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Abstract

Obesity and adipokines are associated with development of type 2 diabetes. However, lim-
ited longitudinal studies have examined their roles on declining B-cell function over time.
This report assessed three adiposity measures (BMI, percent body fat, trunk fat), insulin
resistance, and fifteen adipokines in relationship to longitudinal change in 3-cell function
measured by disposition index (DI) from frequently-sampled-intravenous-glucose-tolerance
testing. The results showed that three factors were significantly and independently associ-
ated with rate of change in DI over time: rate of change in BMI (negative), rate of change in
IL-6 (negative), and baseline adiponectin (positive). The association was the strongest for
changing BMI and was largely explained by changing insulin resistance; the association
with changing IL-6 was also largely explained by changing insulin resistance. Baseline adi-
ponectin remained positively associated after adjustment for changing insulin resistance,
suggesting an independent effect of adiponectin to preserve or improve -cell function.
These findings provide evidence and potential mechanisms for the role of obesity in promot-
ing B-cell dysfunction, highlighting the potential importance of mitigating obesity and its met-
abolic effects in preventing and treating type 2 diabetes.

Introduction

Type 2 diabetes mellitus (T2D) develops from progressive loss of pancreatic B-cell function on
a background of chronic insulin resistance. The loss of B-cell compensation for insulin resis-
tance occurs for years prior to the development of T2D [1]. Obesity is an important cause of
insulin resistance and T2D [2]. Adipose tissue synthesizes and secretes a variety of hormones,
collectively referred to as adipokines [3]. Circulating adipokines regulate biological processes
in various target organs and tissues including pancreatic B-cells [4]. Thus, obesity and
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adipokines may directly and indirectly contribute to the progressive loss of B-cell function,
leading to the development of T2D.

To date, only three limited longitudinal studies have examined the role of adiposity and adi-
pokines on declining B-cell function over time [5-7]. They are all limited to no more than five
adipokines. Two of these studies used surrogate measures of B-cell function derived from oral
glucose tolerance testing [6, 7]. One of these three studies is our own study with limited sample
size (n = 60) although B-cell function was derived from frequently sampled intravenous glu-
cose tolerance testing (FSIGT) [5]. The objective of the present study is to assess the role of
baseline and changes in three adiposity measures (BMI, percent body fat and trunk fat), insulin
resistance and fifteen adipokines in relationship to change in B-cell function over time derived
from repeated FSIGTs in a large prospectively collected longitudinal cohort of Mexican Amer-
icans (MA, n = 361) at risk for T2D.

Materials and methods
Data source

Data were from the BetaGene study, a family-based study of obesity, insulin resistance, and -
cell dysfunction in MA. Details regarding recruitment for the baseline [8] and follow-up [9]
components of BetaGene have been described previously. Participants were recruited from
Los Angeles County/University of Southern California Medical Center or Kaiser Permanente
Southern California. Protocols for BetaGene were approved by the Institutional Review Boards
of each institution, and all participants provided written informed consent prior to study
enrollment.

A total of 370 subjects participated in baseline testing and repeat testing at a median (IQR)
of 4.2 (3.4-5.5) years later. At each time, participants had a fasting blood draw to measure adi-
pokines and a 75gm oral glucose tolerance test (OGTT). Participants with fasting glucose less
than 126 mg/dL (7 mmol/l) were invited for a dual-energy x-ray absorptiometry (DXA) scan
for body composition and insulin-modified FSIGT for measurement of insulin sensitivity and
B-cell function. Briefly, dextrose (300 mg/kg body weight) was injected into an antecubital
vein between 07:00-09:00 hrs. Insulin (0.03 U/kg body weight) was infused over five minutes
starting 20 minutes after the glucose injection. A total of 21 arterialized venous blood samples
were obtained from a heated hand vein between -15 and +240 minutes relative to the glucose
injection. Plasma was separated immediately, stored at -80°C, and assayed for glucose and
insulin. We report results from 361 participants for whom all 15 adipokines were measured
successfully at baseline and follow-up.

Adipokines

Fifteen circulating biomarkers were measured: adiponectin, IL-1B, IL-6, IL-1Ra, leptin,
lipocalin, MCP-1, resistin, TNF-q, apelin, CRP, dipeptidyl peptidase-4 (DPP-IV), visfatin,
secreted frizzled protein 4 (SFRP4) and secreted frizzled protein 5 (SFRP5). Adiponectin, IL-
1B, IL-6, leptin, lipocalin, MCP-1, resistin and TNF-o. were assayed using two Millipore multi-
plex kits with magnetic bead panels (Millipore, Billerica, MA) with assay sensitivity of 11, 0.5,
0.4,4.7,1.7,1.1, 2.2 and 0.1pg/mL, respectively. ELISA was used to measure CRP (Millipore,
Billerica, MA), apelin, DPP-IV, visfatin (Ray Biotech, Norcross, GA), IL-1Ra (AssayBiotech,
Sunnyvale, CA), SFRP4 and SFRP5 (USCN Life Science, Wuhan, China) with assay sensitivity
of 0.004 ng/mL, 29.1 pg/mL, 0.5 pg/mL, 0.78 ng/mL, 23 pg/mL, 26.6 pg/mL and 0.60 ng/mL,
respectively. Intra- and inter-assay coefficients of variation for all adipokines are shown in

S1 Table.
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Data analysis

Insulin sensitivity (SI) was derived from the minimal model analysis of FSIGTs[10]. Acute
insulin response to glucose (AIRg) was calculated as the incremental area under the curve for
insulin during the first 10 mins of the FSIGTs. B-cell function was estimated as the disposition
index (DI = SI x AIRg), a measurement of B-cell compensation for insulin resistance.

Significance of changes in cohort characteristics were tested by Wilcoxon signed rank test.
For regression analyses, log-transformation was applied to adiposity, adipokines, SI and DI,
and rates of changes for these measures were derived as ([log of follow-up value—log of base-
line value]/total follow-up time). Data were approximately normally distributed after the log-
transformation. To make the regression coefficients directly comparable across different mea-
sures, we standardized each measurement by dividing each individual value by the cohort stan-
dard deviation (SD) prior to regression modeling. Thus, the regression coefficients are scale
independent and represent change per SD in the dependent variable associated with change
per SD in the independent variable. For bivariate analyses, both the baseline and rate of change
for the same measurement were included in one model to assess independent contributions of
baseline and change on the outcome. Multivariate analysis was then used to identify factors
across adiposity, insulin resistance and/or the fifteen adipokines that were independently and
significantly associated with rate of change in DI. Both forward and backward selection proce-
dures were used in the multivariate analysis. Both selection procedures yielded same variables
in the final model. Linear mixed-effect kinship regression models (LMKM) were used to
account for relatedness adjusting for age, sex and kinship. All analyses were performed using R
v.3.3.0[11]. All statistical tests were two-sided and statistical significance was defined as
p<0.05.

Results

Mean (£SD) age at baseline was 358 years; 73% of participants were female. Baseline and fol-
low-up characteristics are provided in Table 1. At follow-up, BMI, percent body fat and trunk
fat all increased significantly compared to baseline, as did fasting levels of CRP, IL-6, MCP-1,
SFRP4, SFRP5. Circulating apelin, DPP-IV, lipocalin, and resistin decreased significantly. Adi-
ponectin, IL-1B, IL-1Ra, leptin, TNF-o and visfatin did not change significantly over time. For
glucose homeostasis, fasting and 2-hr glucose increased significantly during follow-up. The
fraction of people with impaired glucose tolerance and diabetes increased from 33.0% and
3.9% to 35.7% and 9.4%, respectively, SI decreased significantly and AIRg did not change sig-
nificantly, resulting in a significant decrease in DI. The associations of BMI, percent body fat
and trunk fat with the fifteen adipokines at baseline and during follow-up are displayed in
Table 2. Measures of adiposity at baseline or changes during follow-up were most strongly
associated with levels of leptin, CRP, IL-1Ra and SFRP4 (all positive), and adiponectin and
SERP5 (all negative).

In the bivariate analyses (Table 3), rate of change in DI was negatively associated with all
three baseline measures of adiposity, although the association was not statistically significant
for baseline percent body fat. Among the fifteen adipokines, both baseline level and rate of
change in adiponectin, and baseline level and rate of change in SFRP5 were positively associ-
ated with rate of change in DI. Rates of change in CRP, IL-6, and leptin were negatively associ-
ated with rate of change in DI. Increasing BMI, followed by increasing CRP and trunk fat,
were most strongly associated with decreasing DI over time. Rates of change in all three adi-
posity measures, as well adiponectin, CRP, IL-1Ra, IL-6, leptin, and SFRP5 were all negatively
associated with rate of change in SI (Table 3). Increasing BMI, percent body fat and trunk
fat, followed closely by increasing leptin, were most strongly associated with decreasing SI.
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Table 1. Baseline and follow-up characteristics (n = 361)".

Baseline Change during a median of 4.2 years of follow-up
Age (years) 34.6 (29.3, 40.3)
Female (%) 265 (73.4%)

Anthropometrics

BMI [kg/m?] 28.6 (25.2, 32.6) 0.6 (-0.4, 1.7)°

Percent body fat [%] 36.1(28.3, 40.2) 0.6 (-0.8, 2.1)°
Body trunk fat [kg] 12.7 (9.7, 16.8) 0.9 (-0.4, 2.0)°

Adipokines

Adiponectin [pg/mL] 9.2 (6.3, 14.5) -0.1(-2.0,1.8)

Apelin [ng/mL] 0.9 (0.5,1.4) 0.2 (-0.6,0.2)°

CRP [ng/mL] 1.3 (0.6, 3.3) 0.1(-04, 0.9)b
DPP-1V [ng/mL] 295 (224, 375) 17 (-64, 23)°
IL-1B [pg/mL] 0.7 (0.6, 1.0) 0.0 (-0.1,0.1)
IL-1Ra [pg/mL] 12.7 (7.6, 18.5) 0.8 (-4.6, 3.1)

IL-6 [pg/mL] 3.0 (1.7,5.3) 0.4 (-0.7, 1.8)°

Leptin [ng/mL] 13.6 (6.6, 25.6) 0.4 (-2.8,4.0)
Lipocalin [ng/mL] 62 (51,77) 11 (-24,1)°
MCP-1 [pg/mL] 111 (90, 139) 12 (-9, 35)°

Resistin [ng/mL] 19.6 (15.0, 27.4) -0.8 (-3.6, 1.9)b

SFRP4 [ng/mL] 91.8 (63.2, 126.4) 9.9 (-3.6, 25.7)b
SFRP5 [ng/mL] 14.3 (8.5, 20.8) 1.8 (-1.0, 5.4)b
TNF-o. [pg/mL] 3.3 (2.5, 4.5) 0.0 (-0.7, 0.6)
Visfatin [ng/mL] 15.6 (11.9, 22.0) 0.1(-4.1,6.9)

Glucose homeostasis

Impaired glucose [%]*

119 (33.0%)

129 (35.7%)

Diabetes (%)* 14 (3.9%) 34 (9.4%)
Fasting glucose [mmol/L] 5.0 (4.7,5.4) 0.1(-0.3,0.5)°
2-h glucose [mmol/L] 6.9 (5.8,8.4) 0.4 (-0.6,1.8)"
Insulin sensitivity 4.7 (3.2,6.5) -0.6 (-1.8, 0.4)b

[SL, x10” min ™' per pmol/L]
Acute insulin response 2,828 (1,600, 4,544) 3 (-763,799)
[AIRg, pmol/L x 10min]

Disposition index | 12,098 (7,992, 18,964)
[DI = SI x AIRg]

-1,783 (-5,198, 1,344)°

*Diabetes is defined by fasting glucose >7.0 mmol/L or 2-hr glucose >11.11 mmol/L; Impaired glucose is defined as
fasting glucose <7.0 mmol/L and 2-hr glucose >7.8 mmol/L but <11.11mmol/L

2 values shown are median (25%, 751 percentile), unless otherwise noted

" Significant at p<0.05 by Wilcoxon signed rank Test

https://doi.org/10.1371/journal.pone.0201568.t001

In the multivariate analyses, three variables were independently and significantly associated
with rate of change in DI (Table 4). The strongest was rate of change in BMI (negative,
p<0.001), followed by baseline adiponectin (positive, p = 0.004), and rate of change in IL-6
(negative, p = 0.011). Note that rates of change in CRP, leptin and SFRP5 were not significantly
associated with rate of change in DI in the multivariate analysis. These measures were highly
correlated with change in BMI (see Table 2), the inclusion of which eliminated them from sig-
nificance in the multivariate model. Baseline SFRP5 was no longer significant due to its high
correlation with baseline adiponectin (r = 0.78).
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Table 3. Bivariate associations between rate of change in disposition index (DI) and insulin sensitivity (SI) with
each of the adiposity or adipokine measures*.

Variables Rate of Change in Rate of Change in
DI SI
Beta P-value Beta P-value
Adiposity
BMI
Baseline -0.109 0.041 0.050 0.33
Rate of change -0.250 <0.001 -0.415 <0.001
Percent body fat
Baseline -0.098 0.24 0.028 0.73
Rate of change -0.146 0.010 -0.349 <0.001
Body trunk fat
Baseline -0.139 0.021 0.007 0.90
Rate of change -0.196 0.001 -0.366 <0.001
Adipokines
Adiponectin
Baseline 0.156 0.005 0.070 0.22
Rate of change 0.121 0.025 0.166 0.002
Apelin
Baseline -0.067 0.25 0.001 0.98
Rate of change 0.029 0.63 0.023 0.70
C-reactive protein
Baseline -0.078 0.21 0.071 0.25
Rate of change -0.199 0.001 -0.140 0.016
DPP-IV
Baseline 0.108 0.071 0.109 0.065
Rate of change -0.002 0.97 0.038 0.53
IL-1B
Baseline 0.087 0.11 -0.010 0.86
Rate of change 0.023 0.66 -0.081 0.13
IL-1Ra
Baseline -0.012 0.83 0.038 0.50
Rate of change -0.051 0.37 -0.157 0.004
IL-6
Baseline 0.000 0.99 0.038 0.50
Rate of change -0.154 0.007 -0.173 0.002
Leptin
Baseline -0.055 0.42 0.049 0.45
Rate of change -0.175 0.002 -0.343 <0.001
Lipocalin
Baseline 0.036 0.53 0.055 0.34
Rate of change 0.017 0.76 0.011 0.85
MCP1
Baseline -0.009 0.88 0.053 0.35
Rate of change -0.044 0.44 0.029 0.61
Resistin
Baseline 0.055 0.31 0.051 0.35
Rate of change -0.006 0.92 -0.002 0.98
SFRP4
(Continued)
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Table 3. (Continued)

Variables Rate of Change in Rate of Change in
DI SI
Beta P-value Beta P-value

Baseline -0.074 0.21 -0.013 0.83

Rate of change -0.039 0.50 -0.054 0.34
SFRP5

Baseline 0.132 0.017 0.051 0.37

Rate of change 0.128 0.016 0.249 <0.001
TNFo

Baseline 0.033 0.56 0.025 0.66

Rate of change -0.079 0.16 -0.050 0.37
Visfatin

Baseline 0.067 0.29 0.029 0.65

Rate of change 0.049 0.44 0.057 0.37

*Beta represents change per standard deviation (SD) in dependent variables (row) associated with change per SD in
independent variables (column) adjusting for age, sex and kinship. For the same independent variables in the first
column, baseline and rate of change were included simultaneously in one model to assess the independent
associations with baseline and change

Significant associations were denoted in bold font.

https://doi.org/10.1371/journal.pone.0201568.t003

Since we have previously shown that increasing insulin resistance is an important compo-
nent contributing to declining B-cell function, we examined whether the observed associations
with longitudinal change in DI were due to change in insulin resistance by further including
rate of change in SI as a covariate in the model (see right two columns in Table 4). This adjust-
ment eliminated the association between rate of change of DI and rates of change in BMI and
IL-6. By contrast, the association between rate of change in DI and baseline adiponectin levels
remained significant after adjustment for rate of change in SI.

Discussion

In this Mexican-American cohort observed for over 4 years, weight and adiposity significantly
increased over time. Such increases were accompanied by a variety changes in adipokines
(increasing CRP, IL-6, MCP-1, SFRP4, SFRPS5, and decreasing apelin, DPP-1V, lipocalin and
resistin) and glucose homeostasis measures (increasing fasting and 2-hr glucose, and decreas-
ing insulin sensitivity and B-cell function). Examining the role of adiposity and adipokines in

Table 4. Significant multivariate associations with rate of change in DI°.

Variables Adjusted for rate of change in SI
in the final model No Yes
Beta + SE P-value Beta + SE P-value
Rate of change in BMI -0.216 + 0.051 <0.001 0.009 £ 0.049 0.86
Baseline adiponectin 0.150 + 0.052 0.004 0.111 +0.045 0.015
Rate of change in IL-6 -0.130 £ 0.051 0.011 -0.052 + 0.045 0.25

* Beta presents change per standard deviation (SD) in DI associated with change per SD for the variables in the first
column after adjusting for baseline age, sex, kinship and other variables in the first column without or with further

adjusting for rate of change in SI

https://doi.org/10.1371/journal.pone.0201568.t1004
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B-cell function decline over time, we found that three factors were significantly and indepen-
dently associated with rate of change in DI over time. They were rate of change in BMI (nega-
tive), baseline adiponectin (positive) and rate of change in IL-6 (negative). The association
with change in DI was the strongest for changing BMI and appeared to be explained in large
part by changing insulin resistance, in keeping with prior observations on the contributions of
insulin resistance to declining beta cell function [5] and treatment of insulin resistance to pre-
serve B-cell function and prevent type 2 diabetes [12, 13]. An association between changing IL-
6 and changing DI was also largely mitigated by adjustment for changing insulin resistance.
Baseline adiponectin remained positively associated with changing DI after adjustment for
changing SI, suggesting an independent effect of adiponectin to preserve or improve beta cell
function.

The most novel finding in this study was that high levels of baseline adiponectin were asso-
ciated with less reduction in B-cell function over time in this observational Mexican-American
cohort at risk for type 2 diabetes, independent of weight gain, insulin resistance and fourteen
other adipokines. Adiponectin is one of the commonly studied adipokines and many groups
have demonstrated association with obesity and type 2 diabetes. The Diabetes Prevention Pro-
gram trial showed that high baseline adiponectin levels in people with pre-diabetes were asso-
ciated with lower risk of type 2 diabetes independent of weight gain [14]. Our findings
advanced knowledge compared to prior studies by demonstrating a protective effect of adipo-
nectin on B-cell compensation during follow-up independent of insulin resistance and weight
gain.

The potential roles of the protective effect of adiponectin on beta cell function may be
through at least two mechanisms. First, it is known that adiponectin increases insulin sensitiv-
ity, as shown in this study (Table 3) as well as others [15, 16]. This increase in sensitivity may
unload the beta cells and slow the loss of beta-cell function over time. Indeed, we observed that
adjustment for change in insulin sensitivity partly, but not completely explained the associa-
tion between baseline adiponectin and change in DI (Table 4). Second, adiponectin may have
direct effects on beta cells through reducing apoptosis and promoting beta cell expansion, as
shown in pre-clinical studies [17] [18].

Of the fifteen adipokines we studied, fourteen were not significantly and independently
associated with beta cell function decline after adjusting for weight gain and change in insulin
sensitivity. Of the fourteen adipokines, changes in four adipokines (CRP, IL-6, leptin and
SFRP5) were associated with change in DI in the bivariate analysis. The four were also associ-
ated with changes in insulin sensitivity and weight gain. SFRP5 was highly correlated with adi-
ponectin [19]; both forward and backward multivariate analysis showed that adiponectin has a
stronger association with change in DI than SFRP5 such that its association with DI was elimi-
nated after adiponectin was included in the model. The role of SERP5 on insulin sensitivity
and beta cell function has been controversial [20] [21]. It is well known that CRP and leptin
are strongly associated with increasing adiposity [19]. Inclusion of weight gain eliminated
their significant associations with change in DI, suggesting that they may mediate some of the
detrimental effects of obesity on beta cell function, as we observed in Hispanic women with a
history of gestational diabetes [5]. The non-significant association between IL-6 and DI after
adjustment for change in insulin sensitivity is consistent with prior reports that IL-6 contrib-
utes to the development of insulin resistance [22]. We did not find associations between the
remaining ten adipokines (apelin, DPP-IV, IL-1B, IL-1Ra, lipocalin, MCP1I, resistin, SFRP4,
TNFo and visfatin) and change in DI. Of them, IL-1Ra has been tested and found not to be
associated with change in beta cell function measured by oral glucose tolerance testing,
although it was associated with change in insulin sensitivity [7], as we found (Table 3). Thus,
our results on CRP, leptin, IL-6 and IL-1Ro were consistent with previous reports. To our
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knowledge, no previous studies have assessed associations of apelin, DPP-IV, IL-1p, ipocalin,
MCP], resistin, SFRP4, TNFo and visfatin on change in beta cell function over time in
humans.

Overall, our results provide evidence and potential mechanisms for the role of obesity in
promoting B-cell dysfunction and diabetes, as well as highlighting the potential importance of
mitigating obesity and its metabolic effects in preventing and treating type 2 diabetes in Mexi-
can Americans.

Supporting information

S1 Table. Intra- and inter- assay coefficients of variation (CV).
(DOCX)

Acknowledgments

The authors thank the families who participated in the BetaGene Study and also acknowledge
the efforts of our recruiting and technical staff.

Author Contributions

Conceptualization: Anny H. Xiang, Mary Helen Black, Richard M. Watanabe, Thomas A.
Buchanan.

Data curation: Yu-Hsiang Shu, Jun Wu, Adrienne MacKay.
Formal analysis: Yu-Hsiang Shu, Jun Wu, Adrienne MacKay.
Funding acquisition: Anny H. Xiang, Thomas A. Buchanan.

Investigation: Anny H. Xiang, Mary Helen Black, Yu-Hsiang Shu, Jun Wu, Adrienne
MacKay, Corinna Koebnick, Richard M. Watanabe, Thomas A. Buchanan.

Methodology: Anny H. Xiang, Mary Helen Black, Yu-Hsiang Shu, Jun Wu.

Project administration: Anny H. Xiang, Mary Helen Black, Richard M. Watanabe, Thomas
A. Buchanan.

Resources: Anny H. Xiang, Mary Helen Black, Richard M. Watanabe, Thomas A. Buchanan.
Writing - original draft: Anny H. Xiang, Thomas A. Buchanan.

Writing - review & editing: Anny H. Xiang, Mary Helen Black, Yu-Hsiang Shu, Jun Wu,
Adrienne MacKay, Corinna Koebnick, Richard M. Watanabe, Thomas A. Buchanan.

References

1. Xiang AH, Kjos SL, Takayanagi M, Trigo E, Buchanan TA. Detailed physiological characterization of the
development of type 2 diabetes in Hispanic women with prior gestational diabetes mellitus. Diabetes.
2010; 59(10):2625-30. https://doi.org/10.2337/db10-0521 PMID: 20682697

2. Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance and type 2 diabe-
tes. Nature. 2006; 444(7121):840-6. https://doi.org/10.1038/nature05482 PMID: 17167471

3. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab. 2004; 89
(6):2548-56. https://doi.org/10.1210/jc.2004-0395 PMID: 15181022

4. Bluher M. Adipose tissue dysfunction in obesity. Exp Clin Endocrinol Diabetes. 2009; 117(6):241-50.
https://doi.org/10.1055/s-0029-1192044 PMID: 19358089

5. Xiang AH, Kawakubo M, Trigo E, Kjos SL, Buchanan TA. Declining beta-cell compensation for insulin
resistance in Hispanic women with recent gestational diabetes mellitus: association with changes in

PLOS ONE | https://doi.org/10.1371/journal.pone.0201568 August 13,2018 9/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201568.s001
https://doi.org/10.2337/db10-0521
http://www.ncbi.nlm.nih.gov/pubmed/20682697
https://doi.org/10.1038/nature05482
http://www.ncbi.nlm.nih.gov/pubmed/17167471
https://doi.org/10.1210/jc.2004-0395
http://www.ncbi.nlm.nih.gov/pubmed/15181022
https://doi.org/10.1055/s-0029-1192044
http://www.ncbi.nlm.nih.gov/pubmed/19358089
https://doi.org/10.1371/journal.pone.0201568

@° PLOS | ONE

Weight and adipokines and 3-cell function decline

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

weight, adiponectin, and C-reactive protein. Diabetes Care. 2010; 33(2):396—401. https://doi.org/10.
2337/dc09-1493 PMID: 19933993

Retnakaran R, Ye C, Connelly PW, Hanley AJ, Sermer M, Zinman B. Impact of Changes Over Time in
Adipokines and Inflammatory Proteins on Changes in Insulin Sensitivity, beta-Cell Function, and Glyce-
mia in Women With Previous Gestational Dysglycemia. Diabetes Care. 2017; 40(8):e101—e2. https://
doi.org/10.2337/dc17-0781 PMID: 28615242

Herder C, Faerch K, Carstensen-Kirberg M, Lowe GD, Haapakoski R, Witte DR, et al. Biomarkers of
subclinical inflammation and increases in glycaemia, insulin resistance and beta-cell function in non-dia-
betic individuals: the Whitehall Il study. Eur J Endocrinol. 2016; 175(5):367—77. https://doi.org/10.1530/
EJE-16-0528 PMID: 27491375

Black MH, Fingerlin TE, Allayee H, Zhang W, Xiang AH, Trigo E, et al. Evidence of interaction between
PPARG2 and HNF4A contributing to variation in insulin sensitivity in Mexican Americans. Diabetes.
2008; 57(4):1048-56. https://doi.org/10.2337/db07-0848 PMID: 18162503

Xiang AH, Takayanagi M, Black MH, Trigo E, Lawrence JM, Watanabe RM, et al. Longitudinal changes
in insulin sensitivity and beta cell function between women with and without a history of gestational dia-
betes mellitus. Diabetologia. 2013; 56(12):2753—-60. https://doi.org/10.1007/s00125-013-3048-0 PMID:
24030069

Boston RC, Stefanovski D, Moate PJ, Sumner AE, Watanabe RM, Bergman RN. MINMOD Millennium:
a computer program to calculate glucose effectiveness and insulin sensitivity from the frequently sam-
pled intravenous glucose tolerance test. Diabetes Technol Ther. 2003; 5(6):1003—15. https://doi.org/10.
1089/15209150332264 1060 PMID: 14709204

R Development Core Team. R: A language and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing; 2016.

Buchanan TA, Xiang AH, Peters RK, Kjos SL, Marroquin A, Goico J, et al. Preservation of pancreatic
beta-cell function and prevention of type 2 diabetes by pharmacological treatment of insulin resistance
in high-risk hispanic women. Diabetes. 2002; 51(9):2796-803. PMID: 12196473

Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA, et al. Reduction in the
incidence of type 2 diabetes with lifestyle intervention or metformin. N Engl J Med. 2002; 346(6):393—
403. https://doi.org/10.1056/NEJMoa012512 PMID: 11832527

Mather KJ, Funahashi T, Matsuzawa Y, Edelstein S, Bray GA, Kahn SE, et al. Adiponectin, change in
adiponectin, and progression to diabetes in the Diabetes Prevention Program. Diabetes. 2008; 57
(4):980-6. https://doi.org/10.2337/db07-1419 PMID: 18192541

Tschritter O, Fritsche A, Thamer C, Haap M, Shirkavand F, Rahe S, et al. Plasma adiponectin concen-
trations predict insulin sensitivity of both glucose and lipid metabolism. Diabetes. 2003; 52(2):239—43.
PMID: 12540592

Hanley AJ, Bowden D, Wagenknecht LE, Balasubramanyam A, Langfeld C, Saad MF, et al. Associa-
tions of adiponectin with body fat distribution and insulin sensitivity in nondiabetic Hispanics and Afri-
can-Americans. J Clin Endocrinol Metab. 2007; 92(7):2665—71. https://doi.org/10.1210/jc.2006-2614
PMID: 17426091

Holland WL, Miller RA, Wang ZV, Sun K, Barth BM, Bui HH, et al. Receptor-mediated activation of cera-
midase activity initiates the pleiotropic actions of adiponectin. Nat Med. 2011; 17(1):55-63. https://doi.
org/10.1038/nm.2277 PMID: 21186369

Chetboun M, Abitbol G, Rozenberg K, Rozenfeld H, Deutsch A, Sampson SR, et al. Maintenance of
redox state and pancreatic beta-cell function: role of leptin and adiponectin. J Cell Biochem. 2012; 113
(6):1966-76. https://doi.org/10.1002/jcb.24065 PMID: 22253064

Black MH, Shu YH, Wu J, Koebnick C, MacKay A, Watanabe RM, et al. Longitudinal Increases in Adi-
posity Contribute to Worsening Adipokine Profile over Time in Mexican Americans. Obesity (Silver
Spring). 2018; 26(4):703—12.

Carstensen-Kirberg M, Kannenberg JM, Huth C, Meisinger C, Koenig W, Heier M, et al. Inverse associ-
ations between serum levels of secreted frizzled-related protein-5 (SFRP5) and multiple cardiometa-
bolic risk factors: KORA F4 study. Cardiovasc Diabetol. 2017; 16(1):109. https://doi.org/10.1186/
$12933-017-0591-x PMID: 28851362

Carstensen-Kirberg M, Hatziagelaki E, Tsiavou A, Chounta A, Nowotny P, Pacini G, et al. Sfrp5 associ-
ates with beta-cell function in humans. Eur J Clin Invest. 2016; 46(6):535—43. https://doi.org/10.1111/
eci.12629 PMID: 27019073

Bastard JP, Maachi M, Van Nhieu JT, Jardel C, Bruckert E, Grimaldi A, et al. Adipose tissue IL-6 content
correlates with resistance to insulin activation of glucose uptake both in vivo and in vitro. J Clin Endocri-
nol Metab. 2002; 87(5):2084-9. https://doi.org/10.1210/jcem.87.5.8450 PMID: 11994345

PLOS ONE | https://doi.org/10.1371/journal.pone.0201568 August 13,2018 10/10


https://doi.org/10.2337/dc09-1493
https://doi.org/10.2337/dc09-1493
http://www.ncbi.nlm.nih.gov/pubmed/19933993
https://doi.org/10.2337/dc17-0781
https://doi.org/10.2337/dc17-0781
http://www.ncbi.nlm.nih.gov/pubmed/28615242
https://doi.org/10.1530/EJE-16-0528
https://doi.org/10.1530/EJE-16-0528
http://www.ncbi.nlm.nih.gov/pubmed/27491375
https://doi.org/10.2337/db07-0848
http://www.ncbi.nlm.nih.gov/pubmed/18162503
https://doi.org/10.1007/s00125-013-3048-0
http://www.ncbi.nlm.nih.gov/pubmed/24030069
https://doi.org/10.1089/152091503322641060
https://doi.org/10.1089/152091503322641060
http://www.ncbi.nlm.nih.gov/pubmed/14709204
http://www.ncbi.nlm.nih.gov/pubmed/12196473
https://doi.org/10.1056/NEJMoa012512
http://www.ncbi.nlm.nih.gov/pubmed/11832527
https://doi.org/10.2337/db07-1419
http://www.ncbi.nlm.nih.gov/pubmed/18192541
http://www.ncbi.nlm.nih.gov/pubmed/12540592
https://doi.org/10.1210/jc.2006-2614
http://www.ncbi.nlm.nih.gov/pubmed/17426091
https://doi.org/10.1038/nm.2277
https://doi.org/10.1038/nm.2277
http://www.ncbi.nlm.nih.gov/pubmed/21186369
https://doi.org/10.1002/jcb.24065
http://www.ncbi.nlm.nih.gov/pubmed/22253064
https://doi.org/10.1186/s12933-017-0591-x
https://doi.org/10.1186/s12933-017-0591-x
http://www.ncbi.nlm.nih.gov/pubmed/28851362
https://doi.org/10.1111/eci.12629
https://doi.org/10.1111/eci.12629
http://www.ncbi.nlm.nih.gov/pubmed/27019073
https://doi.org/10.1210/jcem.87.5.8450
http://www.ncbi.nlm.nih.gov/pubmed/11994345
https://doi.org/10.1371/journal.pone.0201568

