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Abstract

Objective—The purpose of this study was to determine whether obese individuals with reduced
adipose tissue inflammation exhibit a more favorable cardiovascular risk profile.

Background—Obesity is associated with a low-grade state of chronic inflammation that may be
causally related to cardiometabolic disease.

Methods—Using immunohistochemistry, we categorized obese individuals dichotomously as
having inflamed fat (n=78) or non-inflamed fat (n=31) based on the presence (+) or absence (-) of
macrophage crown-like structures (CLS) in subcutaneous abdominal fat biopsy samples. We
compared their metabolic, vascular, and adipose tissue characteristics to lean subjects (n=17).

Results—Inflamed CLS+ obese individuals displayed higher plasma insulin, HOMA,
triglycerides, glucose, blood pressure, hs-CRP, LDL-C, and lower HDL-C and brachial artery
flow-mediated dilation (FMD) compared to leans (p<0.05). Adipose mRNA expression of
inflammatory genes including CD68, leptin, MMP-9, CD163, and CD8A were significantly
greater and VEGF lower in the CLS+ group (p<0.05). In contrast, obese subjects with non-
inflamed fat exhibited a mixed clinical phenotype with lower insulin resistance, reduced
proatherogenic gene expression, and preserved vascular function as in lean subjects. In multiple
linear regression adjusting for age and gender, CLS status (beta = -0.28, p=0.008) and waist
circumference (beta = -0.25, p =0.03) were independent predictors of FMD.

Conclusion—These findings lend support to the novel concept that factors in addition to
absolute weight burden, such as qualitative features of adipose tissue, may be important
determinants of cardiovascular disease. Therapeutic modulation of the adipose phenotype may
represent a target for treatment in obesity.
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Introduction

Methods

There is growing recognition that many overweight individuals maintain a relatively
favorable cardiometabolic profile even in extreme obesity. Determinants of a metabolically
healthier obese phenotype are poorly understood and likely multifactorial relating to
differences in body fat distribution, physical activity, and adipose metabolism (1). In
addition, recent data suggest that inflammation of adipose tissue orchestrated by monocyte/
macrophage infiltration and overproduction of proatherogenic cytokines may mediate
metabolic and vascular disease in human obesity (2, 3). Chronic activation of the immune
system has been strongly implicated in the pathogenesis of obesity-associated disorders
including type 2 diabetes mellitus, cancer, and cardiovascular disease, and is a growing
target of interest for therapeutic intervention (4).

We and others have previously shown that proinflammatory changes in fat are linked to
metabolic stress and endothelial dysfunction (2, 5, 6). The goals of the present study were to
determine whether qualitative differences exist between the adipose tissue of obese versus
normal weight individuals, and to investigate whether overweight patients with reduced
adipose inflammation are polarized toward a lean phenotype.

Study subjects

We enrolled overweight adult men and women (age=>18 years) with a body mass index
(BMI) of >25 kg/m? receiving care at the Boston Medical Center. We also recruited lean
adults (BMI <25 kg/m?) through advertisements to the general public. Subjects with
unstable medical conditions or pregnancy were excluded. The study was approved by
Boston Medical Center IRB and all subjects gave written informed consent. Blood pressure,
heart rate, height, weight, BMI, and waist circumference (WC) were recorded for each
subject and all biochemical analyses quantified from fasting blood samples.

Subcutaneous adipose tissue collection

From each subject, we collected abdominal subcutaneous adipose tissue via percutaneous
needle biopsy technique or directly harvested during gastric bypass surgery, as previously
described (2, 7). All subjects were in a fasting state for >12 hours prior to biopsy. Each
subject provided a single biopsy specimen from the subcutaneous region for analysis.

Adipose tissue histology and RT-PCR

Macrophages in adipose tissue were identified using cell-specific stains targeted to CD68
(DakoCytomation, Carpinteria, CA). Based on the presence (+) or absence (-) of
macrophage crown-like structures (CLS), obese subjects were dichotomously categorized as
CLS+ if any adipose tissue macrophage clusters were present in any examined field
(inflamed fat), or CLS- if clusters were absent (non-inflamed fat) as previously validated (2,
8, 9). All lean subjects were CLS-. For mRNA expression analyses, samples were
homogenized using a MagNa Lyser tissue homogenizer (Roche Applied Science,
Indianapolis, IN). Quantitative RT-PCR reactions were performed using a high throughput
instrument (BioMark, Fluidigm, San Francisco, CA) with Gene Expression Assays (Applied
Biosystems, Foster City, CA) and DynamicArray chips (Fluidigm, San Francisco, CA) (10).
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Vascular studies

For each subject, brachial artery ultrasound studies were performed in a fasting state.
Brachial vasomotor responses were examined using a noninvasive, standardized method of
ultrasound using a Toshiba Powervision 6000 system, as previously described (2, 11). Flow-
mediated dilation (FMD) following a 5-minute cuff occlusion in an upper arm position and
nitroglycerin-mediated dilation (NMD) of the brachial artery served as measures of
endothelium-dependent and -independent dilation, respectively. Sublingual nitroglycerin
(0.4 mg) was omitted if contraindicated or the subject declined.

Statistical analysis

Results

Analyses were completed using SAS for Windows, version 9.1 (SAS Institute Inc., Cary,
NC, USA). Data are presented as mean + SD, or median with interquartile range, or
proportions (%). Categorical group differences were examined using the Chi-square test or
Fisher's exact test as appropriate. Kolgomorov-Smirnov tests, histograms and normal
probability plots were used to determine whether continuous variables were normally
distributed or skewed. Natural log transformation was applied only to continuous variables
not meeting normality which specifically were glucose, HOMA, insulin, triglycerides, as
well as adipose expression of IL-8, catalase, peroxiredoxin-1, guanylate cyclase | a/B, IL-6
and IL-1p. The latter four genes did not reach normality despite transformation and were
analyzed by nonparametric methods. Group differences for continuous variables were
examined using analysis of variance (ANOVA) with Tukey post-hoc analysis, and the
Kruskal-Wallis test was used for skewed variables. Univariate associations between vascular
parameters or HOMA and clinical data were examined in the obese using Pearson's
correlation. Alternatively, Spearman's rank correlation was used for skewed data. Multiple
linear regression was used to determine whether CLS status was independently associated
with FMD. Univariate clinical correlates of FMD with significance level of P<0.1 were
included in the model. For all analyses, P value <0.05 was considered statistically
significant.

Clinical and histological data

A total of 109 obese subjects (mean age 42 +11, 86% female) and 17 lean individuals (mean
age 33 £ 12, 77% female) completed this study. The clinical characteristics of all
participants are displayed in table 1. The majority of obese individuals (72%) demonstrated
evidence of adipose inflammation characterized by tissue presence of macrophage crown-
like structures in subcutaneous fat (CLS+, n=78) as shown in figure 1, that were absent in
28% of overweight subjects (CLS-, n=31). In contrast, all leans were non-inflamed (CLS-).
As expected, the lean group had significantly lower BMI, WC, plasma insulin, HOMA,
LDL-C, HbAlc, triglycerides, glucose, hs-CRP, hypertension, diabetes prevalence,
medication use, and higher HDL-C levels compared to the CLS+ obese (p<0.05). However,
despite the same degree of adiposity, gender distribution, and age range as the CLS+ group,
insulin levels and HOMA were significantly lower in CLS- obese, exhibiting values that
were intermediate to the lean and inflamed overweight groups (p<0.05).

Vascular parameters

Vascular function data for all three groups are displayed in table 2. Brachial artery FMD
(n=126) was significantly impaired in the CLS+ subjects compared to both lean and CLS-
groups demonstrating that subjects with reduced adipose inflammation display endothelium-
dependent vasodilation similar to those with normal weight. In contrast, endothelium-
independent NMD (n=67) was significantly reduced in obese groups compared to the leans
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(p<0.05). As shown in table 3, univariate correlates of brachial artery FMD in the obese
were WC, HOMA, HbAlc, and adipose IL-6 and CCL2 expression. HOMA correlated
positively with WC, BMI, HbAlc, triglycerides, plasma hs-CRP, adipose IL-13 expression
and negatively with HDL-C and FMD. In multiple linear regression with adjustment for age,
gender, and HOMA, CLS status (CLS+ vs. CLS-; beta = - 0.28, p = 0.008) and WC (beta =
-0.25, p = 0.03) were the only significant predictors of FMD (model R? = 0.19).

Adipose tissue gene expression

We identified specific genes that were differentially expressed between subcutaneous
adipose tissue of all three groups. As shown in figures 2A-E, CD68, leptin, matrix
metalloproteinase-9 (MMP-9), CD163 (M2 macrophage marker), and CD8A mRNA
expression were greatest in the CLS+ obese group and lowest in leans, with intermediate
values in CLS- subjects (P<0.05 for all inter-group differences). Lean individuals also
exhibited significantly lower mRNA expression of IL-8 (neutrophil chemotaxis), chemokine
C-C motif ligand 2 (CCL-2), IL-6, TNF-a, IL-1B, and MRC1 (M2 marker, CD 206 mannose
receptor), and higher expression of vascular endothelial growth factor-A (VEGF-A) (figure
2F) compared to both obese groups (p<0.05). Increased oxidative stress has been implicated
in mechanisms of obesity-related metabolic disorders (12). In this regard, we observed
decreased expression of antioxidant enzymes catalase (CAT), superoxide dismutase (SOD),
and peroxiredoxin-1 (PRDX1) and markers of local NO bioavailability (eNOS and
guanylate cyclase | o/B) in the adipose tissue of obese as compared to lean subjects (p<0.05).
Conversely, we observed increased expression of pro-oxidant enzymes including NADPH
oxidase cytochrome b (p<0.01) and NADPH oxidase 4 (NOX4) (p=0.06) in the adipose
tissue of obese. The findings support a milieu of increased oxidative stress in association
with obesity however our measured tissue variables did not specifically correlate with
systemic vascular responses.

Discussion

In the present study, we demonstrate that obese individuals display more proatherogenic
vascular, metabolic, and adipose tissue profiles as compared to lean subjects. The key
finding was that for the same degree of severe obesity, individuals with reduced adipose
inflammation exhibited an “intermediate” clinical phenotype with arterial function similar to
normal weight subjects. We observed parallel trends in adipocytokine expression that
mirrored systemic profiles suggesting a biological connection. In this regard, the findings
prompt speculation that aspects of cardiovascular disease mechanisms may have origins
within the adipose microenvironment.

Animal models consistently show that excess adiposity induces a chronic state of immune
system activation characterized by adipose tissue influx of macrophages, neutrophils, and T
lymphocytes that stimulate adipocytokine production implicated in the temporal
development of insulin resistance (13). We now recognize that the consequence of adipose
inflammation likely extends beyond metabolic disturbance to cause vascular injury and
atherosclerosis. For example, adipose tissue inflammation induces endothelial activation and
alters blood flow in the microcirculation of obese mice (14). Inflamed perivascular fat
preferentially localizes to atherosclerotic regions and adipocytokines impair vasomotor
function (15). These findings show that functional properties of blood vessels are adversely
modulated by the state of the adipose microenvironment. It is thus plausible to speculate that
disease at the adipose level may extend and reflect in the systemic vasculature, as this
concept is supported by our finding that obese patients with reduced adipose inflammation
displayed favorable arterial responses as in lean subjects. This may hold clinical significance
as prospective studies consistently show that endothelial dysfunction predicts cardiovascular
events (16).

J Am Coll Cardiol. Author manuscript; available in PMC 2012 July 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farb et al.

Page 5

The degree of adipose immune activation in humans is more variable than in genetically
modified experimental animals, and this heterogeneity in tissue phenotype provides a
window of opportunity to investigate how adipose changes relate to clinical disease. In this
regard, we demonstrated that a specific pattern of macrophage build-up in fat is associated
with metabolic and endothelial dysfunction (2, 7). The key issue of what sets off the
inflammatory cascade in fat is not well understood and likely multifactorial relating to
adipocyte hypertrophy and dysfunction, oxidative stress, toxic lipolysis, and deficient
neovascular remodeling (17). Adipose activation and adipocytokine overproduction may
have its systemic consequences. For example, we demonstrated over-expression of MMP9
which plays a key role in matrix turnover and remodeling as part of the activated tissue
profile. Plasma metalloproteinase concentrations are increased in the obese and clinical
studies show that fat is a significant source (5). As MMP9 destabilizes atherosclerotic
plaques, consequences of weight gain may be germane to cardiovascular risk (18).

Adipose tissue macrophages largely originate from circulating monocytes (13). They can
exist in at least two differentially activated states characterized as M1 macrophages that
produce proinflammatory cytokines linked to insulin resistance and atherosclerosis and
alternative M2 phenotypes involved in immunosuppressive functions (19). In obese animals,
these cell lines show predominantly M1 characteristics (20), while human fat displays mixed
phenotypes (5). Their precise role in human disease is unknown, and whether macrophage
polarization influences the pathogenic profile of fat remains an open question (5). Most
probably, immune changes in humans is dynamic with activation of proinflammatory
“danger signals” in early phases of weight gain followed by adaptive remodeling, as the
expression for many acute phase cytokines was similar in both obese groups. We
demonstrated increased expression for M2 markers of CD163 and CD206 suggesting that
compensatory immunosuppressive pathways may be triggered in later stages of obesity.

Our seminal finding was that obese individuals without proinflammatory adipose changes
displayed more favorable clinical characteristics. This subset represented approximately
30% of our obese cohort, strikingly similar in proportion to metabolically healthier obese
phenotypes in large population studies (21). Both WC and the presence of CLS in adipose
tissue were independent predictors of brachial artery FMD, suggesting that both “quantity”
and “quality” of fat may be germane to systemic disease (22).

Our present study has several limitations. To minimize subject discomfort, we relied on a
single subcutaneous biopsy site for adipose tissue characterization; therefore, it remains
possible that some individuals were miscategorized owing to sampling error. Our analyses
were limited to subcutaneous fat which was readily accessible. Since visceral depots are felt
to be more metabolically active and pathogenic in nature, it is possible that stronger
correlations could have been observed (23, 24). Most participants in the present study were
female, reflecting general clinical practice and gender differences in populations that seek
weight loss treatments (25). Macronutrient intake plays an important role in adaptive
immune responses. While we did not specifically record daily food logs, we acknowledge
that chronic differences in dietary patterns could influence metabolic states (26, 27). These
limitations are counterbalanced by the relatively large sample size for this type of invasive
clinical study and novel translational information generated in severe human obesity where
limited information currently exists.

In conclusion, we identified a group of obese subjects with reduced adipose inflammation
that exhibit intermediate risk factor profiles. We hypothesize that individuals prone to
inflammatory activation with weight gain may have increased cardiometabolic risk.
Therapeutic modulation of the adipose phenotype may represent a novel target for treatment
in obesity.
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Figures 1. Representative histology of inflamed human subcutaneous adipose tissue as
demonstrated using light microscopy

CD68+ macrophages (brown color) are organized into multiple “crown-like-structures” that
encircle necrotic adipocytes as a hallmark of chronic local inflammation in human fat tissue.
A. left panel, 20x power; B. right panel, 40x power, solid arrows indicate macrophages,
dotted arrow illustrates an adipocyte.
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Clinical characteristics

Table 1

Lean (n=17) Obese (CLS-) (n=31) Obese inflamed (CLS+) (n=78)
Age (yrs) 33+12 40+10 312
Female (%) 77 97 82
BMI (kg/m?) 221 57 4559
Waist circumference (cm) 76+1 12746 1307
Weight (kg) 637 118420 127429
Insulin (mU/ml) 2,1 105, 7 14, lz*‘r
HOMA 0.5,0.2 23, 1.7* 41, 3.4*T
Triglycerides (mg/dl) 62, 34 83, 43* 107, 89*
Glucose (mg/dl) 86,10 92,21 100, 26
HDL-C (mg/dI) 67+18 4959 19414
LDL-C (mg/dI) 97 +24 115+ 26 121431
Total cholesterol (mg/dl) 178+ 29 183+ 29 194 + 36
HbA1c (%) 53+0.3 6110 63411
hs-CRP (mg/dl) 0.9+0.9 51439 85+95
Diabetes (%) 0 2% 36
Hypertension (%) 0 3% 26
Hypoglycemic use (%) 0 13 32*
Lipid lowering use (%) 0 13 26*
Active smoker (%) 0 16 8

Data are presented as means + SD or median, interquartile range.

*
p<0.05 vs. lean;

Tp<0.05 vs. CLS- obese
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Table 2

Vascular data

Lean Obese (CLS-)  Obese inflamed (CLS+)

Systolic BP (mmHg) 117 + 11 120+ 14" 130+ 16
Diastolic BP (mmHg) 67 +6 7549 73+10°
Brachial diameter (mm)  3.4+0.7 38+05 242+07 T
FMD (%) 125+6 12414 924477
NMD (%) 224210 15o45" 1326

FMD = Flow-mediated dilation; NMD = Nitroglycerin-mediated dilation
p<0.05 vs. lean;

Tp<0.05 vs. CLS- obese
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Clinical correlations

Correlates of FMD  Coefficient P
Wiaist circumference -0.26 0.0l
HOMA -0.20 0.05
HbAlc -0.26 0.00I
CCL2 -0.25 0.0l
IL-6 -0.25 0.02

Correlates of HOMA
Wiaist circumference 0.43  <0.001
BMI 0.36 0.001
HbAlc 042 <0.001
Triglycerides 0.57 <0.001
Hs-CRP 0.26 0.02
IL-1B 0.23 0.03
HDL cholesterol -0.33  <0.001

Table 3

FMD = Flow-mediated dilation; HOMA = Homeostasis model assessment
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