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Abstract: To unravel associations between plasma xanthine oxidoreductase (XOR) and diabetic
vascular complications, especially distal symmetric polyneuropathy (DSP), we investigated plasma
XOR activities using a novel assay. Patients with type 2 diabetes mellitus (T2DM) with available
nerve conduction study (NCS) data were analyzed. None were currently taking XOR inhibitors. XOR
activity of fasting blood samples was assayed using a stable isotope-labeled substrate and LC-TQMS.
JMP Clinical version 5.0. was used for analysis. We analyzed 54 patients. Mean age was 64.7
years, mean body mass index was 26.0 kg/m2, and mean glycated hemoglobin was 9.4%. The log-
arithmically transformed plasma XOR activity (ln-XOR) correlated positively with hypoxanthine,
xanthine, visceral fatty area, and liver dysfunction but negatively with HDL cholesterol. ln-XOR
correlated negatively with diabetes duration and maximum intima-media thickness. Stepwise multi-
ple regression analysis revealed ln-XOR to be among selected explanatory factors for various NCS
parameters. Receiver operating characteristic curves showed the discriminatory power of ln-XOR.
Principal component analysis revealed a negative relationship of ln-XOR with F-waves as well as
positive relationships of ln-XOR with hepatic steatosis and obesity-related disorders. Taken together,
our results show plasma XOR activity to be among potential disease status predictors in T2DM
patients. Plasma XOR activity measurements might reliably detect pre-symptomatic DSP.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease that leads to various vas-
cular complications involving multiple organs, ultimately reducing the lifespans of af-
fected patients [1]. Diabetes prevalence rose in the second decade of the 21st century
and continues to increase. In 2019, diabetes prevalence worldwide was estimated to be
463 million people [2], and 4.2 million people were estimated to have died from diabetes
and its complications [3]. Prevention or early detection of T2DM and its complications
is hugely important but occult and asymptomatic complications are difficult to detect.
Distal symmetric polyneuropathy (DSP) especially often precedes other complications
and can progress to become a life-threatening disorder [4]. However, the progression of
DSP is very difficult to evaluate and employs routine outpatient examinations. Consensus
definitions consistently recommend a combination of neuropathic symptoms and signs in
addition to specific nerve conduction study (NCS) abnormalities as criteria for diagnosing
DSP and it is essential to confirm that the diagnosis of this condition is accurate [5].

Though the mechanisms by which diabetic vascular complications develop remain
to be elucidated, oxidative stress and chronic inflammation, as well as longstanding hy-
perglycemia, associated metabolic derangements including increased polyol flux, accumu-
lation of advanced glycation end products, and lipid alterations among other metabolic
abnormalities, are thought to be among the key factors contributing to the development
of DSP [6,7]. Obesity, especially when accompanied by visceral fat accumulation, hyper-
tension, hyperglycemia, hyperinsulinemia, and fatty change in the liver are considered
to be parameters predicting upregulation of oxidative stress and/or chronic inflamma-
tion as risk factors for diabetic complications [8]. The serum uric acid (UA) level is also
associated with obesity and insulin resistance [9,10], and a high serum UA level has been
proposed to be an independent risk factor for various diabetic complications such as dia-
betic nephropathy [11,12], as well as diabetic retinopathy (DR) [13] and neuropathy [14].
Xanthine oxidoreductase (XOR), the rate-limiting enzyme of UA production, was recently
reported to be upregulated in fat, liver, kidneys, and the vasculature of patients with T2DM
and other metabolic diseases [15,16]. XOR produces UA by catalyzing the oxidation of
purines such as hypoxanthine to xanthine and xanthine to UA. Excessive purine deriva-
tives derived from biological activities such as ATP depletion due to exercise, intake of
fructose or alcohol, intake of a purine-rich diet or a pathological event such as ischemia, or
degradation of RNA and DNA induced by cell turnover, are broken down by the purine
metabolism system, in which XOR plays an essential role [17]. On the other hand, xan-
thine dehydrogenase (XDH) is converted to xanthine oxidase (XO) in response to tissue
injury [18]. XO can reduce molecular oxygen to superoxide and hydrogen peroxide and is
thought to be one of the key enzymes producing reactive oxygen species (ROS) [19] which
serve as important messengers inducing inflammation [20,21].

However, XOR activity measurement has not been sufficiently established because
the level of plasma XOR activity is quite low in humans as compared with that in ro-
dents [17]. Recently, a novel human plasma XOR activity assay using a combination of
liquid chromatography (LC) and triple quadrupole mass spectrometry (TQMS) to detect
[13C2,15N2]-UA using [13C2,15N2]-xanthine as a substrate was developed [22]. At present,
plasma XOR activity levels during the clinical courses of T2DM patients remain unclear.
Thus, to unravel the associations of early vascular complications such as DSP with XOR
activity, we investigated the relationships between clinical features of T2DM and plasma
XOR levels measured employing this novel assay.

2. Materials and Methods
2.1. Study Subjects

We enrolled 127 patients with T2DM who visited the department of diabetes and
metabolic diseases in our hospital during the period from August 2017 to October 2020.
Of these patients, we analyzed those who had complete NCS data. The key inclusion
criteria were as follows: (1) confirmed diagnosis of T2DM, (2) 18 years or older, and (3) no
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liver dysfunction. The exclusion criteria were: (4) pregnant, breastfeeding, or not using
contraception for women of childbearing age, (5) currently taking XOR inhibitors, and/or
(6) judged by their primary doctors to be inappropriate for trial enrollment due to safety
concerns or for any other reasons. This investigation conformed with the principles outlined
in the Declaration of Helsinki. The study protocol was approved by the Institutional Ethics
Committee of Nihon University Hospital (approval number 20170701) and was registered at
UMIN Clinical Trials Registry with the ID number UMIN000029257. All patients provided
written informed consent for study participation.

2.2. Clinical Parameters and Procedures

Patient profiles, including diabetic microangiopathy, were collected from medical
records. The intra-abdominal visceral fat area (VFA) was evaluated from computed to-
mography cross-sectional scans at the level of the umbilicus, as previously reported [23].
Diabetic nephropathy was clinically diagnosed by attending physicians based on microal-
buminuria or overt proteinuria with no evidence of other kidney or urological diseases [24]
and was classified into four stages (patients receiving dialysis therapy were excluded)
according to the classification of diabetic nephropathy promulgated in 2014 by a joint
committee on diabetic nephropathy in Japan [25]. DR includes non-proliferative DR diag-
nosed by the presence of microaneurysms and retinal hemorrhages [26], and all DR cases
were confirmed by ophthalmologists. DR was subdivided as follows: no apparent diabetic
retinopathy (NDR), simple diabetic retinopathy (SDR), and proliferative diabetic retinopa-
thy (PDR). For the estimation of diabetic autonomic neuropathy, the coefficient of variation
of the R-R intervals at rest and in deep breathing was measured with CardiMax FCP-8800®

(Fukuda Denshi Corporation, Tokyo, Japan) as previously described [27]. To estimate DSP,
the vibratory sensation was tested by measuring the perception time for a fork vibration
using a 128 Hz tuning fork at the lateral malleoli. We measured the sensory nerve conduc-
tion velocity of the sural nerve as well as motor nerve conduction velocity and F-wave
parameters of the peroneal nerve and tibial nerves using NeuropackX1® (Nihon Kohden
Corporation, Tokyo, Japan) as previously described [27]. For estimation of macrovascular
complications, we measured the cardio-ankle vascular index as well as the ankle-brachial
index (ABI) using the VaSera VS-3000TN® (Fukuda Denshi Corporation, Tokyo, Japan).
We measured carotid ultrasonographic variables such as the intima-media thickness (IMT)
and the plaque score of the common carotid artery as previously reported [28] using the
Aplio 500® (Toshiba Medical Systems Corporation, Tokyo, Japan). We usually performed
the examinations, other than NCS, employed in this protocol as part of a comprehensive
annual check-up aimed at detecting complications in patients with T2DM followed at
our hospital.

To measure XOR activity, fasted blood samples were centrifuged at 3000 g for 15 min
at 4 ◦C when collected in the early morning and the obtained plasma was stored at
−80 ◦C until analysis. The XOR activity assay was performed using a stable isotope-labeled
substrate and LC-TQMS together with the measurement of metabolites as previously
reported [22,29]. In brief, 100 µL plasma samples pooled at −80 ◦C (purified by Sephadex
G25 column) were mixed with Tris buffer (pH 8.5) containing [13C2,15N2]-xanthine as
a substrate, NAD+, and [13C3,15N3]-UA as the internal standard. The mixtures were
incubated at 37 ◦C for 90 min. Subsequently, the mixtures were combined with 500 µL of
methanol and centrifuged at 2000× g for 15 min at 4 ◦C. The supernatants were transferred
to new tubes and dried with a centrifugal evaporator. The residues were reconstituted with
150 µL of distilled water, filtered through an ultrafiltration membrane, and measured using
LC/TQMS. We used LC/TQMS consisting of a Nano Space SI-2 LC system (Shiseido, Ltd.,
Tokyo, Japan) and a TSQ-TQMS (Thermo Fisher Scientific, Bremen, Germany) equipped
with an ESI interface. Calibration standard samples of [13C2,15N2]-UA were also measured,
and the amounts of [13C2,15N2]-UA production were quantitated from the calibration
curve. XOR activities were expressed as [13C2,15N2]-UA in pmol/mL/h.
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2.3. Statistical Analysis

JMP Clinical version 5.0 (SAS Institute, Cary, NC, USA) was used for all statistical
analyses. Data are presented as the mean ± standard deviation, or as a number with
the percentage. F-wave latency was corrected by height as previously described, that is,
it was multiplied by 160 then divided by height (cm) [30]. We used Student’s t-test for
continuous variables. Percentage data were examined using the Chi-square test or Fisher’s
exact test as appropriate. Stepwise multiple regression analysis was performed using
various NCV parameters stratified by the thresholds identified for prediction of incident
DSP as described in a previous report [31] as the objective variable, as well as variables
including XOR activity which had been natural logarithm-transformed to normalize the
skewed distribution, sex, age, height, duration of diabetes, body mass index (BMI), waist
circumference, fasting blood glucose (FBG), and maximum IMT as explanatory variables.
To reveal the relationships between plasma XOR, DSP parameters, and other parameters
in detail, we performed principal component analysis (PCA). When NCS values were
undetectable, the longest F-wave latency in the dataset from another subject as well as
a value of “0” for amplitude or conduction velocity was used as a substitute value for
the purposes of the regression analysis as previously reported [32,33]. All p-values are
two-sided, and p < 0.05 was considered to indicate a statistically significant difference.

3. Results
3.1. Characteristics of the Enrolled Patients

The characteristics and principal parameters of enrolled patients are listed in Table 1.
We enrolled 54 patients with T2DM (37 males and 17 females, mean age 64.7 ± 12.2 years).
Mean diabetes duration was 146 ± 130 months, glycated hemoglobin 9.4 ± 1.9%, BMI 26.0
± 5.9 kg/m2, and waist circumference 94.1 ± 14.8 cm. As for antidiabetic drugs, 13 patients
(24%) were prescribed various forms of insulin, 9 (17%) sulfonylureas or glinides, 27 (50%)
dipeptidyl peptidase-4 inhibitors or GLP-1 agonists, 12 (22%) sodium-glucose cotransporter
2 inhibitors, 15 (28%) biguanides, 2 (4%) thiazolidinediones, 5 (9%) α-glucosidase inhibitors,
and 1 (2%) epalrestat, as indicated in Table 1. As for antihypertensive agents, 17 patients
(31%) were taking angiotensin-converting enzyme inhibitors/angiotensin receptor blockers,
15 (28%) calcium channel blockers, 3 (6%) diuretics, and 6 (11%) β-blockers.

Table 1. Baseline characteristics of study participants.

Variable (n = 54) * n or Mean ± SD (Median)

Sex (male/female) 37/17
Age (years) 64.7 ± 12.2 (66.5)
Height (cm) 162.5 ± 9.6 (163.3)

BMI (kg/m2) 26.0 ± 5.9 (24.0)
Waist circumference (cm) 94.1 ± 14.8 (93.5)

VFA (cm2) 180.8 ± 78.3 (171.4)
SBP (mmHg) 131 ± 19 (130)
DBP (mmHg) 79 ± 13 (78)

Pulse Rate (bpm) 76 ± 12 (77)
Duration of diabetes (M) 146 ± 130 (108)

Brinkman index 443 ± 677 (0)
Vibration (sec) 7.3 ± 3.5 (7.0)

CVRR (%) 148 ± 130 (106)
Minimum ABI 1.07 ± 0.13 (1.11)

Maximum IMT (mm) 2.3 ± 1.2 (2.2)
Laboratory measurements

XOR activity (pmol/h/mL) 216 ± 441 (78.3)
Hypoxanthine (µM) 1.7 ± 0.8 (1.5)

Xanthine (µM) 0.63 ± 0.30 (0.49)
UA by LC/TQMS (mg/dL) 5.0 ± 1.4 (4.8)

FBG (mg/dL) 168 ± 46 (161)
HbA1c (%) 9.4 ± 1.9 (9.2)
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Table 1. Cont.

Variable (n = 54) * n or Mean ± SD (Median)

Cre (mg/dL) 0.9 ± 0.4 (0.8)
eGFR (mL/min/1.73 m2) 72.9 ± 24.1 (71.1)

ACR (mg/g) 127 ± 288 (30.3)
Plt (×109/L) 223 ± 63 (215)
AST (IU/L) 30 ± 24 (23)
ALT (IU/L) 33 ± 34 (24)
γGTP (IU/L) 54 ± 78 (34)

AAR 1.11 ± 0.61 (1.00)
APRI 0.40 ± 0.37 (0.29)

FIB-4 index 1.92 ± 1.99 (1.50)
Albumin (g/dL) 4.2 ± 0.4 (4.2)

HDL-Chol (mg/dL) 52 ± 15 (49)
LDL-Chol (mg/dL) 122 ± 40 (120)

TG (mg/dL) 136 ± 51 (133)
EPA/AA 0.34 ± 0.31 (0.21)

CRP (mg/dL) 0.3 ± 0.9 (0.1)
BNP (pg/mL) 48.5 ± 28.3 (14.3)

NCS Parameters Median (Q1, Q3)

Sural Amp (µV) ND (ND, 3.3)
Sural CV (m/s) ND (ND, 43.3)

Peroneal Amp (mV) 4.6 (1.4, 6.7)
Peroneal CV (m/s) 43.8 (37.7, 47.0)

Peroneal F-wave (ms) 49.2 (45.8, 52.6)
Tibial Amp (mV) 10.6 (6.4, 17.1)
Tibial CV (m/s) 41.4 (37.7, 45.0)

Tibial F-wave (ms) 51.6 (47.3, 55.4)

Incidence of Diabetic Microangiopathy n

Nephropathy
Stage 1
Stage 2
Stage 3
Stage 4

27
21
4
2

Retinopathy
NDR
SDR
PDR

32
8

14

Use of Antidiabetic Drugs or Other Medications n (%)

Insulins 13 (24)
SU/Glinides 9 (17)

GLP1RAs/DPP4is 27 (50)
SGLT2is 12 (22)

Biguanides 15 (28)
TZDs 2 (4)
αGIs 5 (9)

Epalrestat 1 (2)
Statins 22 (41)
EPAs 6 (11)

ACEI/ARBs 17 (31)
CCBs 15 (28)

Diuretics 3 (6)
β-blockers 6 (11)

SBP, systolic blood pressure; DBP, diastolic blood pressure; Cre, serum creatinine; eGFR, estimated glomerular filtration rate; ACR, albumin
to creatinine ratio; Plt, platelet count; FIB-4 index, fibrosis-4 index; EPA/AA, eicosapentaenoic acid to arachidonic acid ratio; CRP, C-reactive
protein; BNP, B-type natriuretic peptide; Amp, amplitude potential; ND, not determined; CV, conduction velocity; F-wave, F-wave latency.
Vibration: perception time for a fork vibration. F-wave latency was corrected by height as previously described as described in the “Patients
and Methods” section. All data are presented as n or means ± standard deviation and medians with or without the first (Q1) and the third
(Q3) quartiles. * Visceral fat area from two patients and vibration data from one patient were missing. The coefficient of variation of RR
intervals (CVRR) from eight patients with arrhythmias were omitted. SUs, sulfonylureas; GLP-1RAs/DPP4is, GLP-1 agonists/dipeptidyl
peptidase-4 inhibitors; SGLT2: sodium-glucose cotransporter 2 inhibitors; αGIs: α-glucosidase inhibitors; TZDs: thiazolidinediones;
EPAs, eicosapentaenoic acids; ACEIs: angiotensin-converting enzyme inhibitors; ARBs: angiotensin receptor blockers; CCBs: calcium
channel blockers.
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3.2. Relationships of Plasma XOR Activity with Individual Parameters

Plasma XOR activity was logarithmically transformed to normalize the skewed distri-
bution to determine correlations between variables using analysis of variance (Figure 1).
Correlations of individual parameters with logarithmically transformed plasma XOR
activity (ln-XOR) are shown in Figure 2. As shown in panel (A), ln-XOR was signifi-
cantly and positively correlated with the plasma hypoxanthine level (r2 = 0.086, p = 0.032)
and the plasma level of xanthine (r2 = 0.439, p < 0.0001), but not with the plasma UA
level (r2 = 0.123, p = 0.011). Ln-XOR showed a significant positive correlation with VFA
(r2 = 0.022, p = 0.284) but with neither BMI (r2 = 0.024, p = 0.265) nor waist circumference
(r2 = 0.024, p = 0.265). We found that ln-XOR showed a significant negative correlation with
the duration of diabetes (r2 = 0.078, p = 0.041), the Brinkman index (number of cigarettes
smoked per day) x (number of years smoked) (r2 = 0.131, p = 0.007), and maximum
IMT (r2 = 0.176, p = 0.002) but not with sex (r2 = 0.027, p = 0.233), age (r2 = 0.014, p =
0.400), height (r2 = 0.012, p = 0.423), vibration (r2 = 0.012, p = 0.443), or minimum ABI
(r2 = 0.023, p = 0.269). In addition, ln-XOR showed significant positive correlations with
aspartate aminotransferase (AST) (r2 = 0.568, p < 0.0001), alanine aminotransferase (ALT)
(r2 = 0.619, p < 0.0001), gamma-glutamyl transferase (γ-GTP) (r2 = 0.188, p < 0.0001), the
AST to platelet ratio index (APRI) (r2 = 0.310, p < 0.0001), and albumin (r2 = 0.093, p =
0.025), while showing negative correlations with the AST to ALT ratio (AAR) (r2 = 0.159, p
= 0.003) and high density lipoprotein (HDL)-cholesterol (r2 = 0.129, p = 0.008). The ln-XOR
showed no significant correlations with FBG (r2 = 0.153, p = 0.372), HbA1c (r2 = 0.0001,
p = 0.930), estimated glomerular filtration rate (eGFR) (r2 = 0.010, p = 0.469), low density
lipoprotein (LDL)-cholesterol (r2 = 0.026, p = 0.249), triglyceride (TG) (r2 = 0.030, p = 0.209),
the eicosapentaenoic acid to arachidonic acid ratio (EPA/AA) (r2 = 0.0008, p = 0.843), C-
reactive protein (CRP) (r2 = 0.006, p = 0.571), or B-type natriuretic peptide (BNP) (r2 = 0.066,
p = 0.061). We examined relationships of XOR with anti-diabetic drugs, antihyperlipidemic
agents, and antihypertensive agents and found that ln-XOR showed a significant negative
correlation with GLP-1 agonists/dipeptidyl peptidase-4 inhibitors (GLP-1RAs/DPP4is)
(r2 = 0.162, p = 0.003).

As shown in panel (B), we investigated the correlations between ln-XOR and NCS
parameters. For the correlation analysis, we excluded the parameters related to the sural
nerve because in half of the analyzed participants (27/54) these parameters were not
detectable (Table 1). There were no significant correlations of ln-XOR with peroneal amp
(r2 = 0.013, p = 0.434), tibial amp (r2 = 0.059, p = 0.076), or tibial F-wave (r2 = 0.044,
p = 0.136). However, we did demonstrate significant positive correlations of ln-XOR with
both peroneal conduction velocity (r2 = 0.135, p = 0.008) and tibial conduction velocity
(r2 = 0.097, p = 0.023), together with a significant negative correlation of ln-XOR with the
peroneal F-wave (r2 = 0.107, p = 0.028).
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Figure 2. Correlations of individual parameters with logarithmically transformed plasma XOR activity. Results of sex, hypoxanthine, xanthine, UA, age,
BMI, waist circumference, VFA, height, SBP, DBP, duration of diabetes, Brinkman index, vibration, minimum ABI, maximum IMT, FBG, HbA1c, Cre, eGFR,
ACR, Plt, AST, ALT, γGTP, AAR, APRI, FIB-4 index, Alb, HDL cholesterol, LDL cholesterol, TG, EPA/AA, CRP, BNP, anti-diabetic drugs, antihyperlipidemic
agents, and antihypertensive agents are shown in (A), those of various NCS parameters in (B). Solid lines indicate regression lines, while each dotted line
shows the threshold level of each of the NCS parameters in panel (B). The thresholds for peroneal/tibial amplitude potential, peroneal/tibial conduction
velocity, and peroneal/tibial F-wave for prediction of incident DSP were 6.2/8.4 mV, 42.4/41.4 m/s, and 51.8/57.6 ms, respectively. SBP, systolic blood
pressure; DBP, diastolic blood pressure; Cre, serum creatinine; eGFR, estimated glomerular filtration rate; ACR, albumin to creatinine ratio; Plt, platelet
count; FIB-4 index, fibrosis-4 index; EPA/AA, eicosapentaenoic acid to arachidonic acid ratio; BNP, B-type natriuretic peptide; CRP, C-reactive protein; αGIs,
α-glucosidase inhibitors; GLP-1RAs/DPP4is, GLP-1 agonists/dipeptidyl peptidase-4 inhibitors; SGLT2, sodium-glucose co-transporter 2 inhibitors; ACEIs,
angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; CCBs, calcium channel blockers; Amp, amplitude potential; CV, conduction
velocity; F-wave, F-wave latency. r2: coefficient of determination, vibration: perception time for a fork vibration.
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3.3. Relationships of Plasma XOR Activity with NCS Parameters

As for DSP, stepwise multiple regression analysis using various NCS parameters as the
objective variable, as well as variables including ln-XOR, sex, age, duration of diabetes, BMI,
waist circumference, FBG, minimum ABI, and maximum IMT as explanatory variables,
revealed significant correlations of peroneal conduction velocity with ln-XOR, age and
waist circumference, peroneal F-wave latency with ln-XOR and BMI, and tibial F-wave
latency with ln-XOR when stratified by the thresholds identified for prediction of incident
DSP (Table 2). Receiver operating characteristic curves (Figure 3) showed the discriminatory
power of the ln-XOR for various NCS parameters, such as peroneal conduction velocity,
peroneal F-wave, and tibial F-wave, stratified by the thresholds identified for prediction of
incident DSP [31]. Their area under the curve values were 0.83, 0.80, and 0.83, respectively.

Table 2. Univariate and multivariate regression analysis of NCS parameters.

Univariate Analysis

Objective
Variable

Explanatory
Variable OR <95% CI> p-value

Peroneal Amp
(<6.2 mV) Ln-XOR 0.78 <0.46–1.31> 0.349

Peroneal CV
(<42.4 m/s) 0.48 <0.24–0.83> 0.007

Peroneal F-wave
(>51.8 ms) 0.39 <0.18–0.73> 0.002

Tibial Amp (<8.4
mV) 0.63 <0.34–1.07> 0.087

Tibial CV (<41.4
m/s) 0.84 <0.51–1.34> 0.454

Tibial F-wave
(>57.6 ms) 0.23 <0.07–0.58> 0.001

Multivariate Analysis

Objective
Variable

Explanatory
Variable OR <95% CI> p-value

Peroneal CV
(<42.4 m/s) Ln-XOR 0.47 <0.22–0.86> 0.013

Age 0.93 <0.87–0.99> 0.027
Waist

circumference 0.92 <0.86–0.96> 0.0004

Peroneal F-wave
(>51.8 ms) Ln-XOR 0.48 <0.21–0.89> 0.017

BMI 0.83 <0.69–0.96> 0.007
Tibial F-wave

(>57.6 ms) Ln-XOR 0.23 <0.07–0.58> 0.001

OR, odds ratio; CI, confidence interval; Amp, amplitude potential; CV, conduction velocity; F-wave, F-wave
latency. NCV parameters were stratified by the thresholds identified for prediction of incident DSP according to a
previous report as described in the “Patients and Methods” section, that is, the thresholds for peroneal/tibial
amplitude potential, peroneal/tibial conduction velocity, and peroneal/tibial F-wave were 6.2/8.4 mV, 42.4/
41.4 m/s, and 51.8/57.6 ms, respectively.
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Figure 3. ROC curves for various NCS parameters stratified by the thresholds identified for prediction of incident DSP. (A)
Peroneal CV, (B) peroneal F-wave, (C) tibial F-wave. ROC, receiver operating characteristic; AUC, area under the curve;
F-wave, F-wave latency. NCV parameters were stratified by the thresholds identified for the prediction of incident DSP
according to a previous report as described in the “Patients and Methods” section, that is, the thresholds for peroneal
conduction velocity, peroneal F-wave, and tibial F-wave were 42.4 m/s, 51.8 ms, and 57.6 ms, respectively.

The PCA biplot (Figure 4) showed distributions of parameters from the axes of three
primary components (PC). Along the axis of PC1, ln-XOR correlated strongly with hypox-
anthine, xanthine, impaired liver functions (ALT, AST, γGTP, and/or APRI abnormalities,
with hepatic steatosis), obesity-related parameters (BMI, VFA, waist circumference, and
triglyceride), and various NCS parameters. Ln-XOR also correlated positively with ampli-
tude potentials and conduction velocities and negatively with F-waves for both peroneal
and tibial nerves. Factor loadings (Table 3) for PC1 to PC11 showed ln-XOR to have signifi-
cant loadings in PC1 and PC2. PC1 showed a positive correlation of ln-XOR with impaired
liver functions (ALT, AST, γGTP, and/or APRI abnormalities, with hepatic steatosis), xan-
thine, hypoxanthine, conduction velocity of the peroneal nerve, amplitude potentials (both
peroneal and tibial), and obesity-related parameters (BMI, VFA, waist circumference, and
triglyceride), as well as negative correlations of ln-XOR with F-waves (both peroneal and
tibial), maximum IMT, duration of diabetes, HDL-cholesterol, AAR, GLP1RAs/DPP4is
use, retinopathy, ACR, age, and the Brinkman index. PC2 showed positive correlations
of ln-XOR with liver dysfunction (APRI, AST, and ALT) and age, while showing inverse
relationships of ln-XOR with obesity-related parameters (BMI, waist circumference, and
triglyceride), renal function (eGFR and without nephropathy), and peroneal nerve ampli-
tude potential. PC3 showed positive correlations of ln-XOR with F-waves (both peroneal
and tibial), height, female gender, FBG, Alb, and minimum AMI, while correlations with
age, the AST to ALT ratio, BNP, and CRP together with tibial nerve conduction velocity
were negative.
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Figure 4. Visualization of correlations between variabilities in PCA biplots. PC, principal component; Amp, amplitude; CV,
conduction velocity; WC, waist circumference.
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Table 3. Principal component analysis (PCA).

Factor Loadings for PC1 to PC11

Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11

Log [XOR activity,
pmol/h/mL] 0.75 0.49

Peroneal F-wave (ms) −0.69 −0.34
Peroneal CV (m/s) 0.65 −0.3

Xanthine (µM) 0.63 0.51
BMI (kg/m2) 0.62 −0.35 0.48

Hepatic steatosis
(Without0/Wth1) 0.61 0.35

ALT (IU/L) 0.6 0.64
Tibial F-wave (ms) −0.6 −0.51

Visceral Fat Area (cm2) 0.6 0.52
max IMT (mm) −0.6 0.32

Waist circumference (cm) 0.58 0.52
γGTP (IU/L) 0.51
AST (IU/L) 0.49 0.72

Tibial Amp (mV) 0.49 −0.34 0.38 −0.43
Peroneal Amp (mV) 0.48 −0.38 0.46

Duration of diabetes (M) −0.48 −0.48 0.35
Hypoxanthine (µM) 0.46 0.31 −0.36 −0.35

AAR (AST/ALT ratio) −0.43 0.42 −0.39
HDL-Chol (mg/dL) −0.43 0.44
GLP1RAs/DPP4is
(Without0/Wth1) −0.41 0.51 −0.34

TG (mg/dL) 0.41 0.56
Age (years) −0.38 0.36 0.5 0.36

ACR (mg/g) −0.37 0.37 −0.41
Retinopathy

(Without0/Wth1) −0.35 0.46 −0.33 −0.32

Brinkman index −0.34 0.43 0.37
APRI (AST to Platelet Ratio

Index) 0.82

Nephropathy
(Without0/Wth1) 0.44 0.32

eGFR (mL/min/1.73 m2) −0.43 −0.35 −0.38 −0.34 0.34
UA (mg/dL) by LC/TQMS 0.36 0.67 −0.32

Alb (g/dL) 0.3 0.52 0.35
BNP (pg/mL) 0.58 0.58
Height (cm) −0.58 −0.31

CRP (mg/dL) 0.52 −0.34 0.64
Sex (Male0/Female1) 0.45 −0.48 −0.32

FBG (mg/dL) −0.45 0.65
min ABI −0.37 −0.45 0.49

Tibial CV (m/s) 0.36 −0.42
EPA/AA 0.51 0.41 0.41

HbA1c (%) −0.51 0.39 0.36
Vibration (sec) −0.33 0.5 0.31

Eigenvalues of PCs

Eigenvalues Proportion of Variance Cumulative Proportion

PC1 7.63 0.191 0.191
PC2 3.69 0.092 0.283
PC3 3.61 0.09 0.373
PC4 3.22 0.081 0.454
PC5 2.67 0.067 0.521
PC6 2.21 0.055 0.576
PC7 1.81 0.045 0.621
PC8 1.71 0.043 0.664
PC9 1.33 0.033 0.697

PC10 1.26 0.031 0.729
PC11 1.13 0.028 0.757

PC, principal component. Hepatic steatosis was diagnosed by ultrasonography. We omitted factor loadings with an absolute value less
than 0.3 (indicated as blanks).

4. Discussion

We investigated the associations of plasma XOR activity in T2DM patients with
individual parameters and diabetic vascular complications. To our knowledge, this study
is the first to demonstrate low levels of plasma XOR activity to be associated with an
elongation in the F-wave latencies of both tibial and peroneal nerves, which are known to
be the most sensitive parameters of DSP [34]. Stepwise analysis using clinical thresholds
for prediction of incident DSP applied for various NCS parameters showed significant and
independent sensitivity of XOR activity measurement for the detection of DSP. In contrast,
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we found that high plasma XOR activity levels were associated with a short duration of
diabetes and metabolic disorders often found in young diabetic patients such as central
obesity and liver dysfunction.

Recently, relationships between various clinical features and the level of plasma
XOR activity measured by the procedure used in our present study have been reported.
For example, plasma XOR activity is related to obesity and habitual smoking in the general
population [35], vascular endothelial dysfunction assessed by flow-mediated dilation in
patients with type 1 diabetes [36], liver dysfunction in T2DM patients [37], the preva-
lence rate of coronary artery spasm [38], and adverse clinical outcomes in patients with
heart failure but with a preserved ejection fraction [39], as well as the requirement for
cardiovascular intensive care [40]. Previous studies demonstrated that XOR activity is
upregulated in patients with diabetic vascular complications [41–44]. Furthermore, XOR
was suggested to mediate axonal and myelin loss in a murine model of neural diseases [45].
XOR-derived ROS involvement in the pathogenesis of tissue lesions induced by reper-
fusion after ischemia is thought to be related to vascular injury resulting from diabetic
vascular complications [46]. Taken together, these observations suggest that plasma XOR
activity is upregulated in the early period of diabetes and then becomes exhausted with
the development of diabetic vascular complications, as suggested in a recent report [47].

Moreover, PCA analysis revealed two patterns of relationships between XOR activity
and F-wave latency. One pattern is low XOR activity associated with elongation in the
F-wave latency, consistent with our main findings, while the other is an inverse weakly
positive relationship, possibly reflecting neuronal injury due to altered XOR activity, as
shown in previous studies [41–44]. Importantly, the thresholds for F-wave latency that we
used in this study were effective for discriminating DSP due to decreased XOR activity.
Interestingly, this study also revealed increases in both incretin and its mimetics, due to the
use of GLP1RAs or DPP4is, to be related to low XOR activity, an observation consistent with
accumulating evidence that incretins induce anti-inflammatory effects by downregulating
ROS production and NF-κB activation in vascular cells [48,49].

Since assessing NCS requires expensive equipment and specialized personnel, in
addition to being relatively invasive and time-consuming to perform, the recent position
statement from the American Diabetes Association has stressed that diabetic polyneu-
ropathy (DPN) can be clinically diagnosed without assessing NCS results and that NCS
is only required in patients with special situations [50]. Diabetologists have been making
efforts to establish simpler methods of detecting DPN, but none have been sufficiently
reliable to gain worldwide acceptance for diagnosing DPN [51–53]. As noted above,
the plasma XOR level may serve as a marker for evaluating the development of DPN.
Applying this technique to measure plasma XOR levels is rather complicated, based
on utilizing a combination of [13C2,15N2]-xanthine and measurement using LC/TQMS.
Improvements of this technique are thus needed before a routine clinical application can
be achieved.

This study has limitations. First, the collection of blood samples and various physio-
logical examinations were not consistently performed on the same day which might have
resulted in bias. Second, there might have been selection bias as our participants were
a group of patients willing to be examined for diabetic complications. Furthermore, in
order to study patients who had complete NCS data, we analyzed only a portion of the
participants in our database because our physiological laboratory incorporated F-wave
parameters into the NCS dataset after December 2018. The final study size was thus
determined by referring to previous reports, one with 26 [29] and the other with 71 [36]
subjects. In our view, reasonable confidence is achieved above a certain standard when a
statistically meaningful difference is demonstrated. Third, this study was cross-sectional
and observational such that the relationship between diabetic DSP and plasma XOR activity
cannot be assumed to be causal. An interventional study with a much larger sample size is
needed to further elucidate the association between DSP and plasma XOR activity.
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5. Conclusions

In this cross-sectional analysis, we showed that plasma XOR activity is a potential
predictor of diabetes disease status. XOR activity is upregulated in the early period of
diabetes and then appears to become exhausted with the development and progression
of diabetic vascular complications. As early DSP usually lacks typical symptoms and is
very difficult to detect when employing routine outpatient examinations, measurement
of plasma XOR activity might serve as a reliable evaluation tool for DSP prior to the
development of symptoms.
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