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Abstract

Body fatness and its distribution are strongly and independently associated with peripheral insulin action. How-
ever, these associations are limited in their ability to predict the independent nature of hepatic and peripheral
insulin resistance, especially in obese women. To define the relationships more precisely between regional fat
distribution and adiponectin, and hepatic and peripheral insulin resistance, we studied 22 obese (43 � 0.1%)
women who underwent a dual-energy X-ray absorptiometry scan and a computed tomography scan at the
L4–L5 level. An octreotide (60 ng � kg�1 � min�1), glucagon (0.65 ng � kg�1 � min�1), and two-step insulin (0.25
mU � kg�1 � min�1 and 1.0 mU � kg�1 � min�1) infusion was performed to quantify insulin-mediated suppres-
sion of hepatic glucose production (SGP) and insulin-stimulated glucose disposal (ISGD) in a simultaneous
fashion. Hepatic glucose production (HGP) was measured using a primed, constant infusion of [6,62H2] glu-
cose. Mean plasma insulin increased from 5.6 � 0.1 �U/mL at baseline to 15.1 � 1.5 �U/mL in the first stage,
and to 80.7 � 0.5 �U/mL in the second stage. Although there was no significant relationship between visceral
adipose tissue (VAT) and basal HGP (r � 0.34, p � 0.117), there was a significant inverse correlation (r � �0.67,
p � 0.003) between VAT and SGP. There was a significant correlation (r � 0.55, p � 0.008) between adiponectin
and ISGD. In conclusion, these data support: (1) the inability of basal glucose metabolism to accurately reflect
hepatic insulin resistance, (2) the deleterious role of VAT in the development of insulin resistance in the liver,
and (3) provide additional support for the positive influence of adiponectin against peripheral insulin resis-
tance in obese, postmenopausal women.
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Introduction

OBESITY AND THE INCREASED RISK of type 2 diabetes are char-
acterized by the impaired suppression of hepatic glu-

cose production (HGP), reduced peripheral glucose trans-
port, and defects in insulin secretion.1 In addition, the
menopause-induced reduction in estrogen promotes ab-
dominal obesity in women and may disproportionately in-
crease their risk of metabolic disease.2

Approximately two thirds of women between the ages of
50 and 69 are either overweight (body mass index [BMI] �
25–29.9 kg/m2) or obese (BMI � 30 kg/ m2).3 Although obe-
sity confers an increased risk for the development of type 2
diabetes, this provides little information on the potential ef-
fects of changes in body composition on the etiology of he-
patic and peripheral insulin resistance. It is also known that
whereas premenopausal women have significantly less ab-

dominal fat than men,4 obese, postmenopausal women are
more likely to accumulate fat into the abdominal region.3

This is important because the accumulation of visceral adi-
pose tissue (VAT) of more than 110 cm2 as derived from com-
puted tomography (CT) scans represents a critical point in
the onset of metabolic abnormalities.5 As such, the contri-
bution of VAT to excess free fatty acid (FFA) delivery into
the portal and systemic circulation may be elevated in
women,6 and would likely influence the development of he-
patic insulin resistance. Despite compelling evidence outlin-
ing the existence of hepatic insulin resistance under prandial
insulin concentrations7 in obese males and females, the link
between hepatic insulin resistance and visceral fat has not
been established under mild hyperinsulinemic conditions
(i.e., two-fold above baseline). Given the range of basal in-
sulin concentrations, and the shift of adipose tissue from
gluteal/femoral regions to abdominal depots associated with
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menopause,8 the contribution of VAT toward hepatic insulin
resistance in this population requires investigation.

In addition to potential relevance of regional adipose tis-
sue deposition on systemic insulin resistance, decreased
adiponectin may potentiate metabolic dysregulation and ex-
acerbate lipid-induced insulin resistance in the liver,9 and
skeletal muscle.10–12 Taken together, menopause accentuates
the storage of excess abdominal fat and may augment the
development of hepatic insulin resistance,5 whereas dimin-
ished adiponectin levels linked to increased adipose tissue13

may be associated with the onset of both hepatic and pe-
ripheral insulin resistance.14

In obese, postmenopausal women, we hypothesized that:
(1) an inverse correlation would exist between visceral fat
and insulin-mediated suppression of HGP (SGP, suppres-
sion of hepatic glucose production) and insulin-stimulated
glucose disposal (ISGD), and that (2) adiponectin would be
positively correlated with SGP and ISGD. To test these two
hypotheses, SGP and ISGD were evaluated using an oc-
treotide, multistage insulin infusion with basal glucagon re-
placement following a controlled eucaloric diet and an
overnight fast. In addition, we used CT-derived scans of vis-
ceral, abdominal subcutaneous, and thigh fat, as well as en-
zyme-linked immunosorbent assay (ELISA)-derived mea-
surements of plasma adiponectin.

Methods

Subjects

Twenty-two female obese subjects with a mean body mass
index (BMI) of 30 � 1 kg/m2 were studied. Subjects were re-
cruited according to age (50–60 years) and BMI (26–40
kg/m2). No subpopulation was targeted for recruitment, and
subjects were recruited without regard to sex, race, or eth-
nic status. Patients with a history of cardiovascular disease,
diabetes, or cancer were excluded. Nonetheless, it is impor-
tant to realize that obese volunteers within our stated BMI
range often have other medical conditions. Although it was
impractical to exclude all patients taking any type of med-
ication, subjects taking fibrates, niacin, statins, or other phar-
maceuticals that might have potential effects on carbohy-
drate or lipid metabolism were excluded.

All research volunteers were recruited from the greater
Little Rock, Arkansas, area using local newspaper adver-
tisements and flyers posted around the community and
within The University of Arkansas for Medical Sciences
(UAMS). Potential volunteers were screened over the tele-
phone according to the above-mentioned exclusion criteria.
Upon arrival for testing according to eligibility criteria, all
volunteers signed a screening consent and completed a med-
ical exam. Those deemed eligible for the study were fully in-
formed of the experimental procedures and possible risks as-
sociated with our research project, and were required to sign
an informed consent form prior to participation. All study
procedures and materials were approved by the Human Re-
search Advisory Committee at UAMS and the Central
Arkansas Veterans Healthcare System.

Oral glucose tolerance test

A standard 2-hour oral glucose tolerance test (OGTT) us-
ing 75 grams of glucose was completed during the medical
screening to determine subject eligibility. On the basis of the

results of the OGTT, subjects with diabetes (i.e., fasting
plasma glucose �126 mg/dL and/or 2-hour plasma glucose
of �200 mg/dL) were excluded.15 Among the 22 subjects in
the study, 7 had normal glucose tolerance (i.e., plasma glu-
cose of 100–139 mg/dL at 120 min of the OGTT) and 15 had
impaired glucose tolerance (plasma glucose of 140–199
mg/dL at 120 min of the OGTT).

Body weight and composition

Total body mass was measured to the nearest 0.1 kg us-
ing an electronic scale (Ohaus Corp, USA). ISGD data was
calculated relative to lean tissue mass using dual-energy X-
ray absorptiometry (DEXA).

Computed tomography

VAT and subcutaneous abdominal adipose tissue (SAT)
were determined from CT scans. The images from these
scans allowed fat, lean tissue, and bone to be clearly identi-
fied and quantified. The scans were completed using a GE
High-Speed Advantage scanner (General Electric Medical
Systems, Milwaukee, WI). A lateral scout was used to iden-
tify the L4–L5 vertebral disc space, and a cross-sectional 10-
mm scan was obtained using 280 mA. Total VAT was de-
termined using public domain imaging software (National
Institutes of Health [NIH] Image was available by FTP at
http://zippy.nimh.nih.com). VAT was highlighted and com-
puted using an attenuation range of �190 to �30 Hounsfield
units (HU). Total SAT and thigh fat (TF) cross-sectional area
was determined by identifying the area between the skin and
the external-most aspect of the abdominal or thigh muscle
wall. The CT images obtained were digitized by HU density
to separate fat, muscle, and bone compartments using the
NIH image program on a Macintosh Centris 660av computer.
In our laboratory, the coefficient of variation for the mea-
surement of fat area is 1.0–1.5%.

Blood samples for determination of plasma adiponectin
were drawn after an overnight fast and immediately prior to
the Multi-stage insulin infusion (MSI) procedure. Blood plasma
was immediately frozen and stored at �80°C, then later ana-
lyzed for plasma adiponectin by ELISA (Linco Research, Inc.,
St. Charles, MO). This assay has a sensitivity of 0.01 mg/dL
and intra- and interassay coefficients of variation of �8%.

SGP and ISGD

To measure SGP and ISGD in a sequential fashion within
a single experiment, we utilized an octreotide, multistage in-
sulin infusion with basal glucagon replacement. To measure
HGP, a priming dose (3.27mg/kg of [6,6 2H2]glucose) 
was administered followed by an infusion of 0.22
�mol � kg�1 � min�1 from time � �120–120 minutes, and then
increased to 0.44 �mol � kg�1 � min�1 from time � 120–240
minutes to minimize changes in enrichment. To ensure 
precise control of pancreatic hormone levels, infusions of 
octreotide (60 ng � kg�1 � min�1), and glucagon (0.65
ng � kg�1 � min�1) were started at t � 0 min and continued
throughout the clamp. Insulin was infused at a rate of 0.25
mU � kg�1 � min�1 from t � 4– 120 minutes (first stage) to
evaluate SGP, and and 1.0 mU � kg�1 � min�1 from t �
120–240 minutes in the second stage to evaluate ISGD [Basu,
2001 #1454]. We used a 4-minute delay in the insulin infu-
sion to minimize changes in peripheral insulin concentration
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that might induce subtle changes in glycemia. Euglycemia
was maintained by a variable 20% dextrose infusion spiked
with 8 mg of [6,6 2H2]glucose/gram of dextrose to prevent
an underestimation of HGP.16 The initial insulin infusion rate
represented insulin levels that were approximately two-fold
greater than fasting levels, and provided an ideal scenario
to measure SGP by mild hyperinsulinemia. Following the
initial insulin infusion rate, the rate was increased four-
fold,17 allowing us the opportunity to examine ISGD. All glu-
cose enrichments were determined using gas chromatogra-
phy/mass spectrometry.

HGP was estimated for the basal period, and modified for
non-steady-state estimations18 using the original equations
of Steele.19 SGP was calculated as 1 � (mild hyperinsuline-
mia glucose Ra/[insulin])/basal glucose Ra/[insulin]) 	 100,
and indicates the degree of HGP suppressed under basal
glucagon/mild hyperinsulinemic conditions. The M value
(adjusted for lean tissue mass), or ISGD, was determined
during the last 30 minutes of the 120-minute clamp by sub-
tracting HGP from the exogenous glucose infusion rate. In-
direct calorimetry was used to calculate oxidative and
nonoxidative disposal.20

Statistical analysis

Reported values are mean � standard error of the mean
(SEM). We used Pearson correlation coefficients to assess 
the associations between fat distribution and plasma adipo-
nectin, and the indices of glucose metabolism (HGP, SGP,
and ISGD).

Results

Subject characteristics

A total of 22 older, obese, postmenopausal females (56 �
1 years old; BMI � 30 � 1 kg/m2) were recruited for partic-

ipation in the study (Table 1). On the basis of the results of
an OGTT performed during the screening process, volun-
teers fell within the range of normal to impaired glucose tol-
erance (7 had a plasma glucose of 100–139 mg/dL at 120 min
of the OGTT and 15 had a plasma glucose of 140–199 mg/dL
at 120 min of the OGTT).

Pancreatic hormone plasma concentrations 
and glucose kinetics

Mean plasma insulin concentrations rose from 5.6 � 0.7
�U/mL in the basal period to 14.5 � 1.1 �U/mL in the first
stage of the MSI (Fig. 1). As a result, mean HGP fell from
3.1 � 0.2 mg � kg�1 � min�1 in the basal period to 2.5 � 0.2
mg � kg�1 � min�1 under mild hyperinsulinemic conditions,
indicating the variability of SGP (Table 1). In the second stage
of the MSI, mean plasma insulin concentrations rose to
81.2 � 4.8 �U/mL (Fig. 1), and ISGD increased to 7.4 � 0.5
mg � kg FFM�1 � min�1 (Table 1). In the presence of the oc-
treotide infusion and basal glucagon replacement, plasma
glucagon concentrations remained similar during the basal
state (43.2 � pg/mL), and the first stage of the MSI (44.6 �
2.8 pg/mL). Although basal glucagon replacement contin-
ued during the second stage of the MSI, glucagon was not
measured during the second stage of the MSI.

Adipose tissue and insulin resistance in the liver

There were no significant relationships between BMI,
VAT, SAT, TF, plasma adiponectin, and basal HGP (Table
2). There was an inverse trend between BMI and SGP (r �
�0.305, p � 0.08), but it was not significant within the range
of BMI of this study. However, there was an inverse rela-
tionship between VAT and SGP (r � �0.673, p � 0.003), and
this indicates a direct correlation between VAT and hepatic
insulin resistance (Fig. 2). On the contrary, there was no re-
lationship between SAT and SGP or TF and SGP (Table 2).

VISCERAL FAT AND ADIPONECTIN 63

TABLE 1. CLINICAL CHARACTERISTICS, INDICES OF GLUCOSE METABOLISM, 
AND REGIONAL FAT DISTRIBUTION OF OBESE, POSTMENOPAUSAL WOMEN

Characteristic Women (n � 22)

Age (years) 56 � 1
Weight 84 � 2
BMI (kg/m2) 30 � 1
Percentage body fat (%) 43 � 1
Adiponectin (�g/mL) 16.9 � 2.5
Triglycerides (mg/dL) 119 � 12
Total cholesterol (mg/dL) 203 � 5
HDL (mg/dL) 55 � 2
LDL (mg/dL) 117 � 6
HbA1c (%) 5.5 � 0.1
Fasting plasma glucose 102 � 4
OGTT (120-minute plasma glucose) 130 � 5
Suppression (%) of HGP during 1st stage of MSI 68 � 3
Basal glucose Ra (mg � kg�1 � min�1) 3.1 � 0.2
ISGD (mg � kgFFM�1 � min�1) 7.4 � 5
Visceral fat (cm2) 203 � 17
Subcutaneous abdominal adipose 390 � 25

tissue (cm2)
Thigh fat (cm2) 159 � 13

Note: HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, glycosylated
hemoglobin; OGTT, oral glucose tolerance test; ISDG, insulin-stimulated glucose disposal.



Adipose tissue and insulin resistance in the muscle

Among this relatively homogeneous group of obese vol-
unteers, there were no significant relationships between BMI,
VAT, SAT, TF, and ISGD (Table 2).

Plasma adiponectin and insulin resistance in liver 
and muscle

Among this group of obese women there was no signifi-
cant correlation between plasma adiponectin and basal HGP
or SGP (Table 2). On the contrary, there was a very strong
positive correlation between plasma adiponectin and ISGD
(Fig. 3).

Discussion

The data presented in this study demonstrate a strong link
between the amount of VAT and the SGP, a direct mea-
surement of hepatic insulin resistance. These data further
demonstrate that BMI and/or total body fat content do not
have a strong relationship with hepatic insulin resistance. In
these obese women, body fat distribution is a better predic-
tor of insulin-mediated SGP. Although it is well accepted
that elevations in BMI across a wide range of individuals are
associated with an increased risk of type 2 diabetes, this pro-
vides little direct information about the severity of insulin
resistance in liver and skeletal muscle. Moreover, the ma-

jority of studies in the scientific literature that describe the
importance of adipose tissue or adipokines have focused on
peripheral insulin resistance. Our study examined insulin re-
sistance that develops in both hepatic and peripheral tissues,
and it described the relationships to regional adipose tissue
as well as plasma adiponectin in obese, postmenopausal
women. The lack of a significant relationship between VAT
and HGP strongly demonstrates that basal glucose metabo-
lism alone is not sufficient to examine hepatic insulin resis-
tance. In addition, the strong relationship between adipo-
nectin and ISGD underscore the importance of this adipokine
in skeletal muscle fuel metabolism.

Combined with the significant link between VAT and SGP,
our data coincide with the increased risk of adiposity and
metabolic diseases in older women.21 Unlike VAT, there was
no relationship between SAT or TF, and hepatic insulin re-
sistance. The reason for this discrepancy may be largely due
to well-established link between VAT and the site-specific
delivery of FFA into the portal circulation.22 This is sup-
ported by evidence describing greater degrees of FFA turn-
over and lipolysis rates in VAT compared to SAT.23 In ad-
dition, VAT may be less sensitive to the antilipolytic
influence of insulin.23

Congruent with this scenario, elevated levels of VAT could
lead to chronic elevations in FFA delivery into the portal cir-
culation promoting enhanced gluconeogenic activity,24 he-
patic lipogenesis,25 and increased liver triglyceride content.26

In turn, this would contribute to decreased hepatic insulin
extraction.27 It is also quite possible that elevated VAT di-
rectly promotes inflammation through increases in tumor ne-
crosis factor-�28 and resistin29 while diminishing the protec-
tive role of adiponectin.9 Moreover, reductions in resistin
have been shown to result in improvements in SGP
(0.24–0.06 mg � kg�1 � min�1) under moderate hyperinsulin-
emic conditions in patients with type 2 diabetes.30 Taken to-
gether, VAT-derived elevations in FFA released into the por-
tal circulation as well as the dysregulation of inflammatory
cytokines may be jointly responsible for the development of
hepatic insulin resistance in obese women.

Unlike previous studies linking regional fat distribution
to peripheral insulin resistance,31–33 our data did not iden-
tify any significant relationships between VAT, SAT, or TF,
and peripheral insulin resistance. Previous studies from our
group in a somewhat older female population reached the
same conclusion.34 The reason for this discrepancy may be
due to relatively homogeneous range of regional fat distri-
bution in the present study compared to other studies uti-
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TABLE 2. RELATIONSHIPS BETWEEN FAT DEPOSITION AND PLASMA ADIPONECTIN AND GLUCOSE

METABOLISM: CORRELATION COEFFICIENTS AND PROBABILITY VALUES

HGP SGP ISGD

Body mass index (BMI), kg/m2 �0.280 � 0.21 �0.305 � 0.080 0.130 � 0.282
Visceral adipose tissue (VAT), cm2 0.344 � 0.117 �0.673 � 0.003* �0.101 � 0.328
Subcutaneous abdominal adipose �0.378 � 0.083 �0.098 � 0.332 �0.127 � 0.573

tissue (SAT), cm2

Thigh fat (TF), cm2 �0.185 � 0.411 �0.171 � 0.224 0.168 � 0.455
Adiponectin, �g/mL 0.397 � 0.070 0.191 � 0.396 0.547 � 0.008*

Statistical comparisons were made between BMI, VF, AF, TF, and adiponectin, and indices of glucose metabolism.
*p � 0.05.

FIG. 1. Plasma insulin levels during the basal, mild hy-
perinsulinemia (first stage), and postprandial hyperinsu-
linemia (second stage) periods of the MSI. 



lizing a wider range of volunteers.31 In addition, it should
be noted that while significant correlations have been iden-
tified between VAT and metabolic variables in pre- and post-
menopausal women,33,35 these conclusions were reached
using OGTT-derived data to assess insulin sensitivity. Un-
fortunately, hepatic and peripheral insulin sensitivity cannot
be differentiated using data from the OGTT.36 Therefore, the
use of this particular method for measuring insulin sensi-
tivity limits the interpretation of these studies. In fact, the
significant relationship between VAT and SGP in the pres-
ent study may outline the importance of visceral fat in mod-
ulating rates of HGP during the OGTT. This could poten-
tially contribute to hyperglycemia that might not even be
associated with large impairments in ISGD.

Although conclusions from studies linking regional fat
distribution to peripheral insulin sensitivity using OGTT-
derived data are limited, investigators have also linked
reductions in peripheral insulin sensitivity as measured
by the hyperinsulinemic, euglycemic clamp to regional fat
deposition.31,37 Although these links may be strong in
studies comparing individuals within a wide BMI range
(i.e., �20–41 kg/m) and ISGD range (i.e., �3–17 mg �
kgFFM�1 � min�1), the associations between VAT, SAT,
and TF and ISGD become weaker among a relatively 
narrow homogeneous range of women.34 As such, wider
BMI and ISGD ranges, as well as gender differences 
may be responsible for the discrepancies between our
findings and other studies that did not differentiate for
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FIG. 2. Relationship between visceral fat and the percent suppression of hepatic glucose production. The trendline indi-
cates significant inverse correlation coefficient between VF and SGP in obese, postmenopausal women (r � �0.673, p �
0.003). The inverse correlation coefficient remains significant (r � �0.4124, p � 0.03) without the inclusion of visceral fat
data point of 492 cm2. 

FIG. 3. Relationships between plasma adiponectin and insulin-stimulated glucose disposal in obese, postmenopausal
woman. The trendline indicates significant correlation coefficient between plasma adiponectin and insulin-stimulated glu-
cose disposal in females (r � 0.547, p � 0.008). 



gender and utilized a more heterogeneous population of
individuals.

No significant relationships between VAT, SAT, or TF and
ISGD were noted in our obese women. However, we did find
a significant, seemingly protective relationship between
plasma adiponectin and ISGD. This corroborates our previ-
ous findings, and it is interesting to note that the positive re-
lationship was quite similar in the present study (i.e., r �
0.55; p � 0.008) to our previously reported data in older
women (i.e., r � 0.48; p � 0.01).34 Similar findings have also
been reported in a wide range of individuals,38–40 and our
findings in women as well as others,41 and confirm that the
relationship between plasma adiponectin and ISGD is well
established in obese women.

No significant correlation was noted between adiponectin
and SGP in the present study. In clinical studies where in-
dividuals with type 2 diabetes were given pioglitazone for
16 weeks, plasma adiponectin increased three-fold and cor-
related negatively with residual HGP during the hyperin-
sulinemic, euglycemic clamp. In so far as the results of the
studies from Bajaj et al.,9 hepatic insulin resistance was char-
acterized by the degree of residual HGP under almost post-
prandial insulin concentrations in individuals with type 2 di-
abetes. This experimental scenario differs considerably from
that of the present study in that our insulin concentrations
were only about two-fold greater than basal levels (roughly
one third of the previously mentioned study) and glucagon
concentrations were maintained at baseline. Furthermore,
our population was restricted to only obese women who fell
within the range of normal to impaired glucose tolerance.
Although adiponectin may play a more decisive role as meta-
bolic dysregulation persists in the presence of type 2 dia-
betes, it is difficult to make comparisons between our results
and the studies of Bajaj et al. due to differences in experi-
mental design and the health status of the individuals.

Even though elevations in BMI are useful toward evalu-
ating the overall risk of type 2 diabetes in the general pop-
ulation, our data demonstrate the specific relevance of VAT
and plasma adiponectin in the modulation of insulin resis-
tance in the liver and muscle obese, postmenopausal women,
respectively. Using a well-controlled MSI procedure to ma-
nipulate insulin and glucagon concentrations precisely, we
were able to demonstrate a powerful association between
VAT and hepatic insulin resistance in obese, postmenopausal
women. Although this technique has obvious advantages
when evaluating insulin resistance in liver and muscle, it
should be mentioned that portal insulin concentrations
would be significantly higher and may undergo more rapid
fluctuations under conditions of daily living. In fact, the dy-
namic nature of portal insulin concentrations highlights the
potential importance of SGP toward the regulation of
glycemia, especially in obese, postmenopausal women. This
is supported by large- scale, multisite investigations that re-
vealed a significant relationship between the accumulation
of VAT and elevations in fasting insulin.42 Although this as-
sociation may be associated with peripheral insulin resis-
tance, our data support a more site-specific role for VAT in
the development of hepatic insulin resistance. Also, decre-
ments in plasma adiponectin are consistently associated with
peripheral insulin resistance. In summary, the evaluation of
basal HGP does not provide sufficient data to evaluate in-
sulin resistance in the liver, VAT is closely linked to hepatic

insulin resistance, and the strong inverse relationship be-
tween adiponectin and ISGD demonstrates its primary role
against the development of peripheral insulin resistance.
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