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Background: Fetuin-A is a hepatokine that involved in the pathogenesis of insulin resistance. Previous epidemiological studies
have found a positive association between blood fetuin-A and type 2 diabetes mellitus (T2DM) risk among Caucasians and Afri-
can Americans. We aimed to investigate the prospective relationship between fetuin-A and T2DM in an Asian population for the
first time.

Methods: A nested case-control study was established within a prospective cohort of Chinese living in Singapore. At blood col-
lection (1999 to 2004), all participants were free of diagnosed T2DM and aged 50 to 79 years. At subsequent follow-up (2006 to
2010), 558 people reported to have T2DM and were classified as incident cases, and 558 controls were randomly chosen from the
participants who did not develop T2DM to match with cases on age, sex, dialect group, and date of blood collection. Plasma fe-
tuin-A levels were measured retrospectively in cases and controls using samples collected at baseline. Conditional logistic regres-
sion models were used to compute the odds ratio (OR) and 95% confidence interval (CI). Restricted cubic spline analysis was
used to examine a potential non-linear association between fetuin-A levels and T2DM risk.

Results: Compared with those in the lowest fetuin-A quintile, participants in the highest quintile had a two-fold increased risk of
developing T2DM (OR, 2.06; 95% CI, 1.21 to 3.51). A non-linear association was observed (P nonlinearity=0.005), where the as-
sociation between fetuin-A levels and T2DM risk plateaued at plasma concentrations around 830 pg/mL.

Conclusion: There is a positive association between plasma fetuin-A levels and risk of developing T2DM in this Chinese population.
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INTRODUCTION

Fetuin-A is predominately synthesized by the liver, a vital organ
in maintaining glucose homeostasis [1]. Fetuin-A binds to the
insulin receptor tyrosine kinase and reduces downstream sig-

naling in fat and muscle, thus enhancing peripheral insulin re-
sistance and leading to the onset of type 2 diabetes mellitus
(T2DM) [2-4]. Consistently, animal studies have found that fe-
tuin-A knockout mice are more insulin-sensitive compared
with the wild-type controls [3,4], and treating wild-type mice
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with exogenous fetuin-A severely deteriorated insulin resis-
tance [5]. Moreover, epidemiological studies have reported a
positive association between fetuin-A levels and T2DM, and a
recent meta-analysis pooled results from seven prospective
studies and reported a 23% increased risk of T2DM per stan-
dard deviation (SD) increment in fetuin-A levels [6]. Thus, the
overall evidence suggested that fetuin-A could be an important
biomarker involved in the pathogenesis of T2DM development.

Previous epidemiological studies have been mainly conduct-
ed in Caucasians and African American populations [7-12]
with a small study among 120 Indians with pre-diabetes [13].
In addition, the mean body mass index (BMI) of study partici-
pants ranged from 25.4 to 28.9 kg/m” in the previous studies
[6], whereas the evidence among lean and general Asian popu-
lations is scarce. Asians develop T2DM at lower BMIs com-
pared to Western counterparts [14]. Two prior studies among
lean Japanese [15] and Chinese populations [16] (both mean
BMISs approximately 23.0 kg/m?) have observed much lower
cutoff values of the liver enzyme alanine aminotransferase
(ALT) in predicting T2DM risk compared with a United States
population [17]. In addition, the risk estimate associated with
ALT for T2DM risk was slightly higher among Asians than
Caucasians (1.34 vs. 1.22) in a meta-analysis on ALT and
T2DM risk [18]. Thus, these lines of evidence suggested that
the liver may play an important role in T2DM onset in rela-
tively lean Asian population. In addition, compared with non-
Asian populations, Asians are more likely to develop insulin
resistant and have lower B-cell function [19]. Considering this
potential biological difference between Asians and Caucasians,
it is important to examine whether fetuin-A, released predom-
inately by the liver, could predict the onset of T2DM in a lean
and healthy Chinese population. In addition, it is not clear
whether the association between fetuin-A and T2DM risk
could be modified by sex, age, or glucose levels [7-12].

To address the abovementioned issues, we conducted a nest-
ed case-control study within the prospective Singapore Chi-
nese Health Study to quantify the association between plasma
fetuin-A levels and T2DM risk among a general Chinese pop-
ulation with mean BMI of 23.0 kg/m’, and the associations
among different subgroups.

METHODS

Study population
The Singapore Chinese Health Study was established between
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1993 and 1998 [20]. At baseline, we recruited 63,257 Chinese
adults between 45 to 74 years old, and we conducted a face-to-
face interview to collect information on medical history, diet
and lifestyle habits using a structured questionnaire. Subse-
quently, we conducted follow-up I interviews (1999 to 2004),
and re-contacted 52,322 participants. Among them, we col-
lected bio-specimens from 32,535 participants. From 2006 to
2010, we conducted follow-up II interviews via telephone and
re-interviewed 39,528 participants. Among them, 25,477
(78.3%) donated bio-specimens at follow-up I. Informed con-
sent was completed at the baseline interview and all proce-
dures were complied with the 1964 Helsinki declaration. The
protocol was approved by the Institutional Review Boards at
University of Pittsburgh and National University of Singapore
(NUS-IRB Ref Code: 06-027).

Ascertainment of T2DM

Self-reported physician-diagnosed T2DM information was
collected by asking whether the subject has been told by a doc-
tor that he/she had diabetes at baseline and two follow-up in-
terviews. If the participant reported “yes” to the question, the
age at first diagnosis was then asked. The accuracy of the self-
reported T2DM data was validated in a separate study, where
98.9% cases were confirmed by either medical records or com-
plementary information on diagnostic tests and therapy [21].

Establishment of the nested case-control study

Within this cohort, a nested case-control study comprising 558
case-control pairs was established. All cases and controls re-
ported no history of T2DM, cardiovascular disease and cancer
at baseline recruitment (1993 to 1998) and blood collection at
follow-up I (1999 to 2004). At follow-up II visit (2006 to 2010),
571 participants reported to have physician-diagnosed T2DM,
and were considered as incident cases. Among participants who
reported no T2DM at follow-up II and had glycosylated hemo-
globin (HbAlc) <6.0%, we randomly chose 571 controls to
match with cases on age (+3 years), sex, dialect group (Hok-
kien, Cantonese), and date of blood collection (+6 months). A
total of 13 participants with extreme fetuin-A levels (>3 SD
over mean fetuin-A levels) were excluded, leaving 558 case-
control pairs for the current analysis (Supplementary Fig. 1).

Laboratory measurements
We collected 20-mL peripheral blood from each consenting
participant in the morning, and then immediately transported
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the sample on ice to the laboratory. We separated all specimens
into various components (serum, plasma, buffy coat, red blood
cells), and put in freezers (—80°C) for long-term storage. The
measurements of the biomarkers were conducted retrospec-
tively after the selection of cases and controls at the National
University Hospital Reference Laboratory, Singapore. Specifi-
cally, one aliquot of serum and plasma from the same case-
control pair was analyzed in the same batch. Plasma levels of
fetuin-A and adiponectin were measured via Sandwich ELISA
(Bio-Rad Laboratories, Hercules, CA, USA). The measure-
ment range of fetuin-A ranged from 2.5 to 2,000 pg/mL, and
the inter- and intra-assay variation was 3.9% to 4.9% and 7.3%
to 8.4%, respectively. Plasma levels of lipids (total cholesterol
[TC], triglyceride [TG], high density lipoprotein cholesterol
[HDL-C]), liver enzyme (ALT) and inflammatory marker
(high-sensitivity C-reactive protein [hs-CRP]) were measured
by colorimetric method (AU5800 Analyzer; Beckman Coulter,
Brea, CA, USA). HbAlc levels were measured in red blood
cells via HPLC method (Bio-Rad Laboratories).

Statistical analysis

Pearson correlation coefficients between fetuin-A and age,
BMI, TC, HDL-C, TG ALT, adiponectin, hs-CRP, random in-
sulin, random glucose, and HbAlc levels were calculated
among control participants after natural-log transformation of
skewed variables (fetuin-A, ALT, TG, and hs-CRP). We divid-
ed subjects into sex-specific quintiles using the fetuin-A distri-
bution among controls. We used conditional logistic regression
models to compute the odds ratio (OR) of fetuin-A for T2DM
risk. Model 1 included age (continuous), education levels (no,
primary school, secondary or above), smoking habits (never
smokers, past/current smokers), alcohol drinking (<weekly,
>weekly), moderate-to-vigorous physical activity levels (<0.5,
0.5 to 3.9, and >4.0 hours/week), history of hypertension (yes,
no), fasting status (yes, no), and BMI (continuous). Further-
more, we further adjusted for other T2DM biomarkers (hs-
CRP, TG, HDL-C, adiponectin, ALT and random glucose). In
addition, we used restricted cubic spline analysis to assess the
linearity of the association between fetuin-A and T2DM risk
with 3 knots at 25, 50, and 75 percentiles of fetuin-A concen-
trations. We chose 3 knots because it yielded better model fit
compared to using 4 or 5 knots assessed by Akaike informa-
tion criteria. Furthermore, we tested potential interaction with
some baseline characteristics including age, sex, BMI, alcohol
consumption, physical activity, fasting status, plasma levels of
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TG, HDL-C, ALT, adiponectin, hs-CRP, and HbA 1c levels. Be-
cause of the detection of a non-linear relation between fetuin-
A and T2DM, in the stratified analysis, we presented the OR
and 95% confidence interval (CI) associated with fetuin-A
concentrations in quintiles, and tested P interaction by adding
an interaction term (binary factor x continuous fetuin-A) to
the regression models using restricted cubic spline analysis.

We performed all analyses with Stata software version 14.0
(Stata Corp., College Station, TX, USA). We considered two-
sided P values <0.05 to be statistically significant.

RESULTS

The mean age of T2DM diagnosis was 63.2£6.4 years and the
mean time between bio-specimen collection and T2DM diag-
nosis was 4.0+ 1.7 years. The baseline description of demogra-
phy, diet, lifestyle habits and medical history of cases and con-
trols are presented in Table 1. The mean age of the participants
at blood donation was 59.7 6.1 years and 58.2% were women.
Cases had higher BMI and more likelihood to have hyperten-
sion compared to their age-and-sex matched controls. Cases
and controls had similar education levels, fasting status, and
dietary and lifestyle habits in smoking, alcohol consumption,
and physical activity. For the blood biomarkers, cases had
worse metabolic profile. Except for HDL-C and adiponectin
that were higher in controls, cases had higher levels of lipids
(TC, TG), liver enzyme (ALT), inflammation (hs-CRP), ran-
dom insulin, and glucose levels (random glucose and HbA1lc).
The median (interquartile range [IQR]), concentrations of fe-
tuin-A were 711 ug/mL (IQR, 542 to 916) in cases and 640 ug/
mL (IQR, 490 to 844) in controls. Among total population,
plasma fetuin-A levels were weakly correlated with BMI, ALT,
TC, and hs-CRP (Pearson’s coefficient ranged from 0.08 to
0.10; P<0.01) (Supplementary Table 1). However, fetuin-A was
not significantly correlated with age, HDL-C, TG, adiponectin,
random insulin, random glucose or HbA1c levels in controls
(Pearson’s coefficient r ranged from -0.05 to 0.05; P>0.05)
(Supplementary Table 1).

Inspection of cubic spline analysis revealed that fetuin-A
levels were positively associated with T2DM risk up to circu-
lating concentrations of approximately 830 ug/mL (approxi-
mately 70th percentile of total population), above which the
association plateaued in model 1 with adjustment for potential
confounding factors (P nonlinearity=0.005) (Fig. 1). Per 100
pg/mL increment in fetuin-A levels was associated with a 24%
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Table 1. Baseline characteristics and fetuin-A levels of diabetes
cases and matched controls, the Singapore Chinese Health
Study*

Cases Controls

Characteristic (n=558) (n=558) Pvalue®
Age at blood taken, yr 59.6+6.11 59.7+6.18 -
Female sex 325(58.2) 325(58.2) -
Dialect -

Cantonese 280 (50.2) 280 (50.2)

Hokkien 278 (49.8) 278 (49.8)
Body mass index, kg/m*>  24.8+3.62 22.8+3.29 <0.001
Level of education 0.226

No formal education 102 (18.3) 96 (17.2)

Primary school 249 (44.6) 227 (40.7)

Secondary and above 207 (37.1) 235 (42.1)
History of hypertension 257 (46.1) 145 (26.0) <0.001
Cigarette smoking 0.162

Never smokers 400 (71.7) 413 (74.0)

Former smoker 61(10.9) 70 (12.5)

Current smokers 97 (17.4) 75(13.4)
Weekly moderate activity, 0.091

hr/wk

<05 445 (79.8) 444 (79.6)

0.5-3.9 82 (14.7) 67 (12.0)

>4 31(5.6) 47 (8.4)
Alcohol intake 0.838

Abstainers 486 (87.1) 486 (87.1)

Weekly drinkers 54(9.7) 57(10.2)

Daily drinkers 18(3.2) 15(2.7)
Fasting status (yes) 171 (30.7) 154 (27.6) 0.263
Fetuin-A, pg/mL 711 (542-916) 640 (490-844) <0.001
ALT, TU/L 27 (20-37) 20(15-27)  <0.001
TC, mmol/L 5.30£0.95 5.20+0.84 0.067
HDL-C, mmol/L 1.08+0.24 1.23+0.32 <0.001
TG, mmol/L 2.15(1.45-2.94) 1.54(1.07-2.23) <0.001
Adiponectin, pg/mL 7.02+2.70 9.08+3.78 <0.001
hs-CRP, mg/L 1.80 (0.90-3.40) 1.20 (0.60-2.30) <0.001
Random insulin, mIU/L 14.6 (7.90-35.2) 8.85(4.40-21.6) <0.001
Random glucose, mmol/L  6.00 (4.80-8.90) 4.50 (4.10-5.30) <0.001
HbAlc, % 6.40 (5.90-7.20) 5.60 (5.40-5.80) <0.001
HbA ¢, mmol/mol 46.0 (41.0-55.0) 38.0(36.0-40.0) <0.001

Values are presented as mean + standard deviation, number (%), or medi-
an (interquartile range).

ALT, alanine aminotransferase; TC, total cholesterol; HDL-C, high densi-
ty lipoprotein cholesterol; TG, triglyceride; hs-CRP, high sensitivity C-re-
active protein; HbA1c, glycosylated hemoglobin.

*Cases and controls are matched on age at blood taken (+3 years), gender,
dialect, and date of blood collection (+6 months), °P values based on the
chi-square test for categorical variables, Student’s ¢-test and Mann-Whit-
ney test for continuous variable.
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Fig. 1. Spline analysis of the association between fetuin-A con-
centrations and incident type 2 diabetes mellitus risk. The solid
line represents point estimates of relative risk for the associa-
tion between fetuin-A levels and risk of incident type 2 diabe-
tes mellitus, and the dotted lines represent the upper and lower
bound of 95% confidence interval (CI). Study participants with
the highest 5% of fetuin-A were excluded to minimize the po-
tential impact of outliers. Cubic spline analysis was used to ex-
amine the association between fetuin-A concentrations and
risk of developing type 2 diabetes mellitus using the model 1
from Table 2 (P nonlinearity=0.005).

higher risk of developing T2DM (OR, 1.24; 95% CI, 1.01 to
1.53) before the inflection point (data not shown). Similarly,
when analyzing the fetuin-A concentrations as quintiles, grad-
ed increments in risk up to quintile 3 was observed while the
association plateaued in quintile 4 and 5 (Table 2).

In the stratified analyses, no significant interactions were ob-
served (all P interaction >0.10) (Supplementary Table 2), al-
though the association was slightly stronger in certain sub-
groups. When stratified by HbAlc levels, the association be-
tween fetuin-A and T2DM risk remained strong among those
with baseline HbAlc 26.5% (OR comparing extreme quintiles
of fetuin-A was 2.47; 95% CI, 1.15 to 5.29), whereas the associa-
tion did not reach statistical significance among those with
HbAIc levels <6.5% (OR comparing extreme quintiles of fe-
tuin-A was 1.85; 95% CI, 0.84 to 4.08) (Supplementary Table 2).

Because of the non-linear association between fetuin-A and
T2DM, we also categorized participants into four groups that
comprise tertiles among participants with fetuin- A levels small-
er than 830 pg/mL, and a fourth category of people with fetuin-
A levels higher or equal to 830 pg/mL (Table 3). Compared with
the lowest group of fetuin-A levels, there was a two-fold higher
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Table 2. ORs (95% CIs) of type 2 diabetes mellitus associated with sex-specific quintiles of fetuin-A, the Singapore Chinese Health
Study

Quintiles of fetuin-A
Q1 Q2 Q3 Q4 Q5
396 (262-470) 513 (470-569) 619 (570-685) 788 (685-899) 1,057 (906-1,499)
384 (259-454) 522 (455-588) 658 (589-721) 825 (724-938) 1,125 (938-1,682)

Variable

Male, pg/mL, median (range)

Female, ug/mL, median (range)

Cases/controls 86/114 82/113 110/113 149/109 131/109
Crude model, OR (95% CI) 1.00 1.08 (0.70-1.67) 1.68 (1.07-2.65) 2.45 (1.56-3.85) 2.26 (1.41-3.62)
Adjusted model*, OR (95% CI) 1.00 1.21 (0.74-1.97) 2.10(1.25-3.51) 2.09 (1.26-3.48) 2.06(1.21-3.51)

OR, odds ratio; CI, confidence interval.

*Adjusted model: adjusted for age at blood taken (continuous), smoking status (never, ever smoker), alcohol intake (never, weekly or daily),
weekly moderate-to-vigorous physical activity levels (<0.5, 0.5 to 3.9, and >4 hours/week), education levels (no, primary school, secondary or
above), history of hypertension (yes, no), fasting status (yes, no), and body mass index (continuous).

Table 3. ORs (95% Cls) of type 2 diabetes mellitus associated with different levels of fetuin-A, the Singapore Chinese Health Study

Four groups fetuin-A

Variable Pvalue
Group 1° Group 2° Group 3* Group 4

Male, pg/mL, median (range) 412 (262-487) 564 (490-628) 727 (632-829) 998 (833-1,499)

Female, pg/mL, median (range) 405 (259-488) 556 (489-631) 714 (632-829) 1,027 (830-1,682)

Cases/controls 105/137 107/137 151/137 195/147

Crude model, OR (95% CI) 1.00 1.38(0.87-2.21)  2.02(1.24-3.30)  2.07 (1.27-3.38) 0.001

Model 1°, OR (95% CI) 1.00 1.41(0.89-2.23)  2.02(1.25-3.27)  2.16(1.34-3.47) 0.002

Model 1°+hs-CRP, OR (95% CI) 1.00 1.38(0.86-2.20)  1.94(1.19-3.16)  2.03 (1.25-3.31) 0.003

Model 1*+adiponectin, OR (95% CI) 1.00 1.32(0.81-2.16)  1.98(1.19-3.31)  1.83(1.10-3.05) 0.013

Model 1°+TG/HDL-C, OR (95% CI) 1.00 1.30(0.79-2.16)  2.11(1.26-3.54)  1.86(1.11-3.13) 0.009

Model 1°+ALT, OR (95% CI) 1.00 1.29(0.79-2.11)  1.92(1.15-3.19)  1.80(1.08-3.00) 0.015

Model 1*+random glucose, OR (95% CI) 1.00 1.22 (0.70-2.13) 1.76 (0.99-3.13) 1.98 (1.10-3.55) 0.011

Model 2¢, OR (95% CI) 1.00 1.28 (0.74-2.20) 1.84 (1.05-3.23) 1.60 (0.92-2.78) 0.169

OR, odds ratio; CI, confidence interval; hs-CRP, high sensitivity C-reactive protein; TG, triglyceride; HDL-C, high density lipoprotein choles-
terol; ALT, alanine aminotransferase.

*Group 1-3 were categorized into tertiles among controls with fetuin-A levels less than 830 mg/L, "Model 1: adjusted for age at blood taken (con-
tinuous), smoking status (never, ever smoker), alcohol intake (never, weekly or daily), moderate-to-vigorous weekly activity levels (<0.5, 0.5 to
3.9, and > 4 hours/week), education levels (no, primary school, secondary or above), history of hypertension (yes, no), fasting status (yes, no), and
body mass index (continuous), “‘Model 2: Model 1 plus hs-CRP (mg/L), adiponectin (ug/mL), TG-to-HDL-C ratio, ALT (IU/L) and random glu-

cose (mmol/L; all in quartiles).

risk of developing T2DM in the highest group after adjustment
for established T2DM risk factors in Model 1 (P trend=0.002)
(Table 3). Among people with fetuin-A levels smaller than 830
pg/mL, further adjustment for other blood biomarkers (hs-
CRP, adiponectin, TG/HDL-C, ALT, and random glucose) ei-
ther individually or collectively had little impact on the associa-
tion (ORs ranged from 1.76 to 2.11 comparing group 3 vs.
group 1) (Table 3). Comparatively, among people with higher
fetuin-A levels (=830 pg/mL), the association was substantially
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attenuated and the OR became non-significant when adjusting
for all the biomarkers together (OR comparing group 4 vs.
group 1 was 1.60; 95% CI, 0.92 to 2.78) (Table 3).

We subsequently examined the joint impact of fetuin-A and
adiponectin, as well as fetuin-A and ALT on T2DM risks. Al-
though the multiplicative interaction was not significant be-
tween fetuin-A and adiponectin levels on T2DM risk (P inter-
action =0.93), the combined group of high fetuin-A (>median
677.3 pg/mL) and low adiponectin levels (<median 7.4 pg/mL)

Diabetes Metab ] 2019;43:474-486  http://e-dmj.org
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Adiponectin >7.4 ug/mL

ALT <231U/L

Cases/controls 97/215 112/151 Cases/controls 98/195 94/138

OR (95% CI) 1.00 1.47 (0.95-2.27) OR (95% CI) 1.00 1.31 (0.86-1.99)
Adiponectin <7.4 pg/mL ALT 223 TU/L

Cases/controls 151/103 198/89 Cases/controls 150/123 216/102

OR (95% CI) 2.96 (1.91-4.58) 446 (2.85-6.99) OR (95% CI) 2.36 (1.57-3.57) 4.16 (2.67-6.49)

Fig. 2. Total type 2 diabetes mellitus risk according to joint dis-
tribution of fetuin-A and adiponectin. Multivariable model
adjusted for age at blood taken (continuous), smoking status
(never, ever smoker), alcohol intake (never, weekly or daily),
weekly moderate-to-vigorous physical activity levels (<0.5, 0.5
to 3.9, and >4 hours/week), education levels (no, primary
school, secondary or above), history of hypertension (yes, no),
fasting status (yes, no), and body mass index (continuous).
OR, odds ratio; CI, confidence interval.

had a much higher risk of T2DM (OR, 4.46; 95% CI, 2.85 to
3.66) than the reference group of low fetuin-A and high adipo-
nectin levels (Fig. 2). Similarly, the joint impact of high fetuin-A
and high ALT levels (>median 23 IU/L) was associated with a
significantly higher risk of T2DM risk compared to the refer-
ence group of low fetuin-A and low ALT levels (OR, 4.16; 95%
CI, 2.67 to 6.49), although the multiplicative interaction was not
significant (P=0.90) (Fig. 3).

DISCUSSION

In this prospective nested case-control study among Chinese
men and women in Singapore, we found a non-linear associa-
tion between fetuin-A levels and T2DM risk: the association
was gradually increased up to concentrations of approximately
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Fig. 3. Total type 2 diabetes mellitus risk according to joint dis-
tribution of fetuin-A and alanine transaminase (ALT). Multi-
variable model adjusted for age at blood taken (continuous),
smoking status (never, ever smoker), alcohol intake (never,
weekly or daily), weekly moderate-to-vigorous physical activi-
ty levels (<0.5, 0.5 to 3.9, and >4 hours/week), education levels
(no, primary school, secondary or above), history of hyperten-
sion (yes, no), fasting status (yes, no), and body mass index
(continuous). OR, odds ratio; CI, confidence interval.

830 pg/mL (70th percentile in the total population), and pla-
teaued with further increment in fetuin-A levels. To the best of
our knowledge, this is the largest and first prospective study in
a healthy Asian population to evaluate the relationship be-
tween fetuin-A and T2DM risk, and reported a non-linear as-
sociation.

Fetuin-A has increasingly attracted attention, so far a total of
27 case-control studies and seven prospective studies have
evaluated the association between fetuin-A and T2DM risk
[6,22]. In the meta-analysis of 27 case-control studies, signifi-
cantly higher fetuin-A levels have been observed in T2DM
cases compared to controls [22], which were consistent with
the current study. Another meta-analysis of seven prospective
studies has assumed a linear association between fetuin-A and
T2DM risk: the pooled relative risk was 1.23 (95% CI, 1.16 to
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1.31; P<0.001) per SD increment in fetuin-A levels for T2DM
risk [6], which was similar to the risk estimate found in the
current study before the inflection point (OR, 1.24; 95% CI,
1.01 to 1.53) per 100 pug/mL increment in fetuin-A levels. In six
out of the seven studies included in the meta-analysis [6], fe-
tuin-A levels ranged from 14 to 984 pg/mL [8-13]. In compari-
son, our participants had higher fetuin-A levels with wider
range (294 to 1,627 pg/mL), which enabled us to test the asso-
ciation among higher fetuin-A categories. Notably, although
the assay method used in the current study (Sandwich ELISA)
was different from the majority of the previous studies (Epit-
ope Diagnostics ELISA) [9-12], the influence of inter-laborato-
ry variation on the methodology cannot fully account for the
wider range of fetuin-A levels observed in the current study
because one previous study used the same assay method (Epit-
ope Diagnostics ELISA) has also observed a wide fetuin-A
range (approximately 200 to 2,600 pg/mL) [7]. This study was
conducted among older white and black adults from the
Health, Aging and Body Composition (Health ABC) study,
and it reported a marginally significant association for T2DM
risk per 1-log increment of fetuin-A levels (OR, 1.57; 95% CI,
0.99 to 2.49) [7]. The Health ABC study had fewer people with
T2DM (n=135) compared to the current study (n=558), and
thus may have limited power to observe a non-linear associa-
tion between fetuin-A levels and T2DM risk. Since there are
no other studies with wide fetuin-A range that is comparable
to the current study; it is unclear whether the plateau of the as-
sociation at higher fetuin-A levels was a chance finding or a
true relationship, and more studies are warranted. In addition,
although the risk estimate of fetuin-A associated with T2DM
risk was slightly stronger in men compared to women, the in-
teraction was not statistically significant (P interaction =0.32)
in the current study. This finding corroborates with several co-
hort studies [7-9,11], although a significant sex-interaction in
the association between fetuin-A and T2DM risk has been re-
ported in two other studies [10,12]. Furthermore, different
from previous findings [6], we did not observe a significant
correlation between fetuin-A and age, as well as fetuin-A and
adiponectin even when sex was accounted for.

When stratified by baseline HbAlc levels, we observed a
positive association between fetuin-A levels and increased risk
of undiagnosed diabetes (HbAlc >6.5%) but not incident dia-
betes (HbAlc <6.5%), suggesting that fetuin-A might not be a
causal factor for diabetes, but rather a secondary outcome of
hyperglycemia. Stefan et al. [8] observed a significant effect
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modification between fetuin-A and glucose levels where a
strong association among participants with elevated glucose
levels (=100 mg/dL), but no association among participants
with normal glucose levels (P interaction=0.023). However,
Laughlin et al. [10] and Sun et al. [11] both found a positive as-
sociation between fetuin-A and incident diabetes (HbAlc
<6.5%). Since no other studies evaluated the potential impact
of high baseline HbAlclevels on the association, future studies
in Asian population are warranted. Nevertheless, the sample
size was much smaller in the stratified analyses and results
should be interpreted cautiously.

Several lines of experimental evidence suggest that fetuin-A
may involve in important etiological pathways of T2DM devel-
opment, such as in regulation of insulin sensitivity, inflamma-
tion, development of non-alcoholic fatty liver disease (NAFLD)
and dyslipidemia. Fetuin-A has been shown to inhibit insulin
receptor tyrosine kinase and subsequently decrease glucose
clearance and enhance insulin resistance [23,24]. In addition,
fetuin-A could suppress adiponectin expression [5,25], an im-
portant adipokine that is released from adipose tissue, and
work against T2DM development through regulating insulin
sensitivity [26]. In addition, lipid-induced fetuin-A expression
in hepatocytes and increased fetuin-A blood levels could also
regulate lipolysis and lipid disturbances in the human body
[27,28]. Moreover, fetuin-A is involved in the pathogenesis of
subclinical inflammation [5], and higher fetuin-A levels have
also been associated with hepatic insulin resistance and fat
content in patients with NAFLD [12,29]. Furthermore, a re-
cent study has found potential interaction between fetuin-A
levels and NAFLD in association with insulin resistance [30].

Hence, in our analysis, we have attempted to study if adding
markers of insulin sensitivity, inflammation, NAFLD and dys-
lipidemia could impact the association between fetuin-A and
T2DM. As a result, the current study has shown that the asso-
ciation between fetuin-A and T2DM is independent of adipo-
nectin, inflammatory marker (hs-CRP), estimate of NAFLD
(ALT) and lipids (TG and HDL-C) among people with fetuin-
A levels smaller than 830 pg/mL, which was consistent with
previous findings [7-12,30]. In contrast, among people with
higher fetuin-A levels (=830 ug/mL), adjustment for those
blood biomarkers attenuated the association, indicating that
the association between fetuin-A and T2DM risk may be me-
diated by one or several of the abovementioned pathways. In
addition, we have found that higher fetuin-A/low adiponectin
and high fetuin-A/high ALT jointly were associated with in-
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creased risk of T2DM, which were consistent with previous
findings [11,31], and thus indicated that the pathway of fetuin-
A may not be greatly overlapped with adiponectin or ALT in
the development of T2DM risk.

The current study had several limitations merit consider-
ation. First, we measured fetuin-A only once, which may not
represent its long-term levels. However, fetuin-A has been
shown to be stable over several years in a previous study [32].
In addition, some important information such as family histo-
ry of T2DM was not available; thus, residual confounding fac-
tors may exist. Furthermore, the current study did not measure
the levels of free fatty acids, and thus could not explore their
potential interaction on the association between fetuin-A and
T2DM risk, as suggested by recent findings [33]. Moreover,
more than 70% of blood samples were non-fasting; however,
we compared baseline fetuin-A levels by fasting status, and
turther performed stratified analysis and found neither fetuin-
A concentrations nor their association with T2DM risk dif-
fered between two groups, suggesting that fasting status did
not impact the associations in the current study. Consistently,
the EPIC-Potsdam Study also used primarily non-fasting
blood samples (2/3 non-fasting samples) and reported a posi-
tive association between fetuin-A and T2DM [8].

In conclusion, raised fetuin-A levels were positively associat-
ed with T2DM risk in this Chinese population even after ad-
justment for BMI and other lifestyle risk factors. The relation-
ship plateaued at levels around 830 pg/mL fetuin-A level. Re-
cent studies have shown that fetuin-A levels may be reduced by
pharmacological (peroxisome proliferator-activated receptor
gamma agonist pioglitazone) [34], surgical (gastric bypass sur-
gery) [35], dietary and physical activity interventions [23].
Further research is needed to validate our findings and clinical
studies are warranted to investigate the feasibility of targeting
fetuin-A to reduce the risk of T2DM in high-risk populations.
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Supplementary Table 1. The pair-wise Pearson correlation
coeflicients between fetuin-A, age, BMI, plasma measures of
ALT, lipids, hs-CRP, adiponectin, random insulin, random
glucose and HbA 1c levels, the Singapore Chinese Health Study

Marker Controls Cases Total
Age 0.01 -0.01 -0.01
BMI 0.09 0.07 0.10°
ALT 0.05 0.09* 0.10°
TC 0.07 0.09* 0.08"
HDL-C -0.04 0.01 -0.04
TG 0.04 -0.01 0.04
hs-CRP 0.09° 0.08 0.10°
Adiponectin -0.04 -0.01 -0.05
Random insulin 0.01 0.05 0.05
Random glucose -0.02 0.01 0.03
HbAlc 0.03 -0.01 0.04

BMI, body mass index; ALT, alanine aminotransferase; hs-CRP, high-
sensitivity C-reactive protein; HbAlc, glycosylated hemoglobin; TC,
total cholesterol; HDL-C, high density lipoprotein cholesterol; TG,
triglyceride.

‘Correlation coefficients are statistically significant at P<0.05, *Corre-
lation coeflicients are statistically significant at P<0.01.
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Supplementary Table 2. Odds ratios (95% confidence intervals) of type 2 diabetes mellitus by stratified analysis, the Singapore
Chinese Health Study

Quintiles of fetuin-A

Variable P interaction®
No. Ql Q2 Q3 Q4 Q5

Age®, yr 0.99
<60 622 1.00 0.89 (0.47-1.68) 1.67(0.91-3.05) 1.72(0.98-3.03) 1.44(0.82-2.55)
=60 494 1.00 0.96 (0.53-1.73)  1.15(0.65-2.04) 1.48(0.82-2.66) 1.30(0.72-2.37)

Sex* 0.32
Male 466 100 137(0.65-2.88) 2.10(0.97-455) 2.78(1.22-6.35) 2.45 (1.08-5.55)

Female 650 100 1.11(057-2.16) 2.06(1.01-4.18) 1.83(0.93-3.58) 1.82 (0.88-3.75)

BMI", kg/m? 0.19
<23 493 1.00 1.04 (0.56-1.95) 1.44(0.79-2.61) 1.89(1.01-3.53) 1.89(1.01-3.51)
>23 623 1.00 1.07 (0.60-1.91) 1.52(0.86-2.70) 1.54(0.92-2.59) 1.34(0.79-2.26)

Alcohol consumption” 0.30
Never 972 1.00 1.07 (0.68-1.69) 1.70(1.10-2.65) 1.83(1.19-2.80) 1.66(1.08-2.55)

Weekly or daily 144 100 049(0.13-1.89) 032(0.09-1.18) 0.65(0.18-2.32) 0.62 (0.18-2.20)

Physical activity®, hr/wk 0.53
<05 889 100 095(059-1.53) 1.31(0.83-2.08) 1.46(0.94-2.26) 1.36 (0.87-2.14)
>0.5 227 1.00 1.10(0.40-3.02) 1.77(0.67-4.64) 2.66 (1.04-6.85) 1.81(0.72-4.56)

Fasting status® 0.35
Fasting 325 1.00 0.37 (0.16-0.87) 1.25(0.55-2.83) 1.65(0.76-3.56) 1.35(0.61-2.95)
Non-fasting 791 1.00 1.38(0.84-2.27) 1.54(0.95-2.51) 1.69(1.05-2.71) 1.54(0.95-2.48)

hs-CRP®, mg/L 0.58
<15 546 100 0.76(0.41-142) 1.01(0.56-1.82) 1.56(0.89-2.75) 1.37(0.75-2.50)
>15 570 100 1.37(0.75-2.51) 2.04(1.12-3.70) 1.83(1.03-324) 1.50 (0.86-2.61)

Adiponectin®, pg/mL 0.38
<74 541 1.00 0.76 (0.39-1.49)  1.32(0.69-2.53) 1.92(1.01-3.64) 1.03(0.55-1.92)
>7.4 575 1.00 1.01 (0.56-1.84) 1.12(0.63-2.00) 1.24(0.70-2.17) 1.66 (0.95-2.92)

ALT® IU/L 0.43
<23 525 100 090(050-1.62) 1.02(0.56-1.84) 1.21(0.68-2.13) 0.98 (0.54-1.79)
>23 591 100 1.06(057-1.99) 1.61(0.89-2.91) 1.85(1.03-3.32) 1.46(0.82-2.59)

TG’ mmol/L 0.96
<18 554 100 0.89(0.47-1.66) 1.54(0.85-2.80) 1.66(0.93-2.95) 1.20 (0.65-2.19)
>1.8 562 1.00 1.02 (0.55-1.89) 1.24(0.68-2.26) 1.68(0.94-3.03) 1.51(0.84-2.70)

HDL-C®, mmol/L 0.12
<1.125 552 1.00 0.79 (0.42-1.49) 1.28(0.70-2.34) 1.49(0.82-2.69) 1.02(0.57-1.83)
>1.125 564 100 1.20(0.66-2.19) 1.39(0.77-2.50) 1.74(0.99-3.07) 1.7 (0.99-3.17)

HbAIc, % 0.29
<65 574 100 0.96(0.45-2.06) 1.49(0.70-3.17) 1.81(0.85-3.87) 1.85 (0.84-4.08)
>6.5 542 1.00 1.52(0.78-2.99) 2.96 (1.41-6.22) 2.21(1.07-4.53) 2.47(1.15-5.29)

BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; ALT, alanine aminotransferase; TG, triglyceride; HDL-C, high density lipo-
protein cholesterol; HbAlc, glycosylated hemoglobin.

*P interaction was tested by adding an interaction term (each binary variable x continuous fetuin-A) to the regression models using restricted
cubic spline analysis, "Odds ratios were estimated using unconditional logistic regression models after adjusting for age at blood taken (continu-
ous), sex (male, female), dialect group (Cantonese, Hokkien), smoking status (never, ever smoker), alcohol intake (never, weekly, or daily), mod-
erate-to-vigorous weekly activity levels (<0.5, 0.5 to 3.9, and >4 hours/week), education levels (primary school and below, secondary or above),
history of hypertension (yes, no), fasting status (yes, no), and body mass index (continuous), except for stratifying factors, ‘Odds ratios were esti-
mated using conditional logistic regression models after adjusting for age at blood taken (continuous), smoking status (never, ever smoker), al-
cohol intake (never, weekly, or daily), moderate-to-vigorous weekly activity levels (<0.5, 0.5 to 3.9, and >4 hours/week), education levels (pri-
mary school and below, secondary or above), history of hypertension (yes, no), fasting status (yes, no), and body mass index (continuous).
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‘ Baseline (1993-1998) ‘ ‘ Follow-up (1999-2004) ‘ ‘ Follow-up 2 (2006-2010) ‘

— —

Re-interviewed 39,528;

Recruited 63,257 participants 25,477 donated blood at follow-up 1

Re-interviewed 52,325;
32,575 donated blood

\ 4

Case-control selection

Sample size: 571 cases and 571 controls
Cases: 1) donated blood
2) reported no diabetes at blood donation
3) reported to be diagnosed of diabetes at follow-up 2
Controls: 1) donated blood
2) reported no diabetes at follow-up 1 and follow-up 2
3) HbAlc <6.0%
Matching factors: age, gender, dialect group and date of blood collection

Excluded
» | 13 case-control pairs due to
extreme fetuin-A levels

4

Final sample size: 558 cases and 558 controls

Supplementary Fig. 1. Participant flowchart of the type 2 diabetes mellitus nested case-control study in the Singapore Chinese
Health Study. HbA 1¢, glycosylated hemoglobin.
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