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Abstract

Adiponectin is an adipose tissue-specific protein and plays an important role in insulin sensitivity. On the other hand, intramyocellular

lipid content and hepatic lipid content (HLC) are related to insulin resistance in humans. In the present study, the possible relations between

the serum concentration of adiponectin and intracellular triglyceride content in skeletal muscle and in the liver were investigated in

individuals with type 2 diabetes mellitus. Fifty Japanese sedentary subjects (34 men, 16 women) with type 2 diabetes who had neither been

treated with insulin nor with thiazolidinediones were enrolled in the study. Insulin sensitivity in vivo was evaluated by measurement of the

glucose infusion rate during a hyperinsulinemic-euglycemic clamp and of the homeostasis model of assessment-insulin resistance index. The

intracellular triglyceride content in skeletal muscle and the liver was determined by nuclear magnetic resonance. The serum adiponectin

concentration was inversely correlated with both HLC (r = �0.39, P b .01) and the homeostasis model of assessment-insulin resistance

index (r = �0.32, P b .05), but it was not significantly related to either intramyocellular lipid content or glucose infusion rate during the

hyperinsulinemic-euglycemic clamp in individuals with type 2 diabetes. These results suggest that adiponectin might play an important role

in the regulation of HLC and basal insulin sensitivity in individuals with type 2 diabetes.

D 2005 Elsevier Inc. All rights reserved.
1. Introduction

Adiponectin (also known as GBP28, AdipoQ, and

Acrp30) [1-4] is an adipose tissue–specific protein that is

also abundant in the circulation. The plasma concentration

of adiponectin is reduced in individuals with obesity, type 2

diabetes mellitus, or coronary artery disease [5], and is
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inversely correlated with insulin resistance in humans

[6-15]. Adiponectin knockout mice exhibit insulin resis-

tance [16,17], and treatment of diabetic animals with

adiponectin markedly ameliorates insulin resistance [18].

These various observations suggest that adiponectin is an

important determinant of insulin sensitivity.

Proton nuclear magnetic resonance spectroscopy allows

the noninvasive measurement of intracellular triglyceride

content in skeletal muscle and the liver [19]. Both intra-

myocellular lipid content (IMCL) [20-23] and hepatic lipid

content (HLC) [24-28] are related to insulin resistance in

humans. Whereas muscle-specific overexpression of lipo-

protein lipase in mice induces muscle-specific insulin

resistance and increases the triglyceride content of muscle,

liver-specific overexpression of this enzyme results in liver-

specific insulin resistance and increases hepatic triglyceride

content [29]. Intracellular lipid content in skeletal muscle

and the liver is therefore also thought to play an important

role in insulin resistance.
xperimental 54 (2005) 775–780



Table 1

Clinical and laboratory characteristics of the study subjects (n = 50)

Characteristic Mean F SD

Age (y) 57 F 14

BMI (kg m�2) 25.5 F 3.7

Visceral fat area (cm2) 105.6 F 47

Fasting plasma glucose (mmol L�1) 7.4 F 1.8

Fasting serum insulin (pmol L�1) 46.8 F 35

Insulin-stimulated glucose disposal (mg kg�1 min�1) 5.53 F 1.85

Serum adiponectin (lg mL�1) 5.3 F 3.3

BMI indicates body mass index.
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We have now investigated the possible relations between

the serum concentration of adiponectin and intracellular

triglyceride content in skeletal muscle and in the liver in

Japanese subjects with type 2 diabetes mellitus.
2. Subjects and methods

2.1. Subjects

Fifty Japanese sedentary subjects (34 men, 16 women)

with type 2 diabetes who had neither been treated with

insulin nor with thiazolidinediones were enrolled in the

study. The clinical and laboratory characteristics of these

individuals are shown in Table 1. The study was performed

with written informed consent from all subjects and was

approved by the Ethics Committee of Kobe University

Graduate School of Medicine.

2.2. Determination of the triglyceride content of

skeletal muscle

Single-voxel 1H spectra were acquired from the soleus

muscle with a conventional circumferential extremity coil

on a 1.5-T magnetic resonance machine (Signa Echo Speed;

GE Yokogawa Medical Systems, Hino, Japan). Localizer

images were obtained to position the volume of interest.

A point resolved spectroscopy pulse sequence (repetition

time, 3000 milliseconds; echo time, 50 milliseconds) was

used, and 64 averages were accumulated with conventional

water signal suppression (acquisition time, 252 seconds).

The voxel size was 15 � 15 � 15 mm3. Data processing

(apodization, Fourier transformation, phase correction,

baseline correction) was performed with Functool Software
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Fig. 1. Relations between insulin sensitivity and hepatic lipid content. A, Relatio

n = 50). B, Relation between log GIR and log HLC (U) (r = �0.44, P b .01,
(GE Yokogawa Medical Systems). The integral of the

methylene signal at 1.4 ppm was calculated with NIH Image

software (NIH, Bethesda, Md) to represent IMCL, and the

integral of the methylene signal at 1.6 ppm was calculated to

represent extramyocellular triglyceride content. The integral

of the creatine signal at 3.1 ppm served as an internal

standard for quantitation of IMCL [19].

2.3. Determination of liver triglyceride content

We used the fast spoiled gradient recalled acquisition

in the steady state sequence to obtain in-phase and out-

of-phase images of the liver (flip angle, 758; TR,

120 milliseconds; TE, 1.8 and 4.2 milliseconds for out-

of phase and in-phase images, respectively; matrix, 256 �
160; FOV, 32 � 24; acquisition time, 15 seconds).

Hepatic lipid content was determined from the index of

the fast spoiled gradient recalled acquisition in the steady

state sequence: [(intensities of in-phase) � (intensities of

out-of-phase)]/[(intensities of in-phase) m (intensities of

out-of-phase)]. We found that this method was as useful

as 1H magnetic resonance spectroscopy and less time-

consuming [30].

2.4. Determination of intra-abdominal fat areas

A series of T1-weighted transaxial scans for the

determination of visceral and subcutaneous fat areas was

acquired from a region extending from 4 cm above to 4 cm

below the fourth and fifth lumbar interspace (16 slices; slice

thickness, 10 mm). Areas of visceral and subcutaneous fat

were measured with NIH Image software.

2.5. Hyperinsulinemic-euglycemic clamp

Teflon catheters were inserted into the antecubital vein of

one arm for blood collection and into that of the other arm

for infusion of glucose and insulin. Regular human insulin

was infused intravenously at 1.46 mU kg�1 min�1 to achieve

a serum insulin concentration of 600 pmol L�1, and plasma

glucose concentration was maintained at 5.5 mmol L�1 by

a variable infusion of glucose. The hyperinsulinemic-

euglycemic clamp was maintained for at least 2 hours. The

rate of glucose infusion (GIR), expressed in milligrams per

kilogram per minute, required to maintain euglycemia
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n = 50).
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Fig. 2. Relations between serum adiponectin concentration and insulin sensitivity. A, Relation between log HOMA-IR index and log serum adiponectin

concentration (r = �0.32, P b .05, n = 50). B, Relation between log GIR and log serum adiponectin concentration (r = 0.19, P N .05, n = 50).
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during hyperinsulinemia was used as an estimate of insulin-

stimulated total-body glucose uptake [31].

2.6. Assay of glucose, insulin, and adiponectin

Plasma glucose concentration was determined by the

glucose oxidase method. Serum insulin concentration was

measured with a sandwich enzyme immunoassay system

(Tosoh, Tokyo, Japan). Serum adiponectin level was

measured using a commercially available sandwich en-

zyme–linked immunosorbent assay kit (Otsuka Pharmaceut-

icals Co, Ltd) as previously described [5]. Briefly, 10 AL of

serum was mixed with 90 ı̀l of the sample buffer containing

2.3% sodium dodecyl sulfate and boiled for 5 minutes.

Sequentially, the sample was diluted and applied to each

well of the plate coated with the monoclonal antibody

against adiponectin. The wells were washed and incubated

with antirabbit serum against adiponectin. After washing,

the binding of the rabbit antibody was determined by

horseradish peroxidase method. The homeostasis model of

assessment-insulin resistance (HOMA-IR) index was calcu-

lated as [fasting plasma glucose concentration (mmol L�1)�
fasting serum insulin concentration (mU L�1)]/22.5 [32].

2.7. Statistical analysis

Averaged data are presented as means F SD. Statistical

analysis was performed with the Stat-View program (version

5.0-J; SAS Institute, Cary, NC). Serum adiponectin concen-
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Fig. 3. Relations between serum adiponectin concentration and intracellular lipid co

log serum adiponectin concentration (r = �0.39, P b .01, n = 50). B, Relation b

P N .05, n = 50).
trations, the HOMA-IR index, the GIR, HLC, and IMCL

were expressed as log values to achieve a more normal

distribution. Relations between variables were assessed by

simple correlation and multiple linear regression analyses. A

P value of V .05 was considered statistically significant.
3. Results

The HOMA-IR index was significantly correlated with

HLC (log [HOMA-IR] vs log [HLC], r = 0.64, P b .0001)

(Fig. 1A) but not with IMCL. The GIR during the

hyperinsulinemic-euglycemic clamp was inversely corre-

lated with both HLC (log [GIR] vs log [HLC], r = �0.44,

P b .01) (Fig. 1B) and IMCL (log [GIR] vs log [IMCL],

r= �0.35, P b .05). The serum concentration of adipo-

nectin was slightly higher in women (5.9 F 2.8 lg mL�1)

than in men (5.0 F 3.5 lg mL�1), but this difference was

not statistically significant. The serum adiponectin concen-

tration was significantly correlated with age (r = 0.33,

P b .05) but not with either BMI (r = �0.11, P N .05),

visceral fat area (r = 0.02, P N .05), or subcutaneous fat

area (r = �0.16, P N .05). It was inversely correlated with

the HOMA-IR index (log [adiponectin] vs log [HOMA-IR],

r = �0.32, P b .05) (Fig. 2A), but it was not significantly

related to GIR (Fig. 2B). Finally, the serum concentration

of adiponectin was inversely correlated with HLC

(log [adiponectin] vs log [HLC], r = �0.39, P b .01)
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(Fig. 3A), but it was not significantly related to IMCL

(Fig. 3B). Multiple linear regression analysis revealed that

the associations between the serum adiponectin concentra-

tion and both the HOMA-IR index (log [HOMA-IR], r =

�0.28, P b .01) and HLC (log [HLC], r = �0.37, P b .01)

remained significant after adjustment for age, sex, and BMI.
4. Discussion

We evaluated insulin sensitivity in vivo by measuring the

GIR during a hyperinsulinemic-euglycemic clamp as well as

the HOMA-IR index. It is thought that the HOMA and

euglycemic clamp provide estimates of basal and stimulated

insulin resistance, respectively, and that basal insulin

resistance may differ mechanistically from stimulated

insulin resistance [33]. When the serum insulin concentra-

tion is maintained at a high level (600 pmol L�1) during a

hyperinsulinemic-euglycemic clamp, the GIR required to

maintain euglycemia (5.5 mmol L�1) represents whole-body

insulin sensitivity, which is mostly determined by the ability

of skeletal muscle to take up glucose. In contrast, glucose

homeostasis in the postabsorptive state is maintained

predominantly by hepatic glucose production. Homeostasis

model of assessment has previously been shown to correlate

well with hepatic insulin sensitivity measured with [3H]

glucose under postabsorptive conditions, while HOMA also

correlates with whole-body insulin sensitivity measured by

the hyperinsulinemic-euglycemic clamp [34]. Because

plasma insulin levels may widely vary depending on the

capacity for pancreatic insulin secretion, plasma insulin will

be lower and this will not accurately reflect insulin

resistance when a patient’s pancreas is failing. There are

some limitations to evaluating insulin sensitivity in vivo

especially in subjects with type 2 diabetes by the HOMA-IR

index and the GIR during hyperinsulinemic-euglycemic

clamp without tracer.

Previous studies have demonstrated an inverse correlation

between IMCL and insulin sensitivity, as evaluated with a

hyperinsulinemic-euglycemic clamp, in nondiabetic subjects

(20-23), although the relation between these parameters

appears both to differ among populations of different

ethnicities, such as Europeans and South Asians [35], and

to be dependent on other physiological conditions [36-38].

Hepatic lipid content has also been found to be correlated

inversely with insulin sensitivity, as evaluated with a

hyperinsulinemic-euglycemic clamp [24,25], as well as to

be inversely related to the ability of intravenously adminis-

tered insulin to inhibit glucose production in individuals with

type 2 diabetes or nonalcoholic fatty liver disease [26-28].

We have now shown that the HOMA-IR index was

highly correlated with HLC but was not related to IMCL,

whereas the GIR was inversely correlated with both HLC

and IMCL, in sedentary subjects with type 2 diabetes. Our

data suggest that basal insulin resistance may be related

mostly to hepatic lipid content, whereas stimulated insulin

resistance may be related to both HLC and IMCL.
Adiponectin enhances insulin action in the liver and

reduces hepatic glucose production in mice [39,40]. This

hormone is thought to modulate gluconeogenesis and

lipogenesis in the liver by down-regulating the hepatic

expression of phosphoenolpyruvate carboxykinase and

sterol regulatory element–binding protein 1c [41], and it

alleviates alcoholic and nonalcoholic fatty liver by

increasing hepatic carnitine palmitoyltransferase-1 activity

and fatty acid oxidation [42]. Furthermore, treatment of

diabetic mice with adiponectin markedly increases insulin

sensitivity by reducing the triglyceride content of muscle

and liver [18].

Our present data show that the serum concentration of

adiponectin was inversely correlated with the HOMA-IR

index in individuals with type 2 diabetes, despite the fact

that the serum concentration of this hormone was not

correlated with either BMI or intra-abdominal fat area. We

did not detect a significant relation between serum

adiponectin concentration and GIR, although the plasma

adiponectin concentration was previously shown to be

negatively associated with the rate of insulin-stimulated

glucose disposal in nondiabetic subjects [13-15].

The serum adiponectin concentration was also inversely

correlated with HLC, but it was not related to IMCL, in our

type 2 diabetic subjects. The serum concentration of

adiponectin was previously shown to be inversely correlated

with IMCL in nondiabetic subjects [43,44]. These discrep-

ancies might be due to differences between diabetic and

nondiabetic subjects or to differences among races.

The plasma adiponectin concentrations were negatively

associated with basal and insulin-suppressed endogenous

glucose production in nondiabetic subjects [45,46]. The

negative correlation between serum adiponectin levels and

hepatic fat content was shown in subjects with type 2

diabetes and highly active antiretroviral therapy–associated

lipodystrophy [47,48]. Only full-length adiponectin acti-

vates adenosine 5V-monophosphate–activated protein kinase

in the liver, whereas globular adiponectin activates adeno-

sine 5V-monophosphate–activated protein kinase more

potently than does full-length adiponectin in skeletal muscle

[49,50]. These observations suggest that adiponectin may

regulate intracellular triglyceride content in the liver as well

as hepatic insulin sensitivity.

As far as we are aware, our present investigation is the

first study to examine the relations between the serum

adiponectin concentration and intracellular lipid content in

both the liver and skeletal muscle at the same time. Our

observations suggest that adiponectin might regulate intra-

cellular triglyceride content in the liver rather than in

skeletal muscle and might contribute to basal insulin

sensitivity rather than to stimulated insulin sensitivity in

individuals with type 2 diabetes.

In summary, the HOMA-IR index, which represents

basal insulin resistance, was highly correlated with HLC,

whereas the GIR, which represents stimulated insulin

sensitivity, was inversely correlated with both HLC and
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IMCL, in Japanese sedentary individuals with type 2 diabe-

tes. The serum adiponectin concentration was negatively

correlated with the HOMA-IR index and HLC, but was not

related to the GIR or IMCL, in these individuals.
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