Clinical and Population Studies
Changes in High-Density Lipoprotein Cholesterol Efflux
Capacity After Bariatric Surgery Are Procedure Dependent
Sean P. Heffron, Bing-Xue Lin, Manish Parikh, Bianca Scolaro, Steven J. Adelman,
Heidi L. Collins, Jeffrey S. Berger, Edward A. Fisher

Downloaded from http://atvb.ahajournals.org/ by guest on July 21, 2018

Objective—High-density lipoprotein cholesterol efflux capacity (CEC) is inversely associated with incident cardiovascular
events, independent of high-density lipoprotein cholesterol. Obesity is often characterized by impaired high-density
lipoprotein function. However, the effects of different bariatric surgical techniques on CEC have not been compared.
This study sought to determine the effects of Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG) on CEC.
Approach and Results—We prospectively studied severely obese, nondiabetic, premenopausal Hispanic women not using
lipid medications undergoing RYGB (n=31) or SG (n=36). Subjects were examined before and at 6 and 12 months after
surgery. There were no differences in baseline characteristics between surgical groups. Preoperative CEC correlated most
strongly with Apo A1 (apolipoprotein A1) concentration but did not correlate with body mass index, waist:hip, highsensitivity C-reactive protein, or measures of insulin resistance. After 6 months, SG produced superior response in highdensity lipoprotein cholesterol and Apo A1 quantity, as well as global and non-ABCA1 (ATP-binding cassette transporter
A1)–mediated CEC (P=0.048, P=0.018, respectively) versus RYGB. In multivariable regression models, only procedure
type was predictive of changes in CEC (P=0.05). At 12 months after SG, CEC was equivalent to that of normal body mass
index control subjects, whereas it remained impaired after RYGB.
Conclusions—SG and RYGB produce similar weight loss, but contrasting effects on CEC. These findings may be relevant
in discussions about the type of procedure that is most appropriate for a particular obese patient. Further study of the
mechanisms underlying these changes may lead to improved understanding of the factors governing CEC and potential
therapeutic interventions to maximally reduce cardiovascular disease risk in both obese and nonobese patients.
Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2018;38:245-254.
DOI: 10.1161/ATVBAHA.117.310102.)
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T

he World Health Organization estimates that nearly one
quarter of the worldwide cardiovascular disease (CVD)
burden is attributable to obesity.1 Dyslipidemia, frequently
present in obesity, seems to explain much of the increased risk
for CVD.2 Obesity is often characterized by low levels of highdensity lipoprotein cholesterol (HDL-C), as well as impaired
HDL function.3–11 HDL has antioxidative, anti-inflammatory,
and antithrombotic actions,12–14 but HDL’s participation in cholesterol efflux—removal of cholesterol from the periphery and
atherosclerotic plaques as the first step within the process of
reverse cholesterol transport—has been considered to be the
foremost mechanism for its association with reduced CVD
risk.12 Over the past several years, many prospective studies
have demonstrated inverse associations between cholesterol
efflux capacity (CEC) and incident cardiovascular events.4,5,15,16
The effects of weight loss on plasma HDL-C levels have
been well studied.17–20 Previous work has determined that the

weight loss modality—be it dietary modification, exercise,
or bariatric surgery—influences the changes in HDL-C, as
does the degree of weight loss.21 Less characterized are the
effects of weight loss on HDL function in CEC, which is only
modestly associated with HDL-C, and has not been found to
improve with nonsurgical weight loss.10,22,23 The few published
assessments of the effect of bariatric surgery on CEC are limited by short durations of follow-up and sample sizes.3,24,25
Further, no head-to-head comparison of the effects of bariatric
procedures on CEC has been performed.
To date, there has been little investigation of the effects
of surgical weight loss on HDL function, and specifically on
CEC—the only measure of HDL function independently associated with prospective cardiovascular events. Identifying interventions which avoid loss of HDL function and, ideally, produce
sustained enhancement may aid in determining the most appropriate procedure for a particular patient pursuing bariatric
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surgery. It may also provide insight on factors governing CEC,
and in turn, potential therapeutic interventions to reduce CVD
risk in both obese and nonobese patients. With this background,
the present study sought to prospectively investigate the effect of
the 2 most commonly performed bariatric surgical procedures,
Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy
(SG), on HDL function in CEC, using the common assay using
J774A.1 cells and ApoB (apolipoprotein B)-depleted serum.26

Eight hundred fifty-eight patients were screened, with 109 satisfying enrollment criteria and consenting to participate in the
study (Figure I in the online-only Data Supplement). Seventyfour women presented for baseline testing and underwent
surgery. One subject became pregnant before her 6 month follow-up visit, another started an exclusionary medication after
surgery, and 5 did not return for 6-month visits.
Subjects were young (32.7±8.0 years) and severely
obese (43.8±6.4 kg/m2), and although none required medications to treat insulin resistance or dyslipidemia, half of
subjects undergoing each procedure met criteria for the
metabolic syndrome27 before surgery (Table 1). Other than
those subjects undergoing SG being slightly older (34.0±8.0
versus 30.4±7.3 years; P=0.02), there were no statistically
significant differences in baseline characteristics between
surgical groups.

Table 1. Baseline Characteristics of Obese Participants [Mean (SD) or Median [Interquartile Range]]
All Subjects
(n=74)

Subjects Attending
6-Month Follow-Up (n=67)

RYGB (n=31)

SG (n=36)

Age, y

32.4 (7.7)

32.7 (8.0)

30.4 (7.3)*

34.0 (7.9)

BMI, kg/m2

44.1 (6.4)

43.8 (6.4)

43.1 (5.7)

45.0 (7.0)

38/74

33/67

16/31

17/36

Weight, kg

112.5 (17.6)

111.0 (16.7)

111.2 (16.4)

110.9 (17.3)

Waist circumference, cm

Metabolic syndrome present

115.9 (12.6)

114.9 (12.1)

115.3 (11.2)

114.6 (13.0)

Systolic blood pressure, mm Hg

121 (9)

121 (9)

120 (8)

122 (9)

Diastolic blood pressure, mm Hg

73 (8)

73 (8)

72 (8)

74 (9)

Total cholesterol, mg/dL

173 (33)

173 (33)

167 (22)

177 (40)

LDL cholesterol, mg/dL

110 (29)

110 (29)

104 (22)

114 (32)

HDL cholesterol, mg/dL

46.8 (10.4)

47.0 (10.2)

48.2 (9.8)

46.0 (10.6)

130.1 (24.5)

130.3 (23.9)

133.6 (25.2)

127.8 (24.1)

Apo A1, mg/dL
HDL particles, µmol/L

31.8 (5.5)

32.0 (5.6)

32.5 (6.0)

31.2 (5.2)

Large HDL particles, µmol/L

5.1 (2.9)

5.1 (2.8)

5.4 (3.2)

5.1 (2.7)

Small HDL particles, µmol/L

15.3 (5.0)

15.4 (5.2)

15.4 (4.9)

15.2 (5.2)

95 [77–136]

101 [77–138]

92 [77–138]

110 [82–144]

Triglycerides, mg/dL
HOMA-IR

6.0 (3.7)

6.0 (3.7)

6.1 (3.9)

5.9 (3.7)

Hemoglobin A1c (%)

5.6 (0.6)

5.6 (0.6)

5.7 (0.7)

5.5 (0.6)

21.0 (8.3)

21.6 (9.3)

20.0 (7.5)

CETP activity, pmol µL h
−1

−1

Adiponectin, µg/mL
hsCRP, mg/L

8.0 [3.7–14.3]

11.7 (6.5)

11.8 (7.0)

11.7 (6.1)

8.6 [4.6–14.3]

11.5 [5.4–14.9]

8 [3.7–14]

Global cholesterol efflux capacity (%)

8.3 (2.2)

8.2 (2.2)

8.3 (1.8)

8.1 (2.5)

cAMP-inducible efflux capacity (%)

3.3 (1.4)

3.3 (1.4)

3.1 (1.2)

3.4 (1.5)

Non-ABCA1–mediated efflux capacity (%)

5.1 (1.0)

5.0 (1.0)

5.2 (1.1)

4.9 (0.9)

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein A1; BMI, body mass index; CETP, cholesterol ester transfer
protein; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment–insulin resistance; hsCRP, high-sensitivity C-reactive
protein; LDL, low-density lipoprotein; RYGB, Roux-en-Y gastric bypass; and SG, sleeve gastrectomy.
*P<0.05, RYGB vs SG.
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In comparison to normal body mass index (BMI) subjects (n=8) recruited from the same outpatient population,
obese subjects had similar concentrations of total HDL particles, but lower HDL-C and fewer large HDL particles, with
a trend toward lower Apo A1 concentrations (P=0.10; Table
I in the online-only Data Supplement). Obese subjects also
exhibited significantly lower global and non-ABCA1 (ATPbinding cassette transporter A1)–mediated CEC than normal
BMI subjects.

greater reductions after RYGB. Fewer than one third of RYGB
subjects (10/31) manifest improved global CEC, whereas
more than half of SG subjects (20/36) exhibited improved
global CEC, at 6 months (P=0.05). The proportion of subjects
with increased non-ABCA1–mediated CEC (25/36 versus
13/31; P=0.03) was also greater after SG than RYGB, with
cAMP-inducible CEC exhibiting a trend toward a difference
between procedures (13/36 versus 6/31; P=0.13).

Predictors of CEC

Effects of Bariatric Surgery
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At 6 months, both surgical procedures had reduced mean
BMI, waist circumference, blood pressure, triglycerides, highsensitivity C-reactive protein, homeostatic model assessment–
insulin resistance, and hemoglobin A1c, while increasing
average adiponectin and large HDL particles (Table 2). Average
percent change from preoperative values for several variables
differed significantly between procedures, notably, concentrations of HDL-C, HDL particles, and Apo A1 (Figure 1; Table
II in the online-only Data Supplement).
SG and RYGB produced contrasting effects on CEC, with
RYGB reducing and SG increasing global and non-ABCA1–
mediated CEC at 6 months (Figure 2). Both procedures were
associated with decreased cAMP-inducible (for the upregulation of ABCA1 in J774A.1 cells) CEC, with a trend toward

Preoperative CEC was associated most strongly with plasma
Apo A1 concentrations. There were also strong correlations
with HDL-C, HDL particle concentration, and large HDL
particles (particularly with non-ABCA1–mediated CEC;
Table 3). Of note, correlations between CEC and these variables were stronger in our normal BMI cohort (Table III in
the online-only Data Supplement). After surgery, the strengths
of association between HDL parameters and CEC increased
(Table 4).
Notably, the only preoperative variable predictive of
response in CEC at 6 months in multivariable regression
models was surgical procedure (Tables IV through VI in the
online-only Data Supplement). No preoperative anthropometric or blood measures were predictive of the response of CEC
postoperatively. Linear regression modeling incorporating

Table 2. Characteristics at 6 Months After Surgery [Mean Value (SD) or Median [Interquartile Range]]
All Subjects (n=67)

RYGB (n=31)

SG (n=36)

BMI, kg/m

31.7 (5.6)*

30.5 (5.0)*

32.7 (5.9)*

Weight, kg

80.4 (14.2)*

78.8 (14.1)*

81.8 (14.3)*

Waist circumference, cm

91.5 (10.4)*

91.3 (9.8)*

91.7 (11.0)*

Systolic blood pressure, mm Hg

113 (12)*

112 (11)*

113 (12)*

2

Diastolic blood pressure, mm Hg

68 (9)*

66 (8)*

Total cholesterol, mg/dL

161 (37)*

142 (23)*†

177 (38)

LDL cholesterol, mg/dL

96 (31)*

78 (17)*†

111 (31)

HDL cholesterol, mg/dL

50.4 (15)‡

48.0 (14.5)

50.9 (13.3)*

132.8 (27.8)

128.9 (27.5)

135.8 (27.6)*

29.8 (5.7)*

29.0 (5.2)*

30.0 (6.1)

7.3 (3.5)*

7.1 (3.6)*

Apo A1, mg/dL
HDL particles, µmol/L
Large HDL particles, µmol/L

70 (10)*

7.5 (3.4)*

Small HDL particles, µmol/L

15.4 (4.6)

15.3 (4.7)

15.5 (4.5)

CETP activity, pmol µL h

19.1 (8.0)

16.5 (6.8)‡§

21.1 (8.3)

−1

Triglycerides, mg/dL
hsCRP, mg/L

−1

82 (30)*
1.7 [1.0–3.6]*

76 (24)*
1.7 [1.0–2.8]*

87 (33)*
1.6 [1.0–4.8]*

HOMA-IR

2.5 (1.5)*

2.8 (1.7)*

2.2 (1.4)*

Hemoglobin A1c (%)

5.0 (0.3)*

4.9 (0.3)*§

5.1 (0.4)*

Adiponectin, µg/mL

18.3 [13.5–32.1]*

16.2 [10.3–32.3]*

19.2 [14.0–31.5]‡

Apo A1 indicates apolipoprotein A1; BMI, body mass index; CETP, cholesterol ester transfer protein; HDL, high-density
lipoprotein; HOMA-IR, homeostatic model assessment–insulin resistance; hsCRP, high-sensitivity C-reactive protein; LDL, lowdensity lipoprotein; RYGB, Roux-en-Y gastric bypass; and SG, sleeve gastrectomy.
*P<0.01, preoperative vs 6 mo post-operative.
†P<0.01, 6-mo postoperative values, RYGB vs SG.
‡P<0.05, preoperative vs 6 mo post-operative.
§P<0.05, 6-mo postoperative values, RYGB vs SG.
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Figure 1. Percent change in high-density
lipoprotein (HDL)–related parameters
from baseline at 6 mo after Roux-en-Y
gastric bypass (RYGB) or sleeve gastrectomy (SG). Error bars indicate SEM.
Apo A1 indicates apolipoprotein A1; and
HDL-P, HDL-particles.
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postoperative changes in clinical and hematologic variables
revealed that changes in Apo A1 concentration were most
predictive of global and non-ABCA1–mediated CEC and that
changes in HDL-C were most predictive of cAMP-inducible
CEC, at 6 months after surgery (Tables 5 through 7). These
associations held regardless of procedure (data not shown).
The associations of several blood measures with CEC differed before and after bariatric surgery (Tables 8 and 9). Most
notably, HDL-C, HDL particles, and Apo A1 (Figure 3) were
no longer associated with cAMP-inducible CEC at 6 months
after RYGB, but continued to be associated with this measure
after SG.

Sensitivity Analyses
To obtain more specific assessments of the effects of the procedures on CEC, we compared 6-month postoperative CEC
response by procedure in 4 sensitivity analyses described in
Methods. These analyses demonstrated identical findings to
those of data from the entire cohort—superior changes in CEC
after SG, relative to RYGB. Notably, the magnitudes of differences in postoperative changes in CEC between procedures in
sensitivity analyses were larger than in the cohort as a whole
(Figures II through V in the online-only Data Supplement), suggesting that our observations in the full cohort potentially underestimate the size of the actual difference between procedures.

online-only Data Supplement). However, despite these similar
late changes, SG produced overall superior improvement in
CEC from preoperative levels. In contrast to SG, at 1 year
after surgery, post-RYGB subjects persistently exhibited significantly impaired global and cAMP-inducible CEC relative
to normal BMI subjects (Table 10).

Discussion
We report the largest and longest study of HDL function after
bariatric surgery to date and the first to compare the 2 most
commonly performed procedures. This study also equals the
length for the longest prospective study of the effects of any
type of intervention on CEC.24,28,29 Notably, we found that
RYGB and SG differ significantly in the provoked changes in

Twelve-Month Data
Although our a priori primary aim was to compare the change
in global CEC between RYGB and SG at 6 months postoperatively, all subjects were invited to return for 12-month
follow-up testing. However, 4 subjects became pregnant, 2
started exclusionary medications, and 6 subjects did not present for 12-month visits. Thus, 55 subjects (SG, n=32; RYGB,
n=23) attended 1-year follow-up assessments. Relative to
CEC at 6 months, both surgical procedures produced similar
improvements at 12 months after surgery (Figure VI in the

Figure 2. Percent change in global, cAMP-inducible, and nonABCA1 (ATP-binding cassette transporter A1)–specific cholesterol efflux capacity from baseline at 6 mo after Roux-en-Y
gastric bypass (RYGB) or sleeve gastrectomy (SG). Error bars
indicate SEM.
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Table 3. Pearson Correlation Coefficients (r) for Preoperative
Cholesterol Efflux Capacity With Preoperative Anthropometric
Measures and Metabolic Variables

BMI, kg/m

2

Global

cAMP Inducible

0.07

0.17

Table 4. Pearson Correlation Coefficients (r) for 6-Month
Postoperative Cholesterol Efflux Capacity With Anthropometric
Measures and Metabolic Variables at 6 Months After Surgery

Non-ABCA1
−0.08

Global

cAMP Inducible

Non-ABCA1

BMI, kg/m

0.11

0.12

0.05

2

Body weight, kg

0.11

0.15

0.02

Body weight, kg

0.10

0.08

0.11

Waist:hip ratio

0.15

0.17

0.01

Waist:hip ratio

0.06

0.10

0.00

LDL cholesterol, mg/dL

0.15

0.26*

−0.06

LDL cholesterol, mg/dL

0.20

0.34*

0.02

HDL cholesterol, mg/dL

0.57†

0.34†

0.81†

HDL cholesterol, mg/dL

0.76*

0.54*

0.81*

Apo A1, mg/dL

0.61†

0.37†

0.85†

Apo A1, mg/dL

0.81*

0.57*

0.83*

HDL particles, µmol/L

0.56†

0.35†

0.80†

HDL particles, µmol/L

0.73*

0.54*

0.71*

Large HDL particles, µmol/L

0.53†

0.31†

0.75†

Large HDL particles, µmol/L

0.64*

0.39*

0.77*

Small HDL particles, µmol/L

0.16

0.18

0.04

Small HDL particles, µmol/L

0.39*

0.39*

0.12

CETP activity, pmol µL h

0.01

0.00

−0.03

CETP activity, pmol µL h

0.14

0.18

−0.01

Log triglycerides

0.28*

0.43†

0.11

Log triglycerides

0.43*

0.49*

0.13

0.01

−0.11

HOMA-IR

0.07

0.00

0.01

−1
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HOMA-IR
Log Adiponectin, µg/mL
Log hsCRP, mg/L

−1

−0.05
0.35†
−0.20

0.28*
−0.22

0.32*
−0.10

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein
A1; BMI, body mass index; CETP, cholesterol ester transfer protein; HDL,
high-density lipoprotein; HOMA-IR, homeostatic model assessment–insulin
resistance; hsCRP, high-sensitivity C-reactive protein; and LDL, low-density
lipoprotein.
*P<0.05.
†P<0.01.

CEC that occur after surgery. The changes in CEC and differences in response between procedures at 6 months after surgery
seem to be largely, but incompletely, explained by changes in
Apo A1 and circulating HDL particles, which differed significantly between procedures irrespective of weight loss.
However, among all subjects, despite loss of nearly one third of
their body weight, and exhibiting increased HDL-C by 1 year
after surgery, only half experienced improved CEC, a measure
independently associated with incident cardiovascular events.4,5
In the current study, in agreement with others, we found
obese subjects to have reduced CEC3,11 and weaker associations
of CEC with HDL parameters, than normal BMI subjects.26
Obese subjects also exhibited significantly lower concentrations of large HDL particles. This is particularly relevant, given
1 hypothesis for why HDL exhibits varying ability to perform
cholesterol efflux. HDL particles are heterogeneous, and the
concentrations of certain specific subclasses, such as large
HDL2 and the smallest pre-β1 particles, are felt to be most
important in regard to mediating CEC and CVD protection.30,31
Previously, a 6-month study of premenopausal women
without the metabolic syndrome undergoing RYGB found
impaired ABCA1-mediated CEC after RYGB,25 in agreement
with our findings in cAMP-inducible CEC. Subjects in that
study exhibited increased HDL-C and large HDL2 particles,
as well as SR-BI (scavenger receptor class B type I)–mediated
and ABCG1 (ATP-binding cassette transporter G1)-mediated
CEC at 6 months after surgery. Postoperative HDL2 particles,
specifically, were found to have greater ability to mediate
cholesterol efflux via SR-BI relative to preoperative HDL2.

−1

−1

Log adiponectin, µg/mL

0.45*

0.38*

0.39*

Log hsCRP, mg/L

0.04

0.01

0.07

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein
A1; BMI, body mass index; CETP, cholesterol ester transfer protein; HDL,
high-density lipoprotein; HOMA-IR, homeostatic model assessment–insulin
resistance; hsCRP, high-sensitivity C-reactive protein; and LDL, low-density
lipoprotein.
*P<0.01.

In contrast, in our cohort of equal numbers of subjects with
and without the metabolic syndrome before surgery, RYGB
did not improve non-ABCA1–specific CEC. Further, changes
in the concentration of large HDL particles were not associated with the observed changes in non-ABCA1–specific CEC
after RYGB.
In our direct comparison of procedures, SG produced superior changes to measures of HDL function in CEC relative to
RYGB. Recently, in a very small group of adolescent males
who underwent SG, Davidson et al24 observed a 12% increase
in global CEC at 1 year (nearly identical to the improvement
we observed in SG subjects). In their study, in which Apo A1
was not quantified, the authors suggested that an increase specifically in large HDL particles was responsible for the observed
improvement in CEC. Similar to both of the above-cited studies, we found concentrations of large HDL particles increased
substantially and similarly after both procedures. However, in
contrast to the findings in those smaller studies, the change specifically of large HDL particles was not predictive of changes
in CEC in our subjects. We did observe strong associations of
CEC changes with changes in HDL-C, total HDL particles, and
Apo A1, all particles which exhibited preferable changes after
SG versus RYGB, and seem to partially explain the superiority
of the former procedure on the outcome of CEC.
Although both achieve marked and rapid weight loss,
RYGB and SG are very different surgical procedures. SG,
a relatively new bariatric surgical technique,32 has rapidly
become the most commonly performed bariatric procedure
in the United States.33 However, the metabolic changes after
this procedure, and the mechanisms driving these changes,
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Table 5. Multivariable Linear Regression Models of Changes in Baseline Variables Predicting
Change in Global Cholesterol Efflux Capacity at 6 Months After Surgery
Univariate Analysis
β (SE)

Multivariable Analysis
P Value

Body weight

1.35 (0.45)

0.004

Waist circumference

0.80 (0.36)

0.03

Hip circumference

1.51 (0.58)

0.01

Log LDL-C

14.15 (6.08)

0.02

Log HDL-C

26.97 (4.00)

<0.001

Apo A1

0.98 (0.12)

<0.001

Log HDL particles

34.82 (7.71)

<0.001

Log large HDL particles

12.95 (7.69)

0.10

0.08 (0.04)

0.07

Log CETP activity

13.11 (4.91)

0.01

Log triglycerides

15.84 (7.95)

0.05

HOMA-IR

0.05 (0.10)

0.64

Adiponectin

0.01 (0.01)

0.34

hsCRP

0.13 (0.11)

0.28

Small HDL particles

β (SE)

P Value

1.02 (0.12)

<0.001
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Apo A1 indicates apolipoprotein A1; CETP, cholesterol ester transfer protein; HDL-C, high-density lipoprotein
cholesterol; HOMA-IR, homeostatic model assessment–insulin resistance; hsCRP, high-sensitivity C-reactive protein;
and LDL-C, low-density lipoprotein cholesterol.

remain poorly understood. RYGB involves creation of a small
proximal gastric pouch that is anastomosed to the jejunum.
The excluded, but retained, stomach and duodenum are anastomosed to the distal jejunum. SG consists of the removal
of the gastric fundus and most of the gastric body, but no

anastomoses. Given the considerable differences in gastrointestinal anatomy between procedures, it is perhaps not surprising that they produce differing effects on lipid metabolism,
including HDL function. For example, the bypass of the duodenum and part of the jejunum, locations of Apo A1 synthesis,

Table 6. Multivariable Linear Regression Models of Changes in Baseline Variables Predicting
Change in cAMP-Inducible Cholesterol Efflux Capacity at 6 Months After Surgery
Univariate Analysis
β (SE)

Multivariable Analysis
P Value

Body weight

2.52 (0.82)

0.003

Waist circumference

1.54 (0.65)

0.02

Hip circumference

2.96 (1.05)

0.01

Log LDL-C

20.68 (11.30)

0.07

Log HDL-C

36.23 (8.49)

<0.001

1.25 (0.27)

<0.001

Log HDL particles

51.95 (14.77)

0.001

Log Large HDL particles

18.68 (14.10)

0.19

Apo A1

Small HDL particles

0.22 (0.08)

0.01

Log CETP activity

20.17 (9.22)

0.03

Log triglycerides

19.98 (14.80)

0.18

HOMA-IR

0.08 (0.16)

0.63

Adiponectin

0.01 (0.02)

0.70

hsCRP

0.12 (0.21)

0.58

β (SE)

P Value

41.95 (8.32)

<0.001

Apo A1 indicates apolipoprotein A1; CETP, cholesterol ester transfer protein; HDL-C, high-density lipoprotein
cholesterol; HOMA-IR, homeostatic model assessment–insulin resistance; hsCRP, high-sensitivity C-reactive protein;
and LDL-C, low-density lipoprotein cholesterol.
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Table 7. Multivariable Linear Regression Models of Changes in Baseline Variables Predicting
Non-ABCA1–Mediated Cholesterol Efflux Capacity at 6 Months After Surgery
Univariate Analysis

Multivariable Analysis

β (SE)

P Value

Body weight

0.70 (0.36)

0.06

Waist circumference

0.29 (0.28)

0.31

Hip circumference

0.70 (0.45)

0.13

Log LDL-C

7.68 (4.74)

0.11

Log HDL-C

22.67 (2.87)

<0.001

Apo A1

0.81 (0.08)

<0.001

25.53 (5.89)

<0.001

Log Large HDL particles

9.61 (5.84)

0.11

Small HDL particles

0.02 (0.03)

0.64

Log HDL particles
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Log CETP activity

9.07 (3.74)

0.02

Log triglycerides

12.13 (6.12)

0.05

HOMA-IR

0.01 (0.07)

0.91

Adiponectin

0.01 (0.01)

0.13

hsCRP

0.13 (0.08)

0.13

β (SE)

P Value

−7.92 (2.84)

0.01

0.90 (0.09)

<0.001

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein A1; CETP, cholesterol ester transfer
protein; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment–insulin resistance;
hsCRP, high-sensitivity C-reactive protein; and LDL-C, low-density lipoprotein cholesterol.

in RYGB but not SG, may at least partly explain the contrasting response of the 2 procedures. Reductions in HDL-C
observed with the use of a duodenal liner device lend support
to this hypothesis.34 Another potential mechanism, suggested
by animal models, is the increased expression of PPARα
(peroxisome proliferator-activated receptor alpha) after SG.35
Increased PPARα signaling upregulates Apo A1 production36
and may suppress Apo A1 turnover and increase CEC,37 as we
observed in subjects after SG. Finally, the anatomic rearrangement of RYGB is known to increase levels of circulating bile
acids,38 compounds which have been shown to reduce Apo A1
expression via their agonism of the farsenoid X receptor.39
Our novel observations open up many interesting questions to pursue in future studies. Foremost are the reasons
behind the differences in response by surgery and variation in
response of apparently similar patients undergoing the same
procedure. In addition, after SG, but not RYGB, we found
strong correlations of changes in Apo A1 and small HDL particles with cAMP-inducible CEC. This observation suggests
that some unmeasured characteristics of the particles, or other
factors, that are differentially affected by the 2 procedures,
may partially modulate HDL function in obesity. One possibility may be pre-β HDL, which was not measured in this
study. It is delipidated Apo A1 and small HDL particles which
mediate efflux through ABCA1, which our cAMP-inducible
CEC measure attempts to represent.40 Asztalos et al41 observed
increased HDL-C, but decreased pre-β1 HDL at 12 months
after RYGB, in 19 severely obese women. The effects of SG
on this particle are unknown and could partially explain the
different effects of procedures on cAMP-inducible CEC and
lack of postoperative associations with HDL-related parameters with this specific measure after RYGB.

Additional prominent hypotheses for varied HDL functionality include variations within the protein cargo and the burden of post-translational inflammatory Apo A1 modifications
Table 8. Pearson Correlation Coefficients (r) for 6-Month
Postoperative Cholesterol Efflux Capacity With Anthropometric
Measures and Metabolic Variables at 6 Months After Surgery
(RYGB Only)
Global

cAMP Inducible

Non-ABCA1

BMI, kg/m

−0.08

0.06

−0.16

Body weight, kg

−0.02

0.06

−0.07

0.08

−0.07

0.18

−0.06

0.05

−0.14

2

Waist:hip ratio
LDL cholesterol, mg/dL
HDL cholesterol, mg/dL

0.66*

0.32

0.83*

Apo A1, mg/dL

0.75*

0.27

0.85*

HDL particles, µmol/L

0.62*

0.18

0.72*

Large HDL particles, µmol/L

0.72*

0.26

0.82*

Small HDL particles, µmol/L

0.05

0.26

−0.15

CETP activity, pmol µL−1 h−1

−0.01

0.11

−0.11

Log triglycerides

0.22

0.25

0.10

HOMA-IR

0.04

0.10

−0.04

Log adiponectin, µg/mL

0.38

0.35

0.24

Log hsCRP, mg/L

0.08

0.15

−0.02

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein
A1; BMI, body mass index; CETP, cholesterol ester transfer protein; HDL,
high-density lipoprotein; HOMA-IR, homeostatic model assessment–insulin
resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density
lipoprotein; and RYGB, Roux-en-Y gastric bypass.
*P<0.01.

252   Arterioscler Thromb Vasc Biol   January 2018
Table 9. Pearson Correlation Coefficients (r) for 6-Month
Postoperative Cholesterol Efflux Capacity With Anthropometric
Measures and Metabolic Variables at 6 Months After Surgery
(SG Only)
Global

cAMP Inducible Non-ABCA1

BMI, kg/m

0.15

0.09

0.20

Body weight, kg

0.15

0.06

0.27

Waist:hip ratio

0.09

0.22

−0.15

LDL cholesterol, mg/dL

0.21

0.33

0.05

HDL cholesterol, mg/dL

0.80*

0.68*

0.79*

Apo A1, mg/dL

0.86*

0.72*

0.83*

HDL particles, µmol/L

0.78*

0.67*

0.70*

Large HDL particles, µmol/L

0.63*

0.47*

0.72*

Small HDL particles, µmol/L

0.55*

0.46†

0.40†

CETP activity, pmol µL−1 h−1

0.14

0.13

0.01

Log triglycerides

0.51*

0.57*

0.15

2
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HOMA-IR

0.12

0.00

0.09

Adiponectin, µg/mL

0.49*

0.38†

0.53*

hsCRP, mg/L

−001

−0.09

0.13

ABCA1 indicates ATP-binding cassette transporter A1; Apo A1, apolipoprotein
A1; BMI, body mass index; CETP, cholesterol ester transfer protein; HDL,
high-density lipoprotein; HOMA-IR, homeostatic model assessment–insulin
resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density
lipoprotein; and SG, sleeve gastrectomy.
*P<0.01.
†P<0.05.

on HDL particles, which have been demonstrated to influence
CEC.6,42–44 We hypothesized that reducing the systemic inflammation associated with obesity45 via bariatric surgery would lead
to improved HDL function in CEC. However, despite marked
and similar reductions in markers of systemic inflammation

among both procedures, there were differential responses in
CEC as discussed above. Further, levels of serum inflammatory
markers did not associate with preoperative CEC or with postoperative changes in CEC. The absence of association of serum
inflammatory markers with CEC was also noted in the Dallas
Heart Study,5 suggesting that these nonspecific blood measures
may not represent the propensity for inflammatory modification
of HDL particles or at least any associated dysfunction.

Limitations
Our study has many limitations. Assignment to undergo the
particular surgical procedure performed was not random.
However, the only difference in preoperative characteristics
between the 2 groups was a slight, not clinically significant,
difference in age. In addition, our study sample consisted of a
relatively homogenous population that both reflected the predominant composition of our clinical population and served to
reduce confounding in our small sample. As a result, we cannot necessarily extrapolate our findings to other groups, such
as older patients, other races, and men.
Another limitation is that the method for assessing CEC
does not involve an individual’s macrophages, but cultured
macrophages in vitro. This may be particularly relevant; as
recently, expressions of ABCA1 and ABCG1 were reported to
be decreased in the monocytes of obese individuals,46 calling
into question how representative of in vivo CEC our measure
may be. Further, we assessed cholesterol efflux to apoBdepleted serum. These assays do not allow for determination
of bidirectional efflux driven by whole serum or that mediated
specifically by ABCG1 or SR-BI. Nonetheless, the assay used
in this study has been inversely associated with prevalent and
incident CVD in multiple, diverse populations.4,26

Conclusions
This is the largest and longest study of CEC after bariatric surgery to date and the only parallel prospective comparison of 2

Figure 3. Correlations of Apo A1 (apolipoprotein 1A) concentration (mg/dL) with
cAMP-inducible efflux (percent) before
and 6 mo after Roux-en-Y gastric bypass
(RYGB) and sleeve gastrectomy (SG).
P value from Fisher Z-transformation for
comparison of SG and RYGB at baseline
(P=0.57) and at 6 mo (P<0.05).
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Table 10. Cholesterol Efflux Capacity of Normal BMI Subjects and Obese Subjects 12 Months
After RYGB or SG [mean (SD)]
Normal BMI

RYGB 12 mo

10.3 (2.6)

8.2 (1.7)*

9.0 (1.7)†

cAMP-inducible efflux capacity (%)

4.0 (1.3)

2.6 (1.1)*

3.3±1.2

Non-ABCA1–mediated efflux capacity (%)

6.3 (1.4)

5.7 (1.3)‡

5.7 (0.9)§

Global cholesterol efflux capacity (%)

SG 12 mo

ABCA1 indicates ATP-binding cassette transporter A1; BMI, body mass index; RYGB, Roux-en-Y gastric bypass; and SG,
sleeve gastrectomy.
*P<0.05 vs Normal BMI.
†P=0.05 vs SG baseline.
‡P<0.01 vs RYGB baseline.
§P<0.001 vs SG baseline.
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procedures on this outcome. We observed contrasting changes in
CEC at 6 months after SG and RYGB, with superior improvements in Apo A1, HDL-C, and our primary end point of CEC—a
measure predictive of prospective cardiovascular events—after
SG. Our study makes a major contribution to the knowledge surrounding the metabolic effects of different bariatric surgical techniques. The changes in CEC and differences between procedures
seem to be largely statistically explained by altered concentrations of Apo A1 or HDL particles after surgery. The relevance is
profound as there is great need to better understand the metabolic
effects of the ≈200 000 bariatric surgeries performed annually in
the United States, particularly as almost half of bariatric surgery
patients are <40 years old,47 and may face unknown or unappreciated outcomes of the procedures48 for decades. In addition,
further study of the mechanisms underlying these changes may
lead to improved understanding of the factors governing CEC
and potential therapeutic interventions to improve CEC and
reduce CVD risk in obese and nonobese patients.

Acknowledgments
We greatly acknowledge the staff of the New York University-Health
and Hospitals Corporation Clinical and Translational Science
Institute Clinical Research Center—Emily Tavarez, Lisa Zhao, and
Joseph Park, in particular—for their assistance with subject visits.
We further acknowledge Dr Miguel Barrios, Zaritma Minaya, Farrah
Taufig, Alberto Moscona, and Angela Lee for their assistance with
subject recruitment, subject retention, and data entry.

Sources of Funding
This work was supported by AHA-14CRP18850107, an American
Medical Association Seed Grant, and UL1TR000038. S.P. Heffron
was supported in part by AHA-14CRP18850107, T32-HL098129,
and KL2-TR001446.

Disclosures
S.J. Adelman is CEO of Vascular Strategies LLC. H.L. Collins is an
employee of Vascular Strategies LLC. The other authors report no
conflicts.

References
1. World Health Organization. Obesity Fact Sheet No 311. 2014. http://www.
wpro.who.int/mediacentre/factsheets/obesity/en/. Accessed November 24,
2017.
2. Wormser D, Kaptoge S, Di Angelantonio E, et al; Emerging Risk Factors
Collaboration. Separate and combined associations of body-mass index
and abdominal adiposity with cardiovascular disease: collaborative analysis of 58 prospective studies. Lancet. 2011;377:1085–1095. doi: 10.1016/
S0140-6736(11)60105-0.

3. Osto E, Doytcheva P, Corteville C, et al. Rapid and body weight-independent improvement of endothelial and high-density lipoprotein function after
Roux-en-Y gastric bypass: role of glucagon-like peptide-1. Circulation.
2015;131:871–881. doi: 10.1161/CIRCULATIONAHA.114.011791.
4. Saleheen D, Scott R, Javad S, Zhao W, Rodrigues A, Picataggi A,
Lukmanova D, Mucksavage ML, Luben R, Billheimer J, Kastelein JJ,
Boekholdt SM, Khaw KT, Wareham N, Rader DJ. Association of HDL
cholesterol efflux capacity with incident coronary heart disease events: a
prospective case-control study. Lancet Diabetes Endocrinol. 2015;3:507–
513. doi: 10.1016/S2213-8587(15)00126-6.
5. Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE,
Neeland IJ, Yuhanna IS, Rader DR, de Lemos JA, Shaul PW. HDL cholesterol efflux capacity and incident cardiovascular events. N Engl J Med.
2014;371:2383–2393. doi: 10.1056/NEJMoa1409065.
6. Vaisar T, Tang C, Babenko I, Hutchins P, Wimberger J, Suffredini AF, Heinecke
JW. Inflammatory remodeling of the HDL proteome impairs cholesterol
efflux capacity. J Lipid Res. 2015;56:1519–1530. doi: 10.1194/jlr.M059089.
7. Attia N, Fournier N, Vedie B, Cambillau M, Beaune P, Ziegler O, Grynberg
A, Paul JL, Guerci B. Impact of android overweight or obesity and insulin
resistance on basal and postprandial SR-BI and ABCA1-mediated serum
cholesterol efflux capacities. Atherosclerosis. 2010;209:422–429. doi:
10.1016/j.atherosclerosis.2009.09.025.
8. Annema W, Dikkers A, de Boer JF, van Greevenbroek MM, van der Kallen
CJ, Schalkwijk CG, Stehouwer CD, Dullaart RP, Tietge UJ. Impaired HDL
cholesterol efflux in metabolic syndrome is unrelated to glucose tolerance
status: the CODAM study. Sci Rep. 2016;6:27367. doi: 10.1038/srep27367.
9. Tan HC, Tai ES, Sviridov D, Nestel PJ, Ng C, Chan E, Teo Y, Wai DC.
Relationships between cholesterol efflux and high-density lipoprotein particles in patients with type 2 diabetes mellitus. J Clin Lipidol. 2011;5:467–
473. doi: 10.1016/j.jacl.2011.06.016.
10. Králová Lesná I, Suchánek P, Kovár J, Poledne R. Life style change and
reverse cholesterol transport in obese women. Physiol Res. 2009;58(suppl
1):S33–S38.
11. Sasahara T, Nestel P, Fidge N, Sviridov D. Cholesterol transport between
cells and high density lipoprotein subfractions from obese and lean subjects. J Lipid Res. 1998;39:544–554.
12. Rosenson RS, Brewer HB Jr, Ansell B, Barter P, Chapman MJ,
Heinecke JW, Kontush A, Tall AR, Webb NR. Translation of high-density lipoprotein function into clinical practice: current prospects and
future challenges. Circulation. 2013;128:1256–1267. doi: 10.1161/
CIRCULATIONAHA.113.000962.
13. Florentin M, Liberopoulos EN, Wierzbicki AS, Mikhailidis DP. Multiple
actions of high-density lipoprotein. Curr Opin Cardiol. 2008;23:370–378.
doi: 10.1097/HCO.0b013e3283043806.
14. Calkin AC, Drew BG, Ono A, Duffy SJ, Gordon MV, Schoenwaelder
SM, Sviridov D, Cooper ME, Kingwell BA, Jackson SP. Reconstituted
high-density lipoprotein attenuates platelet function in individuals with
type 2 diabetes mellitus by promoting cholesterol efflux. Circulation.
2009;120:2095–2104. doi: 10.1161/CIRCULATIONAHA.109.870709.
15. Ritsch A, Scharnagl H, März W. HDL cholesterol efflux capacity and cardiovascular events. N Engl J Med. 2015;372:1870–1871. doi: 10.1056/
NEJMc1503139#SA3.
16. Liu C, Zhang Y, Ding D, Li X, Yang Y, Li Q, Zheng Y, Wang D, Ling W.
Cholesterol efflux capacity is an independent predictor of all-cause and
cardiovascular mortality in patients with coronary artery disease: a prospective cohort study. Atherosclerosis. 2016;249:116–124. doi: 10.1016/j.
atherosclerosis.2015.10.111.

254   Arterioscler Thromb Vasc Biol   January 2018

Downloaded from http://atvb.ahajournals.org/ by guest on July 21, 2018

17. Wood PD, Stefanick ML, Williams PT, Haskell WL. The effects on plasma
lipoproteins of a prudent weight-reducing diet, with or without exercise,
in overweight men and women. N Engl J Med. 1991;325:461–466. doi:
10.1056/NEJM199108153250703.
18. Brinton EA, Eisenberg S, Breslow JL. A low-fat diet decreases high density
lipoprotein (HDL) cholesterol levels by decreasing HDL apolipoprotein
transport rates. J Clin Invest. 1990;85:144–151. doi: 10.1172/JCI114405.
19. Sacks FM, Bray GA, Carey VJ, et al. Comparison of weight-loss diets with
different compositions of fat, protein, and carbohydrates. N Engl J Med.
2009;360:859–873. doi: 10.1056/NEJMoa0804748.
20. Heffron SP, Parikh A, Volodarskiy A, Ren-Fielding C, Schwartzbard
A, Nicholson J, Bangalore S. Changes in lipid profile of obese patients
following contemporary bariatric surgery: a meta-analysis. Am J Med.
2016;129:952–959. doi: 10.1016/j.amjmed.2016.02.004.
21. Ryan DH, Yockey SR. Weight loss and improvement in comorbidity: differences at 5%, 10%, 15%, and over. Curr Obes Rep. 2017;6:187–194.
doi: 10.1007/s13679-017-0262-y.
22. Wang Y, Snel M, Jonker JT, Hammer S, Lamb HJ, de Roos A, Meinders
AE, Pijl H, Romijn JA, Smit JW, Jazet IM, Rensen PC. Prolonged caloric
restriction in obese patients with type 2 diabetes mellitus decreases plasma
CETP and increases apolipoprotein AI levels without improving the cholesterol efflux properties of HDL. Diabetes Care. 2011;34:2576–2580.
doi: 10.2337/dc11-0685.
23. Aicher BO, Haser EK, Freeman LA, Carnie AV, Stonik JA, Wang X, Remaley
AT, Kato GJ, Cannon RO III. Diet-induced weight loss in overweight or
obese women and changes in high-density lipoprotein levels and function.
Obesity (Silver Spring). 2012;20:2057–2062. doi: 10.1038/oby.2012.56.
24. Davidson WS, Inge TH, Sexmith H, Heink A, Elder D, Hui DY, Melchior
JT, Kelesidis T, Shah AS. Weight loss surgery in adolescents corrects
high-density lipoprotein subspecies and their function. Int J Obes (Lond).
2017;41:83–89. doi: 10.1038/ijo.2016.190.
25. Aron-Wisnewsky J, Julia Z, Poitou C, Bouillot JL, Basdevant A, Chapman
MJ, Clement K, Guerin M. Effect of bariatric surgery-induced weight loss
on SR-BI-, ABCG1-, and ABCA1-mediated cellular cholesterol efflux
in obese women. J Clin Endocrinol Metab. 2011;96:1151–1159. doi:
10.1210/jc.2010-2378.
26. Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jafri
K, French BC, Phillips JA, Mucksavage ML, Wilensky RL, Mohler ER,
Rothblat GH, Rader DJ. Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis. N Engl J Med. 2011;364:127–135. doi:
10.1056/NEJMoa1001689.
27. Alberti KG, Zimmet P, Shaw J; IDF Epidemiology Task Force Consensus
Group. The metabolic syndrome–a new worldwide definition. Lancet.
2005;366:1059–1062. doi: 10.1016/S0140-6736(05)67402-8.
28. Tardif JC, Rhainds D, Brodeur M, et al. Genotype-dependent effects of
dalcetrapib on cholesterol efflux and inflammation: concordance with
clinical outcomes. Circ Cardiovasc Genet. 2016;9:340–348. doi: 10.1161/
CIRCGENETICS.116.001405.
29. Hernáez Á, Castañer O, Elosua R, et al. Mediterranean diet improves highdensity lipoprotein function in high-cardiovascular-risk individuals: a randomized controlled trial. Circulation. 2017;135:633–643. doi: 10.1161/
CIRCULATIONAHA.116.023712.
30. de la Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M, Rader
DJ, Rothblat GH. The ability to promote efflux via ABCA1 determines the
capacity of serum specimens with similar high-density lipoprotein cholesterol to remove cholesterol from macrophages. Arterioscler Thromb Vasc
Biol. 2010;30:796–801.
31. Miller NE. Associations of high-density lipoprotein subclasses and apolipoproteins with ischemic heart disease and coronary atherosclerosis. Am
Heart J. 1987;113(2 pt 2):589–597.
32. Benaiges D, Más-Lorenzo A, Goday A, Ramon JM, Chillarón JJ, PedroBotet J, Flores-Le Roux JA. Laparoscopic sleeve gastrectomy: more

33.
34.

35.
36.
37.

38.
39.

40.

41.

42.

43.

44.

45.
46.

47.
48.

than a restrictive bariatric surgery procedure? World J Gastroenterol.
2015;21:11804–11814. doi: 10.3748/wjg.v21.i41.11804.
Varela JE, Nguyen NT. Laparoscopic sleeve gastrectomy leads the U.S.
utilization of bariatric surgery at academic medical centers. Surg Obes
Relat Dis. 2015;11:987–990. doi: 10.1016/j.soard.2015.02.008.
Escalona A, Pimentel F, Sharp A, Becerra P, Slako M, Turiel D, Muñoz
R, Bambs C, Guzmán S, Ibáñez L, Gersin K. Weight loss and metabolic
improvement in morbidly obese subjects implanted for 1 year with an
endoscopic duodenal-jejunal bypass liner. Ann Surg. 2012;255:1080–
1085. doi: 10.1097/SLA.0b013e31825498c4.
Kawano Y, Ohta M, Hirashita T, Masuda T, Inomata M, Kitano S. Effects
of sleeve gastrectomy on lipid metabolism in an obese diabetic rat model.
Obes Surg. 2013;23:1947–1956. doi: 10.1007/s11695-013-1035-7.
Rader DJ. Molecular regulation of HDL metabolism and function: implications for novel therapies. J Clin Invest. 2006;116:3090–3100. doi:
10.1172/JCI30163.
Khera AV, Millar JS, Ruotolo G, Wang MD, Rader DJ. Potent peroxisome
proliferator-activated receptor-α agonist treatment increases cholesterol
efflux capacity in humans with the metabolic syndrome. Eur Heart J.
2015;36:3020–3022. doi: 10.1093/eurheartj/ehv291.
Albaugh VL, Banan B, Ajouz H, Abumrad NN, Flynn CR. Bile acids
and bariatric surgery. Mol Aspects Med. 2017;56:75–89. doi: 10.1016/j.
mam.2017.04.001.
Claudel T, Sturm E, Duez H, Torra IP, Sirvent A, Kosykh V, Fruchart JC,
Dallongeville J, Hum DW, Kuipers F, Staels B. Bile acid-activated nuclear
receptor FXR suppresses apolipoprotein A-I transcription via a negative FXR
response element. J Clin Invest. 2002;109:961–971. doi: 10.1172/JCI14505.
Du XM, Kim MJ, Hou L, Le Goff W, Chapman MJ, Van Eck M, Curtiss
LK, Burnett JR, Cartland SP, Quinn CM, Kockx M, Kontush A, Rye KA,
Kritharides L, Jessup W. HDL particle size is a critical determinant of
ABCA1-mediated macrophage cellular cholesterol export. Circ Res.
2015;116:1133–1142. doi: 10.1161/CIRCRESAHA.116.305485.
Asztalos BF, Swarbrick MM, Schaefer EJ, Dallal GE, Horvath KV, Ai M,
Stanhope KL, Austrheim-Smith I, Wolfe BM, Ali M, Havel PJ. Effects
of weight loss, induced by gastric bypass surgery, on HDL remodeling in obese women. J Lipid Res. 2010;51:2405–2412. doi: 10.1194/jlr.
P900015.
McGillicuddy FC, de la Llera Moya M, Hinkle CC, Joshi MR, Chiquoine
EH, Billheimer JT, Rothblat GH, Reilly MP. Inflammation impairs reverse
cholesterol transport in vivo. Circulation. 2009;119:1135–1145. doi:
10.1161/CIRCULATIONAHA.108.810721.
Wang X, Liao D, Bharadwaj U, Li M, Yao Q, Chen C. C-reactive protein inhibits cholesterol efflux from human macrophage-derived foam
cells. Arterioscler Thromb Vasc Biol. 2008;28:519–526. doi: 10.1161/
ATVBAHA.107.159467.
Vazquez E, Sethi AA, Freeman L, Zalos G, Chaudhry H, Haser E, Aicher
BO, Aponte A, Gucek M, Kato GJ, Waclawiw MA, Remaley AT, Cannon
RO III. High-density lipoprotein cholesterol efflux, nitration of apolipoprotein A-I, and endothelial function in obese women. Am J Cardiol.
2012;109:527–532. doi: 10.1016/j.amjcard.2011.10.008.
Lumeng CN, Saltiel AR. Inflammatory links between obesity and metabolic disease. J Clin Invest. 2011;121:2111–2117. doi: 10.1172/JCI57132.
Ding J, Reynolds LM, Zeller T, et al. Alterations of a cellular cholesterol
metabolism network are a molecular feature of obesity-related type 2
diabetes and cardiovascular disease. Diabetes. 2015;64:3464–3474. doi:
10.2337/db14-1314.
Young MT, Phelan MJ, Nguyen NT. A decade analysis of trends and outcomes of male vs female patients who underwent bariatric surgery. J Am
Coll Surg. 2016;222:226–231. doi: 10.1016/j.jamcollsurg.2015.11.033.
Genco A SE, Maselli R, Casella G, Cipriano M, Baglio G, Leone G, Basso
N, Redler A. Barrett's esophagus after sleeve gastrectomy for morbid obesity: preliminary results. Gastrointest Endosc. 2015;81:AB470 (abstract).

Highlights
• Sleeve gastrectomy and Roux-en-Y gastric bypass produce similar weight loss, but contrasting effects on cholesterol efflux capacity.
• The changes in cholesterol efflux capacity after bariatric surgery are largely, but incompletely, explained by changes in plasma concentrations
of Apo A1 (apolipoprotein A1).
• Changes in cholesterol efflux capacity after bariatric surgery are not associated with reductions in inflammatory markers or measures of insulin
resistance.
• Further clarification of the mechanisms underlying the procedure-specific changes may suggest therapeutic interventions for obese and nonobese patients at risk for cardiovascular disease.
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Materials and methods
Premenopausal Hispanic women, at least 18 years of age, undergoing either RYGB or SG at
Bellevue Hospital Center (New York, NY) were recruited for a prospective observational study
approved by the NYU School of Medicine Institutional Review Board and the New York Health
and Hospitals Corporation. The ethnicity and gender were chosen because of their
preponderance in the patient population. Subjects met typical criteria for bariatric surgery (BMI
≥ 40 kg/m2 or ≥ 35 kg/m2 with at least one obesity-related comorbidity). The decision as to
which procedure was performed was made by the patient after consultation with the attending
surgeon.
Patients were excluded if they were active smokers, receiving lipid-lowering agents,
diabetes medications, thyroid hormone, or oral contraceptives, had polycystic ovary syndrome,
or if they became pregnant during the study.
Subjects providing informed consent presented to the NYU-HHC CTSI Clinical Research
Center after an overnight fast, within one month prior to their surgery, in a state of weight
maintenance prior to beginning pre-operative liquid diets (baseline visit), and at six and 12
months following surgery. At these visits, the following measurements were performed: weight,
height, waist and hip circumferences, blood pressure, food frequency questionnaire, activity
diary, and medication review. Subjects also underwent blood sampling for the collection of
serum and plasma. Blood samples were immediately aliquoted and stored at -80C until
analysis.
Subjects underwent laparoscopic RYGB or SG performed according to typical
protocols.1

Normal BMI control subjects

Premenopausal Hispanic women, ≥18 years of age, presenting to the Bellevue Hospital
Gynecology clinic, with normal BMI (18.5 – 24.9 kg/m2), but otherwise meeting all inclusion and
exclusion criteria, were recruited as control subjects. These subjects attended a single visit at
the NYU-HHC CTSI Clinical Research Center.

Blood assays
Plasma was assessed for high density lipoprotein particle size and concentration by NMR
(Table; LabCorp Inc., Raleigh, NC). Lipid profiles, apolipoprotein A1 (ApoA1), high-sensitivity
CRP (hsCRP), and hemoglobin A1c were measured on a Beckman-Coulter AU5832 chemistry
analyzer. Plasma glucose was measured using a colorimetric assay (Catalog number
10009582, Cayman Chemical, Ann Arbor, MI) and cholesterol ester transfer protein (CETP)
activity using a commercially available, fluorometric assay (Catalog number MAK106, SigmaAldrich, St. Louis, MO). Plasma insulin and adiponectin were measured using multiplex
immunoassays (Millipore, Darmstadt, Germany) in the Immune Monitoring Core Lab of NYU
Langone Medical Center. HOMA-IR was calculated using the formula of Matthews et al.2
Cholesterol efflux capacity was quantified via a high-throughput method, as described by
Khera et al.3 at Vascular Strategies LLC (Plymouth Meeting, USA). Previously unthawed serum
was depleted of apolipoprotein B-containing particles with the addition of 40 parts polyethylene
glycol (Catalog number P2139, Sigma-Aldrich, St. Louis, MO) in glycine buffer (pH 7.4) to 100
parts serum. This mixture was incubated for 20 minutes at room temperature, centrifuged, and
the supernatant removed (apolipoproteinB-depleted PEG serum). J774A.1 (ATCC TIB-67) cells
were incubated with 2uCi/mL H3-cholesterol and an ACAT inhibitor (Sandoz 58-035,
Holzkirchen, Germany) overnight, but not loaded with cholesterol. J774A.1 cells were
incubated with 0.3 mmol/L cAMP (Catalog number C3912, Sigma-Aldrich, St. Louis, MO) for 6

hours in order to upregulate ABCA1 expression and were then exposed to 2.8% PEG serum
(equivalent to 2% serum) in media for 4 hours. At the completion of 4 hours, the 2.8% PEG
serum in media was removed, macrophages lysed, and scintillation counting was used to
quantify the amount of H3-cholesterol in each compartment. The percent cholesterol efflux
capacity was calculated using the formula: (microcuries H3 in media containing PEG serum –
microcuries H3 in serum-free media/(total microcuries H3 in media and cell lysate)x100. This
value represents global CEC. The same protocol was employed using J774A.1 cells which had
not been exposed to cAMP. This value represents nonABCA1-specific CEC. The difference
between global and nonABCA1-mediated CEC is termed cAMP-inducible CEC. Assays were
performed in triplicate. Pooled samples from healthy individuals were assayed in parallel with
subject serum and data were normalized based on pooled sample results. Intra-assay and
interassay coefficients of variation were 6% and 10% for global efflux, and 4% and 9% for nonABCA1-specific efflux, respectively.

Statistical Analyses
Continuous data were assessed both visually and statistically (Kolmogorov-Smirnov) for
normality. Non-normally distributed data were log-transformed for analyses. Baseline
characteristics of surgical groups were compared using independent samples t-tests or
Wilcoxon rank sum tests for continuous variables and chi-square analyses for categorical
variables. Within group, post-operative changes over time were assessed via paired-samples ttests.
The percent change in CEC (global, cAMP-inducible and nonABCA1-specific) was
compared between surgical groups using independent samples t-tests. Pearson correlation
testing was used to assess pairwise associations between CEC and clinical and blood variables,

as well as changes in CEC with changes in clinical characteristics and blood parameters.
These measures were further used as independent variables in univariate linear regression
analyses to predict post-operative changes in CEC. Variables associated with the outcome in
univariate modeling (p < 0.2) were included in forward stepwise, multivariable linear regression
analyses. Differences in correlations between procedures were assessed using Fisher’s Z
transformation.
Our a priori primary outcome measure was change in global CEC from baseline at six
months after surgery, and enrollment was based upon the estimate that complete data on at
least 26 subjects per surgical arm would be needed to detect a difference with 80% power using
a two-sided α=0.05. Statistical analyses were performed using SPSS (Version 23, Armonk, NY).
Sensitivity Analyses
We performed several sensitivity analyses, comparing the response in each of the above
variables by procedure after, 1) excluding subjects in the top and bottom deciles of preoperative global CEC, 2) excluding subjects in the top and bottom deciles of post-operative
change in global CEC for each procedure, 3) matching 1:1 by pre-operative global CEC (±
0.15%), and 4) matching 1:1 by six month percent change in body weight (± 0.5%).

Table4,5
HDL particle
Small
Medium
Large

Size (nm)
7.3 – 8.2
8.3 – 9.4
≥ 9.5

Subfraction equivalent (mean diameter)
HDL3c (7.6nm), HDL3b (8.0nm)
HDL3a (8.4nm), HDL2a (9.2nm)
HDL2b
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Patients screened at
initial clinic visit 6 months
prior to surgery (n = 858)

Taking exclusionary medications (n = 90)
Men (n = 114)
Non-Hispanic ethnicity (n = 157)
Patients excluded
(n = 508)

Undergoing procedure other than RYGB or SG (n = 50)
Age > 55 years (n = 82)
Other (includes active tobacco use) (n = 15)

Patients declining
enrollment (n = 52)

Patients not presenting for baseline visit (n = 25)
Patients discovered to have exclusion criteria at time of
baseline visit (n = 14)

Patients scheduled for
baseline visits (n = 123)

Patients who did not undergo surgery after baseline
testing (n = 10)

Patients undergoing
surgery
(n = 74 – 41 SG, 33 RYGB)

Patients presenting for 6
month follow-up
(n = 67 – 36 SG, 31 RYGB)

Supplemental Figure I. Study flow
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Supplemental Figure II. Percent change in cholesterol efflux capacity from before bariatric
surgery at six months, excluding those subjects in the top and bottom deciles of pre-operative
global cholesterol efflux capacity. Error bars indicate standard error of the mean.
ABCA1 = adenosine triphosphate-binding cassette transporter A1
RYGB = Roux-en-Y gastric bypass
SG = Sleeve gastrectomy
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Supplemental Figure III. Percent change in cholesterol efflux capacity from before bariatric
surgery at six months excluding those subjects in the top and bottom deciles of post-operative
change in global cholesterol efflux capacity. Error bars indicate standard error of the mean.
ABCA1 = adenosine triphosphate-binding cassette transporter A1
RYGB = Roux-en-Y gastric bypass
SG = Sleeve gastrectomy
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Supplemental Figure IV. Percent change in cholesterol efflux capacity from before bariatric
surgery at six months in subjects undergoing RYGB and SG matched 1:1 by pre-operative global
cholesterol efflux capacity. Error bars indicate standard error of the mean.
ABCA1 = adenosine triphosphate-binding cassette transporter A1
RYGB = Roux-en-Y gastric bypass
SG = Sleeve gastrectomy
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Supplemental Figure V. Percent change in cholesterol efflux capacity from before bariatric
surgery at six months in subjects undergoing RYGB and SG matched 1:1 by percent body weight
loss. Error bars indicate standard error of the mean.
ABCA1 = adenosine triphosphate-binding cassette transporter A1
RYGB = Roux-en-Y gastric bypass
SG = Sleeve gastrectomy
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Supplemental Figure VI. Percent change in cholesterol efflux capacity from six to 12 months
in subjects undergoing RYGB or SG. Error bars indicate standard error of the mean.
ABCA1 = adenosine triphosphate-binding cassette transporter A1
RYGB = Roux-en-Y gastric bypass
SG = Sleeve gastrectomy
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Supplemental Table I. Characteristics of normal BMI control subjects (n = 8)
[mean (SD), median [interquartile range]]
31.6 (2.4)
Age (years)
2
23.6
(2.0)‡
BMI (kg/m )
58.5 (2.9)‡
Weight (kg)
79.2 (6.3)‡
Waist circumference (cm)
101 (7)‡
Systolic blood pressure (mm Hg)
57 (5)‡
Diastolic blood pressure (mm Hg)
174 (32)
Total Cholesterol (mg/dL)
105 (34)
LDL-Cholesterol (mg/dL)
56.1 (11.0)*
HDL-Cholesterol (mg/dL)
146 (18.8)
ApoA1 (mg/dL)
31.7 (3.9)
HDL particles (umol/L)
7.6 (3.1)*
Large HDL particles (umol/L)
13.7 (5.0)
Small HDL particles (umol/L)
70 [62, 84]
Triglycerides (mg/dL)
4.8 (0.2)†
HbA1c (%)
18.2 (7.7)
CETP activity (pmol/uL/h)
34.1 (31.8)†
Adiponectin (ug/mL)
1.3 [0.7, 1.5]†
hsCRP (mg/L)
* p < 0.05, † p < 0.01, ‡ p < 0.001, obese vs normal-BMI participants
ABCA1 - adenosine triphosphate binding cassette transporter A1;
BMI - body mass index;
CETP - cholesterol ester transfer protein, HDL - high density lipoprotein;
hsCRP - high sensitivity C-reactive protein;
HOMA-IR - homeostatic model assessment - insulin resistance;
LDL - low density lipoprotein; SD – standard deviation
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Supplemental Table II. Percent change in clinical and hematologic variables from baseline at 6 months following surgery
(mean value (SD))
All subjects (n = 67)
RYGB (n = 31)
SG (n = 36)
2
-27.7% (4.9)
-29.3% (4.1)*
-26.2% (5.2)
BMI (kg/m )
-27.7% (4.9)
-29.3% (4.1)*
-26.4% (5.2)
Weight (kg)
-20.3 (6.2)
-20.6% (6.0)
-20.0% (6.5)
Waist circumference (cm)
-6.8% (8.5)
-6.2% (9.3)
-7.3% (7.9)
Systolic blood pressure (mm Hg)
-6.2% (12.7)
-6.5% (14.0)
-6.0% (11.7)
Diastolic blood pressure (mm Hg)
-6.2% (16.1)
-14.2% (13.2)
0.5% (15.3)
Total Cholesterol (mg/dL)
-12.0 (18.0)
-23.2% (12.3)*
-2.9% (16.6)
LDL-Cholesterol (mg/dL)
7.3%
(23.0)
-1.3%
(15.8)*
14.2%
(25.2)
HDL-Cholesterol (mg/dL)
2.5% (13.6)
-3.4% (10.6)*
7.2% (13.8)
ApoA1 (mg/dL)
-6.7% (12.6)
-10.4% (11.0)
-4.0% (13.1)
HDL particles (umol/L)
60.6% (73.9)
47.6% (60.3)
71.4% (81.4)
Large HDL particles (umol/L)
8.0% (52.8%)
12.6% (70.6)
3.6% (31.7)
Small HDL particles (umol/L)
-3.8% (33.1)
-17.4% (34.7)
6.8% (27.9)
CETP activity (pmol/uL/h)
-21.5% (25.0)
-23.0% (23.6)
-20.6% (26.2)
Triglycerides (mg/dL)
-72.5% (21.3)
-77.6% (18.0)
-68.2% (23.1)
hsCRP (mg/L)
-54.1%
(32.0)
-47.8%
(42.1)
-58.4% (22.8)
HOMA-IR
-8.9% (8.7)
-11.6% (9.7)
-6.7% (7.3)
Hemoglobin A1c (%)
151.1% (274)
129% (127)
167% (346)
Adiponectin (ug/mL)
* p < 0.01, RYGB vs SG
Abbreviations as in Supplemental Table I
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Supplemental Table III. Pearson's correlation coefficients (r) for cholesterol efflux
capacity with anthropometric measures and metabolic variables in normal-BMI subjects.

Global
Age (years)
BMI (kg/m2)
Body weight (kg)
Waist-to-hip ratio
LDL-Cholesterol (mg/dL)
HDL-Cholesterol (mg/dL)
ApoA1 (mg/dL)
HDL particles (µmol/L)
Large HDL particles (µmol/L)
Small HDL particles (µmol/L)
CETP activity
Log Triglycerides (mg/dL)
HOMA-IR
Adiponectin
Log hsCRP (mg/L)
* p < 0.05, † p < 0.01
Abbreviations as in Supplemental Table I

0.25
-0.30
0.38
0.06
-0.27
0.93†
0.89†
0.64
0.93†
-0.60
0.44
-0.08
-0.11
0.36
-0.48
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cAMPinducible
-0.17
-0.26
0.06
0.31
0.15
0.77*
0.74*
0.41
0.56
-0.18
0.19
-0.03
-0.08
0.52
-0.25

nonABCA1
0.05
-0.38
0.23
-0.19
-0.37
0.97†
0.95†
0.79†
0.91†
-0.33
0.18
-0.11
-0.13
0.19
-0.65

Supplemental Table IV. Multivariable linear regression model of baseline variables predicting
change in global cholesterol efflux capacity at six months following surgery
Univariate analysis
B (SE)
9.10 (4.52)
Surgery type
0.05 (0.04)
Age
-0.20 (0.13)
Body weight
-0.36 (0.35)
BMI
-0.17 (0.19)
Waist circumference
-0.25 (0.19)
Hip circumference
0.03 (0.08)
LDL-C
-0.19 (0.23)
HDL-C
-0.10 (0.10)
ApoA1
-0.22 (0.44)
HDL particles
-0.68 (0.83)
Large HDL particles
-0.03 (0.49)
Small HDL particles
-0.08 (0.09)
CETP activity
-1.69 (13.02)
Log Triglycerides
0.01 (0.09)
HOMA-IR
-3.12 (8.9)
Log Adiponectin
0.25 (6.28)
Log hsCRP
Abbreviations as in Supplemental Table I

P-value
0.05
0.16
0.15
0.31
0.36
0.18
0.75
0.41
0.33
0.61
0.42
0.59
0.38
0.90
0.92
0.73
0.98
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Multivariable analysis
B (SE)
8.87 (4.59)

P-value
0.05

Supplemental Table V. Multivariable linear regression models of baseline variables predicting
change in cAMP-inducible cholesterol efflux capacity at six months after surgery
Univariate analysis
B (SE)
12.40 (8.39)
Surgery type
0.04 (0.03)
Age
-0.43 (0.24)
Body weight
-0.87 (0.64)
BMI
-0.27 (0.34)
Waist circumference
-0.53 (0.34)
Hip circumference
0.07 (0.15)
LDL-C
-0.09 (0.42)
HDL-C
-0.09 (0.18)
ApoA1
-0.16 (0.80)
HDL particles
0.04 (1.5)
Large HDL particles
-0.88 (0.88)
Small HDL particles
-0.19 (0.17)
CETP activity
-2.54 (23.84)
Log Triglycerides
0.01 (0.06)
HOMA-IR
-1.81 (16.37)
Log Adiponectin
-0.13 (11.50)
Log hsCRP
Abbreviations as in Supplemental Table I

P-value
0.15
0.13
0.08
0.18
0.44
0.12
0.63
0.83
0.64
0.84
0.98
0.33
0.27
0.92
0.88
0.92
0.99
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Multivariable
analysis
B (SE)

P-value

Supplemental Table VI. Multivariable linear regression models of baseline variables
predicting change in nonABCA1-mediated cholesterol efflux capacity at six months after
surgery
Univariate analysis
B (SE)
8.24 (3.40)
Surgery type
0.02 (0.02)
Age
0.00 (0.10)
Body weight
0.10 (0.27)
BMI
-0.01 (0.15)
Waist circumference
-0.02 (0.14)
Hip circumference
-0.02 (0.06)
LDL-C
-0.22 (0.17)
HDL-C
-0.03 (0.08)
ApoA1
-0.25 (0.33)
HDL particles
-1.02 (0.62)
Large HDL particles
0.06 (0.37)
Small HDL particles
<0.01 (0.07)
CETP activity
2.23 (10.02)
Log Triglycerides
-0.01 (0.04)
HOMA-IR
-7.63 (6.79)
Adiponectin
1.14 (4.83)
hsCRP
Abbreviations as in Supplemental Table I

P-value
0.02
0.28
0.99
0.73
0.94
0.92
0.72
0.21
0.22
0.44
0.11
0.88
1.00
0.83
0.77
0.27
0.81
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Multivariable analysis
B (SE)
P-value
8.08 (3.5)
0.02

