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0BJECTIVE: The underlying pathobiology of the paradoxical relationship between obesity and adverse outcomes in coronary
artery disease (CAD) is unclear. Our objective was to determine the association between obesity and circulating progenitor
cell (CPC) counts—a measure of intrinsic regenerative capacity—in asymptomatic individuals and patients with CAD and its
impact on the obesity paradox.

APPROACH AND RESULTS: CPCs were enumerated by flow cytometry as CD45™* cells expressing CD34+, CD 133+, and CXCR4+
epitopes in 672 asymptomatic individuals (50 years of age; 28% obese) and 1277 patients with CAD (66 years of age; 39%
obese). The association between obesity and CPCs was analyzed using linear regression models. The association of obesity and
CPCs with cardiovascular death/myocardial infarction events over 3.5-year follow-up in patients with CAD was studied using
Cox models. Obesity was independently associated with 16% to 34% higher CPC counts (CD34+, CD34+/CD133+, and
CD34+/CXCR4+) in asymptomatic individuals. This association was not attenuated by systemic inflammation, insulin resistance,
or secretion but partly attenuated by cardiorespiratory fitness and body composition. In patients with CAD, obesity was associated
with 8% to 12% higher CPC counts and 30% lower risk of adverse outcomes. Compared with nonobese patients, only obese
patients with high CPC counts (CD34+ cells >median, 1806 cells/mL) were at a lower risk (hazard ratio, 0.52 [95% CI, 0.31—
0.88]), whereas those with low counts (Kmedian) were at a similar risk (hazard ratio, 0.756 [95% CI, 0.48—1.15]).

CONCLUSIONS: Obesity is associated with higher CPC counts. The obesity paradox of improved outcomes with obesity in CAD
is limited to patients with intact regenerative capacity who have high CPC counts.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ized by abnormal or excessive accumulation of body

fat.! A body mass index (BMI) of >30 kg/m? is used
to define obesity.2 The incidence and prevalence of obe-
sity has increased dramatically in the past few decades,
and this epidemic is a leading public health concern? In
addition to the associated metabolic risks, obesity is a
major risk factor for development of cardiovascular dis-
ease.* However, in patients with established cardiovas-
cular disease, obesity appears to portend a favorable

0 besity is a complex, multifactorial disease character-

prognosis,® which is referred to as the obesity para-
dox. The obesity paradox has been observed in several
patient populations®® but the pathophysiologic mecha-
nisms underlying it are incompletely understood.

Recent studies have demonstrated that obesity is
directly associated with higher circulating progenitor
cell (CPC) counts in the peripheral blood.*"'? CPCs are
mononuclear cells primarily derived from the bone mar-
row that contribute to vascular repair and regeneration
through direct and paracrine mechanisms.”*'® CPC
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Highlights

Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme

AFP android fat percentage

BMI body mass index

CAD coronary artery disease

CD cluster of differentiation

CHDWB  Center for Health Discovery and Well
Being

CPC circulating progenitor cell

CXCR4 C-X-C motif receptor 4

EmCAB  Emory Cardiovascular Biobank

GFP gynoid fat percentage

HOMA homeostasis model assessment

hsCRP high-sensitivity C-reactive protein

IR insulin resistance

mi myocardial infarction

WBC white blood cell

counts in the peripheral blood can be considered an
index of endogenous vascular regenerative capacity.'®
CPCs have the potential to differentiate into endothelial,
hematopoietic, and nonhematopoietic phenotypes and
can be identified in the peripheral circulation as cells
expressing the CD (cluster of differentiation) 34 epit-
ope.'” CD133 is a b-transmembrane antigen observed
on primitive stem cells, which is lost during cellular
maturation, and coexpression of CD133 with CD34
(CD34+/CD133+) identifies a hematopoietic CPC-
enriched subpopulation.’® Coexpression of chemokine
CXCR4 (C-X-C motif receptor 4) with CD34 (CD34+/
CXCR4+) characterizes cells with the capacity for tissue
repair that is mediated by homing of CPCs to stromal-
derived factor-1a—enriched hypoxic environments.’® Our
group has reported that the presence of cardiovascu-
lar risk factors like diabetes, hypertension, dyslipidemia,
and smoking early in life is associated with higher CPC
counts.’2 This finding is in contrast to older studies
that have suggested an inverse association between
risk factors and CPCs.?'~24 Our recent findings suggest
that progenitor cells are mobilized from the bone marrow
in response to risk factor-mediated vascular injury, and
this response represents activation of an endogenous
regenerative or reparative system.'® Notably, a murine
model of atherosclerosis suggested that continuous
exposure to risk factors across the life span leads to
depletion in CPC counts at an older age.®

In this context, the association of obesity, a cardiovas-
cular risk factor that is reaching epidemic proportions,
with vascular regenerative capacity, measured using
CPC counts, in large cohorts has not been thoroughly
evaluated. Furthermore, the potential role of CPCs in
providing pathophysiologic insights into the obesity
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* Obesity is paradoxically associated with favorable
outcomes in patients with coronary artery disease
(CAD), but the underlying pathobiology is unclear.

+ High circulating progenitor cell counts—a measure
of endogenous regenerative capacity—are associ-
ated with improved outcomes in patients with CAD.

+ Obesity was independently associated with 16%
to 34% higher circulating progenitor cell (CD34+,
CD34+/CD133+, and CD34+/CXCR4+) counts
in asymptomatic individuals and with 8% to 12%
higher circulating progenitor cell counts in patients
with CAD.

+ The paradoxical association of obesity with improved
outcomes in patients with CAD was limited to those
with high, but not low, circulating progenitor cell
counts.

* These findings provide novel insight into the patho-
biology of the obesity paradox in CAD.

paradox has not been studied to date. Therefore, in
this study, we sought to investigate (1) the association
between obesity and CPC counts in 2 separate cohorts
of individuals with and without coronary artery disease
(CAD) and (2) the impact of CPC counts on the associa-
tion between obesity and adverse outcomes in patients
with CAD along with their ability to provide insights into
the obesity paradox. We hypothesized that obesity will
be associated with higher CPC counts and higher CPC
counts will be associated with favorable outcomes in
patients with obesity and CAD.

METHODS
Study Populations

The study population comprised of participants of the Emory
and Georgia Tech Center for Health Discovery and Well Being
(CHDWB) and Emory Cardiovascular Biobank (EmCAB)
cohorts. The CHDWB was established as an initiative aimed
toward the prevention of the chronic diseases through promo-
tion of a healthy lifestyle in employees of the Emory University
and Georgia Institute of Technology in Atlanta, GA.26 Our analy-
sis included 672 unique participants without known CAD who
were recruited between 2007 and 2010 and had CPC counts
measured at the time of enrollment. Subjects with an acute ill-
ness, hospitalization within a year before enroliment, pregnant
women, and individuals with poorly controlled medical comor-
bidities were excluded.?®

The EmCAB is a prospective registry of patients undergo-
ing cardiac catheterization for evaluation of CAD at 3 Emory
Healthcare—affiliated hospitals.?” Our analysis included
1277 stable participants enrolled between 2008 and 2014.
Participants with acute myocardial infarction (MI), severe val-
vular heart disease, organ transplantation, immunosuppres-
sive medication use, leukocytosis (defined as white blood

Arterioscler Thromb Vasc Biol. 2021;41:2097-2108. DOI: 10.1161/ATVBAHA.120.315703



Mehta et al

cell [WBC] count >11000 cells/uL), and active infection,
inflammatory disorder, or cancer were excluded. CHDWB
and EmCAB participants provided written informed consent
at enrollment, and these studies were approved by the Emory
University Institutional Review Board. This study complies with
the Declaration of Helsinki. The data that support the findings
of this study are available from the corresponding author upon
reasonable request.

Participant Characteristics

Participants in both cohorts were interviewed to obtain infor-
mation about demographic characteristics, medical history, and
behavioral habits. BMI was calculated as weight (in kilograms)
divided by height (in meters) squared, and obesity status was
defined using the cutoff of 30 kg/m2 WBC count and serum
creatinine were measured at enrollment in both cohorts, and
estimated glomerular filtration rate was calculated using the
Chronic Kidney Disease Epidemiology Collaboration equation.?®

In CHDWSB, hypertension, dyslipidemia, and diabetes were
defined according to the Joint National Committee, Adult
Treatment Panel Ill, and American Diabetes Association cri-
teria, respectively.?® Fasting blood samples were collected for
measuring high-sensitivity C-reactive protein (hsCRP), insulin,
and glucose levels.® Fasting insulin and glucose levels were
used for calculating Homeostasis Model Assessment (HOMA)
2 indices of insulin resistance (IR; HOMA2 IR) and pancre-
atic B-cell function (HOMA2 B).?° Cardiorespiratory fitness
was measured using a submaximal, modified Balke treadmill
exercise protocol and quantified as maximal oxygen consump-
tion.®® Body fat composition was measured using dual-energy
x-ray absorptiometry (iDXA, GE Lunar Densitometry; General
Electric Company, Boston, MA).3' The android region included
an area from the top of the iliac crest to 20% of the distance
from the iliac crest to the bottom of the subject's head.®> The
gynoid region extended from the top of the greater trochanter
down a distance twice the height of the android region.3? Total
body fat percentage, gynoid fat percentage (GFP), and android
fat percentage (AFP) were calculated by dividing the respec-
tive fat mass by total body weight. Lean mass percentage was
calculated by dividing the lean mass by total body weight.

In the EmCAB cohort, the presence of diabetes, hyperten-
sion, and dyslipidemia was determined by physician diagno-
sis or treatment?” History of coronary artery bypass grafting,
peripheral artery disease, heart failure, and cardiovascular
medication (ACE [angiotensin-converting enzyme] inhibitor
or angiotensin-ll receptor blocker, aspirin, blocker, clopido-
grel, and statin) use was also recorded.?” Medical records and
International Classification of Diseases, Ninth Revision, codes
were reviewed to confirm participant-reported medical history.?”

CPC Assays

In both cohorts, CPC counts were measured in blood samples
collected in EDTA tubes after an overnight fast?® Blood sam-
ples were prepared within 4 hours of collection and incubated
with fluorochrome-labeled monoclonal antihuman mouse anti-
bodies to identify surface markers expressed on mononuclear
cells before quantification using flow cytometry.?® Three hun-
dred microliters of peripheral blood was incubated with 7 pL
of FITC-CD34 (BD Biosciences), 7 uL PerCP-CD45 (BD
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Biosciences), 5 uL APC-CD133 (Miltenyi), and 3 uL PE-Cy7-
conjugated anti-CXCR4 (EBioscience; clone 12Gb) in the dark
for 15 minutes.®® Then 1.5 mL ammonium chloride lysing buf-
fer was added to lyse red blood cells, following which 1.5 mL
staining medium (PBS with 3% heat-inactivated serum and
0.1% sodium azide) was added to stop the lysing reaction®®
Before flow cytometry, 100 plL of AccuCheck Counting Beads
(Invitrogen, catalog No. PCB100) were added to act as an
internal standard for direct estimation of the concentration of
target cell subsets.®® At least 2.5 million events were acquired
from the cytometer. Flow cytometry data were analyzed with
the Flowjo software (Treestar, Inc) with its filter set at CD45med*
cells. This selection excludes CD45™9" (lymphoblasts) and
CD45— (nonhematopoietic progenitor) cells. CPC populations
(CD34+,CD34+/CD133+, and CD34+/CXCR4+) were mea-
sured after using the CD45m* filter and are reported as cell
counts per milliliter3® Interobserver variability was tested in 20
samples that were analyzed on 2 occasions by 2 technicians.
Percentage repeatability coefficients (%) were calculated as
the SD of differences between pairs of measurements/mean of
measurementsx 100. The repeatability coefficients was 2.9%,
4.8%, and 6.5% for CD34+, CD34+/CD133+, and CD34+/
CXCRA4+, respectively.®

Follow-Up and Adverse Outcomes

EmCAB participants were prospectively followed for 2 out-
comes of interest, a composite of cardiovascular death and
nonfatal Ml events, and all-cause death. Follow-up data were
available for 1249 participants and were obtained by annual
phone contact, electronic medical record review, and the social
security death index and state records.?” The cause of death
was determined from medical record review or by direct con-
tact with the participants’ family member(s). Cardiovascular
death and nonfatal M| events were adjudicated by 2 inde-
pendent cardiologists blinded to study data.?” Cardiovascular
death was defined as death attributable to an ischemic cardio-
vascular cause such as fatal Ml, stroke, or sudden death sec-
ondary to a presumed cardiovascular cause in this high-risk
population.?” Nonfatal M| events were adjudicated using the
third universal definition of MI1.34

Statistical Analysis

Characteristics of participants in CHDWB and EmCAB cohorts
were reported as frequencies (proportion) for categorical vari-
ables and as medians (25th to 75th percentile) for continuous
variables. Differences between participants with and without
obesity were studied using the 2 test for categorical variables
and the Mann-Whitney U test for continuous variables. CPC
counts were non-normally distributed and were plotted against
BMI in both cohorts. The correlation between CPC counts and
BMI in both cohorts was determined using Spearman tests.
CPC counts were log-transformed (log,[cell count+0.0001]),
and the association of BMI and obesity status with CPC counts
was determined using linear regression models. 3-Coefficient
estimates were exponentiated to back-transform CPC counts to
allow interpretation in the original scale. Models were adjusted
for demographics, risk factors, and WBC count, followed by fur-
ther adjustment for hsCRF, HOMA2 IR, HOMA2 3, maximal
oxygen consumption, GFP, AFP, and lean mass percentage to
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explore residual confounding. The multiplicative interaction of
obesity with age and diabetes for association with CPC counts
was tested. Moreover, the predictors of CPC counts in partici-
pants with obesity were determined.

EmCAB participants were stratified by obesity status, and
the differences in survival from cardiovascular death/MI and
all-cause death events were determined using Kaplan-Meier
survival analyses. The association of obesity with adverse
outcomes was determined using Cox proportional hazards
regression models adjusted for demographics, risk factors,
and established cardiovascular disease. The impact of adding
log,-transformed CPC counts (translating to a 50% relative
decrease in count) to these Cox models was studied. Following
this, obese by log,-CPC count interactions were tested, and
the association of CPC counts with outcomes in the sub-
set of participants with obesity was evaluated. Participants
with and without obesity were stratified by the respective
median CPC counts to create 4 mutually exclusive groups in
EmCAB: (1) obese with higher CPC count, (2) obese with
lower CPC count, (3) nonobese with higher CPC count, and
(4) nonobese with lower CPC count. The association of these
categories with outcomes was analyzed using Kaplan-Meier
survival analyses and multivariable-adjusted Cox models. All
analyses were performed using IBM SPSS Statistics, version
25 (Armonk, NY), and R 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria). A 2-tailed £<0.05 was consid-
ered statistically significant.

RESULTS

Association of Obesity With CPC Counts

The baseline characteristics of CHDWB participants
are described in Table 1. Among 672 participants,
28.4% were obese, and these individuals were more
frequently women, Black, and had a higher prevalence
of diabetes, hypertension, and dyslipidemia (Table 1).
Participants with obesity, on average, had higher levels
of hsCRPF, HOMAZ2 IR, HOMAZ2 @, body fat percentage,
AFP, GFP, WBC count, and lower lean mass percent-
age and maximal oxygen consumption as compared with
participants without obesity (Table 1). Median CD34+,
CD34+/CD133+, and CD34+/CXCR4+ counts were
significantly higher in participants with obesity as well
(Table 1). In the overall cohort, BMI correlated signifi-
cantly with circulating CD34+, CD34+/CD133+, and
CD34+/CXCR4+ counts (Figure 1A through 1C). The
association between BMI and CPC counts was linear,
and each 1-kg/m? increase in BMI was independently
associated with higher CD34+ (1.9% [95% ClI, 1.1%-~—
2.8%]; A<0.001), CD34+/CD133+ (2.6% [95% CI,
1.5%-3.5%]; A<0.001), and CD34+/CXCR4+ (1.4%
[95% ClI, 0.4%-2.3%]; A=0.004) counts.

Obesity (BMI>30 kg/m?) was associated with higher
CPC counts in linear regression models (Table 2). This
association remained significant after adjustment for
demographics, risk factors, and WBC count (Table 2,
Clinical Model), such that participants with obesity had
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16% to 34% higher CPCs as compared with participants
without obesity. Further adjustment for hsCRF, HOMA2
IR, HOMA2 8, or GFP did not attenuate this associa-
tion, and none of these markers were associated with
CPC counts. Adding maximal oxygen consumption, AFPF,
or lean mass percentage into the model attenuated the
association of obesity with CD34+ and CD34+/CXCR4+
counts (Table 2, Models 4, 6, and 7). The relationship of
GFP and AFP with CPC counts was not changed after
further adjustment for body fat percentage. The associa-
tion of obesity with CPC counts was not modified by age
(all Pinteraction, >0.15), sex (all Pinteraction, >0.05), or
diabetes (all P interaction, >0.20). Among participants
with obesity, male sex and WBC counts were associated
with higher CPC counts, while age was inversely associ-
ated with CD34+ and CD34+/CD133+ counts (Table |
in the Data Supplement).

The baseline characteristics of EmCAB participants
are described in Table Il in the Data Supplement. Among
1277 participants, 39.2% were obese, and these indi-
viduals were younger, more frequently Black, and had a
higher prevalence of diabetes, hypertension, and dyslip-
idemia but lower prevalence of smoking and peripheral
artery disease (Table Il in the Data Supplement). Par-
ticipants with obesity had higher WBC and CPC counts
as compared with participants without obesity (Table Il
in the Data Supplement), and BMI significantly corre-
lated with CPC counts (Figure IA through IC in the Data
Supplement). The association between BMI and CPC
counts was linear, and each 1-kg/m? increase in BMI
was independently associated with higher CD34+ (1.1%
[95% ClI, 0.4%-1.7%]; P=0.001) and CD34+/CD133+
(1.4% [95% CI, 0.6%—2.1%]; A<0.001) counts but not
with CD34+/CXCR4+ (0.6% [95% Cl, —0.1% to 1.3%];
P=0.117) counts. Obesity was associated with higher
CD34+ (11.7% [95% CI, 3.5%-20.6%]; P=0.005),
CD34+/CD133+ (11.6% [95% CI, 1.6%-22.6%)];
P=0.021), and CD34+/CXCR4+ (8.6% [95% Cl,—1.1%
to 19.3%]; A=0.083) counts in linear regression models
adjusted for demographics, risk factors, history of coro-
nary artery bypass grafting, heart failure, and peripheral
artery disease. The association of obesity with CD34+
(P interaction, 0.049) and CD34+/CD133+ counts (P
interaction, 0.039) was modified by age, but this inter-
action was not seen with CD34+/CXCR4+ counts (P
interaction, 0.262). The direct association of obesity with
CPC counts was stronger in younger patients with CAD
and was attenuated with aging (Figure II1A through IIC in
the Data Supplement). An obesity-by-diabetes interac-
tion was not observed for CPC counts (all Pinteractions,
>0.07). Among participants with obesity, male sex and
WBC counts were associated with higher CPC counts
(Table 11l in the Data Supplement). Age was associated
with lower CPC counts, and diabetes was associated
with lower CD34+ and CD34+/CD 133+ counts (Table
lIl'in the Data Supplement).
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Table 1. Baseline Characteristics of Center for Health Discovery and Well Being Participants Stratified (=]
by Obesity Status E
Participant characteristics Overall (n=672) Nonobese (n=481) Obese (n=191) P value ﬂ E
Age, y 50.0 (41.0-57.0) 50.0 (40.0-57.0) 50.0 (42.5-56.5) 0.537 E ;
BMI, kg/m? 26.5 (28.6-30.6) 25.0 (22.5-26.9) 34.2 (31.6-37.8) <0.001 I'Imrl E
Men, % 230 (34.2) 180 (37.4) 50 (26.2) 0.007 ==
Black, % 1561 (22.5) 78 (16.2) 73 (38.2) <0.001 5
Diabetes, % 75 (11.2) 34 (7.1) 41 (21.5) <0.001 g
Hypertension, % 229 (34.1) 131 (27.2) 98 (51.3) <0.001
Current smoking, % 36 (5.4) 22 (4.6) 14 (7.3) 0.219
Dyslipidemia, % 110 (16.4) 63 (13.1) 47 (24.6) <0.001
eGFR, mL/min per 1.73 m? 95.1 (86.1-106.5) 94.7 (85.5-104.8) 96.3 (87.2-110.4) 0.123
hsCRP, mg/Lt 1.5 (0.5-3.6) 1.0 (0.5-2.1) 3.7 (2.0-6.7) <0.001
HOMA2 IR 0.4 (0.1-0.9) 0.3 (0.1-0.7) 1.1 (0.7-1.7) <0.001
HOMA2 58.0 (31.8-93.7) 41.4 (29.5-74.5) 100.1 (68.8-132.9) <0.001
Vo,max, mL/kg per min¥ 33.4 (27.1-89.2) 35.4 (29.56-41.3) 27.7 (24.3-33.1) <0.001
Body fat percentage* 36.0 (29.0-41.8) 32.3 (27.1-38.3) 44.6 (39.3-49.0) <0.001
AFP* 3.3 (2.6-4.1) 2.9 (2.2-3.5) 4.4 (3.9-5.0) <0.001
Gynoid fat percentage* 7.3 (56.5-8.6) 7.0 (56.1-8.3) 8.3 (6.7-9.4) <0.001
Lean mass percentage* 59.9 (54.5-67.0) 63.9 (68.0-68.7) 51.8 (47.6-56.5) <0.001
WBC count, 1000 cells/uL 5.5 (4.7-6.7) 5.4 (4.6-6.4) 6.1 (5.2-7.3) <0.001
CD34+, cells/mL 2115 (1327-3124) 1990 (1277-2850) 2432 (1576-3939) <0.001
CD34+/CD133+, cells/mL 889 (5654-1398) 800 (533-1268) 1147 (722-1795) <0.001
CD34+/CXCR4+, cells/mL 858 (524-1381) 781 (510-1280) 986 (572-1551) 0.002

Continuous variables are presented as median (25th to 75th percentile), and categorical variables are presented as count (proportion).
AFP indicates android fat percentage; BMI, body mass index; CD, cluster of differentiation; CXCR4, C-X-C chemokine receptor type 4;
eGFR, estimated glomerular filtration rate; HOMA2 {3, homeostasis model assessment 2 for B-cell function; HOMA2 IR, homeostasis
model assessment 2 for insulin resistance; hsCRP, high-sensitivity C-reactive protein; Vo,max, maximal oxygen consumption; and WBC,
white blood cell.

“Body fat percentage measured in 615 participants.

thsCRP measured in 587 participants.

#Vo,max measured in 613 participants.

. . . . years. Patients with obesity experienced a lower inci-
Obesity Paradox in Patients With CAD dence of cardiovascular death/MI and all-cause death
EmCAB participants experienced 173 cardiovascular as compared with patients without obesity in Kaplan-

death/MI (54 in obese) and 233 all-cause death (70 in ~ Meier survival analyses (Figure 2A and 2B). Obesity
obese) events during a median fo”ow—up of 3.5 (1 5—52) status was associated with a 30% and 28% lower risk

Spearman’s rha = 0.209 (p<0.001) Spearman’s rho = 0.238 (p<0.001) Spearman’s rho = 0.147 (p<0.001)
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Figure 1. Correlation of body mass index with circulating progenitor cell counts among participants of the Center

for Health and Well Being cohort.

Correlation of body mass index with CD34+ (A), CD34+/CD133+ (B), and CD34+/CXCR4+ (C) counts among participants of the Center
for Health and Well Being cohort. Body mass index significantly correlated with CD34+ (p=0.209, P<0.001), CD34+/CD133+ (p=0.238,

P<0.001), and CD34+/CXCR4+ (p=0.147, P<0.001) counts. CD indicates cluster of differentiation; and CXCR4, C-X-C motif receptor 4.
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g Tat_)le 2. Association Between Obesity and Circulating Progenitor Cell Counts in the Center for Health Discovery and Well
E Being Cohort
E g CD34+ CD34+/CD133+ CD34+/CXCR4+
£en B (95% CI) Pvalue | B (95% CI) P value B (95% CI) Pvalue
% ué Univariate 28.2% (14.0% to 44.1%) <0.001 43.1% (25.4% to 63.2%) <0.001 21.0% (6.5% to 37.4%) 0.003
=5 Clinical model* 21.6% (7.9% to 37.1%) 0.001 34.2% (17.1% to 53.6%) <0.001 16.4% (2.0% to 32.8%) 0.024
é Model 1
S Obese 20.7% (5.1% to 38.7%) 0.008 32.5% (13.1% to 55.3%) 0.001 19.3% (2.6% to 38.7%) 0.022
hsCRP —3.1% (—9.2% to 3.4%) 0.336 —3.4% (—10.3% to 4.1%) 0.367 —5.5% (—11.9% to 1.4%) 0.117
Model 2
Obese 22.7% (7.4% to 40.1%) 0.003 32.9% (14.3% to 54.5%) <0.001 19.6% (3.3% to 38.4%) 0.017
HOMA2 IR —0.9% (—6.8% to 5.3%) 0.765 1.0% (—5.8% to 8.3%) 0.776 —2.8% (—9.2% to 4.0%) 0.405
Model 3
Obese 21.3% (6.6% to 38.0%) 0.003 33.5% (15.3% to 54.5%) <0.001 17.9% (2.3% to 36.0%) 0.023
HOMA2 0.5% (—8.5% to 10.3%) 0.923 1.0% (—9.1% to 12.3%) 0.854 —2.6% (—12.1% to 8.0%) 0.621
Model 4
Obese 13.3% (—0.5% to 29.1%) 0.059 29.3% (11.4% to 50.2%) 0.001 8.0% (—6.4% to 24.5%) 0.294
Vo,max —3.5% (—9.3% to 2.6%) 0.255 —3.0% (—9.7% to 4.1%) 0.398 —3.6% (—10.0% to 3.1%) 0.285
Model 5
Obese 21.5% (6.6% to 38.6%) 0.004 33.5% (15.0% to 55.1%) <0.001 18.6% (2.5% to 37.3%) 0.022
GFP 3.4% (—5.5% to 13.1%) 0.466 8.6% (—2.0% to 20.3%) 0.116 —2.2% (—11.5% to 8.1%) 0.659
Model 6
Obese 14.1% (—2.3% to 33.2%) 0.096 26.2% (5.7% to 50.6%) 0.010 8.2% (—8.9% to 28.6%) 0.368
AFP 6.3% (—1.1% to 14.3%) 0.095 7.8% (—0.7% to 17.1%) 0.075 6.4% (—1.8% to 15.3%) 0.131
Model 7
Obese 13.5% (—2.5% to 32.3%) 0.103 22.4% (2.9% to 45.7%) 0.023 13.4% (—4.3% to 34.3%) 0.146
LMP —0.5% (—1.5% to 0.4%) 0.269 —0.7% (—1.8% to 0.3%) 0.181 —0.2% (—1.2% to 0.9%) 0.776

Obesity is the exposure variable of interest. AFP indicates android fat percentage; CD, cluster of differentiation; CPC, circulating progenitor cell; CXCR4, C-X-C che-
mokine receptor type 4; GFP, gynoid fat percentage; HOMA2 (3, homeostasis model assessment 2 for 3-cell function; HOMA2 IR, homeostasis model assessment 2 for
insulin resistance; hsCRP, high-sensitivity C-reactive protein; LMP, lean mass percentage; Vo,max, maximal oxygen consumption; and WBC, white blood cell.

*Model adjusted for age, sex, race, diabetes, hypertension, dyslipidemia, current smoking, estimated glomerular filtration rate, and WBC count. hsCRF, HOMA2 IR, and
HOMAZ2 3 were log-transformed to achieve normality, following which Z scores were created for these variables. Vo,max, AFP, GFP, and LMP were normally distributed,
and Zscores for these variables were created as well. B-Estimates for hsCRP, HOMA2 IR, HOMAZ2 B, AFP, and GFP represent change in CPC count with 1-unit increase

in respective Z scores.

of cardiovascular death/MI and all-cause death, respec-
tively, in multivariable-adjusted Cox regression analyses
(Table 3, Clinical Model), and no multiplicative interaction
between obesity and sex was observed (all Pinteractions,
>0.05). The addition of CD34+, CD34+/CD133+, or
CD34+/CXCR4+ counts to this clinical model revealed
that each CPC subtype count was independently asso-
ciated with adverse outcomes (Table 3, Models 1-3).
Addition of CPC counts to the Cox models partly attenu-
ated the association between obesity and cardiovascular
outcomes (Table 3, Models 1-3). There was no interac-
tion between CPC counts and obesity or between CPC
counts and sex for the association between obesity and
outcomes (all P interactions, >0.05), the former indi-
cating that CPC counts are associated with outcomes
in participants with and without obesity. Indeed, CPC
counts were independently associated with cardiovas-
cular death/MI and all-cause death in Cox regression
analyses limited to obese EmCAB participants (Table [V
in the Data Supplement).

2102 June 2021

CPC Counts and the Obesity Paradox

Participants of the EmCAB cohort were divided into
4 mutually exclusive groups based on obesity status
(obese/nonobese) and CPC cutoffs (above or below
the respective median). Participants with obesity and
high CD34+ counts were at the lowest risk, while
participants without obesity and low counts were
at the highest risk of adverse outcomes (Figure 3A
and 3B). The incidence of cardiovascular death/Ml|
and all-cause death was similar for participants with
obesity and low CD34+ counts and participants with-
out obesity and high CD34+ counts (Figure 3A and
3B). Similar associations were observed when par-
ticipants were stratified based on CD34+/CD133+
(Figure IlIA and IIB in the Data Supplement) and
CD34+/CXCR4+ counts (Figure IVA and IVB in
the Data Supplement). In multivariable-adjusted Cox
regression analyses, participants with obesity and
high CPC counts were at a 43% to 61% lower risk

Arterioscler Thromb Vasc Biol. 2021;41:2097-2108. DOI: 10.1161/ATVBAHA.120.315703
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risk of all-cause death as compared with participants
without obesity and low counts (Table 4). In contrast,
participants with obesity and low counts and partici-
pants without obesity and high counts had a simi-
lar risk of adverse outcomes as participants without
obesity and low counts (Table 4).

DISCUSSION

We report 2 key findings in this study. First, obesity is
associated with higher CPC counts (CD34+, CD34+/
CD133+, and CD34+/CXCR4+) in cohorts of indi-
viduals without and with CAD (Figure 4). Second, we
observed that patients with CAD and obesity are at a
lower risk of adverse outcomes compared with those
without obesity. Importantly, the paradoxical relation-
ship of obesity with favorable outcomes compared
with patients without obesity is limited to those with
high CPC counts, that is, preserved endogenous
regenerative capacity, and is not observed in patients
with low CPC counts or impaired regenerative capac-
ity (Figure 4).

Arterioscler Thromb Vasc Biol. 2021;41:2097-2108. DOI: 10.1161/ATVBAHA.120.315703

Several studies have evaluated the association of BMI
and obesity with CPC counts over the past 2 decades.
These studies have yielded inconsistent results with a
few early reports of small cohorts revealing an inverse
relationship between higher BMI and CPC counts or
function.3®%° In contrast, more recent and relatively
larger studies indicate that obesity is associated with
higher CPC counts.®"'? In this context, we have system-
atically studied the relationship between obesity and
CPC counts in 2 large independent cohorts of individu-
als without and with CAD. We observed that CPC counts
were 16% to 34% higher in middle-aged asymptomatic
individuals with obesity as compared with those without
obesity. This association was independent of demo-
graphics, risk factors, and importantly, WBC counts.
Asymptomatic participants of CHDWB underwent
extensive phenotyping for markers of systemic inflam-
mation, IR, pancreatic B-cell function, cardiorespiratory
fitness, and visceral adiposity. Our findings indicate that
although individuals with and without obesity had signifi-
cant differences in hsCRP, HOMA2 IR, HOMAZ2 f3, and
GFP the association of BMI and obesity with CPC counts
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Table 3. Association Between Cardiovascular Outcomes, Obesity and CPC Counts in the Emory

Cardiovascular Biobank Cohort

Cardiovascular death/MI All-cause death
Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Univariate 0.678 (0.491-0.935) 0.018 0.652 (0.492-0.863) 0.003
Clinical model* 0.704 (0.500-0.992) 0.045 0.721 (0.5636-0.971) 0.032
Model 1
Obesity 0.729 (0.517-1.027) 0.071 0.744 (0.552-1.003) 0.053
CD34+ 1.299 (1.126-1.498) <0.001 1.267 (1.119-1.434) <0.001
Model 2
Obesity 0.719 (0.510-1.013) 0.059 0.738 (0.547-0.994) 0.046
CD34+/CD133+ 1.217 (1.100-1.346) <0.001 1.185 (1.081-1.299) <0.001
Model 3
Obesity 0.718 (0.510-1.012) 0.058 0.738 (0.548-0.995) 0.046
CD34+/CXCR4+ 1.323 (1.172-1.493) <0.001 1.256 (1.121-1.408) <0.001

Obesity and log-transformed CPC counts are the exposure variables of interest. CD indicates cluster of differentiation; CPC,
circulating progenitor cell; CXCR4, C-X-C chemokine receptor type 4; and MI, myocardial infarction.

*Model adjusted for age, sex, race, diabetes, hypertension, dyslipidemia, current smoking, estimated glomerular filtration rate, his-
tory of coronary artery bypass grafting, history of heart failure, and history of peripheral artery disease.

was independent of these factors. Furthermore, we
observed that cardiorespiratory fitness, lean body mass,
and android fat depot—a harbinger of future cardiometa-
bolic risk*®—only slightly attenuated the association of
obesity with CD34+ and CD34+/CXCR4+ counts.
Relatively few studies provide insights regarding
the mechanistic basis of the counterintuitive obesity-
CPC relationship. In a seminal report, Nagareddy et al*'
showed that adipose tissue macrophages in murine
obesity models promoted proliferation and expansion of
myeloid progenitors in the bone marrow via the NLRP3
inflammasome-dependent interleukin-1f pathway. Other
hypotheses include adipose tissue acting as an extra-
medullary progenitor cell reservoir capable of releasing
progenitor cells into the circulation,*? and stimulation
of CPC release from the bone marrow in response to
hypoxia associated with obesity and obstructive sleep
apnea.*® Taken together, these findings suggest that obe-
sity stimulates hematopoiesis in the bone marrow and
mobilizes progenitor cells into the peripheral circulation.
Whereas the asymptomatic, middle-aged (mean age,
50 years) participants with obesity had 16% to 34%
higher CPC counts compared with participants without
obesity, the relative difference in the older (mean age,
66 years) patients with CAD was lower (only 8%—12%
higher). Additionally, the association of obesity with
CD34+ and CD34+/CD133+ counts in patients with
CAD was modified by age, such that the obesity was
associated with higher counts at a younger age and
lower counts at an older age. These findings are con-
sistent with our current understanding of the impact of
risk factors and aging on progenitor cell pathobiology."®
In this model, exposure to cardiovascular risk factors at
a young age might stimulate the release of progenitor
cells from the bone marrow.'® This likely compensatory
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response gets exhausted after continuous risk factor
exposure during aging.'® Thus, individuals with a high
cardiovascular risk factor burden would have a higher
CPC count at a young age followed by depleted vascular
regenerative capacity manifesting as lower CPC counts
at an older age.'®

CPC Counts and the Obesity Paradox in
Patients With CAD

Patients with CAD and obesity are at a reduced short-
term risk of adverse outcomes compared with those
without obesity—a paradox that has been observed in
several heterogenous cohorts®®—and also confirmed in
our study population where patients were followed for a
median duration of 3.5 years. Explanations for this coun-
terintuitive phenomenon have included the role of physi-
cal activity, cardiorespiratory fitness, role of lean body
mass,” the imperfect nature of BMI as an obesity metric
that may be confounded by age and disease severity,°
along with confounding due to lead-time bias and col-
lider stratification bias.**

Herein, we have demonstrated the crucial contribu-
tion of endogenous regenerative capacity, measured
using CPC counts, for providing pathobiologic insights
into in the obesity paradox observed in patients with
CAD. To the best of our knowledge, we are the first
to demonstrate that the inverse association of obesity
with adverse outcomes in CAD is limited to those with
preserved endogenous regenerative capacity. We also
observed that participants with obesity and lower CPC
counts were at a similar risk as participants without
obesity and high or low CPC counts in multivariable-
adjusted survival analyses. Thus, obesity, that is accom-
panied with higher CPC counts, confers short-term

Arterioscler Thromb Vasc Biol. 2021;41:2097-2108. DOI: 10.1161/ATVBAHA.120.315703
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Figure 3. Kaplan-Meier survival curves for adverse outcomes among Emory Cardiovascular Biobank participants stratified by

obesity status and CD34+ count.

Kaplan-Meier survival curves for cardiovascular death/myocardial infarction (A) and all-cause death (B) among the Emory Cardiovascular
Biobank participants stratified by obesity status and CD34+ count. Participants with obesity and high CD34+ counts were at the lowest risk;
participants without obesity and low counts were at the highest risk; and the incidence of cardiovascular death/myocardial infarction (A) and
all-cause death (B) was similar for participants with obesity and low CD34+ counts and participants without obesity and high CD34+ counts.

CD indicates cluster of differentiation.

Arterioscler Thromb Vasc Biol. 2021;41:2097-2108. DOI: 10.1161/ATVBAHA.120.315703
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Table 4. Cardiovascular Outcomes in the Emory Cardiovascular Biobank Cohort Participants Stratified by
Obesity and Circulating Progenitor Cell Counts

Cardiovascular death/MI* All-cause death*

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Obese and high CD34+ 0.522 (0.310-0.876) 0.014 0.483 (0.303-0.769) 0.002
Obese and low CD34+ 0.745 (0.484-1.146) 0.180 0.802 (0.553-1.162) 0.243
Nonobese and high CD34+ 0.824 (0.568-1.196) 0.309 0.814 (0.593-1.118) 0.204
Nonobese and low CD34+ Referent Referent
Obese and high CD34+/CD133+ 0.572 (0.341-0.958) 0.034 0.536 (0.337-0.852) 0.008
Obese and low CD34+/CD133+ 0.770 (0.498-1.191) 0.241 0.816 (0.561-1.185) 0.285
Nonobese and high CD34+/CD133+ 0.933 (0.646-1.348) 0.713 0.913 (0.667-1.251) 0.572
Nonobese and low CD34+/CD133+ Referent Referent
Obese and high CD34+/CXCR4+ 0.394 (0.225-0.689) 0.001 0.450 (0.279-0.727) 0.001
Obese and low CD34+/CXCR4+ 0.832 (0.550-1.258) 0.383 0.850 (0.591-1.224) 0.383
Nonobese and high CD34+/CD133+ 0.766 (0.527-1.113) 0.161 0.835 (0.608-1.146) 0.264
Nonobese and low CD34+/CD133+ Referent Referent

CD indicates cluster of differentiation; CXCR4, C-X-C chemokine receptor type 4; and MI, myocardial infarction.
*Models adjusted for age, sex, race, diabetes, hypertension, dyslipidemia, current smoking, estimated glomerular filtration rate, history of
coronary artery bypass grafting, history of heart failure, and history of peripheral artery disease.

protection from adverse cardiovascular outcomes pos-
sibly due to preserved regenerative capacity. However,
when CPC counts in patients with obesity fall and their
regenerative capacity is exhausted with aging or the
presence of concomitant diabetes, their risk is similar to
that of patients without obesity.

Strengths and Limitations

Our study has several notable strengths. We have stud-
ied the association of obesity with CPC counts in 2 large

cohorts of individuals without and with CAD. Asymptom-
atic participants underwent extensive phenotyping, which
helped address the issue of confounding due to systemic
inflammation, IR, pancreatic 3-cell function, cardiorespi-
ratory fitness, and fat distribution. Participants with CAD
were prospectively followed for adjudicated cardiovascu-
lar outcomes, which helped us determine the role of CPC
counts in explaining the obesity paradox. Limitations
include our inability to exclude residual confounding
given the observational nature of these cohorts. Second,
the duration of obesity and longitudinal changes in body

Progenitor Cell Mobilization from Bone Marrow

Obesity Paradox is Limited to Obese Patients with High CPC Counts
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Figure 4. Obesity is associated with higher circulating progenitor cell (CPC) counts (CD34+, CD34+/CD133+, and CD34+/
CXCR4+) in asymptomatic individuals and in patients with coronary artery disease (CAD).

The decreased risk of cardiovascular outcomes in patients with obesity and CAD is limited to those with higher CPC counts. CD indicates
cluster of differentiation; CXCR4, C-X-C motif receptor 4; and MI, myocardial infarction.
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composition or metabolic rate with aging were not avail-
able in our cohorts. Thus, we are not able to study their
impact on CPC counts and the obesity paradox. Last, we
have not evaluated the role of adipocytokines in affecting
CPC counts, and participants in our CAD cohort did not
undergo extensive phenotyping with body composition
and cardiorespiratory fitness measurement. These mea-
surements might help provide further insights into the
pathobiologic mechanisms underlying the association
between vascular regenerative capacity and the obesity
paradox in patients with CAD.

Conclusions

Obesity, defined as BMI =30 kg/m? is associated
with higher CD34+, CD34+/CD133+, and CD34+/
CXCR4+ counts in asymptomatic individuals and in
patients with CAD. The paradoxical association of obe-
sity with decreased risk of adverse outcomes in patients
with CAD is limited to those with high CPC counts that
are reflective of preserved regenerative capacity.
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