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Abstract

Objective

Although several epidemiological studies assessed the relationship between fasting plasma
glucose (FPG) and serum uric acid (SUA) levels, the results were inconsistent. A cross-sec-
tional study was conducted to investigate this relationship in Chinese individuals with normal
glucose tolerance.

Research design and methods

A total of 5,726 women and 5,457 men with normal glucose tolerance were enrolled in the
study. All subjects underwent a 75-g oral glucose tolerance test. Generalized additive mod-
els and two-piecewise linear regression models were applied to assess the relationship.

Results

A U-shaped relationship between FPG and SUA was observed. After adjusting for potential
confounders, the inflection points of FPG levels in the curves were 4.6 mmol/L in women
and 4.7 mmol/L in men respectively. SUA levels decreased with increasing fasting plasma
glucose concentrations before the inflection points (regression coefficient [8] =-36.4, P<
0.001 for women; 8=-33.5, P< 0.001 for men), then SUA levels increased (8=17.8, P<
0.001 for women; 8= 13.9, P<0.001 for men). Additionally, serum insulin levels were posi-
tively associated with FPG and SUA (P < 0.05).

Conclusions

A U-shaped relationship between FPG and SUA levels existed in Chinese individuals with
normal glucose tolerance. The association is partly mediated through serum insulin levels.
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Introduction

Uric acid, the final oxidation product of purine metabolism in human beings, possesses both
antioxidant and pro-oxidant properties [1]. The levels of serum uric acid (SUA) are deter-
mined by a balance of production, reabsorption and secretion [2]. Because of the evolutionary
loss of hepatic uricase by mutational silencing, uric acid is present at higher levels in human
blood than in other mammals [3].

Uric acid has proven emerging roles in various diseases such as gout, renal dysfunction,
hypertension, hyperlipidemia, diabetes and obesity [4-7]. Hyperuricemia occurs as a result of
the abnormal increased uric acid production and/or the impaired renal uric acid excretion [8].
As a concomitant of metabolic syndrome, hyperuricemia is an independent risk factor of
impaired fasting glucose and type 2 diabetes [9, 10]. Clarifying the association between plasma
glucose and SUA levels in population with normal glucose tolerance benefits the screening
and prevention of diabetes.

A noticeable relationship has been observed between plasma glucose and SUA levels. Inter-
estingly, the relationship between the two factors does not show a simple linear correlation.
Studies conducted in diverse ethnic groups showed similar results that fasting plasma glucose
(FPG) and SUA exhibited a curvilinear correlation, both in general population and diabetic
subjects [11-19]. However, most investigations didn’t exclude individuals with glucose intoler-
ance, leaving the relationship among the subjects with normal glucose tolerance unclear. Fur-
thermore, the inflection point of the curve remains controversial.

In order to study the relationship between FPG and SUA levels in Chinese individuals with
normal glucose tolerance, we conducted this study in a Chinese adult population.

Methods
Study participants

We conducted a series of investigations from 2004 to 2014 and a stratified, random cluster
sampling method was carried out to select a representative sample of the general population
aged from 20 to 80 years old in coastal areas of Shandong Province. The sampling process was
stratified according to geographic regions (Qingdao, Yantai, Weihai, Rizhao and Dongying),
degree of urbanization (cities, county seats and rural townships) and economic development
status (based on the gross domestic product for each area). A total of 16,572 people were
selected and invited to participate in the study between August 2004 and December 2014;
14,361 individuals (8,123 women and 6,238 men) completed the investigation. The overall
response rate was 86.7% (82.8% for men and 89.9% for women). Subjects’ data and blood sam-
ples were collected during the investigations. Due to missing data on demographic informa-
tion or lab measurements, taking diuretic, hyperuricemic or hypouricemic agents, showing
signs of malignancy, acute infectious diseases, acute inflammatory diseases and renal failure,
358 individuals were excluded. A standard 75g 2-hour oral glucose tolerance test (OGTT) was
administered to all participants. Among 14,003 individuals, 2820 subjects were excluded due
to glucose intolerance (FPG level > 6.1 mmol/L, OGTT 2 hour plasma glucose > 7.8 mmol/L)
or taking hypoglycemic agents, leaving 11183 subjects with normal glucose tolerance included
in the final analysis.

The study protocol was approved by Ethics Committee of Affiliated Hospital Qingdao Uni-
versity, in accordance with the principles of the Declaration of Helsinki. Written informed
consent was obtained from all participants. The authors had no access to information that
could identify individual participants during or after data collection.
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Biochemical measurements

After an overnight fast (at least 10 hours), blood samples were collected during the investiga-
tions. Glycosylated hemoglobin (HbA1c) was measured by high performance liquid chroma-
tography (Bio-Rad Variant IT HbA1c analyzer, Bio-Rad, Montreal, Quebec, Canada). Serum
insulin was measured by Electrochemiluminescence method (Cobas e 601, Roche Diagnosis,
Mannheim, Germany). Plasma glucose (glucose oxidase method), serum uric acid (Uricase-
PAP/TOOS method), serum total cholesterol (CHOD-PAP method), serum high-density
lipoprotein cholesterol (HDL-C) (IRC method), serum low-density lipoprotein cholesterol
(LDL-C) (CAT method), serum triglycerides (GPO-PAP method) and serum creatinine (Jaffe
reaction) were measured on an analyzer (Hitachi 7600-020, Hitachi, Tokyo, Japan).

The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney
Disease Epidemiology (CKD-EPI) equation [20]:

eGFR p_pp; = 141 x min(Scr/x, 1)* x max(Scr/k, 1) x 0.993% x 1.018 [if female]
x 1.159 [if black]

where Scr is serum creatinine expressed in mg/dL and age is expressed in years; « is 0.7 for
females and 0.9 for males; o is-0.329 for females and -0.411 for males; min indicates the mini-
mum of Scr/x or 1, and max indicates the maximum of Scr/x or 1.

Homeostasis model assessment for insulin resistance (HOMA-IR) estimates insulin resis-
tance [21].

HOMA — IR — (fastlng insulin (uIU/mL) X fasting glucose (mmol/ L))

22.5

Statistical analyses

Statistical analyses were conducted using R software program version 3.2.2 (http://www.R-
project.org) and SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Data were given as means + SEM or
median (interquartile range). The Kolmogorov-Smirnov Z tests were used to determine if the
data were normally distributed. Differences between two groups were compared by indepen-
dent two-tailed Student’s ¢ tests for normally distributed data, otherwise by Mann-Whitney U
tests. We could not assume a linear relationship between FPG and SUA, so the possible non-lin-
ear relationship was explored using smoothing splines generated in generalized additive models
[22] by R package mgcv. A two-piecewise linear regression model was applied to examine the
threshold effect of FPG on uric acid according to the smoothing splines. The inflection point of
FPG levels, at which the relationship between FPG and SUA began to reverse, was determined
by using trial and error methods, including selection of inflection points along a predefined
interval and then choosing the inflection point that gave the maximum likelihood. Furthermore,
we performed linear regression analyses to estimate the relationship between FPG and uric acid
levels within each stratum FPG with or without adjustment for potential confounders. The
Chow tests [23] was used to assess the difference of regression coefficients between strata with R
package strucchange. The differences of regression coefficients between models were compared
by Student’s ¢ tests. Univariate correlations were analyzed by Spearman’s rank correlation tests.
A Pvalue less than 0.05 (2-tailed) was considered statistically significant.

Results
Subject characteristics

Clinical characteristics of the subjects are shown in Table 1. SUA levels in men were signifi-
cantly higher than in women (348 [106] vs. 263 [85] pmol/L, P < 0.001). FPG concentrations
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Table 1. Clinical and metabolic characteristics of the study population by gender.

Number of participants
Age (year)

Body mass index (kg/m?)
Waist circumference (cm)
Hip circumference (cm)
Waist-hip ratio
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Fasting plasma glucose (mmol/L)
OGTT 2h plasma glucose (mmol/L)
Hemoglobin Alc (%)
Serum uric acid (umol/L)
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Triglycerides (mmol/L)
Creatinine (umol/L)
eGFR (mL/min/1.73m?)
Serum insulin (ulU/mL)
HOMA-IR
Antihypertensive medication
Antihyperlipidemic medication
Current smoker
Everyday drinker

Women
5726
47 (39, 57)
24.20 (21.79, 26.84)
85 (78, 92)
99 (94, 104)
0.85 (0.81, 0.90)
121 (110, 140)
80 (71, 89)
5.1(4.7,5.4)
6.6 (5.9,7.1)
5.5(5.2,5.7)
263 (224, 309)
4.81 (4.24,5.48)
1.47 (1.28, 1.68)
2.63(2.18, 3.20)
1.16 (0.82, 1.71)
56.1 (49.7, 63.5)
104.7 (95.0, 114.1)
7.92 (5.63, 10.86)
1.76 (1.19, 2.48)
653 (11.4%)
120 (2.1%)
135 (2.4%)
71 (1.2%)

Men
5457
47 (37, 58)
24.23 (21.75, 26.67)
89 (83, 96)
100 (95, 105)
0.89 (0.85, 0.93)
130 (120, 140)
84 (80, 90)
5.2 (4.8,5.5)
6.5(5.8,7.0)
5.5(5.2,5.7)
348 (298, 404)
4.79 (4.22,5.37)
1.34 (1.15, 1.58)
2.65(2.21,3.18)
1.28 (0.89, 2.03)
77.8(70.0, 86.4)
99.0 (88.6, 109.5)
6.70 (4.18, 10.05)
1.51(0.89, 2.33)
649 (11.9%)
109 (2.0%)
2453 (45.0%)
1130 (20.7%)

Pvalue

0.873
0.455
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.539
<0.001
0.016
<0.001
0.608
<0.001
<0.001
<0.001
<0.001
<0.001
0.420
0.714
<0.001
<0.001

Data are presented as median (interquartile range) for continuous variables or number of subjects (%) for categorical variables. OGTT = oral glucose
tolerance test, HDL = high-density lipoprotein, LDL = low-density lipoprotein, eGFR = estimated glomerular filtration rate, HOMA-IR = homeostasis model

assessment for insulin resistance.

https://doi.org/10.1371/journal.pone.0180111.t001

in men were also significantly higher than in women (5.2 [0.7] vs. 5.1 [0.7], P < 0.001). There
was no significant difference in age, body mass index, hemoglobin Alc, total cholesterol, LDL
cholesterol, fasting serum insulin, antihypertensive medication and antihyperlipidemic medi-
cation between men and women. Waist circumference, hip circumference, waist-hip ratio,
systolic blood pressure, diastolic blood pressure, triglycerides, creatinine and eGFR were sig-
nificantly higher in men than in women, while OGTT 2h plasma glucose and HDL cholesterol
were significantly lower in men than in women. Rates of current smoker and everyday drinker

were significantly higher in men.

Gender-specific univariate regression analyses of the relationship
between fasting plasma glucose and serum uric acid

The relationship between FPG and SUA is shown in Fig 1. The analyses of the relationship
were performed after stratifying participants by gender. Smoothing splines suggested a U-
shaped relationship between FPG and SUA levels. The SUA levels decreased with increasing
FPG levels before the inflection points of 4.6 (women)/4.7 (men) mmol/L, then the SUA levels
increased after the inflection points. The regression coefficients were -38.8 (95% confidence
interval [CI]: -44.9 to -32.7, P < 0.001) for FPG < 4.6 mmol/L while 36.5 (95% CI: 31.9 to 41.0,
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Fig 1. Nonlinear relationship between fasting plasma glucose and serum uric acid. No adjustment in
women (A) and in men (B); adjustment for age, body mass index, systolic body pressure, diastolic blood
pressure, total cholesterol, triglycerides, drinking status, smoking status, estimated glomerular filtration rate
and serum insulin in women (C) and in men (D). The shaded areas indicate 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0180111.g001

P < 0.001) for FPG > 4.6 mmol/L in women, and the difference between strata was significant
(F=27.7, P < 0.001). Additionally, the regression coefficients were -35.2 (95% CI: -42.5 to
-27.8, P < 0.001) for FPG < 4.7 mmol/L while 35.4 (95% CI: 29.2 to 41.6, P < 0.001) for

FPG > 4.7 mmol/L in men, and the difference between strata was significant (F = 27.2,

P < 0.001) (Table 2).

Gender-specific multivariate regression analyses of the relationship
between fasting plasma glucose and serum uric acid

In addition to univariate regression analyses, the relationship between FPG and SUA was ana-
lyzed after adjusting age, body mass index, systolic body pressure, diastolic blood pressure,
total cholesterol, triglycerides, drinking status, smoking status and estimated glomerular filtra-
tion rate (Fig 1). The inflection points of FPG were 4.6 (women)/4.7 (men) mmol/L after
adjustment, and the adjusted regression coefficients were -36.7 (95% CI: -42.8 to -30.7,

P < 0.001) for FPG < 4.6 mmol/L while 33.5 (95% CI: 29.0 to 38.1, P < 0.001) for FPG > 4.6
mmol/L in women, and the difference between strata was significant (F = 26.9, P < 0.001).
Additionally, the adjusted regression coefficients were -34.9 (95% CI: -42.2 to -27.6, P < 0.001)
for FPG < 4.7 mmol/L while 34.8 (95% CI: 28.7 to 41.0, P < 0.001) for FPG > 4.7 mmol/L in
men, and the difference between strata was significant (F = 26.9, P < 0.001) (Table 2).

Besides glucose metabolism, insulin may participate in regulation of uric acid levels as well.
Therefore, the serum insulin level was included as an adjusting factor in the multivariate
regression model. Compared with the models without serum insulin, the inflection points for
each gender remained constant. The adjusted regression coefficients after the inflection points
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Table 2. Linear regression analyses between fasting plasma glucose and serum uric acid.

Crude® Model 1° Model 2° Model 3°
Fasting plasma N Fasting plasma Uric acid | B(95% Cl) P B (95% Cl) P B (95% Cl) P B (95% CI) P
glucose group glucose (mmol/L)? | (umol/L)?
(mmol/L)
Women
<4.6 1158 4.1(3.6,4.4) 267 (223, -38.8 < -37.8 < -36.7 < -36.4 <
314) (-44.9, 0.001 (-43.9, 0.001 (-42.8, 0.001 (-42.2, 0.001
-32.7) -31.7) -30.7) -30.6)
>4.6 4568 5.2(4.9,5.5) 262 (225, | 36.5(31.9, < 35.5(31.0, < 33.5(29.0, < 17.8(13.2, <
308) 41.0) 0.001 40.1) 0.001 38.1) 0.001 22.4) 0.001

Difference between

753(66.1, | < |733(4.1,| < |703(612 | < |542(453 | <

strata 84.4) 0.001 82.5) 0.001 79.4) 0.001 63.0) 0.001
Men
<47 1097 4.2 (3.7,4.5) 350 (297, -35.2 < -35.5 < -34.9 < -33.5 (40.6, <
411) (-42.5, 0.001 (-42.9, 0.001 (-42.2, 0.001 -26.4) 0.001
-27.8) -28.2) -27.6)
>4.7 4360 5.3(5.1,5.6) 348 (298, | 35.4(29.2, < 35.8 (29.6, < 34.8 (28.7, < 13.9 (7.5, <
403) 41.6) 0.001 42.0) 0.001 41.0) 0.001 20.4) 0.001

Difference between
strata

70.6(59.0, | < |71.3(59.7, < |69.7(582, | < |47.4(359, <
82.2) | 0001 89 | 0001 813 | 0001| 589 | 0.001

Linear regression analyses were conducted separately in strata for women and men. 3, regression coefficient; Cl, confidence interval.
3Data are presented as median (interquartile range).

PNo adjustment.
®Adjustment for age.

dAdditional adjustment for body mass index, systolic body pressure, diastolic blood pressure, total cholesterol, triglycerides, drinking status, smoking status

and estimated glomerular filtration rate.
®Additional adjustment for serum insulin.

https://doi.org/10.1371/journal.pone.0180111.t002

were 17.8 (95% CI: 13.2 to 22.4, P < 0.001) for women and 13.9 (95% CI: 7.5 to 20.4, P < 0.001)
for men. For women with FPG > 4.6 mmol/L, the difference of the adjusted regression coefficient
between model 2 and model 3 was 15.7 (95% CI: 9.3 to 22.1, P < 0.001). In addition, for male par-
ticipants with FPG > 4.7 mmol/L, the difference was 20.9 (95% CI: 12.1 to 29.7, P < 0.001).

Univariate correlation analyses between serum uric acid and glucose
homeostasis parameters

Serum insulin levels showed positive correlations with SUA (r = 0.298, P < 0.001 for women;
r=0.259, P < 0.001 for men) and FPG (r = 0.354, P < 0.001 for women; r = 0.399, P < 0.001
for men) (Fig 2). It was also found that HOMA-IR was positively associated with SUA (r =
0.287, P < 0.001 for women; r = 0.249, P < 0.001 for men), FPG (r = 0.533, P < 0.001 for
women; 7 = 0.531, P < 0.001 for men) and serum insulin (r = 0.972, P < 0.001 for women;
r=0.984, P < 0.001 for men).

Discussion

In subjects with normal glucose tolerance, a U-shaped curve was found in the adjusted associa-
tion between FPG and SUA. The inflection points of FPG levels were 4.6 mmol/L in women
and 4.7 mmol/L in men after adjustment. Additionally, serum insulin levels were positively
associated with FPG and SUA. Uric acid metabolism is a complex process involving various
factors that regulate renal and gut excretion of this compound, so different metabolic pathways
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may play the predominate role in each segment of the curve. Hence, this nonlinear relation-
ship may indicate the potential interaction between serum glucose and purine metabolism.

In the descending segment of the curve, competition for reabsorption between glucose and
uric acid may exert strong influence. Normally, renal elimination of uric acid accounts for
more than 70% of total uric acid excretion from the body [24]. The exact mechanisms have not
been known, however, multiple studies have led to a proposed four-component model that
includes glomerular filtration, reabsorption, secretion and post-secretory reabsorption [25].
Almost 100% of circulating uric acid is filtered at the glomerulus into the renal tubule, with
over 90% of the filtered load reabsorbed [26]. Uric acid reabsorption primarily occurs in the
proximal tubular by transporters which could exchange intracellular anions, and post-secre-
tory reabsorption takes place in the distal end of the proximal tubular [25, 27-29]. In terminal
urine, only 5% to 10% of filtered uric acid is excreted under normal conditions [25]. Net renal
excretion of uric acid is determined by the balance among filtration, reabsorption and secre-
tion along the nephron [1, 24, 26]. Besides renal elimination, approximately 30% of uric acid is
excreted by the intestine, which has not been investigated in detail.

The kidney also performs a crucial role in glucose homeostasis. Similar to circulating uric
acid, plasma glucose is freely filtered at the glomerulus, with almost all of it reabsorbed in the
proximal tubule in normal situations [30]. As both glucose and uric acid are reabsorbed in
the proximal tubule, glucose may influence renal uric acid excretion by regulation of uric acid
reabsorption [15]. Most of filtered glucose (80-90%) is reabsorbed by the Sodium-glucose
cotransporter 2 (SGLT2) in the S1 segment of the proximal tubule, while the Sodium-glucose
cotransporter 1 (SGLT1) reabsorbs the remaining 10-20% in the more distal $2/83 segment [31,
32]. SGLT2 inhibitors are a class of hypoglycemic drugs that inhibit the reabsorption of glucose
in the proximal tubule by blocking SGLT?2 [33, 34]. Interestingly, decreased SUA concentrations
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Fig 2. Relationships among serum insulin, fasting plasma glucose, and serum uric acid. Positive
relationship between serum insulin and serum uric acid in women (A) and in men (B). Positive relationship
between fasting plasma glucose and serum insulin in women (C) and in men (D).

https://doi.org/10.1371/journal.pone.0180111.9002
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have been observed in subjects taking SGLT?2 inhibitors in multiple randomized clinical trials
[35-38], indicating a connection between glucose and uric acid metabolism in the kidney.

Glucose transporter protein-9 (GLUTY), expressed in human kidney proximal tubules, is a
distinct member of the glucose transporters (GLUT) family due to its capacity for uric acid
transportation. It is independent of sodium, chloride and anions, but is voltage dependent.
GLUT?9 shares common structural features with GLUT members such as 12 transmembrane
helices, cytoplasmic amino and carboxytermini and an N-linked glycosylation site [39]. Using
heterologous expression of GLUT9 in Xenopus oocytes, GLUT9 appears to be a functional
transporter with low affinity for deoxyglucose [40]. Caulfied et al. also clarified that SLC2A9%a,
a splice variant of GLUTY, could exchange extracellular glucose for intracellular uric acid.
These data suggest that glucose might influence the function of GLUT9 [41]. Therefore, it is
assumed that an increase of glucose in tubular fluid with an associated elevation of reabsorp-
tive transport on GLUT9 may inhibit uric acid reabsorption.

In the ascending segment, increased levels of insulin induced by elevated blood glucose lev-
els may contribute to the reabsorption of uric acid. Consistent with previous studies [42], a
positive correlation was found between FPG and serum insulin. Increased fasting serum insu-
lin levels represent a compensatory mechanism to overcome insulin resistance [43]. After
adjusting for insulin levels, the association between FPG and SUA is moderately attenuated,
which suggests that the association is partly mediated through insulin. Previous studies also
support this view. Using insulin clamp technique, Galvan et al. found that euglycemic hyperin-
sulinemia could cause correlated declines in fractional renal excretion of uric acid and sodium
[44] and Maaten et al. showed similar results [45]. Thus, it is hypothesized that insulin could
activate renal uric reabsorption through sodium-dependent anion transporters in brush-bor-
der membranes of the renal proximal tubule [4], since evidence for a direct effect of insulin on
natriuresis has obtained both in normal subjects and in patients with essential hypertension
[46]. In addition, high serum insulin levels may enhance renal uric acid reabsorption through
elevated expression of the urate transporter-1, which is a urate exchanger mediating urate
movement from urine to epithelium [47, 48]. Furthermore, increase in insulin levels could
promote xanthine dehydrogenase and purine nucleoside phosphorylase, which participates in
uric acid synthesis and elevates the level of uric acid in serum [49].

Our study has several limitations. The cross-sectional design precluded a definitive conclu-
sion about causality. Fluctuations of circulating glucose and uric acid levels reveal modifica-
tions in tissue metabolism. Experiments on animal models and longitudinal studies with
repeated measurements of plasma glucose and SUA would lend greater validity to our find-
ings. Additionally, information on urinary uric acid clearance was not available, limiting fur-
ther exploration of the association between FPG and SUA.

In summary, we report a U-shaped relationship between FPG and SUA concentrations in
individuals with normal glucose tolerance. The association is partly mediated through serum
insulin levels. Further studies with longitudinal designs would better reveal the underlying
mechanisms for the relationship.
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