether overexpression of AMPD3 indeed pro-
motes purine generation, augments ROS production and reduces ATP
level. The level of hypoxanthine was modestly but significantly higher in
HO9c2 cells transfected with FIAG-AMPD3 than in H9c2 cells transfected
with a FLAG-control vector (Fig. 6A), though the levels of xanthine and
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uric acid were below the measurement sensitivity. The level of ROS
analyzed by DCF staining was significantly higher (Fig. 6B) and the level
of ATP was significantly lower (Fig. 6C) in FLAG-AMPD3-transfected
cells than in control vector-transfected cells. These findings indicate
that there is a causal relationship between increased activity of AMPD,
promoted purine generation, and excess ROS production.

3.5. Impaired mitochondrial state 3 respiration in OLETF is restored by
XOR inhibition

To investigate the mechanisms by which increased XOR activity in
diabetic hearts is associated with depletion of myocardial ATP during
pressure overload (Fig. 3B and C), we analyzed the respiratory chain
function in mitochondria freshly isolated from OLETF and LETO using
the Seahorse X96 analyzer. Mitochondria isolated from the LV
myocardium of OLETF showed a significant decrease in ADP-stimulated
state 3 respiration compared to that in LETO (Fig. 7A and B), whereas
ADP-limited state 4 respiration levels were similar in the two groups
(Fig. 7A and B). The maximal rate of oxidative phosphorylation
measured after addition of the mitochondrial uncoupler FCCP (state 3-u)
was also significantly lower in OLETF than in LETO (Fig. 7A and B).
Treatment with topiroxostat significantly improved the state 3 and state
3-urespiration in OLETF mitochondria. These results are consistent with
restoration of myocardial ATP level in OLETF by topiroxostat (Fig. 3C).

3.6. Effects of pressure overloading and topiroxostat on HPRT activity in
the myocardium

Since HPRT plays roles in purine salvage and preservation of ATP
level, we examined differences in HPRT activity in the myocardium
between LETO and OLETF. There was no significant difference in the
activity of HPRT in the myocardium between OLETF and LETO
regardless of pressure overloading or treatment with topiroxostat
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Fig. 5. Lack of change in XOR protein level by a XOR inhibitor or by AMPD3 protein level and effects of exogenous inosine on activity of XOR in LV myocardial
homogenates. (A) Representative immunoblot (top) and summary data (bottom) for vinculin-normalized protein levels of XOR with or without treatment with
topiroxostat. Representative immunoblot (top) and summary data (bottom) for vinculin-normalized protein levels of AMPD3 and XOR in H9c2 cells transfected with
FLAG-tagged AMPD3 (B and C) or miR-301b inhibitor (D and E). (F) Activity of XOR in OLETF and LETO and augmentation of their activity by addition of inosine at a
final concentration of 300 pmol/L. N = 4-6 in each group. Topiro, topiroxostat. * p < 0.05.

(Supplementary Fig. S6).
4. Discussion

4.1. Functional link between AMPD and XOR in ROS-mediated injury in
diabetic hearts

The results of the present study indicate for the first time a close
functional link between AMPD and XOR in the pathogenesis of diabetic
cardiomyopathy. Although XOR protein expression is regulated inde-
pendently from the AMPD protein level, XOR activity was stimulated by
inosine, a product of AMPD-mediated metabolic pathway. The contri-
bution of XOR-derived ROS to mitochondrial dysfunction in the diabetic
heart was shown by the findings that treatment with a XOR inhibitor,
topiroxostat, significantly decreased tissue levels of 4-HNE, MDA and
carbonylated proteins and suppressed mitochondrial dysfunction.
Importantly, the level of myocardial XOR activity was further elevated
during LV pressure overloading as expected from the increase in for-
mation of substrates via the AMPD-mediated pathway. Furthermore, the
impact of pressure loading on XOR activity was much larger in the
diabetic heart. Inhibition of XOR by topiroxostat ameliorated the
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adverse effects of pressure overloading on purine metabolites, mito-
chondrial function, tissue ATP level and LV diastolic function in the
diabetic heart. These protective effects of topiroxostat were observed in
the myocardium of OLETF, in which AMPD expression is upregulated,
but not in the myocardium of LETO, a non-diabetic control. Taken
together, the present findings indicate that upregulated AMPD activity
contributes to aggravation of LV contractile dysfunction at the time of
increased LV workload not only by increased deamination of AMP but
also by enhanced ROS-mediated mitochondrial injury via increases in
both XOR activity and formation of its substrates (Fig. 8).

4.2. Mechanisms underlying diabetes-induced respiratory chain
dysfunction

An association of LV contractile dysfunction in diabetic hearts with
impaired mitochondrial function has been demonstrated by the use of
different animal models of diabetes mellitus [1], and the mechanisms of
mitochondrial dysfunction differ depending on the etiology of diabetes
mellitus and stage of diabetic cardiomyopathy. For example, in the
hearts of ob/ob mice, suppression of mitochondrial state 3 respirations
due to reduction in the protein levels of electron transport chain
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Fig. 6. Effects of AMPD3 overexpression on the levels of hypoxanthine, oxidant
stress and ATP in H9c2 cells. The levels of hypoxanthine (A), oxidant stress
determined by DCF staining (B) and ATP (C) in H9c2 cells transfected with
FLAG-tagged AMPD3 or FLAG-control vector.

complex and mitochondrial uncoupling have been reported [34]. On the
other hand, db/db mice showed excess ROS production promoted by
downregulation of the Floa-subunit of ATP synthase and fatty acid-
induced mitochondrial uncoupling [35] and a decrease in state 3 and
state 4 respiration [36]. In the present study, we postulated that ROS
production augmented by upregulated XOR-catalyzed reaction induces
mitochondrial respiratory chain dysfunction in diabetic cardiomyopa-
thy at a stage when systolic function is preserved [5]. The postulation is
based on reports that activities of mitochondrial respiratory complexes I,
11, and IV were diminished by oxidant stress [37,38]. In fact, inhibition
of XOR by topiroxostat significantly attenuated oxidative stress (Fig. 4),
preserved myocardial ATP level (Fig. 3C) and improved ventricular
function during pressure loading (Fig. 1) in OLETF. State 3, but not state
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4, respiration in vitro was impaired in mitochondria isolated from
OLETF compared to those in mitochondria from LETO (Fig. 7). Oxygen
consumption at the time of FCCP treatment was also reduced in OLETF
mitochondria, indicating that the impaired state 3 respiration in OLETF
was attributable to a defect in electron transfer from complex I to
complex IV but not in F1/F0 ATP synthase.

4.3. Mechanisms by which XOR activity and protein are upregulated in
diabetic hearts

Upregulated activity of AMPD indirectly contributes to augmented
activity of XOR through elevation of inosine level (Fig. 5F and Fig. 8). On
the other hand, upregulated AMPD activity could also be associated with
increased expression of XOR protein in OLETF. However, overexpression
of AMPD3 in H9c2 cells did not alter the expression levels of XOR,
excluding the possibility of XOR protein expression being regulated by
AMPD activity (Fig. 5B and C). Besides, the possibility that miR-301b
suppresses expression of both AMPD3 and XOR as a common trans-
lational regulator was also excluded, as transfection of H9c2 cells with
miR-301b inhibitor did not alter the level of XOR protein (Fig. 5D and
E). Among 57 miRNAs that were shown to be downregulated (>50%) in
OLETF compared to LETO by miRNA array analysis [6], there was no
other mi-RNA that is predicted to bind to 3’UTR of both XOR mRNA and
AMPD mRNA. Thus, it is unlikely that XOR and AMPD share common
miRNAs that simultaneously contribute to the translational regulation of
both proteins in diabetic hearts. On the other hand, it is possible that
some transcriptional regulation plays a role in upregulation of both XOR
and AMPD3. For example, it has been reported that mRNA and protein
levels of TNF-a were significantly greater in db/db mouse hearts
compared to those in the wild type mice [39]. Although not in car-
diomyocytes, Pfeffer et al. demonstrated that transcription of XOR was
upregulated in bovine renal epithelial cells when treated with TNFa
[40]. On the other hand, upregulation of AMPD3 transcript after
ischemia/reperfusion in the lung was associated with the increased
protein level of TNFa [41]. These findings suggest that TNFa is upre-
gulated in diabetic hearts, possibly contributing to simultaneously
increased protein level of XOR and AMPD3.
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Fig. 8. Schematic diagram of the pathophysiological consequences of pressure
overload in type 2 diabetic hearts. Pressure overload promotes consumption of
ATP, leading to accumulation of AMP. Upregulated AMPD in diabetic hearts
deaminates AMP, resulting in increased production of IMP. In a physiological
context, removal of accumulated AMP under the condition of high ATP turn-
over prevents reduction of phosphorylation potential. Simultaneously, excess
degradation of AMP by AMPD leads to depletion of the adenine nucleotide pool
and reduction of ATP level. IMP is converted to inosine by 5'-nucleotidase
(5’NT), and inosine is in turn converted to hypoxanthine (HX) by purine
nucleoside phosphorylase (PNP), providing XOR with its substrates. In diabetic
hearts with upregulated AMPD, increase in ventricular workload by pressure
overloading induces elevation of the AMP level as well as elevation of the levels
of IMP and inosine, the latter of which contributes to the increase in activity of
XOR. Increases in the formation of substrates and enzymatic activity of XOR
contribute to production of excessive ROS, leading to mitochondrial respiratory
chain dysfunction and decrease in ATP production in diabetic hearts. State 3
respiratory chain dysfunction and impaired ATP synthesis may also partially
contribute to AMP accumulation, possibly forming a vicious circle.

4.4. Effects of AMPD upregulation on tissue HX and xanthine levels

The findings that myocardial levels of hypoxanthine and xanthine
were not significantly different between OLETF and LETO without
pressure overloading (Fig. 2) may appear to contradict our hypothesis
that upregulated AMPD amplifies the role of XOR. However, the findings
can be explained by the capacity of HPRT, which catalyzes production of
IMP from hypoxanthine. Levels of inosine and other purines levels, AMP,
IMP or total adenine nucleotide pools in the myocardium were similar in
OLETF and LETO without LV pressure overloading, and baseline ven-
tricular function was comparable in the two groups in our previous [5]
and the present (Fig. 1 and Fig. 3) studies, suggesting that phosphory-
lation of adenine nucleotides and preservation of nucleotides were
achieved by mitochondrial ATP generation and HPRT-mediated purine
salvage pathways. In contrast, under the condition of pressure over-
loading that increased rate-pressure products, an index of myocardial
oxygen consumption, by approximately two fold, there was a signifi-
cantly larger increase in XOR activity in OLETF than in LETO (Fig. 2),
while HPRT activity was unchanged in both groups (Supplementary
Fig. S6). LV pressure overloading was shown to increase tissue IMP and
inosine and to reduce the adenine nucleotide pool in the myocardium of
OLETF in our previous study [5]. Furthermore, topiroxostat treatment
significantly reduced the xanthine level without increasing the
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hypoxanthine level in the myocardium under the condition of pressure
overload (Fig. 3D and E). Taken together, alterations in hypoxanthine
and xanthine levels during pressure overloading in OLETF can be
explained by the combined effects of upregulated AMPD activity,
increased AMP turnover rate, and inosine-mediated upregulation of
XOR activity that competed with HPRT for hypoxanthine.

4.5. Possible involvement of HPRT-1 in topiroxostat-mediated
amelioration of pressure overload-induced diastolic dysfunction in OLETF

A recent study by Fujii et al. [42] suggested that acceleration of the
purine salvage pathway, which utilizes hypoxanthine to restore the
adenine nucleotide pool, contributes to the protective effect of a XOR
inhibitor, febuxostat, on ischemia/reperfusion injury in the kidney. In
their study, febuxostat pretreatment promoted recovery of ATP level
after reperfusion and attenuated ischemia/reperfusion-induced injury in
the murine kidney. Interestingly, the renoprotective effect afforded by
febuxostat was canceled by silencing the HPRT-1 gene in cultured renal
tubular cells [42]. In the present model of pressure overload-induced
ventricular dysfunction, activity of HPRT was not correlated with the
severity of diastolic dysfunction or with the protective effect of top-
iroxostat in OLETF (Supplementary Fig. S6). Thus, HPRT activity is
unlikely to be primarily responsible for protective effects of topiroxostat
on ventricular dysfunction, though its permissive role cannot be
excluded.

4.6. Results of the EXACT-HF does not necessarily argue against the effect
of XOR inhibition in diabetic hearts

The effect of a XOR inhibitor on the clinical outcome in a high-risk
heart failure population with elevated serum uric acid was examined
in the EXACT-HF trial [43]. As opposed to the hypothesis based on re-
sults of observational clinical studies [13,14,44], treatment with allo-
purinol failed to suppress primary composite clinical endpoint (i.e.,
survival, worsening heart failure, and patient global assessment).
However, the negative results of the EXACT-HF trial do not necessarily
argue against the presence of XOR-mediated myocardial injury in a
subgroup of patients with heart failure. Hyperuricemia, one of the in-
clusion criteria for the EXACT-HF trial (serum uric acid >9.5 mg/dL),
occurs as a result of increased uric acid production, impaired renal uric
acid excretion, or their combination [45]. In addition, uric acid is a
major ROS scavenger in the extracellular space [46]. Thus, uric acid
level is unlikely to be a good biomarker to identify patients at high risk
for XOR-derived ROS-mediated cardiovascular injury. The present study
showed that XOR activity is upregulated by diabetes as well as by
increased LV workload, indicating the possibility that heart failure pa-
tients with type 2 diabetes are a subgroup of patients who will receive
clinical benefit by treatment with a XOR inhibitor.

5. Conclusions

The results of the present study demonstrated that XOR-mediated
ROS production is increased in T2DM hearts, leading to impairment of
mitochondrial respiratory chain function and ventricular dysfunction
during pressure overload in diabetic hearts. Upregulation of AMPD in
diabetic hearts plays a role in the increased XOR-mediated ROS pro-
duction by both increasing substrate supply to XOR and inosine-
mediated augmentation of XOR activity.
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