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OBJECTIVEdZinc-a2-glycoprotein (ZAG) has been proposed to play a role in the pathogenesis
of insulin resistance. Previous studies in humans and in rodents have produced conflicting results
regarding the link between ZAG and insulin resistance. The objective of this study was to examine
the relationships between ZAG and insulin resistance in cross-sectional and interventional studies.

RESEARCH DESIGN AND METHODSdSerum ZAG (determined with ELISA) was
compared with various parameters related to insulin resistance in subjects with normal glucose
tolerance, impaired glucose tolerance (IGT), and newly diagnosed type 2 diabetes mellitus
(T2DM), and in women with or without polycystic ovary syndrome (PCOS). Euglycemic-
hyperinsulinemic clamps were performed in healthy and PCOS women. Real-time RT-PCR
and Western blotting were used to assess mRNA and protein expression of ZAG. The effect
of a glucagon-like peptide-1 agonist on ZAG was studied in a 12-week liraglutide treatment trial.

RESULTSdCirculating ZAG was lower in patients with IGT and newly diagnosed T2DM than
in controls. Circulating ZAG correlated positively with HDL cholesterol and adiponectin, and
correlated inversely with BMI, waist-to-hip ratio, body fat percentage, triglycerides, fasting blood
glucose, fasting insulin, HbA1c, and homeostasis model assessment of insulin resistance (HOMA-
IR). On multivariate analysis, ZAG was independently associated with BMI, HOMA-IR, and
adiponectin. ZAG mRNA and protein were decreased in adipose tissue of T2DM patients. More-
over, circulating ZAG levels were lower in women with PCOS than in women with high insulin
sensitivity. Liraglutide treatment for 12 weeks significantly increased circulating ZAG levels.

CONCLUSIONSdWeconclude that ZAGmaybe an adipokine associatedwith insulin resistance.
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Adipose tissue is recognized as an
active endocrine organ producing
proteins (adipokines), such as

adiponectin (ADI), that modulate insulin
sensitivity and thus can play a role in the
pathogenesis of insulin resistance, diabe-
tes, and atherosclerosis (1–4).

Zinc-a2-glycoprotein (ZAG) is a se-
creted soluble protein that has been found
in plasma and is expressed in several hu-
man tissues, including subcutaneous and
visceral adipocytes (5,6). ZAG has a mo-
lecular mass of 41 kDa (7). Its name is
derived from its tendency to precipitate
with zinc and from its electrophoretic mi-
gration in the region of a2-globulins. A
plethora of biological functions have
been ascribed to ZAG, including a role
in the immune response and in the inhi-
bition of tumor proliferation (8,9). Fur-
thermore, studies in ZAG-deficient mice
have suggested that ZAG contributes to
the control of body weight and lipolysis
(10). ZAG mRNA and protein expression
are downregulated in adipose tissue of ob/
ob mice that have decreased circulating
ZAG levels (11). Furthermore, treatment
with purified ZAG caused a reduction in
body fat in obese and normal weight mice
(12,13). In humans, ZAG mRNA levels
have been reported to be decreased in
fat of obese women (14) and men (6). A
recent study in humans has shown ex-
pression of ZAG mRNA in visceral and
subcutaneous adipose tissue to be nega-
tively correlated with the BMI, plasma in-
sulin, and leptin mRNA (15). Recently,
Yeung et al. (16) have demonstrated that
serum ZAG correlated positively with tri-
glycerides (TGs) and other components
of the metabolic syndrome, suggesting
that ZAG could be used as a potential bio-
marker for risk stratification of cardiovas-
cular disease. However, other studies
have failed to find a link between ZAG,
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insulin resistance, and obesity (17,18).
These discrepant findings might be attrib-
utable to differences in study design,
patient selection, sample size, and meth-
odological problems. In addition, little
is known about the regulation of ZAG
in humans. Therefore, we have evaluated
serum ZAG levels in normal glucose-
tolerant (NGT) subjects, in patients
with impaired glucose tolerance (IGT),
in patients with newly diagnosed type 2
diabetes (nT2DM), and in young women
with or without insulin resistance. We
also have evaluated the effects of an oral
glucose challenge, hyperinsulinemia, and
liraglutide on circulating ZAG. Finally, we
have examined ZAG mRNA and protein
expression in fat and muscle of nondia-
betic and T2DM subjects.

RESEARCH DESIGN AND
METHODS

Cross-sectional studies
Studies with NGT, IGT, and diabetic
subjects. One hundred patients with
nT2DM (nT2DM group), 85 subjects
with IGT (IGT group), and 100 healthy
controls were studied. The diagnoses of
IGT and T2DM were based on oral glu-
cose tolerance tests (OGTT) and World
Health Organization 1998 diagnostic cri-
teria (19). The subjects with T2DMor IGT
were not treated with hypoglycemic
agents or insulin. Excluded were type 1
diabetic patients and patients withmacro-
vascular or microvascular complications,
liver cirrhosis, congestive heart failure, or
other major diseases. Healthy controls
were recruited from subjects who under-
went routine medical check-ups. These
subjects had fasting plasma glucose levels
,6.1 mmol/L and a 2-h OGTT glucose
level,7.8 mmol/L, had no family history
of T2DM, and were not usingmedications
known to affect glucose tolerance.
Study of insulin-resistant and non-
insulin-resistant women. We also stud-
ied 15 women with normal insulin
sensitivity and 15 women with polycystic
ovarian syndrome (PCOS). Thediagnosis of
PCOS was based on all three criteria of the
revised 2003 Rotterdam European Society
of Human Reproduction and Embryology
(ESHRE)/American Society of Reproductive
Medicine (ASRM) PCOS ConsensusWork-
shop Group diagnostic criteria. The three
criteria are oligo-ovulation or anovulation,
clinical or biochemical signs of hyperandro-
genism, and polycystic ovaries (20) after
exclusion of other known causes of hyper-
androgenemia and ovulatory dysfunction.

All control subjects had a normal menstrual
cycle, and none had clinical or biochemical
hyperandrogenism. Exclusion criteria for
both groups included the use of hormones
and medications that affect insulin sensitiv-
ity within the past 3months. The study was
approved by the Human Research Ethics
Committee of Chongqing Medical Univer-
sity, and informed consent was obtained
from all patients and controls.

Interventional studies
OGTT. After an 8- to 10-h overnight fast,
OGTTwas performed in 30healthy subjects
with normal weight (17 women and 13
men) who were recruited from the cross-
sectional study (NGTgroup). These subjects
ingested, in,5min, 75 g glucose according
to the World Health Organization guide-
lines, and venous bloodwas collected before
(time 0) and at 30, 60, and 120 min after
glucose ingestion for further analyses. Blood
was immediately centrifuged, and the serum
was separated and stored at2808C formea-
surement of glucose, insulin, ZAG, andADI.
Euglycemic-hyperinsulinemic clamps.
Euglycemic-hyperinsulinemic clamps
(EHCs) were performed in 15 young
women with PCOS and in 15 healthy
women aged from 18 to 34 years. All had
regular menstrual cycles and were studied
during the follicular phases, as previously
described (21). Briefly, after an overnight
fast, an intravenous catheter was placed in
an antecubital vein to infuse insulin and
glucose. Another catheter was placed ret-
rograde in the dorsal vein of the contra-
lateral hand for blood withdrawal.
Regular human insulin (1 mU/kg/min)
was infused for 2 h and a variable rate in-
fusion of 20% glucose was administered
to maintain euglycemia. The rate of glu-
cose disposal was defined as the glucose
infusion rate during the stable period of
the clamp. During the clamp, blood sam-
ples for ZAG and ADImeasurements were
obtained at 0, 80, and 120 min.
Liraglutide treatment. Twenty patients
from the nT2DM group (10 men and 10
women; age 55.469.9 years) received either
subcutaneous liraglutide (1.2mg/day, n = 10)
or placebo (n = 10) injections once daily for
12 weeks. Inclusion criteria were age 40–75,
BMI 20–40 kg/m2, and hemoglobin A1c

(HbA1c) levels between 6.5% and 9.0%. Sub-
jects with three consecutive fasting blood glu-
cose (FBG) values .13.3 mmol/L were
withdrawn from the study. Participants pro-
vided written informed consent before the
trial. Fasting blood samples for ZAG and
ADI measurements were obtained at 0800 h
(pretreatment) on day 2 of the last admission.

Human tissue studies
Muscle and fat biopsies were performed
in 10 patients with T2DM (4 men and 6
women; age 52.4 6 10.2 years; BMI,
25.40 6 6.51 kg/m2) and in 10 healthy
controls (5men and 5women; age 51.66
9.7 years; BMI, 24.706 5.60 kg/m2). On
the day of the study, under anesthesia, an
incision was made through the skin at the
lateral aspect of the upper thigh and
;200 mg of subcutaneous adipose tissue
and muscle were mobilized and excised.
The excised fat and muscle samples were
dropped immediately into isopentane
and kept at the freezing point (21608C)
by liquid nitrogen until being used for
RNA and protein extraction.

Measurements of plasma adipokines
Serum ZAG concentrations were deter-
mined with an ELISA obtained from Ray
Biotech following the manufacturer’s pro-
tocol. The limit of detection was 0.02
mg/mL, and intra-assay and interassay
variations were 2.56% and 6.63%, respec-
tively. SerumADI level wasmeasuredwith
an ELISA from Adipobiotech (22).

Anthropometric and biochemical
measurements
Anthropometric and body composition
measurements were performed in all
study participants before breakfast. BMI
was calculated as weight divided by
height squared. Waist circumference
and hip circumference were measured
by the same observer to the nearest 0.1
cm for calculation of the waist-to-hip ratio
(WHR). The homeostasis model assess-
ment of insulin resistance (HOMA-IR)
and HOMA of insulin secretion (HOMA-
IS) were calculated using the following
equations (23): HOMA-IR = fasting insu-
lin (mU/mL) 3 FBG (mmol/L)/22.5, and
HOMA-IS = 20 3 fasting insulin (mU/
mL)/FBG (mmol/L) – 3.5. Plasma glucose
andHbA1c weremeasured by the glucose-
oxidase method and anion exchange
high-performance liquid chromatogra-
phy, respectively. Insulin was measured
by radioimmunoassay using human insu-
lin as standard (Institute of Atomic
Energy, China). Free fatty acid was mea-
sured with a commercial kit (Randox
Laboratories, Antrim, U.K.). Total choles-
terol, HDL cholesterol, LDL cholesterol,
and TG were analyzed enzymatically us-
ing an autoanalyzer (Hitachi, Tokyo, Ja-
pan). Testosterone, luteinizing hormone,
progesterone, follicular-stimulating hor-
mone, and 17b-estradiol were determined
by specific chemiluminescence assays
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(automated Elecsys 2010 immunoana-
lyzer; Roche Diagnostics GmbH, Man-
nheim, Germany).

Analysis of mRNA expression
Total RNA was isolated from frozen mus-
cle or fat (100 mg) using Trizol reagent
(Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. After
treatment with DNase I (Invitrogen), pu-
rified RNAwas used as a template for first-
strand cDNA synthesis using SuperScript
III (Invitrogen). Quantitative real-time
RT-PCR was performed using LC-Fast
Start DNA SYBR Green I chemistry (Roche
Diagnostics) on a LightCycler 2.0 platform
(Roche Diagnostics). Gene expressions
were analyzed using the comparative
threshold cycle (Ct) method in relation to
the levels of the b-actin. The sequences
for ZAG were: sense, 59-AGGGAAG
GTTTGGTTGTG-39 and antisense, 59-G
GCTGGGATTTCTTTGTT-39.

Western blot analyses
Muscle and fat were homogenized in 20
mmol/L MOPS, 2 mmol/L EGTA, 30
mmol/L sodium fluoride, 40 mmol/L
b-glycerophosphate, 10 mmol/L sodium
pyrophosphate, 2 mmol/L orthovanadate,
0.5% NP-40, and complete phosphatase
inhibitor cocktail (Roche). Protein con-
centration was measured with a BCA
protein quantification kit (Pierce Biotech-
nology). Tissue extracts (70 mg) were
separated by SDS-polyacrylamide gel elec-
trophoresis and transferred to polyvinyli-
dene fluoride membranes in a transfer
buffer containing 20 mmol/L Tris, 150
mmol/L glycine, and 20% methanol.
Immunoblots were then blocked in Tris-
buffered saline containing 0.1%Tween-20
and 5% skimmed milk overnight at 48C
and incubatedwith primary ZAG antibody
(1:200 dilution; Santa Cruz Biotechnol-
ogy) andb-actin (1:500 dilution; Research
Diagnostics) for 2 h at room temperature.
After three consecutive 5-min washes in
Tris-buffered saline with Tween, blots
were incubated with horseradish peroxi-
dase–conjugated secondary antibody
(1:500 dilution; Invitrogen) for 1 h at
room temperature. The blots were scanned
using the Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences) and quantifica-
tion of antigen–antibody complexes was
performed using Quantity One analysis
software (Bio-Rad).

Statistical analysis
All analyses were performed with SPSS
version 15.0 (SPSS, Chicago, IL). Data are

expressed as mean 6 SE. Normal dist-
ribution of the data was tested using
Kolmogorox-Smirnov test. Several variables
were skewed and logarithmically trans-
formed to obtain a normal distribution.
Comparisons between groups were per-
formed with general linear model with ad-
justment for covariates or Student t test.
Correlations between variables were ass-
essed using Pearson correlation analyses by
controlling for the covariates.Multiple linear
regression was performed to determine var-
iables that had independent associations
with serumZAG, and includedwere all varia
bles with significant associations or correla-
tions with serum ZAG and those with pos-
sible biological relevance. The trends of ZAG
levels associated with IGT and T2DM were
analyzed using the Cochran-Armitage trend
test. P, 0.05 was considered significant.

RESULTS

Circulating ZAG levels and their
association with anthropometric
and biochemical parameters in NGT,
IGT, and nT2DM
Table 1 summarizes the demographic, an-
thropometric, and metabolic parameters
of the 285 middle-aged subjects enrolled
in the cross-sectional study. Serum ZAG

levels were significantly lower in men (n =
153; 46.326 19.59mg/L) than inwomen
(n = 132; 50.886 16.69 mg/L; P, 0.05;
Fig. 1A). Furthermore, overweight or
obese subjects (BMI$25 kg/m2) had sig-
nificantly lower circulating ZAG levels
than lean individuals (BMI ,25 kg/m2;
NGT 54.5 6 16.1 vs. 61.1 6 16.0 mg/L;
IGT 41.7 6 15.0 vs. 53.68 6 19.58
mg/L; nT2DM 33.0 6 12.6 vs. 42.0 6
12.4 mg/L; P , 0.05 or P , 0.01; Fig.
1B). These differences remained statistically
significant after age adjustment (P, 0.01).
Significantly lower serum concentrations of
ZAG also were observed in subjects with
nT2DM or IGT compared with NGT sub-
jects (both P , 0.01; Table1), and in
nT2DM compared with IGT patients (P ,
0.01; Fig. 1C). These differences remained
significant after adjustment for age, BMI,
and sex. Similar results were observed in
circulating ADI (Table 1). We next investi-
gated the relationship of circulating ZAG
with various other parameters. Serum
ZAG correlated positively withHDL choles-
terol and correlated negatively with BMI,
WHR, percentage of body fat, diastolic
blood pressure, TG, FBG, fasting insulin,
HbA1c, and HOMA-IR. In addition, we ob-
served strong positive correlations of serum
ZAG with circulating ADI (Supplementary

Table 1dMain clinical features and plasma ZAG levels in NGT, IGT, and T2DM groups

Feature NGT (n = 100) IGT (n = 85) T2DM (n = 100)

Male/female 50/50 44/41 53/47
Age (years) 53 6 11 53 6 12 54 6 9
BMI (kg/m2) 22.66 6 3.15 23.79 6 3.27† 25.31 6 3.48†{
WHR 0.86 6 0.06 0.89 6 0.07† 0.91 6 0.06†
FAT% 28.21 6 8.39 31.87 6 7.03† 30.95 6 7.62†
SBP (mmHg) 117 6 16 122 6 17† 128 6 17†{
DBP (mmHg) 76 6 10 78 6 10 81 6 10†{
TG (mmol/L) 1.19 6 0.72 1.46 6 0.79 1.93 6 0.43†{
TC (mmol/L) 4.78 6 1.22 5.06 6 0.89 5.06 6 0.97
HDL cholesterol (mmol/L) 1.46 6 0.39 1.41 6 0.35 1.24 6 0.28†{
LDL cholesterol (mmol/L) 2.77 6 0.87 2.82 6 0.65 2.78 6 0.86
FFA (mmol/L) 0.41 6 0.21 0.48 6 0.29 0.52 6 0.29*‡
FBG (mmol/L) 5.34 6 0.63 5.94 6 0.68† 10.13 6 2.55†{
2-h OGTT (mmol/L) 5.76 6 0.65 9.19 6 0.99† 18.91 6 6.86†{
FIns (mU/L) 8.94 6 3.88 9.42 6 4.62 10.66 6 3.78*{
2-h Ins (mU/L) 43.15 6 21.98 49.78 6 19.76 65.91 6 25.30†{
HbA1c (%) 5.74 6 0.33 6.00 6 0.45† 8.57 6 1.94†{
HOMA-IR 2.12 6 0.95 2.51 6 1.29 4.85 6 2.48†‡
HOMA-IS 108 6 61 81 6 41† 37 6 20†{
FFA 0.41 6 0.21 0.48 6 0.29 0.52 6 0.29*‡
ADI (mg/L) 41.81 6 13.68 33.00 6 9.42† 27.79 6 11.23†{
ZAG (mg/L) 59.36 6 16.20 48.84 6 18.74† 37.14 6 13.25†{
2-h Ins, 2-h plasma insulin after glucose overload; DBP, diastolic blood pressure; FAT%, visceral fat per-
centage; FFA, free fatty acid; FIns, fasting plasma insulin; SBP, systolic blood pressure; TC, total cholesterol.
Values were given as means6 SD. *P, 0.05 and †P, 0.01 compared with NGT group; ‡P, 0.05 and {P,
0.01 compared with IGT group.
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Table 1). All these correlations remained
statistically significant after adjustment for
age. Last, we performed multiple stepwise
regressions to determine variables that had
independent associations with circulating
ZAG. The results showed that only BMI,
diastolic blood pressure, HOMA-IR, and
ADI were independently related factors
with circulating ZAG (Supplementary Table
1). The multiple regression equation was:
YZAG = 96.289 2 3.218 XHOMA-IR 2
1.217 XBMI 2 0.22 Xdiastolic blood pressure +
0.254Xadiponectin.

Circulating ZAG levels also were sig-
nificantly correlatedwith IGT and T2DM,
even after controlling for anthropometric
variables, blood pressure, lipid profile,

age, sex, BMI, WHR, percentage of body
fat, and FBG (all P , 0.01; Supplemen-
tary Table 2). Increasing levels of ZAG
showed a significant linear trend and
were independently associated with IGT
and T2DM, especially when concentra-
tions were analyzed by row mean scores
difference and the Cochran-Armitage
trend test (Supplementary Table 3).

mRNA expression and protein
levels of ZAG in muscle and
adipose tissue of subjects with
NGT and nT2DM
To determine whether ZAG mRNA and
protein expression in muscle and in fat
were altered in human insulin resis-
tance, we performed real-time RT-PCR

and Western blotting analysis in muscle
and adipose tissue biopsy samples ob-
tained from 10 healthy and 10 nT2DM
subjects. As shown in Fig. 2A–D, ZAG
protein expression in adipose tissues
was markedly higher than in skeletal
muscle, suggesting that adipose tissue
seems to be an important contributor
to ZAG systemic levels. In addition,
ZAG mRNA expression was lower in
adipose tissues from nT2DM patients
than controls (by ~1.5-fold; P , 0.05)
(Fig. 2A). Similar to mRNA expression,
ZAG protein content in adipose tissues
also was decreased in nT2DM patients
compared with controls (by ~2.4-fold;
P , 0.05) (Fig. 2C).

Figure 1dCirculating ZAG level in study population. A: Circulating ZAG levels according to sex (n = 132 females and 153 males). B: Circulating
ZAG levels according to BMI subgroups (normal weight BMI,25 kg/m2 and overweight/obese BMI$25 kg/m2 vs. normal weight; *P, 0.05 and
**P, 0.01 vs. NGT ▲P, 0.05 and ▲▲P, 0.01 vs. IGT #P, 0.05). C: Circulating ZAG levels according to NGT, IGT, and nT2DM (vs. NGT
*P , 0.01 and vs. IGT ▲P , 0.01). Values were given as means 6 SD.
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Circulating ZAG levels in women
with PCOS and low insulin
sensitivity and controls with high
insulin sensitivity
In a second cross-sectional study, we
studied 15 normal-weight women with
high insulin sensitivity and 15 women
with PCOS and low insulin sensitivity.
The mean BMI was 21.64 6 3.48 kg/m2

for the women with high insulin sensitiv-
ity and 26.30 6 5.51 kg/m2 for the
women with PCOS and low insulin sen-
sitivity (P , 0.05). There was no signifi-
cant difference in age between the two

groups (27.40 6 4.95 vs. 26.40 6 1.90
years). There were significant differences
in glucose tolerance, insulin levels,
HOMA-IR, TG, HDL cholesterol, testos-
terone, and luteinizing hormone (Supple-
mentary Table 4). However, women with
PCOS and low insulin sensitivity had sig-
nificantly lower serum ZAG (37.84 6
12.47 vs. 61.53 6 17.92 mg/L; P ,
0.01) and ADI (24.17 6 4.93 vs.
30.786 6.40 mg/L; P, 0.05) compared
with women with high insulin sensitivity,
and these differences remained statisti-
cally significant after age and BMI

adjustment. Pearson correlations showed
that ZAG did not correlate with sex hor-
mones in women with or without PCOS
(data not shown).

Effects of an oral glucose challenge,
hyperinsulinemia, and liraglutide
on circulating ZAG
To evaluate whether ZAG is affected by
elevated glycemia and insulin, we exam-
ined the effects of OGTT on circulating
ZAG in 30 subjects withNGT. As expected,
glucose and insulin concentrations signifi-
cantly increased at 0.5, 1, and 2 h after

Figure 2dLevels of ZAGmRNA and protein in skeletal muscle and adipose tissues from control subjects (n = 10) and patients with T2DM (n = 10).
Results were quantified by densitometry, and data are means 6 SD. A: ZAG mRNA expression in adipose tissues. B: ZAG mRNA expression in
skeletal muscle. C: ZAG protein level in adipose tissues. D: ZAG protein level in skeletal muscle. *P, 0.05 and **P, 0.01 compared with NGT
subjects.
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an oral glucose challenge (glucose:
from 5.39 6 0.42 to 7.96 6 1.98, and
then to 5.76 6 0.65 mmol/L; insulin:
from 8.94 6 3.88 to 49.17 6 18.71,
and then to 43.15 6 21.98 mU/L). Also,
as shown in Fig. 3A, in response to
OGTT-induced high glucose and insulin
levels, serum ZAG gradually decreased
from 59.31 6 20.03 to 47.19 6 15.12
mg/L in these subjects. ADI peaked at 30
min and returned to baseline after 120
min (Fig. 3B).

We next asked whether circulating
ZAG levels are affected by euglycemic
hyperinsulinemia. EHC were performed
in 15 women with high insulin sensitivity
and 15womenwith PCOS and low insulin
sensitivity. During the EHC, insulin con-
centrations were increased from 20.51 6
8.68 to 90.66 6 10.97 mU/L in PCOS
women, and from 5.32 6 0.71 to
67.09 6 8.40 mU/L in the controls. The
glucose infusion rates were markedly
lower in PCOSwomen than in the controls
(3.82 6 1.83 vs. 11.07 6 2.86 mg/kg/
min; P , 0.01), indicating insulin resis-
tance in the PCOS women. In response
to hyperinsulinemia, serum ZAG levels in-
creased gradually in PCOS subjects (from
37.84 6 12.47 to 53.28 6 15.24 mg/L;
P , 0.01) and then decreased to 24.98 6
14.46 mg/L at 120 min (vs. 80 min; P ,
0.01; Fig. 3C). ZAG levels in women with
high insulin sensitivity decreased nonsig-
nificantly during the EHC. Circulating
ADI decreased significantly in women
with high insulin sensitivity and tended
to decrease in PCOS women during the
EHC (Fig. 3D). Finally, we also evaluated
whether liraglutide administration af-
fected ZAG levels in nT2DM patients. Af-
ter 12 weeks of liraglutide treatment,
serum ZAG had increased significantly
from 32.88 6 6.26 to 49.53 6 12.04
mg/L (P , 0.01). By comparison, ZAG
levels remained unchanged in the placebo-
treated group (35.82 6 3.41 to 36.27 6
7.44 mg/L; Fig. 3E). As expected, liraglu-
tide, but not placebo treatment, increased
ADI levels in T2DMpatients (42.846 5.74
vs. 33.106 10.96mg/L; P, 0.05; Fig. 3F).
Other effects of liraglutide are shown in the
Supplementary Table 5.

CONCLUSIONSdZAG has been
considered a new candidate factor in-
volved in the pathogenesis of insulin
resistance. However, previous studies in
human and rodents have produced con-
flicting results regarding the link between
ZAG, insulin resistance, or obesity (16–
18). Therefore, we considered it important

to examine in a series of cross-sectional
and interventional studies whether ZAG
correlates with obesity, insulin resistance,
fasting lipid profile, or ADI (another adi-
pocyte-secreted hormone that has impor-
tant associations with obesity and insulin
resistance). In the current study, we
found that compared with controls, circu-
lating ZAG levels were lower in those with
obesity, IGT, or nT2DM, suggesting that
serum ZAG levels may be related to insu-
lin resistance. In previous studies, circu-
lating ZAG levels were found to be
elevated or decreased or unchanged in
subjects with the metabolic syndrome,
obesity, or T2DM (16–18). The discrep-
ant findings between those and our stud-
ies might be attributable to differences of
the criteria adopted for the definition of
the metabolic syndrome or obesity, sam-
ple size, and methodological limitations.
The reason for the observed reduced ZAG
level in obesity, IGT, and nT2DMneeds to
be further explored in future studies.
Moreover, we also found that circulating
ZAG level correlated significantly with ad-
iposity (WHR and BMI), fasting insulin,
HOMA-IR, dyslipidemia, and glucose
metabolism. It is also of interest to note
that ZAG levels in females were higher
than in males. A possible explanation is
that this protein may have sex-specific ac-
tivity or regulation, or because of other
factors, including higher body fat per-
centage, in women that might lead to
changes. Further studies are needed to ad-
dress this issue. In the current study, we
also observed strong positive correlations
between circulating ZAG and ADI con-
centrations in contrast to the study by
Yeung et al., who did not observe a signif-
icant correlation between serum ZAG and
ADI (16). These differences could be at-
tributable to several factors. For instance,
in contrast to the study by Yeung et al.,
our study subjects were not using any
blood glucose–lowering medications.
Also, only one serum ZAG determination
was performed by Yeung et al., whichmay
not have accurately reflected the develop-
ment over time of a relationship between
serum ZAG levels and insulin resistance
or obesity.

We also have demonstrated, for the
first time, that circulating ZAG was lower
in diabetic than in prediabetic (IGT)
patients. Furthermore, we compared circu-
lating ZAG in young women with PCOS or
high insulin sensitivity and found
decreased ZAG levels in women with
PCOS. This finding further supported the
notion that ZAG might act as a circulating

biomarker of adiposity and obesity-related
insulin resistance.

Next, we evaluated the effects of an
oral glucose challenge on circulating
ZAG. We found that during an OGTT,
circulating ZAG gradually decreased in
response to the glucose challenge. How-
ever, this result cannot rule out possible
effects of hyperinsulinemia induced by
OGTT on ZAG levels. To delineate po-
tential interactions of insulin with ZAG,
we performed EHC in 15 subjects with
PCOS and in 15 subjects with high insulin
sensitivity. Because ;50% women with
PCOS have no insulin resistance, it was
necessary to find PCOS women with in-
sulin resistance (by EHC) for comparison
with ZAG levels in young women with
or without insulin resistance. Further-
more, it was also of interest to investigate
whether there are different secretion
patterns of ZAG at the euglycemic-
hyperinsulinemic state in young women
with or without insulin resistance.

During EHC, circulating ZAG in
PCOS women was increased at 80 min
and then decreased at 120 min, whereas
ZAG levels remained unchanged in
women with high insulin sensitivity. Be-
cause insulin levels were higher in PCOS
women than in the controls with high
insulin sensitivity, this result leads us to
speculate that a certain threshold of in-
sulin levels may be required for its effect
on circulating ZAG, so that an elevation of
insulin above the threshold in PCOS
women is sufficient to induce its inhibi-
tory effect on circulating ZAG.

In an interventional study, we evalu-
ated whether liraglutide, a glucagon-like
peptide-1 analogue, would affect ZAG
levels in T2DM patients. After 16 weeks
of liraglutide treatment, circulating ZAG
had increased significantly above base-
line, suggesting yet another beneficial
effect of liraglutide, a drug known to
improve glycemic control and insulin
sensitivity. It also was noteworthy that
the effect of liraglutide on ZAG was
similar to its effect on ADI, an insulin
sensitizer, suggesting that ZAG and ADI
may be regulated similarly. However, our
results do not permit us to conclude that
it was a direct effect of liraglutide on
circulating ZAG, an indirect effect of the
decrease in insulin levels, or improved
insulin sensitivity. Thus, further studies
will be required to address this issue.
Finally, we investigated ZAG mRNA and
protein expression in muscle and fat of
healthy and T2DM subjects. We found
that ZAG protein expression in adipose
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Figure 3dInterventional studies. A: Serum ZAG levels in healthy subjects during OGTT (*P, 0.01 compared with 0 min; n = 30). B: Serum ADI
levels in healthy subjects during OGTT (*P , 0.05 vs. 0 min; n = 30). C: Serum ZAG levels in women with PCOS and in healthy women during
EHC (*P, 0.01 vs. 0 min;▲P, 0.01 vs. 80 min; n = 15).D: Serum ADI levels in both PCOS and healthy women during EHC (*P, 0.01 vs. 0 min;
n = 30). E: ZAG levels before and after treatment with liraglutide or placebo in nT2DM patients (*P , 0.01 vs. pretreatment). F: ADI levels
pretreatment and posttreatment with liraglutide or placebo in nT2DM patients (*P , 0.01 vs. pretreatment). Values are given as means 6 SD.
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tissues was markedly higher than in skel-
etal muscle in normal subjects. However,
conflicting results have been presented
regarding whether there is a significant
contribution of adipose tissue to the
circulating ZAG levels. Recently, Selva
et al. (17) found a significant positive cor-
relation between ZAG serum levels and
mRNA levels of ZAG in adipose tissues.
Therefore, they thought that adipose tis-
sue was an important contributor to ZAG
systemic levels. More recently, Ryden
et al. (24) also have shown that ZAG se-
cretion from adipose tissue increased sig-
nificantly, whereas serum levels remained
unaltered in obese subjects consuming a
very low-calorie diet. They concluded
that ZAG was released from human adi-
pose tissue, but that this tissue did not
contribute significantly to the circulating
ZAG levels. However, because only 10
healthy subjects were enrolled in
this study, further detailed studies are
needed to conclusively address this issue.
Here, we also have provided evidence
of ZAG expression in human muscle,
which suggested that muscle may not be
an important contributor to circulating
ZAG levels.

Together with its circulating levels,
both ZAG mRNA and protein levels were
markedly decreased in adipose tissue of
T2DM patients. This is consistent with
two recent reports that have shown that
ZAG mRNA or protein expression was
reduced in adipose tissue of mice fed a
high-fat diet and ob/ob mice (11,25).
However, another study showed that the
expression of ZAG was significantly
upregulated in KK/Tamice (26).Whether
these differences are attributable to spe-
cies or to other differences remains to be
explored.

In summary, to gain insight into the
physiological role of circulating ZAG in
humans, we have performed a series of
cross-sectional and interventional studies
and have determined circulating ZAG
levels in groups with varying degrees of
glucose tolerance, including NGT, IGT,
and nT2DM, and in young women with
and without PCOS. We found that ZAG
was associated with markers of insulin
resistance or obesity and was affected by
oral glucose challenge, hyperinsulinemia,
and liraglutide.We also found evidence to
suggest that adipose tissue may be a
primary source of circulating ZAG in
humans, and that the downregulation of
ZAG expression in adipose tissue may be
responsible for the reduced circulating
ZAG levels in T2DM patients. Therefore,

our findings support the hypothesis that
ZAG may be involved in the development
of insulin resistance.
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