JACC: ADVANCES VOL. 3, NO. 2, 2024
© 2024 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN

COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER

THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ORIGINAL RESEARCH

ISCHEMIC HEART DISEASE

Vitamin D Deficiency, Inflammation, and g
Diminished Endogenous Regenerative
Capacity in Coronary Heart Disease

Shivang R. Desai, MD,? Yi-An Ko, PuD,* Chang Liu, MPH," Zaki Hafeez, BA,® Jiwon Park,"

Christian Faaborg-Andersen, MD,** Zain Alvi, BS,* Zahran Alras, MBBS,* Ayman A. Alkhoder, MD,* Afif Martini, MD,*
Anil Varughese, MD,* Kiran Ejaz, MBBS,* Brian Cheung, MD,* Maggie Wang, MD,® Daniel A. Gold, MD,*

Matthew E. Gold, MD,? Vardhmaan Jain, MD,* Nishant Vatsa, MD,* Shabatun J. Islam, MD,*

Zakaria Almuwaqqgat, MD,* Devinder S. Dhindsa, MD,* Anurag Mehta, MD,>f Jonathan H. Kim, MD, MSc,?

Peter Wilson, MD,? Edmund K. Waller, MD,? Viola Vaccarino, MD, PuD,*" Arshed A. Quyyumi, MD?

ABSTRACT

BACKGROUND Vitamin D deficiency (VDD) is associated with coronary heart disease (CHD) and poor outcomes, but
supplementation does not improve prognosis. VDD has been implicated in and may promote greater risk through
inflammation and impaired progenitor cell function.

OBJECTIVES The authors examined VDD, high-sensitivity C-reactive protein (hsCRP), circulating progenitor cell (CPC)
counts, and outcomes in patients with CHD. They hypothesized that the higher risk with VDD is mediated by inflammation
and impaired regenerative capacity.

METHODS A total of 5,452 individuals with CHD in the Emory Cardiovascular Biobank had measurement of 25-
hydroxyvitamin D, subsets of whom had hsCRP measurements and CPCs estimated as CD34-expressing mononuclear cell
counts. Findings were validated in an independent cohort. 25-hydroxyvitamin D <20 ng/mL was considered VDD. Cox
and Fine-Gray models determined associations between marker levels and: 1) all-cause mortality; 2) cardiovascular
mortality; and 3) major adverse cardiovascular events, a composite of adverse CHD outcomes.

RESULTS VDD (43.6% of individuals) was associated with higher adjusted cardiovascular mortality (HR: 1.57, 95% Cl:
1.09-2.28). There were significant interactions between VDD and hsCRP and CPC counts in predicting cardiovascular
mortality. Individuals with both VDD and elevated hsCRP had the greatest risk (HR: 2.82, 95% Cl: 2.16-3.67). Only in-
dividuals with both VDD and low CPC counts were at high risk (HR: 2.25, 95% Cl: 1.46-3.46). These findings were
reproduced in the validation cohort.

CONCLUSIONS VDD predicts adverse outcomes in CHD. Those with VDD, inflammation and/or diminished
regenerative capacity are at a significantly greater risk of cardiovascular mortality. Whether targeted supplementation
in these high-risk groups improves risk warrants further study. (JACC Adv 2024;3:100804) © 2024 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS

AND ACRONYMS

BMI = body mass index

CD = cluster of differentiation
CHD = coronary heart disease

CPC = circulating progenitor

cell

CVD = cardiovascular disease

EmCAB = Emory
Cardiovascular Biobank

hsCRP = high-sensitivity
C-reactive protein

MACE = major adverse
cardiovascular events

MI = myocardial infarction

VDD = vitamin D deficiency

VDR = vitamin D receptor

Ithough vitamin D is best known for

its role in calcium homeostasis and

bone metabolism, vitamin D defi-
ciency (VDD)—affecting at least 24% of the
U.S. population—is also associated with risk
factors for cardiovascular disease (CVD) and
adverse CVD outcomes."” Despite the large
body of epidemiological evidence impli-
cating VDD, vitamin D supplementation
trials have largely failed to improve CVD out-
comes, and its measurement in higher-risk
individuals undergoing angiography was re-
ported to confer little prognostic value.®®
These inconsistencies have led to specula-
tion that VDD may simply be an indicator of
poor overall health, rather than a mediator
of CVD.

Atherosclerosis is a chronic, progressive
disease whose drivers include vascular endothelial
of
cholesterol-rich lipoproteins, and a subsequent in-
flammatory response that contribute to plaque for-
mation. These injurious processes are mitigated by
vascular repair, such that disease progression is
modulated by the balance between injury and repair
processes.®® Vitamin D plays an important immuno-
modulatory role in the innate and adaptive immune
responses in the context of infectious, inflammatory,
and autoimmune diseases.’’' It also regulates key
processes involved in plaque formation and progres-

dysfunction, subendothelial sequestration

sion, mediated by endothelial cells, dendritic cells,
monocytes, and cholesterol-filled macrophages or
“foam cells.”"”

High-sensitivity C-reactive protein (hsCRP) is
marker of systemic inflammation and an independent
predictor of adverse CVD outcomes."® Epidemiologic
studies have reported an inverse relationship be-
tween circulating levels of vitamin D [25(0OH)D;] and
markers of inflammation, including CRP.'# In a cross-
sectional analysis of the National Health and Nutri-
tion Examination Surveys (NHANES), participants
with both severe VDD and high CRP levels were more
likely to report a history of CVD."

Circulating progenitor cells (CPCs) are bone
marrow-derived mononuclear cells that possess the
ability to differentiate into several lineages, including
hematopoietic subsets distinguished by expression of
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med cells,

the CD34 epitope on hematopoietic CD45
Subsets of CD34+ progenitors contribute to vascular
repair and regeneration, largely by paracrine mecha-
nisms.”"® Circulating levels of CPCs and their activity
are considered to represent endogenous regenerative
potential.’® While we have shown that lower circu-
lating CD34+ cell counts correlate with progressive
inflammation, we have also shown that they predict
higher mortality in patients with CVD, independent of
hsCRP levels.'”?! Studies in other chronic conditions,
such as diabetes, have implicated the vitamin
D-vitamin D receptor (VDR) axis in the endothelial
regenerative process.”’** In vitro, vitamin D im-
proves CPC viability, migration, and colony-forming
capacity by releasing vascular endothelial growth
factor, guanosine-5'-triphosphatase, matrix metal-
loproteinases, and increasing nitric oxide produc-
tion.?>?® It also influences CPC behavior within the
injured endothelium by mitigating pro-inflammatory
signaling, thus promoting adhesion via vascular
endothelial-cadherin junctions and tipping the bal-
ance toward cell-mediated regeneration and away
from calcification in hypoxia.?”"*® Moreover, expres-
sion of VDR in CPCs and, consequently, vitamin D’s
ability to facilitate these functions is diminished in
patients with coronary heart disease (CHD)—espe-
cially in those with elevated inflammatory markers.*®

Herein, we examined the relationship between
VDD, defined as 25-hydroxyvitamin D levels <20 ng/
mL, and adverse CHD outcomes while evaluating the
influence of inflammation and CPCs.>° Findings were
validated in an independent cohort with CHD. We
hypothesized that VDD will be associated with
adverse outcomes, particularly in individuals with
inflammation and diminished regenerative capacity.

METHODS

STUDY POPULATION. Participants were enrolled in
the Emory Cardiovascular Biobank (EmCAB), an
ongoing prospective registry of individuals undergo-
ing cardiac catheterization for known or suspected
CHD at 3 Emory Healthcare-affiliated hospitals.?' In-
dividuals ages 20 to 90 years were interviewed to
collect demographic information, medical history,
CVD risk factor history, medication use, and behav-
ioral habits. Our analysis includes 5,452 participants
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who had hsCRP and 25-hydroxyvitamin D levels
measured at enrollment. A subset (n = 1,523) also
had CPC quantitation. Participants with missing
biomarker data or presenting with acute myocardial
infarction (MI) were excluded.

Sex and race were self-reported. The presence of
hypertension, hyperlipidemia, and diabetes was
determined by physician diagnosis and/or treatment
prescribed in the medical chart. Smoking was classi-
fied as nonsmoking or current/past smoking. Blood
pressure, weight, and height were measured on
enrollment. Body mass index (BMI) was calculated as
the weight (kilograms) divided by the square of the
height (meters). Serum creatinine measurements at
enrollment before cardiac catheterization were ob-
tained using data from routine follow-up clinic visits
or hospitalizations within the Emory Healthcare
system. The estimated glomerular filtration rate was
computed using the Chronic Kidney Disease Epide-
miology Collaboration equation. Medications and
medical history were obtained by self-report followed
by review of relevant medical records.

An independent validation cohort consisted of 535
participants from the Mental Stress Ischemia Prog-
nosis Study (MIPS), a prospective study that recruited
patients with stable CHD from 2011 to 2014 at Emory
University-affiliated hospitals.*” Demographics and
medical history were collected as above. Both studies
were approved by the Institutional Review Board at
Emory University. All participants provided written
informed consent.

BIOMARKER MEASUREMENTS. Fasting arterial blood
samples from the EmCAB cohort were drawn before
catheterization and venous samples drawn from MIPS
cohort. Samples were stored at —80 °C. Serum hsCRP
measurements were determined using sandwich im-
munoassays by FirstMark, Inc, or by Abbott Labora-
tories, Inc. Vitamin D levels were measured as serum
25-hydroxyvitamin D levels using the ARCHITECT 25-
OH Vitamin D competitive immunoassay by Abbott
Laboratories, Inc, with a measurement range of 3.4 to
155.9 ng/mL. Levels <20 ng/mL were defined
as VDD.>°

CIRCULATING PROGENITOR CELLS. Flow cytometry
was used to quantify CPCs as CD45med mononuclear
cells expressing the CD34 epitope from blood samples
collected in ethylenediaminetetraacetic acid tubes.
Samples were prepared within 24 hours of collection
and incubated with fluorochrome-labeled monoclonal
antihuman mouse antibodies to identify surface
markers expressed on mononuclear cells before
quantification using flow cytometry. 300 pL of pe-
ripheral blood were incubated with 7 pL of FITC-CD34
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and PerCP-CD45 (BD Biosciences) in the dark for
15 minutes. Then 1.5 mL ammonium chloride lysing
buffer was added to lyse red blood cells, after which
1.5 mL staining medium (phosphate-buffered saline
with 3% heat-inactivated serum and 0.1% sodium
azide) was added to stop the lysing reaction. Prior to
flow cytometry, 100 puL of AccuCheck Counting Beads
(Invitrogen, Cat#: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 Flowjo
software (Treestar, Inc) and CPC populations (CD34+/
CD45med) were reported as cells/uL. Interobserver
variability was tested in twenty samples that were
analyzed on 2 occasions by 2 technicians. Percent
repeatability coefficient (%) was calculated as the
standard deviation of differences between pairs of
measurements/mean of measurements x 100. The
coefficient was 2.9%.

OUTCOMES AND FOLLOW-UP. EmCAB participants
were followed for primary outcomes including all-
cause mortality, cardiovascular mortality, and major
adverse cardiovascular events (MACE) over a median
5.3-year period. Mortality and MACE data were
available for 5,406 (99.1%) and 5,379 (98.7%) of par-
ticipants with available 25-hydroxyvitamin D data.
Follow-up was conducted by annual phone contact,
electronic medical record review, and the social se-
curity death index and state records.>' The cause of
death was determined through medical record review
or by contact with participants’ family member(s),
and all-cause death and cardiovascular death were
adjudicated by 2 independent, blinded cardiologists.
Cardiovascular death was defined as death attribut-
able to ischemic cardiovascular pathology, such as
fatal MI, stroke, or sudden death presumed due to
cardiovascular cause. MACE was a composite of car-
diovascular death, hospitalization for heart failure,
nonfatal MI, or nonfatal stroke within 5 years.

MIPS participants were followed for all-cause and
cardiovascular mortality over a median 6.4-year
period. Mortality data were available for 535 (84.1%)
of participants with available 25-hydroxyvitamin D
data. Follow-up was conducted by phone contact,
medical record review, and the social security death
index. Participants were contacted every 6 months
for the first 3 years and then at 5 years. First and
recurrent events were adjudicated as above.

STATISTICAL ANALYSIS. Baseline characteristics of
participants in both cohorts were reported as pro-
portions for categorical and means for continuous
variables. Differences between the VDD group and
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TABLE 1 Baseline Characteristics and Incident Outcomes in the Overall Cohort and by Vitamin D Category

3,899 (71.9%)
1,897 (35.0%)
1,775 (32.6%)
1,116 (20.7%)
1,770 (32.5%)
2,166 (39.7%)
1,228 (22.5%)
71.9 £ 243

History of hyperlipidemia
History of diabetes
CHD®
History of Ml
History of heart failure
History of PCI°
History of CABG®
eGFR, mL/min/1.73 m?
Medications
ACEI/ARB use
Beta-blocker use

2,978 (54.6%)
3,544 (65.0%)

Events
All-cause death 1,480 (27.4%)
770 (14.2%)
1,387 (25.7%)

250 (4.6%)

Cardiovascular death
MACE

Myocardial infarction

All Normal (>30 ng/mL) Insufficiency (20-30 ng/mL) Deficiency (<20 ng/mL)
(N = 5,452) (n =1,257) (n =1,817) (n =2,378)
Age (y) 63.4 +12.3 65.8 + 12.6 64.2 + 12.0 61.4 + 12.2%8
Male 3,484 (64.0%) 818 (65.3%) 1,301 (71.8%) 1,365 (57.5%)"8
Black race 1,048 (19.2%) 125 (9.9%) 236 (13.0%) 687 (28.9%)"®
BMI, kg/m? 29.7 £ 6.3 282 +56 293455 30.8 + 6.9
Current or former smoker 3,447 (63.2%) 816 (64.9%) 1,157 (63.7%) 1,474 (62.0)
History of hypertension 4,255 (78.5%) 1,012 (80.7%) 1,392 (77.1%) 1,851 (78.4)

934 (74.6%)
398 (31.8%)
378 (30.1%)
210 (16.9%)
404 (32.1%)
482 (38.3%)
269 (21.4%)
70.2 £ 21.9

660 (52.5%)
788 (62.7%)

Statin use 3,843 (70.5%) 886 (70.5%) 1,311 (72.2%) 1,646 (69.2%)

Aspirin use 4,120 (75.6%) 977 (77.7%) 1,393 (76.7%) 1,750 (73.6%)*

Plavix use 2,257 (41.4%) 473 (37.6%) 791 (43.5%) 993 (41.8%)"
Biomarkers

25-hydroxyvitamin D (ng/mL) 232 +£ 11 38.5+95 246 +2.8 14.0 + 4.0"®

hsCRP (mg/L) 7.8 +£20.6 7.0 +18.6 6.4 +14.8 9.3 + 24.9%®

CD34+ cells (cells/uL) 2.23 +5.45 1.96 + 1.43 243 +9.27 229 + 234

295 (23.6%)
156 (12.5%)

278 (22.3%)
49 (3.9%)

1,314 (72.7%)
590 (32.7%)
610 (33.6%)
401 (22.3%)
577 (31.8%)
753 (41.4%)
444 (24.4%)
7.7 £ 22.5

1,651 (69.8)*
909 (38.5%)"®
787 (33.1%)
505 (21.4%)*
789 (33.2%)
931 (39.2%)
515 (21.7%)
72.8 + 26.7*

1,015 (55.9%)
1,205 (66.3%)

1,303 (54.8%)
1,551 (65.2%)

758 (32.2%)"®

404 (17.1%)"®

662 (28.1%)"
125 (5.3%)

427 (23.7%)
210 (11.7%)

447 (24.8%)
76 (4.2%)

coronary intervention. ®Coronary artery bypass graft. “Coronary heart disease.

Values are mean + SD or n (%). Letter superscripts denote significant differences (P < 0.05) between the VDD group and either normal* or insufficient® groups. *Percutaneous

ACEI/ARB = angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; BMI = body mass index; eGFR = estimated glomerular filtration rate; hsCRP = high-
sensitivity C-reactive protein; MACE = major adverse cardiovascular events; Ml = myocardial infarction.

either normal or vitamin D insufficient groups were
examined using chi-squared tests for categorical and
t-tests for continuous variables.

The relationships between hsCRP and CD34+ cells
and VDD were examined using linear regression with
adjustment for demographic characteristics and risk
factors. Therelationshipbetween 25-hydroxyvitamin D
levels and cardiovascular mortality was initially visu-
alized in restricted cubic splines-based hazard ratio
curves with 3knots, relative tothe median of vitamin D,
to explore a potential threshold of increasing hazard
ratios. Next, differencesin event-free survival fromall-
cause death, cardiovascular death, and MACE between
participants with and without VDD were assessed using
cumulativeincidence function analyses forunadjusted
analyses, Cox proportional hazards to adjust for cova-
riates, and Fine-Gray subdistribution hazard models to
account for competing risks.>®* Covariates included
baselinecharacteristicsandbehavioralriskfactors(age,

sex, Black race, BMI, smoking history), clinical risk fac-
tors (hypertension, hyperlipidemia, diabetes, >50%
obstruction in a major coronary vessel, heart failure,
estimatedglomerularfiltrationrate)and medicationuse
(aspirin, angiotensin-converting enzyme inhibitor/
angiotensin receptor blocker, statin). Analyses were
repeated with adjustment for season at recruitment. To
investigate if the relationship between VDD and car-
diovascular mortality is modified by inflammation and
CD34+ cells, multiplicative interactions were tested
between VDD, hsCRP, and CD34+ cells (both were
dichotomized using the median). Interactions between
VDDandsex,diabetes, hypertension, heartfailure, CHD
severity, and statin use were also examined.

The c-statistic was used to assess the value of VDD
as a covariate in models predicting incident out-
comes.>* The baseline model included the same
covariates listed above except medication use.
Discrimination was also assessed using continuous
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FIGURE 1 Cumulative Incidence of Adverse Outcomes According to VDD Status

25

20

Log-Rank p<0.001

Cumulative incidence (percentage)

o~ Cardiovascular Mortality

3
Time (years)

Events 0 74 128 189 246 307
At-risk 2357 2226 2071 1976 1880 1775
Events 0 61 118 164 210 265
At-risk 3049 2915 2722 2640 2531 2413

Vitamin D status

—— Not deficient (n = 3,049 for mortality, n = 3,031 for MACE)

—— Deficient (n = 2,357 for mortality, n = 2,348 for MACE)

3
Time (years)

0 192 303 394 469 542
2031 1695 1483 1301 1151

0 209 336 426 498 583
2685 2275 2053 1860 1654

Incidence of all outcomes was higher (P < 0.001) in VDD individuals. VDD = vitamin D deficiency.

net reclassification improvement and integrated
discrimination improvement measures.>> Analyses
were performed using IBM SPSS Statistics Version 28
and R version 4.1.2. P values <0.05 were considered
statistically significant.

RESULTS

CHARACTERISTICS OF THE COHORTS. Baseline
characteristics of the EmCAB cohort are summarized
in Table 1. Of 5,452 participants, 2,378 (43.6%) had
VDD (25-hydroxyvitamin D <20 ng/mL), while 33.3%
and 23.1% had insufficient (20-30 ng/mL) or normal
(>30 ng/mlL) levels, respectively. Individuals with
VDD were younger, female, and Black with higher

BMI and a higher prevalence of diabetes and prior
MI (Table 1).

In the validation cohort, 116 participants (21.7%)
had VDD, while 30.5% and 47.9% had insufficient and
normal levels, respectively. In addition to the char-
acteristics associated with VDD in the EmCAB cohort,
VDD in the MIPS cohort was more often present in
those failure

with hyperlipidemia and heart

(Supplemental Table 1).

RELATIONSHIP BETWEEN VDD AND ADVERSE
OUTCOMES. During the follow-up period, there were
955 (17.7%) incident all-cause deaths, 572 (10.6%)
cardiovascular deaths, and 1,125 (20.9%) MACE. In
unadjusted analyses, individuals with VDD were at
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TABLE 2 Relationship Between VDD and Adverse Outcomes

Model HR/sHR (95% Cl) P Value
All-cause death (n = 5,033) Unadjusted 1.41 (1.24-1.60) <0.001
1 1.64 (1.43-1.88) <0.001
2 1.60 (1.38-1.87) <0.001
3 1.60 (1.37-1.86) <0.001
Cardiovascular death (n = 5,033) Unadjusted 1.36 (0.96-1.94) 0.083
1 1.64 (1.14-2.37) 0.008
2 1.63 (1.13-2.36) 0.009
3 1.57 (1.09-2.28) 0.017
MACE (n = 4,956) Unadjusted 1.30 (0.86-1.97) 0.21
1 1.60 (1.05-2.45) 0.030
2 1.59 (1.03-2.45) 0.035
3 1.54 (1.01-2.36) 0.048

Cox (all-cause death) and Fine-Gray models (cardiovascular death, MACE) investigated the relationship between
VDD and adverse outcomes. Model 1 was adjusted for age, sex, Black race, BMI, and smoking history. Model 2:
Model 1 + hypertension, hyperlipidemia, diabetes, CHD, heart failure history, and eGFR. Model 3: Model
2 + aspirin, ACEI/ARB, and statin use. Bold P values are considered statistically significant (P < 0.05).

MACE = major adverse cardiovascular events; sHR = subdistribution hazard ratio; VDD = vitamin D deficiency.

significantly higher risk for all adverse outcomes
(P < 0.001), with a 41%, 36%, and 30% higher
hazard of all-cause mortality, cardiovascular mor-
tality, and MACE, respectively, compared to those
without VDD (Figure 1, Table 2). The higher risk
with VDD persisted for all adjusted major outcome
measures (Table 2). Analyses adjusting for season at
the time of recruitment did not attenuate these
findings. Spline regression examining the relation-
ship between serum 25-hydroxyvitamin D levels and
cardiovascular mortality found increasing hazard
ratios at levels <20 ng/mL (Figure 2). Though hazard

FIGURE 2 Relationship Between Serum Vitamin D Level (ng/mL) and Unadjusted
Cardiovascular Mortality in the EmCAB Using Restricted Cubic Splines With 3 Knots

Cardiovascular Mortality

2.7
22

1.5

Hazard Ratio

1.2

I T T T T 1
10 20 30 40 50 60

Vitamin D (ng/mL)

Blue shading indicates 95% Cl. Red shading indicates distribution of 25-hydroxyvitamin D
levels. EmMCAB = Emory Cardiovascular Biobank.
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appeared to be U-shaped, with increasing hazard at
levels>35 ng/mL, this was not statistically signifi-
cant. Sensitivity analyses investigating the associa-
tion between VDD and cardiovascular mortality for
subgroups determined by sex, and presence or
absence of diabetes, hypertension, or heart failure,
CHD severity and statin use found no significant
interactions with these covariates (P > 0.05)
(Supplemental Figure 1).

Discrimination testing evaluated the performance
of VDD in models predicting all-cause and cardio-
vascular mortality and MACE. VDD improved predic-
tion of all-cause mortality with a c-statistic of 67.7%
(A1.4%, 95% CI: 0.1%-2.7%) compared to a model
including clinical characteristics and risk factors only
(Table 3). Incorporating 25-hydroxyvitamin D levels
into all models was associated with a significant net
risk reclassification, with a net reclassification
improvement of 11.1% (95% CI: 4.9%-17.1%) for all-
cause mortality, of 11.8% (95% CI: 4.1%-20.1%) for
cardiovascular mortality, and 7.6% (95% CI: 0.8%-
14.4%) for MACE (Table 3).

In the validation cohort, VDD was also associated
with all all-cause (HR: 3.41, P = 0.005) and cardio-
vascular mortality (HR: 4.93, P = 0.010) compared to
those without VDD after adjustment for the afore-
mentioned covariates (Supplemental Table 2).

RELATIONSHIP BETWEEN VDD, hsCRP, AND CD34 +
CPCs. Participants with VDD had 33% and 45% higher
levels of hsCRP compared to those with vitamin D
insufficiency and normal participants, respectively.
This difference remained significant after adjustment
for demographic, behavioral, and clinical risk factors
(P = 0.026). There was no correlation between 25-
hydroxyvitamin D levels and CD34+ cell counts,
even after covariate adjustment (P = 0.79).

In the validation cohort, participants with VDD also
had significantly higher hsCRP levels compared to
those with
(P = 0.019). There was no correlation between 25-
hydroxyvitamin D levels and CD34+ cell counts in
this cohort (P = 0.90).

sufficient and insufficient levels

RELATIONSHIP BETWEEN VDD, INFLAMMATION,
AND OUTCOMES. As expected, participants with
hsCRP levels above the median (>3 mg/L) experi-
enced a higher incidence of adverse outcomes in both
unadjusted (P < 0.001) and adjusted analyses
(P < 0.001 for all outcomes) (Supplemental Table 3).
In a model including the aforementioned de-
mographic features and risk factors, both hsCRP
levels (dichotomous) and VDD were independent
predictors of adverse CHD outcomes (P < 0.001 for
both covariates across all outcomes). There was a
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TABLE 3 Discrimination Statistics and VDD for Adverse Outcomes

C-Statistic (%) C-Statistic (%) Net Reclassification Integrated Discrimination

Model Without VDD With VDD AC-Statistic (%) Improvement (%) Improvement (%)
All-cause death
(N = 5,406)
Base covariates 66.3 (62.8-69.8) 67.7 (64.2-71.1) 1.4 (0.1-2.7) 1.1 (4.9-17.1) 1.6 (0.5-3.2)
+CD34+ 66.7 (63.3-70.1) 68.0 (64.7-71.4) 1.3 (0.1-2.5) 1.1 (5.3-17.6) 1.7 (0.5-3.3)
+hsCRP level 68.0 (64.6-71.4) 69.2 (65.8-72.5) 1.2 (0.1-2.2) 1.0 (5.2-17.0) 1.2 (0.2-2.7)
+CD34+ and hsCRP 68.2 (64.6-71.8) 69.4 (66.0-72.8) 1.2 (0.0-2.4) 11.0 (5.1-17.0) 1.3 (0.3-2.8)
Cardiovascular
death
(N = 5,406)
Base covariates 68.1(63.7-72.5) 69.3 (65.2-73.5) 1.3 (-0.4-2.9) 11.8 (4.1-20.1) 1.3 (0.2-3.4)
+CD34+ level 68.7 (64.3-73.0) 69.8 (65.5-74.2) 1.2 (-0.3-2.6) 11.8 (4.5-19.2) 1.5 (0.3-3.3)
+hsCRP level 68.7 (64.7-72.7) 69.9 (66.0-73.8) 1.2 (-0.2-2.6) 11.8 (4.5-19.5) 1.1(0.2-2.9)
+CD34+ and hsCRP 69.1 (64.4-73.9) 70.2 (65.7-74.7) 1.1(-0.4-2.5) 11.8 (3.6-19.0) 1.3 (0.2-3.0)

Discrimination statistics summarizing predictive ability of VDD for the listed outcomes. Base covariates include those in Model 2 from Table 2. Numbers in parentheses indicate 95% Cl.

hsCRP = high-sensitivity C-reactive protein; VDD = vitamin D deficiency.

significant VDD by hsCRP interaction for predicting
cardiovascular mortality (P = 0.028). When separated
into 4 groups according to high and low levels of
hsCRP and by the presence or absence of VDD, there
was an interdependence between the 2 covariates for
prediction of cardiovascular mortality (P < 0.001),
with an approximately 3-fold greater hazard of car-
diovascular mortality in those with both VDD and
elevated hsCRP levels compared to those with normal
25-hydroxyvitamin D and low hsCRP levels
(Figure 3A, Table 4). The groups with abnormalities of
one of these measures had an intermediate 1.5- to 1.7-
fold hazard of cardiovascular mortality (Figure 3A,
Table 4). Similar findings were observed for all-cause
mortality and MACE. Analyses adjusting for season
did not change these findings.

Discrimination analysis demonstrated that
vitamin D status improved prediction of adverse
events compared to models including baseline cova-
riates and hsCRP levels. There was also significant
improvement in risk reclassification (Table 3).

In the validation cohort (n = 535), participants with
hsCRP levels above the lower, cohort-specific median
(>1.7 mg/L) were not at a significantly greater risk
than those with levels beneath the median
(Supplemental Table 4). However, when separated
into 4 groups, as above, according to high and low
levels of hsCRP and by the presence or absence of
VDD, participants with both an elevated hsCRP level
and VDD were at the greatest hazard of cardiovascular
mortality (HR: 9.2, P = 0.009) (Supplemental Table 5).

RELATIONSHIP BETWEEN VDD, CPCs, AND OUTCOMES.
As previously reported, participants with low CPC
counts (CD34+ cells < median) had a higher risk of all-
cause and cardiovascular mortality in unadjusted

analyses (P = 0.007 and P = 0.017, respectively)
(Supplemental Figure 3).'®?' There was a significant
VDD by CPCs interaction for predicting cardiovascular
mortality (P = 0.014). When separated into 4 groups
according to high and low levels of CPCs and by the
presence or absence of VDD, only those with VDD and
diminished CPC counts were at a significantly higher
hazard (HR: 2.25, P < 0.001) compared to the refer-
ence group with normal 25-hydroxyvitamin D and
normal CPC counts. The groups with abnormalities in
one of these 2 measures did not differ significantly
from the reference group (Figure 3B, Table 4). Similar
findings were observed for all-cause mortality and
MACE. Analyses adjusting for season did not atten-
uate these findings.

Discrimination analyses demonstrated that
vitamin D status improved prediction of adverse
events compared to models including baseline cova-
riates and CPC counts. There was also significant
improvement in risk reclassification (Table 3).

In the validation cohort (n = 439), when separated
into 4 groups, as above, according to high and low
levels of CPCs and by the presence or absence of VDD,
participants with both VDD and diminished CPCs
were at the greatest hazard of cardiovascular mor-
tality (HR: 4.27, P = 0.041), while those with abnor-
malities in only one of the 2 measures did not differ
significantly from the reference group (Supplemental
Table 5).

RISK STRATIFICATION BY VITAMIN D STATUS AND
BOTH INFLAMMATION AND CPC LEVELS. Partici-
pants in the EmCAB cohort were divided into groups
according to the presence or absence of VDD, elevated
hsCRP, and diminished CPC counts for risk stratifi-
cation. Individuals with all 3 risk factors were at
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FIGURE 3 Cumulative Incidence of Cardiovascular Mortality According to VDD Status, Infl
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deficiency.

Cumulative incidence of cardiovascular mortality according to VDD status and (A) hsCRP or (B) CPC counts. Median hsCRP = 3.00 mg/L.
Median CD34+ count = 1.6924 cells/uL. CPC = circulating progenitor cell; hsCRP = high-sensitivity C-reactive protein; VDD = vitamin D
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greatest risk (P < 0.001) (Central Illustration). In
adjusted comparisons, participants with VDD, high
hsCRP, and low CPC levels were at a 2.6-fold higher
hazard of cardiovascular mortality (P < 0.001)
compared to those without any abnormality
(Table 4). Discrimination testing and net reclassifi-
cation analyses demonstrated improvement when
vitamin D status was added to model including risk
factors, hsCRP, and CPC levels (Table 3). Similar
findings were observed for all-cause mortality and
MACE. Analyses adjusting for season did not
attenuate these findings.

DISCUSSION

In a large prospective study of participants with
known or suspected CHD, we demonstrate that VDD
is independently associated with an approximately
50 to 60% higher risk of all-cause and cardiovas-
cular mortality and MACE. Moreover, a combination
of both VDD and low CPC counts, indicative of
impaired regenerative capacity, is associated with a
125% greater risk of cardiovascular mortality
compared to those with neither abnormality. In
addition, the combination of VDD and high hsCRP,
indicative of inflammation, was associated with
180% greater cardiovascular mortality risk compared
to those with neither risk factor. These findings
were validated in an independent CHD cohort.
Together, our observations indicate that a combi-
nation of VDD, inflammation, and reduced regen-
erative capacity identifies the highest risk group
with VDD. Our findings imply VDD supplementation
in this subgroup may have the greatest likelihood of
benefit.

Although randomized controlled vitamin D sup-
plementation trials have failed to improve adverse
CVD outcomes in the general population, there is a
dearth of studies investigating supplementation in
those with established CHD. Studies investigating
vitamin D’s relationship with recurrent cardiovascu-
lar events have been limited with inconsistent re-
sults.>>338% Qur study examining the consequences
of VDD in nearly 6,000 individuals with known CHD
and detailed phenotyping of traditional risk factors,
from 2 independent cohorts, constitutes one of the
largest observational studies in a high-risk popula-
tion, with convincing evidence of the independent
prognostic value of VDD in predicting adverse car-
diovascular events.

INFLAMMATION AND VDD. hsCRP is a marker of
systemic inflammation, and higher levels despite
medical therapy in patients with CHD correlate with
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TABLE 4 Relationship Between VDD, Inflammation, CPCs, and Cardiovascular Mortality
Vitamin D and hsCRP Status (n = 4,426) sHR (95% CI) P Value
No VDD, <median hsCRP 1,499 Referent Referent
VDD, <median 885 1.46 (1.07-1.98) 0.017
No VDD, >median 1,026 1.68 (1.28-2.21) <0.001
VDD, >median 1,016 2.82 (2.16-3.67) <0.001
Vitamin D and CD34-+ Count Status (n =1,309)
No VDD, >median CD34+ count 414 Referent Referent
VDD, >median 231 1.40 (0.87-2.27) 0.17
No VDD, <median 448 1.09 (0.74-1.62) 0.66
VDD, <median 217 2.25 (1.46-3.46) <0.001
Vitamin D, hsCRP, CD34-+ Count (n =998)
No VDD, normal biomarkers 264 Referent
No VDD, either >median hsCRP 391 0.94 (0.65-1.38) 0.76
or <median CPCs
VDD, either >median hsCRP 227 1.46 (0.96-2.22) 0.078
or <median CPCs
VDD, both >median hsCRP 16 2.66 (1.75-4.05) <0.001
and <median CPCs
Fine-Gray models for cardiovascular mortality were adjusted for covariates in Model 2 from previous tables.
Median hsCRP = 3.00 mg/L. Median CD34+ = 1.6924 cells/L. Interaction P = 0.028 for VDD and hsCRP,
interaction P = 0.014 for VDD and CD34+ count. Bolded P-values are considered statistically significant
(P < 0.05).
CPC = circulating progenitor cell; hsCRP = high-sensitivity C-reactive protein; sHR = sub-distribution hazard
ratio; VDD = vitamin D deficiency.

worse outcomes.'>*° Our study confirms the inverse
correlation between vitamin D and hsCRP. Impor-
tantly, our results demonstrate that CHD patients
with higher hsCRP are at particularly high risk when
they also have VDD and that the converse is also true.
This interaction between VDD and inflammation has
been observed in the NHANES study of CHD prev-
alence in the general population, as well as in
smaller studies of the CHD population with mixed
results, but this is the largest examination of their
interrelationship with outcomes in the high-risk
CHD cohort referred for cardiac catheterization.*°
The symbiotic relationship between vitamin D and
immune modulation has been observed in experi-
mental studies, including effects on receptor
signaling, regulating transcription, suppressing NF-
kB-mediated inflammatory signaling in macro-
phages, modulating toll-like receptor signaling, and
inducing immunotolerant dendritic cells and T-reg-
ulatory (Treg) cells by suppressing the inflammatory

41 Since hsCRP measurements are

transcriptome.
widely available, identification of a high-risk group
that may benefit from targeted supplementation is

clinically feasible.

CPCs AND VITAMIN D. CPCs are considered bio-
markers of endogenous regenerative capacity, and
low counts are independently predictive of adverse
CHD outcomes.'®?' Although the exact mechanism by
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CENTRAL ILLUSTRATION Vitamin D Deficiency, Inflammation, and Diminished Endogenous
Regenerative Capacity in Coronary Heart Disease
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Vitamin D is implicated in immunomodulation and progenitor cell function. Dysregulation of the inflammatory response and impairment of the
regenerative response may explain vitamin D deficiency's association with increased cardiovascular mortality. Cumulative incidence of car-
diovascular mortality according to VDD status, hsCRP, and CPC counts. Median hsCRP = 3.00 mg/L. Median CD34+ count = 1.6924 cells/pL.
CPC = circulating progenitor cell; hsCRP = high-sensitivity C-reactive protein; VDD = vitamin D deficiency.
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which VDD and diminished regenerative capacity in-
crease CVD risk remains unclear, studies of CPCs
have found that expression of VDR in CPCs is dimin-
ished in patients with CHD and that vitamin D
supplementation improves CPC function and pro-
motes CPC-mediated regeneration in the injured
endothelium.???°"2° Thus, a mechanistic link between
VDD and decreased regenerative capacity is plausible,
and our analyses demonstrate a synergy between the
two that may be leveraged to identify a subset of
patients who may benefit from vitamin D supple-
mentation, despite treatment failure in broader pop-
ulations. Our results demonstrated that only
individuals with both VDD and low CPC counts were
at high risk. Although CD34+ cell counts are not
widely available clinically, the fact that both VDD and
low CPC counts are required to identify a high-risk
group provides important insights into mechanisms
that lead to higher risk with VDD.

CPCs, INFLAMMATION, AND VITAMIN D. While we
previously identified a relationship between dimin-
ished regenerative capacity and progressive inflam-
mation,’”” the synergistic relationship between
vitamin D, inflammation, and endogenous regenera-
tive capacity with adverse CVD outcomes is a novel
finding of this study. The subgroup with VDD and
abnormalities in both pathways was at greatest risk,
whereas those with abnormalities in either CPCs or
inflammation had intermediate risk.

STRENGTHS AND LIMITATIONS. Our study has
several strengths. The greater prevalence of VDD
among younger Black women in our cohort mirrors
observations in the NHANES cohort." It is one of the
largest to explore the relationship between VDD and
outcomes in CHD, and results were validated in
another independent cohort. Furthermore, we
examined interactions between inflammation and
regenerative capacity in this large cohort. Study
limitations include its observational nature, pre-
venting conclusions regarding causality between
these pathways and outcomes. Given our focus on
individuals with CHD, our findings may not be
generalizable to the entire population with VDD.
The impact of physical activity and diet was
not evaluated. The 25-hydroxyvitamin D assay
utilized here may underestimate levels of 25-
hydroxyvitamin D2 and may thus underestimate
levels in those taking D2 supplements. Data on CPC
counts were available in a subgroup of participants
in both EmCAB and MIPS cohorts and were repro-
ducible. However, the smaller sample size within
the validation cohort with available vitamin D,
hsCRP, and CPC data, as well as lower hsCRP values
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within this cohort, limited our ability to study all 3
factors in tandem.

CONCLUSIONS

Vitamin D has been implicated as a modulator of
inflammation and cofactor in progenitor cell function.
VDD, defined as a serum level <20 ng/mL, is associ-
ated with higher mortality risk in individuals with
CHD, particularly in those with heightened inflam-
mation and diminished regenerative capacity.
Whether supplementation would benefit these high-
risk groups requires further investigation.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: VDD is a well-
established risk factor for adverse outcomes in CHD, and vitamin D
may mitigate risk through a variety of immunomodulatory and
pro-regenerative pathways.

COMPETENCY IN PATIENT CARE: Despite VDD's association
with CHD and adverse outcomes, vitamin D supplementation has
not been consistently effective in preventing them.

TRANSLATIONAL OUTLOOK 1: Patients with VDD and CHD
appear to be at widely variable risk of adverse outcomes in this
large study of high-risk patients referred for coronary
angiography.

TRANSLATIONAL OUTLOOK 2: Individuals with VDD may
benefit from targeted supplementation based on individualized
assessment of underlying inflammation and regenerative
capacity.
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