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OBJECTIVE

We aimed to examine the relationship between osteocalcin (OC) and the risk of
incident diabetes and the risk of incident diabetic kidney disease (DKD).

RESEARCH DESIGN AND METHODS

We followed 5,396 participants without diabetes (nondiabetes subcohort) and
1,174 participants with diabetes and normal kidney function (diabetes subco-
hort) at baseline. Logistic regression and modified Poisson regression models
were used to estimate the relative risk (RR) of baseline OC levels with incident
diabetes and DKD.

RESULTS

During a mean 4.6-year follow-up period, 296 cases of incident diabetes and 184
cases of incident DKD were identified. In the nondiabetes subcohort, higher OC
levels were linearly associated with a decreased risk of diabetes (RR for 1-unit
increase of loge-transformed OC 0.51 [95% CI 0.35–0.76]; RR for highest vs. low-
est quartile 0.65 [95% CI 0.44–0.95]; P for trend < 0.05). In the diabetes subco-
hort, OC levels were linearly inversely associated with incident DKD (RR for
1-unit increase of loge-transformed OC 0.49 [95% CI 0.33–0.74]; RR for highest vs.
lowest quartile 0.56 [95% CI 0.38–0.83]; P for trend < 0.05), even independent of
baseline estimated glomerular filtration rate and urinary albumin-to-creatinine
ratio. No significant interactions between OC and various subgroups on incident
diabetes or DKD were observed.

CONCLUSIONS

Lower OC levels were associated with an increased risk of incident diabetes and
DKD.

Increasing knowledge about metabolism has led to the emergence of bone-derived
factors and hormones as important regulators of energy metabolism. Osteocalcin (OC),
the most abundant noncollagenous protein in the bone matrix and synthesized by
osteoblasts, is not only a marker of bone formation but also, importantly, a metaboli-
cally active hormone involved in the regulation of glucose and lipid metabolism (1–4).
Circulating OC has two major forms: undercarboxylated and carboxylated. Although cir-
culating undercarboxylated OC has been observed to stimulate b-cell proliferation,
increasing insulin secretion and sensitivity in animal experiments (5,6), human studies

Department of Endocrinology and Metabolism,
Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital, Shanghai Diabetes Institute,
Shanghai Key Laboratory of Diabetes Mellitus,
Shanghai Clinical Center for Diabetes, Shanghai
Key Clinical Center for Metabolic Disease,
Shanghai, China

Corresponding authors: Xuhong Hou,
houxuhong@sjtu.edu.cn, and Weiping Jia,
wpjia@sjtu.edu.cn

Received 11 October 2021 and accepted 6
January 2022

This article contains supplementary material online
at https://doi.org/10.2337/figshare.18092852.

X.Y., R.Y., and F.J. contributed equally to this
work.

© 2022 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www.
diabetesjournals.org/journals/pages/license.

EP
ID
EM

IO
LO

G
Y/
H
EA

LT
H
SE
R
V
IC
ES

R
ES
EA

R
C
H

830 Diabetes Care Volume 45, April 2022

mailto:houxuhong@sjtu.edu.cn
mailto:wpjia@sjtu.edu.cn
https://doi.org/10.2337/figshare.18092852
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc21-2113&domain=pdf&date_stamp=2022-03-22


more often reported the effect of circulat-
ing total OC because it is easier to mea-
sure. Currently, only five prospective
cohort studies have reported the associa-
tion of baseline total OC levels and risk of
diabetes (7–11). The three studies with
large samples (between 1,000 and 2,000
patients) showed that lower OC levels
were associated with an increased risk of
diabetes (9–11), but the other two stud-
ies (one with a small sample size and one
including only men) did not find this asso-
ciation (7,8).
Diabetic kidney disease (DKD) is pre-

sent in up to 36% of people with diabe-
tes and is the most common diabetic
chronic complication (12). The presence
of DKD not only severely increases the
complexity of diabetes management
(13) but also significantly increases the
risks of all-cause and cardiovascular
mortality (14). Detecting some possible
molecular markers related to incident
DKD is essential for screening popula-
tions at high risk of DKD and for
research into DKD onset mechanisms.
Some adverse conditions related to
lower OC levels, such as obesity, insulin
resistance, and hyperglycemia (15), may
further deteriorate and contribute to the
development of DKD, especially hyper-
glycemia, a central upstream driver of
DKD (16). Hence, we wanted to find out
whether the relationship of OC with DKD
is similar to that of OC with diabetes.
However, to our knowledge, no popula-
tion-based prospective studies have
examined OC as a predictor for incident
DKD. In this study, therefore, we aimed
to simultaneously investigate the associa-
tions of total OC levels with incident dia-
betes and incident DKD on the basis of a
4.6-year community-based prospective
cohort.

RESEARCH DESIGN AND METHODS

Study Participants
This community-based longitudinal obser-
vational study was embedded in the
Shanghai Nicheng Cohort Study, which
was designed to prospectively investigate
the prevalence, incidence, and related
factors of cardiometabolic diseases. The
cohort has been described in detail previ-
ously (17). From the general population
of the Nicheng area in Shanghai, 17,212
individuals aged 45–70 years were
recruited between 2013 and 2014,
and among them, 10,075 aged 55–70

years were invited to participate in
the follow-up survey in 2018. Finally,
7,230 individuals were followed up
(a follow-up rate of 71.8%), of whom
7,069 participated in the onsite sur-
vey and 161 died.

Participants were divided into two
subcohorts according to the presence of
diabetes at baseline. The nondiabetes
subcohort (participants without preva-
lent diabetes at baseline) was included
for analysis of the association between
OC and incident diabetes, and the dia-
betes subcohort (participants with prev-
alent diabetes at baseline) was included
for analysis of the association between
OC and incident DKD. For the nondiabe-
tes subcohort, we further excluded par-
ticipants with missing data on OC, dis-
eases, or drugs that may affect bone
metabolism at baseline, and those with
missing data on diabetes at follow-up
were excluded. For the diabetes subco-
hort, participants with prevalent DKD,
missing data on OC, diseases, or drugs
that may affect bone metabolism at
baseline; missing data on estimated
glomerular filtration rate (eGFR) and/or
urinary albumin-to-creatinine ratio (UACR)
at baseline and follow-up, and a history
of infection in the past 2 weeks at follow-
up were excluded. Here, diseases that
may affect bone metabolism included
the presence of cirrhosis, thyroid dis-
eases, parathyroid diseases, malignancy,
and osteoporosis, and drugs that may
affect bone metabolism included gluco-
corticoids, thyroid hormones, vitamin D,
bisphosphonates, and vitamin K antago-
nists. Finally, a total of 5,396 partici-
pants were included in the nondiabetes
subcohort, and 1,174 participants were
included in the diabetes subcohort
(Supplementary Fig. 1). The ethics com-
mittee of the Shanghai Sixth People’s
Hospital approved this study. Written
informed consent was obtained from all
participants.

Clinical Measurements
A standardized questionnaire was used to
collect data on demographics, smoking
status, drinking status, physical activity,
medical history, and other information at
baseline and follow-up. Current smokers
were defined as those who smoked at
least one cigarette per day in the past
year. Current drinkers were defined as
those who drank at least 1 g of alcohol

weekly in the past year. Height, weight,
systolic blood pressure (SBP), and diastolic
blood pressure (DBP) were measured
according to an established standard
method (18). BMI was calculated as
weight in kilograms divided by the square
of the height in meters.

Before and during this survey, all par-
ticipants were required to have enough
rest. Blood samples were collected during
a morning visit after an overnight fast of
at least 10 h. Electrochemiluminescence
immunoassay (cobas e601; Roche Diag-
nostics GmbH, Mannheim, Germany) was
used to detect the serum total OC, includ-
ing both the intact molecule and the N-
terminal/mid-region fragments, at base-
line. The interassay coefficient of variation
range was 1.1–1.6%. Hemoglobin A1c
(HbA1c) was assessed by high-perfor-
mance liquid chromatography. Fasting
plasma glucose (FPG) was assessed by
glucose oxidase method. Triglyceride (TG)
and total cholesterol (TC) were assessed
by enzymatic colorimetric method. HDL
cholesterol (HDL-C) and LDL cholesterol
(LDL-C) were assessed by direct method.
Serum creatinine was assessed by sarco-
sine oxidase-PAP (phenol-aminophena-
zone peroxidase) method. Fasting insulin
(FINS) was assessed by electrochemilumi-
nescence immunoassay. Adiponectin was
quantified using a latex particle-enhanced
immunoturbidimetric assay (Antibody and
Immunoassay Services, University of
Hong Kong) (19). Urine creatinine and
albumin were assessed by rate nephe-
lometry assay. Insulin resistance was esti-
mated by the HOMA of insulin
resistance (HOMA-IR), calculated as FINS
(mU/L) × FPG (mmol/L) / 22.5 (20).

Outcome Definition
Diabetes was diagnosed according to a
self-reported history of diabetes, FPG
$7.0 mmol/L, and/or HbA1c $6.5% on
the basis of American Diabetes Associa-
tion guidelines (21). eGFR was estimated
using the Chronic Kidney Disease Epide-
miology Collaboration equation (22). A
reduced eGFR was defined as <60 mL/
min/1.73 m2. Albuminuria was defined
as UACR $30 mg/g. DKD was a clinical
diagnosis based on the presence of albu-
minuria and/or reduced eGFR in the
absence of signs or symptoms of other
primary causes of kidney damage (23).
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Statistical Analysis
Continuous variables are presented as
median (interquartile range) and categori-
cal variables as numbers (proportions).
For continuous variables, distributions
between two groups were compared
using the Wilcoxon rank sum test, and for
categorical variables, proportions between
two groups were compared using Pearson
x2 test. Spearman partial correlation coef-
ficients controlling for age and sex were
used to assess correlations between OC
and other variables. Logistic regression
models were used to estimate the risk
ratio (RR) and 95% CI for incident diabe-
tes. In addition, since incident DKD was
not a rare event in our study (incidence
rate >10%), RR estimated with logistic
regression might be overestimated; thus,
a modified Poisson regression model with
robust error variance was used to esti-
mate RR and 95% CI for incident DKD
(24,25). The adjustment variables included
in the regression analyses were selected
according to the following criteria: The
confounders were 1) reported in the rele-
vant literature, 2) related to the outcome,
and 3) not mediators in the causal path-
way. Potential mediators were examined
by using the counterfactual mediation
approach, which was implemented using
the PROC CAUSALMED procedure in SAS
(SAS Institute). To test the linear trend,
median values of each quartile group as a
continuous variable were assigned to the
regression models. Potential interactions
between OC and the other adjustment
variables on incident outcome were tested
using the Wald test by adding a product
variable to the regression models.

We conducted all statistical analyses
using Stata/MP 16 (Stata Corp) and SAS
9.4 software. A two-sided P < 0.05 was
considered statistically significant.

RESULTS

Baseline clinical and demographic char-
acteristics of the nondiabetes and diabe-
tes subcohorts are presented in Table 1.
Although the participants in whom DKD
developed were significantly older and
included a higher proportion of women,
there were no differences in median
ages and sex proportions between the
participants with and without diabetes.
Participants in whom either diabetes or
DKD developed all included a higher pro-
portion of noncurrent drinkers, had a
lower OC level, and had unfavorable

metabolic profiles characterized by
higher levels of BMI, SBP, HOMA-IR, FPG,
HbA1c, and TG but lower levels of HDL-C
(Table 1). Significant negative correla-
tions were found between OC and BMI,
HOMA-IR, FPG, and HbA1c after adjust-
ment for age and sex (all P < 0.001)
(Supplementary Table 1).

There was a linearly inverse associa-
tion between OC and the risk of inci-
dent diabetes (P for trend < 0.05); RR
of incident diabetes was 0.51 (95% CI
0.35–0.76) per 1-unit increase of loge-
transformed OC (Table 2). In the multi-
variable model (model 3), the participants
with the highest quartile of OC had a
35% lower risk of incident diabetes (RR
0.65 [95% CI 0.44–0.95]) compared with
those with the lowest quartile of OC.

The multivariable regression models
showed a linear association between
baseline OC concentrations and risk of
incident DKD (RR for incident DKD per 1-
unit increase of loge-transformed OC
0.49 [95% CI 0.33–0.74]). Higher baseline
OC concentrations were significantly
associated with a decreased risk of inci-
dent DKD (P for linear trend < 0.05);
compared with those with the lowest
quartile, RR of incident DKD for the par-
ticipants with the highest quartile of OC
was 0.56 (95% CI 0.38–0.83) (Table 3).

The associations between baseline OC
and incident diabetes or DKD among the
various subgroups are shown in Fig. 1.
Statistically significant inverse associa-
tions between OC and the risk of incident
diabetes were found among the various
age and following subgroups: women,
participants without a family history of
diabetes, overweight or obese partici-
pants (BMI $24 kg/m2), and participants
with normal SBP and DBP (<140/90
mmHg) (Fig. 1A). The associations bet-
ween OC and the risk of incident DKD
reached statistical significance in the vari-
ous sex, age, and blood pressure sub-
groups and only in participants with
diabetes duration <5 years or who were
overweight or obese (BMI $24 kg/m2)
(Fig. 1B). However, there were no signifi-
cant interaction effects between OC and
any one of these subgroups on incident
diabetes or DKD (all P for interaction >
0.05).

CONCLUSIONS

Our study is currently the largest commu-
nity-based prospective cohort study

investigating the association between OC
and incident diabetes and the first to
report on the association between OC
and incident DKD using a prospective
cohort. This study demonstrates that
higher serum total OC concentrations are
associated with a reduced risk of incident
diabetes and DKD. Our data provide fur-
ther insight into the impact of OC on
metabolic diseases in addition to its role
as a marker of bone formation.

OC and Risks of Incident Diabetes
and DKD
The reported association between total
OC and risk of diabetes have been incon-
sistent among several longitudinal cohort
studies (7–11). In agreement with our
results, two longitudinal studies, one
including 1,870 hospitalized patients from
China (9) and the other including only
1,691 postmenopausal women from
Japan (10), reported an inverse associa-
tion between OC and incident diabetes.
In a study of 1,455 older women in the
U.S., the authors argued that lower OC
levels are associated with increased risks
of incident diabetes, approaching statisti-
cal significance (hazard ratio 0.85 per SD
increase [95% CI 0.71–1.02]; P 5 0.075)
(11). Inconsistent with our results, two
studies found no significant association
between OC and risk of incident diabetes
(7,8), but one was a small sample of 307
individuals (8), the other included only
men (7), and the diagnosis of diabetes in
both studies did not consider HbA1c lev-
els. Therefore, the association between
OC and risk of incident diabetes is not yet
conclusive. Our study in 5,396 partici-
pants without diabetes at baseline dem-
onstrated that serum OC is inversely
associated with incident diabetes. Nota-
bly, we did not find any significant inter-
action effects in the various subgroups,
indicating that our results are relatively
credible. In addition, the association
between OC and diabetes was attenuated
by adding BMI to the regression model
but did not materially influence the
results (data not shown).

So far, there have been no prospective
studies on OC and the risk of incident
DKD. Some conclusions regarding the
association of OC and DKD, drawn from
some small-sample cross-sectional stud-
ies, are still controversial (26–28). Zhao
et al. (26) found a significant positive cor-
relation between UACR and OC in a
cross-sectional study of 297 patients with
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type 2 diabetes; however, we should be
alert to the possibility of reverse causa-
tion. In cross-sectional studies, reduced
renal function may result in decreased
OC excretion and, consequently, in an
increasing circulating OC level (i.e., the
exposure-disease relationship may be dis-
torted). Additionally, a case-control study
of 46 adolescents and young adults with
type 1 diabetes reported that OC levels
were significantly lower in those with per-
sistent microalbuminuria than in those
with normoalbuminuria (29). Our pro-
spective cohort study demonstrates that
serum OC has an independent and robust
inverse association with incident DKD,
even after adjustment for eGFR and
UACR levels at baseline.

The Potential Mechanism Between
OC and Diabetes and DKD
It has been demonstrated that OC-null
mice can accumulate abnormal amounts
of visceral fat and display decreased b-cell
proliferation, hyperglycemia, decreased
insulin secretion, and insulin resistance
(6). Furthermore, the administration of OC
could significantly weaken the deleterious
effect on glucose metabolism and fat

mass in wild-type mice (30). In our study,
we found that OC concentrations were
inversely associated with BMI, FINS,
HOMA-IR, and blood glucose (FPG and
HbA1c) at baseline, which is consistent
with these animal experiments to some
extent. Meanwhile, we also found that
most of the association between OC and
incident diabetes was mediated through
BMI, insulin resistance, blood glucose, and
adiponectin (Supplementary Table 2). Of
note, adiponectin is an adipokine and
enhances insulin sensitivity (31). Animal
studies have shown that OC can promote
insulin sensitivity by increasing the expres-
sion of adiponectin in adipocytes (6,30).
Our results provided further prospective
evidence in humans that the effect of OC
on diabetes might be partially mediated
by adiponectin.

Our results suggest that the effects of
OC on DKD are partially mediated
through TG, HDL-C, and HbA1c, but they
all account for only a small percentage
of mediation (Supplementary Table 3).
Therefore, some other pathogenic path-
ways need to be considered. For exam-
ple, a previous study found that OC
could increase endothelial nitric oxide

synthase levels by activating the Akt/
endothelial nitric oxide synthase path-
way and played an important role in
regulating endothelial function (32).
Since endothelial function was a key
contributor to DKD progression (16,33),
it is also logical to propose that OC is
associated with incident DKD. Overall,
the underlying mechanistic link of OC
with incident DKD remains unclear, and
further research is warranted to explore
more potential mechanisms between
OC and DKD.

Additional Predictive Value of OC
Compared With the Traditional Risk
Model
Identifying patients at high risk of inci-
dent diabetes and DKD could help us to
provide better treatment strategies and
improve clinical outcomes for patients.
OC was significantly associated with
incident diabetes and DKD. However,
whether OC adds information to tradi-
tional prediction risk models is still not
clear. Thus, we assessed the incremental
predictive performance of OC based on
previously established diabetes and DKD
risk prediction models (34,35). We found

Table 2—Effects of OC on incident diabetes

Per 1-unit increase Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for trend

Participants, n 1,350 1,349 1,349 1,348

Events, n (%) 80 (5.9) 97 (7.2) 57 (4.2) 62 (4.6)

Model 1 0.51 (0.35–0.75) Reference 1.16 (0.84–1.58) 0.62 (0.43–0.90) 0.65 (0.44–0.95) 0.002

Model 2 0.50 (0.34–0.74) Reference 1.15 (0.84–1.58) 0.61 (0.42–0.88) 0.64 (0.44–0.94) 0.002

Model 3 0.51 (0.35–0.76) Reference 1.15 (0.84–1.59) 0.62 (0.43–0.91) 0.65 (0.44–0.95) 0.003

Data are RR (95% CI) unless otherwise indicated. RR for per 1-unit increase was estimated from 1-unit increase of loge-transformed OC.
Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, family history of diabetes (yes/no), physical activity $30 min/day
(yes/no), current smoker (yes/no), and current drinker (yes/no). Model 3 was adjusted for age, sex, family history of diabetes (yes/no), physi-
cal activity $30 min/day (yes/no), current smoker (yes/no), current drinker (yes/no), SBP, TC, LDL-C, and UACR.

Table 3—Effects of OC on incident DKD

Per 1-unit increase Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for trend

Participants, n 294 294 293 293

Events, n (%) 57 (19.4) 49 (16.7) 43 (14.7) 35 (11.9)

Model 1 0.39 (0.26–0.59) Reference 0.76 (0.53–1.07) 0.62 (0.43–0.90) 0.45 (0.30–0.67) <0.001

Model 2 0.44 (0.29–0.68) Reference 0.75 (0.53–1.07) 0.66 (0.45–0.97) 0.50 (0.33–0.76) 0.003

Model 3 0.49 (0.33–0.74) Reference 0.87 (0.62–1.21) 0.66 (0.45–0.97) 0.56 (0.38–0.83) 0.004

Data are RR (95% CI) unless otherwise indicated. RR for per 1-unit increase was estimated from 1-unit increase of loge-transformed OC.
Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, diabetes duration, current smoker (yes/no), current drinker (yes/
no), glucose-lowering treatment (yes/no), antihypertensive treatment (yes/no), and prevalent cardiovascular disease (yes/no). Model 3 was
adjusted for age, sex, diabetes duration, current smoker (yes/no), current drinker (yes/no), glucose-lowering treatment (yes/no), antihyperten-
sive treatment (yes/no), prevalent cardiovascular disease (yes/no), BMI, SBP, TC, LDL-C, FPG, eGFR, and UACR.
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that adding OC could not improve the
performance of the traditional diabetes
risk prediction model. The reason might
be related to the presence of BMI and
HbA1c in the traditional diabetes model,
both of which are associated with OC.
On the other hand, we found that an
additional predictive value was detected
when adding OC to the DKD risk model,
as shown by the significantly improved
integrated discriminant index values
(Supplementary Table 4). Although sta-
tistical improvements were slight, any
small improvement in risk prediction
might be vital for screening patients
with diabetes at a higher risk of DKD.

We also believe that the value of OC lies
not only in adding additional predictive
value to the traditional model but also in
providing some new insights (e.g., endo-
crine role of bone in metabolic disease)
into the pathogenetic pathway of diabe-
tes and DKD.

Strengths and Limitations
This study has several strengths. First, it
is the largest sample size used to study
the association between baseline OC
and the risk of incident diabetes and, at
the same time, the first to report on the
association between baseline OC and
the risk of incident DKD in a community-

based cohort. In addition, complete and
multifaceted data collection allowed us
to assess common confounders and infer
causal mechanism exploration.

Several limitations must also be consid-
ered. First, the lack of data on bone turn-
over markers other than OC limited our
ability to make a broader exploration of
the association of bone with diabetes and
DKD. Second, a single morning urine sam-
ple was collected, and results based on a
single measurement may be affected by
day-to-day variability of UACR within indi-
viduals. However, it has been shown that
the single testing of UACR could be a fea-
sible alternative in a large community
cohort study (36–38). Meanwhile, when
DKD was defined as the presence of mac-
roalbuminuria (UACR $300 mg/g) and/or
reduced eGFR, the inverse association of
OC with incident DKD still existed, sup-
porting the robustness of our findings
(data not shown). Third, our cohort only
included the middle-aged and older pop-
ulation, making our results inapplicable to
younger age-groups. Fourth, we did not
perform screening programs for diabe-
tes classification, such as islet autoan-
tibody testing, so we could not have a
clear classification of diabetes type.
Finally, although we excluded osteoporo-
sis by use of osteoporosis medications or
an underlying diagnosis, it remains possi-
ble that a small portion of osteoporosis
was missed, especially in postmenopausal
women. Therefore, to better exclude the
potential effect of residual confounding,
further studies are needed with better
designs to take confounders fully into
account.

In conclusion, circulating OC has the
potential to serve as a biomarker for the
detection of incident diabetes and DKD
and may even be targeted as a future
therapeutic for diabetes and its related
microvascular diseases. Our results are
preliminary and hypothesis generating;
thus, further prospective observational
and interventional studies are needed to
clarify the underlying mechanisms and
establish causality.
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Figure 1—Effects of OC on incident diabetes or DKD in various subgroups. RR was estimated
per 1-unit increase of loge-transformed OC. A: OC and the risk of incident diabetes. The model
was adjusted for age, sex, family history of diabetes (yes/no), physical activity $30 min/day
(yes/no), current smoker (yes/no), current drinker (yes/no), SBP, TC, LDL-C, and UACR. B: OC
and the risk of incident DKD. The model was adjusted for age, sex, diabetes duration, current
smoker (yes/no), current drinker (yes/no), glucose-lowering treatment (yes/no), antihyperten-
sive treatment (yes/no), prevalent cardiovascular disease (yes/no), BMI, SBP, TC, LDL-C, FPG,
eGFR, and UACR.
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