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SUMMARY
Objective—Endothelial adhesion molecules like E-selectin play an important role in leukocyte
recruitment and development of atherosclerotic plaque. E-selectin is increased in obesity, yet little
is known regarding the specific factors contributing to elevated E-selectin in obesity and whether
tumor necrosis factor alpha (TNF-alpha) increases E-selectin in vivo in this population. The
objectives of this study were to: 1) determine the body composition, metabolic and inflammatory
factors associated with increased E-selectin, and 2) determine the role of TNF-alpha in the
physiological regulation of E-selectin by antagonism of TNF-alpha with etanercept among obese
subjects.

Methods—E-selectin levels, body composition, metabolic parameters and inflammatory
cytokines were assessed in 51 obese subjects and 37 non-obese healthy controls. Obese subjects
were randomized to etanercept 50 mg weekly or placebo for four weeks. Changes in E-selectin
were compared between treatment groups.

Results—Obese subjects had higher E-selectin than non-obese controls (47.4 [32.7 – 58.8] vs.
27.2 [20.3 – 42.1] ng/mL, obese vs. non-obese, p<0.0001). E-selectin was significantly associated
with multiple body composition measures and metabolic parameters, along with specific measures
of TNF-alpha activation, including soluble tumor necrosis factor receptors 1 (p=0.03) and 2
(p=0.02). In multivariate modeling, visceral adipose tissue, but not other measures of body
composition, remained significantly associated with E-selectin. Among obese subjects, treatment
with etanercept significantly decreased E-selectin (−5.7 ± 8.7 vs. 0.5 ± 6.0 ng/mL, etanercept vs.
placebo, p=0.005).

Conclusions—E-selectin is increased in obesity, in relationship to increased visceral adiposity
and markers of TNF-alpha activation. TNF-alpha antagonism with etanercept reduces E-selectin in
obese subjects, providing evidence that the systemic circulatory release of E-selectin is regulated
at least in part by TNF-alpha in obesity.
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INTRODUCTION
Obesity is a widespread condition afflicting nearly a third of Americans1 and conferring an
increased risk of morbidity and mortality from cardiovascular diseases2. Obese individuals
have a higher level of tonic, subclinical inflammation than normal-weight subjects, as
reflected in elevated circulating levels of cytokines including TNF-alpha, IL-6, and CRP3–5.
Although it is known that patients with chronic inflammatory diseases such as rheumatoid
arthritis and lupus have a higher rate of atherosclerosis6, 7, it is unclear if elevated
inflammatory cytokines in obesity play a direct role in atherogenesis.

Inflammatory cytokines may affect atherogenesis through the upregulation of endothelial
adhesion markers such as E-selectin. A member of the selectin family of transmembrane
glycoproteins, E-selectin is constitutively expressed on endothelial cells. It promotes
leukocyte adherence to the endothelium8, facilitating eventual endothelial transmigration
and development of atherosclerotic plaque9. In vitro studies demonstrate that TNF-alpha
upregulates E-selectin8, 10, 11 and also triggers enzymatic cleavage of the extracellular
portion of the protein, with subsequent release of soluble E-selectin11, 12. Soluble E-
selectin is increased in obesity13, 14, but little is known regarding the effects of TNF-alpha
on E-selectin in vivo among obese subjects.

In this study we sought to investigate the factors associated with increased E-selectin in
obesity using detailed measures of body composition and inflammatory indices in both
obese and non-obese subjects. To further explore these relationships, we used a prior
experimental model in which we randomized obese subjects to etanercept or placebo15 to
investigate both the effect of etanercept on E-selectin and the relationship of change in E-
selectin to changes in other inflammatory indices and markers of TNF-alpha activation. We
demonstrate that E-selectin is increased in obese subjects in relationship to visceral fat and
show that inhibition of TNF-alpha with etanercept leads to a reduction in E-selectin,
providing in vivo evidence that TNF-alpha is one of the physiological regulators of E-
selectin in obesity.

SUBJECTS AND METHODS
Study population

Thirty-seven non-obese subjects between the ages of 18 and 55 with a BMI ≤ 26 kg/m2 were
studied as healthy control subjects and compared with 51 obese subjects (BMI > 30 kg/m2),
also between the ages of 18 and 55 with similar gender distribution. Obese subjects
demonstrated metabolic abnormalities and met the modified World Health Organization
(WHO) criteria of metabolic syndrome16, but none had a specific medical condition known
to be associated with increased inflammation, other than obesity itself. Exclusion criteria for
obese subjects included known coronary artery disease, diabetes mellitus, chronic infection
such as HIV, chronic autoimmune disease such as rheumatoid arthritis, and use of anti-
hyperglycemic medications, immunosuppressants, niacin, or fibrates15.

All subjects gave written informed consent, and the study was approved by the Human
Research Committee of the Massachusetts General Hospital (MGH), the Committee on the
Research of Human Subjects at the Massachusetts Institute of Technology (MIT), and the
Food and Drug Administration (FDA) (IND BB-IND no. 11463 to SKG). We previously
reported the effects of etanercept on inflammatory indices, including CRP, IL-6, fibrinogen,
and adiponectin in this obese cohort15. In the current study, we used stored serum to
investigate the effects of etanercept on E-selectin. In addition, we compared baseline levels
of E-selectin prior to etanercept administration in the obese subjects with levels obtained in
a recently recruited group of healthy non-obese controls.
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Study procedures
Both non-obese and obese subjects underwent morning visits after a 12-hour overnight fast.
Height, metabolic weight, and BMI were determined at each visit. Blood samples were
drawn in the morning, precluding confounding by the known circadian variation in E-
selectin levels17. Subcutaneous and visceral adipose tissue (SAT and VAT, respectively)
were measured by single-slice abdominal CT scan at the L4 pedicle as previously
described15, 18. Following the baseline visit, obese subjects were randomized to receive
either 50 mg subcutaneous weekly etanercept or identical placebo for four weeks. All tests
obtained at the baseline visit before randomization were repeated on day 25, three days after
the fourth and final dose of the study drug15.

The MGH Research Pharmacy performed the randomization based on sequential enrollment
numbers using a permuted block algorithm and kept the randomization code. Randomization
was stratified by sex. All investigators, study staff, and subjects were blinded to drug
assignment throughout the study.

Laboratory methods
Blood samples were stored at −80°C. All samples from the same patient were run in
duplicate in the same assay. E-selectin (ng/ml), was measured with an enzyme-linked
immunosorbent assay (R & D Systems Inc., Minneapolis, MN). The intraassay coefficient of
variation (CV) was 5.8% and the interassay CV was 7.9%. The laboratory methodologies for
measurements of lipids, tumor necrosis factor alpha (TNF-alpha), soluble tumor necrosis
factor receptor 1 (sTNFR1), soluble tumor necrosis factor receptor 2 (sTNFR2), c-reactive
protein (CRP), interleukin-6 (IL-6), and fibrinogen were as previously described15.

Statistical analysis
As most baseline metabolic and inflammatory parameters were not normally distributed,
baseline comparisons between obese and non-obese subjects were made with the Wilcoxon
Rank Sums test, and baseline correlations were performed using Spearman's Rho.
Multivariate analysis was performed using standard least squares regression modeling.
Sensitivity analyses assessing for potentially collinear body composition parameters in
multivariate modeling did not affect the results. Results are reported as median [intraquartile
range (IQR)] unless otherwise indicated. In the intervention study, change from baseline was
compared using Student's t-test between obese subjects randomized to etanercept or placebo,
and univariate associations between changes in inflammatory markers during treatment were
assessed using the Pearson correlation coefficient. Statistical significance was defined as a
2-tailed p value of <0.05. Statistical analysis was performed using JMP for SAS (SAS
Institute Inc, Cary, NC).

RESULTS
Comparison of clinical characteristics in non-obese and obese cohorts

Baseline characteristics of obese and non-obese subjects are shown in Table 1. Age, gender,
race, and current smoking were not significantly different between groups (Table 1). As
expected, obese subjects had higher fasting glucose, insulin, triglyceride, and systolic and
diastolic blood pressure, as well as lower HDL. Compared with non-obese subjects, obese
subjects had significantly higher levels of E-selectin (47.4 [32.7 – 58.8] vs. 27.2 [20.3 –
42.1] ng/mL obese vs. non-obese, p<0.0001, Figure 1).
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Relationship of E-selectin, body composition, metabolic, and inflammatory markers
In the combined cohort of obese and non-obese subjects, E-selectin concentrations were
significantly associated with BMI (rho = 0.52, p < 0.0001), waist-to-hip ratio (rho = 0.43, p
< 0.0001), SAT (rho = 0.45, p < 0.0001), VAT (rho = 0.61, p < 0.0001), fasting glucose (rho
= 0.40, p = 0.0001), fasting insulin (rho = 0.60, p < 0.0001), and triglycerides (rho = 0.44, p
< 0.0001), Table 2. In addition, there was a significant inverse association between E-
selectin and HDL (rho = −0.33, p = 0.002). There was not a significant relationship between
E-selectin and age (Table 2), current smoking (p-value by Wilcoxon Rank Sums test = 0.28),
or gender (p value by Wilcoxon Rank Sums test = 0.34).

In the obese subjects, for whom other markers of systemic inflammation were also
measured, E-selectin was significantly and positively associated with fibrinogen (rho = 0.32,
p = 0.02), IL-6 (rho = 0.28, p = 0.048), sTNFR1 (rho = 0.31, p = 0.03), and sTNFR2 (rho =
0.32, p = 0.02), Table 2.

In multivariate analysis with E-selectin as the dependent variable and age, BMI, VAT, SAT,
and waist-to-hip ratio (WHR) as independent variables, VAT (p = 0.005) but not other
measures of body composition remained significantly related to E-selectin (r2 = 0.42, p <
0.0001 for model) (Table 3A). In a separate multivariate analysis using VAT and metabolic
syndrome parameters, including fasting glucose, fasting insulin, HDL, triglyceride, SBP,
and DBP, as independent variables, VAT (p < 0.0001) was the only significant predictor of
E-selectin levels (r2 = 0.44, p < 0.0001 for model, Table 3B).

Effect of Etanercept on E-selectin in obese subjects
Among the 51 obese subjects, 26 were randomized to placebo and 25 to etanercept
treatment. E-selectin and other baseline clinical characteristics, including age, gender, race,
statin use, anti-hypertensive use, and current smoking, were not significantly different
between the two groups (Table 4). BMI was slightly lower in the placebo group (34 [32 –
37] vs. 38 [33 – 43], placebo vs. etanercept, p = 0.04, Table 4).

Treatment of obese subjects with etanercept significantly decreased levels of E-selectin
relative to placebo (−5.7 ± 8.7 vs. +0.45 ± 6.0 ng/ml, etanercept vs. placebo, p = .005)
(Figure 2). No changes in weight or body composition parameters were seen. Levels of
TNF-alpha and sTNFR2 increased and CRP decreased significantly in the etanercept group
compared with the placebo group15. Effects of etanercept on E-selectin remained significant
when controlling for baseline BMI in multivariate modeling. Etanercept was well-tolerated,
without any side effects related to infections or other adverse effects.

The change in E-selectin over time was inversely associated with changes in TNF-alpha (r =
−0.34, p = 0.02) and sTNFR2 (r = −0.33, p = 0.02). In addition, the change in E-selectin was
positively associated with the change in CRP (r = 0.36, p = 0.009) (Table 5).

DISCUSSION
E-selectin, constitutively expressed on endothelial cells, is a transmembrane glycoprotein
which binds carbohydrate ligands on leukocytes, causing leukocyte rolling and facilitating
endothelial adhesion and transmigration8. TNF-alpha and other cytokines upregulate E-
selectin gene expression8, 10, 19 and trigger enzymatic cleavage near the protein's
membrane insertion point, with subsequent circulatory release of soluble E-selectin (sE-
selectin)11, 12. Levels of sE-selectin are thus thought to reflect systemic endothelial cell
activation, though not necessarily endothelial cell dysfunction12.
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Previous studies have shown that serum E-selectin levels are elevated in obesity and
decrease with weight loss14, 20, 21. We confirmed this relationship between E-selectin and
BMI in our cohort, and, interestingly, found that visceral adiposity may be more strongly
associated with E-selectin than indices of total fat such as BMI or of subcutaneous fat. Both
BMI and SAT were significant in univariate regression with E-selectin but were no longer
significant in multivariate modeling including VAT. The importance of visceral fat as a
predictor of E-selectin levels has also been suggested by a recent study of morbidly obese
subjects20, whereas, in a cohort of type 2 diabetics, BMI was a stronger predictor of E-
selectin than VAT13. We also demonstrate that E-selectin is associated with fasting insulin,
glucose, triglyceride, and HDL levels, but these associations were no longer significant in a
multivariate model including VAT. E-selectin has been associated with hyperinsulinemia22,
23 and hyperlipidemia22 in previous studies, although these relationships may be mediated
largely by excess body weight23. Although other studies have demonstrated that E-selectin
levels are higher in smoking24, we did not find this association in our cohort.

We investigated the relationship between TNF-alpha and E-selectin and show in a human
model of obesity that E-selectin is positively associated with sTNFR1and sTNFR2 levels.
Soluble forms of TNFR1 and TNFR2 are produced by cleavage of the extracellular portion
of the transmembrane receptors, which occurs both constitutively and in response to TNF-
alpha and other cytokines25–27. Thus, circulating levels of sTNFR1 and sTNFR2 reflect
systemic inflammation and may be proportional to levels of membrane bound receptors.
Studies have confirmed that activity of both TNFR1 and TNFR2 are necessary for the
upregulation of E-selectin by TNF-alpha19. Because causality can not be determined
definitively in a cross-sectional study, we sought to further test the relationship between E-
selectin and the TNF family by determining whether systemic treatment of obese subjects
with a specific TNF-alpha antagonist, etanercept, would decrease E-selectin levels.

Treatment of obese subjects with etanercept significantly reduced E-selectin levels. The
decrease in E-selectin was significantly associated with an increase in levels of TNF-alpha
and sTNFR2. The directionality of change in TNF-alpha and sTNFR2 levels can be
explained by drug-specific effects. Etanercept, a fusion protein between the recombinant
human p75 TNF-alpha receptor 2 and the Fc fragment of human IgG1, binds TNF-alpha in
the circulation, reducing its biological activity. Since etanercept sequesters TNF-alpha and
prolongs its half life, circulating TNF-alpha levels rise with therapy. Moreover, as etanercept
is detected in the assay for sTNFR2, measured sTNFR2 levels also rise with therapy. Thus,
the significant association between decreases in E-selectin and increases in TNF-alpha and
sTNFR2 supports the hypothesis that systemic TNF-alpha antagonism with etanercept
influences E-selectin levels. In addition, decreases in E-selectin with etanercept were
significantly associated with decreases in other serum inflammatory markers (as shown in
Table 5), suggesting a relationship between a reduction in E-selectin and other markers of
subclinical inflammation in obesity. Of note, the reduction in E-selectin with etanercept
occurred after only 4 weeks of treatment, suggesting rapid, acute effects of TNF-antagonism
on E-selectin. These changes in E-selectin occurred in the absence of any changes in weight
and VAT. Taken together our data suggest a schema whereby increased VAT may
contribute to increased E-selectin through activation of the TNF family, but antagonism of
TNF is sufficient to reduce E-selectin, independent of reduction in VAT. Thus unlike the
studies of weight loss in which both weight and inflammation change simultaneously, the
current model allows us to isolate the effects of TNF-alpha antagonism on E-selectin. While
it is known that in patients with overt, inflammatory arthritides, TNF-alpha antagonism
decreases E-selectin28, 29, our data demonstrate a similar effect in subjects with no known
cause for inflammation apart from obesity. The significance of visceral adipose tissue rather
than subcutaneous or total adipose tissue in determining levels of E-selectin in our cohort
may reflect disproportionate secretion of inflammatory cytokines by visceral fat compared
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with subcutaneous fat. In particular, visfatin, which upregulates TNF-alpha production, is
predominantly produced by visceral adipose tissue and has been shown in vitro to increase
soluble E-selectin through activation of the NF-κB pathway30. Further research is needed to
clarify the specific mechanisms by which increased visceral fat may contribute to increased
E-selectin.

The clinical significance of our findings depends on whether E-selectin simply serves as a
marker of inflammation or whether it plays a role in human pathophysiology. A
preponderance of evidence suggests the latter. The prevailing, inflammation-centric model
of atherogenesis suggests that E-selectin and other leukocyte adhesion molecules help lure
monocytes from the bloodstream to the tunica intima of affected vessels, where they acquire
characteristics of tissue macrophages. These cells then internalize oxidized lipoprotein
molecules, giving rise to foam cells that form the fatty core of an atheromatous plaque31,
32. Intriguingly, a polymorphism of the E-selectin gene in humans is linked with a higher
risk of early-onset atherosclerosis33. Thus reductions in E-selectin via manipulation of the
TNF-alpha axis in obesity may have clinical relevance. Given the potential side effect
profile with etanercept, it is unlikely that this strategy will be pursued to reduce
inflammation in obesity, but our data provide preliminary proof of the principle that such a
strategy might be useful. Other strategies, including inhibition of nuclear factor kappa B
with salsalate34, 35, may be safer and equally effective, but have not been tested with
respect to E-selectin.

Our study has a number of limitations. Although we performed both cross-sectional and
interventional studies to assess the effects of TNF-alpha on E-selectin, we cannot be sure
that the antagonism of TNF acts directly to downregulate E-selectin, or whether this effect is
mediated through other pathways. Further studies are necessary to definitively conclude that
TNF-alpha is directly causal in the pathway to increased E-selectin in obesity. Nonetheless,
we see striking reductions in a number of inflammatory cytokines and endothelial markers,
including E-selectin, after short-term antagonism of TNF, thus suggesting the potential
utility of treating the subclinical inflammation of obesity in addition to the weight itself.
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Figure 1.
Baseline E-selectin levels by weight category. p-value by Wilcoxon Rank Sum Test
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Figure 2.
Change in E-selectin in placebo vs. etanercept groups after 4-week treatment with
etanercept. p-value by Student's t-test.
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Table 1

Baseline clinical characteristics in obese vs. non-obese

Non-obese (N=37) Obese (N=51) p-value*

Age (y) 44 [36 – 50] 47 [39 – 53] 0.14

Race(n) 0.15

 White 25 33

 African American 7 16

 Other 5 2

Gender (% M/F) 54/46 53/47 1.0

Current smoking (%) 19 16 0.77

BMI (kg/m2) 23 [22 – 24] 34 [32 – 41] <0.0001

Waist circumference (cm) 82 [75 – 86] 113 [109 – 122] <0.0001

Systolic BP (mmHg) 119 [108 – 128] 128 [120 – 139] 0.001

Diastolic BP (mmHg) 71 [68 – 78] 83 [73 – 90] <0.0001

Fasting glucose (mg/dL) 84 [79 – 89] 94 [87 –100] <0.0001

Fasting insulin (uU/mL) 2.6 [1.9 – 3.7] 13.3 [9.3 – 24.0] <0.0001

HDL (mg/dL, fasting) 56 [48 – 63] 40 [33 – 45] <0.0001

Fasting Triglyceride (mg/dL) 64 [40 – 95] 165 [103 – 232] <0.0001

E-selectin (ng/mL) 27.2 [20.3 – 42.1] 47.4 [32.7 – 58.8] < 0.0001

Data are presented as median [intraquartile range] unless otherwise indicated. Abbreviations: BMI, body mass index.

*
p-value for comparison at baseline obtained by the Wilcoxon Rank Sums test, except for race (p-value by Pearson Chi-Square) and gender and

current smoking (p-value by 2-tail Fisher's Exact Test).
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Table 2

Baseline associations between E-selectin and body composition and metabolic parameters

Spearman's rho p-value

Age 0.16 0.13

BMI .52 <.0001

WHR .43 <.0001

VAT .61 <.0001

SAT 0.45 <0.0001

Fasting glucose 0.40 0.0001

Fasting insulin 0.60 <0.0001

Total cholesterol 0.13 0.22

LDL 0.07 0.51

HDL −0.33 0.002

Triglyceride 0.44 <0.0001

TNF-alpha* 0.16 0.27

sTNFR1* 0.31 0.03

sTNFR2* 0.32 0.02

CRP* 0.24 0.09

IL-6* 0.28 0.048

Fibrinogen* 0.32 0.02

Abbreviations: BMI, Body Mass Index; WHR, waist-to-hip ratio; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; TNF-alpha,
tumor necrosis factor alpha; sTNFR1, soluble tumor necrosis factor alpha receptor 1; sTNFR2, soluble tumor necrosis factor alpha receptor 2; CRP,
c-reactive protein; IL-6, interleukin 6.

*
Data available in the obese cohort only.
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Table 3A

Multivariate effects of body composition measurements on E-selectin*

β-estimate p-value

Age −0.07 0.72

Gender (Male vs. Female) 1.6 0.45

BMI (kg/m2) 1.4 0.06

Waist-to-hip ratio −34.1 0.32

Visceral adipose tissue (cm2) 0.1 0.005

Subcutaneous adipose tissue (cm2) −0.03 0.19

R2 for model 0.42; p-value for model < 0.0001.

*
Multivariate analysis performed using standard least squares regression.
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Table 3B

Multivariate effects of metabolic syndrome parameters on E-selectin*

β-estimate p-value

Visceral adipose tissue (cm2) 0.1 <0.0001

Systolic blood pressure (mmHg) −0.2 0.18

Diastolic blood pressure (mmHg) 0.0 0.90

HDL (mg/dL) 0.0 0.85

Triglyceride (mg/dL) 0.0 0.68

Fasting glucose (mg/dL) 0.1 0.58

Fasting insulin (uU/mL) 0.2 0.30

R2 for model 0.44; p-value for model < 0.0001.

*
Multivariate analysis performed using standard least squares regression.
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Table 4

Baseline characteristics of obese subjects randomized to placebo or Etanercept treatment

Placebo (n=26) Etanercept (n=25) p value*

Age (y) 49 [42 – 53] 45 [39 – 54] 0.76

Gender (%M/F) 54/46 52/48 1.00

Race 0.32

White (N) 17 16

African American (N) 9 7

Other (N) 0 2

Statin use (N) 9 6 0.54

Anti-hypertensive use (N) 16 12 0.40

Current smoking (%) 15 16 1.00

BMI (kg/m2) 34 [32 – 37] 38 [33 – 43] 0.04

E-selectin (ng/mL) 44.0 [33.1 – 53.1] 54.9 [30.7 – 70.2] 0.10

Data are presented as median [intraquartile range] unless otherwise indicated. Abbreviations: BMI, body mass index.

*
For continuous variables, p-value for comparison at baseline obtained by the Wilcoxon Rank Sums test. For race, p-value by Pearson Chi-Square.

For gender, menopausal status, statin use, anti-hypertensive use, and current smoking, p-value by 2-tail Fisher's Exact Test.
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