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ABSTRACT

Aims/Introduction: Adiponectin has been proposed to have an essential role in the
regulation of insulin sensitivity and metabolism, but previous studies on levels of adipo-
nectin in prediabetes remain inconsistent. The present study aimed to assess the differ-
ences of adiponectin levels between prediabetes patients and healthy controls by carrying
out a meta-analysis.

Materials and Methods: \We carried out a systematic literature search of PubMed,
EMBASE, and other databases for case—control studies and cohort studies measuring
adiponectin levels in serum or plasma from prediabetes patients and healthy controls. The
pooled weighted mean difference (WMD) and 95% confidence interval (Cl) were used to
estimate the association between adiponectin levels and prediabetes.

Results: Three cohort studies and 15 case—control studies with a total of 41,841 partici-
pants were included in the meta-analysis. The results showed that circulating adiponectin
levels in prediabetes patients were significantly lower than that of healthy controls (WMD
—1694 pg/mL; 95% Cl —2.151, —1.237; P < 0.001). Subgroup analysis showed more signifi-
cant differences between prediabetes patients and healthy controls when the ratio of the
homeostatic model assessment of insulin resistance was >2.12 (WMD —2.95 ng/mL; 95%
Cl—4.103, —1.806; P < 0.001) and average age was >60 years (WMD —2.20 pg/mL; 95% Cl
—3.207, -1.201; P < 0.001). Additionally, WMD in adiponectin showed a trend of direct
correlation in subgroups of homeostatic model assessment of insulin resistance ratio, body
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mass index and age.

Conclusions: The present meta-analysis supports adiponectin levels in prediabetes
patients being lower than that of healthy controlsindicating that the level of circulating
adiponectin decreases before the onset of diabetes.

INTRODUCTION

Type 2 diabetes is a complex metabolic disease, the prevalence
of which has tripled in the past 30 years, and diabetes is pre-
dicted to cover more than 320 million people by 2025'. Before
the occurrence of diabetes, there is an intermediate stage
called prediabetes, which is generally defined as impaired fast-
ing glucose (IFG), impaired glucose tolerance (IGT), or both.
According to the report of the American Diabetes Associa-
tion”, IGT is defined as fasting plasma glucose <7.0 mmol/L
and 2-h plasma glucose on the 75-g oral glucose tolerance test
between 7.8 and 11.0 mmol/L, and impaired fasting glucose
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(IFG) is defined as plasma glucose concentration of between
6.1 and 6.9 mmol/L. There are currently 79 million people in
the USA with prediabetes. Approximately 30% of those with
prediabetes will progress to type 2 diabetes within a decade’.
Type 2 diabetes is associated with increased mortality, mostly
as a result of cardiovascular causes, compared with popula-
tions who have normal glucose tolerance*. Fortunately, large
numbers of studies have shown that prediabetes can be
reversed by changing lifestyle and pharmacological interven-
tions”. Thus, it is of great importance to diagnose prediabetes
at an early stage, and carry out effective interventions before
cardiovascular events emerge.

Adiponectin, a 30-kDa complement Cl-related protein, is
the most abundant secreted protein expressed in adipose
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tissue, and plays a crucial role in the regulation of insulin sen-
sitivity and glucose metabolism. Lower circulating adiponectin
levels is associated with obesity and negatively correlated with
insulin resistance®. In addition, it has been proposed that
adiponectin exerts antidiabetic, anti-atherogenic and anti-
inflammatory activities in metabolic diseases’. Therefore, circu-
lating adiponectin levels might represent a significant clinical
diagnostic biomarker for the future development of prediabe-
tes. However, its role in the development of diabetes remains
unclear®.

Understanding the association between circulating levels of
adiponectin and prediabetes could provide useful information
on the disease, and might help impose a stricter follow up
and possibly an early treatment initiation, thus preventing the
progression to diabetes. In addition, given the fact that low
adiponectin levels could serve as a risk factor for cardiovascu-
lar diseases in prediabetes, adiponectin levels in prediabetes
might help monitor the prognosis of cardiovascular diseases.
Furthermore, knowing that adiponectin exerts antidiabetic,
anti-atherogenic and anti-inflammatory activities in metabolic
diseases, pharmacological adiponectin treatments could be
applied in prediabetes. However, currently, no study has sys-
tematically summarized the existing evidence to explore the
certain association between the level of adiponectin and predi-
abetes.

To investigate adiponectin levels in patients with prediabetes,
a systematic review of all studies reporting total adiponectin
levels in patients with prediabetes and a meta-analysis of the
best available evidence were carried out.

MATERIALS AND METHODS

Search Strategy

Three investigators identified articles through a comprehensive
systematic electronic search of PubMed, EMBASE and other
databases up to 30 April 2014 using the following MeSH terms:
‘prediabetes,’” ‘impaired glucose tolerance,” ‘impaired fasting glu-
cose, IGT, TFG’ and ‘adiponectin.” Also, reference lists of rele-
vant articles were screened for eligibility. In addition, we wrote
to authors to ask for unpublished or more complete informa-
tion. No language restriction was applied for searching. Any
discrepancy was resolved by consultation to reach a consensus
with a fourth investigator. Our meta-analysis was carried out
according to the Meta-analysis of Observational Studies in
Epidemiology guidelines’.

Inclusion Criteria

All of the included studies were required to meet the following

inclusion criteria:

1. Case—control studies or cohort studies design.

2. Studies should report serum or plasma adiponectin levels
on prediabetes patients (diagnosed consistently by either
American Diabetes Association [ADA] or World Health
Organization [WHO] criteria) compared with healthy con-
trols.
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3. Data of total adiponectin mean and standard deviation
(SD), or sufficient data to estimate adiponectin mean and
SD should be provided.

4. No medications known to influence circulating adiponectin
were used.

We excluded literature reviews, letters to the editor, cross-
sectional studies, randomized controlled trials, studies of
animals or cell lines, studies of genetic variation in adiponectin-
related genes and studies of gestational diabetes. We also
excluded studies on populations with diseases other than predi-
abetes. Studies of medication treatment and studies classifying
prediabetes into diabetes were also excluded.

Data Extraction

A standard data extraction form was used by three investigators
independently to collect the information from all suitable stud-
ies. Any disagreements were resolved by discussion during a
consensus meeting with a fourth investigator. The following
information were extracted from each eligible study: first
author’s name, year of publication, region of studies, type of
study design, sample size, methods of adiponectin measure-
ment, the type of blood sample, adiponectin levels of cases and
controls (mean and SD), the number of males and females, the
age of cases and controls (mean and SD), the body mass index
(BMI) of cases and controls (mean and SD), homeostasis
model assessment of insulin resistance ratio (HOMA-IR ratio)
and predefined criteria (a modification of the Newcastle—
Ottawa Scale [NOS]). To retrieve the missing data, we also con-
tacted the authors of the primary studies.

Quality Evaluation of Literature

Quality evaluation of the studies was carried out independently
by three viewers according to a modification of the NOS. The
NOS tool contains nine items, and scores ranged from 0 to 9'.
The main criteria include: (i) the selection of cases and con-
trols; (ii) the comparability; and (iii) the exposure.

Statistical Analysis

The mean, SD or standard error (SE) on plasma or serum
adiponectin levels were extracted in all included studies''. The
meta-analysis was based on sufficient information directly pro-
viding the mean and SD. Weighted mean differences (WMDs)
along with the corresponding 95% confidence intervals (Cls) in
adiponectin levels of all suitable cases and controls were esti-
mated using a fixed-effects model. If there was significant heter-
ogeneity, we used a random effects model'®. First, heterogeneity
tests were carried out by means of Cochran’s Q test and I* sta-
tistic to evaluate statistical heterogeneity among studies. Statisti-
cally significant heterogeneity was considered when the P-value
was <0.1 and the I* value was more than 50%'>. Subsequently,
the following tests were carried out to identify the sources of
heterogeneity between the results of different studies. Subgroup
analysis was carried out to investigate influencing factors. Many

© 2014 The Authors. Journal of Diabetes Investigation published by AASD and Wiley Publishing Asia Pty Ltd

a7

J Diabetes Invest Vol. 6 No. 4 July 2015



ORIGINAL ARTICLE
Lai et al.

subgroups were analyzed according to geographic region, sam-
ple size, age, BMI, HOMA-IR ratio, blood sample, method,
quality score and sex'*. Restricted maximum likelihood-based
random effects meta-regression analysis was carried out to eval-
uate the aforementioned potential heterogeneity factors. Univar-
iate meta-regression analysis was carried out first, after which
the variables that were significant at the 0.1 level were entered
into the multivariable model. To identify potentially influential
studies, sensitivity analysis was also carried out to examine
whether the effect estimate was robust by repeating the random
effect meta-analysis after omitting one study at a time. Further-
more, cumulative meta-analysis was carried out to evaluate the
evolution of the combined estimates over time according to the

http://onlinelibrary.wiley.com/journal/jdi

ascending date of publication. Finally, the possibility of publica-
tion bias was assessed by Begg’s funnel plots and Egger’s
tests'”.

All statistical analyses were carried out using sTaTA version
12.0 (StataCorp LP, College Station, TX, USA). A two-sided P-
value <0.05 was considered statistically significant.

RESULTS

Literature Search Results

A flow chart shows our process of study selection (Figure 1). A
total of 1,942 potentially relevant articles were identified in PUB-
MED, EMBASE and other databases, and 278 duplicates were
removed. A total of 1,664 potentially relevant articles were

Potentially relevant articles identified in PubMed,
Embase and other databases (N = 1942)
(From inception to 30 April,2014)

278 duplicates removed

1664 potentially relevant articles evaluated

1550 excluded according to titles and abstract
626 nothing with prediabetes and adiponectin
> 351 animals,cell lines and gene researches
271 review,meta- analysis and clinical trials
237 with more than one disease

65 gestational diabetes or pregnancy

114 evaluated in detail

96 excluded with reasons
64 no specific classification
23 cross-sectional studies
7 no sufficient information
1 sample size less than 20

1 no full text

18 included in meta-analysis

Figure 1 | Flow chart of study selection. After careful discussion among the investigators, a total of 18 studies were included to carry out the

meta-analysis.
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evaluated according to their titles and abstracts: 626 studies had
no relationship with prediabetes or adiponectin levels; 351 stud-
ies were focused on animals, cell lines and genes; 271 studies
belonged to reviews, meta-analyses and clinical trials; 237 studies
discussed prediabetes along with another disease; and 65 studies
specifically researched gestational diabetes. Subsequently, 114
articles were evaluated in detail: 64 studies had not referred to
prediabetes and healthy controls specifically; 23 studies were
cross-sectional studies; seven studies had no sufficient data to
extract or calculate mean and SD; one study had no full text to
extract useful data; and one study had <20 samples in all groups.
Finally, 18 available studies were included in our meta-analysis.
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Study Characteristics

The meta-analysis of 18 studies involved 41,841 participants:
5,879 individuals with prediabetes and 35,962 control sub-
jects'®™. Among them, three studies presented two subgroups
of prediabetes, each subgroup had been independently com-
pared with a control group'”***’. As a result, each of them
was treated as an independent study. Therefore, a total of 21
studies were included in our final meta-analysis. The main
characteristics of the 21 resulting studies were summarized in
Table 1. The studies were published between 2001 and 2014,
including three cohort studies and 15 case—control studies. Geo-
graphically, 14 studies were carried out in Asia, five in Europe

Table 1 | Characteristics of the included studies of circulating adiponectin and prediabetes

Study Region  Study Blood Method ~ Sample size Sex Age (years) BMI Adiponectin (pg/mL) HOMA- NOS
(year) design sample (kg/m?) IR ratio
Control ~ PD Male Female  Control PD Control PD

Christian Asia Case— Plasma ELISA 79 25 76 28 27%6 31+8 >30 75+27 6.1 %20 NR 8
(2001)* control

Nobert Asia Case— Plasma ~ ELISA 94 33 93 34 28+%7 33+8 NA 705+ 270 544+ 223 NR 7
(2003)%® control

Alice USA Case— Plasma  RIA 108 18 0 126 46715 561+ 18 25-30 618+ 067 278+ 078 NR 6
(2003)%° control

Chamukuttan  Asia Cohort Plasma RIA 50 32 73 68 457 £ 113 442 £ 53 25-30 149 + 59 15275 NR 7
(2003

Kwame USA Case— Serum ELISA 19 8 4 23 491+78  510%93 >30 961+509 1042+689 171 8
(2005)* control

Munehide Asia Case— Serum Others 23 5 NR NR 497 +102  432+198 25-30 58+22 68 £33 NR 6
(2007)"" control

Carl (2006)®  Europe  Case— Serum ELISA 97 201 0 298 64 64 25-30 151+ 63 129+ 66 134 6

control

Sang Asia Case— Plasma RIA 36 49 35 50 475%136 530+ 97 <25 520 + 287 400 + 364 139 5
(2007)* control

Noriyuki Asia Case— Serum ELISA 5
(2009 control
IFG 1 9 20 0 410 £ 120 493 £ 123 <25 92+ 43 71122 225
IGT 1 1 22 0 410+ 120 459+ 71 <25 92+ 43 65+ 15 146

Kassi Europe  Case— Serum ELISA 18 20 0 38  55+9 616 >30 119+ 44 13+ 58 158 6
(2010)"® control

Stefan Europe  Case- Plasma  ELISA 13 13 26 0 506%10 500 % 13 >30 52+ 24 32+£09 178 6
(2010 control

Anke Europe  Case— Serum ELISA 8
(20107 control
IFG 43 35 33 43 613+93 619+ 123 >30 88+ 47 72+ 47 190
IGT 43 45 37 51 613+93 633+ 88 >30 88+ 47 62+ 32 259

Ko (2010)"” Asia Cohort Serum Others 224 52 360 0 403 £ 90 424 + 94 25-30 572+ 294 460 £ 210 NR 8

Wolfson Asia Case— Plasma ~ ELISA 55 24 33 46 557 +95 588+ 96 >30 1260 £ 724 757 £ 419 257 6
(2011)* control

Webb Asia Case— Serum Others 79 40 76 82 521+98 551117 25-30 136+ 323 1240 + 385 156 7
(2012 control

Sun Asia Cohort Serum ELISA 7
(013)”
Male 21766 4101 25867 0 41591 452 £ 93 <25 66+ 37 57%33 NR
Female 13,090 1,048 0 14138 409 + 100 477 £ 112 <25 105+ 55 86+ 50 NR

Yiping Asia Case— Plasma RIA 22 61 NR NR 498 £ 48 NR 25-30 1120+ 472 874 £ 349 284 6
(2014 control

Smitha Asia Case— Serum ELISA 81 49 64 66 4653+ 089 4622+ 106 <25 690+ 045 557+ 053 NR 7
(2014)% control

Data presented as mean * standard deviation. BMI, body mass index (calculated as weight in kg divided by height in m?); ELISA, enzyme-linked
immunosorbent assay; HOMA-IR, homeostatic model assessment of insulin resistance; HOMA-IR ratio, mean values of homeostatic model assess-
ment of insulin resistance prediabetes patients to controls in a single study; NR, not reported; NOS, Newcastle-Ottawa Scale; PD, prediabetes; RIA,
radioimmunoassay.
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and two in the USA. All studies compared individuals with
prediabetes with control subjects, ranging from 20 to 25,867 in
total sample size. Among 21 studies, four studies'® '
included only female participants, and five studies'”'®****
included only male participants. The mean BMI of participants
in all studies ranged from 22.1 to 40.16 kg/m’ and the mean
age ranged from 27 to 64 years. There were nine studies with-
out HOMA-IR results, and the mean HOMA-IR ratio in 12
studies ranged from 1.06 to 6.96. Total and HWM adiponectin
levels were measured by enzyme-linked immunosorbent assay
in 14 studies, whereas four studies used radioimmunoassay and
three used other methods. Additionally, 13 studies used serum
specimens to measure the adiponectin level, while the remain-
ing studies used the plasma. Furthermore, 13 studies elucidated
that no participant took medications that could affect the
adiponectin level, whereas eight studies did not mention the
medication records. The overall quality score of the involved
studies averaged 6.6 on a scale of 0 to 9.

Data Synthesis

The random effects meta-analysis results showed that the
adiponectin levels in prediabetes patients were significantly
lower than healthy controls (WMD —1.694 pg/mL; 95% CI —
2.151, —1.237; P < 0.001). However, significant heterogeneity

http://onlinelibrary.wiley.com/journal/jdi

in this meta-analysis was present (I°=89.9%, P < 0.001;
Figure 2). Therefore, subgroup analysis should be carried out to
explore the possible reasons for this heterogeneity.

Subgroup Analysis

Subgroup analysis was carried out to explore the sources of het-
erogeneity. Potential sources of heterogeneity were evaluated,
including geographic region, sample size, age, HOMA-IR ratio,
BMI, quality score, assay methods (Figure S1), the type of
blood sample (Figure S2) and sex (Table 2). Almost all results
of subgroup analysis showed that adiponectin levels in predia-
betes patients were significantly lower than healthy controls,
except in geographic region and sample size. As for geographic
region, a significant decrease of adiponectin levels was observed
between prediabetes patients and healthy controls in the
included studies carried out in Asia (WMD -1412 pg/mlL;
95% CI —1.770, —1.053; P < 0.001) and Europe (WMD -
1.937 pg/mL; 95% CI —2.745, —1.128; P < 0.001). However, it
was not significantly different in adiponectin levels in the
included studies carried out in the USA (WMD -2.157 pg/mlL;
95% CI —5.921, 1.607; P = 0.261; Figure 3). For sample size,
there was no significant difference in adiponectin levels between
prediabetes patients and healthy controls in studies with sample
sizes <50 (WMD -1.144 pg/ml; 95% CI -2.475, 0.187;

Study %
D WMD (95% CI) Weight
|
Christian (2001) —_— -140(-2.38,-042) 655
Nobert (2003) —_— ~161(-255,-067) 675
Alice (2003) = | -340(-3.78,-3.02) 884
Chamukuttan (2003) : - 030(-2.77,337) 179
Kwame (2005) - 081(-448,6.10) 069
Munehide (2006) _ 100 (-2.03,403) 183
Carl (2006) —--,:— -220(-3.75,-065) 452
Sang (2007) — -120(-258,0.19) 505
uki —_— 1 _ _
Noriyuki (2009) ‘ 210(-502,082) 194
Noriyuki (2009) + -2.70(-539,-001) 2.24
E. Kassi (2010) ; 110(-2.15,435) 163
Stefan (2010) —— -200(-339,-061) 502
Anke (2010) _ -160(-3.70,050)  3.16
Anke (2010) —o—f— -260(-429,-091)  4.12
GT.C.Ko (2010) . 2(-181,-043) 776
N. Wolfson (2011) —_— ! -503(-757,-249) 240
D.R.Webb (2012) ——T -1.20(-259,019) 503
Sun (2013) . -090(-101,-0.79) 937
Sun (2013) - ~190(-222,-158) 901
Yiping (2013) ‘ -2, 46( -462,-030) 3.04
Smitha (2014) - 3(-151,-1.15)  9.29
Overall (-squared = 89.9%, P = 0.000) <> ~169 (~2.15,-1.24) 10000
I
NOTE: Weights are from random effects analysis !

I
-7.57 0

T
7.57

Figure 2 | Forest plot for adiponectin levels in prediabetes patients and healthy controls in included studies. Calculation based on random effects
model. Results are expressed as weighted mean difference (WMD) and 95% confidence intervals (95% Cl). The result showed that the adiponectin

levels in prediabetes patients were significantly lower than healthy controls (WMD

—1.694 ng/ml; 95% Cl —2.151, =1.237; P < 0.001).
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Table 2 | Subgroup analysis of the included studies of circulating adiponectin and prediabetes

Characteristic No. participants No. participants Random effects WMD (95% Cl) P-value Heterogeneity
P (%) P-value
All studies 41,841 18 —1694 (2151, —1.237) <0.001 899 <0.001
Region
Asia 41,160 14 —1412 (-1.770, —1.053) <0.001 782 <0.001
Europe 528 5 —1937 (-2.745, —1.128) <0.001 37 0.385
USA 153 2 —2.157 (5921, 1607) 0.261 586 0.120
Sample size
<50 161 6 —1.144 (2475, 0.187) 0092 303 0.208
50-100 495 6 —2.103 (-3.266, —0.941) <0.001 484 0084
>100 41,185 9 -1679 (-2.235, -1.122) <0.001 955 <0.001
Age (years)
<50 40947 12 —1571 (2.135, -1.007) <0.001 939 <0.001
50-60 347 5 -1715 (-3.016, -0414) 0010 622 0032
>60 464 3 —2204 (-3.207, —1.201) <0.001 00 0.767
NR 83 1 —2461 (4619, -0.303) 0025
HOMA-IR ratio
<136 298 1 —2 200 (-3.751, —0649) 0.005
1.36-1.7 203 4 9 (-2.102, —0.276) 0011 36 0375
1.71-2.12 131 3 754 (— 2888 —0621) 0.002 00 0.5%
>212 270 4 —2955 (+4.10 306) <0.001 78 0354
NR 40878 9 —1539 (2.1 28 4)951) <0.001 955 <0.001
BMI
<25 40,262 6 —1394 (-1.846, —0.943) <0.001 889 <0.001
25-30 1,012 7 —1.587 (-2.834, —0.340) 0013 874 <0001
>30 440 7 —1.894 (2932, —0.857) <0.001 491 0067
NR 127 1 —1610 (2546, -0674) 0.001
Quiality score
</ 805 10 —2.129 (=3.099, —1.158) <0.001 696 0.001
>/ 41,036 1 —1365 (-1.716, -1.015) <0.001 796 <0.001
Method
ELISA 41,042 14 —1.595 (~1.989, —1.202) <0.001 798 <0.001
RIA 376 4 —2001 (3622, -0.381) 0015 793 0002
Others 423 3 —1.051 (1,655, —0446) 0.001 00 0398
Blood sample
Serum 41,129 13 —1374 (-1.754, —0.994) <0.001 779 <0.001
Plasma 712 8 —2.130 (-3.103, -1.158) <0.001 810 <0.001
Sex
Male 26,211 5 —1.071 (1444, -0698) <0.001 209 0281
Female 14,600 4 —2.178 (3384, -0971) <0001 925 <0.001

BMI, body mass index; Cl, confidence interval; ELISA, enzyme-linked immunosorbent assay; HOMA-IR ratio, mean values of homeostatic model
assessment of insulin resistance in prediabetes patients to controls in a single study; NR, not reported; RIA, radioimmunoassay; WMD, weight mean
difference.

P = 0.092; Figure S3). All subgroup analysis still showed signifi-
cant heterogeneity. Furthermore, for HOMA-IR ratio group
(Figure 4), WMD in adiponectin showed a trend of a direct
correlation except HOMA-IR ratio <1.36. Additionally, WMDs
in adiponectin showed a trend of direct correlation in
subgroups of BMI and age (Figures 5 and 6). Furthermore, as
for sex, the decrease of adiponectin levels between prediabetes
patients and healthy controls in female participants
(WMD -2.178 pg/mL; 95% CI —3.384, —0.971; P < 0.001) was

more significant than that in male participants (WMD —
1.071 pg/m:95% CI —1.444, —0.698; P < 0.001; Figure 7).

Meta-Regression

To further investigate the impact of the aforementioned charac-
teristics on WMD in adiponectin, restricted maximum likeli-
hood-based random effects meta-regression analyses were carried
out (Table 3). WMD was used as the dependent variable. Geo-
graphic region, sample size, age, HOMA-IR ratio and BMI were

© 2014 The Authors. Journal of Diabetes Investigation published by AASD and Wiley Publishing Asia Pty Ltd
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Study %
D WMD (©@5%C)  Weight

Asia !
Christian (2001) ——— ~140(-238,-042) 655
Chamukuttan (2003) —_—t 0.30(-2.77,337) 179
Nobert (2003) ——— -161(-255,-067) 675
Munehide (2006) —{— —— 1.00 (-2.03,4.03) 183
Sang (2007) —aT -1.20(-258,0.19) 505
Noriyuki (2009) ———t— -2.10(-5.02,-0.82) 194
Noriyuki (2009) - -270(-5.39,-001) 221
GT.C Ko (2010) 4‘-0—' -1.12(-1.81,-043) 776
N. Wolfson (2011) —_— -5.03(-7.57,-249) 240
D.R.Webb (2012) — ~120(-259,0.19) 503
Sun (2013) ‘L * -0.90(-1.01,-0.79) 937
Yiping (2013) ——— 246 (-4.62,-030) 3.04
Sun (2013) - -1.90(-2.22,-1.58) 9.01
Smitha (2014) 'Q -133(-151,-1.15 929
Subtotal (-squared = 78.2%, P = 0.000) 'p =141(=1.77,-105) 72.02

i
Europe {
Carl (2006) + -2.20(-3.75,-0.65) 4.52
Anke (2010) —+—f— -2.60(-4.29,-091) 4.12
Anke (2010) —_— -1.60 (-3.70,0.50) 3.16
Stefan (2010) e -2.00(-3.39,-061) 5.02
E. Kassi (2010) : -+ 1.10(-2.15,4.35) 163
Subtotal (-squared = 3.7%, P = 0.385) 6‘ -1.94 (-2.75,-1.13) 1845

I
America "
Alice (2003) -.‘_ t -340(-3.78,-3.02) 884
Kwame (2005) T - 0.81 (-4.48,6.10) 0.69
Subtotal (-squared = 58.6%, P=0.120) =Tt ~216(-592,161) 953

I
Overall (-squared = 89.9%, P = 0.000) ¢ -1.69(-2.15,-1.24)  100.00
NOTE: Weights are from random effects analysis !

T
-7.57 7.57

Figure 3 | Subgroup meta-analysis for adiponectin levels in prediabetes patients and healthy controls by geographic region. Calculation based on
random effects model. Results are expressed as weighted mean difference (WMD) and 95% confidence intervals (95% Cl). Significant decrease of

adiponectin levels was observed between prediabetes patients and healthy controls in the included studies carried out in Asia (WMD —1412 pg/
mL; 95% Cl —1.770, —1.053; P < 0.001) and Europe (WMD —1.937 ug/mL; 95% Cl —2.745, —1.128; P < 0.001).

used as explanatory covariates. The result of univariate
meta-regression analysis showed that geographic region could
contribute significantly to the heterogeneity (Asia: 14 studies,
P = 0.001; Europe: 5 studies, P = 0.053). Additionally, sample
size (21 studies, P = 0.398), age (20 studies, P = 0.393), HOMA-
IR ratio (12 studies, P = 0.074) and BMI (19 studies, P = 0.391)
cannot account for heterogeneity of the analysis.

Cumulative Meta-Analysis

The result of cumulative meta-analysis from the year 2001 by
Christian et al.>* showed that the random effects pooled WMD
was instable. However, a statistically significant effect was
observed in the study by Sang et al* in 2007, and it changed
little after that study, showing the stability of the result in the
present meta-analysis.

Sensitivity Analysis and Publication Bias

A sensitivity analysis was carried out by omitting one study at
a time. We used random effects to estimate and calculate the
WMD for the remaining studies. The result showed that none
of the individual studies dramatically influenced the effect of
the meta-analysis when any one of the studies was excluded,

showing that the results of the meta-analysis were stable
and reliable (Figure S4). Publication bias was evaluated by
Begg’s funnel plots and Egger’s tests (f = —1.42, P = 0.173; Fig-
ure 8). No publication bias was observed in the present meta-
analysis.

DISCUSSION

The present meta-analysis of relevant studies suggested that
adiponectin levels were significantly lower in patients with pre-
diabetes compared with healthy controls (random-effects
WMD -1.96; 95% CI —2.15, —1.24; I* = 89.9%). Subgroup
analysis showed more significant differences between prediabe-
tes patients and healthy controls when the HOMA-IR ratio was
>2.12 (WMD -2.95 ng/mL; 95% CI —4.103, —1.806; P < 0.001)
and mean age >60 years (WMD-2.20 pg/mL; 95% CI —3.207,
—1.201; P < 0.001).

Many studies have been shown to uncover the relationship
between adiponectin and prediabetes. A meta-analysis pub-
lished in Journal of the American Medical Association in 2009
with a total of 14,598 participants and 2,623 incident cases
showed that lower adiponectin levels were associated with a
higher incidence of insulin resistance and type 2 diabetes in
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Figure 4 | Subgroup meta-analysis for adiponectin levels in prediabetes patients and healthy controls by homeostasis model assessment of insulin
resistance ratio (HOMA-IR) ratio. Calculation based on random effects model. Results are expressed as weighted mean difference (WMD) and 95%
confidence intervals (95% Cl). The total WMD in the included studies with homeostasis model assessment of insulin resistance ratio is significant
and it showed a trend of a direct correlation except homeostasis model assessment of insulin resistance ratio <1.36.

humans®™. A cross-sectional, genetic epidemiology study in
2009 with 1,599 American Samoan adults suggested that
adiponectin is an independent risk factor of type 2 diabetes,
and might help distinguish those at higher risk of developing
this disease®™. Furthermore, a most recent and up-to-date
cohort study in 2014 carried out by Yamamoto Sin Japan sug-
gested that higher levels of circulating adiponectin are associ-
ated with a lower risk of type 2 diabetes, and that adiponectin
could confer a benefit in both persons with and without predi-
abetes®. The same results were shown in other studies’ . In
addition, several case—control studies by Pauer et al*’ reported
that prediabetes are associated with lower circulating adiponec-
tin concentrations in patients with insulin resistance and

type 2 diabetes® *, as well as in patients with prediabetic con-
ditions®>** .
However, inconsistent results regarding this have been

reported in another two studies®* ™. Using the adiponectin
gene summary statistics genetic risk scores, Mente et al ¥
found no evidence of an association between adiponectin-low-

ering alleles and insulin sensitivity, which do not support a

causal role for reduced circulating adiponectin levels in insulin
resistance and type 2 diabetes. In addition, Hammana et al.”
found no alterations in adiponectin levels despite insulin resis-
tance, glucose intolerance and subclinical chronic inflammation
in cystic fibrosis patients. Thus, the relationship between adipo-
nectin values and insulin resistance or inflammation is unclear
as a result of other confounding diseases®.

The insulin-sensitizing effect of adiponectin was summa-
rized by three independent routes™. First, in vitro studies
have suggested that both isoforms of adiponectin receptor
(AdipoR1 and AdipoR2) can increase adenosine monophos-
phate-activated protein kinase phosphorylation and peroxi-
some proliferator-activated receptor-o. activity by adiponectin
binding, thus increasing fatty acid oxidation and glucose
uptake”. The mechanism is related to phosphorylation of
acetyl coenzyme A carboxylase, fatty-acid oxidation, glucose
uptake and lactate production in myocytes, and reducing
gluconeogenesis in the liver’>. Second, in skeletal muscle,
adiponectin activates the expression of involved molecules in
fatty-acid transport, such as uncoupling protein 2 required
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Figure 5 | Subgroup meta-analysis for adiponectin levels in prediabetes patients and healthy controls by age. Calculation based on random effects
model. Results are expressed as weighted mean difference (WMD) and 95% confidence intervals (95% Cl). The total WMD in the included studies
with age is significant and it showed a trend of a direct correlation with age.

during energy dissipation and CD36, acyl-coenzyme A oxidase
involved in combustion of fatty acid®. These changes result
in decreased triglyceride content in skeletal muscle. Third,
adiponectin activates fatty-acid combustion and energy con-
sumption through peroxisome proliferator-activated receptor-o
activation™, which leads to decreased triglyceride content in
the liver and skeletal muscle, and thus increased insulin sensi-
tivity. An animal study carried out by Maeda et al>> showed
that adiponectin/ACRP30-knockout mice delayed clearance of
free fatty acid in plasma, lower levels of fatty-acid transport
protein 1 messenger ribonucleic acid in muscle, higher levels
of tumor necrosis factor-alpha messenger ribonucleic acid in
adipose tissue and high plasma tumor necrosis factor-alpha
concentrations, resulting in severe diet-induced insulin resis-
tance. Iwabu et al>® found that decreased levels of adiponec-
tin and AdipoRl1 in obesity could have causal roles in
mitochondrial dysfunction and insulin resistance seen in Mus-
cle-R1KO mice. Furthermore, Okada-Iwabu et al.”’ found that
AdipoR agonist ameliorated diabetes of obese rodent model
db/db mice, and concluded that orally active AdipoR agonists
are a promising therapeutic approach for the treatment of
insulin resistance and type 2 diabetes.

Some studies, however, have not found an association
between adiponectin levels and prediabetes*”*. Some studies
have not found lower adiponectin levels in prediabetes com-
pared with healthy controls®***’. Furthermore, adiponectin is
expressed in different multimer complexes, and the high-molec-
ular weight (HMW) multimer is the most potent biological
form, which is decreased in patients with prediabetes compared
with normal controls'”?,

The present results showed significant heterogeneity among
the studies (I = 89.9%, P < 0.001; Figure 2). There are two
sources of heterogeneity: one is within-study variability, which
means a difference within a study of estimating the same effect
size; the other is between-study variability, which means differ-
ences among studies in estimating effect size. In the present
study, the meta-analysis showed that there was large heteroge-
neity among studies. Subsequent subgroup analysis stratified by
eight potential sources was carried out (Table 2). We found sig-
nificant differences in circulating adiponectin levels between
prediabetes patients and healthy controls in the subgroup
analysis stratified by HOMA-IR ratio, age, sample size, blood
sample and quality score. No significant difference was
observed in circulating adiponectin levels between prediabetes
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Figure 6 | Subgroup meta-analysis for adiponectin levels in prediabetes patients and healthy controls by body mass index. Calculation based on
random effects model. Results are expressed as weighted mean difference (WMD) and 95% confidence intervals (95% Cl). The total WMD in the
included studies with body mass index is significant and it showed a trend of a direct correlation with body mass index.

patients and healthy controls only in the USA. In addition,
when HOMA-IR ratio and age were used in the subgroup
analysis, it showed the accepted fact that HOMA-IR ratio and
age are directly related to the level of adiponectin. To further
investigate the source of heterogeneity, we carried out a meta-
regression, and found that geographic region might contribute
to the overall heterogeneity (Asia P = 0.001). However, no sig-
nificant contribution was found in HOMA-IR ratio, age, BMI
and sample size. To conclude, the geographic region might be
the main source of heterogeneity.

To the best of our knowledge, this is the most comprehen-
sive meta-analysis to estimate the association between adiponec-
tin levels and prediabetes. Adequate numbers of cases and
controls were included from all available publications concerned
with circulating adiponectin levels and prediabetes, which
greatly increased the statistical power of the analysis and pro-
vided enough evidence for us to make a correct conclusion.
Furthermore, participants in 13 included studies were men-
tioned without treating medications that could affect the level
of circulating adiponectin, whereas the records of drug usage
were not mentioned for the other participants in eight included

studies. It is known to all that prediabetes patients can be cured
by exercise and healthy diet, so there is no need to take medi-
cations. Thus, medication had little impact on the adiponectin
level, and it strengthened the reliability of the present results.
Furthermore, in order to eliminate the influence of sex, sub-
group analysis of sex was carried out, which showed that the
decrease of adiponectin levels between prediabetes patients and
healthy controls in female participants was more significant
than that in male participants. The results of mean adiponectin
levels in female and male participants, respectively, were also
consistent with the fact that serum adiponectin is higher in
females than males. In addition, sensitivity analysis showed that
no single study affected the pooled WMD qualitatively. Fur-
thermore, cumulative meta-analysis showed that no substantive
change had occurred in pooled WMD after the study was pub-
lished in 2007, suggesting the stability of the association
between low adiponectin levels and prediabetes patients. Fur-
thermore, no publication bias was detected in the present
meta-analysis, which showed that the pooled results of our
study should be reliable. To summarize, these results confirm
the strengths of our meta-analysis.
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Figure 7 | Subgroup meta-analysis for adiponectin levels in prediabetes patients and healthy controls by sex. Calculation based on random effects
model. Results are expressed as weighted mean difference (WMD) and 95% confidence intervals (95% Cl). The total WMD in the included studies
with sex is significant, and it showed that the decrease of adiponectin levels between prediabetes patients and healthy controls in female

participants is more significant than that in male participants.

Table 3 | Univariate meta-regression of the included studies of adiponectin and prediabetes

Covariates No. studies Coefficient Standard error t P 95% Confidence interval
Region
Asia 14 1912 0490 390 0.001 0881, 2942
Europe 5 1392 0672 207 0053 -0.020, 2.803
America 2 Drop because of collinearity
Sample size 21 0.000025 0.000029 0.86 0.398 —0.000003, 0.00008
Age 20 -0022 0026 -0387 0393 -0.076, 0.031
HOMA-IR ratio 12 —1.145 0573 —2.00 0074 —2421, 0131
BMI 19 —0.066 0075 —0.88 0.391 —0.225, 0093

BMI, body mass index; HOMA-IR ratio, mean values of homeostatic model assessment of insulin resistance in prediabetes subjects to controls in a

single study.

The possible limitations of the present study should also be
considered. First, 15 case—control studies and three cohort stud-
ies, but no randomized controlled trial included in the meta-
analysis, might substantially weaken the quality of this study.
Second, our results were concluded without adjusting the con-
founding factors, such as smoking status, alcoholic consump-
tion, environmental factors and other diet lifestyle factors.
Third, this meta-analysis included small sample size studies and
the backgrounds of patients varied, which would result in low
statistical power and inconsistent results among studies. Finally,
insufficient data were available. The influence of visceral
adiposity could not be evaluated, as waist circumference or

waist-to-hip ratio was not available in the majority of studies.
Insufficient data of HMW adiponectin limited the estimate of
the association between HMW adiponectin levels and prediabe-
tes. Despite these limitations, the present findings could provide
useful information on the diseases, and might help impose a
stricter follow up and possibly an early treatment initiation,
thus preventing the progression to diabetes. Furthermore, our
findings might motivate more randomized controlled trials to
be carried out to obtain better understanding of causal relation-
ships between the level of adiponectin and prediabetes.

In conclusion, based on the findings of existing studies,
adiponectin levels in prediabetes patients are lower than that of
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Figure 8 | Publication bias for adiponectin levels in prediabetes patients and healthy controls in the included studies. No publication bias was
observed in Begg's funnel plots and Egger’s tests (t = —142, P = 0.173). SE, standard error.

healthy controls, showing that adiponectin decreases before the
onset of diabetes. This result should be taken with caution
because of the substantial heterogeneity among existing studies.
There is a need for more well-designed, high-quality studies to
clarify the possible causal relationship between adiponectin lev-
els and prediabetes patients. In addition, further investigation is
required to clarify whether HMW adiponectin levels are also
suppressed in prediabetes.
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