Fat Depot-Specific Expression of Adiponectin Is Impaired in Zucker Fatty Rats
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Adiposity, particularly increased intra-abdominal fat, is a predisposing factor for the development of insulin resistance in
obesity and type 2 diabetes. Visceral fat seems to differ from subcutaneous adipose tissue in adipocytokine production. This
fat depot-related difference has been viewed as an important mechanism by which adipose tissue exerts its paracrine/
autocrine effects on peripheral tissue in modulating insulin sensitivity. We have studied the relative expression of adiponectin
in visceral versus subcutaneous fat in Zucker fatty versus lean rats. Visceral fat, as opposed to subcutaneous fat, exhibited
relatively higher levels of adiponectin production in lean animals. However, in Zucker fatty rats, adiponectin expression in
visceral fat was suppressed to basal levels, which correlated with significantly reduced plasma adiponectin concentrations
and increased insulin resistance. These results suggest that an impaired depot-specific expression of adiponectin is a

contributing factor for the development of insulin resistance in Zucker fatty rats.

© 2003 Elsevier Inc. All rights reserved.

DIPOSE TISSUE, long considered a passive fat depot, is
an endocrine organ that plays a pivota role in energy
homeostasis. Adipocytes not only secrete free fatty acid (FFA),
but also release a large variety of different protein factors,
including leptin, tumor necrosis factor alpha (TNF-«), plasmin-
ogen activator inhibitor 1 (PAI-1), angiotensin I, acylating
stimulating protein (ASP), interleukin-6 (IL-6), adiposin, resis-
tin, and adiponectin (also known as Acrp30, AdipoQ, or
apM1), which are collectively termed adipocytokines.’-> These
factors in circulation perform different paracrine/autocrine
functions in controlling energy expenditure by modulating the
whole-body insulin sensitivity. Dysregulated secretion of adi-
pocytokines, eg, leptin, adiponectin, IL-6, or TNF-«, has been
shown to result in metabolic perturbations associated with the
pathophysiology of obesity and type 2 diabetes.5”

Both obesity and type 2 diabetes are characterized by insulin
resistance, a significantly diminished state of tissue responsive-
ness to normal plasma insulin levels. Recent preclinical and
clinical studies have implicated adiponectin as an important
mediator of insulin sensitivity in periphera tissue.25 Plasma
adiponectin concentrations are markedly reduced with increas-
ing insulin resistance in obese patients with type 2 diabetes.8-15
Transgenic mice lacking adiponectin exhibit diet-induced insu-
lin resistance.16 Antihyperglycemia drug therapy with thiazo-
lidinediones or substantial body weight reduction in obesity
and type 2 diabetes improves insulin sensitivity and also results
in increased adiponectin production.1”-2t Furthermore, adi-
ponectin infusion enhances insulin action in the liver and
increases FFA oxidation in the muscle, improving glucose and
fat metabolism and ameliorating insulin resistance in type 2
diabetic mice.2224 |t appears that adiponectin can act as an
insulin-sensitizing factor to improve insulin sensitivity by aug-
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menting the responsiveness of peripheral tissues, at least for the
liver and muscle, to insulin action.2

Increased adiposity is a risk factor for the development of
hyperinsulinemia, hyperlipidemia, and type 2 diabetes, but
recent studies suggest that intra-abdominal fat, as opposed to
subcutaneous fat, is closely associated with these obesity-re-
lated metabolic syndromes. Visceral fat cellsare smaller in size
and less responsive to insulin action, displaying a relatively
higher basal lipolytic rate than subcutaneousfat cells.2526 Since
visceral fat is directly drained into the portal venous system,
increased adiposity in the visceral depot tends to increase FFA
flux through the portal system, resulting in inhibition of insulin
action via the Randl€’s effect in periphera tissue.27.28

In this study, we have examined the expression of adiponec-
tin in Zucker diabetic fatty (ZDF) rats, demonstrating that
plasma adiponectin levels correlated inversely with the degree
of insulin resistance and percentage of visceral fat mass. Fur-
thermore, we showed that adiponectin expression in visceral fat
was significantly higher than in subcutaneous fat in lean ani-
mals. However, in ZDF rats, this depot-related difference in
adiponectin production was severely impaired, resulting in a
much greater reduction in adiponectin production in visceral
fat.

MATERIALS AND METHODS
Animal Sudies

Inbred obese male ZDF rats and lean heterozygous littermates at the
age of 8 weeks were purchased from Charles River Laboratory (Wil-
mington, MA) and fed with the Purina LabDiet 5058 (Purina Mills, St
Louis, MO) and water ad libitum in sterile cages in a barrier animal
facility with a 12-hour light/dark cycle. Blood glucose levels were
monitored using the Glucometer Elite (Bayer, IN). To determine
plasma chemistries, blood samples were collected from tail vein into
capillary microvette containing Potassium-EDTA (Sarstedt, Germany)
and plasma was prepared by centrifugation at 6,000 rpm for 5 minutes.
Plasma triglyceride levels were measured using the Sigma Diagnostics
kit (Sigma, St Louis, MO). Plasma FFA in serum was determined using
the Wako NEFA C test kit (Wako Chemicals, Richmond, VA). Plasma
insulin levels were quantified using the ultrasensitive rat insulin en-
zyme-linked immunosorbent assay (ELISA) kit (Crystal Chem, Chi-
cago, IL). Plasma adiponectin levels were determined using the radio-
immunoassay kit for rat adiponectin (Linco Research, St Charles, MI).
Plasmalevels of TNF-a were measured using the rat TNF-o ELISA kit
(Alpco, Windham, NH).
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Tissue RNA Isolation

To study the relative contribution of depot-specific expression of
adiponectin to the overall plasma adiponectin concentrations, animals
were killed at age 5 months. Both subcutaneous and visceral adipose
tissues were extracted from dead animals and used for RNA isolation
using the RNeasy Mini Kit (Qiagen, Vaencia, CA). Twenty milligrams
of adipose tissue was homogenized in 300 uL of cell lysis buffer using
a rotor-stator tissue homogenizer. Total RNA was purified from ho-
mogenized tissue and the RNA concentration in the sample was deter-
mined by measuring the optical density at 260 nm. All procedures
involved in the use of laboratory animalsin this study, including blood
sampling from tail vein and sacrifice of animals by CO, overdosing,
were approved by the Institutional Animal Care and Use Committee
(IACUC) of Mount Sinai School of Medicine.

Real-Time Quantitative Reverse-Transcriptase Polymerase
Chain Reaction

Real-time quantitative reverse-transcriptase polymerase chain reac-
tion (RT-PCR) was used for determination of the adiponectin mRNA
concentrations in the subcutaneous versus visceral adipose tissue using
the Roche LightCycler-RNA amplification kit (Roche Diagnostics,
Mannheim, Germany). For each reaction, aliquots (250 ng in 10 uL) of
RNA isolated from adipose tissue were mixed with 4 ulL of the
LightCycler RT-PCR reaction mix SYBR green |, 24 ulL of 25
mmol/L MgCl,, 2 nL of the primer mix (containing 2 wmol/L primers
for forward and reverse reactions), 9.2 uL of RNase free H,O, and 0.4
pL of the LightCycler RT-PCR enzyme mix in afinal volume of 20 uL
in capillary reaction tubes provided by the kit. In addition, aliquots of
denatured cDNA (~250 bp) corresponding to the test MRNA at a series
of concentrations ranging from 0.3 ng, 1 ng, 3 ng, 10 ng, and 30 ng
were treated identically as above and used as controls for standard
curve construction. As a negative control, a separate reaction without
RNA sample was included in each reaction. All reactions were carried
out by reverse transcription (RT) at 55°C for 10 minutes, followed by
PCR amplification using the program containing 45 cycles of 95°C for
30 seconds, 55°C for 10 seconds, and 72°C for 14 seconds for each
cycle. At the end of reaction, the cycle threshold (Ct) values, ie, the
cycle numbers at which fluorescence signals exceed background were
obtained for standard and unknown samples. A standard curve was
constructed by plotting the Ct values as a function of the log concen-
tration of standard cDNA (ng). Based on the Ct values of unknown
samples, their relative mMRNA concentrations were obtained from the
standard curve. The two adiponectin primers used in real time RT-PCR
are for forward reaction 5'-ACCCAGGAGATGCTG-3' (correspond-
ing to rat adiponectin cDNA, 233-247 nt) and for reverse reaction,
5’-ACCTGGAGCCAGACTTGGTC-3' (rat adiponectin cDNA, 622-
641 nt). B-actin primers were purchased from Promega (Madison, WI).

Insulin Sensitivity Index

Insulin sengitivity indices (1Sl) of individual animals for glycemia
[ISI(gly)] and plasma FFA [1SI(ffa)] were calculated using the formula,
ISI(gly) = 2/[[(INSp X GLYp) + 1] and ISI(ffa) = 2/[(INSp X
FFAp) + 1], respectively. Here INSp stands for fasting plasmainsulin
concentrations, GLY p denotes fasting blood glucose levels, and FFAp
represents fasting plasma FFA concentrations, all values being con-
verted to mmol/L (or wmmol/L), as previously described.2® A similar
homeostasis model assessment (HOMA) for calculating ISl has also
been described by Matthews et al.3° The principle of these formulasis
as follows: a reduction in insulin sensitivity results in elevation of
blood glucose and plasma insulin in obesity and type 2 diabetes. As a
result, ISl is a function of the compound effect of elevated blood
glucose and plasma insulin. Preclinical and clinical data indicate that
ISI calculated on the basis of fasting blood glucose and basal plasma
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insulin concentrations correlates inversely with the degree of B-cell
dysfunction and overall insulin resistance, as assessed by euglycemic
clamp techniques.102%-31 |n this study, this method was adopted to
calculate ISl in ZDF and lean rats.

Statistics

Statistical analyses of data were performed by analysis of variance
(ANOVA) using the StatView software (Abacus Concepts, Berkeley,
CA). Pairwise comparisons were performed to study statistical signif-
icance between ZDF and lean rats. In addition, correlation coefficients
were studied by regression analysis. Data were expressed as the
mean *= SE. P values less than .05 are statistically significant.

RESULTS
Adiponectin Expression in ZDF Versus Lean Rats

In this study, 13 male ZDF and 5 age-matched male lean
littermates were used to characterize adipose tissue depot-
specific expression of adiponectin in relation to insulin resis-
tance. ZDF rats at the age of 5 months became severely obese
with an average body weight of 392 = 27 g, in comparison to
their lean littermates (body weight, 212 + 6 g) (Fig 1A). In
addition, ZDF rats exhibited hyperglycemia (FiglB), hyperin-
sulinemia (Fig 1C), and hyperlipidemia (Fig 1D and E), ac-
companied by elevated plasma TNF-a levels (Fig 1F).

To study the expression level of adiponectin in ZDF versus
lean rats, plasma adiponectin levels were determined under
both nonfasting and fasting conditions. Asshownin Fig 2, ZDF
rats exhibited significantly reduced plasma adiponectin concen-
trations in comparison to their lean littermates (13.3 = 1.7 v
81 = 04 ug/mL, P < .005). However, in response to a
24-hour fast, a significant difference in plasma adiponectin
expression was revealed between ZDF rats and their lean
littermates. Plasma adiponectin concentrations were greatly
reduced in lean animals after 24 hours of fasting (9.2 = 0.6 v
13.3 = 1.7 pg/mL under nonfasting conditions, P < .005). In
contrast, no significant changes in plasma adiponectin concen-
trations were detected in ZDF rats before (8.1 = 0.5 ug/mL)
and after 24 hours fasting (8.9 = 1.2 ug/mL).

Depot-Fecific Expression of Adiponectin in ZDF Rats

To study the relative contribution of adiponectin production
in visceral versus subcutaneous fat to the overall plasma adi-
ponectin, the relative abundance of adiponectin mRNA in these
two adipose tissues was determined by rea-time quantitative
RT-PCR using B-actin mRNA as an internal control. As shown
in Fig 3, adiponectin was differentially expressed in subcute-
neous and visceral fat. In lean animals, viscera fat contributes
more to the overall plasma adiponectin, as evidenced by a
2-fold higher expression level of adiponectin in visceral adipo-
cytes than in subcutaneous fat cells. In contrast, this depot-
specific expression of adiponectin is reversed in ZDF rats. Here
the relative abundance of adiponectin mRNA in subcutaneous
fat is relatively higher than that in visceral fat, but overall the
expression levels of adiponectin in both subcutaneous and
visceral adipose tissues were markedly reduced in ZDF rats,
which correlated with their plasma adiponectin levels (Fig 2).
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(n = 13) rats at age 5 months were measured for (A) body weight, (B)
fasting blood glucose levels, (C) basal plasma levels of insulin, (D)
FFA, (E) triglycerides, and (F) TNF-a. *P < .001 v lean animals.

Relationship Between Adiponectin Expression and Insulin
Resistance in ZDF Rats

To study the relationship between adiponectin production
and insulin resistance in ZDF and lean rats, we correlated
plasma adiponectin concentrations with fasting blood glucose
and basal plasma insulin levels. Negative correlations were
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produced between plasma adiponectin concentrations and the
degree of hyperglycemia (Fig 4A) and hyperinsulinemia (Fig
4B). Likewise, plasma adiponectin concentrations were also
negatively correlated with plasma levels of FFA (Fig 4C),
triglycerides (Fig 4D), TNF-a (Fig 4E), and the percentage of
visceral fat mass in ZDF and lean rats (Fig 4F).

To determine the degree of insulin resistance in ZDF and
lean rats, we calculated 1SI(gly) and 1SI(ffa) based on fasting
blood glucose and basal plasma insulin (or FFA) levels as
described earlier. In these calculations, the mean ISI in lean
animals was set to 1 and ISIs in individual ZDF and lean rats
were calculated accordingly. Since ISl is an inverse function of
insulin resistance, it should decrease with increasing insulin
resistance. Indeed, 1SI(gly) and ISI(ffa) were 0.21 + 0.04 and
0.18 = 0.03 in ZDF rats, compared to the corresponding values
of 1.0 = 0.04 and 1.0 = 0.03 in lean animals. When correlated
with plasmaadiponectin, both 1SI(gly) for glycemic control and
ISI(ffa) for FFA metabolism increased with increasing plasma
adiponectin concentrations (Fig 4G and H).

DISCUSSION

Adiponectin is an adipocyte-derived protein that is abun-
dantly expressed and secreted from adipocytes. Evidence is
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Fig 2. Plasma adiponectin levels in ZDF and lean rats under non-
fasting conditions and after 24 hours fasting. *P < .005. NS, not
significant.
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Fig 3. Adiponectin expression in subcutaneous (SC) and visceral
(VIS) fat in ZDF v lean rats. Adiponectin mRNA expressed in visceral
and subcutaneous fat was quantified by real-time RT-PCR using
B-actin mRNA as internal standards. After normalizing to the amount
of B-actin mRNA, the relative abundances of adiponectin mRNA in
visceral and subcutaneous tissues were calculated for ZDF and lean
animals. *P < .001. **P < .05. Data in a given tissue between ZDF and
lean rats were also significant (P < .005).

accumulating that adiponectin expression correlates closely
with whole-body insulin sensitivity.21316.17.19.2324 Thjg close
correlation between plasma adiponectin levels and insulin sen-
sitivity has led to the idea that adiponectin functions as an
insulin-sensitizing adipocytokine in controlling fuel metabo-
lism and energy balance.25 In support of this idea, our present
studies provide additional data showing that adiponectin ex-
pression was significantly reduced in ZDF rats, in comparison
to their age-matched lean littermates. Furthermore, we showed
that plasma adiponectin levels correlated positively with insulin
sengitivity and negatively with the degree of hyperglycemia,
hyperinsulinemia, hyperlipidemia, and the percentage of vis-
ceral fat pad mass. Thus, reduced adiponectin production is
associated with increased insulin resistance, accompanied by
impaired glucose and lipid metabolism in ZDF rats.

In addition, we showed that plasma adiponectin concen-
trations correlated inversely with plasma TNF-a in ZDF
rats. Increased TNF-« production in adipose tissue is known
to be a causative factor for the pathogenesis of insulin
resistance.l Interestingly, TNF-« shares a great degree of
structural similarity with adiponectin, although no signifi-
cant homology exists in amino acid sequences between these
2 proteins.32 Based on these observations, it is postulated
that TNF-« and adiponectin act in an antagonist manner in
modulating insulin action. There is evidence that TNF-«
administration causes increased lipid synthesis and accumu-
lation in the liver, resulting in hepatic insulin resistance.33-35
Conversely, adiponectin injection enhances insulin action in
the liver and increases FFA oxidation in the skeletal muscle,
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contributing significantly to improved whole-body insulin
sensitivity in type 2 diabetic mice.24 More recently, it was
shown that adiponectin and TNF-a mutually suppress each
other’s expression in adipocytes in a dose-dependent man-
ner.36 Together these results suggest that decreased plasma
adiponectin, coupled with increased TNF-« production, isan
aggravating factor for the pathogenesis of insulin resistance
in obesity-related type 2 diabetes.

Intra-abdominal adiposity is causative for the development
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Fig 4. Correlation between plasma adiponectin levels with insulin
sensitivity indices. Plasma adiponectin levels were correlated with
(A) blood glucose levels, (B) plasma levels of insulin, (C) FFA, (D)
triglycerides, (E) TNF-q, (F) the percentage of intra-abdominal fat pad
mass, as well as insulin sensitivity indices (G) ISl(gly) and (H) ISl(ffa)
in ZDF rats and their lean littermates. (m) ZDF rats; ({J) lean controls.
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of hyperinsulinemia and insulin resistance in type 2 diabetes.
Despite increased fat mass, plasma adiponectin levels are sig-
nificantly reduced in obesity with type 2 diabetes, and yet the
molecular mechanism underlying this paradoxical decrease in
plasma adiponectin levels with increased adiposity in relation
to insulin resistance is unknown. In this study, we showed that
adiponectin is differentially expressed in visceral versus sub-
cutaneous adipose tissues. In lean animals, adiponectin expres-
sion is significantly higher in visceral fat than in subcutaneous
adipose tissue, suggesting that visceral fat is a predominant
contributor to plasma adiponectin. However, this depot-specific
expression of adiponectin is greatly impaired in ZDF rats.
Although adiponectin expression levels in both tissues were
significantly reduced, contributing to the reduced plasma adi-
ponectin concentrations in ZDF rats, the amplitude of reduction
was different between visceral and subcutaneous tissues. In
comparison to a 50% reduction of adiponectin expression in
subcutaneous fat, adiponectin expression in visceral adipose
tissue was suppressed to a basal level in ZDF rats. This pro-
nounced defect in adiponectin production in visceral fat, as
opposed to that in subcutaneous adipose tissue, is a major
contributing factor for the greatly reduced plasma adiponectin
concentrations, which underlies the greater importance of vis-
ceral adiposity in the pathogenesis of insulin resistance asso-
ciated with obesity and type 2 diabetes. Consistent with this
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interpretation is the observation that adiponectin production in
intra-abdominal adipocytes, but not in other adipose tissue, was
significantly increased in db/db mice in response to insulin-
sensitizing drug therapy.2* Furthermore, amore recent study by
Milan et al37 showed that body weight reduction, caused by
food restriction, significantly improved insulin sensitivity and
also restored adiponectin production in visceral adipose tissue
to normal in ZDF rats.

In conclusion, we showed in arat model of obesity and type
2 diabetes that plasma adiponectin is correlated positively with
insulin sensitivity and negatively with plasma TNF-« levels
and the percentage of intra-abdominal fat mass. Furthermore,
we present evidence that adiponectin is differentially expressed
in visceral vs. subcutaneous adipose tissue. These results are
consistent with the idea that viscera fat plays an important role
in modulating whole-body insulin sensitivity by controlling the
expression and secretion of different metabolic adipocyto-
kines.1.38:39 |mpaired adiponectin secretion in visceral fat is a
significant contributing factor for the pathogenesis of insulin
resistance in ZDF rats.
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