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Xanthine oxidoreductase (XOR) is an enzyme that catalyzes hypoxanthine to xanthine and xanthine
to uric acid, respectively. However, the underlying mechanisms of increased plasma XOR and its
pathological roles in systemic diseases, such as atherosclerosis, are not fully understood. In this
study, we found that changes in plasma XOR activity after bariatric surgery closely associated with
those in liver enzymes, but not with those in BMI. In a mouse model of nonalcoholic fatty liver
disease/steatohepatitis (NAFLD/NASH), plasma XOR activity markedly increased. Besides, purine
catabolism was accelerated in the plasma per se of NASH mice and human patients with high XOR
activity. In our NASH mice, we observed an increased vascular neointima formation consisting

of dedifferentiated vascular smooth muscle cells (SMCs), which was significantly attenuated by
topiroxostat, a selective XOR inhibitor. In vitro, human liver S9-derived XOR promoted proliferation
of SMCs with phenotypic modulation and induced ROS production by catabolizing hypoxanthine
released from human endothelial cells. Collectively, the results from human and mouse models
suggest that increased plasma XOR activity, mainly explained by excess hepatic leakage, was
involved in the pathogenesis of vascular injury, especially in NAFLD/NASH conditions.

Introduction

Accumulating evidence from epidemiological studies suggests that hyperuricemia, the etiology of
gout, is associated with chronic kidney diseases (1, 2) and a potential risk factor for cardiovascular
diseases (CVDs; refs. 3, 4). Patients with hyperuricemia consist of heterogeneous populations, such as
the overproduction type in liver and reduced renal/extrarenal excretion type (5), the latter of which
is often related to genetic abnormalities in transporters of uric acid (6). On the other hand, the over-
production type of hyperuricemia is closely associated with visceral fat-based metabolic syndrome,
including type 2 diabetes mellitus, hypertension, dyslipidemia, and nonalcoholic fatty liver disease/
steatohepatitis (NAFLD/NASH,; ref. 7). Although significant reductions in serum uric acid have
been achieved through the recent progress in urate-lowering therapy, such as xanthine oxidoreduc-
tase (XOR) inhibitors, the clinical effects of antihyperuricemic agents on CVDs remain controversial
(8-10). As such, further studies are needed to identify the potential underlying mechanisms of these
conflicting outcomes.

XOR is a rate-limiting enzyme that catalyzes conversions from hypoxanthine to xanthine and from xan-
thine to uric acid. Although the gene expression of murine XOR is found in various tissues, including adipose
tissue, human XOR localizes mainly in liver and intestines (11). XOR is initially synthesized as the xanthine
dehydrogenase (XDH) form, and then XDH is converted to xanthine oxidase (XO) under pathophysiological
conditions, such as tissue hypoxia (12, 13), or after being released into the circulation (14, 15). Moreover, XO
is known to generate ROS through the production of O* and H,0O,. In vitro analysis demonstrated that XO
binds to negatively charged glycosaminoglycans at the apical surface of vascular endothelial cells (ECs; refs.
16, 17); therefore, XO was hypothesized to be involved in vascular endothelial damage (18-20).
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Recent methodological advances have made it possible to measure plasma XOR activity in humans
(21), and serial studies described the association of plasma XOR with multiple clinical parameters, such
as BMI, insulin resistance, hyperuricemia, and liver dysfunction (22, 23). We just recently reported that,
across 2 weeks of hospitalized treatment, plasma XOR activity in diabetic patients was strongly and inde-
pendently associated with liver transaminases (aspartate aminotransferase, AST; and alanine aminotrans-
ferase, ALT; ref. 24). However, it remains unclear which of these metabolic disorders has a causal relation-
ship with increased plasma XOR activity and whether high plasma XOR is implicated in the pathogenesis
of systemic diseases, such as atherosclerosis.

In this study, we demonstrate the close association of plasma XOR activity with liver enzymes in
patients after bariatric surgery, increased XOR activity in plasma of NAFLD/NASH models, and its possi-
ble involvement in the development of vascular neointimal proliferation.

Results

Close associations between changes in plasma XOR activity and those in liver transaminases, but not in BMI, after
bariatric surgery, in obese patients. To clinically identify factors associated with plasma XOR activity, we
conducted a follow-up study on morbidly obese patients who underwent bariatric surgery, an interven-
tion by which marked alterations in systemic metabolism are expected. We examined changes in plasma
XOR activity and their related clinical parameters short (1 week) and long (1 year) periods after surgery.
The baseline characteristics of the patients (8 men/4 women) are shown in Supplemental Table 1 (sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.144762DS1).
As shown in Supplemental Table 2, baseline plasma XOR activity was positively correlated with serum
AST and ALT in the univariate analysis.

Changes in clinical parameters from baseline to 1 week or 1 year after bariatric surgery are shown in
Supplemental Table 3. As expected, BMI markedly decreased from 38.3 kg/m? to 36.9 kg/m? 1 week (P
= 0.0003) and to 30.7 kg/m? 1 year (P < 0.0001) after the surgery (Figure 1A), accompanied by signifi-
cant improvements in multiple metabolic parameters. One year after the surgery, we observed significant
reductions in plasma XOR activity (P = 0.0001; Figure 1A). Both serum AST and ALT also significantly
decreased after 1 year (Figure 1A), similar to XOR activity. Subsequent correlation analysis (Supplemental
Table 4) revealed that only changes in AST and ALT, but not in BMI, had significant positive associations
with those in plasma XOR activity both 1 week (Figure 1B) and 1 year (Figure 1C) after the surgery. Of
note, no significant correlation was observed between the changes in XOR activity and those in plasma uric
acid levels (Supplemental Table 4). These clinical observations suggest that increased plasma XOR activity
was predominantly associated with liver dysfunction, such as NAFLD/NASH, rather than obesity per se.

A marked increase in plasma XOR activity in NAFLD/NASH mice without obesity. We previously report-
ed that obese conditions upregulate XOR expression in murine adipose tissue (25). Thus, to eliminate
the influence of adipose XOR, we examined the causality of the relationship between liver diseases and
increased plasma XOR using a mouse model of NAFLD/NASH without obesity. Male mice were fed
a choline-deficient, L-amino acid—-defined, high-fat diet (CDAHFD) consisting of 0.1% methionine,
no choline, and 60 kcal% fat, by which impaired hepatic VLDL-triglyceride secretion rapidly induces
hepatic steatosis and fibrosis (26). As shown in Figure 2A, feeding with CDAHFD for up to 6 weeks
exhibited time-dependent liver weight gain, despite relative decreases in epididymal white adipose tis-
sue weight (normal chow, NC: 0.45 + 0.06 g vs. 6 weeks of CDAHFD: 0.39 + 0.07 g). H&E (Figure
2B, upper panels) and Sirius red staining (Figure 2B, lower panels) of liver tissues supported the devel-
opment of hepatocellular steatosis during week 1 and NASH-like features of severe hepatic fibrosis
during week 6 of CDAHFD. Both hepatic XOR mRNA (Supplemental Figure 1A) and protein (Sup-
plemental Figure 1, B and C) expression levels were significantly upregulated around 2-fold on week 6
of CDAHFD, along with the progression of fibrosis and inflammation in liver (Supplemental Figure 1,
A-C). We also observed a steady increase in XO and total XOR activity, but not XDH activity, in liver
after feeding with CDAHFD (Supplemental Figure 1D).

Reflecting liver injury, serum AST and ALT markedly increased over time with CDAHFD (Figure
2C), accompanied by increased circulating XOR protein levels detected by Western blotting (Figure 2D).
Moreover, plasma XO activity, measured by the HPLC fluorescence detection (HPLC-FLD) method,
significantly increased on week 1 of CDAHFD (before the establishment of hepatic fibrosis), reaching
more than 10-fold on week 6 (Figure 2E). On the other hand, plasma XDH activity was not affected by
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Figure 1. Significant reductions in plasma XOR activity after bariatric surgery and correlations with liver transaminases. Each clinical parameter was

examined in 12 obese patients befo

re (Pre) bariatric surgery and 1 week and 1year after bariatric surgery. Plasma XOR activity was measured using the

LC/TQMS method. (A) Serial changes in BMI, plasma XOR activity, serum AST, and ALT after the surgery. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. Pre
(paired t test). (B and C) Pearson’s correlation coefficients between changes in plasma XOR activity and those in serum AST, ALT, and BMI at 1 week (B)
and 1year (C) after the surgery. XOR, xanthine oxidoreductase; LC/TQMS, triple quadrupole mass spectrometry and liquid chromatography; AST, aspartate

aminotransferase; ALT, alanine ami
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the development of NAFLD (Figure 2E). During the periods of CDAHFD feeding, we found significant
positive correlations between liver transaminases (serum AST and ALT) and both plasma XO and total
XOR activity, but not with plasma XDH activity (Figure 2, F and G). Based on these results, in addition
to increased XOR expression in liver, excess leakage of hepatic XOR from the damaged liver was consid-
ered to cause markedly high plasma XOR (mainly XO) activity in NAFLD/NASH mice.

Enhanced purine catabolism in the plasma of NASH mice and in human plasma with highly increased XOR activ-
ity. Next, we asked whether increased XOR activity in NASH mice alters purine catabolism in the plasma.
As described in Methods, the conversions of hypoxanthine to xanthine and uric acid were assessed after
the addition of hypoxanthine (200 pM), as a substrate for XOR, into plasma obtained from mice fed NC
or CDAHFD for 6 weeks (Figure 3A). Changes in hypoxanthine, xanthine, and uric acid concentrations
are provided in Figure 3, B-D, respectively. In plasma of CDAHFD-fed mice (indicated by black circles),
hypoxanthine rapidly decreased to undetectable levels at 30 minutes (Figure 3B), and then xanthine peaked
at 15 minutes and subsequently diminished at 60 minutes (Figure 3C). Lastly, hypoxanthine added to the
plasma was fully converted to uric acid within 60 minutes, reaching a plateau of 200 uM (Figure 3D). Con-
trary to this, in plasma from mice fed NC diet (indicated by white circles), hypoxanthine and xanthine grad-
ually decreased and increased, respectively, over 360 minutes, and uric acid production remained below 100
uM even at 360 minutes (Figure 3, B-D). These results suggest that high plasma XOR activity in NASH
mice accelerated the purine catabolic rate in the circulation.
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Figure 2. Increased plasma XOR activity in NAFLD/NASH mice fed CDAHFD. Male C57BL/6) mice were fed a CDAHFD for up to 6 weeks from 8 weeks
of age. (A) Liver weight gain after CDAHFD feeding. n = 4; NC for 6 weeks, n = 3; CDAHFD for 1 week and 3 weeks, and n = 6; CDAHFD for 6 weeks. (B)
Representative liver sections stained by H&E (upper panels) and Sirius red (lower panels). Scale bars: 100 um. (C) Serum AST and ALT after COAHFD
feeding. n = 4; NC for 6 weeks, n = 3; CDAHFD for 1 week and 3 weeks, and n = 5; CDAHFD for 6 weeks. (B) Immunoblots for serum XOR protein. (E)
Plasma XDH, X0, and total XOR activity after COAHFD feeding. The HPLC-FLD method was used to distinguish between X0 activity and total XOR (X0
plus XDH) activity. XDH activity was calculated by subtracting XO activity from total XOR activity. n = 3 for each group. Data are shown as mean + SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. NC (1-way ANOVA with Dunnett’s post hoc test). (F and G) Pearson’s correlation coefficient was used to
examine the correlation between serum AST (F) or ALT (G) and plasma total XOR, X0, and XDH activity during the periods of feeding with CDAHFD. n =
3 for each group. NAFLD/NASH, nonalcoholic fatty liver disease/steatohepatitis; CDAHFD, choline-deficient, L-amino acid-defined, high-fat diet; NC,
normal chow; XDH, xanthine dehydrogenase; X0, xanthine oxidase.

We also performed a similar assay using human plasma obtained from a healthy control and patients
before bariatric surgery who had high plasma XOR activity (C and P1-P3, respectively; Figure 3E). XOR
activity levels measured by the LC/TQMS method in each plasma sample used in this experiment are shown
in Figure 3F. In the plasma of patients with high XOR (indicated by black squares), when 100 uM of hypox-
anthine was added into the plasma, the hypoxanthine concentration gradually decreased over 360 minutes
(Figure 3G), which resulted in an increased concentration of xanthine (Figure 3H). Such xanthine produc-
tion was blocked by pretreatment with 10 pM of topiroxostat, a nonpurine selective inhibitor of XOR (indi-
cated by open squares; Figure 3H). There was no increase of xanthine in the plasma from a control subject,
regardless of the presence of topiroxostat (indicated by dot circles and black circles; Figure 3H). Similar
results of no increase in the xanthine concentration were obtained for 2 other healthy controls, whose plas-
ma XOR activity was 28.7 pmol/h/mL and 33.7 pmol/h/mL, respectively (data not shown). Uric acid
levels were not changed in all plasma samples of patients and controls, possibly due to the high baseline
concentrations (Figure 3I). These results suggest that XOR-dependent purine catabolism, at least hypoxan-
thine to xanthine, also occurred in the human blood when plasma XOR activity increased to a certain extent.

Amelioration of vascular neointima formation in NASH mice by XOR inhibition. Based on both human
and mouse studies, high plasma XOR activity is directly associated with liver disease conditions such as
NAFLD/NASH. Accumulating clinical data suggest that NAFLD/NASH increases the risk of CVDs
independent of established cardiovascular risk factors (27-29). This background prompted us to conduct
further experiments to elucidate whether excess plasma XOR activity participates in such crosstalk between
NAFLD/NASH and CVD progression. As shown in Figure 4A, mice were divided into 3 groups: mice
that were fed NC (control) or CDAHFD treated with, CDAHFD/TPX (+), or without, CDAHFD/TPX
(-), topiroxostat and then subjected to unilateral carotid artery ligation to induce neointima formation. In
the CDAHFD/TPX (+) group, topiroxostat was administered 1 week prior to carotid artery ligation, and
all mice were analyzed 3 weeks after surgery (8 weeks after feeding with NC or CDAHFD; Figure 4A).

The administration of topiroxostat did not affect food intake (Supplemental Figure 2A), body weight
(Supplemental Figure 2B), and liver weight gain (Supplemental Figure 2C) under CDAHFD feeding.
In liver, increased XOR activity observed in NASH mice fed CDAHFD was significantly suppressed by
topiroxostat (Supplemental Figure 3A). The amount of hypoxanthine in liver was higher in the CDAHFD/
TPX (-) group than in the control group, and it was further increased in the CDAHFD/TPX (+) group
(Supplemental Figure 3B). Hepatic xanthine and uric acid levels were also significantly increased in the
CDAHFD/TPX (-) group, and they were markedly reduced by topiroxostat (Supplemental Figure 3B).
Although topiroxostat inhibited both XOR activity and XOR-dependent purine catabolism in liver, the
extent of hepatic steatosis and fibrosis was not different between the CDAHFD/TPX (-) and CDAHFD/
TPX (+) groups (Supplemental Figure 3, C and D). Topiroxostat did not affect CDAHFD-induced
increases in liver o—smooth muscle actin, collagen type I, and TNF-a mRNAs (Supplemental Figure 3E)
and aSMA protein (Supplemental Figure 3, F and G) expression, as well.

Consistent with the minimal effect of topiroxostat on hepatic damage, serum AST and ALT were
not different between the CDAHFD/TPX (-) and CDAHFD/TPX (+) groups (Figure 4B). Topiroxostat
administration diminished the high plasma XOR activity induced by NASH (Figure 4C). Plasma con-
centrations of purine metabolites are shown in Figure 4D. Although plasma hypoxanthine and xanthine
were barely detectable in the control and the CDAHFD/TPX (-) groups, they were increased to around
50 uM and 25 pM, respectively, in the CDAHFD/TPX (+) group. Plasma uric acid concentrations were
markedly increased in the CDAHFD/TPX (-) group, but those in the CDAHFD/TPX (+) group were
decreased to similar levels of the control group. This suggested that topiroxostat almost completely
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Figure 3. Enhanced purine catabolism in the plasma of NASH mice and of human subjects with highly increased XOR activity. (A) Assay for
purine metabolic reactions in mouse plasma. HX, Xan, and UA concentrations were measured at each time point, after the addition of 200 uM of
HX into plasma samples obtained from male C57BL/6) mice fed NC or a CDAHFD for 6 weeks. (B) Changes in HX concentrations. (C) Changes in Xan
concentrations. Shown are relative changes from 0 minutes. (D) Changes in UA concentrations. Shown are relative changes from 0 minutes. White
circles = mice fed NC; black circles = mice fed CDAHFD. n = 3 for each group. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001
vs. NC at each time point (2-tailed unpaired t test). (E) Assay for purine metabolic reactions in human plasma. HX, Xan, and UA concentrations
were measured at each time point, after the addition of 100 uM of HX into human plasma samples obtained from a healthy control (abbreviated as
C) and patients before bariatric surgery with high XOR activity (P1-P3). These plasma samples were pretreated with or without 10 uM TPX before
the assay. (F) Plasma XOR activity in each plasma sample used in this assay. XOR activity was measured using the LC/TQMS method. (G-1) Changes
in HX (G), Xan (H), and UA (1) concentrations. Black circles = plasma from a healthy control without TPX; open circles = plasma from a healthy
control pretreated with TPX; black squares = plasma from patients without TPX; open squares = plasma from patients pretreated with TPX. HX,
hypoxanthine; Xan, xanthine; UA, uric acid; TPX, topiroxostat.

inhibited XOR-mediated purine catabolism in the circulation. Besides, these results disclosed another
point of interest in that hypoxanthine and xanthine, substrates for XOR (XO), were potentially abundant
in the bloodstream of NASH mice, which is generally masked by their high plasma XOR activity.

Next, neointima formation induced by carotid artery ligation was evaluated to investigate the signif-
icance of high plasma XOR associated with NAFLD/NASH on vascular injury. Regarding serum lipid
profiles, triglyceride (TG; Supplemental Figure 2D) and nonesterified fatty acids (NEFAs; Supplemental
Figure 2E) levels were not different between the CDAHFD/TPX (-) and CDAHFD/TPX (+) groups.
Serum total cholesterol levels were also unchanged between the 2 groups (Supplemental Figure 2F),
which were significantly lower than the control group. Of note, NASH mice fed CDAHFD exhibited
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Figure 4. Suppressive effects of topiroxostat, a selective XOR inhibitor, on neointima formation induced by carotid artery ligation in NASH mice. (A)
Male C57BL/6) mice were divided into 3 groups: fed NC or fed a CDAHFD treated with or without TPX (1 mg/kg/d). Unilateral carotid artery ligation was per-
formed to induce neointima formation 5 weeks after feeding with each diet. TPX was administered from 1 week prior to carotid artery ligation, and all mice
were examined 3 weeks after surgery. (B) Serum AST and ALT in each group. n = 11 for NC and n = 12 for CDAHFD/TPX (-) and CDAHFD/TPX (+). (C) Plasma
XOR activity measured by the LC/TQMS method in each group. n = 3 for NC and n =12 for COAHFD/TPX (-) and CDAHFD/TPX (+). (D) Plasma concentrations
of HX, Xan, and UA in each group. n = 3 for NC and n = 12 for COAHFD/TPX (-) and CDAHFD/TPX (+). (E) Representative H&E-stained sections of ligated
carotid arteries obtained from each group. Scale bars: 200 pm. (F) Quantification of the intima/media ratio at 600 um, 800 pm, and 1000 pm from proxi-
mal to the ligated site. n = 11 for NC and n = 12 for COAHFD/TPX (-) and CDAHFD/TPX (+). Data are shown as mean + SEM; **P < 0.01 and ***P < 0.001 vs.
NC and P < 0.01, and P < 0.001. NS (1-way ANOVA with Tukey's post hoc test). I/M, intima/media.

marked progression of neointima formation (Figure 4E), demonstrated by significant increases in the
intima-to-media ratio compared with the control group at all distances (600 pm, 800 um, and 1000 pm)
from proximal to the ligated site (Figure 4F). In contrast, topiroxostat significantly attenuated neointima
formation in NASH mice to similar levels observed in the control group (Figure 4, E and F). These results
suggest that XOR inhibition in NASH mice had a significant effect on preventing neointimal proliferation
induced by carotid artery ligation.

Effects of liver-derived XOR on vascular smooth muscle cell proliferation and dedifferentiation. Vascular smooth
muscle cells (VSMCs) dedifferentiate from the contractile to the synthetic phenotype under pathological
conditions such as atherosclerosis (30, 31). As shown in Figure 5A, immunostaining demonstrated that
progressively developed neointima of NASH mice predominantly consisted of aSMA-positive cells. In
contrast, expression of calponin, a marker of contractile SMCs, was markedly reduced in aSMA-positive
neointima (Figure 5B). This cellular pattern indicates that dedifferentiated SMCs played a central role in
the process of neointima formation. Further in vitro experiments were performed to examine the effects
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Figure 5. Effects of liver S9-derived XOR on proliferation and dedifferentiation in HASMCs. (A and B) Unilateral carotid artery ligation was performed

on male C57BL/6) mice 5 weeks after a CDAHFD feeding. Then vessels were collected 3 weeks after surgery. Representative immunofluorescence images
for aSMA (green; A) or calponin (green; B) with DAPI-stained nuclei (blue) of sham-operated (upper panels) and ligated arteries (lower panels). The border
between media and neointima was indicated by the dotted line. Scale bar: 150 pm. (C-F) HASMCs were incubated with or without 1% human liver 59
compartment (S9) in the presence or absence of 10 uM TPX. (€) XDH, X0, and total XOR activity in cell culture media and human plasma of an obese
patient with liver dysfunction. The HPLC-FLD method was used to distinguish between X0 activity and total XOR (XO plus XDH) activity. (D) The relative
incorporation of BrdU. n = 8 for each group. (E) Immunoblots for calponin and GAPDH. (F) Relative protein levels of calponin normalized to GAPDH. n = 3 for
each group. (G and H) HUVECs were incubated with or without 1% S9 in the presence or absence of 10 uM TPX for 4 hours. (G) Changes in HX, Xan, and UA
concentrations in the culture media. White circles = control; black squares = 1% S9 with vehicle (Veh); open squares = 1% S9 with TPX. n = 3 for each group.
(H) ROS production in the culture media measured by a fluorogenic probe, DCFH-DiOxyQ, using DCF standard. n = 3 for each group. Data are shown as mean
+ SEM; **P < 0.01and ***P < 0.001 vs. control (Con, without 1% S9), and P < 0.01 and P < 0.001 (1-way ANOVA with Tukey's post hoc test). ND, not
detected; HASMCs, human arterial smooth muscle cells; aSMA, a-smooth muscle actin; DCFH-DiOxyQ, dichlorodihydrofluorescin DiOxyQ.

of liver-derived XOR on SMC proliferation and dedifferentiation, using the human liver S9 compartment
as a source of hepatic XOR (32). We confirmed that S9 diluted to 1% had equivalent XO and total XOR
activity to those in plasma of the patient before bariatric surgery with liver dysfunction (the same sample
as P1 in Figure 3), whose serum AST and ALT levels were 66 IU/L and 138 IU/L, respectively (Figure
5C). Such relatively high XOR activity of 1% S9 decreased to an undetectable level by topiroxostat (Fig-
ure 5C). Under serum-free conditions, incorporation of BrdU was significantly increased by incubating
human arterial smooth muscle cells (HASMCs) with 1% S9, which was suppressed by treatment with
topiroxostat (Figure 5D). Exposure of xanthine or uric acid, byproducts of XOR, itself did not alter BrdU
incorporation (Supplemental Figure 4, A and B). In addition, 72 hours culture with 1% S9 significantly
decreased calponin protein, whereas such effects of S9 were also attenuated by topiroxostat (Figure 5, E
and F). From these data, it was supposed that liver-derived XOR promoted SMC proliferation and dedif-
ferentiation in its enzymatic activity-dependent manner.
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Finally, given the current concept that XOR is involved in vascular endothelial injury (19), we exam-
ined the effects of liver-derived XOR on human ECs. Reflecting low expression level of the XDH gene and
XOR activity in human umbilical vein endothelial cells (HUVECs; data not shown), only hypoxanthine was
measurable in cell lysates, and both xanthine and uric acid were below the detectable range (Supplemental
Figure 4C). Regardless of the presence of topiroxostat, incubation with 1% S9 for 4 hours did not alter the
intracellular amount of these 3 purine metabolites, suggesting that XOR derived from S9 had no intracellular
effect (Supplemental Figure 4C). As shown in Figure 5G, we detected high levels of hypoxanthine secreted
from HUVECS in the control culture media without S9 (indicated by white circles), reaching over 70 uM
after 4 hours of incubation. On the other hand, there was no increase in xanthine or uric acid levels (Figure
5G). When HUVECs were incubated with 1% S9 (indicated by black squares), activation of purine catabo-
lism was observed in the culture medium, represented by the reduction of hypoxanthine and the production
of xanthine and uric acid (Figure 5G), which was accompanied by ROS production in the medium (Figure
5H). These catabolic reactions and ROS generation induced by 1% S9 were completely abolished by topirox-
ostat (indicated by open squares; Figure 5, G and H). Under these conditions, mRNA levels of VCAM-1
and E selectin were significantly increased by the incubation with 1% S9 for 4 hours, whereas topiroxostat
suppressed these effects of S9 (Supplemental Figure 4D). Xanthine or uric acid did not alter these adhesion
molecules’ expression levels (Supplemental Figure 4, E and F).

Discussion

The major findings of the present study are as follows: (a) Changes in plasma XOR activity between before
and after bariatric surgery were closely associated with those in serum AST and ALT but not in BMI. (b)
Nonobese NASH mice fed CDAHFD exhibited markedly increased plasma XOR activity, accompanied
by enhanced purine catabolism in plasma. (c) The in vivo administration of the XOR inhibitor to NASH
mice markedly attenuated the development the development of neointimal proliferation induced by carotid
artery ligation. (d) In the in vitro experiments, human liver S9—derived XOR accelerated proliferation of
SMCs with reduction of calponin expression and induced ROS production by catabolizing hypoxanthine
released form ECs in its enzymatic activity—dependent manner.

An initial objective of this project was to determine distinct pathological features that are clinically
associated with increased plasma XOR activity. In our follow-up study on obese patients who underwent
bariatric surgery, significant reductions in plasma XOR activity were observed 1 year after the surgery (P
< 0.001), together with the marked weight loss (the mean value of —22.1 kg). It is somewhat surprising
that changes in plasma XOR activity during this period were not correlated with those in body weight or
BMI because previous cross-sectional (22, 23) and longitudinal (33) studies demonstrated the relationships
between plasma XOR and BMI. Instead, only changes in serum liver transaminases (AST and ALT) had
significant positive correlations with those in plasma XOR (Figure 1 and Supplemental Table 4). These dif-
fering results may be explained by differences in baseline characteristics. Compared with those described in
the general population (22, 23, 33), baseline levels of plasma XOR activity in our patients were distributed
in a wide range of 16.2-1360 pmol/h/mL, presumably reflecting a higher prevalence of liver dysfunction
with severe obesity. Taken together with our previous findings that the expression levels of human XOR
were far lower in adipose tissue than in liver and small intestine (11), we conclude that plasma XOR activity
increased mainly according to the degree of liver dysfunction.

Importantly, we confirmed high plasma XOR activity also in nonobese NAFLD/NASH mice fed
CDAHFD. Regarding XOR in liver, we and others demonstrated increased hepatic XOR activity in
high-fat diet-induced obesity and genetically obese mice (25, 34, 35). Consistent with these previous
observations, mice fed CDAHFD exhibited time-dependent upregulation of hepatic XOR at the transla-
tional level, along with the development of fibrosis and inflammation in liver. Furthermore, in addition
to changes in liver, a marked increase in plasma XOR activity was observed from as early as 1 week
after CDAHFD feeding before the establishment of NASH-like features of hepatic fibrosis. A strong
positive correlation was also found between liver transaminases (both serum AST and ALT) and plasma
XOR activity during the progression of NAFLD/NASH in this mouse model. These results strongly
suggest that plasma XOR activity begins to increase at the early stage of NAFLD, probably followed by
increased leakage of hepatic XOR from the damaged liver. This causal relationship between NAFLD/
NASH conditions and high plasma XOR activity should also apply to humans, in whom XOR is more
exclusively produced in liver (11).
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One of the most important issues emerging from these findings is whether such an increase in plasma
XOR has pathological significance beyond being a biomarker of hepatic damage. In recent years, sever-
al clinical investigations revealed that NAFLD/NASH increases the risk of atherosclerosis and coronary
artery disease independent of traditional cardiovascular risk factors (27-29). Although the underlying mech-
anism of this association has not been fully elucidated, several factors related to NAFLD/NASH, including
insulin resistance, dietary intake, altered lipid metabolism, the gut microbiome, and the proinflammatory
state, are considered to play roles in the pathogenesis of atherosclerosis (36-38). Supporting the clinical
evidence mentioned above, NASH mice fed CDAHFD exhibited significantly augmented neointimal prolif-
eration induced by carotid artery ligation (P < 0.001).Topiroxostat is reported to inhibit plasma XOR activity
more effectively than other XOR inhibitors, allopurinol and febuxostat, in both mice (39) and humans (40).
Furthermore, XOR inhibition by topiroxostat reversed both increased plasma XOR activity and the progres-
sion of neointima formation in NASH model mice of the present study to similar levels observed in control
mice independent of liver dysfunction (Figure 4, E and F). These results suggested an impact of excess XOR
release from the damaged liver as a key mediator of NAFLD/NASH-related atherosclerosis.

In the development of atherosclerosis, local environmental cues such as inflammatory stimuli induce
the phenotypic dedifferentiation of VSMCs from the quiescent contractile type to the synthetic type, which
results in proliferation and migration of SMCs from the media into the intima (30, 31, 41). In this regard,
one of the major findings of this study is the effect of liver-derived XOR to induce proliferative phenotypic
switch of VSMCs. As expected, immunostaining revealed that aSMA-positive/calponin-negative dedif-
ferentiated SMCs were primarily involved in neointima formation in NASH mice (Figure 5, A and B). A
previous study clearly showed that XO exerted a distinct effect on proliferation of rat VSMCs through O,
(42). Similarly, human liver S9 compartment, which was adjusted to have XOR activity equivalent to that
observed in human plasma, stimulated proliferation, and dedifferentiation of human VSMCs, and these
effects of S9 were highly dependent on the enzymatic activity of XOR but not on xanthine or uric acid,
the byproducts of XOR (Figure 5, D-F). Collectively, our present data propose the possible association
between pathological SMC phenotypic modulation and excess XOR from damaged liver.

In both mice and humans, circulating XOR that increased under NAFLD/NASH conditions was pre-
dominantly in the XO form. Because the involvement of XO in pathological processes is well described by
its potential to generate ROS (18-20), it is important to know whether purine catabolism indeed occurs
in the circulation. In this context, we demonstrated for the first time to our knowledge that hypoxanthine
was converted to xanthine and uric acid in mouse plasma, and these reactions were markedly augmented
in NASH mice fed CDAHFD. We also confirmed that XOR activity highly increased in patients before
bariatric surgery, whose plasma exhibited the potential to catabolize hypoxanthine to xanthine. Regarding
its substrate, we previously reported hypoxanthine secretion from human adipocytes (11). In addition, a
recent clinical study on the general population demonstrated that the plasma hypoxanthine concentration
is positively associated with BMI, suggesting increased hypoxanthine release from obese adipose tissue
(43). Based on this study, human ECs are also considered as a potential source of hypoxanthine. Due to
the absence of intracellular XOR, we detected a large amount of hypoxanthine secreted from HUVECs
into the culture media (Figure 5G). Together with previous observations that XOR can bind to endothelial
cell membranes (16, 17), hypoxanthine supplied from the circulation or released from vascular ECs could
have been subsequently catabolized on the cell surface of ECs, especially in individuals with particularly
high plasma XOR activity. We also detected significant ROS production induced by XOR-mediated hypox-
anthine catabolism in cell culture medium of HUVECs (Figure 5H). This local ROS generation on the
vasculature, rather than the XOR byproducts, may lead to endothelial proinflammatory responses, repre-
sented by the upregulation of endothelial adhesion molecules and the proliferation and dedifferentiation of
SMCs, which synergistically accelerate vascular remodeling.

Several studies have provided evidence that XOR is involved in macrophage activation. XOR inhibition
in macrophages was reported to prevent foam cell formation (44), cholesterol crystal-induced ROS gener-
ation (45), and the NLRP3 inflammasome (46). At least partly through these suppressive effects on mac-
rophages, XOR inhibitors, febuxostat and allopurinol, might attenuate atherosclerotic plaque formation in
apolipoprotein E-KO mice (44, 45). Thus, it is also possible that increased circulating XOR in NAFLD/
NASH activates macrophages in the vasculature, leading to the progression of atherosclerosis. However,
these previous investigations focused on XOR expressed in macrophages; therefore, it remains to be eluci-
dated whether XOR in the circulation also activates macrophages.
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To date, clinical evidence for the effects of XOR inhibition on atherosclerosis is controversial. In 2
randomized trials, allopurinol attenuated the progression of carotid intima-media thickness in patients
with type 2 diabetes, asymptomatic hyperuricemia, and recent ischemic stroke (8, 9). On the other hand,
a recent randomized controlled trial of Japanese patients with asymptomatic hyperuricemia reported that
24-month treatment with another XOR inhibitor, febuxostat, did not delay carotid atherosclerosis progres-
sion (10). According to the present study, patients with NAFLD/NASH, whose plasma XOR is typically
high, may be the subjects most likely to benefit from XOR inhibitors. However, phenomena observed using
mouse models do not necessarily apply to humans due to marked differences between rodents and humans
in the tissue distribution of XOR, plasma XOR activity, and purine metabolism. To clarify whether XOR
inhibitors can prevent or delay cardiovascular complications associated with increased plasma XOR activ-
ity, as in mice, large-scale studies enrolling patients with NAFLD/NASH will be required in the future.

The working hypothesis from the present study could be summarized in Supplemental Figure 5. We
propose that high plasma XOR activity was directly induced by liver disease conditions, such as NAFLD/
NASH, and accelerated purine catabolism in the circulation, which may be related to the development of
vascular neointimal proliferation. This study adds insight into the understanding of increased plasma XOR
activity and its causal roles in the pathogenesis of vascular injury. XOR inhibitors may have the potential as
a therapeutic option for preventing atherosclerotic diseases in patients with NAFLD/NASH.

Methods

Animal study. Male C57BL/6J mice were purchased from CLEA Japan Inc. For the nonobese NAFLD/
NASH model (26), mice were fed CDAHFD (Research Diets) from 8 weeks of age. Mice were maintained
at 22°C under a 12-hour light/12-hour dark cycle (lights on from 8 am to 8 pm).

For carotid artery ligation, mice were divided into 3 groups: the first group was fed NC, and the other
2 groups were fed CDAHFD supplemented with or without topiroxostat (Sanwa Kagaku), a nonpurine
selective inhibitor of XOR. At 4 weeks after CDAHFD feeding, topiroxostat (1 mg/kg/d) was adminis-
tered to mice by the drug-admixed food method. At 5 weeks after feeding with NC or CDAHFD (1 week
after the administration of topiroxostat), mice were exposed through a small midline incision in the neck.
The left common carotid artery was then ligated entirely with a 6-0 silk thread just proximal to the carotid
bifurcation to disrupt blood flow (47, 48). Carotid artery occlusion typically results in inflammatory vessel
changes, shrinkage, neointima formation, and narrowing of the vascular lumen. Three weeks after ligation,
the left (ligated side) common carotid arteries were excised and subjected to analyses. In all experiments,
mice were anesthetized by i.p. injection of a mixture of medetomidine (0.3 mg/kg body weight), midazol-
am (4 mg/kg body weight), and butorphanol tartrate (5 mg/kg body weight) and analyzed.

Histological analysis. Livers and the left (ligated side) common carotid arteries were excised from mice
after transcardiac perfusion with ice-cold saline. Isolated tissues were fixed with 4% paraformaldehyde and
embedded in paraffin. Subsequently, samples were cut into 2 um thick sections and mounted on glass slides.
Sections were stained with H&E. Quantification of vascular remodeling at 600, 800, and 1000 pm proximal
to the ligated site was performed by measuring the area of neointima and media using NIH ImageJ software.

Liver fibrosis was evaluated by Sirius red staining. Paraffin-embedded liver sections were incubated
for 90 minutes at room temperature with saturated picric acid containing 0.1% Fast Green FCF and 0.1%
Direct Red (ScyTek Laboratories). To calculate Sirius red—positive areas, 3 randomly obtained sections
(x100) using a BZ-X700 microscope (Keyence) were analyzed for each mouse. The same color tone in all
the images was converted to gray scale and measured at the same threshold using ImageJ software.

Immunofluorescence staining. Paraffin-embedded sections of carotid arteries were blocked with 3% FBS
at room temperature and then incubated with the following primary antibodies overnight under 4°C: rabbit
anti-aSMA (1:100; ab5694, Abcam) and rabbit anti-calponin (1:100; ab46794, Abcam) in PBS containing 1%
FBS. Biotinylated IgG (1:200; BA-1000, Vector Laboratories) was used as secondary antibody, followed by
detection with FITC-conjugated streptavidin. Cell nuclei were counterstained with DAPI (Invitrogen). Micros-
copy analysis was performed using an Olympus FV3000 confocal laser scanning microscope system (Olympus).

Cell culture. HASMCs (Lonza) were maintained in SmGM2 medium (Lonza) with 5% FBS, and
cells with 4-6 passages were used for experiments. We used pooled postmitochondrial supernatant
fractions, a mixture of microsomes and cytosol, from homogenized human livers (S9 compartment,
Sekisui Medical) as a source of hepatic XOR (32). After purification by the Sephadex G25 column
(PD MiniTrap G25, GE Healthcare), S9 was diluted to 1% in the cell culture media. After 24 hours
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of serum starvation, HASMCs were incubated with these agents under serum-free conditions for 72
hours by exchanging the medium every 24 hours. Proliferation of HASMCs was quantified by the BrdU
assay (MilliporeSigma), according to the manufacturer’s protocol. Briefly, cells were incubated with 1%
S9 in the presence or absence of 10 uM of topiroxostat for 24 hours and then labeled with BrdU for
additional 18 hours at 37°C. The absorbance of BrdU-labeled cells was measured by Microplate Reader
SH-9000 (Corona Electric). HUVECs (Kurabo) from 5 to 7 passages were maintained in EBM-2 medi-
um (Kurabo) with 2% FBS, 100 units/mL of penicillin, and 100 pg/mL of streptomycin at 37°C in a
humidified atmosphere of 5% CO,. HUVECs were grown to subconfluence in collagen-coated, 12-well
plates and incubated with 1% S9 in the presence or absence of 10 uM of topiroxostat for 4 hours. ROS
production in the culture media was measured using the OxiSelect In Vitro ROS/RNA Assay Kit (Cell
BioLabs) according to the manufacturer’s protocol. This assay allows the measurement of total ROS/
reactive nitrogen species by dichlorodihydrofluorescin DiOxyQ. Samples were quantified fluorometri-
cally against the dichlorodihydrofluorescin standard.

Measurements of XOR activity. XOR activity was quantified using LC/TQMS by detecting the produc-
tion of [*C,, ®N,]-uric acid from ["°C,, "N, ]-xanthine as described previously (21). Briefly, liver tissues were
homogenized in PBS (pH 7.4) containing protease inhibitor cocktail (Roche) and centrifuged at 20,000g at
4°C for 10 minutes. These homogenates or plasma samples were added to Tris buffer (pH 8.5) mixture con-
taining [C,, ®N,]-xanthine, NAD*, and oxonate (uricase inhibitor), followed by incubation at 37°C for 30
minutes. Then methanol containing ['*C,, *N,]-uric acid (the internal standard) was added into the mixture
and centrifuged at 3000g at 4°C for 15 minutes. Subsequently, the supernatant was dried by a centrifugal evap-
orator. The residues were reconstituted with 150 pL of distilled water, filtered through an ultrafiltration mem-
brane, and measured using LC/TQMS, which comprised a Nexera LC system (Shimadzu) and a QTRAP
4500 Mass Spectrometry System (SCIEX) equipped with an ESI interface. Calibration standard samples of
[*C,, PN, ]-uric acid were also measured, and production levels were calculated from the calibration curve.

Measurements of XOR activity discriminating between XO and XDH. XO and total XOR (XO plus XDH)
activity were respectively measured using the HPLC-FLD method (25), detecting the conversion of pter-
in to isoxanthopterin. Tissues were homogenized in RIPA buffer containing protease inhibitor (complete
mini, Roche Diagnostics) and centrifuged at 20,000g for 15 minutes at 4°C. To measure XO activity, protein
lysates, plasma or cell culture media were incubated at 37°C for 180 minutes with 50 uM of pterin, followed
by treatment with 2% perchloric acid. The chromatographic system was a NANOSPACE SI-2 (Shiseido)
using a Capcell Pak C18 MGIII column (Shiseido). Separation was performed at 40°C using 20 mM potas-
sium phosphate buffer (pH 2.4), and fluorescence intensity was measured at excitation/emission = 345
nm/410 nm every 5 minutes. To measure total XOR (XO plus XDH) activity, samples were incubated with
25 uM of pterin and 200 uM of methylene blue under the same conditions. The reaction rate was deter-
mined from the slope of the intensity versus time plots. The known amount of isoxanthopterin was used for
quantification. Values are expressed as nanomoles of isoxanthopterin/minute.

Measurements of purine metabolites. Liver tissues and cells were homogenized in PBS containing prote-
ase inhibitor cocktail and centrifuged at 20,000g for 20 minutes at 4°C. These homogenates, plasma, and
cell culture media were added to methanol containing [*C,, *N,]-hypoxanthine, [*C,, *N,]-xanthine, and
[*C,, N, ]-uric acid as the internal standards, and then centrifuged at 3000g at 4°C for 15 minutes. The
supernatant (40 uL) was diluted with distilled water (160 pL), and concentrations of hypoxanthine, xan-
thine, and uric acid were measured using LC/TQMS (Nexera, Shimadzu/QTRAP 4500, SCIEX).

Assay for purine catabolic reactions in mouse and human plasma. To assess purine catabolic reactions in
mouse and human plasma, hypoxanthine conversions to xanthine and uric acid were evaluated as follows.
The reaction was started by adding hypoxanthine into each plasma sample (200 uM for mice and 100 uM
for human in the presence or absence of 10 uM of topiroxostat) and then these mixtures were immediately
incubated at 37°C. At each time point, 10 pL of plasma was added to 300 uL of methanol containing ["*C,,
"*N,]-hypoxanthine, [*C,, *N_]-xanthine, and ["*C,, "N, ]-uric acid as the internal standards and centrifuged
at 15,000g at 4°C for 10 minutes. The supernatant (200 pL) was subjected to analysis for the measurement
of hypoxanthine, xanthine, and uric acid levels by the same method described above.

Measurement of blood parameters in mice. Serum AST and ALT were measured by the Transaminase
Cii Test (Wako Pure Chemical). Serum total cholesterol, TG, and NEFA were measured by the Cho-
lesterol E Test (Wako Pure Chemical), TG E Test (Wako Pure Chemical), and NEFA C Test (Wako
Pure Chemical), respectively.
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Immunoblotting. Frozen liver tissues and cells were lysed in RIPA buffer (50 mM Tris-HCI at pH 7.4,
150 mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM NaF)
containing protease inhibitor. Protein lysates, obtained after centrifugation at 15,000g at 4°C for 30 min-
utes, were boiled with sample buffer (2% SDS, 50 mM Tris-HCI, 10% glycerol, and 6.6% 2-mercaptoetha-
nol) at 98°C for 5 minutes. The same amount of protein samples and diluted serum (precisely equivalent
to 0.05 pL of the serum) was subjected to a 4%—20% gradient SDS-PAGE (Bio-Rad). The following
primary antibodies were used: mouse anti-XOR (1:1000; sc-398548, Santa Cruz Biotechnology), rabbit
anti-oSMA (1:1000; ab5694, Abcam), rabbit anti-calponin (1:1000; ab46794, Abcam), rabbit anti—a-Tubu-
lin (1:1000; 11H10, Cell Signaling Technology), and rabbit anti-GAPDH (1:2000; 14C10, Cell Signaling
Technology). Chemiluminescence signals were visualized by ChemiDoc Touch and quantitated using
Image Lab software (Bio-Rad).

Quantitative RT-PCR. Isolation of total RNA and synthesis of cDNA was performed as described
previously (49). Real-time quantitative RT-PCR was performed with the ViiA 7 Real-Time PCR Sys-
tem (Life Technologies) using Power SYBR Green PCR Master Mix (Life Technologies). Primers
used in this study were as follows: mouse XOR, forward 5-ATGACGAGGACAACGGTAGAT-3'
and reverse 5-TCATACTTGGAGATCATCACGGT-3; mouse aSMA, forward 5-TTTCATTGG-
GATGGAGTCAG-3' and reverse 5-TCCTTCCTGATGTCAATATCAC-3; mouse collagen type I,
forward 5-GTCCCAACCCCCAAAGAC-3' and reverse 5-CAGCTTCTGAGTTTGGTGATA-3';
mouse TNF-a, forward 5-CCCTCACACTCAGATCATCTTCT-3 and reverse 5-GCTACGACGTG-
GGCTACAG-3'"; mouse 18s, forward 5-CGGCTACCACATCCAAGGAA-3' and reverse 5'-GCTG-
GAATTACCGCGGCT-3’; human VCAM-1, forward 5-AAGGATGCGGGAGTATATGAATG-3'
and reverse 5-GGATGCAAAATAGAGCACGAGA-3'; ICAM-1, forward 5-GCCGGCCAGCT-
TATACACAA-3’ and reverse 5-CAATCCCTCTCGTCC AGTCG-3’; human E selectin, forward
5"TTAGGGTGCTCTGGAAGAGAGG-3' and reverse 5-GAGCAGCTTTGGCAATTACTGA-3';
and human 18s, forward 5-GGCCCTGTAATTGGAATGAGTC-3" and reverse 5-CCAAGATC-
CAACTACGAGCTT-3".

Plasma XOR activity in morbidly obese patients who underwent bariatric surgery. We enrolled 15 obese
patients who underwent laparoscopic sleeve gastrectomy at Osaka University Hospital between April 2017
and February 2019. Of these patients, 3 were lost to follow-up during the study period. Thus, we included
the remaining 12 patients in the analysis. No patient was treated with XOR inhibitors before surgery. Phys-
ical examination and metabolic parameters were measured on admission and 1 week and 1 year after the
surgery. Venous blood samples were collected under fasting conditions and stored at —80°C until analysis.
Plasma XOR activity was measured using the LC/TQMS method. Plasma samples from healthy volun-
teers were also used for the assessment of purine catabolic reactions as described above.

Statistics. Data are expressed as mean £ SEM, mean * SD, or medians (IQR). Non-normally distrib-
uted variables were log-transformed before analysis. Differences between the 2 groups were analyzed
by Student’s ¢ test. A 1-way ANOVA followed by Tukey’s HSD test or Dunnett’s test (for comparison
with the control group) was performed for multiple comparisons. The relationships between 2 contin-
uous variables were analyzed using scatter plots and Pearson’s correlation coefficient. Changes in each
clinical parameter from baseline to 1 week or 1 year after bariatric surgery were subjected to the 2-tailed
paired ¢ test. P values of less than 0.05 were considered significant. All analyses were performed using
JMP Software 13.0 (SAS Institute).

Study approval. This study was approved by the Human Ethics Committee of Osaka University
(14064-6 and 16374-6) and was conducted following the Declaration of Helsinki. Written informed con-
sent was received from all of the study subjects. The animal experimental protocol was approved by the
ethics review committee for animal experimentation of Osaka University School of Medicine. This study
also conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH (National
Academies Press, 2011).
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