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Xanthine oxidase inhibition by 
febuxostat attenuates stress-
induced hyperuricemia, glucose 
dysmetabolism, and prothrombotic 
state in mice
Maimaiti Yisireyili1, Motoharu Hayashi1, Hongxian Wu1,6, Yasuhiro Uchida1, Koji Yamamoto3, 
Ryosuke Kikuchi2, Mohammad Shoaib Hamrah1, Takayuki Nakayama5, Xian Wu Cheng1, 
Tadashi Matsushita2,3, Shigeo Nakamura4, Toshimitsu Niwa7, Toyoaki Murohara1 & Kyosuke 
Takeshita1,2

Chronic stress is closely linked to the metabolic syndrome, diabetes, hyperuricemia and 
thromboembolism, but the mechanisms remain elusive. We reported recently that stress targets 
visceral adipose tissue (VAT), inducing lipolysis, low-grade inflammation with production of 
inflammatory adipokines, metabolic derangements such as insulin resistance, and prothrombotic 
state. In the present study, we hypothesized the involvement of VAT xanthine oxidoreductase (XOR), 
a source of reactive oxygen species (ROS) and uric acid (UA) in the above processes. Restraint stress 
in mice resulted in upregulation of XOR and xanthine oxidase activity, accumulation of ROS in VAT as 
well as liver and intestine, increase in serum UA levels, upregulation of NADPH oxidase subunits and 
downregulation of antioxidant enzymes. Immunohistochemistry and RT-PCR analysis also showed 
that restraint stress induced VAT monocyte accumulation and proinflammatory adipokine production, 
resulting in reduced insulin sensitivity and induction of plasminogen activator inhibitor-1 and tissue 
factor in VAT. Treatment with febuxostat, a potent XO inhibitor, suppressed stress-induced ROS 
production and VAT inflammation, resulting in improvement of serum UA levels, insulin sensitivity, 
and prothrombotic tendency. Our results suggest that stress perturbs glucose and UA metabolism, and 
promotes prothrombotic status, and that XO inhibition by febuxostat might be a potential therapy for 
stress-related disorders.

The relationship between hyperuricemia and stress has been discussed for a long time1. A study in occupational 
health also suggested the involvement of stressful conditions, such as shift-work, is in the incidence of hyperu-
ricemia2. Chronic psychological stress in modern lifestyle is closely linked to incidence of metabolic syndrome 
(MetS), diabetes mellitus, and thromboembolism3. It has been hypothesized that Mets and uric acid dysmetabo-
lism share a common mechanism under stressful condition.

Recent studies from our laboratories indicated that visceral adipose tissue (VAT) is one of the targets of psy-
chological stress-induced disorders, similar to Mets, and demonstrated that two-week intermittent restraint stress 
in a murine model evoked chronic inflammation of the adipose tissue followed by lipolysis in VAT with free 
fatty acid (FFA) release and TLR-4 stimulation4. Furthermore, the stress-induced low-grade inflammation of 
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the VAT produced inflammatory adipokines, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), 
and monocyte chemoattractant protein-1 (MCP-1), and exacerbated monocyte accumulation, and subsequently 
resulted in impaired insulin sensitivity and prothrombotic state, with increase in the levels of tissue factor (TF) 
and plasminogen activator inhibitor-1 (PAI-1)4, 5, similar to the events described in the pathophysiological pro-
cess of MetS6. There is a growing evidence to suggest that chronic psychological stress promotes the production 
of reactive oxygen species (ROS) throughout the body7. We also identified VAT as a major source of ROS in con-
nection with this inflammation and therapeutic target under the stressful condition8, 9.

Xanthine oxidoreductase (XOR) is a molybdopterin-containing enzyme that catalyzes the oxidation of hypox-
anthine to xanthine and finally to uric acid, and exists in two forms: xanthine dehydrogenase (XDH), which 
prefers NAD+ as electrons acceptor, and xanthine oxidase (XO), which is derived from XDH by posttranslational 
modification, and generates electrons that are transferred directly to molecular oxygen, leading to the forma-
tion of the ROS superoxide10. XOR expression level and enzymatic activity are high in VAT, similar to liver and 
intestine in the mouse11, 12. XOR expression is induced by the inflammatory cytokines such as interleukin-1, 
IL-6, TNF-α13. XOR expression in adipose tissue is enhanced and produce uric acid in an obese murine model12. 
Increased ROS accumulation in VAT, which is accompanied by increase in nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase (NOX) subunits and decrease in antioxidant enzymes, has been recognized as the 
early instigator and potential therapeutic target of Mets14. Since NOX and XO activate each other through the 
production of superoxide anion10, 15, XO would also play a critical role in free radical production in VAT under 
stressful condition as well as Mets.

Previous studies suggested the involvement of adipose XOR in stress-induced ROS production and dysmetab-
olism of uric acid, and demonstrated that febuxostat, a highly potent inhibitor of XOR16, inhibited the conversion 
of xanthine to uric acid and suppressed the toxic overproduction of ROS. The aim of the present study was to 
determine whether febuxostat can suppress stress-induced inflammation and ROS production in VAT, liver and 
intestine, improve insulin sensitivity, and minimize prothrombotic tendency. To study the mechanisms of such 
actions, we measured the expression of XOR, ROS production, and enzymatic activity in VAT, liver and intestine, 
and serum uric acid levels in a murine restraint stress model.

Results
Febuxostat reduced plasma uric acid level and adipose tissue xanthine oxidoreductase activity 
in stressed mice.  Eight-week-old male C57BL/6 J mice were randomly assigned to either the control or stress 
group. Control mice were left undistributed, while stressed mice were each subjected to 2 h/day of immobilization 
stress for two weeks, as described previously4, 5, 17. Immunohistochemistry and RT-PCR assay showed strong 
signals and increased XOR mRNA expression in VAT (inguinal adipose tissues) of stressed mice, but not in the 
control mice (Fig. 1a and b). Plasma XO levels were also increased in the stressed mice (Fig. 1c). Measurement of 
XO and XOR (XO + XDH) enzymatic activities in adipose tissue homogenates by fluorometric assay using pterin 
substrate18 showed increased XOR functional activity in stressed mice (Fig. 1d). Plasma uric acid levels were 
significantly higher in stressed mice than control mice (Fig. 1e). Mice of each of the two groups were divided at 
random into three treatment subgroups; the vehicle, 2-week treatment with 1 and 5 mg/kg/day oral febuxostat. 
Febuxostat significantly suppressed stress-induced increase in XOR expression and activity, and the effect was 
dose-dependent (Fig. 1a,b and c). The treatment resulted in marked fall in plasma uric acid level (Fig. 1d and e). 
The treatment also reduced the expression and activity of XOR and uric acid levels relative to the non-stressed 
mice (Fig. 1).

Febuxostat suppressed free radical production in stressed mice.  We measured stress-induced ROS 
accumulation in plasma and inguinal adipose tissues by immunohistochemistry and enzyme linked immuno-
sorbent assays (ELISA) for 8-OHdG, a biomarker of oxidative DNA damage, malondialdehyde (MDA), which is 
an end-product of lipid peroxidation and a biomarker of cellular oxidative stress, and hydrogen peroxide (H2O2). 
As shown Fig. 2a, strong signals for 8-OHdG were recognized in inguinal adipose tissue of stressed mice. In 
agreement with this finding, stress markedly increased plasma 8-OHdG, and plasma and adipose tissue MDA and 
H2O2 (Fig. 2). Immunohistochemistry showed that the febuxostat significantly reduced 8-OHdG expression in 
adipose tissue of stressed mice (Fig. 2a), and also biomarkers of ROS accumulation in plasma and adipose tissue 
in a dose-dependent manner (Fig. 2b–f). Febuxostat treatment hardly altered the levels of these biomarkers in 
non-stressed mice (Fig. 2).

Febuxostat suppressed stress-induced increase in NOX subunits.  ROS accumulation in VAT is 
reported to be associated with increased NADPH oxidase activity14. Examination of the mRNA expressions of 
NADPH oxidase subunits in inguinal adipose tissue showed significant increase in mRNA expressions of NOX-4, 
gp91phox, p67phox, p47phox, p40phox and p22phox in adipose tissue of stressed mice (Fig. 3). Febuxostat did not alter 
the expression levels of these subunits in the non-stressed mice, but reduced stress-induced induction of NADPH 
oxidase subunits in a dose-dependent manner (Fig. 3).

Febuxostat abrogated stress-induced decrease in antioxidant enzymes.  Previous studies demon-
strated the role of reduced activities of antioxidant enzymes in adipose tissue in ROS accumulation in VAT14, 19.  
Analysis of mRNA expression of antioxidant enzymes Cu, Zn-superoxide dismutase (SOD), Mn-SOD, glu-
tathione peroxidase (GPx), and catalase in inguinal adipose tissue showed low expression levels of these antiox-
idant enzymes in stressed mice (Fig. 4), and that febuxostat abrogated these effects in a dose-dependent manner 
(Fig. 4).

Febuxostat reduced stress-induced xanthine oxidoreductase induction in liver and intes-
tine.  Stress induced infiltration of mononuclear cells in liver, and thickening of submucosal area with 
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mononuclear cell infiltration in intestine as previously reported20, 21 (Fig. 5a and g). Immunohistochemistry and 
RT-PCR assay showed strong signals and increased XOR mRNA expression in liver and intestine of stressed 
mice, compared to control mice (Fig. 5b,c,h and i). XOR and XO functional activity was also increased in liver 
in stressed mice (Fig. 5d). In agreement with this finding, stress markedly increased MDA and H2O2 in liver and 
intestine of stressed mice (Fig. 5e,f,j and k). Febuxostat abrogated these inflammatory findings and free radical 
production in a dose-dependent manner (Fig. 5).

Febuxostat reduced lipolysis and FFA release in stress mice.  Body weight was weighed during the 
2-week stress period. Body weight gain was significantly reduced in stressed mice compared to the non-stressed 
control (Fig. 6a), and treatment with 5 mg/kg/day febuxostat, but not 1 mg/kg/day, abrogated the effect of stress 
on body weight (Fig. 6a). However, high-dose febuxostat did not alter body weight gain of non-stressed mice 
(Fig. 6a). Each group of mice consumed almost similar amounts of food (approximately 130 mg/g/day; Fig. 6a).

Analysis of lipid composition showed comparable changes in total cholesterol and triglyceride levels in the 
different treatment groups (Fig. 6b). However, plasma FFA levels were significantly higher in stressed mice 
(Fig. 6b). Furthermore, febuxostat reduced FFA levels in a dose-dependent manner (Fig. 6b). Inguinal adipose 
tissue weight was significantly lower in stressed mice than non-stressed mice, and this decrease was abrogated by 

Figure 1.  Febuxostat reduces stress-induced xanthine oxidoreductase activation and plasma uric acid levels in 
a restraint stress murine model. Expression levels and activities of xanthine oxidoreductase (XOR) and xanthine 
oxidase (XO) in adipose tissues, and plasma levels of XO and uric acid were analyzed in the control (non-
stressed) and stressed mice treated with or without febuxostat (1 or 5 mg/kg/day), by immunohistochemistry, 
RT-PCR, ELISA, and XOR activity assay respectively. (a) Representative pictures of XO staining of adipose 
tissues (×200 magnification, bar = 50 µm). (b) XOR mRNA expression in adipose tissue. Data were analyzed by 
Student’s t-test and displayed as mean ± SD of 7 mice per group. *P < 0.001, compared with the vehicle-treated 
control mice, †P < 0.001, compared with the vehicle-treated and stressed mice. (c) Plasma levels of XO. Data 
were analyzed by Student’s t-test and displayed as mean ± SD of 7 mice per group. *P < 0.001 compared with the 
vehicle-treated control mice, †P < 0.03, compared with the vehicle-treated and stressed mice, respectively. (d) 
XO and XOR (XO + XDH) enzymatic activity in homogenized adipose tissue. Data were analyzed by Student’s 
t-test and displayed as mean ± SD of 5–6 mice per group. *P < 0.01 and **P < 0.001, compared with the 
vehicle-treated control mice, †P < 0.004 and ††P < 0.003, compared with the vehicle-treated and stressed mice, 
respectively. (e) Levels of plasma uric acid. Data were analyzed by Student’s t-test and displayed as mean ± SD 
of 5–6 mice per group. *P < 0.01, compared with the vehicle-treated control mice, †P < 0.03 and ††P < 0.012, 
compared with the vehicle-treated and stressed mice, respectively.
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high-dose febuxostat (Fig. 6c). Gross examination of VAT showed shrinkage of inguinal fat pad of stressed mice, 
and this effect was abrogated by high-dose febuxostat (Fig. 6d). These results indicate that febuxostat reduces 
stress-induced lipolysis and FFA release.

Febuxostat prevented adipose tissue inflammation in stress mice.  As reported previously4, signif-
icant accumulation of mononuclear cells was observed in VAT of stressed and vehicle-treated mice compared to 
non-stressed mice (Fig. 7a). Analysis of expression of macrophage surface markers demonstrated that stress was 
associated with a significant increase in CD11b-positive cells and upregulation of monocyte/macrophage cell sur-
face markers (F4/80 and CD68) in WAT (Fig. 7b–e). Febuxostat markedly reduced monocyte accumulation and 
mRNA expression levels of monocyte surface markers in WAT of stressed mice in a dose-dependent manner. The 
high dose of febuxostat did not alter monocyte accumulation in control mice. There were significant correlation 
between XOR activity and monocyte accumulation in VAT (Fig. 7f). XOR activity and monocyte accumulation 
were similarly increased by stress, and were decreased by febuxostat in a dose-dependent manner.

Febuxostat reduced inflammatory adipokine levels in stress mice.  We reported in previous stud-
ies4, 8, 9 that restraint stress induced proinflammatory adipokines in VATs. The 2-week restraint stress applied in 
the present study also resulted in upregulation of MCP-1, TNF-α, and IL-6 expression in VATs, and these changes 
were suppressed in a dose-dependent manner by febuxostat (Fig. 8a–c). Febuxostat treatment also reduced 
the elevated levels of plasma MCP-1, TNF-α, and IL-6 in stressed mice, in parallel with the changes in their 
mRNA expression levels in VATs (Fig. 8a–c). The anti-inflammatory adipokine, adiponectin, was significantly 

Figure 2.  Febuxostat suppresses free radical production in stressed mice. The expression levels of 8-OHdG, 
lipid peroxidation (MDA) and H2O2 production were analyzed in inguinal adipose tissues and plasma 
of the control (non-stressed) and stressed mice treated with or without febuxostat (1 or 5 mg/kg/day) by 
immunohistochemistry and ELISA, respectively. Data were analyzed by Student’s t-test and displayed as 
mean ± SD of 5–6 mice per group. (a) Representative pictures of 8-OHdG staining of adipose tissues (×200 
magnification, bar = 50 µm). (b) Plasma levels of 8-OHdG. *P < 0.001, compared with the vehicle-treated 
control mice, †P < 0.05, compared with the vehicle-treated stressed mice. (c,d) MDA in plasma (c) and 
homogenized adipose tissue (d). *P < 0.001, compared with the vehicle-treated control mice, †P < 0.05 and 
††P < 0.02, compared with the vehicle-treated stressed mice. (e,f) H2O2 in plasma (e) and homogenized adipose 
tissue (f). *P < 0.001, compared with the vehicle-treated control mice, †P < 0.002 and ††P < 0.001, compared 
with the vehicle-treated stressed mice.
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Figure 3.  Febuxostat suppresses stress-induced increase in NOX subunits. The mRNA expression levels of 
NADPH oxidase subunits in inguinal adipose tissue of control mice treated with vehicle or febuxostat (5 mg/
kg/day), and stressed mice treated with vehicle or febuxostat (1 or 5 mg/kg/day) were analyzed by quantitative 
RT-PCR. Values are expressed relative to the vehicle-treated control mice. Data were analyzed by Student’s t-test 
and displayed as mean ± SD of 5–6 mice per group. (a) NOX-4 mRNA expression in adipose tissue. *P < 0.002, 
compared with the vehicle-treated control mice, †P < 0.03 and ††P < 0.008, compared with the vehicle-treated 
stressed mice. (b) gp91phox mRNA expression in adipose tissue. *P < 0.02 vs compared with the vehicle-treated 
control mice, †P < 0.05, compared with the vehicle-treated stressed mice. (c) p67phox mRNA expression in 
adipose tissue. *P < 0.02, compared with the vehicle-treated control mice, †P < 0.05, compared with the vehicle-
treated stressed mice. (d) p47phox mRNA expression in adipose tissue. *P < 0.002, compared with the vehicle-
treated control mice, †P < 0.009, compared with the vehicle-treated stressed mice. (e) p40phox mRNA expression 
in adipose tissue. *P < 0.004, compared with the vehicle-treated control mice, †P < 0.006, compared with the 
vehicle-treated stressed mice. (f) p22phox mRNA expression in adipose tissue. *P < 0.017, compared with the 
vehicle-treated control mice, †P < 0.011, compared with the vehicle-treated stressed mice.
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Figure 4.  Febuxostat abrogates stress-induced decrease in antioxidant enzymes. The mRNA expression levels 
of antioxidant enzymes in inguinal adipose tissue of control mice treated with vehicle or febuxostat (5 mg/kg/
day), and stressed mice treated with vehicle or febuxostat (1 or 5 mg/kg/day) were analyzed by quantitative RT-
PCR (a–d). Values are expressed relative to the vehicle-treated control mice. Data were analyzed by Student’s 
t-test and displayed as mean ± SD of 5–6 mice per group. (a) Cu, Zn-SOD mRNA expression in adipose tissue. 
*P < 0.02, compared with the vehicle-treated control mice, †P < 0.04, compared with the vehicle-treated stressed 
mice. (b) Mn-SOD mRNA expression in adipose tissue. *P < 0.04, compared with the vehicle-treated control 
mice, †P < 0.04 and ††P < 0.002, compared with the vehicle-treated stressed mice. (c) Glutathione peroxidase 
mRNA expression in adipose tissue. *P < 0.04, compared with the vehicle-treated control mice, †P < 0.04 and 
††P < 0.002, compared with the vehicle-treated stressed mice. (d) Catalase mRNA expression in adipose tissue. 
*P < 0.01, compared with the vehicle-treated control mice, †P < 0.02, compared with the vehicle-treated stressed 
mice.
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downregulated in VATs of stressed mice compared to the control mice, as reported previously4. Febuxostat treat-
ment abrogated this effect dose-dependently (Fig. 8d). However, there were no significant changes in the expres-
sion levels of these adipokines in the WAT of control mice treated with vehicle and with higher-dose febuxostat.

Febuxostat improved stress-induced insulin sensitivity and prothrombotic state.  We reported 
recently that 2-week restraint stress reduced insulin sensitivity downstream of low-grade adipose inflam-
mation, and that anti-inflammatory therapy restored insulin resistance4, 8. In this study, glucose tolerance test 
(GTT) and insulin tolerance test (ITT) were conducted in unstressed and stressed mice with the vehicle- or 
febuxostat-treatment (5 mg/kg/day). In these tests, fasting was imposed overnight in GTT and for 16 hours in 
ITT. There was no significant difference in glucose tolerance between unstressed and stressed mice with the vehi-
cle treatment (data not shown). In both unstressed and stressed mice, the febuxostat-treatment did not alter glu-
cose tolerance (Fig. 9a and Supplemental Figure 1a). Stress significantly impaired insulin sensitivity after 45 min 
in the vehicle treated mice (unstressed mice vs stressed mice; 30.6 ± 5.6% vs 47.4% ± 16 at 45 min, n = 8, p < 0.05; 

Figure 5.  Febuxostat reduces stress-induced xanthine oxidoreductase activation and free radical production in 
liver and intestine. Expression levels of XOR in liver and intestine and activities of XOR in liver were analyzed 
in the control (non-stressed) and stressed mice treated with or without febuxostat (1 or 5 mg/kg/day), by 
immunohistochemistry, RT-PCR and XOR activity assay, respectively. The expression levels of MDA and H2O2 
production were analyzed in homogenized liver and intestine tissues of the control (non-stressed) and stressed 
mice treated with or without febuxostat (1 or 5 mg/kg/day) by ELISA. Data were analyzed by Student’s t-test 
and displayed as mean ± SD of 5–6 mice per group. Representative pictures of HE (a) and XO (b) staining of 
liver (×400 magnification, bar = 25 µm; Inset, ×1000 magnification, bar = 10 µm). (c) XOR mRNA expression 
in liver. *P < 0.002, compared with the vehicle-treated control mice, †P < 0.05, compared with the vehicle-
treated stressed mice. (d) XO and XOR (XO + XDH) enzymatic activity in homogenized liver tissue. *P < 0.05 
and **P < 0.02, compared with the vehicle-treated control mice, †P < 0.03 and ††P < 0.02, compared with the 
vehicle-treated and stressed mice, respectively. MDA (e) and H2O2 (f) in homogenized liver tissue. *P < 0.001, 
compared with the vehicle-treated control mice, †P < 0.05 and ††P < 0.001, compared with the vehicle-treated 
stressed mice. Representative pictures of HE (g) and XO (h) staining of intestine (×200 magnification, 
bar = 50 µm). Arrows denotes thickening of submucosal areas with mononuclear cell infiltration. (i) XOR 
mRNA expression in intestine. *P < 0.001, compared with the vehicle-treated control mice, †P < 0.01, compared 
with the vehicle-treated stressed mice. MDA (j) and H2O2 (k) in homogenized intestine tissue. *P < 0.03, 
compared with the vehicle-treated control mice, †P < 0.05, compared with the vehicle-treated stressed mice.

http://1a
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23.4 ± 3.3% vs 36.6 ± 14% at 60 min, n = 8, p < 0.006). On the other hand, febuxostat at 5 mg/kg/day significantly 
improved insulin tolerance in stressed mice at 45 min (Fig. 9b). The febuxostat treatment did not alter insulin 
tolerance in unstressed mice (Supplemental Figure 1b).

Finally, the mRNA expression levels of glucose transporter (GLUT-4) and insulin receptor substrate (IRS-1) 
in adipose tissue and skeletal muscles (adductor muscles) was analyzed in unstressed and stressed mice. The 
febuxostat treatment did not alter GLUT-4 and IRS-1 expression in adipose and skeletal muscles in unstressed 
mice (Supplemental Figure 1c and d). Stress significantly reduced GLUT-4 and IRS-1 expression in VAT in 
vehicle-treated mice (−22.0 ± 9.7% in GLUT-4, n = 8, p < 0.004; −18.0 ± 9.8% in IRS-1, n = 8, p < 0.004). 
Meanwhile, significant upregulation of both molecules was observed in VAT of the stressed mice treated with 
febuxostat (5 mg/kg/day), compared to the vehicle-treated mice (Fig. 9c), though no such effects were noted in the 
skeletal muscle (Fig. 9d). Restraint stress has also been demonstrated to induce the expression of prothrombotic 
factors (PAI-1 and TF) in VAT5. PAI-1 and TF were significantly upregulated in inguinal adipose tissue of stressed 
mice but not in non-stressed mice, and these effects were abrogated by febuxostat in a dose dependent manner 
(Fig. 9e,f).

Considered together, the above findings indicate that febuxostat suppresses stress-induced rise in plasma uric 
acid, lipolysis and adipose tissue inflammation and improves glucose metabolism and prothrombotic state.

Figure 6.  Febuxostat reduces lipolysis and free fatty acid release in stressed mice. Body weight and food intake 
was monitored during the stress period. At the end of the stress study, inguinal adipose tissue of each group 
was photographed, weighed and harvested for analysis. Data were analyzed by Student’s t-test and displayed 
as mean ± SD of 5–6 mice per group. (a) Body weight gain in control mice treated with or without febuxostat 
(5 mg/kg/day) and stressed mice treated with or without febuxostat (1 or 5 mg/kg/day). *P < 0.001, compared 
with the vehicle-treated control mice, †P < 0.02, compared with the vehicle-treated stressed mice. Food intake 
was comparable among the groups. (b) Plasma fat composition in the control mice treated with or without 
febuxostat (5 mg/kg/day) and stressed mice treated with or without febuxostat (1 or 5 mg/kg/day). Plasma levels 
of total cholesterol and triglyceride were comparable among the groups. Plasma free fatty acid levels. *P < 0.002, 
compared with the vehicle-treated control mice, †P < 0.005, compared with the vehicle-treated stressed mice. 
(c) Weight of inguinal adipose tissue in control mice treated with or without febuxostat (5 mg/kg/day) and 
stressed mice treated with or without febuxostat (1 or 5 mg/kg/day). *P < 0.003, compared with the vehicle-
treated control mice, †P < 0.008 compared with the vehicle-treated stressed mice. (d) Representative pictures 
of inguinal fat pad in control (non-treated), stressed and febuxostat (5 mg/kg/day) treated mice. Circle dot line: 
adipose tissue.

http://1b
http://1c and d
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Discussion
The novel findings of this study was that chronic stress-induced VAT inflammation, hyperuricemia, disorders 
of glucose metabolism and prothrombotic state, were all abrogated by administration with febuxostat, and the 
effects were dose-dependent. The results showed that 2-week intermittent restraint stress induced simultaneous 
increase in plasma uric acid levels and ROS generation downstream of XOR activation in VAT, liver and intestine 
(Figs 1, 2 and 5). The stress-induced ROS generation augmented NOX subunits and reduced antioxidant enzyme 
activities in VAT (Figs 3 and 4). In addition, stress induced lipolysis (Fig. 6) and adipose tissue inflammation 
(Figs 7 and 8), decreased insulin sensitivity, and prothrombotic state (Fig. 9), confirming the results of previous 
studies4. Thus, febuxostat suppressed stress-induced lipolysis, adipose inflammation and ROS production, result-
ing in restoration of glucose and uric acid metabolism, and reduced thrombotic tendency.

Growing evidence shows that hyperuricemia is an independent risk factor for cardiovascular and renal dis-
eases, and plays an important role in many disease states such as gout, articular degenerative disorders, chronic 
kidney disease and atherosclerosis22, 23. The relationship between psychological stress and serum levels of uric 
acid has been discussed due to its clinical significance1, but there is no information on how stress affects uric acid 
metabolism. Uric acid level is regulated by a balance between uric acid formation and excretion driven by several 
enzymatic pathways, including XOR. XOR mRNA expression has been detected in most tissues, and the highest 
transcript levels and its activity were found in liver and intestine15. Adipose tissue is another important source 
of XOR in mice in special condition such as obesity12 and diabetes15. In the present study, stress induced XOR 
expression and activity in liver, intestine and adipose (Figs 1 and 5) in accordance with inflammatory findings 
(Figs 5 and 7f). Stressor exposure increases the synthesis and release of inflammatory proteins both in the blood 

Figure 7.  Febuxostat prevents stress-induced adipose tissue inflammation. Inguinal adipose tissues of stressed 
and control (non-stressed) mice were analyzed by H & E staining (a), CD11b immunostaining (b,c) and 
mRNA expression levels of CD68 and F4/80 (d,e). (a) Accumulation of mononuclear cells in inguinal adipose 
tissues following 2-week restraint stress. Top panel, ×200 magnification, bar = 50 µm. (b) CD11b-positive 
cells (monocytes) in adipose tissue of stressed mice (×200 magnification, bar = 50 µm). (c) Quantitative 
analysis of CD11b-positive cells relative to total number of nuclei. Data are mean ± SD of 8 mice per group. 
*P < 0.001, compared with the vehicle-treated control mice, †P < 0.002 and ††P < 0.001, compared with the 
vehicle-treated stressed mice. (d) and (e) Quantitative analysis of F4/80 (d) and CD68 (e) expression levels in 
adipose tissue. Values are expressed relative to the vehicle-treated control mice. Data were analyzed by Student’s 
t-test and displayed as mean ± SD of 5 mice per group. (d) Quantitative analysis of F4/80 mRNA expression 
in adipose tissue. *P < 0.001, compared with the vehicle-treated control mice, †P < 0.001, compared with the 
vehicle-treated stressed mice. (e) Quantitative analysis of CD68 mRNA expression in adipose tissue. *P < 0.02, 
compared with the vehicle-treated control mice, †P < 0.002 and ††P < 0.001, compared with the vehicle-treated 
stressed mice. (f) The relationship between XOR activity and CD11b positive cells was analyzed by Pearson’s 
correlation coefficient. XOR activity correlated significantly with CD11b positive cells (P < 0.001, R = 0.897).



www.nature.com/scientificreports/

1 0Scientific Reports | 7: 1266  | DOI:10.1038/s41598-017-01366-3

and within tissues such as liver to evoke sterile inflammation20. We also reported that chronic restraint stress 
evokes low-grade chronic inflammation in the adipose tissue4. Circulating the inflammatory cytokines such as 
interleukin-1, IL-6, TNF-α would induce XOR expression and activation, at least in these organs, to upregulate 
production of uric acid13. Typically, serum uric acid levels are low in mice since uric acid is converted into allan-
toin by uricase11. Nevertheless, the 2-week intermittent restraint stress markedly increased XOR expression and 
activity in VAT as well as liver to increase uric acid levels (Fig. 1). In stressed subjects, stress-induced cortisol 
release and adipose SNS activation initiate lipolysis (Fig. 6)4. The process of lipolysis is involved in the turnover 
of cAMP, which is the intracellular messenger of catecholamines24. Hydrolysis of cAMP yields AMP, which is the 
first substrate of the catabolic reaction of purine production. Therefore, lipolysis seems also related to uric acid 
production in stressed subjects12. We demonstrated recently that stress as well as Mets evoked chronic low-grade 
inflammation downstream of MCP-1 production and reduced adiponectin in VAT, and identified VAT as a major 
target organ for stress4.

Uric acid also stimulates adipocytes to secrete proinflammatory adipokines, including MCP-1, and reduce 
anti-inflammatory adipokine, adiponectin25. Meanwhile, XOR inhibitor, allopurinol, improved the proinflam-
matory endocrine imbalance in the adipose tissue by reducing the production of MCP-1 and increasing the 
production of adiponectin25. In the present study, XOR specific inhibitor, febuxostat, suppressed stress-induced 
production of proinflammatory adipokine and ROS, and restored adiponectin expression in VAT (Fig. 8). 

Figure 8.  Febuxostat reduces the expression of stress-induced proinflammatory adipokines and restores 
adiponectin expression in adipose tissue. The mRNA expression levels of MCP-1 (a), TNF-α (b), IL-6 (c), and 
adiponectin (d) in inguinal adipose tissues of control mice treated with vehicle or febuxostat (5 mg/kg/day), 
and stressed mice treated with vehicle or febuxostat (1 or 5 mg/kg/day) were analyzed by quantitative RT-PCR. 
Values are expressed relative to the vehicle-treated control mice. Plasma concentrations of MCP-1, TNF-α 
and IL-6 (a–c), respectively) were also measured in the same groups. Data were analyzed by Student’s t-test 
and displayed as mean ± SD of 5–6 mice for RT-PCR and ELISA per group. (a) *P < 0.001, compared with 
the vehicle-treated control mice, †P < 0.03, ††P < 0.001, ‡P < 0.003 and ‡‡P < 0.002, compared with the vehicle-
treated stressed mice, respectively. (b) *P < 0.01, compared with the vehicle-treated control mice, †P < 0.001, 
‡P < 0.02 and ‡‡P < 0.002, compared with the vehicle-treated stressed mice, respectively. (c) *P < 0.005 and 
**P < 0.001, compared with the vehicle-treated control mice, †P < 0.02, and ††P < 0.001, compared with the 
vehicle-treated stressed mice, respectively. (d) *P < 0.005, compared with the vehicle-treated control mice, 
†P < 0.02, and ††P < 0.01, compared with the vehicle-treated stressed mice, respectively.
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Furthermore, febuxostat also suppressed stress-induced lipolysis in accordance with the decrease in VAT inflam-
mation (Figs 4, 6 and 7). Macrophage-derived TNF-α, which is derived from infiltrated macrophages and adipo-
cytes in WAT, acts on TNF-α receptor in hypertrophied adipocytes, thereby inducing proinflammatory cytokine 

Figure 9.  Febuxostat improves stress-induced insulin resistance and prothrombotic state. After two weeks of 
daily stress, intraperitoneal glucose tolerance (GTT) and insulin tolerance tests (ITT) were performed in the 
vehicle- and febuxostat- (5 mg/kg/day) treated mice. The mRNA expression levels of IRS-1 and GLUT4, in 
inguinal adipose tissue and skeletal muscle (adductor muscle), and PAI-1 and tissue factor in inguinal adipose 
tissue were analyzed by quantitative RT-PCR. Data were analyzed by Student’s t-test and displayed as mean ± SD 
of 8 mice per group. (a) Glucose tolerance was comparable between the stressed mice treated with vehicle and 
febuxostat after stress. (b) Insulin tolerance showed significant recovery in febuxostat-treated and stressed mice. 
*P < 0.05, and **P < 0.04, compared with the vehicle-treated and stressed mice. (c,d) Quantitative analysis of 
IRS-1 and GLUT4 expression levels in inguinal adipose tissue (c) and skeletal muscle (adductor muscle) (d) 
of stressed mice treated with vehicle or febuxostat (5 mg/kg/day). *P < 0.001, compared with vehicle-treated 
and stressed mice. (e,f) Quantitative analysis of tissue factor and PAI-1 expression in inguinal adipose tissue of 
the control and stressed mice treated with vehicle or febuxostat (1 or 5 mg/kg/day). *P < 0.001, compared with 
vehicle-treated control mice, †P < 0.001, compared with vehicle-treated stressed mice.
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production and adipocyte lipolysis via NF-κB and MAPK-dependent mechanisms, respectively26. In the pres-
ent study, febuxostat reduced monocyte accumulation and TNF-α induction, and thus broke the vicious circle 
between stress-induced lipolysis and adipose tissue inflammation (Figs 6–8). Thus, both uric acid and XOR coor-
dinately play critical role in uric acid metabolism and VAT inflammation under stress conditions.

We demonstrated recently that chronic stress increased ROS accumulation in VAT downstream of the 
renin-angiotensin system (RAS) activation8, 9. Furthermore, we also showed here that the stress procedure upreg-
ulated the subunits of NADPH oxidase, which is a major source of ROS in adipocytes, and downregulated anti-
oxidant enzymes in VAT (Figs 3 and 4). Obesity-induced ROS production in VAT is involved in quite similar 
fashion. In VAT of Mets animals, the expression levels of NADPH oxidase subunits was increased downstream 
of induction of PU.1, which is known to increase the transcription of NADPH oxidase subunits in myeloid cells, 
and decreased those of antioxidant enzymes14. The mechanisms responsible for changes in the expression levels 
of NADPH oxidase subunits and antioxidant enzymes in VAT in the presence of low grade inflammation remain 
elusive at present, but the behavior of these molecules under stress was quite similar to that in Mets. In addition 
to activation of RAS, FFA also activate NADPH oxidase in adipocytes14. Stress-induced lipolysis and FFA release 
would be involved also in NADPH activation (Figs 3 and 4)4. Thus, stress seems to stimulate VAT to produce ROS 
in a coordinated manner to modulate NADPH oxidase activation. Both ROS generation and inflammatory adi-
pokines in adipose tissue synergistically induced PAI-1 and TF in adipose tissue (Fig. 9)27. XO activation increased 
the expression levels of PAI-1 and TF to exacerbate pro-thrombotic state via ROS accumulation, in a manner 
similar to that in Mets animal model14, 28. It has been reported that febuxostat inhibits endothelial XO to reduce 
ROS production, and preserves the activity of tissue factor pathway inhibitor to bind and inactivate factor Xa29.  
Thus, febuxostat has antithrombotic properties, which act to reduce stress-induced ROS generation and inflam-
matory adipokine production.

We reported previously that stress-induced adipose tissue inflammation resulted in low insulin sensitivity and 
downregulation of IRS-1 and GLUT4 in VAT4 and that treatment with anti-inflammatory agents like angiotensin 
II receptor blocker and dipeptidyl peptidase-4 inhibitor, suppressed VAT inflammation and restored IRS-1 and 
GLUT4 expression in VAT, as well as insulin sensitivity8, 9. In the present study, febuxostat restored the expression 
levels of IRS-1 and GLUT4 in VAT, and insulin sensitivity in parallel with a decrease in ROS accumulation and 
inflammation in VAT (Figs 7–9). While there are still questions on whether ROS directly trigger insulin resistance 
in adipocytes30, it is reported that ROS activates NF-κB signaling to induce pro-inflammatory adipokines, such as 
MCP-1, TNF-α, and IL-631. Febuxostat treatment restored IRS-1 and GLUT4 expression in VAT through signif-
icant suppression of adipose TNF-α32. Furthermore, the anti-inflammatory effect of febuxostat should improve 
insulin resistance because any decrease in plasma IL-6 is also expected to functionally improve insulin signaling 
in skeletal muscles at IRS-1 function, which is independent of IRS-1 and GLUT4 expression33, and restoration of 
adiponectin levels in VAT would also help in the recovery of systemic insulin sensitivity34.

There are substantial differences in uric acid metabolic process between human and mice. As shown above, 
uric acid is rapidly converted into allantoin by uricase in the mice but not in the human11. The activity and organ 
distribution of XOR differs between human and mice15, 35. In general, basal expression and activity of XOR in the 
human tissue is significantly lower compared to the mice. The expression level and activity of XOR in adipose is 
also low in the human15, 35. These would make it difficult to extrapolate our present study to human. But there is 
compelling evidence to support an aetiological role for inflammation and oxidative stress in the pathophysiology 
of mental stress36. XOR would plays a critical role in ROS production and alter uric acid metabolism in the down-
stream of inflammatory reaction in human under stressful condition.

In conclusion, our findings suggest that febuxostat inhibits stress-induced XOR activation to suppress VAT 
inflammation, and rectifies disorders of uric acid and glucose metabolism, and prothrombotic state. XO inhibi-
tion by febuxostat might be a potential therapy for stress-related disorders.

Methods
Experimental animals.  Eight-week-old male C57BL/6 J mice (Chubu Kagaku Shizai Co, Nagoya, Japan) 
were housed two per cage under standard conditions (23 ± 1 °C, 50 ± 5% humidity), with 12-h light/dark cycle 
(lights on at 7:30 a.m.) in a viral pathogen-free facility at the Division for Research of Laboratory Animals, Nagoya 
University Graduate School of Medicine4, 5. The study protocol was approved by the Institutional Animal Care 
and Use Committee of Nagoya University (Protocol Number 27009), and the study was performed according to 
the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Restraint stress procedure.  Mice were randomly divided into the control (n = 16) and stress groups 
(n = 25). Control mice were undisturbed and allowed contact with each other, while stressed mice were kept 
in individual cages and subjected to two hour per day of immobilization stress over a period of two weeks as we 
described in a previous study4. Briefly, within each group, mice were randomly assigned to either CE-2 diet mixed 
with the vehicle (0.4% methylcellulose) or febuxostat (1 or 5 mg/kg/day, a kind gift from Teijin Pharma Ltd., 
Tokyo, Japan), 8–9 mice per group, for two weeks. The control animals received vehicle or 5 mg/kg/day febuxostat. 
The stressed animals were given vehicle, or low dose (1 mg/kg/day) or high dose (5 mg/kg/day) febuxostat. Body 
weight and food intake were monitored/weighed in every 2 days during the stress period (between 10 am and 
12 noon, 6 days a week). Animals were anesthetized with 150 mg/kg sodium pentobarbital intraperitoneally and 
euthanized in the morning next to the last restraint stress. Biological samples were collected for total RNA extrac-
tion, analysis of plasma lipid profile, expression levels of biological markers, and pathological examination37. 
Plasma uric acid, total cholesterol, triglyceride, and free fatty acid (FFA) levels were measured with standard 
enzymatic methods or ELISA using Hitachi LABOSPECT 008 (Hitachi High-Technologies Corporation, Tokyo).
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Quantitative PCR.  Total RNA extraction, reverse-transcription, and quantitative PCR were performed as 
described previously37. Briefly, total RNA from the adipose, liver and intestine was extracted using TRIzol reagent 
(Life Technologies, Carlsbad, CA) according to the instructions provided by the manufacturer, and converted to 
cDNA using SuperScript VILO MasterMix (Life Technologies). The cDNA was amplified using SYBRH Green 
(Life Technologies) with gene-specific primers on ABI PRISM 7500 system (Life Technologies). The oligonu-
cleotide primers used in the experiments are listed in Table 1. The amount of each RNA was normalized to the 
respective β-actin mRNA.

Histological analysis.  Inguinal adipose tissue (VAT), liver and intestine samples were harvested after eutha-
nasia and subjected to immunohistochemistry, using the streptavidin-biotinylated peroxidase complex method. 
The adipose tissue was immunohistochemical stained for CD11b (1:100; Abcam Inc., Cambridge, MA), XO 
(1:100, Abcam) and 8-OHdG (1 µg/ml; Japan Institute for the Control of Aging, Fukuroi, Japan) using standard 
protocols as described previously8, 9. Two investigators blindly and independently counted the number of CD11b- 
and 8OHdG-positive and -negative cells under a microscope at ×200 magnification. Ten microscopic fields were 
chosen in three different sections per mouse for examination.

Biochemical measurements.  Plasma cytokine levels were quantified using mouse CCL2 ELISA 
Ready-SET-Go (eBioscience, Kobe, Japan), and TNF-α and IL-6 ELISA kit (R&D Systems, Minneapolis, MN) 
according to the instructions provided by the respective manufacturers4, 9. Plasma 8-OHdG levels were deter-
mined with a competitive ELISA kit (8-OHdG Check, Highly Sensitive kit, Japan Institute for the Control of 
Aging)9.

Xanthine oxidase (XO) and xanthine oxidoreductase (XOR) activity assay.  XO and XOR activities 
in adipose and liver tissue homogenates were measured according to pterin-based assay as reported previously18, 38.  
Briefly, inguinal adipose tissue was homogenized in 50 mM phosphate buffer (pH 7.4) containing 1 mM EDTA 
and protease inhibitor cocktail. Samples were centrifuged at 15,000 × g for 15 min at 4 °C. Then, adipose samples 
were reacted with 20 μL of 1 mM of pterin to measure XO activity. Subsequently, 20 μL of 1 mM methylene blue 
was further added to the tissue samples to measure total XOR (XO plus XDH) activity. Fluorometric assays were 
performed to calculate the production of isoxanthopterin. The activity was expressed as units/mg protein (tissue 
homogenate) using buttermilk XO (Merck Millipore, Billerica, MA) as standard. Quantified XO and XDH activ-
ities were expressed relative to the amount of total protein. Total protein concentration was measured using the 
Pierce BCA Protein Assay Kit (Thermo Scientific Inc., Billerica, MA).

Lipid peroxidation and hydrogen peroxide measurement.  Levels of MDA and H2O2 were deter-
mined in plasma, adipose, liver and intestine, using Lipid Peroxidation Assay Kit (Abcam) and Hydrogen Peroxide 
Assay Kit (BioVision, Palo Alto, CA) according to the instructions provided by the respective manufacturer.

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

XOR TATGACCGCCTTCAGAAC TATGCCTTCCACAGTTGT 102

NOX4 ACTCCTTGGGTCAGCACTGG GTTCCTGTCCAGTTGTCTTCG 160

gp91phox CAAGATGGAGGTGGGACAGT GCTTATCACAGCCACAAGCA 170

p67phox CTGGCTGAGGCCATCAGACT AGGCCACTGCAGAGTGCTTG 214

p47phox GATGTTCCCCATTGAGGCCG GTTTCAGGTCATCAGGCCGC 212

p40phox GCCGCTATCGCCAGTTCTAC GCAGGCTCAGGAGGTTCTTC 189

p22phox GTCCACCATGGAGCGATGTG CAATGGCCAAGCAGACGGTC 164

Cu,Zn-SOD CAGCATGGGTTCCACGTCCA CACATTGGCCACACCGTCCT 168

Mn-SOD CACATTAACGCGCAGATCATG CCAGAGCCTCGTGGTACTTCTC 100

Glutathione peroxidase GGGCAAGGTGCTGCTCATTG AGAGCGGGTGAGCCTTCTCA 269

Catalase CCAGCGACCAGATGAAGCAG CCACTCTCTCAGGAATCCGC 198

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG 165

CD68 ACTTCGGGCCATGTTTCTCT GGCTGGTAGGTTGATTGTCGT 139

MCP-1 TCAGCCAGATGCAGTTAACGC TGATCCTCTTGTAGCTCTCCAGC 95

TNF-α AGGCTGCCCCGACTACGT GACTTTCTCCTGGTATGAGATAGCAAA 70

IL-6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT 88

Adiponectin GCCGCTTATGTGTATCGCTCAG GCCAGTGCTGCCGTCATAATG 126

IRS-1 GTGAACCTCAGTCCCAACCATAAC CCGGCACCCTTGAGTGTCT 66

GLUT-4 CAGCTCTCAGGCATCAAT TCTACTAAGAGCACCGAG 140

Tissue Factor (TF) TCAAGCACGGGAAAGAAAAC CTGCTTCCTGGGCTATTTTG 137

PAI-1 ACAGCCTTTGTCATCTCAGCC CCGAACCACAAAGAGAAAGGA 75

β-Actin TATTGGCAACGAGCGGTTC ATGCCACAGGATTCCATACCC 75

Table 1.  Sequences of primers used for RT-PCR.
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Intraperitoneal glucose and insulin tolerance tests.  After two weeks of daily stress, mice received 
intraperitoneal glucose tolerance test (GTT) and insulin tolerance test (ITT) using standard methods4. Briefly, for 
GTT, mice were fasted overnight and then challenged with D-glucose at 2 g/kg body weight (Sigma-Aldrich, St. 
Louis, MO), followed by serial measurements of blood glucose up to 120 min using a blood glucose level monitor 
(Glutest Ace, Sanwa Kagaku Kenkyusho Co., Nagoya, Japan). For ITT, mice were fasted for 16 hours before test-
ing. Insulin (0.75 U/kg, Actrapid Penfill, NovoNordisk, Copenhagen, Denmark) was injected intraperitoneally, 
and blood glucose was measured.

Statistical analysis.  Data are expressed as mean ± SD. Differences between groups were assessed by the 
Student’s t-test. Differences between quantitative data of different groups were analyzed by Fisher’s protected least 
significant differences (PLSD) test of one-way analysis of variances (ANOVA). The relationship between XOR 
activity and population of CD11b positive cells was analyzed by Pearson’s correlation coefficient. Differences 
between groups were considered significant when P was < 0.05.
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