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Abstract Background and aim: Conflicting results suggest a link between serum uric acid and
diabetes and previous studies ignored the effect of continuous exposure of serum uric acid on
diabetes risk. This study aims to characterize hyperuricemia trajectories in middle-aged adults
and to examine its potential impact on diabetes risk, considering the role of obesity, dyslipide-
mia, and hypertension.
Methods and results: The cohort included 9192 participants who were free of diabetes before
2013. The hyperuricemia trajectories during 2009e2013 were identified by latent class growth
models. Incident diabetes during 2014e2018 was used as the outcome. Modified Poisson regres-
sion models were used to assess the association of trajectories with diabetes. Furthermore, mar-
ginal structural models were used to estimate the mediating effects of the relationship between
hyperuricemia trajectories and diabetes. We identified three discrete hyperuricemia trajectories:
high-increasing (n Z 5794), moderate-stable (n Z 2049), and low-stable (n Z 1349). During 5
years of follow-up, we documented 379 incident diabetes cases. Compared with the low-stable
pattern, the high-increasing pattern had a higher risk of developing diabetes (RR, 1.42; 95% CI:
1.09e1.84). In addition, the percentages of total effect between the high-increasing hyperurice-
mia pattern and diabetes mediated by obesity, dyslipidemia, and hypertension were 24.41%,
18.26%, and 6.29%. However, the moderate-stable pattern was not associated with an increased
risk of diabetes.
Conclusions: These results indicate that the high-increasing hyperuricemia trajectory is signifi-
cantly associated with an increased risk of diabetes. Furthermore, obesity, dyslipidemia, and hy-
pertension play mediating roles in the relationship between the high-increasing hyperuricemia
pattern and increased diabetes risk.

Abbreviations: SUA, serum uric acid; BMI, body mass index; BHMC, The Beijing Health Management Cohort; SD, standard deviation; CV,
coefficient of variation; VIM, variation independent of the mean; ASV, average successive variability; FBG, fasting plasma glucose; TC, total
cholesterol; HDLC, high-density lipoprotein cholesterol; LDLC, low-density lipoprotein cholesterol; TG, triglycerides; eGFR, estimated
glomerular filtration rate; LCGM, latent class growth models; RR, relative risk; CI, confidence interval; MMSM, marginal structure model.
* Corresponding author. School of public health, Capital Medical University, Beijing, China.
** Corresponding author.
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1. Introduction

Diabetes increases the risk of cardiovascular diseases,
burden of death, and costs [1e4]. The early detection of
modifiable risk factors that prevent diabetes is top public
health priorities. Previously, numerous studies have shown
that uric acid is a risk factor for diabetes, whereas
controversial results also exist [5e12]. Given the global
burden of hyperuricemia, understanding the effect of hy-
peruricemia on diabetes is of critical importance [13].

It is worth noting that most previous studies focused on
serum uric acid (SUA) in a single or limited number of
measurements, ignoring the potential effect of continuous
exposure of SUA on diabetes risk. Recent studies reported
an increased risk of incident diabetes with short-term (2-
year) SUA gain [14,15]. SUA levels are relatively unstable
due to its biorhythm, diet, and exercise [16]. Thus the
trajectories of hyperuricemia over time may reflect long-
term exposure that is more relevant to diabetes risk.
Nevertheless, the effect of long-term hyperuricemia
changing patterns on diabetes incidence has not been well
described so far.

In addition, the strong association between uric acid and
body mass index (BMI) has been documented before [17,18].
Several studies also reported that SUAediabetes association
was largely weakened by BMI [19,20]. Furthermore, a
cohort study demonstrated the temporal relationship be-
tween hyperuricemia and obesity, and its association with
increased risk of type 2 diabetes [21]. More recently, clinical
and epidemiological studies also suggested that SUA was
associated with the development of dyslipidemia and hy-
pertension [22e25]. Relying on the studies above, we hy-
pothesized that metabolism factors including obesity,
dyslipidemia, and hypertension might act as mediators in
the causal pathway from SUA to diabetes. However, these
hypotheses have not been well explored.

In the present study, we aimed to identify distinct hy-
peruricemia changing trajectories which show the possi-
bility of hyperuricemia in the general population, access
the association of hyperuricemia trajectories with incident
diabetes, and determine the potential mediating factors in
the relation between hyperuricemia trajectories and future
risk of diabetes.

2. Methods

2.1. Study cohort

The Beijing Health Management Cohort (BHMC) study is a
prospective dynamic cohort study designed to investigate
the progression from health to metabolic disorders in

individuals from urban areas of northeast China. A total of
14,402 participants were identified in the current study
based on the number of measurements of SUA levels (at
least 3 times) during the exposure period (from January
2009 to December 2013). Data for incident diabetes were
collected during the follow-up period (from January 2014
to December 2018) (Fig. 1). We excluded 1701 participants
with diabetes and 1093 participants with stroke, cancer, or
cardiovascular disease in or prior to December 2013. We
further excluded 2416 participants lost to follow-up by
December 2018. Finally, the total number of participants
who were eligible for the present study was 9192. The
study protocol was approved by the Ethics Committee of
Capital Medical University, and written informed consent
was provided by all participants.

2.2. Assessment of SUA

Fasting blood samples were collected in the morning after
12 h overnight fast and transfused into vacuum tubes
containing EDTA from 7:00 to 9:00 a.m. The SUA level was
measured by enzymatic methods using a chemistry
analyzer (Beckman LX 20, America). Information regarding
the current treatment of elevated SUA was extracted from
participants’ internal medical summaries. Hyperuricemia
was defined as SUA level greater than 7 mg/dL for males
and SUA level greater than 6 mg/dL for females or treat-
ment with the SUA-lowering agent. The hyperuricemia
trajectories from 2009 to 2013 were the primary exposure
of the current study. Furthermore, four indicators were
used to access SUA variability from 2009 to 2013, including
standard deviation (SD), coefficient of variation (CV), co-
efficient of variation independent of the mean (VIM) [26]
and average successive variability (ASV) [27] (see
Supplementary Information Part 1).

2.3. Assessment of covariates

Height and weight were measured in light clothes, without
shoes, by trained research assistants. BMI was calculated
as weight (kg) divided by height (m) squared. Three re-
cordings of blood pressure after 5 min of rest in a sitting
position with the use of an electronic sphygmomanometer
were recorded in all participants. Blood pressures used for
data analyses were calculated as the mean of the last two
measurements. Blood samples were collected from par-
ticipants after an overnight fast of at least 12 h and ship-
ped to the central laboratory of the hospital. SUA, fasting
plasma glucose (FPG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDLC), low-density lipoprotein
cholesterol (LDLC), and triglycerides (TG) were measured
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by enzymatic methods using a chemistry analyzer (Beck-
man LX 20, America). Estimated glomerular filtration rate
(eGFR) was calculated by glomerular filtration rate esti-
mating equation for Chinese [28].

Family history of diabetes and information regarding
lifestyle factors, including educational level, physical activ-
ity, smoking status, and alcohol intake statuswere collected
from each participant using a questionnaire as previously
described [14]. Physical activity level was classified as low
(<1 timeperweek),moderate (1e2 times perweek), or high
(�3 times per week, each time lasting more than 30 min).
Participants were defined as smokers if they reported hav-
ing smoked �100 cigarettes in their lifetime [29]. Partici-
pants were defined as drinkers if they reported having
consumed alcohol �12 times in the preceding year [30].

2.4. Mediator and outcome

Mediators included obesity, hypertension, and dyslipidemia.
Obesity was defined as having a mean BMI during the
exposure period higher than 28 kg/m2 based on Asian
criteria [31]. Hypertension was defined as systolic blood
pressure (SBP)�140mmHgordiastolic blood pressure (DBP)
�90 mmHg or use of any antihypertensive medication or
self-reported history of hypertension according to the JNC-7
criteria [32]. The diagnostic criteria for dyslipidemia were
meanTC� 6.2mmol/L, TG� 2.3mmol/L, LDLC� 4.1mmol/L,
or HDLC < 1.0 mmol/L during the exposure period [33].

The outcome was incident diabetes during follow-up
period in this study. The diagnosis of diabetes referred to
the American Diabetes Association, including fasting
glucose �7.0 mmol/L, HbA1c � 6.5%, or the use of any
antidiabetic medication or self-reported diagnosis history of
diabetes [34]. In the absence of unequivocal hyperglycemia,
diagnosis requires two abnormal test results from the same
sample or in two separate samples. The glucose hexokinase
method was used to measure fasting blood samples.

2.5. Statistical methods

Latent class growth models (LCGM) were used to ascertain
hyperuricemia trajectory groups using the SAS PROC TRAJ
with a LOGIT model [35]. We investigated multiple LCGMs
with different trajectory shapes including linear and non-
linear parameters. According to the starting values calcu-
lated from the first group model, we changed group count
from 2 to 5, then used repeated trajectory analysis to
identify the latent classes. The following criteria deter-
mined the shapes and the optimal number of groups: (1)
using the lowest Bayesian information criterion; (2)
Including at least 2% of the participants in each group. In
our study, the optimal fitting model was cubic trajectories
of 3 groups. Kruskal Wallis tests and Chi-square tests were
applied to test the difference of baseline characteristics
among different trajectory groups.

We applied modified Poisson regression analyses to
assess the relative risk (RR) and 95% confidence interval
(CI) of diabetes by the trajectory groups of hyperuricemia
[36]: model 1 was adjusted for age and sex; model 2 was
extra adjusted for BMI, educational level, physical activity,
smoking status, alcohol intake status, and family history of
diabetes at baseline; model 3 was adjusted for the cova-
riates in model 2 plus SBP, DBP, TC, TG, HDLC, LDLC, and
eGFR at baseline.

Basing on a counterfactual framework, the mediation
analysis using marginal structure model (MMSM) was
developed to obtain unbiased estimates of the direct and
indirect effects. Therefore, the MMSM was used to
decompose the effect of hyperuricemia trajectories on an
increased risk of diabetes into nature indirect effect
mediated through mediator variables and the remaining
nature direct effect in this study [37]. Once marginal
structural models were fitted, a modified Poisson regres-
sion model was used to gain RR estimates of natural direct
and indirect effects.

Figure 1 Schematic diagram of study design.
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2.6. Sensitivity analysis

To test whether the potential association between hyper-
uricemia trajectories and diabetes risk was independent of
hyperuricemia status at baseline or last visit, we further
adjusted for hyperuricemia status in 2009 or 2013. To
examine the effect of variability in SUA concentrations, we
further adjusted the SUA variability. To explore whether
the effects of hyperuricemia trajectories on diabetes risk
were further explained by the change of BMI, we adjusted
for the change of BMI during the exposure period in the
models. To simulate the random assignment of different
hyperuricemia trajectory groups, we performed 1:1 pro-
pensity score matching method without replacement ac-
cording to Caliper Matching for this study [38].
Furthermore，we used the standardized mean differences
to measure the differences of covariates between before
and after matching, a value below 0.1 represented a
meaningful balance (see Supplementary Information Part
2). To evaluate if the mediating effects of mediators in
the association between hyperuricemia trajectories and
diabetes were robust, we re-estimated the mediating ef-
fect by sequentially dropping one confounding variable at
a time when computing the predicted values for the
mediator in MMSM.

All statistical analyses were performed using SAS soft-
ware version 9.4 (SAS Institute, Chicago, IL, USA) and R
(version 4.0.0), and P < 0.05 was considered to represent
statistical significance.

3. Results

According to the characteristics of their hyperuricemia
status changes during this 5-year exposure period, we

divided 9192 subjects into three different hyperuricemia
trajectory groups, namely the “low-stable” trajectory, the
“moderate-stable” trajectory and the “high-increasing”
trajectory. As shown in Fig. 2, 56.1% of the participants
were in a low-stable trajectory state, and they maintained
a low SUA level throughout the exposure period without
hyperuricemia. 28.4% of the participants were in a
moderate-stable trajectory state, who maintained a me-
dium probability of hyperuricemia. 15.5% of participants
had a high-increasing trajectory, starting with a moderate
probability of hyperuricemia and then a rapidly increasing
probability of hyperuricemia during a 5-year exposure
period. Compared with participants in the low-stable
pattern, participants in the other groups were more
likely to be men, drinkers, and smokers, had higher age,
BMI, and concurrent cardiovascular risk factors (Table 1).

Table 2 showed the adjusted RRs of incident diabetes
associated with hyperuricemia trajectories. After adjusting
for potential confounders, we observed that participants in
the high-increasing group had 1.42 times (95% CI:
1.09e1.84) greater risk of developing diabetes than those in
the low-stable group. However, there was no significant
increase in the risk of diabetes in the moderate-stable
group (RR, 1.08; 95% CI: 0.84e1.38). On the basis of model
3 confounding factor adjustment, we adjusted the hyper-
uricemia status in 2009 and 2013, respectively, then
discovered similar results. Meanwhile, adjustment for SD,
CV, VIM, or ASV of uric acid levels during exposure
respectively, showed that the association between the
high-increasing group and diabetes risk remained signifi-
cant. Further adjustment for the changes in BMI during
exposure did not materially change the results.

There were significant differences in the propensity
score distribution between the high-increasing group and

Figure 2 Trajectories of hyperuricemia status during the exposure period.
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the low-stable group. After matching, the propensity score
distribution overlapped together without significant dif-
ferences (Fig. 3). In the propensity score matching sample
(1277 vs. 1277), the standardized mean differences in
baseline characteristics between the two groups were

smaller than 0.1, and the baseline characteristics of the two
groups were comparable (see Supplementary Information
Part 3 Fig. S1). In 2554 propensity score matching samples,
participants in the high-increasing group had higher risk
of developing diabetes compared with participants in the

Table 1 Baseline characteristics of study participants, stratified according to hyperuricemia trajectories.

Baseline characteristic Low-stable Moderate- stable High- increasing Overall

(n Z 5794) (n Z 2049) (n Z 1349) (n Z 9192)

Male (n, %) 3336 (57.58) 1645 (80.28) 1196 (88.66) 6177 (67.2)
Age (years) 47.6 � 12.6 49.2 � 14.1 49.5 � 14.3 48.3 � 13.3*
BMI (kg/m2) 24.5 � 3.2 26.1 � 3.22 27.0 � 3.19 25.2 � 3.38*
SBP (mm Hg) 120 � 15.9 126 � 15.4 128 � 14.7 123 � 16.0*
DBP (mm Hg) 69.9 � 10.3 73.6 � 10.5 75.1 � 10.8 71.5 � 10.6*
TC (mmol/L) 4.71 � 0.86 4.84 � 0.93 4.87 � 0.94 4.76 � 0.89*
TG (mmol/L) 1.37 � 1.03 1.86 � 1.48 2.15 � 1.65 1.59 � 1.29*
HDLC (mmol/L) 1.36 � 0.35 1.23 � 0.32 1.16 � 0.28 1.30 � 0.34*
LDLC (mmol/L) 3.06 � 0.79 3.20 � 0.84 3.24 � 0.82 3.12 � 0.81*
eGFR (mL/min/1.73 m2) 101.0 � 20.5 94.9 � 19.4 90.2 � 19.2 97.8 � 20.5*
SUA (mg/dL) 4.97 � 1.00 6.53 � 0.95 7.78 � 1.11 5.73 � 1.46*
High school or higher education (n, %) 5505 (95.01) 1951 (95.22) 1276 (94.59) 8732 (95)
Physical activity (n, %)
Low 1589 (27.42) 590 (28.79) 410 (30.39) 2589 (28.17)
Moderate 3604 (62.20) 1248 (60.91) 779 (57.75) 5631 (61.26)
High 601 (10.37) 211 (10.30) 160 (11.86) 972 (10.57)
Smoking status (n, %) 559 (9.65) 225 (10.98) 186 (13.79) 970 (10.55)*
Drinking status (n, %) 1118 (19.30) 434 (21.18) 361 (26.76) 1913 (20.81)*
Family history of diabetes (%) 482 (8.32) 177 (8.64) 128 (9.49) 787 (8.56)

*P value for the difference of variables between the hyperuricemia trajectories<0.05.
Data were presented as mean (standard deviation) or number (%).
The abbreviations of the variables: BMI Z body mass index; SBP Z systolic blood pressure; DBP Z diastolic blood pressure; TC Z total
cholesterol; TG Z triglycerides; HDLC Z high-density lipoprotein cholesterol; LDLC Z low-density lipoprotein cholesterol; eGFR Z estimated
glomerular filtration rate; SUA Z serum uric acid.

Table 2 Risk of diabetes, according to trajectories of hyperuricemia status.

Variable Low-stable Moderate-stable High-increasing

Total 5794 2049 1349
Diabetes (n,%) 185 (3.19) 98 (4.78) 96 (7.12)
Model 1a Reference 1.37 (1.07, 1.75) 1.99 (1.55, 2.56)
Model 2b Reference 1.14 (0.89, 1.46) 1.50 (1.16, 1.95)
Model 3c Reference 1.08 (0.84, 1.38) 1.42 (1.09, 1.84)
Sensitivity analysis
Sensitivity analysis 1d Reference 1.15 (0.87, 1.53) 1.61 (1.13, 2.29)
Sensitivity analysis 2e Reference 1.18 (0.91, 1.53) 1.52 (1.16, 1.99)
Sensitivity analysis 3f Reference 1.15 (0.89, 1.47) 1.43 (1.11, 1.86)
Sensitivity analysis 4g Reference 1.12 (0.87, 1.45) 1.45 (1.11, 1.88)
Sensitivity analysis 5h Reference 1.18 (0.92, 1.53) 1.52 (1.16, 1.99)
Sensitivity analysis 6i Reference 1.14 (0.87, 1.50) 1.60 (1.07, 2.39)
Sensitivity analysis 7j Reference 1.07 (0.83, 1.36) 1.40 (1.08, 1.82)

Data were relative risks (RRs) and 95% confidence intervals (CIs).
a Adjusted for age, sex at baseline.
b Adjusted for variables in model 1 as well as education level, smoking, alcohol consumption, physical activity, family history of diabetes and

body mass index at baseline.
c Adjusted for variables in model 2 as well as systolic blood pressure, diastolic blood pressure, total cholesterol, triglycerides, high-density

lipoprotein cholesterol, low-density lipoprotein cholesterol and estimated glomerular filtration rate at baseline.
d Adjusted for variables in model 3 as well as hyperuricemia status in 2009.
e Adjusted for variables in model 3 as well as standard deviation of uric acid levels during the exposure period.
f Adjusted for variables in model 3 as well as coefficient of variation of uric acid levels during the exposure period.
g Adjusted for variables in model 3 as well as coefficient of variation independent of mean of uric acid levels during the exposure period.
h Adjusted for variables in model 3 as well as average successive variability of uric acid levels during the exposure period.
i Adjusted for variables in model 3 as well as hyperuricemia status in 2013.
j Adjusted for variables in model 3 as well as the change of body mass index during the exposure period.
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low-stable group, and the corresponding RR was 1.43 (95%
CI: 1.04, 1.97).

Table S1 (see Supplementary Information Part 3)
showed that stratified by gender, participants in the high-
increasing group had a higher risk of developing diabetes
in females (RR, 2.53; 95% CI: 1.40e4.55) rather than in
males (RR, 1.28; 95% CI: 0.96e1.70) comparing with those
in the low-stability group (P for interaction: 0.02). In
addition, participants in the high-increasing group had a
higher risk of developing diabetes in the older group (RR,
1.52; 95% CI: 1.10e2.11).

To estimate the mediating effect, we first established a
statistical model of obesity with diabetes and hyperuri-
cemia trajectories using the marginal structure method.
The prevalence of obesity was significantly higher among
the high-increasing group (31.58%) than the low-stable
group (10.37%). Under the comparison of the two groups,
the obesity risk in the high-increasing group was 3.04
times higher than in the low-stable group. Furthermore,
the result showed that obesity was also closely related to

diabetes. After adjustment for hyperuricemia trajectories
and other potential confounders, participants in the
obesity group experienced a higher risk of diabetes (RR,
1.97; 95% CI: 1.57e2.45).

In order to evaluate the mediating effect, the marginal
structural models were used to evaluate the mediating
effect of obesity among the relationship between hyper-
uricemia trajectories and diabetes (Table 3, Fig. 4). Among
the high-increasing group, the 54% increased risk of dia-
betes could be decomposed into a direct natural RR of 1.42
(95% CI: 1.09e1.84), and an indirect obesity mediated RR of
1.12（95% CI 1.08e1.16). Almost 24.41% of the total effect of
high-increasing hyperuricemia pattern on the increased
risk of diabetes was mediated by obesity.

In addition, the association between high-increasing
hyperuricemia pattern and diabetes mediated by hyper-
tension and dyslipidemia with an indirect RR of 1.02 (95%
CI: 1.01, 1.04) and 1.09 (95% CI: 1.05, 1.12). The percentages
of the total effect mediated by hypertension and dyslipi-
demia were estimated at 6.29% and 18.26% (Fig. 4).

Figure 3 Propensity score distribution between high-increasing hyperuricemia group and low-stable hyperuricemia group.

Table 3 Direct, and indirect effect of trajectories of hyperuricemia on Diabetes.

Variable Low-stable Moderate-stable High-increasing

Obesitya Natural direct effect Reference 1.08 (0.84, 1.38) 1.42 (1.09, 1.84)
Natural indirect effect Reference 1.07 (1.04, 1.09) 1.12 (1.08, 1.16)

Hypertensionb Natural direct effect Reference 1.07 (0.84, 1.37) 1.43 (1.10, 1.85)
Natural indirect effect Reference 1.02 (1.01, 1.03) 1.02 (1.01, 1.04)

Dyslipidemiac Natural direct effect Reference 1.09 (0.85, 1.39) 1.45 (1.11, 1.89)
Natural indirect effect Reference 1.06 (1.03, 1.08) 1.09 (1.05, 1.12)

Data were relative risks (RRs) and 95% confidence intervals (CIs).
a Adjusted for age, sex, education level, smoking, alcohol consumption, physical activity, family history of diabetes, systolic blood pressure,

diastolic blood pressure, total cholesterol, triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol and estimated
glomerular filtration rate at baseline.
b Adjusted for age, sex, education level, smoking, alcohol consumption, physical activity, family history of diabetes, body mass index, total

cholesterol, triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol and estimated glomerular filtration rate at
baseline.

c Adjusted for age, sex, education level, smoking, alcohol consumption, physical activity, family history of diabetes, body mass index, systolic
blood pressure, diastolic blood pressure and estimated glomerular filtration rate at baseline.
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In the sensitivity analyses, we excluded one confounding
variable sequentially at a time when computing the pre-
dicted values for the mediator in MMSM. We observed very
little change in the mediating effect of mediators among the
relationship between hyperuricemia trajectories and dia-
betes (see Supplementary Information Part 3 Table S2-S4).

4. Discussion

In this prospective study of 9192 adults, we identified 3
distinct hyperuricemia trajectories over a 5-year span.
Participants in the hyperuricemia high-increasing pattern,
as compared with those in the low-stable pattern, had a
higher risk for diabetes during 5 years of follow-up.
Furthermore, obesity, hypertension, and dyslipidemia
partially mediated the association between high-increasing
hyperuricemia trajectory and future risk of diabetes.

In recent decades, the prevalence of diabetes has
increased substantially in the world. Diabetes affects about
463 million adults, a number expected to rise to 700
million by 2045 worldwide [39]. The Global Burden of
Disease study estimated there were 1.02 million deaths
worldwide from Type 2 diabetes in 2017, representing a
43% increase from 2007 [4]. The rising prevalence of dia-
betes has placed a heavy burden on patients and health
care systems worldwide.

Moreover, human consumption of foods that are rich in
purines, high in added sucrose, and high in fructose corn
syrup have increased dramatically recently. As the main
component of added sugar, fructose, therefore leads to a
significant increase in SUA [40]. SUA has been proposed as
a potential predictive marker for the risk of developing
diabetes in primary care based on 1) the strong, graded
association between baseline SUA and diabetes [41], 2) the

Figure 4 Direct, and indirect effects of hyperuricemia trajectory on diabetes mediated by obesity (A), hypertension (B), and dyslipidemia (C).
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time sequence from SUA to diabetes [21], and 3) the
feasible and inexpensive nature of its measurement in
routine medical examination. Therefore, prospective cohort
and clinical trials are needed to evaluate the significance of
uric acid levels in relation to the long-term risk of diabetes.

Previous studies, which were generally based on a single
SUA assessment, generated conflicting results on the asso-
ciation between SUA and diabetes risk. For example, a
cohort study in Italy found that a 1-SD increase of baseline
SUA was associated with a 26% increased risk of new-onset
impaired fasting glucose and a 29% increased risk of new-
onset diabetes mellitus [5]. Moreover, a longitudinal study
of people who were older than 65 years suggested that
subjects in high-level groups of SUA had a higher chance to
have diabetes [7]. This evidence was also replicated in the
Japanese [8], Korean [9], Dutch [10], and American [8]
populations. However, a Mendelian randomization study
reported that uric acid concentration was not causally
related to an increased risk of diabetes [11]. Because of the
variability of SUA, one measurement of SUA at baseline may
be temporary and may underestimate the true association
between SUA and diabetes risk. A recent study demon-
strated that the persistent presence of hyperuricemia was
associated with an increased risk of diabetes after adjusting
for other diabetic risk factors [14]. However, the relation-
ship between long-term changes in hyperuricemia and the
potential risk for diabetes has been less well researched.
Furthermore, considering potential heterogeneity in
changes in SUA levels among individuals, hyperuricemia
trajectories may reflect the potential hyperuricemia dy-
namic changing patterns [24].

To our knowledge, this is the first study to assess the
potential impacts of hyperuricemia trajectories on diabetes
risk. Notably, we identified a high-increasing hyperurice-
mia growth trajectory with a proportion of 15.5%. Our
analyses showed that participants in the high-increasing
pattern were subsequently associated with higher (RR,
1.42; 95% CI: 1.09e1.84) diabetes risk, compared with
those who experienced a low-stable trajectory. The group-
based trajectory could divided subjects into subgroups by
the average and variability of SUA progression [42]. Thus
subjects in each subgroup would follow similar SUA tra-
jectories that cluster together, while different subgroups
would exhibit distinctly population heterogeneity in lon-
gitudinal changes in SUA levels rather than a single mea-
surement of SUA. For example, participants with the high-
increasing pattern had a higher risk of developing diabetes
than did those with the moderate-stable pattern, although
they had a similar possibility of hyperuricemia at the
beginning of the exposure period.

In addition, our results found that approximately 25% of
participants with new-onset diabetes experienced a rapid
increase in the possibility of hyperuricemia before the onset
of diabetes. These findings link the long-term existence of
hyperuricemia with diabetes risk rather than single or short
term hyperuricemia, which may benefit the understanding
of the knowledge base and the prevention of diabetes.

Previous evidence has suggested that uric acid and BMI
probably influence glucose metabolism through stimu-
lating hepatic lipogenesis [43] and inducing the generation
of inflammatory cytokines and nonesterified fatty acids
that lead to insulin resistance [44,45]. This notion is sup-
ported by several observational studies. The US National
Health and Nutrition Examination Survey found that
adiposity factors could mediate the association between
SUA and glucose/insulin homeostasis [46]. Similarly, a
study in Thailand reported every 1 mg/dL increase in SUA
was associated with the increased waist circumference
and then was significantly associated with an increase in
FPG by 0.082 mg/dL [47].

However, the medication role of adiposity factors in
SUA and diabetes in the above studies was hampered by
the cross-sectional study design and the possibility of
confounding factors. Basing on the marginal structure
models, this longitudinal study broke down a total effect
into a so-called natural direct and indirect effect, regard-
less of the underlying bias due to confounding. Our result
reported that approximately 24.41% of the total effect of
high-increasing hyperuricemia pattern on the increased
risk of diabetes was mediated through obesity. The current
study thus adds to evidence suggesting that hyperuricemia
indirectly contributes to the development of diabetes
through obesity.

Furthermore, this study first detected that dyslipidemia
and hypertension partially mediated the association be-
tween high-increasing hyperuricemia pattern and dia-
betes. The biological mechanisms of these mediation
effects have not been understood. Cell and animal studies
have suggested that uric acid could induce systemic hy-
pertension through stimulating the epithelial sodium
channel in the distal nephron with a consequent decrease
in renal sodium excretion [48] and stimulates triglyceride
accumulation within hepatocytes through the cleavage
and nuclear translocation of the sterol regulatory element-
binding by increasing hepatocyte endoplasmic reticulum
stress [49]. Both dyslipidemia and hypertension have been
reported to be associated with diabetes through inducing
insulin resistance and beta-cell dysfunction as described in
previous studies [50,51]. Our results suggest that the effect
of the high-increasing hyperuricemia pattern on diabetes
might be partially through the existence of dyslipidemia
and hypertension. These hypotheses should be investi-
gated and further explored.

Our study has several strengths. It is the first to evaluate
the relationship between hyperuricemia trajectories and
the risk of diabetes in Chinese urban adults, which can
help to identify high-risk groups for diabetes. The second
strength is that the study provides evidence for potential
roles of metabolism factors including obesity, dyslipide-
mia, and hypertension in the association between hyper-
uricemia trajectories and diabetes. Finally, the prospective
cohort study design and long follow-up period help the
determination of the true relationship between hyperuri-
cemia trajectories and diabetes.
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However, several limitations need to be addressed.
Firstly, the diet was identified as a risk factor for hyper-
uricemia and diabetes; however nutritional factors were
not measured, which may confound the association be-
tween hyperuricemia trajectories and diabetes risk. Sec-
ondly, as a mediator, obesity was defined as having a
mean BMI during the exposure period higher than 28 kg/
m2 based on Asian criteria, which may inflate the pro-
portion of diabetes risk mediated through obesity.
Although we performed mediation analysis using mar-
ginal structural models, more advanced causal inference
methods involving the repeatedly measured mediator
variables are needed in the future. Finally, this study was
conducted using a sample of the Beijing population, and
therefore our findings have limited generalizability to
other populations.

5. Conclusions

The current study identified three discrete hyperuricemia
trajectories and found that the high-increasing pattern
was significantly associated with the subsequent risk of
developing diabetes. Monitoring hyperuricemia trajec-
tories may provide an important approach to identify a
population with a higher risk of diabetes. In addition, our
study is the first to evaluate the mediating roles of meta-
bolism factors in the association between hyperuricemia
trajectories and diabetes based on prospective cohort data.
Our findings suggest that a noteworthy portion of the
increased risk of diabetes among individuals with high-
increasing hyperuricemia pattern is mediated through
obesity, dyslipidemia, and hypertension. This information
may help in understanding the complicated association
between hyperuricemia and the risk of diabetes. Future
researches are needed to confirm these findings.
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