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Abstract
Obesity is associated with increased cardiovascular risk. Although short-term weight loss
improves vascular endothelial function, longer term outcomes have not been widely investigated.
We examined brachial artery endothelium-dependent vasodilation and metabolic parameters in 29
severely obese subjects who lost ≥10% body weight (age 45 ± 13 years; BMI 48 ± 9 kg/m2) at
baseline and after 12 months of dietary and/or surgical intervention. We compared these
parameters to 14 obese individuals (age 49 ± 11 years; BMI 39 ± 7 kg/m2) who failed to lose
weight. For the entire group, mean brachial artery flow-mediated dilation (FMD) was impaired at
6.7 ± 4.1%. Following sustained weight loss, FMD increased significantly from 6.8 ± 4.2 to 10.0 ±
4.7%, but remained blunted in patients without weight decline from 6.5 ± 4.0 to 5.7 ± 4.1%, P =
0.013 by ANOVA. Endothelium-independent, nitroglycerin-mediated dilation (NMD) was
unaltered. BMI fell by 13 ± 7 kg/m2 following successful weight intervention and was associated
with reduced total and low-density lipoprotein cholesterol, glucose, hemoglobin A1c, and high-
sensitivity C-reactive protein (CRP). Vascular improvement correlated most strongly with glucose
levels (r = −0.51, P = 0.002) and was independent of weight change. In this cohort of severely
obese subjects, sustained weight loss at 1 year improved vascular function and metabolic
parameters. The findings suggest that reversal of endothelial dysfunction and restoration of arterial
homeostasis could potentially reduce cardiovascular risk. The results also demonstrate that
metabolic changes in association with weight loss are stronger determinants of vascular phenotype
than degree of weight reduction.

INTRODUCTION
The risk of premature atherosclerosis and cardiovascular events rises with increasing obesity
and excess adiposity has been linked to increased all-cause mortality (1-3). Current
estimates show that one in four ischemic heart disease events are attributable to excess
weight (3). Weight loss reduces myo-cardial infarction risk while improving long-term
survival (4), although underlying therapeutic mechanisms remain largely unknown. The
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vascular endothelium plays a central role in the regulation of arterial tone, inflammation, and
thrombosis. Endothelial function is impaired in obesity and represents the earliest stage of
clinical atherosclerosis. Abnormalities in endothelial function worsen with increased weight
burden owing to several mechanisms associated with excess fat mass including impaired
glucose tolerance, insulin resistance, metabolic dysregulation, adipocytokine release, and
systemic inflammation that play a key role in the evolution and clinical expression of
cardiovascular disease (5,6).

Although endothelial dysfunction is a strong predictor of cardiovascular events, restoring
arterial homeostasis reduces vascular risk (7). Our group and others have demonstrated that
short-term weight loss improves endothelial function within weeks via mechanisms that
relate more closely to metabolic changes than degree or mode of weight intervention (8-11).
Whether the beneficial vascular effect represents a transient phenotypic shift in relation to
acute metabolic changes or a sustained physiologic adaptation that could favorably modulate
heart disease risk remains unknown. The purpose of this study was to examine the effect of
long-term (≥1 year) sustained weight loss on endothelial function and to identify
determinants of vascular phenotype in association with weight alteration in a group of
severely obese individuals.

METHODS AND PROCEDURES
Subjects

We enrolled consecutive obese subjects with BMI ≥30 kg/m2 seeking weight loss at the
Nutrition and Weight Management Center at Boston Medical Center (Boston, MA). Subjects
in this clinic receive comprehensive weight loss treatment incorporating tailored dietary,
behavioral, medical, and surgical intervention. Patients with unstable cardio vascular
syndromes including heart failure, unstable angina, recent myocardial infarction or stroke
(≤3 months), pregnancy, or malignancy were excluded. Each subject made a visit at baseline
and ≥12 months after the start of weight loss intervention and vascular studies were
conducted during a baseline weight stable period. Weight reduction treatments included
dietary intervention including a standard low-fat American Heart Association diet or
bariatric surgery as clinically indicated based on National Heart, Lung, and Blood Institute
guidelines (12). Low-carbohydrate Atkins-type diets were not prescribed. Exercise was
encouraged per standard of care in the weight management clinic, but specific exercise
regimens were not assigned as part of the study protocol. Eligible surgically managed
patients with BMI ≥35 kg/m2 with comorbidities or ≥40 kg/m2 underwent either
laparoscopic Roux-en-Y gastric bypass or laparoscopic banding. All subjects provided
informed consent and the study was approved by the Boston Medical Center Institutional
Review Board.

Vascular studies
Noninvasive vascular ultrasound studies of brachial artery vasomotor function were
performed in a temperature-controlled room with subjects resting supine in a fasting state.
All vasoactive medications were held 24 h before ultrasound examination. Brachial artery
vasoreactivity was examined by trained sonographers blinded to all clinical data using a
noninvasive, standardized method of ultrasound imaging as previously described, using a
Toshiba Powervision 6000 system (Toshiba Medical USA, Tustin, CA) (13). Flow-mediated
dilation (FMD) and nitroglycerin-mediated dilation (NMD) of the brachial artery were
examined as measures of endothelium-dependent and -independent dilation, respectively.
Brachial artery FMD responses were measured following a 5-min cuff occlusion in an upper
arm position above the antecubital crease. Pulsed-Doppler flow velocity signals at baseline
and after cuff deflation quantified measures of reactive hyperemia. Sublingual nitroglycerin
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(0.4 mg) was omitted if the subject declined or had a history of migraines, systolic blood
pressure <100 mm Hg, previous adverse reaction to nitrates, or used phosphodiesterase
type-5 medications. Specific soft tissue landmarks for each digitized frame were identified
to ensure that the exact same arterial segment was imaged in serial follow-up studies. An
investigator blinded to clinical information performed all offline analyses of digitized end-
diastolic images. FMD was expressed as relative change (%) or absolute change (mm) in
arterial diameter.

Anthropometric, hemodynamic, and metabolic measures
During each visit, weight, height, heart rate, blood pressure, and BMI were recorded for
each subject by trained personnel. Weight was measured using a calibrated scale (Ohaus,
Pine Brook, NJ). All biochemical analyses were performed by the Boston Medical Center
Clinical Chemistry Laboratory, quantified from blood samples collected in a fasted state.
Self-report of regular exercise three times or more per week was recorded at baseline.
Metabolic syndrome was defined according to ATP III criteria (14).

Statistical analysis
Subjects were categorized dichotomously as having achieved weight loss (≥10% decline
from initial body weight, n = 29) or unsuccessful weight intervention (no weight loss or
gain, n = 14). Independent t-tests were used to compare baseline clinical differences between
the two groups for continuous variables and χ2 or Fisher’s exact test for categorical
variables. Paired comparisons of categorical variables were examined using the McNemar
exact test. Repeated-measures ANOVA was employed to examine the effect of weight
intervention on group differences in clinical variables. Examined variables included age,
gender, BMI, blood pressure, lipids, glucose, glycosylated hemoglobin A1c, FMD, NMD,
high-sensitivity C-reactive protein (CRP), diabetes, hypertension, smoking status, and
medications. Correlations between vascular parameters and clinical or biochemical data
were examined using linear regression analysis. Univariate correlates of vascular function (P
< 0.05) were entered into a stepwise multiple regression analysis to identify independent
predictors of change in FMD. Based on our previously published data (9), a sample size of
43 subjects provided 80% power to detect a mean change in FMD of 3.9 ± 4.0%, and 90%
power to detect a 4.5 ± 4.0% group difference in FMD. With regard to correlation analyses,
43 subjects provided 80% power to detect an R2-value of 0.22, and 90% power to detect an
R2-value of 0.275, based on two-sided tests at the 0.05 significance level. All data are
presented as mean ± s.d., unless indicated otherwise. Analyses were completed using SPSS
for Windows, version 16 (SPSS, Chicago, IL).

RESULTS
A total of 43 subjects (age 46 ± 12 years, BMI 45 ± 9 kg/m2) completed the 12-month study.
Forty-two percent of subjects were of minority demographic based on National Institutes of
Health definitions. Baseline clinical characteristics of subjects with successful weight loss (n
= 29) as compared to the weight stable group (n = 14) are displayed in Table 1. Initial total
body weight and BMI were higher in the weight loss group otherwise there were no baseline
differences in age, gender, metabolic status, vascular function, plasma inflammatory
markers, physical activity, or medications. As expected, none of the weight stable subjects
were bariatric patients whereas 59% (n = 17) of individuals in the weight loss group had
undergone surgical intervention. The bariatric subjects had a higher baseline weight as
compared to the nonsurgical weight loss group (144 ± 22 kg vs. 121 ± 18 kg, P = 0.008).
Otherwise there were no statistically significant differences in the baseline parameters listed
in Table 1.
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One-year follow-up data for all subjects are displayed in Table 2. Weight reduction was
associated with significant improvements in plasma glucose, hemoglobin A1c, total and low-
density lipoprotein cholesterol, and high-sensitivity CRP. Although endothelium-dependent
FMD was impaired in both groups at baseline, weight loss was associated with a significant
increase in FMD from 6.8 ± 4.2 to 10.0 ± 4.7% but remained blunted in patients with no
weight decline from 6.5 ± 4.0 to 5.7 ± 4.1%, P = 0.013 by repeated measures ANOVA
(Figure 1). Endothelium-independent, NMD remained unchanged in both groups (Table 2).
Among subjects with successful weight loss, there was no differential effect of surgical vs.
dietary intervention on %FMD (P = 0.784) or NMD (P = 0.406), although surgical
intervention produced greater weight loss (P < 0.001), and lower high-sensitivity CRP (P =
0.02) and glucose (P = 0.03) than medical intervention, there were no other statistically
significant differences in the parameters listed in Table 2. Clinical treatment with
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers and hypoglycemic
agents decreased significantly at 12 months in the weight loss group (P < 0.05) with also a
strong trend for reduced lipid-lowering treatment (P = 0.06). In contrast, pharmacological
therapy was unchanged in control subjects (P = NS).

To identify longitudinal determinants of vascular function, correlation analyses were
performed between all measured clinical variables and change in brachial artery FMD. The
significant univariate predictors for ΔFMD were Δglucose (r = −0.51, P = 0.002, Figure 2),
and ΔBMI (r = −0.37, P = 0.014; Figure 3). When these two univariate correlates were
entered into a stepwise multiple linear regression analysis, Δglucose remained a significant
independent predictor of endothelial function (β ± s.e. = −0.072 ± 0.021, P = 0.002).
Further, Δglucose correlated significantly with ΔCRP (r = 0.419, P = 0.047). Subgroup
analysis excluding diabetic subjects reduced study power and did not show a significant
relationship between ΔFMD and Δglucose.

DISCUSSION
In this 12-month prospective study, we demonstrated that sustained weight loss, regardless
of intervention method, improved brachial artery endothelium-dependent vasodilation while
failure to reduce weight was associated with persistent vascular impairment. Weight loss
was associated with significant improvement in metabolic parameters including glycemic
status, lipid profile, and CRP among which the strongest correlate of improved
vasoreactivity was fasting glucose. The results extend findings from short-term studies
demonstrating that a dysfunctional endothelial phenotype associated with obesity can be
reversed with sustained intervention that may reduce cardiovascular risk.

Before short-term studies have demonstrated a beneficial effect of weight loss on
endothelium-dependent FMD. Weight reduction over 6–24 weeks ranging from 10 to 25%
weight change significantly improved arterial FMD that primarily tracked changes in
glucose status (9,10). In studies that examined microvascular dilation, 8–17% BMI decrease
improved acetylcholine-mediated forearm blood flow that correlated with cholesterol
lowering and insulin sensitivity (8,11). Although these heterogeneous studies differed in
subject population and treatment, a shared feature of all these short-term investigations was
the consistent finding that metabolic changes were stronger determinants of vascular
improvement than degree of weight reduction. We extend this conceptual paradigm in the
present study by illustrating that increased brachial FMD following an average 28% weight
decline over a 1-year period was most closely linked to plasma glucose. A threshold amount
of weight loss is likely required before physiologic changes exert vascular effects, in line
with National Heart, Lung, and Blood Institute guidelines that target at least a 10% weight
decrease as an initial therapeutic goal (12). To support this, a small study that achieved <5%
weight reduction failed to lower glucose or improve flow-mediated vasodilation (15).
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The long-lasting positive effects of structured intervention are also germane to other aspects
of endothelial function. In obese women, ≥10% weight loss reduced circulating
proinflammatory cytokines such as tumor necrosis factor-α and interleukin-6, and lowered
markers of endothelial activation including vascular cell adhesion molecule-1 and
intracellular adhesion molecule-1. These changes occurred simultaneously with improved
platelet aggregation, blood viscosity, and vasodilation to L-arginine (16). Constrictor and
inflammatory mediators including endothelin-1 and E-selectin also decline with successful
weight loss in parallel with blunted sympathetic activity (17). Taken together, the
dysfunctional metabolic, inflammatory, thrombotic, and vasodilator properties of the
endothelium may be reversed with long-term therapeutic intervention.

The association between glycemic status and vascular endothelial dysfunction has basis in
both experimental and clinical studies. Acute exposure of blood vessels to hyperglycemia
blunts arterial dilation and obesity reduces the glycemic threshold for impaired endothelial
nitric oxide function in vivo (18,19). In healthy individuals, intra-arterial glucose acutely
reduces forearm flow (20), and oral glucose loading rapidly suppresses endothelium-
dependent brachial relaxation (21). There is strong evidence that the endothelium is also
dysfunctional in chronic states of hyperglycemia. Diet-induced diabetic rodents exhibit
abnormal vasomotion to endothelial agonists (22). Human diabetic vessels show increased
vasoconstriction owing to deficient basal and stimulated nitric oxide (NO) production and
endothelial nitric oxide expression (23). Similarly, forearm vascular reactivity is impaired in
diabetic subjects (24).

Mechanisms that link glucose levels to vascular homeostasis are likely multifactorial.
Hyperglycemia induces oxidative stress and superoxide production which inhibits
endothelial nitric oxide activity, quenches NO, and promotes conversion of NO to
peroxynitrite (25) whereas antioxidants augment NO bioavailability and NO-dependent
vasorelaxation (26). Protein kinase C activation and NADPH oxidase play a role in tissue
generation of reactive oxygen species in response to elevated glucose (27). Phosphoinositide
3-kinase/Akt insulin signaling pathways are also altered resulting in decreased endothelial
nitric oxide action (28). Chronic hyperglycemia generates advanced end glycosylation
products that facilitate inflammatory endothelial activation and cell surface expression of
adhesion molecules that are key early atherosclerotic events in the vascular bed (29).
Hyperglycemia has also been associated with the upregulation of potent vasoconstrictors
including endothelin-1 (30) that have the potential to modulate ambient vascular tone.

Recent data show that accumulation of excess fat is associated with adipose tissue
inflammation and systemic elaboration of adipocytokines that modulate insulin resistance.
Low-grade tissue inflammation elicited by expanding toxic fat mass and infiltrating
macrophages amplify a localized response that progresses to a state of heightened systemic
inflammation (31). Although inflammatory activity in fat may be intertwined with
mechanisms of glucose disposal, a proinflammatory fat phenotype and associated adipokine
overexpression are also suspected to play a direct role in vascular injury (32,33). Thus, the
overall inflammatory burden may not only govern insulin sensitivity but may also be
integral to vascular phenotype. In the present study, plasma CRP as a marker of systemic
inflammation was markedly elevated in our obese cohort and significantly decreased with
weight loss, but we did not identify a direct correlation with endothelial function as
previously reported in a larger population (34).

Although obesity is linked to insulin resistance and diabetes mellitus which are in turn
strongly associated with cardiovascular risk (35), longitudinal studies examining
cardiovascular outcomes in association of weight loss are largely lacking. A recent landmark
study which prospectively followed obese patients over a mean of 10.9 years following
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bariatric surgery identified myocardial infarction as the most common cause of
cardiovascular death, and blood glucose was a strong predictor of mortality (4). Thus, it
seems plausible to consider that ambient glycemic status among other variables may govern
vascular phenotype in obesity and measurement of endothelial function might identify at-
risk individuals. Although degree of hyperglycemia is associated with cardiovascular disease
(36), with the exception of the STOPNIDDM trial (37), studies focusing on tight glycemic
control have failed to show reduced macrovascular outcomes or cardiovascular benefit
(38,39). A seminal finding in these studies is the added weight gain, by up to >10 kg, that
may offset metabolic gains and exacerbate insulin resistance (40). The interplay between
excess fat mass and glycemic status in obese subjects is likely complex, and glucose control
earlier in the atherosclerotic disease course and in parallel with weight loss may represent
the optimal approach for cardiovascular benefit, although this issue remains an open
question.

This study has several limitations. Although adequately powered for the entire group, the
sample size was relatively small which limits our ability to perform subgroup analyses in
diabetic vs. nondiabetic subjects, and individuals treated surgically or with dietary
intervention alone. We did not measure insulin levels in this cohort and thus cannot
speculate on the relative effect of insulin resistance on vascular responses. Although
exercise regimens were not specifically prescribed, we did not quantify physical activity in
follow-up although individuals with such severe obesity tend to have limited activity. Waist
circumference was not available for all subjects, and thus we cannot specifically comment
on the effects of regional fat distribution, although central adiposity tends to be present in
nearly all subjects with this level of severe obesity (5). The limitations are counterbalanced
by the opportunity to longitudinally study endothelial function in a group of severely obese
individuals who lost significant weight providing novel data where limited information
exists.

In summary, long-term sustained weight loss in severely obese individuals improved
vascular endothelial function at 1 year. The findings suggest that the effect of obesity on
vascular function is reversible and restoration of arterial homeostasis may partly explain
reduced cardiovascular risk associated with weight change. The results also suggest that
parallel metabolic changes are stronger determinants of vascular phenotype than magnitude
of weight reduction.
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Figure 1.
Absolute improvement in FMD(%) following 1 year of sustained weight loss vs. no weight
loss (*P = 0.013, by repeated measures ANOVA). Data are presented as mean ± s.e.m.
FMD, flow-mediated dilation.
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Figure 2.
Univariate correlation examining the relationship between ΔFMD (%) and Δglucose (mg/dl)
(r = −0.509, P = 0.002). FMD, flow-mediated dilation.
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Figure 3.
Univariate correlation examining the relationship between ΔFMD (%) and ΔBMI (kg/m2) (r
= −0.372, P = 0.014). FMD, flow-mediated dilation.
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Table 1
Baseline characteristics

Weight loss
No weight

loss

Variable (n = 29) (n = 14) P value

Age (years) 45 ± 13 49 ± 11 0.290

Women 76% 71% 1.000

Minority 41% 43% 0.927

Weight (kg) 134 ± 23 107 ± 29 0.002

BMI (kg/m2) 48 ± 9 39 ± 7 0.001

Systolic BP (mm Hg) 131 ± 14 129 ± 12 0.560

Diastolic BP (mm Hg) 73 ± 10 75 ± 8 0.547

Baseline diameter (mm) 4.3 ± 0.7 4.3 ± 0.8 0.949

FMD (%) 6.8 ± 4.2 6.5 ± 4.0 0.847

FMD (mm) 0.28 ± 0.16 0.26 ± 0.14 0.734

NMD (%) 11.5 ± 7.3 7.6 ± 6.6 0.245

Glucose (mg/dl) 116 ± 42 100 ± 17 0.107

HbA1c (%) 6.5 ± 1.7 5.7 ± 0.6 0.243

Total cholesterol (mg/dl) 192 ± 34 179 ± 27 0.233

HDL (mg/dl) 53 ± 22 53 ± 22 0.985

LDL (mg/dl) 109 ± 31 104 ± 19 0.606

Triglyceride (mg/dl) 154 ± 97 112 ± 58 0.165

hs-CRP (mg/l) 11.5 ± 6.5 7.7 ± 8.4 0.240

Family history CAD 24% 21% 1.000

Current smoker 14% 0% 0.286

Diabetes mellitus 31% 14% 0.291

Hypertension 55% 50% 0.750

Metabolic syndrome 45% 63% 0.447

Regular exercisea 52% 57% 0.803

ACEI or ARB use 31% 29% 1.000

Hypoglycemic use 21% 14% 1.000

Insulin use 3% 7% 1.000

Lipid lowering use 24% 50% 0.090

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; CAD, coronary artery disease; FMD, fow-
mediated dilation; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density
lipoprotein; NMD, nitroglycerin-mediated dilation.

a
Sessions per week.
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Table 2
Absolute changes in variables: 1-year follow-up

Weight loss
No weight

loss

Variable (n = 29) (n = 14) P value

Weight (kg) −37 ± 20 7 ± 7 <0.0001

BMI (kg/m2) −13 ± 7 3 ± 2 <0.0001

Systolic BP (mm Hg) −3 ± 17 1 ± 19 0.523

Diastolic BP (mm Hg) 0 ± 13 −1 ± 9 0.832

Baseline diameter (mm) −0.23 ± 0.38 0.04 ± 0.57 0.074

FMD (%) 3.3 ± 5.3 −0.8 ± 3.4 0.013

FMD (mm) 0.11 ± 0.19 −0.03 ± 0.12 0.022

NMD (%) 1.4 ± 6.6 −8.0 ± 1.2 0.069

Glucose (mg/dl) −26 ± 36 13 ± 17 0.006

HbA1c −0.8 ± 1.1 0.3 ± 0.3 0.039

Total cholesterol (mg/dl) −12 ± 30 24 ± 30 0.006

HDL (mg/dl) 2 ± 32 −1 ± 6 0.802

LDL (mg/dl) −9 ± 30 19 ± 31 0.032

Triglyceride (mg/dl) −30 ± 87 26 ± 52 0.093

hs-CRP (mg/l) −6.3 ± 5.7 −1.4 ± 3.9 0.049

BP, blood pressure; FMD, fow-mediated dilation; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive
protein; LDL, low-density lipoprotein; NMD, nitroglycerin-mediated dilation.
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