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Possible role of insulin resistance
in activation of plasma xanthine
oxidoreductase in health check-up
examinees

Masafumi Kurajoh?, Shinya Fukumoto?*’, Seigo Akari?, Takayo Murase?, Takashi Nakamura3,
Kanae Takahashi*, Hisako Yoshida* Shinya Nakatani®, Akihiro Tsuda?, Tomoaki Morioka?,
Katsuhito Mori®, Yasuo Imanishi?, Kazuto Hirata® & Masanori Emoto?

We previously found an association of insulin resistance (IR) with plasma xanthine oxidoreductase
(XOR) activity in a cross-sectional study. However, whether IR induces increased XOR activity has

not been elucidated. This retrospective longitudinal observational study included 347 participants
(173 males, 174 females) who underwent annual health examinations and were medication naive.
Homeostasis model assessment of IR (HOMA-IR) index, and physical and laboratory measurements
were determined at the baseline. At baseline and 12-month follow-up examinations, plasma

XOR activity was determined using our novel assay based on [*C,,%°N,] xanthine and liquid
chromatographyy/triple quadrupole mass spectrometry. Subjects with IR, defined as HOMA-IR
index21.7 (n=92), exhibited significantly (p <0.001) higher plasma XOR activity levels than those
without IR (n=255), with an increase in that activity seen in 180 (51.9%) after 12 months. Multivariable
linear and logistic regression analyses showed that IR, but not BMI or waist circumference, at baseline
was significantly associated with plasma XOR activity (f=0.094, p=0.033) and increased plasma XOR
activity over the 12-month period (odds ratio, 1.986; 95% confidence interval, 1.048-3.761; p=0.035),
after adjustments for various clinical parameters, including plasma XOR activity at baseline. These
results suggest that IR induces increased plasma XOR activity in a manner independent of adiposity.

Hyperuricemia is frequently observed in individuals with obesity, who are also characterized by insulin resist-
ance (IR)"% Studies of subjects with obesity have shown that hyperinsulinemia induced by IR can cause hyper-
uricemia by reducing renal excretion of uric acid through its increased renal reabsorption®. On the other hand,
several reports have emphasized that such individuals also have increased production of uric acid"*, though the
underling mechanisms remain unclear.

Regarding the mechanisms of increased uric acid production, Nagao and colleagues suggested that secretion
of hypoxanthine, produced by adipose tissue, is increased in individuals with obesity, with circulating hypoxan-
thine taken up by the liver and catabolized to uric acid, resulting in increased uric acid production®. In addition,
arecent study found a positive association between body mass index (BMI) and plasma xanthine oxidoreductase
(XOR) activity®. XOR, mainly expressed in the liver and intestines in humans®”~, is a rate-limiting enzyme that
catalyzes oxidation, not only from hypoxanthine to xanthine but also from xanthine to uric acid, in the purine
metabolism pathway'’. While the regulatory mechanisms of XOR activity have not been fully clarified, hepatic,
though not intestinal XOR activity, is known to be increased in gouty patients with over-production of uric
acid!'?, suggesting the existence of an XOR activity regulatory mechanism.

One of the reasons for lack of research regarding regulation of XOR activity and its pathological significance
is lack of an accurate method to assess that activity in humans. Until recently, circulating XOR activity as well
could not be accurately measured, since the level of activity is extremely lower in humans as compared to that in
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Baseline 12-month
Age, years 47.0 (41.0-53.0)
Males, n 173 (49.9)
Alcohol drinking habit, n 145 (41.8) 151 (43.5)
Smoking habit, n 55 (15.9) 52 (15.0)
BM]I, kg/m2 22.5(20.5-24.5) 22.7 (20.6-24.8)
Waist circumference, cm 81.5 (76.4-87.5) 82.5(76.4-88.5)
AST, U/L 19.0 (16.0-23.0) 19.0 (16.0-23.0)
ALT, U/L 17.0 (12.0-23.0) 16.0 (13.0-23.0)
eGFR, mL/min/1.73 m? 80.9 (72.5-89.9) 78.6 (70.9-85.8)
FPG, mg/dL 99.0 (94.0-105.0) 99.0 (94.0-105.0)
HbAlc, % 5.6 (5.4-5.8) 5.6 (5.4-5.8)
Uric acid, mg/dL 5.2 (4.3-6.1) 5.2(4.3-6.1)
HOMA-IR 1.2 (0.9-1.7) 1.1 (0.8-1.7)
Plasma XOR activity, pmol/h/mL 32.1(19.8-56.0) 33.0 (20.5-54.5)

Table 1. Clinical characteristics of subjects (n=347) at baseline and 12-month examinations. Values

are expressed as median (interquartile range) or number (%). BMI body mass index, AST aspartate
aminotransferase, ALT alanine aminotransferase, eGFR estimated glomerular filtration rate, FPG fasting
plasma glucose, HbAIc glycated hemoglobin, HOMA-IR homeostatic model assessment of insulin resistance,
XOR xanthine oxidoreductase.

rodents"’. However, we recently developed a highly sensitive and accurate method for determining plasma XOR
activity in humans that utilizes an assay of stable isotope-labeled [**C,,'°N,] xanthine with liquid chromatography
(LC)/triple quadrupole mass spectrometry (TQMS)'*'*. Using that method, our previous cross-sectional and
longitudinal studies revealed that plasma XOR activity is independently associated with serum uric acid level's~%,
suggesting that plasma XOR activity reflects XOR activity in the liver and that serum uric acid level is regulated
by that activity. Furthermore, we reported in a cross-sectional study that IR was significantly associated with
plasma XOR activity'®. Taken together, it is speculated that IR contributes to increased uric acid production by
stimulating intrahepatic XOR activity in individuals with obesity characterized by IR.

To the best of our knowledge, no longitudinal investigations have been performed to examine the predictive
association of IR with XOR activity. In the present retrospective longitudinal observational study, we examined
plasma XOR activity related to IR after 12 months in medication-naive subjects who underwent annual health
examinations using our novel XOR assay to investigate whether IR predicts and induces increased XOR activity.

Results

Clinical characteristics of subjects, and comparisons between those with and without IR.  The
characteristics of the enrolled subjects (n=347) are presented in Table 1. The median values for plasma XOR
activity, BMI, and waist circumference were 32.1 pmol/h/mL, 22.5 kg/m?, and 81.5 cm, respectively. Subjects
with IR (n=92) had significantly (p <0.001) higher levels of plasma XOR activity (47.6 vs. 27.4 pmol/h/mL),
BMI (25.0 vs. 21.6 kg/m?), and waist circumference (87.8 vs. 79.1 cm), as well as of alanine aminotransferase
(ALT), fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), and uric acid, as compared to those with-
out IR (n=255) (Table 2).

Plasma XOR activity after 12 months. The characteristics of the subjects after 12 months are presented
in Table 1. The median value for plasma XOR activity was 33.0 pmol/h/mL. As compared to the baseline, 180
(51.9%) of the subjects showed increased and 167 (48.1%) showed no increase in plasma XOR activity after 12
months. Furthermore, as compared to the non-increased plasma XOR activity group, aspartate aminotrans-
ferase, ALT, estimated glomerular filtration rate (eéGFR), and plasma XOR activity at the baseline were signifi-
cantly lower in the increased plasma XOR activity group (Supplementary Table S1).

Association of IR with plasma XOR activity after 12 months. To examine whether the presence
of IR at the baseline was associated with plasma XOR activity at the 12-month examination, multivariable lin-
ear regression analyses were performed (Table 3). Plasma XOR activity at the baseline was significantly asso-
ciated with that activity after 12 months (f=0.604, p<0.001). Furthermore, presence of IR, but not BMI or
waist circumference at the baseline, was significantly associated with plasma XOR activity at the 12-month
follow-up examination (=0.094, p=0.033). The “sex*IR” interaction was not significant (p =0.740), providing
no evidence that sex has an effect to modify the relationship of IR at baseline with plasma XOR activity after
12 months. Additionally, age, sex, alcohol drinking habit, smoking habit, ALT, HbAlc, and eGFR each showed
no significant association with plasma XOR activity at the 12-month examination.
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With IR Without IR

(n=92) (n=255) ?
Age, years 48.0 (42.0-54.0) 46.0 (41.0-53.0) 0.406
Males, n 47 (51.1) 126 (49.4) 0.783
Alcohol drinking habit, n 38 (41.3) 107 (42.0) 0.913
Smoking habit, n 15 (16.3) 40 (15.7) 0.889
BMI, kg/m?* 25.0 (23.2-27.0) 21.6 (20.0-23.4) <0.001
Waist circumference, cm 87.8 (82.1-94.0) 79.1 (74.0-84.5) <0.001
AST, U/L 20.0 (17.0-23.8) 19.0 (16.0-23.0) 0.101
ALT, U/L 22.0 (16.0-32.8) 16.0 (11.0-20.0) <0.001
eGFR, mL/min/1.73 m? 82.5(72.8-91.4) 79.7 (72.4-89.6) 0.342
FPG, mg/dL 104.0 (99.0-109.0) 96.0 (93.0-103.0) <0.001
HbAlc, % 5.7 (5.5-5.9) 5.6 (5.4-5.7) <0.001
Uric acid, mg/dL 5.5 (4.5-6.5) 4.8 (4.0-5.9) 0.002
HOMA-IR 2.3(2.0-2.8) 1.0 (0.7-1.3) <0.001
Plasma XOR activity, pmol/h/mL 47.6 (30.1-95.0) 27.4(17.7-48.7) <0.001

Table 2. Comparison of clinical characteristics between subjects with and without IR at baseline. Values

are expressed as median (interquartile range) or number (%). p Values are shown for comparisons between
subjects with (HOMA-IR > 1.7) and without (HOMA-IR <1.7) IR. IR insulin resistance, BMI body mass index,
AST aspartate aminotransferase, ALT alanine aminotransferase, eGFR estimated glomerular filtration rate,
FPG fasting plasma glucose, HbA Ic glycated hemoglobin, HOMA-IR homeostatic model assessment of insulin
resistance, XOR xanthine oxidoreductase.

Explanatory variables B P

Age -0.007 0.872
Sex (male=1, female=0) 0.077 0.071
Alcohol drinking habit (present=1, absent=0) 0.008 0.825
Smoking habit (present =1, absent =0) 0.009 0.811
ALT 0.061 0.250
HbAlc 0.066 0.114
eGFR -0.056 0.175
BMI 0.004 0.960
Waist circumference 0.013 0.857
IR (present =1, absent=0) 0.094 0.033
Plasma XOR activity (at baseline) 0.604 <0.001
Adjusted R¥p 0.546/ <0.001

Table 3. Multivariable linear regression analysis of possible factors associated with plasma XOR activity

at 12-month follow-up examination. Values shown represent standardized partial regression coefficient (
values) and level of significance. ALT alanine aminotransferase, HbAIc glycated hemoglobin, eGFR estimated
glomerular filtration rate, BMI body mass index, IR insulin resistance, XOR xanthine oxidoreductase.

Association of IR with increase in plasma XOR activity over 12 months. To further examine
whether the presence of IR at the baseline was independently associated with an increase in plasma XOR activity
over the 12-month period, multivariable logistic regression analysis was performed (Table 4). IR, but not BMI or
waist circumference, at the baseline was significantly and independently associated with increased plasma XOR
activity at the 12-month examination (odds ratio, 1.986; 95% confidence interval, 1.048-3.761; p=0.035). The
“sex*IR” interaction was not significant (p=0.592), again providing no evidence that sex has an effect to modify
the relationship of IR at the baseline with an increase in plasma XOR activity after 12 months.

Discussion
This is the first known study to investigate the direct association of IR with plasma XOR activity. Our findings
showed that IR, but not BMI or waist circumference, at the baseline predicted plasma XOR activity (Table 3) as
well as an increase in that activity (Table 4) after 12 months in subjects who underwent annual health examina-
tions. These results indicate that IR as result of obesity might induce increased plasma XOR activity.

Previous studies including ours have found significant associations between IR and plasma XOR activity
in young healthy subjects® and general populations'®?’, as well as subjects with type 2 diabetes mellitus and
metabolic syndrome?®'. However, those findings were based on cross-sectional study results. Recently, Furuhashi
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Explanatory variables OR (95% CI) P

BMI 0.944 (0.811-1.100) 0.461
Waist circumference 1.015 (0.960-1.073) 0.600
IR (present =1, absent=0) 1.986 (1.048-3.761) 0.035

Table 4. Multivariable logistic regression analysis regarding increase in plasma XOR activity over 12-month
period. The multivariable logistic regression model used for analysis of increase in plasma XOR activity over

a 12-month period included age, sex, alcohol drinking habit, smoking habit, ALT, HbAlc, eGFR, and plasma
XOR activity, as well as BMI, waist circumference, and presence of IR at baseline as covariates. BMI body mass
index, IR insulin resistance, ALT alanine aminotransferase, HbAIc glycated hemoglobin, eGFR estimated
glomerular filtration rate, XOR xanthine oxidoreductase, OR odds ratio, CI confidence interval.

and colleagues conducted a longitudinal study of a general population, and presented findings showing no significant
association between annual changes in model assessment of IR (HOMA-IR) index and plasma XOR activity?>. However,
they used only simple regression analysis and did not perform adjustments for the effects of multiple factors. To date, no
other studies have examined whether IR is useful to predict future plasma XOR activity, while the present is the first to
show a predictive association of IR with increased plasma XOR activity (Tables 3, 4). Thus, we concluded that IR might
induce an increase in XOR activity.

HOMA-IR, calculated using fasting insulin and glucose levels, has been well established as a simple and
excellent index for IR?*-?>. A HOMA-IR value >2.5 is considered to be a reasonable threshold for IR, as the
‘health-associated’ reference interval for HOMA-IR, shown to cover the central 95% of 2153 healthy Japanese
subjects, was established as between 0.4 and 2.4 by applying the stringent Clinical and Laboratory Standards
Institute C28-A3 document?®. On the other hand, HOMA-IR > 1.7 is also considered to be a threshold value
for IR, since the ‘decision-based’ limit for HOMA-IR found to indicate subjects with a high risk for metabolic
syndrome in at study of 6868 non-diabetic Japanese subjects was 1.7%’. In the present study, the association of IR
with XOR activity, thought to be the cause of hyperuricemia, a condition closely related to metabolic syndrome,
was examined. Therefore, HOMA-IR > 1.7 was used as the threshold value for IR.

Despite the impact of IR on XOR activity, it remains unclear how it induces an increase in that activity. IR
is considered to increase de novo purine synthesis through activation of the pentose phosphate pathway?*. Fur-
thermore, purine intermediate metabolites, such as inosine, hypoxanthine, and xanthine, have been reported
to increase hepatic XOR activity in chicks, mice, and humans as an adaptation to elevated concentrations of
purine intermediate metabolites'**-3!. This framework might be a mechanism for increased XOR activity caused
by IR. Furthermore, IR-induced inflammatory cytokines might also lead to increased XOR activity. Recently,
hyperinsulinemia, characteristic of IR, was reported to decrease M2a-subtype macrophage activation via insulin
receptor substrate-2 downregulation, leading to increases in inflammatory cytokines in the liver®?. Inflammatory
cytokines such as interferon-gamma, tumor necrosis factor-alpha, and interleukin-1 and -6 have been shown
to increase XOR activity in the liver, as well as mammary, renal, and pulmonary epithelial cells by increasing
XOR gene expression at the transcriptional level**~. Thus, IR might induce XOR activation via inflammatory
cytokines. However, purine intermediate metabolites and inflammatory cytokines were not measured in the
present examinations, thus it was not possible to investigate whether purine intermediate metabolites and/or
inflammatory cytokines mediate the association between IR and XOR activity. The mechanisms related to XOR
activation induced by IR require further investigation.

Over the present 12-month examination period, BMI and waist circumference showed no significant associa-
tion with plasma XOR activity or increase in that activity (Tables 3, 4). These results are consistent with those
obtained in our previous cross-sectional study showing that BMI was not significantly associated with plasma
XOR activity'. In mice, XOR is highly expressed in adipose tissue as well as the liver and intestines, and uric
acid is secreted from adipose tissue®”’, whereas in humans, XOR is known to be expressed in the liver and intes-
tines, but not adipose tissue®’~°. Therefore, our previous cross-sectional’® and present longitudinal results can
be explained by localization of XOR in humans. However, subjects with obesity are reported to have increased
production of uric acid in addition to decreased urinary excretion of uric acid"%. On the other hand, IR has
been shown capable to predict development of hyperuricemia independent of the degree of obesity***’. Interest-
ingly, administration of metformin or troglitazone, each of which improves IR in liver and muscle tissues***!,
was previously found to decrease serum uric acid level in a manner unrelated to renal uric acid excretion*>*.
Furthermore, metformin has also been reported to cause a decrease in plasma XOR activity**. Although the
mechanisms underlying increased production of uric acid in obese individuals have not been fully clarified, the
present results along with those presented in prior studies suggest that IR contributes to an increase in uric acid
production by stimulating XOR activity in the liver of those affected by obesity.

An important limitation of this study is that few subjects with obesity (3.2%), defined as BMI = 30 kg/m?*®,
and IR (9.8%), defined as HOMA-IR >2.5%, were included. Since individuals who were receiving no medication
were enrolled in order to eliminate the impact of therapeutic drugs, patients with obesity and IR, based on the
criteria described above, were less likely to be included in the study population because they are often treated
with medication for lifestyle-related diseases, such as diabetes, hypertension, and dyslipidemia. Therefore, sub-
analysis of obese subjects could not be fully performed, nor could we conduct a full investigation of the associa-
tion between IR defined as HOMA-IR >2.5 and XOR activity. However, by not including subjects with severe
obesity, we considered that examination of the direct relationship between IR and XOR activity independent
of obesity was more easily performed. Since accumulated visceral fat causes not only IR but is also known to
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secrete purine intermediate metabolites that may have effects on the relative activation of XOR**-*1, its impact

may be stronger in individuals with severely obesity. Furthermore, the present results also suggest that XOR
activation begins in a mildly obese state. Another limitation is that neither waist-to-hip ratio or visceral fat area
(VFA) was measured in the present cohort, which are known to be important indicators of obesity*. Although
the present results show that IR can predict plasma XOR activity and an increase in that activity, independent
of degree of obesity, based on BMI and waist circumference, we were not able to investigate its association with
VFA or waist-to-hip ratio. For confirmation, it will be necessary to validate the present findings by investigating
a larger population that includes individuals with moderate to severe obesity and IR, as well as measurements
of VFA, waist-to-hip ratio, purine intermediate metabolites, and inflammatory cytokines.

In summary, the present investigation showed that IR at baseline predicts plasma XOR activity and an increase
in that activity over a 12-month period in a manner independent of degree of obesity. The results obtained with
our novel assay suggest that IR caused by obesity induces increased XOR activity, resulting in increased produc-
tion of uric acid.

Materials and methods

Study design. The MedCity21 health examination registry was initiated in April 2015 in a comprehen-
sive manner to elucidate the causes of various diseases occurring in adults, including cancer, diabetes melli-
tus, cardiovascular and cerebrovascular diseases, mental disorders, dyslipidemia, hypertension, hyperuricemia,
and obesity, as well as chronic respiratory, liver, digestive, gynecological, and skin diseases, for development of
advanced diagnostic techniques, along with treatment and prevention methods for affected patients!”'*#-C,
Individuals who underwent medical examinations at MedCity21, an advanced medical center for preventive
medicine established at Osaka City University Hospital (Osaka, Japan), were registered. The MedCity21 health
examination registry protocol was approved by the Ethics Committee of Osaka City University Graduate School
of Medicine (approval No. 2927). Written informed consent was obtained from all subjects and the study was
conducted in full accordance with the Declaration of Helsinki. The present study protocol was approved by the
Ethics Committee of Osaka City University Graduate School of Medicine (approval No. 3684) and performed
with an opt-out option, explained in instructions on the website of the hospital.

Participants. Using the MedCity21 health examination registry, we selected the final 350 sequential partici-
pants who did not receive any medical agent administration during the study and underwent medical exami-
nations in both 2016 and 2017 with an interval of 12 months. For this analysis, participants with missing data
regarding alcohol consumption (n=1) or serum immunoreactive insulin (IRI) level (n=2) were excluded. As a
result, 347 participants (173 males, 174 females) were enrolled as subjects in the present retrospective longitu-
dinal observational study.

Physical and laboratory measurements at baseline. Information regarding height, body weight, and
waist circumference, as well as smoking and alcohol consumption habits was obtained at the initial examination
in 2016 and then again at the follow-up examination in 2017. Regarding alcohol drinking, the subjects were
divided into those who answered almost never, 1-4 days/week, or 5-7 days/week for current intake. Those in the
latter two groups were considered to have an alcohol drinking habit. BMI was calculated as weight in kilograms
divided by the square of height in meters (kg/m?). Blood was drawn after an overnight fast. Biochemical param-
eters were analyzed using a standard laboratory method as part of the MedCity21 protocol and the remaining
blood samples were stored at —80 °C. eGFR was calculated using an equation designed for Japanese subjects, as
previously described®!. HbA1c levels were determined using high-performance liquid chromatography®~

Definition of IR at baseline. Serum IRI level was determined with an electrochemiluminescence immu-
noassay (Roche Diagnostics K.K., Tokyo, Japan). The HOMA-IR index was calculated according to the following
formula: fasting IRI (@U/mL) x FPG (mg/dL)/405%-%. Presence of IR was defined as HOMA-IR index>1.7, as
previously described”.

Plasma XOR activity at baseline and after 12 months. Plasma XOR activity was determined using
freshly frozen samples obtained in 2016 and again after 12 months in 2017, which were maintained at—80 °C
until the time of the assay, performed with our recently established novel method for assays of stable isotope-
labeled [**C,,"N,] xanthine with LC/TQMS at Mie Research Laboratories and Sanwa Kagaku Kenkyusho Co.,
Ltd, as previously described'*">. Briefly, 100-uL aliquots of plasma were purified using a Sephadex G25 column,
then mixed with Tris buffer (pH 8.5) containing ['*C,,'N,] xanthine as a substrate and nicotinamide adenine
dinucleotide®, with [*C,,'°N;] uric acid used as an internal standard, then the mixtures were incubated at 37 °C
for 90 min. Subsequently, they were combined with methanol (500 uL) and centrifuged at 2000 xg for 15 min at
4 °C. Supernatants were collected and transferred to new tubes, then dried using a centrifugal evaporator. The
residues were reconstituted in 150 uL of distilled water and filtered through an ultrafiltration membrane, then
measurements were performed using LC/TQMS. Calibration standard samples were examined for the amount
of ['*C,,°N,] uric acid produced, which was calculated by use of a calibration curve, with XOR activity expressed
as the amount (pmol/h/mL). The inter- and intra-assay coefficients of variation of plasma XOR activity were
9.1% and 6.5%, respectively'. Increased and non-increased plasma XOR activity groups were defined based
on results showing increased or decreased/unchanged plasma XOR activity over the 12-month period between
examinations, since there is no reference value presently available.
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Statistical analysis. Values are expressed as number (%) or median. To compare variables between groups,
Mann-Whitney’s U test (continuous variables) and a chi-squared test (categorical variables) were used. Plasma
XOR activity was logarithmically transformed (log) to follow a normal distribution, before submitting to mul-
tivariable regression analysis. Multivariable linear analysis was performed to determine whether presence of
IR at the baseline was independently associated with plasma XOR activity and logistic regression analysis was
performed to determine whether IR at the baseline was independently associated with an increase in that activ-
ity over a 12-month period, after adjustments using various clinical parameters determined at the baseline,
including BMI and waist circumference, as well as age, sex, alcohol drinking habit, smoking habit, ALT, HbAlc,
eGFR, and plasma XOR activity. We did not select serum uric acid level as a covariate, because uric acid is pro-
duced from xanthine by an XOR-catalyzed reaction. In addition, we incorporated a two-factor interaction term
(sex*presence of IR) into multivariable linear and logistic regression analyses in order to assess the effect of sex
on the relationship of IR with plasma XOR activity as well as increase in plasma XOR activity over the 12-month
period. All statistical analyses were carried out using the Statistical Package for the Social Sciences (IBM SPSS
Statistics for windows, version 22.0; IBM Corp. Armonk, NY, USA). All reported p values are two-tailed and
were considered to indicate statistical significance at p <0.05.

Received: 16 April 2021; Accepted: 18 April 2022
Published online: 18 June 2022

References

1. Takahashi, S. et al. Close correlation between visceral fat accumulation and uric acid metabolism in healthy men. Metabolism 46,
1162-1165 (1997).

2. Ogura, T. et al. Recent trends of hyperuricemia and obesity in Japanese male adolescents, 1991 through 2002. Metabolism 53,
448-453. https://doi.org/10.1016/j.metabol.2003.11.017 (2004).

3. Facchini, E, Chen, Y. D., Hollenbeck, C. B. & Reaven, G. M. Relationship between resistance to insulin-mediated glucose uptake,
urinary uric acid clearance, and plasma uric acid concentration. JAMA 266, 3008-3011 (1991).

4. Matsuura, F. et al. Effect of visceral fat accumulation on uric acid metabolism in male obese subjects: Visceral fat obesity is linked
more closely to overproduction of uric acid than subcutaneous fat obesity. Metabolism 47, 929-933 (1998).

5. Nagao, H. et al. Hypoxanthine secretion from human adipose tissue and its increase in hypoxia. Obesity (Silver Spring) 26, 1168-
1178. https://doi.org/10.1002/0by.22202 (2018).

6. Washio, K. W. et al. Xanthine oxidoreductase activity is correlated with insulin resistance and subclinical inflammation in young
humans. Metabolism 70, 51-56. https://doi.org/10.1016/j.metabol.2017.01.031 (2017).

7. Krenitsky, T. A., Tuttle, J. V., Cattau, E. L. Jr. & Wang, P. A comparison of the distribution and electron acceptor specificities of
xanthine oxidase and aldehyde oxidase. Comp. Biochem. Physiol. B 49, 687-703 (1974).

8. Moriwaki, Y. et al. Purification and immunohistochemical tissue localization of human xanthine oxidase. Biochim. Biophys. Acta
1164, 327-330 (1993).

9. Saksela, M., Lapatto, R. & Raivio, K. O. Xanthine oxidoreductase gene expression and enzyme activity in developing human tissues.
Biol. Neonate 74, 274-280. https://doi.org/10.1159/000014034 (1998).

10. Hille, R. & Nishino, T. Flavoprotein structure and mechanism. 4. Xanthine oxidase and xanthine dehydrogenase. FASEB J. 9,
995-1003 (1995).

11. Marcolongo, R., Marinello, E., Pompucci, G. & Pagani, R. The role of xanthine oxidase in hyperuricemic states. Arthritis Rheum.
17, 430-438 (1974).

12. Carcassi, A., Marcolongo, R. Jr., Marinello, E., Riario-Sforza, G. & Boggiano, C. Liver xanthine oxidase in gouty patients. Arthritis
Rheum. 12, 17-20 (1969).

13. Parks, D. A. & Granger, D. N. Xanthine oxidase: Biochemistry, distribution and physiology. Acta Physiol. Scand. Suppl. 548, 87-99
(1986).

14. Murase, T., Nampei, M., Oka, M., Miyachi, A. & Nakamura, T. A highly sensitive assay of human plasma xanthine oxidoreductase
activity using stable isotope-labeled xanthine and LC/TQMS. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1039, 51-58.
https://doi.org/10.1016/j.jchromb.2016.10.033 (2016).

15. Murase, T., Oka, M., Nampei, M., Miyachi, A. & Nakamura, T. A highly sensitive assay for xanthine oxidoreductase activity using
a combination of [(13) C2, (15) N2 Jxanthine and liquid chromatography/triple quadrupole mass spectrometry. J. Label. Comp.
Radiopharm. 59, 214-220. https://doi.org/10.1002/jlcr.3390 (2016).

16. Nakatani, A. et al. Xanthine oxidoreductase activity is associated with serum uric acid and glycemic control in hemodialysis
patients. Sci. Rep. 7, 15416. https://doi.org/10.1038/s41598-017-15419-0 (2017).

17. Kurajoh, M. et al. Independent association of plasma xanthine oxidoreductase activity with serum uric acid level based on stable
isotope-labeled xanthine and liquid chromatography/triple quadrupole mass spectrometry: MedCity21 health examination registry.
Clin. Chem. Lab. Med. 58, 780-786. https://doi.org/10.1515/cclm-2019-0199 (2020).

18. Kurajoh, M. et al. Plasma xanthine oxidoreductase activity change over 12 months independently associated with change in serum
uric acid level: MedCity21 health examination registry. Clin. Chem. Lab. Med. https://doi.org/10.1515/cclm-2020-0563 (2020).

19. Kurajoh, M. et al. Insulin resistance associated with plasma xanthine oxidoreductase activity independent of visceral adiposity
and adiponectin level: MedCity21 health examination registry. Int. J. Endocrinol. 2019, 1762161. https://doi.org/10.1155/2019/
1762161 (2019).

20. Furuhashi, M. ef al. Plasma xanthine oxidoreductase activity as a novel biomarker of metabolic disorders in a general population.
Circ. J. 82, 1892-1899. https://doi.org/10.1253/circj.CJ-18-0082 (2018).

21. Sunagawa, S. et al. Activity of xanthine oxidase in plasma correlates with indices of insulin resistance and liver dysfunction in
patients with type 2 diabetes mellitus and metabolic syndrome: A pilot exploratory study. J. Diabetes Investig. 10, 94-103. https://
doi.org/10.1111/jdi.12870 (2019).

22. Furuhashi, M. et al. Annual change in plasma xanthine oxidoreductase activity is associated with changes in liver enzymes and
body weight. Endocr. J. 66, 777-786. https://doi.org/10.1507/endocrj.EJ19-0053 (2019).

23. Matthews, D. R. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28, 412-419 (1985).

24. Emoto, M. et al. Homeostasis model assessment as a clinical index of insulin resistance in type 2 diabetic patients treated with
sulfonylureas. Diabetes Care 22, 818-822 (1999).

Scientific Reports |

(2022) 12:10281 | https://doi.org/10.1038/s41598-022-11094-y nature portfolio


https://doi.org/10.1016/j.metabol.2003.11.017
https://doi.org/10.1002/oby.22202
https://doi.org/10.1016/j.metabol.2017.01.031
https://doi.org/10.1159/000014034
https://doi.org/10.1016/j.jchromb.2016.10.033
https://doi.org/10.1002/jlcr.3390
https://doi.org/10.1038/s41598-017-15419-0
https://doi.org/10.1515/cclm-2019-0199
https://doi.org/10.1515/cclm-2020-0563
https://doi.org/10.1155/2019/1762161
https://doi.org/10.1155/2019/1762161
https://doi.org/10.1253/circj.CJ-18-0082
https://doi.org/10.1111/jdi.12870
https://doi.org/10.1111/jdi.12870
https://doi.org/10.1507/endocrj.EJ19-0053

www.nature.com/scientificreports/

25. Yokoyama, H. et al. Quantitative insulin sensitivity check index and the reciprocal index of homeostasis model assessment in
normal range weight and moderately obese type 2 diabetic patients. Diabetes Care 26, 24262432 (2003).

26. Yamada, C. et al. Optimal reference interval for homeostasis model assessment of insulin resistance in a Japanese population. J.
Diabetes Investig. 2, 373-376. https://doi.org/10.1111/j.2040-1124.2011.00113.x (2011).

27. Yamada, C., Moriyama, K. & Takahashi, E. Optimal cut-off point for homeostasis model assessment of insulin resistance to
discriminate metabolic syndrome in non-diabetic Japanese subjects. J. Diabetes Investig. 3, 384-387. https://doi.org/10.1111/].
2040-1124.2012.00194.x (2012).

28. Leyva, E, Wingrove, C. S., Godsland, I. F. & Stevenson, J. C. The glycolytic pathway to coronary heart disease: A hypothesis.
Metabolism 47, 657-662 (1998).

29. Stirpe, F. & Dellacorte, E. Regulation of xanthine dehydrogenase in chick liver. Effect of starvation and of administration of purines
and purine nucleosides. Biochem. J. 94, 309-313. https://doi.org/10.1042/bj0940309 (1965).

30. Dietrich, L. S. Factors affecting the induction of xanthine oxidase of mouse liver. J. Biol. Chem. 211, 79-85 (1954).

31. Feigelson, P, Feigelson, M. & Wood, T. R. Apparent simultaneous adaptive enzyme formation in C57 mice. Science 120, 502-503.
https://doi.org/10.1126/science.120.3117.502 (1954).

32. Kubota, T. et al. Downregulation of macrophage Irs2 by hyperinsulinemia impairs IL-4-indeuced M2a-subtype macrophage
activation in obesity. Nat. Commun. 9, 4863. https://doi.org/10.1038/s41467-018-07358-9 (2018).

33. Moriwaki, Y. et al. Effect of interferon-gamma on purine catabolic and salvage enzyme activities in rats. Biochim. Biophys. Acta
1427, 385-391. https://doi.org/10.1016/s0304-4165(99)00038-0 (1999).

34. Pfeffer, K. D., Huecksteadt, T. P. & Hoidal, J. R. Xanthine dehydrogenase and xanthine oxidase activity and gene expression in renal
epithelial cells. Cytokine and steroid regulation. J. Immunol. 153, 1789-1797 (1994).

35. Dupont, G. P. et al. Regulation of xanthine dehydrogenase and xanthine oxidase activity and gene expression in cultured rat
pulmonary endothelial cells. J. Clin. Invest. 89, 197-202. https://doi.org/10.1172/JCI115563 (1992).

36. Page, S. et al. Xanthine oxidoreductase in human mammary epithelial cells: Activation in response to inflammatory cytokines.
Biochim. Biophys. Acta 1381, 191-202. https://doi.org/10.1016/s0304-4165(98)00028-2 (1998).

37. Tsushima, Y. et al. Uric acid secretion from adipose tissue and its increase in obesity. J. Biol. Chem. 288, 27138-27149. https://doi.
org/10.1074/jbc.M113.485094 (2013).

38. Nakamura, K. et al. HOMA-IR and the risk of hyperuricemia: A prospective study in non-diabetic Japanese men. Diabetes Res.
Clin. Pract. 106, 154-160. https://doi.org/10.1016/j.diabres.2014.07.006 (2014).

39. Ryu, S. et al. A cohort study of hyperuricemia in middle-aged South Korean men. Am. J. Epidemiol. 175, 133-143 (2012).

40. Zhou, G. et al. Role of AMP-activated protein kinase in mechanism of metformin action. J. Clin. Invest. 108, 1167-1174. https://
doi.org/10.1172/JCI13505 (2001).

41. Yki-Jarvinen, H. Thiazolidinediones. N. Engl. J. Med. 351, 1106-1118. https://doi.org/10.1056/NEJMra041001 (2004).

42. Iwatani, M. et al. Troglitazone decreases serum uric acid concentrations in type II diabetic patients and non-diabetics. Diabetologia
43, 814-815. https://doi.org/10.1007/s001250051380 (2000).

43. Barskova, V. G. et al. Effect of metformin on the clinical course of gout and insulin resistance. Klin. Med. (Mosk) 87, 41-46 (2009).

44. Cosic, V. et al. Monotherapy with metformin: Does it improve hypoxia in type 2 diabetic patients?. Clin. Chem. Lab. Med. 39,
818-821. https://doi.org/10.1515/CCLM.2001.135 (2001).

45. Obesity: preventing and managing the global epidemic. Report of a WHO consultation. World Health Organ Tech Rep Ser 894,
i-xii, 1-253 (2000).

46. Nishida, C., Ko, G. T. & Kumanyika, S. Body fat distribution and noncommunicable diseases in populations: Overview of the 2008
WHO Expert Consultation on Waist Circumference and Waist-Hip Ratio. Eur. J. Clin. Nutr. 64, 2-5. https://doi.org/10.1038/ejcn.
2009.139 (2010).

47. Tanaka, F et al. Obesity and hiatal hernia may be non-allergic risk factors for esophageal eosinophilia in Japanese adults. Esophagus
16, 309-315. https://doi.org/10.1007/s10388-019-00662-3 (2019).

48. Hayashi, M. et al. Plasma omentin levels are associated with vascular endothelial function in patients with type 2 diabetes at
elevated cardiovascular risk. Diabetes Res. Clin. Pract. 148, 160-168. https://doi.org/10.1016/j.diabres.2019.01.009 (2019).

49. Yoshida, S. et al. Association of plasma xanthine oxidoreductase activity with blood pressure affected by oxidative stress level:
MedCity21 health examination registry. Sci Rep 10, 4437. https://doi.org/10.1038/s41598-020-61463-8 (2020).

50. Kurajoh, M. et al. Uric acid shown to contribute to increased oxidative stress level independent of xanthine oxidoreductase activity
in MedCity21 health examination registry. Sci. Rep. 11, 7378. https://doi.org/10.1038/s41598-021-86962-0 (2021).

51. Matsuo, S. et al. Revised equations for estimated GFR from serum creatinine in Japan. Am. J. Kidney Dis. 53, 982-992 (2009).

52. Committee of the Japan Diabetes Society on the Diagnostic Criteria of Diabetes, M. et al. Report of the committee on the clas-
sification and diagnostic criteria of diabetes mellitus. J. Diabetes Investig. 1, 212-228. https://doi.org/10.1111/§.2040-1124.2010.
00074.x (2010).

Acknowledgements

This study was supported in part by research Grants from Sanwa Kagaku Kenkyusho (to M.K.), Taisho Toyama
Pharmaceutical Co. (to S.E), Takeda Pharmaceuticals (to S.E.), Mitsubishi Tanabe Pharma Corporation (to S.E),
Chugai Pharmaceutical Co. (to S.E), and Astellas Pharma (to S.E), as well the Osaka City University (OCU)
Strategic Research Grant 2014, 2015, 2016 for top priority research (to S.F and K.H.), a Grant-in-aid for scientific
research from the Gout Research Foundation (to M.K.), and a JSPS KAKENHI Grant (No. 18K11132) (to S.E.).
The funders had no role in the design, collection, analysis, interpretation or writing of this manuscript.

Author contributions

M.K. contributed to study design, data analysis and interpretation, and writing of the manuscript. S.E contrib-
uted to study design, interpretation, and writing of the manuscript. S.A., T.M., and T.N. conducted the assays of
plasma XOR activity. K.T. and H.Y. contributed to data analysis and interpretation. S.N., A.T., T.M., K.M., and
Y.I. contributed to study design and interpretation. K.H. and M.E. reviewed the manuscript. All authors have
read and approved the final version of the manuscript.

Competing interests

Seigo Akari, Takayo Murase, and Takashi Nakamura of Sanwa Kagaku Kenkyusho Co. Ltd. developed the plasma
XOR activity assay used in this study and also performed measurements of that activity. Their involvement does
not alter our adherence regarding sharing of data and materials. The other authors have no conflicts of interest
to declare.

Scientific Reports |

(2022) 12:10281 | https://doi.org/10.1038/s41598-022-11094-y nature portfolio


https://doi.org/10.1111/j.2040-1124.2011.00113.x
https://doi.org/10.1111/j.2040-1124.2012.00194.x
https://doi.org/10.1111/j.2040-1124.2012.00194.x
https://doi.org/10.1042/bj0940309
https://doi.org/10.1126/science.120.3117.502
https://doi.org/10.1038/s41467-018-07358-9
https://doi.org/10.1016/s0304-4165(99)00038-0
https://doi.org/10.1172/JCI115563
https://doi.org/10.1016/s0304-4165(98)00028-2
https://doi.org/10.1074/jbc.M113.485094
https://doi.org/10.1074/jbc.M113.485094
https://doi.org/10.1016/j.diabres.2014.07.006
https://doi.org/10.1172/JCI13505
https://doi.org/10.1172/JCI13505
https://doi.org/10.1056/NEJMra041001
https://doi.org/10.1007/s001250051380
https://doi.org/10.1515/CCLM.2001.135
https://doi.org/10.1038/ejcn.2009.139
https://doi.org/10.1038/ejcn.2009.139
https://doi.org/10.1007/s10388-019-00662-3
https://doi.org/10.1016/j.diabres.2019.01.009
https://doi.org/10.1038/s41598-020-61463-8
https://doi.org/10.1038/s41598-021-86962-0
https://doi.org/10.1111/j.2040-1124.2010.00074.x
https://doi.org/10.1111/j.2040-1124.2010.00074.x

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-11094-y.

Correspondence and requests for materials should be addressed to S.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10281 | https://doi.org/10.1038/s41598-022-11094-y nature portfolio


https://doi.org/10.1038/s41598-022-11094-y
https://doi.org/10.1038/s41598-022-11094-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Possible role of insulin resistance in activation of plasma xanthine oxidoreductase in health check-up examinees
	Results
	Clinical characteristics of subjects, and comparisons between those with and without IR. 
	Plasma XOR activity after 12 months. 
	Association of IR with plasma XOR activity after 12 months. 
	Association of IR with increase in plasma XOR activity over 12 months. 

	Discussion
	Materials and methods
	Study design. 
	Participants. 
	Physical and laboratory measurements at baseline. 
	Definition of IR at baseline. 
	Plasma XOR activity at baseline and after 12 months. 
	Statistical analysis. 

	References
	Acknowledgements


