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Introduction

Renal dysfunction is an independent risk factor for death
and/or cardiovascular disease (CVD) events among the general
population [1,2]. Although the reason why renal dysfunction
increases CVD mortality and morbidity is unclear, the
accumulated evidence suggests the major participation of
oxidative stress (OS) [3]. Among patients with chronic kidney
disease (CKD), OS increases in correlation with renal dysfunction
[4], and enhanced OS among CKD patients induces an increase
of CVD mortality and morbidity [5]. Such OS is widely considered
as therapeutic target [6].

On the other hand, the participation of increased activity of
xanthine oxidase (XO) on enhanced OS has been suggested [7].
XO is one of the isoforms of xanthine oxidoreductase (XOR, EC
1.2.3.2), which is known as a house-keeping enzyme. XOR is
found as xanthine hydrogenase (XDH) in almost all living things,
including bacteria, plants, eumycetes, and animals, while only
mammals have both the XDH and XO forms [8]. XDH and XO are
single-gene products [9] that catalyze the oxidation of
hypoxanthine to xanthine and xanthine to uric acid; however,
these two forms utilize different electron acceptors. Namely,
XDH utilizes nicotinamide adenine dinucleotide (NAD+) and does
not produce reactive oxygen species (ROS), whereas XO utilizes
oxygen and generates ROS such as superoxide anion radicals and
hydrogen peroxide. Accordingly, an increase in the XO/XOR ratio
could accelerate OS via ROS generation.

Sakuma et al. reported that XDH - XO conversion is caused
by disulfide compounds via reversible or non-reversible
Keywords: Chronic  kidney disease; Endothelium; oxidation of thiol group in XDH [10]. Because thiol oxidation of
Oxidative stress; Xanthine oxidase; Xanthine oxidoreductase serum albumin is enhanced in correlation with kidney
dysfunction [4], plasma XO/XOR, which reflects XO/XOR of the
capillary endothelium [11], might also be increased among
advanced CKD patients. Moreover, no existing studies have
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examined the relationship between plasma XOR or XO activity
and renal function, for XOR activity is very low in healthy human
and thus its precise measurement had been difficult [12,13].

The aim of this study is to evaluate the relationship between
plasma XOR, XO and renal function.

Material and Methods

Thirteen predialysis CKD patients at Fukushima Medical
University Hospital (Fukushima, Japan) were enrolled in the
study. The patients’ profiles including underlying kidney disease
are shown in Table 1. No patient had received antioxidant agents
such as ascorbic acid or vitamin E. Patients on corticosteroid
therapy and those with malignancy were excluded from this
study.

Physical measurements including height, weight, and blood
pressure were taken, and then blood samples were collected to
measure XOR and XO activities; 2 mL was drawn from the
plasma obtained by centrifugation at 4°C immediately after the
blood sampling from each patient, and stored at —80°C for 2—6
weeks until analysis. In addition, serum creatinine and C-reactive
protein level, and plasma level of XOR substrates (hypoxanthine,
xanthine and uric acid) were measured. As a marker of renal
function, the estimated glomerular filtration rate (eGFR) was
calculated by the CKD-EPI equation modified for Japanese using
Japanese coefficient [14].

Measurement of XOR and XO activities was performed by the
method previously reported by Murase et al. using liquid
chromatography combined with triple quadrupole mass
spectrometry (LC-TQMS method) [15]. Briefly, specimens were
purified by Sephadex G25 column and were added to Tris buffer
(pH 8.5) containing [13C,,°N,]xanthine, NAD+, and
[13C3,15N;]uric acid. These mixtures were incubated at 37°C for
90 min. Subsequently, the mixtures were treated and the
production levels of [13C,,1°N,]uric acid were measured using
liquid chromatography (NANOSPACE SI-2, Shiseido)-triple
quadrupole mass spectrometer (TSQ-Quantum, Thermo Fisher
Scientific) (LC-TQMS). XO activity was determined by measuring
[13C,,15N,]uric acid formation in the absence of NAD+. XOR and
XO activities were expressed as ['3C,,'°N,Juric acid in
pmol/h/mL plasma. All measurements were duplicated and the
mean values were adapted for the evaluation. Based on the XOR
and XO activities obtained using the procedures described
above, the ratio of XO to XOR (XO/XOR) was calculated.

Substrates of XOR (hypoxanthine, xanthine and uric acid) were
measured using LC/MS method. Other biochemical tests were
measured using standard laboratory techniques.

Values were expressed as means * standard deviation unless
otherwise stated. We used the statistical software Stat View 9.3
(SAS Institute Inc., Cary, NC, USA). To determine the magnitude
of the correlation, we used Pearson’s correlation coefficient (R).
Iltem-category data (gender, primary disease, prescription, past
history) were introduced into the analysis as dummy variables.
The correlation was determined to be significant when the p-
value was less than 0.05(5%) with Fisher’s Z transformation.
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The study was performed according to the principles of the
Declaration of Helsinki and was approved by the local ethics
committee (Fukushima Medical University, approval no. 2349).
All subjects provided their written informed consent.

Table 1: Patient characteristics.

Age years 62.1+18.8
Gender %male 53.8

BMI kg/m2 242+43
Primary CKD n

Chronic glomerulonephritis 9
Nephrosclerosis 2
Polycystic kidney 1

Others 1

History of cardiovascular disease % 7.7
Antihypertensive medication % 84.6
Usage of erythrocyte-stimulating factor % 15.4
Usage of xanthine-oxidoreductase inhibitor % 61.5

a) None n 5

b) Febuxostat n 5

c) Topiroxostat n 1

d) Allopurinol n 2

Blood pressure mmHg

Systolic 136 £ 22
Diastolic 84+6
Estimated glomerular filtration rate mL/min/1.73 m?2 42.7+23.4
C-reactive protein 0.14+£0.17

Results

Table 2 shows the results of measurement regarding XOR and
XO activities, and these substrates. The XOR and XO activities
(pmol/h/mL plasma) were 8.30-58.2 and 9.15-40.8, and XO/XOR
value was 0.698-1.240.

The relationship between XOR, XO, XO/XOR and renal function
(eGFR) is shown in Figure 1. A significantly positive correlation
between eGFR and both XOR and XO was determined (R=0.751,
P=0.0020 and R=0.773, P=0.0031, respectively). On the other
hand, XO/XOR showed significantly negative correlation with
eGFR (R=-0.614, P=0.0236), indicating that decreased renal
function contributes to XDH = XO conversion.

Table 3 shows the results of simple regression analysis, and
Table 4 shows that of multiple (forward stepwise) regression
analysis between XOR, XO, XO/XOR and clinical data, in which
clinical data were determined to be the explanatory variables,
and XOR, XO and XO/XOR were the criterion variables. In the
multiple regression analysis regarding XOR, eGFR and
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prescription of XOR inhibitor were adopted as an independent
significant explanatory variable. Same variables (eGFR and
prescription of XOR inhibitor) were also adopted independently
in the multiple regression analysis regarding XO. These results
suggest that low eGFR and usage of XOR inhibitor suppresses
both XOR and XO activities. As to the multiple regression
analysis regarding XO/XOR, selected explanatory variables were
eGFR and xanthine.

Table 2: The results of measurement regarding xanthine
oxidoreductase (XOR) and xanthine oxidase (XO) activities, and
these substrates.

Mean SD Range
XOR activity pmol/h/mL plasma 231 15.9 8.30-58.2
XO activity pmol/h/mL plasma 19.4 10.0 9.15-40.8
XO/XOR 0.940 0.183 0.698-1.24
Hypoxanthine pM 2.27 2.02 0.30-7.09
Xanthine pM 5.60 7.57 0.11-26.4
Uric acid uM 220.8 744 23.5-350.0

Table 3: The simple regression between XOR, XO, XO/XOR and
clinical data, *P<0.05.

XOR X0 XO/XOR
R P- R P- R P-
value value value
Estimated 00020 | 073 | 0003 | -06 | 0023
glomerular 0.751 « . M
. 3 1 14 6
filtration rate
’ -0.0 0.850 -0.1 0.738
Hypoxanthine 0.003 0.9912 60 5 05 1
Xanthine -0.61 9.0239 -0.6 0;01 7 0.71 0;004
3 37 1 2 8
Uric acid -0.56 0.0443 -0.5 0.047 0.34 0.253
2 . 55 9 6 3
-0.28 -0.2 0.364 0.24 0.426
Age 8 0.3492 79 4 6 1
_ -0.37 -0.3 0.185 0.41 0.159
Gender (male=1) 5 0.2131 96 5 8 7
0.00 0.993 -0.0 0.771
BMI 0.005 0.9864 3 1 9 4
History of
cardiovascular 0.665 9'0113 0.64 0;01 6 -0.3 0.188
) 0 6 93 6
disease
Antihypertensive -0.54 0.0530 -0.5 0.048 0.39 0.191
medication 5 ) 54 5 1 9
Usage ofl 026 02 | 0401 | 022 0478
erythrocyte- ’ 0.4008 ) ’ ’ !
; : 0 60 0 0 8
stimulating factor
Usage of
xanthine- -0.74 0.0027 -0.7 0.001 0.59 0.029
oxidoreductase 0 : 70 3 7 6"
inhibitor
Systolic  blood 0.096 0.7613 0.14 0.647 -0.0 0.873
pressure 4 1 50 0
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Diastolic  blood -0.26 -0.1 0.532 0.22 0.478
pressure 2 0.3955 95 8 0 9
C-reactive 0.16 0.600 0.00 0.976
protein 0.109 0.7303 4 6 9 6

Table 4: The multiple (stepwise) regression between XOR, XO,
XO/XOR and clinical data, *P<0.05.

XOR ) (o] XO/XOR
R P- R P- R P-
value value value
R of the test 0.86 9.0010 0.87 9.0007 0.81 9.0043
6 4 5
Estimated
glomerular 0.51 9.0171 0.47 9.0226 -0.42 0.0556
filtration rate
Xanthine | eeeeem | e I 8.56 0.0152
Uricacid | - | - N [ — ——
History of
cardiovascular | ----e- | —eeeen I R R L
disease
Antihypertensive | | . L
medication
Usage of
xanthine- -0.49| 00210 -054| 0014
oxidoreductase 3 " 2 *
inhibitor
( I

>

XOR activity
(prnolih/mL plasma)
XO activity
{prmolhfmL plasma) o

5
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eGFR (mL/min/1.73m32)

XO activity =6.009 + 0.314 x eGFR; R2=0538
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Figure 1: The relationship between estimated glomerular
filtration rate and XOR activity (a), XO activity (b) and XO/XOR
ratio (c). Estimated glomerular filtration rate shows a
statistically significant positive correlation with XOR and XO
activities, and a significant negative correlation with XO/XOR
ratio.

. J

Discussion

In this report, we demonstrated that both XOR and XO
activities are decreased, and XDH - XO conversion of plasma
XOR is accelerated, in accordance with renal dysfunction. To the
best of our knowledge, this is the first report to reveal the
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relationship between renal function and XOR activity including
conformation change, i.e. XDH = XO conversion.

XOR is a house-keeping enzyme and is recognized as a urate-
synthesizer in a clinical medicine context. In the present study,
we measured plasma XOR. The XOR state of plasma is thought to
reflect that of capillary endothelial cells, since XOR is abundantly
found in capillary endothelium and scarce in the endothelium of
major vessels and endocardium [16]. The total area of the
endothelium in humans is equal to that of 6 tennis courts, with
most of the endothelium covering capillary vessels [17].
Capillary XOR plays a major role in redox maintenance of the
whole body [16,18] and takes part in various acute
pathophysiologies, such as ischemia-reperfusion injury via XDH
- XO conversion [9,19,20]. Besides, XDH - XO conversion is
essential for the lactation process, a fundamental function of
mammals [21].

In this study, we demonstrated clear relationship between
eGFR and both XOR and XO activity. Otaki et al. reported that
both high and low XOR activity (= 120 and <33 pmol/100 uL/h),
measured using a combination of [13C2, 15N2] xanthine and
liquid chromatography/triple quadrupole mass spectrometry,
was related to poor outcome in patients with chronic heart
disease [22]. Although the pathological significance by which
abnormal XOR activity is unclear, too low XOR activity might
reflect impaired endothelial viability.

XOR inhibitor has potential to reduce detrimental event
among CKD patients [7,23], and the conserving function of the
XOR inhibitor on endothelial cells is independent of the urate-
lowering effect [24]. About 85% of XOR exists as XDH in
reductive condition such as cytosol of hepatic cell [25].

Not like XDH, XO utilizes molecular oxygen as electron
acceptor and generates ROSs such as superoxide, which causes
tissue injury including endothelial dysfunction. We have
hypothesized that the ratio of XO over XOR increases in
accordance with renal dysfunction in oxidative condition such as
plasma. In this context, the progress of CKD among subjects with
hyperuricemia [26-28] might be explained by the profound
elevation of XO/XOR ratio.

In the multiple regression analysis regarding XO/XOR ratio,
plasma xanthine level was selected as dependent explanatory
variable. Although this result is interesting, the meaning of it is
uncertain at the present.

In the present study, XO/XOR ratio exceeded 1 in patients with
severely-impaired renal function. We suppose that this
phenomenon reflects the irreversible modification of XOR,
which could not be recovered by NAD* treatment. XOR exhibits
XDH - XO conversion not only by reversible disulfide bridge
formation, but also by irreversible modification caused by
proteases [29,30]. Such “irreversible” XO modification might
cause this spurious elevation of XO/XOR ratio to over 1.

In this study, we revealed a “decrease” of both XOR and XO
activities in accordance with renal dysfunction. This result is in
line with the report by Otaki et al., in which eGFR of “low XOR”
group (53 £ 25 mL/min/1.73 m2) was significantly lower than
that of “normal XOR” group (68 * 26 mL/min/1.73 m2) [21]. On
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the other hand, Gondouin et al. reported the “increase” of XOR
activity in accordance with renal dysfunction [31]. To measure
XOR activity, Gondouin et al. used the “classical method”, in
which XOR activity is measured as wurate level after
administration of xanthine to the specimen. This classical
method might well overestimate XOR activity because of
elevated endogenous urate and other substances.

This study has several limitations. The first limitation is its
cross-sectional nature: a prospective study is needed to prove
the effect of the XOR inhibitor on XO/XOR ratio. The second is
that the degree of endothelial function or vascular damage is
not evaluated in this study. The third and perhaps most obvious
limitation of this report is that the number of participants was
small (13 participants). Studies with a larger subject population
are warranted to allow more detail statistical analysis including
comparison test between stratified groups and following post-
hoc test.

In conclusion, we demonstrated that XOR and XO activities are
decreased, and XDH - XO conversion of plasma XOR is
accelerated, in accordance with renal dysfunction. Clinical
strategies targeting XO/XDH modification should be encouraged
in the future, for high XO/XOR ratio in advanced CKD patients
might contribute to the elevation of OS.
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