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Abstract

Objective—Adiponectin receptors 1 and 2 (AdipoR1/R2) mediate the effects of adiponectin on
glucose and lipid metabolism in vivo. We examined whether AdipoR1 and/or AdipoR2 mRNA
expression in human adipose tissue is fat-depot specific. We also studied whether their expression
in visceral and subcutaneous fat depots is associated with metabolic parameters and whether their
expression is regulated by intensive physical exercise.

Research design and methods—We determined metabolic parameters and assessed AdipoR1
and R2 mRNA expression using quantitative real-time PCR in adipose tissue in an observational
study of 153 subjects, and an interventional study of 60 subjects (20 each with normal glucose
tolerance, impaired glucose tolerance, and type 2 diabetes) before and after intensive physical training
for 4 weeks.

Results—AdipoR1 and R2 mRNA expression is not significantly different between omental and
subcutaneous fat, but their expression is several fold lower in adipose tissue than in muscle. AdipoR2
mRNA expression in visceral fat is highly correlated with its expression in subcutaneous fat. AdipoR2
MRNA expression in both visceral and subcutaneous fat is positively associated with circulating
adiponectin and HDL levels but negatively associated with obesity as well as parameters of insulin
resistance, glycemia and other lipid levels before and after adjustment for fat mass. Physical training
for 4 weeks resulted in increased AdipoR1 and AdipoR2 mRNA expression in subcutaneous fat.

Conclusions—AdipoR2 mRNA expression in fat is negatively associated with insulin resistance
and metabolic parameters independently of obesity, and may mediate the improvement of insulin
resistance in response to exercise.
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Introduction

Adiponectin is an adipose tissue-secreted cytokine which acts as a key modulator of insulin
sensitivity(1,2), and glucose and lipid metabolism(3), and has pronounced anti-atherosclerotic
effects(4,5). The beneficial effects of this highly abundant 244-amino acid protein hormone
(circulating at ~10pg/ml concentration in human serum and accounting for approximately
0.01% of total plasma protein) are predominantly mediated by two cell-membrane receptors,
AdipoR1 and AdipoR2(6).

AdipoR1 is a high-affinity receptor for globular adiponectin and studies in mice have shown
that it is ubiquitously expressed (6-10) but most abundantly in skeletal muscle. AdipoR2 is
predominantly expressed in liver and has intermediate affinity for both full-length and globular
adiponectin (6,8). Simultaneous disruption of both AdipoR1 and R2 abolished adiponectin
binding and actions, resulting in increased tissue triglyceride content, inflammation and
oxidative stress, leading to insulin resistance and glucose intolerance in mice (9). Elevated
expression of AdipoR1 and R2 has been associated with decreased plasma insulin levels in
mice in either physiological (i.e., fasting) or pathological conditions (11). We have previously
reported that prolonged exposure to high fat feeding decreases adiponectin and up-regulates
expression of adiponectin receptors in mice (12).

Both adiponectin receptors are expressed in human adipocytes (13-15) and muscle cells (16).
Moreover, we have demonstrated that adiponectin receptor expression in skeletal muscle is
increased in conditions of insulin resistance and type 2 diabetes, and an exercise intervention
for 4 weeks, which improves metabolic parameters also increases circulating adiponectin levels
and up-regulates expression of both adiponectin receptors in skeletal muscle(16). It was
recently shown, that improvement of insulin sensitivity by thiazolidinediones is not related to
AdipoR1/R2 expression changes (15).

Here, we first explored associations of AdipoR1 and/or R2 expression in visceral and
subcutaneous fat with metabolic parameters and insulin sensitivity in paired samples of omental
and subcutaneous adipose tissue from 153 subjects with a wide range of obesity, body fat
distribution, insulin sensitivity, and glucose tolerance in the context of a cross-sectional study.
We further tested the hypothesis that AdipoR1 and/or R2 mRNA expression in subcutaneous
adipose tissue is up-regulated by the previously described intensive exercise regimen for 4
weeks in 60 subjects with varying degrees of insulin resistance (16).

Research Design and Methods

Cross-sectional study

Paired samples of visceral and subcutaneous adipose tissue were obtained from 153
consecutively enrolled Caucasian men (n=75) and women (n=78) who underwent open
abdominal surgery for gastric banding, cholecystectomy, appendectomy, weight reduction
surgery, abdominal injuries, or explorative laparotomy. Percentage body fat was measured by
dual-energy X-ray absorptiometry (DEXA). In addition, abdominal visceral and subcutaneous
fat area was calculated using computed tomography scans at the level of L4-L5 as described
previously (17,18). Areas of subcutaneous and intraabdominal adipose tissue (attenuation
range of —30 to —190 Hounsfield units) were counted using ImageAccess software (Image,
Glattburg, Switzerland). In obese subjects only (BMI>30kg/m?), the ratio of intra-abdominal

Diabetes Care. Author manuscript; available in PMC 2009 August 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bliher et al.

Page 3

visceral divided by abdominal subcutaneous fat area was calculated as described previously
(17-19).

Using oral glucose tolerance tests (OGTTSs), we identified 67 individuals with either type 2
diabetes (n=36) or impaired glucose tolerance (IGT, n=31). All subjects had a stable weight
with no fluctuations of >2% of the body weight for at least 3 months before surgery. Patients
with malignant diseases or any acute or chronic inflammatory disease as determined by a
leucocyte count >7.0 x 109 /1, C-reactive protein >5.0mg/dl or clinical signs of infection were
excluded from the study. Samples of visceral and subcutaneous adipose tissue were
immediately frozen in liquid nitrogen after explantation. The study was approved by the ethics
committee of the University of Leipzig. All subjects gave written informed consent before
taking part in the study. Insulin sensitivity was assessed with the euglycemic-hyperinsulinemic
clamp method as previously described (16,20). Basal blood samples were taken after an
overnight fast. Plasma insulin was measured with an enzyme immunometric assay for the
IMMULITE automated analyzer (Diagnostic Products, Los Angeles, CA,). Plasma adiponectin
levels were assessed by radioimmunoassay (Linco Research, St. Charles, MO).

Exercise interventional study

We studied 60 Caucasian men and women with no acute or chronic inflammatory disease,
alcohol or drug abuse, or diabetic retinopathy or nephropathy. These subjects, which have not
been included into the cross-sectional study, were categorized into groups of normal glucose
tolerance (NGT) (n=20, 9 men, 11 women), impaired glucose tolerance (IGT) (n=20, 9 men,
11 women), and type 2 diabetes (T2D) (n=20, 11 men, 9 women). All subjects were enrolled
in 60 minutes of supervised physical training sessions 3 days per week as previously described
(16). At baseline and after 4 weeks of training (48 hours after the last training session),
subcutaneous adipose tissue and blood samples were obtained in the fasting state, and dual-
energy X-ray absorptiometry analyses and measurements of anthropometric parameters were
performed. All baseline blood samples and adipose tissue samples were collected between 8
and 10am after an overnight fast. Subcutaneous adipose tissue samples were immediately
frozen in liquid nitrogen after explantation. The study was approved by the ethics committee,
and all subjects gave written informed consent.

Analysis of AdipoR1/R2 mRNA expression in adipose tissue

Human AdipoR1 and AdipoR2 gene expression was measured by quantitative real-time PCR
in a fluorescent temperature cycler using the TagMan assay, and fluorescence was detected on
an ABI PRISM 7000 sequence detector (Applied Biosystems, Darmstadt, Germany) as
described previously (16). The following primers were used: human AdipoR1: TTCTTCCTC
ATG GCT GTG ATG T (sense) and AAG AAG CGC TCA GGA ATT CG (antisense); human
AdipoR2: ATA GGG CAG ATA GGC TGG TTG A (sense) and GGA TCC GGG CAG CAT
ACA (antisense); human 18s rRNA: TGC CAT GTC TAA GTA CGC ACG (sense); TTG
ATA GGG CAG ACG TTC GA (antisense).

Statistical analyses

In both, the cross-sectional and interventional studies, comparisons of descriptive
characteristics, expressed as mean = SE or means with 95% Cls, were conducted using one-
way ANOVA with Bonferroni corrected post hoc tests and were repeated using nonparametric
Kruskal-Wallis tests. Nonparametric Spearman correlation coefficients were calculated to
examine the cross-sectional associations of adiponectin and its receptors with anthropometric
and insulin resistance-related parameters. Analyses were repeated adjusting for age, body fat
and sex. For the interventional study, post hoc comparisons of baseline and after-training
measures, expressed as mean + SE, were conducted using paired t tests within groups of glucose
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tolerance (NGT, IGT and T2D). Differences in change between groups in measurements were
compared by one-way ANOVA with Bonferroni corrected post hoc tests.

We present descriptive characteristics of participants in the cross-sectional study (n=153) and
exercise intervention study (n=60) in Table 1. In lean and healthy subjects, AdipoR2 gene
expression in adipose tissue was higher than that of AdipoR1 (P<0.05), and expressions of
both AdipoR1 and AdipoR2 was substantially lower in subcutaneous adipose tissue than in
muscle (P<0.05 for both) (Figure 1A). In addition, visceral and subcutaneous AdipoR2
expression were highly interrelated (Table 2) and both were significantly higher in lean than
in obese subjects and in subjects with NGT compared to subjects with IGT or type 2 diabetes
(Figure 1B). Expression of AdipoR1 did not differ between lean, subcutaneous obese or
visceral obese subjects in either depot (Figure 1A). Subcutaneous AdipoR1 mMRNA expression
was lower in subjects with NGT compared with IGT or type 2 diabetes (Figure 1B). Age was
negatively correlated with circulating adiponectin levels (r = -0.18, P = 0.033) as well as
AdipoR2 expression in both subcutaneous (r = -0.30, P < 0.001) and visceral adipose tissue
(r =-0.32, P < 0.001). The associations of adiponectin receptor gene expression with insulin
resistance and obesity were similar when subjects were stratified by age in two categories, i.e.
younger or older than 60 years (data not shown).

We then examined age-adjusted associations of adiponectin receptor expression in fat with
anthropometric and metabolic variables among subjects enrolled in the cross-sectional study
(Table 2). Serum adiponectin was significantly and negatively correlated to adiposity measures,
IGT, and dyslipidemia. After adjustments for age, sex and percent body fat, adiponectin
remained negatively associated with waist-to-hip ratio (WHR) and free fatty acids and
positively associated with HDL cholesterol and insulin sensitivity (clamp). Expression of
AdipoR1 in visceral fat was only correlated with subcutaneous AdipoR1 mRNA expression
and free fatty acid serum concentrations beyond the effects of age, sex and percent body fat
(Table 2). In contrast, AdipoR2 expression in both fat depots showed strong correlations with
adiponectin, HDL cholesterol, and measures of adiposity, IGT, and dyslipidemia (Table 2).
Among subjects in the interventional study, moderate correlations between AdipoR1
expression in subcutaneous fat and adiposity/IGT (r=0.5 for BMI, WHR, percent body fat, and
2hr OGTT glucose) disappeared after adjusting for sex and percent body fat. Associations of
AdipoR2 expression in subcutaneous fat with the studied metabolic variables were very similar
both in direction and magnitude with those reported for the cross-sectional study (data not
shown).

Associations between AdipoR2 expression and metabolic variables also remained significant
upon adjusting for age, sex and body fat. To eliminate a potential effect of type 2 diabetes
(n=26 of 153, 17%), we performed additional analyses excluding type 2 diabetic subjects.
Neither mean AdipoR2 mRNA expression differences, nor statistically significant associations
were altered by excluding subjects with type 2 diabetes from the analyses (data not shown).

Four weeks of intensive physical training resulted in significant improvements of body weight,
percent body fat, insulin sensitivity and circulating adiponectin, leading to increases in skeletal
muscle AdipoR1/R2 mRNA expression (16). We report here that the same intervention led to
an increased expression of AdipoR1/R2 in subcutaneous fat (Figure 1B). Subcutaneous
AdipoR1 expression was elevated by 63% in subjects with NGT, by 48% in participants with
IGT, and by 89% in type 2 diabetic patients. Similarly, AdipoR2 expression in subcutaneous
fat was significantly higher, with increases of 48, 58, and 57% for the same subgroups,
respectively. These changes in receptor expression were independent of decreases in body
weight (data not shown, adjusted P<0.05 for both in all groups). Finally, the increase of
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AdipoR2 in subcutaneous fat is significantly and positively correlated to the increases of
AdipoR2 in skeletal muscle (R% =0.34, P<0.01).

Conclusions

Adiponectin has become widely accepted as a key regulator of insulin sensitivity and
metabolism(1-5), but the physiological regulation and role of adiponectin receptors, AdipoR1
and AdipoR2, in mediating the beneficial effects of adiponectin in humans remain to be fully
elucidated. We confirm age, gender and BMI-independent relationships between circulating
adiponectin and measures of obesity and insulin sensitivity, supporting previous reports that
adiponectin is related to central adiposity and improved insulin sensitivity beyond associations
with total body fat (21). In this study, we confirm, using quantitative real-time PCR that both
receptors are expressed in subcutaneous and visceral adipose tissue, but at levels significantly
lower than in skeletal muscle. We also demonstrate that expression of AdipoR2 is several fold
higher than that of AdipoR1 in fat. It correlates negatively with obesity, lipid level, glycemia
and insulin resistance, and is significantly decreased in states of insulin resistance including
obesity and type 2 diabetes.

It was recently shown that in elderly men, high adiponectin levels are associated with increased
all-cause and cardiovascular disease mortality (22). However, subgroup analyses in individuals
aged > 60 years revealed similar associations of adiponectin receptor gene expression with

insulin resistance and obesity compared to younger subjects. In parallel to our previous analysis
of skeletal muscle AdipoR1/R2 mRNA expression (16), 4-weeks of intensive exercise training
significantly elevated gene expression of both AdipoR1/R2 in subcutaneous adipose tissue in
subjects with NGT, IGT, and type 2 diabetes, with comparable relative increases across groups.
However, because of the lack of association between baseline AdipoR1 expression and most
parameters in the cross-sectional study, the potential mechanisms causing increased AdipoR1
expression in response to exercise remain elusive. Therefore, more sophisticated study designs
are necessary to elucidate the causal factors for training-induced AdipoR1 expression changes.

Only a limited number of studies have examined adiponectin receptor expression in adipose
tissue in a small number of humans and have yielded inconclusive results (13,15,23). A recent
cross-sectional study reported, similar to our study, decreased AdipoR2 expression, but no
differences in AdipoR1 expression in intra-abdominal adipose tissue among obese subjects
with and without diabetes compared to lean controls (23). Our study confirms these findings
in visceral adipose samples from a larger study sample (n=153) and extends previous results
by demonstrating similar associations in subcutaneous fat.

Similar to our study, a recent weight-loss intervention study of lean and obese women
consistently reported reduced AdipoR2 gene expression in subcutaneous adipose tissue from
obese versus lean women (13) and reported significant decreases in AdipoR1 with obesity. In
contrast to our and other previous (23) findings, however, this study did not find decreased
AdipoR2 mRNA expression in visceral fat. These differences may be due to the exclusion of
males and a lower mean age of this study population (13). We confirm the data referring to
AdipoR2 expression in subcutaneous adipose tissue, utilizing a longer study, and consisting
with that previous study (13), we show that serum adiponectin and adiponectin receptor
expressions increase with exercise in both lean and obese subjects independent of glycemic
control. Moreover, in the exercise intervention study, we also show that AdipoR1 expression
in subcutaneous adipose tissue is ~20-fold lower and AdipoR2 ~1.5-fold less than in muscle
in humans.

Although AdipoR1/R2 gene expression increases both in skeletal muscle and subcutaneous fat
with intensive exercise, mMRNA expression of both receptors is higher and shows greater
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improvements with exercise training in skeletal muscle than in subcutaneous adipose tissue. It
was recently shown, that insulin-sensitizing effects of thiazolidinediones are not linked to
AdipoR1/R2 expression changes (15), suggesting that mechanisms other than improved insulin
sensitivity causing increased AdipoR1/R2 mRNA levels in response to training. Additional
paracrine or autocrine adiponectin effects in adipose tissue may explain the different aspects
of AdipoR1/R2 mRNA expression regulation between fat and muscle. We further investigated
whether adiponectin receptor mRNA expression varies in relation to differences in fat
distribution and glycemic control. Based on computed tomography scanning measurements
(L4-L5) of abdominal visceral and subcutaneous fat areas, obese subjects were further
categorized as predominantly visceral or subcutaneous obese, with predominantly visceral
obesity defined as a ratio of visceral-to-subcutaneous fat area > 0.5, as previously described
(17,18). Independent of fat distribution, AdipoR2 mRNA was reduced in subcutaneous and
visceral fat among subjects with obesity compared to lean individuals. No such differences
were found for AdipoR1 mRNA expression among all groups. Similarly, AdipoR2 mRNA
expression in subcutaneous fat was reduced in patients with IGT and type 2 diabetes, whereas
AdipoR1 mRNA was higher in IGT and type 2 diabetic patients. It has been previously
suggested that AdipoR2 may play a more substantial role in the pathogenesis of type 2 diabetes
(23-25). This hypothesis is supported by the significant associations of AdipoR2 mRNA
expression in adipose tissue with measures of obesity and diabetes in this study. Dysregulation
of AdipoR2 expression (6,23) in adipose tissue may promote accumulation of lipids due to
reduced adiponectin action. Future studies are needed to fully clarify the potentially distinct
roles of AdipoR1 and AdipoR2 in regulating the action of adiponectin in various tissues and
metabolic conditions.

In summary, we show that AdipoR2 mRNA expression in subcutaneous and visceral adipose
tissue is reduced in states of obesity and type 2 diabetes. In contrast to AdipoR1 mMRNA
expression, AdipoR2 mRNA expression in fat correlates with circulating adiponectin levels,
lipid levels, parameters of insulin sensitivity and glycemic control. An exercise intervention
for 4 weeks resulted in increased expression of both adiponectin and adiponectin receptors
which may thus mediate the beneficial effects of exercise on insulin resistance, glycemia and
lipidemia.
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Figure 1A). Adiponectin and receptor gene expression in visceral and subcutaneous (SC)
adipose tissues at baseline in subjects with lean, subcutaneous obese and visceral obese for
cross-sectional study. * P<0.05, ** P<0.01, ** P<0.001 versus lean;
FigurelB). Adiponectin receptor gene expression in skeletal muscle and subcutaneous (SC)
adipose tissue at baseline and after intensive physical training in subjects with normal glucose

tolerance (NGT), impaired glucose tolerance (IGT) and type 2 diabetes (T2D) for

interventional study. * P<0.01, ** P<0.001 versus baseline; * P<0.01, ** P<0.001 versus
NGT; # P<0.05 versus IGT.
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