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  Obesity is a risk factor for disorders such as type 2 diabe-
tes, atherosclerotic cardiovascular disease, nonalcoholic fatty 
liver disease, hypertension, certain cancers, and even de-
mentia ( 1 ). Insulin resistance is thought to play a signifi -
cant role in the pathogenesis of these disorders. However, 
not all obese individuals are insulin resistant ( 2, 3 ). A sub-
group of such patients has been shown to be insulin sensi-
tive and to have lower levels of ectopic fat in liver and 
skeletal muscle and decreased intra-abdominal fat com-
pared with their insulin resistant counterparts ( 4, 5 ). It has 
also been noted that they are less predisposed to athero-
sclerotic cardiovascular disease ( 3 ). Approximately 25% of 
morbidly obese individuals [defi ned as body mass index 
(BMI) > 35 kg/m 2 ] are estimated to be insulin sensitive 
( 6, 7 ). At a molecular level, what distinguishes them from 
their insulin resistant counterparts is unclear. 

 In a very small study, we recently reported that AMP 
kinase (AMPK) activity is lower in morbidly obese humans 
who are insulin resistant [homeostatic model assessment 
of insulin resistance (HOMA-IR) > 2.3] than in compara-
bly obese individuals who are insulin sensitive ( 8 ). AMPK 
is a fuel-sensing enzyme that has been implicated in the 
regulation of glucose and lipid homeostasis and insulin 
sensitivity ( 9–12 ). Moreover, diminished AMPK activity or 
impairment of its activation has been observed in skeletal 
muscle of individuals with obesity and diabetes in some 
( 13, 14 ) but not other ( 15 ) studies, and in visceral adipose 
tissue of centrally obese humans with Cushings syndrome, 
a disorder associated with insulin resistance ( 16 ). 

 Obesity is also frequently associated with chronic low-grade 
infl ammation, and a causal relationship between such 

      Abstract   We previously reported that adenosine mono-
phosphate-activated protein kinase (AMPK) activity is lower 
in adipose tissue of morbidly obese individuals who are 
insulin resistant than in comparably obese people who are 
insulin sensitive. However, the number of patients and 
parameters studied were small. Here, we compared abdomi-
nal subcutaneous, epiploic, and omental fat from 16 morbidly 
obese individuals classifi ed as insulin sensitive or insulin re-
sistant based on the homeostatic model assessment of insu-
lin resistance. We confi rmed that AMPK activity is diminished 
in the insulin resistant group. A custom PCR array revealed 
increases in mRNA levels of a wide variety of genes associ-
ated with infl ammation and decreases in PGC-1 �  and Nampt 
in omental fat of the insulin resistant group. In contrast, 
subcutaneous abdominal fat of the same patients showed 
increases in PTP-1b, VEGFa, IFN � , PAI-1, and NOS-2 not 
observed in omental fat. Only angiotensinogen and CD4 +  
mRNA levels were increased in both depots. Surprisingly, 
TNF �  was only increased in epiploic fat, which otherwise 
showed very few changes. Protein carbonyl levels, a mea-
sure of oxidative stress, were increased in all depots.   
Thus, adipose tissues of markedly obese insulin resistant in-
dividuals uniformly show decreased AMPK activity and in-
creased oxidative stress compared with insulin sensitive 
patients. However, most changes in gene expression appear 
to be depot-specifi c.  —Xu, X. J., M-S. Gauthier, D. T. Hess, 
C. M. Apovian, J. M. Cacicedo, N. Gokce, M. Farb, R. J. 
Valentine, and N. B. Ruderman.  Insulin sensitive and resis-
tant obesity in humans: AMPK activity, oxidative stress, and 
depot-specifi c changes in gene expression in adipose tis-
sue.  J. Lipid Res . 2012.  53:  792–801.   

 This work was supported by National Institutes of Health grants R01-DK19514 
and P01-HL068758 (to N.B.R.), a mentor-based Fellowship Grant from the 
American Diabetes Association ADA-7-11-MN-43 (to N.B.R), and National 
Institutes of Health grants R01HL084213 and P01 HL 081587 (to N.G.). Its 
contents are solely the responsibility of the authors and do not necessarily repre-
sent the offi cial views of the National Institutes of Health or other granting 
agencies. M-S.G. was supported by a postdoctoral research fellowship from Fonds 
de la Recherche en Santé du Québec and is presently a Canadian Diabetes 
Association fellow. M.F. and R.V. were supported by T32 HL07224 training 
grant from the American Heart Association. None of the authors has a confl ict 
of interest relevant to this manuscript. 

 Manuscript received 22 November 2011 and in revised form 27 January 2012. 

  Published, JLR Papers in Press, February 8, 2012  
  DOI 10.1194/jlr.P022905  

 Insulin sensitive and resistant obesity in humans: AMPK 
activity, oxidative stress, and depot-specifi c changes in 
gene expression in adipose tissue   

  X. Julia   Xu,  *   Marie-Soleil   Gauthier,  *   Donald T.   Hess,   †    Caroline M.   Apovian,  *   Jose M.   Cacicedo,  *  
 Noyan   Gokce,   §    Melissa   Farb,   §    Rudy J.   Valentine,  *  and  Neil B.   Ruderman   1, *  

 Diabetes and Metabolism Unit,* Section of Endocrinology, Department of Medicine, Deparment of 
Surgery, †  Whitaker Cardiovascular Institute, §   Boston University School of Medicine , Boston,  MA  02118 

 Abbreviations: AMPK, AMP kinase; BMI, body mass index; 
HOMA-IR, homeostatic model assessment of insulin resistance. 

  1  To whom correspondence should be addressed.  
  e-mail: nrude@bu.edu 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of two tables. 

patient-oriented and epidemiological research



Insulin sensitive and resistant obesity in humans 793

 Western blot analysis 
 Total proteins were isolated from subcutaneous, epiploic, and 

omental adipose tissue that had been homogenized in cell lysis 
buffer (Cell Signaling Technology, Danvers, MA) supplemented 
with protease (Roche, Mannheim, Germany) and phosphatase 
(Sigma-Aldrich, Saint Louis, MO) inhibitors. Homogenates were 
centrifuged at 14,000  g  for 15 min at 4°C. The protein concentra-
tion of the supernatant was determined using the bicinchoninic 
acid assay (Thermo Scientifi c, Rockford, IL) with BSA as a stan-
dard. Twenty micrograms of protein lysate were loaded onto 
each lane of a 4-15% polyacrylamide gradient gel (Bio-Rad, Her-
cules, CA) and separated by electrophoresis. The separated pro-
teins were transferred to a PVDF   membrane (Millipore, Billerica, 
MA), blocked with 5% nonfat dry milk in tris-buffered saline 
supplemented with Tween-20 for 1 h and then incubated over-
night with primary antibodies against phospho-AMPK (Thr 172 ), 
total AMPK (Cell Signaling Technology), Nampt (Bethyl Labora-
tories, Montgomery, TX), and  � -actin (Sigma-Aldrich). Bound 
antibodies were detected with the appropriate horseradish per-
oxidase-linked secondary antibodies (Cell Signaling Technol-
ogy). Proteins were visualized by enhanced chemiluminescence 
(Thermo Scientifi c), and bands were quantifi ed with Scion Im-
age Software (National Institutes of Health). The size of each 
antibody-bound protein was verifi ed using standard molecular 
mass markers (Bio-Rad). 

 Protein carbonylation assay 
 Protein carbonylation was determined with an OxyBlot pro-

tein oxidation detection kit (Millipore, Billerica, MA) to provide 
a measure of oxidative stress. In brief, 10  � g of protein lysate was 
derivatized with 4-dinitrophenylhydrazine (DNPH) and then 
neutralized according to the manufacturer’s instructions. The 
neutralized samples were next fractionated by SDS-PAGE and the 
carbonylated proteins detected by Western blotting with an anti-
DNPH antibody. A negative control was included in each blot. 
Total carbonylation was visualized by enhanced chemilumines-
cence (Thermo Scientifi c), and the bands quantifi ed with Scion 
Image Software. 

infl ammation and the development of insulin resistance has 
been described ( 17 ). Likewise, increased infl ammation has 
been found in adipose tissue of insulin resistant compared 
with insulin sensitive obese patients ( 1, 18 ), suggesting that it 
could be a key factor that distinguishes the two populations. 

 Yet another abnormality observed in obese humans is 
an increase in oxidative stress. Thus, obese individuals are 
reported to have higher serum levels of isoprostanes ( 19 ), 
malondialdehyde ( 20 ), protein carbonyls ( 21 ), and uri-
nary isoprostanes ( 22 ). In addition, oxidative stress has 
been implicated in the pathogenesis of both insulin resis-
tance ( 23–25 ) and infl ammation ( 26 ). Whether differ-
ences in oxidative stress distinguish adipose tissue of 
insulin sensitive and insulin resistant obese individuals 
and, if so, whether this correlates with infl ammation and/
or diminished AMPK activity, has not been determined, 
however. 

 In the present study, we assessed these questions in ab-
dominal subcutaneous, omental, and epiploic adipose 
tissue of morbidly obese individuals undergoing bariatric 
surgery. The results indicate that decreases in AMPK ac-
tivity and increases in oxidative stress distinguish insulin 
resistant from insulin sensitive patients in all three fat de-
pots. In contrast, although the expression of genes linked 
to infl ammation was increased in the insulin resistant 
group, specifi c changes in the three depots were quite 
different. 

 MATERIALS AND METHODS 

 Patients 
 Sixteen patients (7 men and 9 women) with a mean age of 42.4 

± 15 years and a BMI of 44.6 ± 7.0 kg/m 2  were studied ( Table 1 ). 
Limited results from eight of these patients were reported previ-
ously ( 8 ). The study was approved by the Boston University Medi-
cal Center Institutional Review Board. All participants were 
approved for surgical intervention via laparoscopic  roux-en-y  gas-
tric bypass surgery and had signed an informed consent form 
prior to their enrollment. Subjects were divided into insulin resis-
tant and insulin sensitive subgroups based on their HOMA-IR. A 
value of 2.3 was considered the cut off point as described by Mat-
thews et al. ( 27 ). All measurements were carried out on blood 
taken after an overnight fast. Biopsies of abdominal subcutane-
ous, epiploic (mesenteric adipose tissue taken from the epiploica 
of the transverse colon), and omental fat were obtained at the 
time of surgery. The tissues were immediately frozen in liquid 
nitrogen and stored at  � 80°C until further processing. 

 RNA isolation and real-time quantitative PCR array 
 Total RNA from each fat depot was extracted using the RNeasy 

lipid tissue mini kit (Qiagen, Valencia, CA). Two hundred nano-
grams of total RNA from each sample were reverse transcribed 
into cDNA using the RT 2  fi rst strand kit (Qiagen). An RT 2  Profi ler 
Custom PCR Array (Qiagen) was used to examine the mRNA lev-
els of 43 genes (complete list shown in  Table 2 ). Both 18S and cy-
clophilin A were used as house-keeping genes. Of the two, 18S 
gave the most consistent result and was therefore used for normal-
ization analysis. Several negative controls were included in each 
run. All PCR experiments were conducted with a StepOne Real 
Time PCR system (Applied Biosystems, Carlsbad, CA). The data 
analysis was performed using the  �  � C t  based calculations ( 28 ). 

 TABLE 1. Baseline characteristics of the study population 

Parameter Insulin sensitive (n = 8) Insulin resistant (n = 8)

Age, years 42.4 ± 5.4 42.5 ± 5.3
Sex, female/male 5/3 4/4
HOMA 1.6 ± 0.2 5.1 ± 0.8 **
Weight, kg 174.2 ± 12.6 167.8 ± 15.4
Height, m 1.7 ± 0.04 1.6 ± 0.02
BMI, kg/m 2 41.9 ± 1.7 47.4 ± 2.8
Waist circumference, cm 130 ± 0.7 130 ± 0.7
Hip circumference, m 1.4 ± 0.04 1.4 ± 0.04
Heart rate, bpm 65.6 ± 3.1 72.4 ± 5.1
Plasma insulin,  � IU/ml 6.1 ± 1.2 19.1 ± 4.5 **
Glucose, mg/dl 118.3 ± 21.7 114.1 ± 7.7
HbA1C, % 6.3 ± 0.4 6.7 ± 0.3
Total cholesterol, mg/dl 180.3 ± 10.6 175.5 ± 9.2
HDL, mg/dl 44.1 ± 4.0 43.6 ± 2.5
Systolic BP, mm Hg 127.4 ± 4.3 132.1 ± 5.1
Diastolic BP, mm Hg 70.5 ± 1.9 75.8 ± 4.5
Triacylglycerol, mg/dl 91.5 ± 8.7 165.9 ± 34.4
hsCRP, mg/L 3.9 ± 1.0 6.4 ± 1.7
Metformin 2 7
Metabolic syndrome 6 8
Diabetes 3 7
Antidepressants 3 5

Data are means ± S.E. ** p  < 0.01 compared with insulin sensitive 
patients.

Abbreviations: HbA1c, glycosylated hemoglobin A1C; hsCRP, high-
sensitivity C-reactive protein.
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A greater number of insulin resistant patients were on met-
formin and antidepressants. All eight patients in the insulin 
resistant group and six of the insulin sensitive subjects had 
the metabolic syndrome based on ATP III criteria ( 29 ). Based 
on HbA1C levels of 5.7% or greater and known diagnoses, six 
patients in the insulin resistant group and three in the insulin 
sensitive group were either diabetic or prediabetic. 

 Decreased AMPK activity (phosphorylation) in insulin 
resistant compared with insulin sensitive patients 

 Western blot analysis was carried out to assess AMPK 
phosphorylation at threonine 172, an indicator of its acti-
vation ( 30 ). As shown in   Fig. 1  , the abundance of phos-
pho-AMPK was 47% and 36% lower, respectively, in 
abdominal subcutaneous and epiploic fat of the insulin 
resistant compared with the insulin sensitive patients ( Fig. 
1A,  B). In omental fat, phospho-AMPK was 26% lower in 
the insulin resistant group; however, the difference ( p  = 
0.08) did not reach statistical signifi cance ( Fig. 1C ).  

 Statistical analysis 
 Data are expressed as means ± SE. GraphPad Prism software 

(La Jolla, CA) was used for all analyses. The comparison was per-
formed using Student’s  t -test or one-way ANOVA. Minimal level 
of signifi cance was set at  p  < 0.05. 

 RESULTS 

 Baseline patient characteristics 
 The clinical characteristics of insulin sensitive and resistant 

patients are presented in   Table 1  .  The two groups were simi-
lar with respect to weight, height, BMI, waist and hip circum-
ference, heart rate, blood pressure, and fasting plasma 
glucose. Fasting plasma insulin levels were signifi cantly higher 
in the insulin resistant patients. In addition, the insulin resis-
tant subjects showed higher levels of triacylglycerol, hsCRP  , 
and HbA1c than those in the insulin sensitive group; al-
though the differences did not achieve statistical signifi cance. 

  Fig.   1.  Quantifi cation of AMPK phosphorylation on threonine 172 (activation) in abdominal subcutane-
ous, epiploic, and omental adipose tissue of insulin sensitive and insulin resistant humans (n = 6–8 per 
group). Relative protein levels were normalized against total AMPK. *  p  < 0.05 relative to insulin sensitive 
group  .   
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sion molecule important for the recruitment of leukocytes 
into adipose tissue, were also higher in the insulin resis-
tant group ( Fig. 2C ). In contrast, Nampt, a molecule that 
activates SIRT1, and is itself activated by AMPK ( 33 ), 
showed a 50% decrease in its mRNA expression in the 
insulin resistant group, as did the mitochondrial biogen-
esis marker PGC1 �  ( Fig. 2B,  D). Surprisingly, the mRNA 
for PAI-1, a molecule generally increased in the insulin 
resistant state, was decreased in the insulin resistant 
group ( Fig. 2C ). 

 In the abdominal subcutaneous depot, mRNA levels of 
CD4 +  and IFN � , a T cell infl ammatory cytokine that has 
been linked to insulin resistance ( 34 ), were upregulated in 
the insulin resistant compared with the insulin sensitive 
group ( Fig. 3A ). In addition, we found higher mRNA lev-
els of PTP-1b, angiotensinogen, NOS2 (also known as 
iNOS), VEGFa, PAI-1, and PPAR �  in the insulin resistant 
group ( Fig. 3C ). Unexpectedly, the mRNA for the anti-
infl ammatory adipokine adiponectin was higher in the in-
sulin resistant group ( Fig. 3C ). In the ‘metabolic cluster’, 
the mRNA of AMPK � 1 [the major isoform expressed in 

 Differences in gene expression profi les in adipose tissue 
 We utilized a Profi ler Custom PCR array approach to 

measure mRNA levels of 43 genes. These genes were 
grouped into subclasses based on their potential link to 
the pathogenesis of insulin resistance. PCR array was the 
method of choice because it enabled us to use as little as 
200 ng of RNA to carry out amplifi cation reactions for the 
43 genes. A complete list of the genes examined is shown 
in supplementary  Table II . The data for each depot are 
presented according to gene subclass (infl ammatory, met-
abolic, mitochondrial, and anti-oxidant and others) in 
  Figs. 2   –4 . In addition, the key differences between the two 
groups in each depot are shown in   Table 2   and supple-
mentary Table I.  

 In omental fat ( Fig. 2 ), the expression of many genes 
involved in the immune response was increased in the 
insulin resistant group. They include the chemokine 
CCL5 (also known as RANTES), macrophage marker CD68, 
neutrophil marker MPO, and the T cell marker CD4 +  
( Fig. 2A ). Levels of angiotensinogen [a gene associated 
with insulin resistance ( 31 )] and p-selectin ( 32 ), an adhe-

  Fig.   2.  Relative mRNA expression of genes by RT 2  profi ler PCR array in human abdominal subcutaneous 
fat. Results are means ± SEM (n = 6–8 per group). * p  < 0.05, ** p  < 0.01 versus insulin sensitive group.   
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 Oxidative stress in insulin sensitive and insulin 
resistant patients 

 Protein carbonylation, a marker of oxidative stress, was 
assessed in all three depots. A representative image is 
shown in   Fig. 6A  .  Quantifi cation of signal intensities by 
densitometry indicated that within the insulin sensitive 
group, carbonylation of proteins was greater in both epip-
loic and omental than in abdominal subcutaneous fat ( Fig. 
6B ). As a group, the insulin resistant patients had signifi -
cantly higher levels of oxidative damage in all three de-
pots, with the greatest increase (vs .  insulin sensitive group) 
found in the subcutaneous abdominal fat ( Fig. 6B ). 

 DISCUSSION 

 The overall objective of this study was to identify factors 
in adipose tissue that distinguish massively obese humans 
who are insulin sensitive from comparably obese individuals 
who are insulin resistant. Measurements were performed 
on abdominal subcutaneous, epiploic, and omental fat ob-
tained during bariatric surgery. The key fi ndings include 
the following:  1 ) higher levels of infl ammatory genes were 
present in all three depots of the insulin resistant group; 
however, the specifi c genes that were increased varied among 
depots;  2 ) genes involved in cell signaling, metabolism, and 

adipose tissue ( 35 )] was downregulated, whereas that of 
AMPK isoform  � 2 was upregulated in the insulin resistant 
group ( Fig. 3B ). No differences in gene expression be-
tween the two groups were detected in the mitochondrial 
and antioxidant subsets ( Fig. 3D ). 

 In epiploic fat, we found increased mRNA levels for 
TNF � , PPAR � , and PGC1 �  in the insulin resistant group 
( Fig. 4 ). The changes in TNF �  and PGC1 �  were unique 
to epiploic fat, whereas a similar increase in PPAR �  oc-
curred in subcutaneous fat and a decrease in PGC1 �  in 
omental fat. Interestingly, in the insulin sensitive pa-
tients, the mRNA levels of CCL5, CD4 + , CD8 + , and angio-
tensinogen were comparable in epiploic and omental fat 
and were substantially greater than those in subcutane-
ous fat (supplementary  Table I ). 

 Nampt protein expression is decreased in omental fat of 
insulin resistant patients 

 Nampt is a rate-limiting enzyme involved in NAD +  bio-
synthesis and it positively regulates the activity of the his-
tone/protein deacetylase SIRT1 and other sirtuins ( 36 ). 
Western blot analysis indicated reduced Nampt protein 
abundance in omental fat of the insulin resistant group in 
keeping with the decreased expression of its mRNA (  Fig. 
5A –C ). No change in SIRT1 mRNA ( Figs. 2–4 ) or protein 
(data not shown) was detected in any of the depots.  

  Fig.   3.  Relative mRNA expression of genes by RT 2  profi ler PCR array in human epiploic fat. Results are 
means ± SEM (n = 6–8 per group). * p  < 0.05, ** p  < 0.01, *** p  < 0.001 versus insulin sensitive group.   
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T cells), PTP-1b, PPAR � , VEGFa, PAI-1, and NOS2, none 
of which was signifi cantly increased in omental fat of the 
insulin resistant patients, were all upregulated in subcuta-
neous fat ( Fig. 3 ). Increases in most of these molecules 
have been reported to associate with insulin resistance 
( 31, 40–42 ). 

 As already noted, in the insulin sensitive group, epiploic 
and omental fat showed a greater abundance of CCL5, 
CD4 + , CD8 + , and angiotensinogen mRNA than did subcu-
taneous fat (supplementary  Table I ), suggesting that they 
both had the changes in gene expression that distinguish 
visceral from subcutaneous fat. However, in contrast to 
omental fat, none of these mRNAs were upregulated in 
the epiploic depot of the insulin resistant patients ( Fig. 4 ). 
Indeed, of the infl ammatory cytokines studied, only TNF �  
mRNA was increased in epiploic fat of the insulin resistant 
group, and it was not similarly elevated in either omental 
or subcutaneous fat. The reason for such a fi nding remains 
to be determined. 

 The PCR array generated a few other unexpected results. 
For example, increased PAI-1 and decreased adiponectin 
levels have been causally linked to the development of 
obesity and insulin resistance ( 43, 44 ), yet we found de-
creased PAI-1 (omental) ( Fig. 2C ) and increased adi-
ponectin (subcutaneous) ( Fig. 3C ) in the insulin resistant 

mitochondrial function also showed distinct changes in 
their expression pattern; and  3 ) in contrast, increases in 
protein carbonylation (an indicator of oxidative stress) and 
decreases in AMPK activity were observed in all three depots 
of the insulin resistant patients. 

 It has long been appreciated that visceral and subcuta-
neous fat differ with respect to both morphology and func-
tion ( 37 ). For instance, omental fat appears to be more 
sensitive to the action of lipolytic agents ( 38 ), whereas sub-
cutaneous fat has a greater capacity for lipogenesis and 
expansion ( 39 ). In addition, visceral fat is more vascular 
and typically contains more immune cells ( 37 ). In the 
present study, we found striking differences in the gene 
profi le of omental and subcutaneous abdominal fat when 
insulin sensitive and insulin resistant patients were com-
pared. For instance, omental fat from the insulin resistant 
group showed increases in genes associated with infl am-
mation (CCL5, CD68, MPO, CD4 + ,  p -selectin), and de-
creases in PGC1 �  and Nampt compared with insulin 
sensitive subjects ( Fig. 2 ). Although somewhat overlapping 
changes in gene expression were observed in subcutane-
ous fat, CD4 + T and angiotensinogen were the only genes 
that showed consistently higher expression in the insulin 
resistant group in both depots ( Figs. 2, 3 ). The mRNA lev-
els of IFN �  (an infl ammatory cytokine produced by CD4 +  

  Fig.   4.  Relative mRNA expression of genes by RT 2  profi ler PCR array in human omental fat. Results are 
means ± SEM (n = 6–8 per group). * p  < 0.05, ** p  < 0.01 versus insulin sensitive group.   
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mRNA in omental and, to a lesser extent, subcutaneous fat 
were lower and IL-6 and Nampt (see below) mRNA higher 
in obese insulin resistant than insulin sensitive patients. 
We did not observe these changes. Such discrepancies 
could be attributable to differences in methods (i.e., the 
use of a custom PCR array in which all primers were de-
signed by Qiagen vs .  conventional real-time quantitative 
PCR  ) or study subject selection. With respect to the latter, we 
relied on HOMA-IR to distinguish insulin sensitive from 
insulin resistant patients and Kloting et al. utilized the eu-
glycemic hyperinsulinemic clamp for this purpose. In ad-
dition, patients with diabetes or a family history of diabetes 
were excluded in the Kloting study, whereas six of the 
eight patients in the insulin resistant group in the present 
study were diabetic or prediabetic as were three of the 
eight insulin sensitive patients. Also of note, more of the 
insulin resistant than insulin sensitive patients enrolled in 
our study were on metformin therapy. However, the use of 
this drug has been shown to increase AMPK activity in adi-
pose tissue ( 49 ). Thus, if anything, this would have made 
for higher rather than lower AMPK activity in the insulin 
resistant subjects. Finally, it should be noted that a poten-
tial limitation of this study is that it is based on 16 patients 
and has limited power for analyses that involve multiple 
comparisons. Nonetheless, using separate Bonferroni and 
Hochberg adjustments by depot and gene subclass to con-
trol the overall false discovery rate, adjusted  p  values 
showed that differences between the insulin sensitive and 
insulin resistant groups remained signifi cant or trended to 
signifi cance ( p  < 0.1) in almost all instances. 

 Excessive production of reactive oxygen species, like in-
fl ammation, has been implicated in the pathogenesis of 
insulin resistance ( 23–25 ). In humans, protein carbonyla-
tion, an indicator of chronic oxidative stress ( 50 ), has been 
reported to correlate directly with adiposity and may con-
tribute to the development of insulin resistance ( 51 ). 
Here, we found that protein carbonylation was greater in 
adipose tissue of the insulin resistant patients than their 
insulin sensitive counterparts ( Fig. 6 ). Furthermore, in 
contrast to the differing changes in gene expression, the 

group. Moreover, decreased AMPK � 1 and increased 
AMPK � 2 mRNA levels were detected in the subcutaneous 
fat depot of the insulin resistant population, but not in the 
visceral depots ( Figs. 2–4 ). Such a fi nding is puzzling be-
cause most cells types found in adipose tissue (i.e., adi-
pocytes, macrophages, endothelial cells) predominantly 
express the AMPK � 1 isoform ( 45–47 ). To the best of our 
knowledge, the only cell type in adipose tissue that ex-
presses AMPK � 2 is the fi broblast ( 48 ). Future studies in-
volving the separation of adipocytes from various stromal 
fractions may help discern the source of the elevated 
AMPK � 2. In a recent report by Kloting et al. ( 1 ), SIRT1 

 TABLE 2. Relative gene expression level in different fat depots of 
insulin resistant versus sensitive patients 

Omental fat
 Gene Ratio
  CD4 + 4.4  b  
  CD68 4.2  b  
  MPO 2.3  b  
  CCL5 3.0  b  
  p-selectin 1.7  b  
  Nampt 0.3  a  
  PGC1 � 0.6  b  
Subcutaneous fat
 Gene Ratio
  IFN � 2.7  b  
  AMPK � 1 0.3  c  
  AMPK � 2 2.9  a  
  Angiotensinogen 7.3  a  
  PTP-1b 2.0  a  
  Adiponectin 2.2  b  
  NOS2 2.1  a  
  VEGF-a 1.7  a  
  PAI-1 3.2  a  
  PPAR � 2.0  a  
Epiploic fat
 Gene Ratio
  TNF � 2.4  a  

Data indicate the relative abundance of mRNAs in insulin resistant 
compared with insulin sensitive patients (see  Figs. 2 –4 for primary 
data). Results are presented according to the depot in which the 
greatest increase (or decrease) in abundance was found.

  a  p  < 0.05.
  b  p  < 0.01.
  c  p  < 0.001.

  Fig.   5.  Nampt protein expression in adipose tissue of insulin sensitive and insulin resistant humans (n = 6–8 per group). Relative protein 
levels were normalized against  � -actin. *  p  < 0.05 relative to insulin sensitive group.   
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severe hepatic steatosis ( 57 ) and, as already noted, in 
omental fat of morbidly obese individuals who are insulin 
resistant ( 1 ). In the latter study, however, the decrease in 
SIRT1 mRNA was associated with an increase in Nampt 
gene expression. Clearly, measurements of SIRT1 activity 
are required to address the possible discrepancy between 
these fi ndings and those reported here. 

 The association between decreased AMPK activity and 
the increases in oxidative stress and infl ammatory genes 
observed in the present study are in keeping with the rela-
tionship of these factors in cultured adipocytes and other 
cells. Thus, both pharmacologically ( 58 ) and genetically 
(Gauthier et al., unpublished observation) induced de-
creases in AMPK activity have been reported to increase 
oxidative stress in 3T3-L1 adipocytes when lipolysis is stim-
ulated. Likewise, genetically-induced decreases in AMPK 
activity have been shown to increase the infl ammatory ef-
fects of palmitate and other molecules (TNF � , LPS) in cul-
tured endothelial cells ( 59 ) and macrophages ( 60 ). Such 
associations raise the possibility that decreased AMPK 
could be responsible for the increases in oxidative stress 
and infl ammation observed here in adipose tissue of obese 
insulin resistant patients. On the other hand, it has also 
been demonstrated that infl ammation caused by TNF �  
( 61 ) and palmitate ( 62 ) decreases AMPK activity in rodent 
skeletal muscle and aorta, respectively  , and that a lipid in-
fusion has a similar effect on mouse adipose tissue ( 46 ). 
Likewise, oxidative stress, as refl ected by an increase in the 
lipid peroxidation by-product hydroxynonenal ( 51 ), has 
been reported to downregulate AMPK upstream kinase 
LKB1. Collectively, these fi ndings raise the intriguing pos-
sibility that diminished AMPK activity and increased oxida-
tive stress and infl ammation could be causal factors for 
each other. If so, whether one of them is the initiating event 
that leads to adipose tissue and systemic insulin resistance in 

increase in protein carbonylation was detected in all three 
depots. Interestingly, subcutaneous abdominal fat had less 
protein carbonylation than the two visceral depots in the 
insulin sensitive patients and underwent the largest in-
crease in protein carbonyl levels in the insulin resistant 
population. Whether this contributed to the increased ex-
pression of specifi c genes in this depot remains to be de-
termined. Finally, it has been demonstrated that in severely 
obese women, bariatric surgery leads to parallel and pro-
gressive improvements in insulin sensitivity and markers of 
oxidative stress in plasma (dROMs test) over 2 years ( 52 ). 

 The results confi rmed our previous fi nding that AMPK 
activity is diminished in adipose tissue (subcutaneous and 
epiploic depots) of insulin resistant compared with insulin 
sensitive patients ( 8 ). A similar trend was observed in 
omental fat, although the difference was not statistically 
signifi cant ( p  < 0.08) ( Fig. 1C ). We also found decreases in 
Nampt mRNA and protein abundance in omental fat of 
insulin resistant patients ( Figs. 2, 5 ). Nampt has been iden-
tifi ed as a stress- and nutrient-responsive enzyme that 
increases cellular NAD +  and promotes survival during 
genotoxic stress ( 53 ). Given the role of Nampt in confer-
ring cellular resistance to oxidative stress and fostering im-
mune cells to survive under infl ammatory conditions ( 54 ), 
the reduced Nampt expression found here could have 
contributed to the elevated oxidative stress as well as 
heightened infl ammation in omental fat of the insulin re-
sistant patients. It has also been suggested, based on stud-
ies in skeletal muscle, that Nampt can be activated by 
AMPK and that such regulation could account for the abil-
ity of AMPK to activate SIRT1 ( 33, 55, 56 ). Whether the 
observed decrease in Nampt expression would affect 
SIRT1 activity in adipose tissue remains to be determined. 
Downregulation of SIRT1 mRNA expression has been 
reported in visceral fat of morbidly obese patients with 

  Fig.   6.  Carbonylation of proteins in adipose tissue from insulin sensitive and insulin resistant patients. A: 
Protein lysate (10  � g) from adipose tissue was derivatized with DNPH (Oxyblot, Millipore) and resolved by 
SDS-PAGE. Representative images are shown on the left. B: Relative quantifi cation of carbonylation was de-
termined by densitometry. (n = 5 per group, *,  p  < 0.05 compare with subcutaneous depot of insulin sensitive 
group; #,  p  < 0.0001 compare with insulin resistant group).   
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