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Abstract

Inflammation and infiltration of immune cells in white adipose tissue have been implicated in the
development of obesity-associated insulin resistance. Likewise, dysregulation of the fuel-sensing
enzyme AMP-activated protein kinase (AMPK) has been proposed as a pathogenetic factor for
these abnormalities based on both its links to insulin action and its anti-inflammatory effects. In
this study, we examined the relationships between AMPK activity, the expression of multiple
inflammatory markers in visceral (mesenteric and omental) and abdominal subcutaneous adipose
tissue, and whole-body insulin sensitivity in morbidly obese patients (BMI 48 + 1.9 kg/m?)
undergoing gastric bypass surgery. AMPK activity was assessed by western-blots (P-AMPK/T-
AMPK) and mRNA levels of various markers of inflammation by qRT-PCR. Patients were
stratified as insulin sensitive obese or insulin resistant obese according to their HOMA-IR values.
The results indicate that AMPK activity is lower in visceral than in subcutaneous abdominal
adipose tissue of these patients and that this is associated with an increased expression of multiple
inflammatory genes. They also revealed that AMPK activity is lower in adipose tissue of obese
patients who are insulin resistant (HOMA-IR > 2.3) than in BMI-matched insulin sensitive
subjects. Furthermore, this difference was evident in all three fat depots. In conclusion, the data
suggest that there are close links between reduced AMPK activity and inflammation in white
adipose tissue, and whole-body insulin resistance in obese humans. Whether adipose tissue AMPK
dysregulation is a causal factor for the development of the inflammation and insulin resistance
remains to be determined.
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Introduction

The metabolic syndrome is typically characterized by obesity, systemic insulin resistance
and a predisposition to such disorders as type 2 diabetes and atherosclerotic cardiovascular-
disease (1). Inflammation, which also accompanies these disorders, has been repeatedly
observed in adipose tissue of obese humans and experimental animals (2). The mechanism
that triggers this inflammation is still uncertain, but could involve abnormalities in fatty acid
metabolism and oxidative stress in the adipocyte (3). Such abnormalities appear to lead to an
increase in the expression and secretion of a myriad of pro-inflammatory molecules (3) that
in turn lead to the attraction, infiltration, and adhesion of immune cells (2). Thus, several
studies have reported an increased presence of macrophages in adipose tissue of obese
humans and rodents compared to lean controls (4;5) and recently, infiltration of immune
cells including neutrophils (6) and various subsets of T-lymphocytes has been reported (7;8).
The respective role of each of these immune cells in causing inflammation in adipose tissue
is still uncertain, but collectively they have been closely linked to the development of
systemic insulin resistance (4;9).

Dysregulation of the fuel-sensing enzyme AMP-activated protein kinase (AMPK) has been
proposed as both a pathogenetic factor for the development of obesity-related diseases and a
target for their therapy (10;11). Activation of AMPK occurs when the cellular AMP:ATP
ratio increases and its most well described role is to restore energy state by activating ATP-
generating metabolic pathways (e.g. fatty-acid oxidation) and inhibiting pathways that
require ATP (energy) and are not acutely essential for cell survival (e.g. lipid and protein
synthesis)(12). In addition, AMPK can be activated and downregulated by other
mechanisms (12) and it increasingly appears to have other biological roles. For instance
AMPK activation has been shown to protect various cell types by reducing inflammation
(13;14) in the basal state and when it is increased by such stimuli as lipopolysaccharide,
TNFa and fatty acids (15). Likewise, knocking down AMPKal in cultured macrophages
increases NF«B signalling and the expression of inflammatory markers (16). Despite this,
and the central role of obesity in the pathogenesis of many diseases, very little is known
about the role of AMPK in adipose tissue. Furthermore, what is known is based principally
on investigations conducted in rodents and cultured cells. In the present study, we examined
the relationships between AMPK activity and gene expression of various markers of
inflammation in subcutaneous and visceral adipose tissue, and whole-body insulin
sensitivity in morbidly obese humans undergoing gastric bypass surgery.

Material and Methods

Study Subjects

Abdominal subcutaneous (SC), omental, and mesenteric adipose tissues were obtained under
informed consent from class 111 obese patients undergoing gastric bypass surgery (n = 8).
The patients had a body mass index (BMI) ranging from 42 to 60 kg/m?2, were >18 years of
age, and were receiving care at the Boston Medical Center Nutrition and Weight
Management Clinic. Patients with unstable medical conditions such as active coronary
syndromes, congestive heart failure, systemic infection, malignancy, or pregnancy were
excluded. The study was approved by the Boston University Medical Center Institutional
Review Board. Clinical characteristics including medical history, medications, blood
pressure, and anthropometric data were recorded for each subject. In addition, biochemical
analyses including plasma lipids, glucose, insulin, and homeostasis model assessment of
insulin resistance (HOMA-IR) were performed on blood collected in a fasting state (see
Tablel).
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Preparation of Tissue Lysates and Immunoblot Analysis

Adipose tissue excised during gastric bypass surgery was immediately frozen in liquid
nitrogen and stored at —80°C until further analysis. On the day of the assay, the frozen
adipose tissue was homogenized on ice in buffer A (30 mM Na—Hepes (pH 7.4), 2.5 mM
EGTA, 3mM EDTA, 32% glycerol, 20 mM KCI, 40 mM B-glycerophosphate, 40 mM NaF,
4 mM NaPPj, 1 mM Na3zVOy, 0.1% Nonidet P-40, 2 mM diisopropyl fluorophosphates
(DFP), 2 mM phenylmethylsulfonyl fluoride (PMSF), 5 uM aprotinin, leupeptin, and
pepstatin A, and 1 mM dithiothreitol (DTT)). Homogenates were centrifuged (14,0009 x g
for 10 min at 4 °C) and supernatants were harvested and supplemented with an equal volume
of buffer B (30 mM Na-Hepes, pH 7.4, 2.5 mM EGTA, 3 mM EDTA, 70 mM KCI, 20 mM
B-glycerophosphate, 20 mM NaF, 2mM NaPP;, 1 mM Na3zV Oy, 0.1% Nonidet P-40, 2 mM
DFP, 2 mM PMSF, 5 uM aprotinin, leupeptin, and pepstatin A, and 1 mM DTT). The
resulting homogenates were centrifuged (14,0009 x g for 10 min at 4 °C) and supernatants
were harvested. Protein concentrations of cell supernatants were determined by the
bicinchoninic acid (BCA) method (Pierce, Rockford, IL) using bovine serum albumin as the
standard. Protein lysates (25 jg) were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Uppsala, Sweden).
Membranes were blocked in Tris-buffered saline (pH 7.5) containing 0.05% Tween 20
(TBST) and 5% milk for 1 h at room temperature and then probed with antibodies to B-actin
for 45min at room temperature, or antibodies to P-AMPK Thr172, and total AMPKa, (T-
AMPKG) overnight at 4°C. Bound antibodies were detected with the appropriate horseradish
peroxidase-linked whole secondary antibodies. Protein immunaoblots were visualized by
enhanced chemiluminescence, and bands were quantified with scanning densitometry.
Antibodies for P-AMPK (Thr172), and T-AMPKa, were purchased from Cell Signaling
Technology (Beverly, MA), and for -actin from Sigma-Aldrich (St-Louis, MO). Mouse and
rabbit antibodies conjugated to horseradish peroxidase were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

Real-time quantitative PCR

Human adipose tissues were analyzed for mRNA levels of various genes involved in
inflammation and infiltration of immune cells. Briefly, after collection, biopsy specimens
were placed in ice-cold saline and transported to the laboratory within 15 minutes. Samples
were cleaned by removing visible blood vessels and clots, immersed in RNA preserving
solution (RNAlater, Sigma-Aldrich), and stored at —80°C. Total RNA was isolated from fat
tissue via a commercially available kit according to instructions (Ambion Inc, Austin TX)
and cDNA was synthesized by reverse transcription. Real-time quantitative PCR was
performed for CD3A, CD4, CD68, MPO, CCL2, CCL5, AGT, VCAM, ICAM, and PECAM
using Assay-on-Demand gene expression primers and probes and TagMan Universal Master
Mix (Applied Biosystems) in an Applied Biosystems 7500 real-time PCR instrument.
Results were analyzed with reference to GAPDH, which was used as an endogenous
housekeeping gene. Fold difference in gene expression was calculated as 272ACt ysing
GAPDH as the endogenous control gene and subcutaneous fat as the “comparer” (17).

Statistical analysis

Results were analyzed using Statview version 5.0.1 and are presented as means + S.E.M.
Statistical significance of continuous variables was determined by non-parametric Mann—
Whitney U tests, Wilcoxon Signed Rank Tests, or 2-way ANOVA as appropriate and
correlations were examined with non-parametric Spearman Rank Tests. Categorical group
differences were examined using the Fisher’s exact test. For all analyses, a probability value
<0.05 was considered statistically significant.
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Results

AMPK activity is lower and mRNA levels of inflammatory markers are higher in visceral
than in abdominal subcutaneous adipose tissue of morbidly obese humans

AMPK activity and inflammation were examined in abdominal subcutaneous and visceral
(omental and mesenteric) adipose tissues that were excised from eight obese patients (Class
111 obesity, mean BMI 48.0 + 1.9 kg/m?2) undergoing gastric bypass surgery. AMPK activity,
assessed by its phosphorylation state (P-AMPK/T-AMPK), was significantly lower (~2-
fold) in omental and mesenteric, than in subcutaneous abdominal fat (Fig 1B). As shown in
Fig. 1C-G, the visceral adipose tissue depots also exhibited higher mRNA levels of the pro-
inflammatory chemokines CCL5 (also known as RANTES) and CCL2 (also known as
MCP-1), and of vascular cell adhesion molecule 1 (VCAM1), but showed no differences in
inter-cellular adhesion molecule 1 (ICAM) or platelet endothelial cell adhesion molecule
(PECAM) expression. In addition, mRNA levels of the cell surface receptors of immune
cells CD3A (T-cell) and CD68 (monocytes/macrophages), and myeloperoxidase (MPQO), an
enzyme most abundant in neutrophils, were higher in visceral fat, suggesting that it is more
infiltrated with immune cells than is subcutaneous adipose tissue (Fig 11-L). Visceral
adipose tissue also exhibited higher mRNA levels of angiotensinogen (AGT) than the
abdominal subcutaneous depot (Fig. 1H). As shown in Fig. 2, when values for the three
depots were pooled, a significant negative correlation was found between adipose tissue
AMPK activity and mRNA levels of CCL5, CD3A, CD4, CD68, and MPO but not of CCL2,
ICAM, VCAM, PECAM, or AGT. Altogether, these results indicate that AMPK activity is
lower in visceral than in subcutaneous fat and that this is closely associated with increased
inflammation and the infiltration of immune cells.

AMPK activity is higher in adipose tissue of BMI-matched obese humans who are not
insulin resistant

Obesity is a risk factor for the development of insulin resistance and diabetes; however, not
all obese subjects are insulin resistant (18-20). Indeed a relatively normal degree of insulin
sensitivity can be found in 30-40% of obese U.S. adults (BMI >30 kg/m?)(21) and even in a
significant percentage of class I11 obese individuals (BMI >40 kg/m?)(22). To examine the
relationship between AMPK activity and insulin resistance, we stratified the obese patients
into BMI-matched groups in which insulin sensitivity was evaluated by HOMA-IR (Fig 3
A,B). A HOMA-IR value of 2.3 was used as a cut-off point to categorize obese subjects as
insulin-sensitive (HOMA-IR < 2.3) or insulin-resistant (HOMA-IR > 2.3) as previously
described (23). Of the patients studied, four were insulin sensitive and four insulin resistant.
As shown in Fig. 3C, insulin-resistant individuals exhibited lower AMPK activity in all
three adipose tissue depots. Anthropometric and clinical characteristics and medications
taken by the patients in the two subgroups are presented in Table 1. As expected, insulin-
resistant patients had higher plasma insulin levels than did comparably fasted insulin-
sensitive patients. Two of the patients stratified as insulin-resistant, but none of the insulin-
sensitive subgroup, had type 2 diabetes, three were medicated with metformin and two with
anti-inflammatory drugs. We cannot rule out that these differences influenced some of our
results. On the other hand, it is known that metformin activates AMPK; yet we still found
increased AMPK activity in the insulin-sensitive subgroup in which none of the patients
were taking this medication.

Discussion

We investigated the interrelationship between AMPK activity, inflammation, and whole-
body insulin sensitivity in white adipose tissue of massively obese humans (BMI 42.3 — 59.7
kg/m?2) undergoing gastric bypass surgery. The major findings were as follows: 1) AMPK
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activity was lower and the expression of genes involved in inflammation higher in
mesenteric and omental than in subcutaneous adipose depots of the same individual; 2) an
inverse relation between AMPK activity and inflammatory gene expression was observed in
all of these fat depots; 3) AMPK activity was lower in all three adipose tissue depots in
insulin resistant subjects than in their BMI-matched counterparts who were insulin sensitive.

To our knowledge, this is the first study to examine concurrently AMPK activity and
markers of inflammation and adhesion in abdominal subcutaneous and visceral adipose
tissue of obese humans. AMPK activity, as assessed by its phosphorylation state, was ~45%
lower in visceral fat (omental and mesenteric) than in abdominal subcutaneous fat of the
same individual; no difference was found in the abundance of total AMPKa protein between
the depots. While this manuscript was in preparation, Martinez-Agustin et al. (24) reported a
higher abundance of total AMPKa in subcutaneous than in visceral adipose tissue of
morbidly obese subjects; however, AMPK phosphorylation and activity were not assessed.
Studies in both humans and rodents have established that the accumulation of predominantly
visceral adipose tissue is associated with the metabolic syndrome and the diseases that
accompany it (19;25;26). An increasing body of evidence has linked this to the fact that
visceral adipose tissue is more lipolytic and exhibits more inflammatory changes including a
greater infiltration of immune cells (27). In keeping with this, we found that the mRNA
levels of various markers of inflammation (CCL2, CCL5, VCAM) and of immune cells
(CD3A, CD68, MPQO) were greater in visceral than in subcutaneous fat. A novel finding was
that this pro-inflammatory profile in visceral fat was associated with decreased AMPK
activity. It remains to be determined in which cell types AMPK activity is diminished as
adipose tissue is not only comprised of adipocytes but also of immune cells, fibroblasts,
endothelial cells, and preadipocytes (28).

Whether the decrease in AMPK activity is a cause or a consequence of the inflammation is
unclear. One factor that contributes to this conundrum is that AMPK and inflammation have
both been shown to impact on the other. Thus, AMPK activation inhibits the ability of high
glucose, TNFa and palmitate to cause inflammation, apoptosis (13;14;16;29) and where
studied, insulin resistance (29) in various cell types, whereas decreased AMPK activity
enhances their ability to do so (16). On the other hand, inflammation induced by TNFa in
skeletal muscle (30) and palmitate in aortic endothelium (31) has been shown to diminish
AMPK activity in both instances, apparently due to their action on phosphatases. Recent
studies in 3T3-L1 adipocytes have also demonstrated that knocking out the histone/protein
deacetylase SIRT1 enhances the inflammation induced by incubation with recombinant
TNFa (32). Since SIRT1 has been shown to activate AMPK in various cells (33), it will be
of interest to determine if these effects are the result of decreased AMPK activity. In
particular, studies comparing adipose tissue of patients or experimental animals as they
become obese and/or develop the metabolic syndrome may help to determine the order of
events.

Another striking finding was that AMPK activity was lower in all three adipose tissue
depots of obese patients who were insulin-resistant than in BMI-matched individuals who
were insulin-sensitive. Such a decrease in adipose tissue AMPK activity has also been found
in mice fed a high-fat diet (34), another model of obesity-associated insulin resistance. In
addition, Kola et al. (35) have recently reported that AMPK activity is decreased in visceral
adipose tissue of patients with Cushing’s syndrome. Individuals with this disorder exhibit
many features of the metabolic syndrome, including insulin resistance and central obesity,
which as suggested by the authors, may be due to a glucocorticoid-induced decrease in
adipose tissue AMPK activity. Presumably such patients would not have inflammation in
their adipose tissue because of high levels of circulating glucocorticoids; however, this does
not appear to have been directly examined. The exact mechanism responsible for decreased
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adipose tissue AMPK activity in obese insulin resistant patients is not known. Among the
factors that could hypothetically mediate it are decreased circulating levels of adiponectin
(36) and/or altered lipolysis (37) since increases in both have been shown to activate AMPK
(38;39). Likewise, as already noted the possibility that inflammation is the primary event
and leads to a decrease in AMPK has not been ruled out.

In conclusion, AMPK activity is suppressed in visceral compared to abdominal
subcutaneous adipose tissue of massively obese patients undergoing bariatric surgery and
this is associated with increased expression of markers of inflammation and infiltration of
immune cells. In addition we found that, AMPK activity is lower in adipose tissue of
insulin-resistant obese than in BMI-matched insulin sensitive individuals. In freshly isolated
adipocytes and adipose tissue of rats in vivo, stimulation of lipolysis by exercise and
epinephrine (40) leads to an increase in AMPK activity associated with a decrease in energy
state. Similar findings are observed in cultured adipocytes when lipolysis is stimulated (39).
When AMPK activation is inhibited pharmacologically or genetically downregulated in such
cells, it is accompanied by a further decrease in energy state, oxidative stress and monocyte
adhesion (19;41). Collectively, these results suggest a close link between dysregulation of
AMPK activity and the development of adipose tissue dysfunction associated with insulin-
resistance. Whether this relationship is causal warrants further investigation.
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Figure 1. AMPK activity is lower and mRNA levels of inflammatory markers higher in visceral

than in subcutaneous adipose tissue of obese humans
(A) Immunoblots with specific antibodies for AMPKa phosphorylated at Thr172, T-

AMPKa, and B-actin. (B) Densitometric analysis of P-AMPK normalized to T-AMPK. (C-

L) Fold difference in the expression of various genes involved in inflammation and
immunity in visceral compared to subcutaneous fat are shown. Results are means + SEM

(n=7-8). Significantly different from subcutaneous fat: * p < 0.05, ** p < 0.01. Significantly

different from omental fat: + p < 0.05. IB: immunaoblot; SC: subcutaneous.
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Figure 2. AMPK activity inversely correlates with the expression of various genes involved in
inflammation and immunity in adipose tissue of obese humans
AMPK activity in the three depots was assessed by immunoblots of P-AMPK, normalized to
T-AMPKa abundance, and correlated to the mRNA levels of the indicated genes. Individual
values were obtained in the experiments presented in Fig. 1.
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Figure 3. AMPK activity is higher in adipose tissues of obese, insulin-sensitive humans than in
the same tissues of comparably obese individuals who are insulin resistant

Obese subjects were stratified according to their HOMA-IR values into insulin-sensitive (IS)
(HOMA-IR < 2.3) and insulin-resistant (IR) (HOMA-IR > 2.3). (A) HOMA-IR and (B)
body mass index (BMI). (C) Densitometric analyses of P-AMPK normalized to T-AMPKa
in subcutaneous, omental and mesenteric adipose tissue of IS and IR obese subjects. Results
are means + SEM (n=4). Significantly different from IS individuals: * p < 0.05, ** p < 0.01.
Significantly different from subcutaneous fat: + p < 0.05, ++ p < 0.01. IS: insulin sensitive;
IR: insulin resistant; Sc: subcutaneous; Mes: mesenteric.
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Table 1

Clinical and anthropometric parameters of obese individuals stratified into insulin-sensitive and insulin-
resistant according to HOMA-IR.

Insulin-sensitive (n=4)  Insulin-resistant (n=4)

Age (years) 38.25+7.38 375+85
sex (% female) 50% 100%
Weight (kg) 1425+75 129.6 + 10
Height (m) 1.77+6.4 160+15 "
Waist Circumference (cm) 142.0+ 3.0 1435+6.9
Hip Circumference (cm) 141.0+23 145.0 +3.81
Heart Rate (bpm) 705+1.8 74.25+9.7
Systolic BP (mmHg) 125.8+5.0 121.3+15
Diastolic BP (mmHg) 743+2.6 68.8+5.4
Plasma insulin (ulU/mI) 9.0+0.4 230+88 "
Glucose (mM) 52+03 5907
HgAIC (%) 59+0.2 6.3+0.5
LDL (mg/dL) 132.0+19.9 103.0+7.1
HDL (mg/dL) 38.8+20 440+19
Total Cholesterol (mg/dL) 188.3 +18.7 181.5+15.7
Triacylglycerol (mg/dL) 873177 172.8+72.6
hsCRP (mg/L) 52+14 9.2+23
Diabetes (%0) 0% 50%
Hypertension (%) 50% 25%
CAD (%) 0% 0%
Family History of CAD (%) 0% 25%
Hypercholesterolemia (%) 75% 50%
Metabolic Syndrome (%0) 75% 100%
Thiazolidinedione (%0) 0% 0%
Metformin (%) 0% 75%
ACEI (%) 0% 25%
Statin (%) 25% 25%
NSAID (%) 25% 0%
Antidepressants (%) 25% 75%
Beta-adrenergic agonists (%) 25% 50%
Beta-adrenergic antagonists (%6) 25% 50%
Thyroid hormones (%) 25% 0%
Phentermine (%) 25% 25%
Proton-pump inhibitors (%) 50% 50%
Diuretic/Laxative (%0) 50% 25%
Antihistaminic (%) 25% 25%
SAID (%) 0% 50%

Results are means + SEM. Significantly different from insulin sensitive obese individuals:
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p<0.05.

CAD: Coronary Artery Disease; ACEI: Angiotensin Converting Enzyme Inhibitor; NSAID: Nonsteroidal Antiinflammatory Drug; SAID: Steroidal
Antiinflammatory Drug.
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