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Abstract
Adenosine triphosphate (ATP) is the source of energy for various organs especially the heart muscle. ATP degradation pathways reach to uric acid through 
hypoxanthine and xanthine as the last two steps, which are catalyzed by xanthine oxidase (XO). Treatment with XO inhibitor has been shown to increase myocardial 
mechanical efficiency and improves cardiac contractility and myocardial ischemia. The purpose of this study is to investigate whether treatment with an XO inhibitor 
febuxostat along with a nucleoside inosine, upstream of hypoxanthine, can have protective effects on rat myocardial ischemia/reperfusion injury. Treatment with both 
febuxostat alone and (febuxostat plus inosine) significantly reduced the infarct size (23.24 ± 1.89% and 22.34 ± 2.28%, respectively; n=5 each) as compared with 
the control treatment (34.40 ± 2.97%, n=5, *P<0.0174 and **P<0.0109, respectively). However, there was no significant difference between febuxostat-treated and 
(febuxostat plus inosine)-treated groups. Because XO enzyme activities in rodents were reported to be 100 times higher than those in humans, XO inhibition alone 
may supply enough materials for ATP production in rodents. We think there is a possibility that combination therapy with febuxostat plus inosine will be more 
effective than febuxostat alone in reducing the myocardial ischemia/reperfusion injury in humans, and further clinical investigation is needed to verify this.
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Introduction
Because cardiac myocytes need to repeat contraction and 

relaxation continuously, they demand a lot of energy that is usually 
supplied as adenosine triphosphate (ATP). ATP is made by oxidative 
phosphorylation from adenosine diphosphate (ADP) in the 
mitochondria. The ATP breakdown pathways below ADP are known 
to reach uric acid through hypoxanthine and xanthine, in which the 
last two steps are catalyzed by an enzyme xanthine oxidase (XO). XO 
also plays a critical role in producing reactive oxygen species (ROS), 
which inhibit creatine kinase (CK) reaction transferring mitochondrial 
energy to the cytosolic contractile system. Therefore, it is proposed 
that inhibition of XO may increase hypoxanthine as a source of ATP 
as well as enhance the energy transfer for contraction [1]. Evidence 
has accumulated that treatment with XO inhibitor such as allopurinol 
increases myocardial mechanical efficiency and improves cardiac 
contractility in the animal models of heart failure [2-4] and in patients with 
heart failure [5-7]. In fact, allopurinol significantly prolonged the exercise 
time to occur myocardial ischemia in patients with angina pectoris [8]. It 
has been reported that another XO inhibitor febuxostat is more effective 
than allopurinol in reducing uric acid levels as well as improving cardiac 
contraction in patients with heart failure [9]. A nucleoside, inosine is 
an intermediate metabolite of ATP breakdown pathway upstream of 
hypoxanthine is also a material of ATP synthesis. Inosine has ever been 
reported to act as a coronary vasodilator as well as an inotropic agent 
[10,11], although controversial [12,13]. The purpose of this study was to 
investigate whether XO inhibitor febuxostat can have protective effects 
on a rat model of myocardial ischemia/reperfusion injury and whether 
inosine administration has additive effects.

Methods
Febuxostat and Inosine administration

Sprague Dawley (SD) rats (male, 200 g) were used in this study. 
The rats were divided into control group, febuxostat (5 mg/Kg)-treated 
group, and (febuxostat [5 mg/Kg] plus inosine [375 mg/Kg])-treated 
group.  Febuxostat and inosine were dissolved in dimethyl sulfoxide 
and water, respectively.  Rats received febuxostat/inosine orally 1 hour 
before the start of ischemia.

Myocardial ischemia/reperfusion

The procedures for myocardial ischemia/reperfusion were 
performed as described elsewhere [14]. The rats were euthanized 24 
h after reperfusion, and the rats that died before 24 h of reperfusion 
were excluded from the analysis. All animals were randomized to the 
control, febuxostat-treatment, and (febuxostat plus inosine)-treatment 
groups. After 24 h of reperfusion, the left ventricle of each heart was 
excised and cut transversely into six sections from the apex to the base. 
The tissue samples were then incubated in 1% triphenyl tetrazolium 
chloride (TTC) solution buffered in 0.2 mol/L Tris buffer. The infarct 
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urinary concentrations of hypoxanthine and xanthine were markedly 
elevated than those of wild type. Therefore, XO inhibition alone seems 
to supply enough materials for ATP production pathways in rodents. 
This may be one of the reasons why there was no additive effects of 
inosine on rat myocardial ischemia/reperfusion injury in the present 
study. Whereas in humans, although administration of febuxostat 
alone minimally increased blood ATP/ADP ratios, febuxostat plus 
inosine administration clearly increased them [19]. We think the 
combination therapy with febuxostat plus inosine will be more effective 
than febuxostat alone in various disorders such as heart failure [5-7], 
multiple sclerosis [17], diabetes mellitus [20], angina pectoris [8], and 
especially myocardial ischemia/reperfusion injury. However, further 
clinical investigation is needed to verify this.  
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size was then determined by adding all of the area of infarction for 
each left ventricle. Infarct size was expressed as a percentage of left 
ventricle. All animal experiments were performed in accordance with 
the Guide of The Japanese Association of Laboratory Animal Facilities 
of National University Corporations. Statistical analysis was conducted 
by Tukey-Kramer method for multiple comparison test.

Results
As shown in Figure 1 (panels A and B), treatment with either 

febuxostat only or (febuxostat plus inosine) significantly reduced 
the infarct size (23.24 ± 1.89% and 22.34 ± 2.28%, respectively; n=5 
each) as compared with the control treatment (34.40 ± 2.97%, n=5, 
*P<0.0174 and **P<0.0109, respectively). However, there was no 
significant difference between febuxostat-treated and (febuxostat plus 
inosine)-treated groups (P=0.963).

Discussion
Wang et al. reported that febuxostat pretreatment significantly 

attenuated murine myocardial ischemia/reperfusion injury in vivo as 
well as hypoxia/reoxygenation injury of rat cardiac myocytes in vitro 
[15]. The authors concluded that the protective effects of febuxostat 
against ischemia/reperfusion (hypoxia/reoxygenation) injury were 
due to the inhibition of ROS generation and mitochondrial apoptotic 
pathways. However, because allopurinol significantly improved the 
exercise tolerance in patients with angina pectoris [8], it seems that the 
protective effects of XO inhibitors were mainly due to the reduction 
in myocardial oxygen consumption rather than inhibition of oxidative 
stress-induced apoptosis. In the present study, we found no additive 
effects of inosine on myocardial ischemia/reperfusion injury. For 
human study, supplementation of inosine alone was reported to have 
no ergogenic effects on treadmill run and cycling performance [13,16]. 
Another study reported that inosine treatment had benefits in some 
patients with multiple sclerosis by raising serum uric acid levels and 
shifting the cytokine profile from Th1 to Th2 [17]. Because the XO 
enzyme activities in rodents were reported to be 100 times higher 
than that in humans [18], XO critically regulates the degradation of 
hypoxanthine and xanthine in rodents as compared with humans. This 
was supported by the findings of XO knockout mice whose blood and 

Figure 1. Febuxostat treatment suppresses myocardial ischemia/reperfusion injury in vivo. A) Representative cross-sections of a heart from the control group (upper panel), the febuxostat-
treated group (middle panel), and the (febuxostat plus inosine)-treated group (lower panel). B) The infarct size in the febuxostat-treated group and the (febuxostat plus inosine)-treated groups 
were significantly smaller than that in the control group (n=5 each, *P<0.0174 and **P<0.0109, respectively), however, there was no significant difference between the febuxostat-treated 
group and the (febuxostat plus inosine)-treated groups (P=0.963; Tukey-Kramer method).
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