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Abstract

Background: Although it is recognized that vitamin D deficiency is associated with cardiovascular disease (CVD) risk

factors, and is more common in African Americans (AAs), the pathologic mechanisms by which vitamin D may influence

these risk factors are poorly understood.

Objectives: We explored the association between vitamin D status, as reflected by serum 25-hydroxyvitamin D [25(OH)D]

concentrations, and CVD risk factors including mean arterial pressure (MAP), fasting plasma glucose (FPG), plasma HDL

cholesterol, and waist circumference (WC) in adult AAs. We also tested whether plasma C-reactive protein (CRP), adipokines

(adiponectin and leptin), and aldosterone mediated the associations between 25(OH)D and these risk factors.

Methods: Data on 4010 (63.8% women; mean age: 54.0 y) individuals from the Jackson Heart Study were analyzed.

Multivariable linear regression models were used to examine the associations of 25(OH)D with CVD risk factors. We used

path analysis and bootstrapping methods to quantify and test the share of these associations that was statistically

explained by each of the mediators by decomposing the associations into direct and indirect effects.

Results: Serum 25(OH)D concentrations were inversely associated with WC, FPG, and MAP and were positively associated

with HDL cholesterol in multivariable analysis. A nearly 20% effect of 25(OH)D on MAP was masked by aldosterone (total

indirect effect:b = 0.01, P < 0.05). Approximately 23%of the effect of 25(OH)D onWC (b =20.03, P < 0.05) and;9%of the

effect of 25(OH)D on FPG (b =20.02, P < 0.05) were mediated through CRP, adiponectin, and leptin together. A 23% share

of the association between 25(OH)D and HDL cholesterol was mediated by adiponectin alone (b = 0.03, P < 0.05).

Conclusions: Our findings suggest that the associations between vitamin D status and CVD risk factors in AAs are

partially mediated through circulating adipokines and CRP. More evidence, however, is required from longitudinal and

randomized controlled studies to validate our findings. J Nutr 2016;146:2537–43.
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Introduction

Several studies have shown that vitamin D deficiency, as re-
flected by concentrations of circulating 25-hydroxyvitamin D
[25(OH)D]6, is associated with a significantly increased prev-
alence of cardiovascular disease (CVD) risk factors, such as

diabetes, hypertension, dyslipidemia, and obesity (1–8). Al-
though it is recognized that vitamin D deficiency is associated
with several CVD risk factors and is more common and severe in
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the African-American (AA) population, the pathologic mecha-
nisms by which 25(OH)D may influence CVD risk factors are
not fully understood. One of the suggested mechanisms through
which 25(OH)D can decrease blood pressure (BP) is by down-
regulating the renin-angiotensin-aldosterone system. Human and
animal studies indicate that 25(OH)D decreases plasma renin
production and thus inhibits the conversion of angiotensinogen to
angiotensin I and the conversion of angiotensin I to angiotensin II,
which, in turn, results in reduced synthesis of aldosterone.
Because aldosterone causes the body to retain water and sodium
by increasing the reabsorption from kidney tubules, increased
25(OH)D is believed to lower BP through reducing aldosterone
concentrations (9, 10). A deficiency of 25(OH)D can also cause
secondary increased secretion of parathyroid hormone (PTH)
and increase the risk of inflammation and an elevated concen-
tration of inflammatory markers, such as C-reactive protein
(CRP) (11). Low-grade inflammation, as indicated by increased
plasma concentrations of CRP, may increase the likelihood of
developing insulin resistance and subsequent hyperinsulinemia
either by influencing insulin signaling in peripheral tissues or by
inducing b cell dysfunction (12). Thus, low 25(OH)D may exert
its effect on diabetes and obesity through an increased concen-
tration of CRP. The role of 25(OH)D on adipokines, such as
leptin and adiponectin, is also a major area of research interest.
Evidence suggests that, in humans, leptin secretion is negatively
(13), and adiponectin secretion is positively (14), controlled by
serum 25(OH)D. Hence, it is also possible that 25(OH)D may
affect the pathogenesis of diabetes, obesity, and dyslipidemia
through alteration in adipokine concentrations (15, 16). Serum
25(OH)D can potentially affect mechanisms related to type
2 diabetes and obesity pathophysiology by impairing b cell
function leading to the development of insulin resistance (17).
These mechanisms are interrelated, and studies examining these
pathways through which vitamin D directly or indirectly affects
CVD risk factors are rare.

We hypothesized that 25(OH)D is inversely associated with
CVD risk factors, including BP, fasting plasma glucose (FPG),
LDL cholesterol, and waist circumference (WC), and is posi-
tively associated with HDL cholesterol. We also hypothesized
that CRP, aldosterone, adiponectin, and leptin partially mediate
the associations between 25(OH)D and these risk factors. The
present study explores the pathways through which vitamin D
[i.e., serum 25(OH)D] may exert its beneficial role on different
CVD risk factors (BP, FPG, LDL cholesterol, HDL cholesterol, and
WC) in AAs with the use of the Jackson Heart Study (JHS) cohort.

Methods

Data source. The JHS is a large, community-based observational study
initiated in 2000 to prospectively investigate the epidemiology and

determinants of CVD in AAs (18). The baseline JHS comprises 5301 AA

participants between the ages of 21 and 94 y residing in the Jackson,
Mississippi, metropolitan area. Clinic visits and interviews occur approx-

imately every 3 y. The JHS was approved by the University of Mississippi

Medical Center, Jackson State University, and Tougaloo College Insti-

tutional Review Board; and the participants provided written informed
consent. Details of the study design and data collection methods are

described elsewhere (19, 20). Current study data were obtained from

baseline data collection during clinic visits from 2000 to 2004.

Assessment of serum vitamin D status. Serum 25-hydroxyergocal-

ciferol and 25-hydroxycholecalciferol concentrations were quantified

with LC–tandem MS and analyzed with isotope dilution–tandem MS

(QuattroMicro with a 2795 HPLC;Waters). Serum concentrations were

combined to obtain the serum total 25(OH)D concentration. The details

are described in the Supplemental Methods 1. The cutoffs of$30 ng/mL

(optimal), 20–29 ng/mL (insufficient), and <20 ng/mL (deficient) were

used for our descriptive analysis (21).

Assessment of clinical outcomes and intervening variables.
Information was collected about each participant�s WC (cm) and resting

systolic BP (SBP) and diastolic BP (mm Hg). Two measures of the waist at

the level of the umbilicus, in the upright position, were averaged to

measure WC for each participant. Sitting BP was measured twice at 5-min

intervals, and the average of 2 measurements was used for analysis. We

estimated mean arterial pressure (MAP) as 1/3 (SBP) + 2/3 (diastolic BP),

which is defined as the average pressure in a patient�s arteries during

1 cardiac cycle (22). Information was also obtained on plasma concen-

trations of FPG (expressed as mg/dL), fasting lipids (LDL cholesterol and

HDL cholesterol; expressed as mg/dL), CRP (expressed as mg/dL),

adiponectin (expressed as mg/mL), leptin (expressed as ng/dL), and

aldosterone (expressed as ng/dL). Fasting blood samples were collected

according to standardized protocols, and the assessments of all of these

variables were processed at the Central Laboratory, University ofMinnesota

(23). Log-transformed values of CRP, adiponectin, leptin, and aldosterone

concentrations were used due to deviation from normal distribution.

Assessment of covariates. Information on participants� age, sex,
education, physical activity, smoking status, alcohol consumption, BMI,

month of blood draw, and medication use (for elevated FPG, BP, and

lipids) was obtained. Educational status was self-reported and was

divided into 3 categories (less than high school, high school or some

college, and college or associate�s degree or higher). A physical activity

index composite score was calculated as the sum of 4 different domains

of physical activity: active living, work, home and garden, and sports and

exercise indexes (24). The score was grouped in tertiles. Smoking status

was classified as never, current, or former. Alcohol consumption status

was defined as ‘‘yes’’ if participants currently consumed alcoholic

beverages and ‘‘no’’ if they had stopped drinking >1 ago or if they never

consumed alcohol. BMI (kg/m2) was calculated as weight in kilograms

divided by height in meters squared; cutoffs of <25 were defined as

normal, 25–29.9 as overweight, and $30 as obese (25). Months were

grouped into 4 seasons as summer (June–August), fall (September–

November), winter (December–February), and spring (March–May) to

account for seasonal variation in 25(OH)D (26).

Statistical methods. We excluded 140 participants with missing

information on serum 25(OH)D and 407 participants who were not
fasting. Individuals with missing information for any of the mediating

variables and covariates were also excluded, resulting in a final sample

of 4010 participants. Descriptive statistics were used for summarizing

characteristics of the participants. Characteristics across 25(OH)D

status (optimal, insufficient, or deficient) were compared by using

ANOVA or chi-square test. Next, we examined the associations of

25(OH)D with CVD risk factors (FPG, WC, HDL cholesterol, LDL

cholesterol, and MAP) by using multivariable linear regression models.

We fitted 2 models for each of the CVD risk factors. Model 1 adjusted

for potential confounders (age, sex, education, smoking status, BMI,

physical activity level, season, and respective medication use). Model 2

additionally adjusted prespecified intervening or mediator variables

(CRP, adiponectin, leptin, and aldosterone).

Supplemental Figure 1 shows the proposed path analysis model
through which 25(OH)D may modulate CVD risk factors. Briefly, our

model postulated direct and indirect paths from 25(OH)D to 5 different

CVD risk factors, including FPG, WC, LDL cholesterol, HDL choles-

terol, and MAP through several intervening variables (CRP, aldosterone,

adiponectin, and leptin). To investigate the extent to which the inter-

vening variables mediated the association between 25(OH)D and

the CVD risk factors, we performed path analysis by using Analysis

of Moment Structures (AMOS) (27). Path analysis simultaneously

estimated the regression of the outcomes (CVD risk factors) on the

respective mediators and the regression of each of those mediators on

exposure [25(OH)D]. This method thus allowed us to decompose the

total effect of 25(OH)D on each CVD risk factor into a direct effect and
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an indirect effect that acted via intervening variables as shown in

Supplemental Figure 1. All of the regression equations involved in the

path analysis model were adjusted for participants� age, sex, educa-
tion, smoking status, BMI, physical activity level, season, and respective

medication use. Mediation effects were estimated by using bootstrapping

methods (sample = 5000), and bias-corrected CI estimates for the

indirect effects were obtained (28). The comparative fit index, normal
fit index, and the root mean square error of approximation were used

to evaluate the model fit of the path analysis. A detailed description

of the biological plausibility of the pathways of the path model is

presented in Supplemental Methods 2. All of the variables of the
model were checked for significant associations with each other, and

a correlation matrix was derived by using all of the variables in

the model (Supplemental Tables 1 and 2). The details with regard to

the derivation of direct, indirect, and total effects are described in

Supplemental Methods 3.
Because vitamin D is known to be affected by seasonal variation, we

also performed sensitivity analysis accounting for the effects of seasonal

variation of 25(OH)D. We estimated the annual mean 25(OH)D by

fitting a parametric seasonal cosinor model to the observed 25(OH)D
data, which follows a sinusoidal pattern (29). A detailed description of

the cosinor model is presented in Supplemental Methods 4. A parallel

regression and path analysis were conducted by using the annual mean

25(OH)D. We also repeated a separate path analysis for nonobese
participants (BMI <30; n = 1909). All of the tests were 2-sided, and

P < 0.05 was considered to indicate significant results.

TABLE 1 Characteristics of Jackson Heart Study participants according to serum 25(OH)D status1

Serum 25(OH)D

Characteristics
Full sample
(n = 4010)

Deficient, ,20 ng/mL
(n = 3207)

Insufficient, 20–29 ng/mL
(n = 710)

Optimal, $30 ng/mL
(n = 93) P 2

Age, y 54.0 6 12.8 53.1 6 12.7 58.0 6 12.6 58.2 6 12.6 ,0.01

Sex, % ,0.01

Male 36.2 76.8 21.0 2.2

Female 63.8 81.8 15.9 2.4

Educational level, % 0.01

Less than high school 16.7 75.9 21.3 2.8

High school or some college 42.3 82.3 15.5 2.1

College: associate�s degree or higher 41.0 79.2 18.5 2.3

Smoking status, % ,0.01

Never 68.9 80.2 17.7 2.1

Former 18.6 74.7 21.7 3.6

Current 12.4 86.4 12.0 1.6

Alcohol drinking status, % 0.33

Yes 46.8 80.8 16.8 2.5

No 53.2 79.3 18.5 2.2

Physical activity,3 % ,0.01

Low 33.3 82.6 15.6 1.8

Medium 33.3 80.6 17.7 2.3

High 33.3 76.7 20.6 2.3

BMI (in kg/m2), % ,0.01

Normal (,25) 14.5 74.1 21.4 4.5 ,0.01

Overweight (25–29.9) 33.1 75.4 21.8 2.8

Obese ($30) 52.4 84.5 14.1 1.4 0.62

MAP,4 mm Hg 95.0 6 11.4 95.0 6 11.5 94.9 6 10.9 96.1 6 11.2 0.01

Fasting plasma glucose, mg/dL 99.4 6 32.1 100 6 34.1 96.9 6 23.7 93.3 6 14.3 0.04

Waist circumference, cm 100 6 16.2 101 6 16.5 97.9 6 14.6 92.7 6 13.6 0.03

Plasma

LDL cholesterol, mg/dL 126 6 36.8 126 6 37.3 127 6 34.5 118 6 34.4 0.09

HDL cholesterol, mg/dL 51.6 6 14.4 51.1 6 14.2 53.3 6 14.9 56.3 6 15.8 0.02

CRP, mg/dL 0.51 6 0.92 0.53 6 0.95 0.44 6 0.74 0.43 6 0.57 0.04

Leptin, ng/dL 27.7 6 23.0 28.7 6 23.5 23.4 6 20.2 24.1 6 21.1 ,0.01

Adiponectin, μg/mL 5.38 6 4.33 5.23 6 4.26 5.89 6 4.57 6.70 6 4.31 ,0.01

Aldosterone, ng/dL 5.71 6 5.5 5.62 6 5.77 6.01 6 5.06 6.17 6 4.23 0.19

Season of blood collection5 ,0.01

Summer 27.4 74.7 22.4 2.8

Spring 30.0 86.5 11.9 1.7

Fall 20.4 74.4 22.6 3.0

Winter 22.2 83.0 15.2 1.8

1 Values are means6 SDs unless otherwise indicated, n = 4010. CRP, aldosterone, leptin, and adiponectin had skewed distributions and their medians were 0.26, 4.30, 20.1, and

4.2, respectively. CRP, C-reactive protein; MAP, mean arterial pressure; 25(OH)D, 25-hydroxyvitamin D.
2 Derived by using 1-factor ANOVA or chi-square test.
3 Sum of the 4 different domains of physical activity: active living, work, home and garden, and sports and exercise indexes. Scores were categorized in tertiles.
4 MAP was calculated as 1/3 (systolic blood pressure) + 2/3 (diastolic blood pressure).
5 Summer (June–August), fall (September–November), winter (December–February), and spring (March–May).
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Results

The mean 6 SD serum 25(OH)D concentration of 4010
participants was 14.4 6 6.70 ng/mL. Overall, 3207 (80%) were

25(OH)D deficient and only 93 (2.30%) had optimal 25(OH)D

concentrations. Participants�mean age was 54.06 12.8 y; 63.8%

were women. Unadjusted associations of 25(OH)D categories

with lifestyle, clinical, and metabolic traits are summarized in

Table 1. Deficiency of 25(OH)D in general was more preva-

lent among women, smokers, participants with low physical

activity, and obese individuals (P < 0.05 for all). In addition,

greater 25(OH)D deficiency in older-aged participants and

during cold seasons was observed. MAP and LDL cholesterol

were not significantly different across the 25(OH)D cate-

gories, but mean FPG and WC were higher and mean HDL

cholesterol was lower among 25(OH)D-deficient participants

than among participants with optimal 25(OH)D concentrations

(P < 0.05 for all).
Results of multivariable regressions are shown in Table 2.

After controlling for age, sex, BMI, physical activity, smoking

status, season, education, and respective medication use, 25(OH)D

was positively associated with HDL cholesterol (regression coef-

ficient b: 0.13; 95% CI: 0.06, 0.19) and was inversely associated

with FPG (b: 20.22; 95% CI: 20.36, 20.09), WC (b:20.13;

95% CI:20.19,20.08), and MAP (b:20.06; 95% CI:20.11,

20.01). No significant association with LDL cholesterol was

found. Once mediator variables (CRP, adiponectin, and leptin

for FPG and WC; adiponectin and leptin for HDL cholesterol;

and aldosterone for MAP) were introduced in the model, with

the exception of MAP, all of the estimates were reduced but

remained significant. As expected, the associations between

mediator variables and each CVD risk factor also remained

significant (except for leptin and HDL cholesterol), suggest-

ing partial mediation by these factors.
The path analysis model assessed the role played by potential

mediators, which explained the associations between 25(OH)D

and the CVD risk factors (Figure 1). LDL cholesterol was not

included in path analysis because no significant association

between 25(OH)D and LDL cholesterol was found. The upper

half of the path model shows the relation between 25(OH)D and

the mediators and the lower half shows the effects of each

individual mediator on the CVD risk factors. According to the
model, a 1-ng/mL increase in 25(OH)D was associated with a
0.2% and a 0.4% increase in adiponectin and aldosterone
concentrations, respectively (P < 0.05). A 1-ng/mL increase in
25(OH)Dwas also associated with a 0.1% decrease in leptin and
CRP concentrations (P < 0.10 for both). As shown in Figure 1, if
the adiponectin concentration increased by 1%, we would
expect FPG to decrease by 0.10mg/dL,WC to decrease by 0.04 cm,
and HDL cholesterol to increase by 0.15 mg/dL. Similarly, if
leptin concentration increased by 1%, we would expect WC
to increase by 0.17 cm and FPG to decrease by 0.04 mg/dL; and
if aldosterone concentration increased by 1%, MAP would
increase 0.02 mm Hg.

Table 3 presents the estimated direct, indirect, and total
effects of 25(OH)D on CVD risk factors with 95% CI from the
path analysis. Table 3 also shows the percentage of mediation
[i.e., the proportion of the associations between 25(OH)D and
each CVD risk factor attributable to the mediator variables].
The mediator that had appreciable shares of the associa-
tions between 25(OH)D and HDL cholesterol was adiponectin
(23.1% of the association; total indirect effect: b = 0.03; 95%
CI: 0.01, 0.05); mediators that had appreciable shares of the
associations between 25(OH)D and FPG were CRP, adiponec-
tin, and leptin (9.09% of the association; b = 20.02; 95% CI:
20.04, 20.01) and between 25(OH)D and WC were CRP,
adiponectin, and leptin (23.1% of the association; b = 20.03;
95% CI: 20.05, 20.01). Notably, in Figure 1 and in Table 3,
aldosterone concentration increased with higher 25(OH)D.
Therefore, instead of explaining, aldosterone rather masked
the beneficial effect of 25(OH)D on MAP (indirect effect: b =
0.01; 95% CI: 0.005, 0.02). For the comparative fit index,
normal fit index, and the root mean square error of approx-
imation of our path model, values were 0.82, 0.81, and 0.09,
respectively, reflecting an acceptable fit. As shown in Supple-

mental Tables 3 and 4 and Supplemental Figure 2, the estimates
and patterns of association remained fairly similar when annu-
alized mean 25(OH)D was used. Regression and path models
conducted with nonobese individuals also had similar patterns of
association, except that leptin did not significantly mediate the
association between 25(OH)D and FPG. Its mediation effect on
WC, however, remained the same (Supplemental Figure 3).

TABLE 2 Associations between serum 25(OH)D concentrations and different cardiovascular disease
risk factors without (model 1) and with (model 2) additional adjustment for mediator variables, estimated
from multivariable regression models: the Jackson Heart Study1

FPG, mg/dL WC, cm
HDL cholesterol,

mg/dL MAP,2 mm Hg
LDL cholesterol,

mg/dL

Model 13

25(OH)D 20.22 (20.36, 20.09) 20.13 (20.19, 20.08) 0.13 (0.06, 0.19) 20.06 (20.11, 20.01) 20.07 (20.24, 0.11)

Model 24

25(OH)D 20.20 (20.33, 20.07) 20.11 (20.16, 20.06) 0.10 (0.04, 0.16) 20.06 (20.12, 20.01) 20.09 (20.26, 0.09)

Mediator variables5

Log adiponectin 210.1 (213.9, 26.93) 24.11 (25.31, 22.91) 15.2 (13.2, 16.7) — —

Log leptin 24.9 (28.87, 21.08) 17.9 (16.5, 19.4) — — —

Log CRP 3.65 (1.84, 5.44) 2.40 (1.71, 3.08) — — —

Log aldosterone — — — 2.33 (1.05, 3.56) —

1 Values are multivariable-adjusted b coefficients (95% CIs), n = 4010. CRP, C-reactive protein; FPG, fasting plasma glucose; MAP, mean

arterial pressure; WC, waist circumference; 25(OH)D, 25-hydroxyvitamin D.
2 MAP was calculated as 1/3 (systolic blood pressure) + 2/3 (diastolic blood pressure).
3 Model 1 adjusted for age, sex, BMI, physical activity, smoking status, season, education, and respective medication use (if applicable).
4 Model 2 adjusted for the covariates of model 1 plus the specified mediator variables.
5 Mediator variables: adiponectin, leptin and CRP for FPG and WC; adiponectin for HDL cholesterol; and aldosterone for MAP.
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Discussion

We found that 25(OH)D was independently and positively
associated with HDL cholesterol and was independently and
inversely associated with FPG, WC, and MAP. No association
with LDL cholesterol was observed. According to our model,
25(OH)D exerted its effect mainly through adiponectin and
leptin, and modestly through CRP. We also found that some of
the beneficial effect of 25(OH)D on MAP was masked by
aldosterone. Approximately 23% of the effect of 25(OH)D
on WC and ;9% of the effect of 25(OH)D on FPG were
mediated through CRP, adiponectin, and leptin together; and
a 23% association between 25(OH)D and HDL cholesterol
was mediated through adiponectin only.

Although a number of observational studies have shown
25(OH)D to be related to CVD risk factors (1–8, 17), very few
studies reported the consequences of 25(OH)D deficiency with
respect to CVD risk in AAs (2–4). One cross-sectional analysis
reported a positive association between 25(OH)D deficiency and
obesity. However, the association did not remain significant when
the follow-up data were analyzed (4). Studies conducted in
national-level samples reported 25(OH)D deficiency to be asso-
ciated with increased SBP (3) but found no association with
diabetes (2). By using the data of a large AA cohort, we found
beneficial associations of 25(OH)D on several CVD risk factors,
including FPG, MAP, WC, and HDL cholesterol. However,
further evidence from prospective or interventional studies is
required on the far-reaching cardiometabolic consequences of
25(OH)D deficiency in AAs to confirm these relations.

Adiponectin appeared to have a mediating role between the
association of 25(OH)D and several CVD risk factors, such as
FPG,WC, and HDL cholesterol, in our path analysis. One of the
plausible explanations underlying this mediating effect is the
direct role that 25(OH)D has in modulating adipocyte signaling,
which results in increased secretion of adiponectin (30, 31).
Adiponectin consequently could manifest its beneficial influence
on metabolic health by increasing the rate of FA oxidation and
FA uptake, and by slowing FA synthesis and gluconeogenesis
(15, 16). Similar to adiponectin, leptin is also produced mainly
by adipocytes (32, 33). Typically, leptin signals the body through
the brain to restrain food intake and induce energy expenditure;
leptin thereby has the ability to decrease blood sugar and
regulate body weight (32, 33). In our analysis, although the
individual effect of leptin on FPG was expectedly inverse,
there was a significant positive or same-directional associa-
tion between leptin andWC. This positive pattern of association
may reflect a state of leptin resistance in our participants, in
whom chronically elevated leptin concentrations may result in
impaired leptin signaling (34). Impaired signaling can compro-
mise leptin�s action and it may no longer inhibit food intake and
reduce weight (35). The role of leptin on body weight or obe-
sity thus remains complex. Additional studies investigating the
integrated actions of leptin could provide an understanding of
how altered leptin signaling contributes to obesity-related CVD.

The overall effect of 25(OH)D onMAPwas beneficial among
our study participants. However, we also identified a possible
unfavorable influence of 25(OH)D on MAP through aldoster-
one, because of the positive association between 25(OH)D and
aldosterone that we observed. This finding is inconsistent with
the current literature, in which it is generally recognized that,

FIGURE 1 Estimated path analysis model showing the associations

between serum 25-hydroxyvitamin D concentrations, potential media-

tors, and cardiovascular risk factors: the Jackson Heart Study (n = 4010).

HDL cholesterol is in milligrams per deciliter, and waist circumference is

in centimeters. Values of ALD, CRP, adiponectin, and leptin were log-

transformed for normalization. The regression equations, with the

potential mediators and cardiovascular risk factors as the outcomes, are

represented by single-headed arrows. Coefficients with significance levels

are presented beside each arrow (*P, 0.10, **P, 0.05). The product of

the coefficients along a compound path reflects the total weight of that

path. All of the regression equations involved in the path analysis model

(for cardiovascular risk factors and all of the mediating risk factors) were

adjusted for individual participant�s age, sex, education, smoking status,

BMI, physical activity level, medication use (if applicable), and season.

ALD, aldosterone; CRP, C-reactive protein; FPG, fasting plasma glucose

(in milligrams per deciliter); MAP, mean arterial pressure [mm Hg; calcu-

lated as 1/3 (systolic blood pressure) + 2/3 (diastolic blood pressure)].

TABLE 3 Estimation of indirect, direct, and total effects of 25(OH)D status on different cardiovascular
risk factors and the proportion of the effects attributable to mediators from the path analysis: the Jackson
Heart Study1

Total effect Total indirect effect Direct effect
Mediation attributable to

mediator, %

Fasting plasma glucose2 20.22 (20.36, 20.09) 20.02 (20.04, 20.01) 20.20 (20.32, 20.09) 9.09

Waist circumference2 20.13 (20.19, 20.08) 20.03 (20.05, 20.01) 20.10 (20.15, 20.06) 23.1

HDL cholesterol3 0.13 (0.064, 0.192) 0.03 (0.01, 0.05) 0.10 (0.03, 0.16) 23.1

MAP4,5 20.05 (20.11, 20.001) 0.01 (0.01, 0.02) 20.06 (20.12, 20.01) 220.0

1 Values are b coefficients (95% CIs) derived from path analysis, n = 4010. Mediation analyses were tested by using bootstrapping

methods with bias-corrected confidence estimates. MAP, mean arterial pressure; 25(OH)D, 25-hydroxyvitamin D.
2 Mediators: C-reactive protein, adiponectin, and leptin.
3 Mediator: adiponectin.
4 Mediator: aldosterone.
5 MAP was calculated as 1/3 (systolic blood pressure) + 2/3 (diastolic blood pressure).
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instead of a positive relation, 25(OH)D rather reduces the
synthesis of aldosterone by downregulating the renin-angiotensin-
aldosterone system (7, 9, 10, 36). To what extent and under which
circumstances the relation between 25(OH)D and aldosterone
is reversed or influenced should be assessed through further
research. This assessment is important from a clinical perspective,
because widely used antihypertensive drugs, such as angiotensin-
converting enzyme inhibitors, angiotensin II receptor blockers,
and even some diuretic drugs, reduce BP partly by decreasing
aldosterone concentrations. If the relation between 25(OH)D and
aldosterone is reversed in AAs for any biological or environmental
factors, these drugs may not have the desired optimal effect on
BP reduction.

We acknowledge that, given the cross-sectional observa-
tional design, our postulated pathways were not motivated by
temporal order and cannot prove causality. However, this
analysis provides an assessment of the relation between CVD
risk factors and 25(OH)D concentrations and a quantification
of probable mediation proportions of this relation from a large
community-based AA cohort. One of the assumptions of path
models to reliably decompose an association into direct and
indirect effects is additivity of effects and linear contrasts. By
using continuous measures for our exposure, mediators, and
outcome variables, this assumption was met. Evidence indi-
cates that chronic vitamin D deficiency causes an increase in
PTH concentrations and PTH can elevate the risk of differ-
ent CVDs through enhancing inflammation (37). We used a
surrogate indicator—CRP, instead of PTH, and proinflamma-
tory cytokines—and thus could not delineate if the use of PTH
or the cytokines would have yielded a different result. It can be
argued that a single measurement of 25(OH)D is an imperfect
reflection of vitamin D status over a long period and does not
capture seasonal variation. To address this, we repeated the
analysis with the use of mean annualized 25(OH)D concen-
trations. However, the pattern of associations remained sim-
ilar. Adipokines are produced mainly by adipocytes, and we
recognize that due to reverse causal effects between adipokines
and obesity, obese persons might produce increased concen-
trations of adiponectin and leptin and the directionality of
those paths could be reversed (38, 39). To address this concern,
we carried out a sensitivity analysis exclusively in nonobese
participants. Similar findings from them added validity to our
main results.

In summary, our results suggest an overall beneficial associ-
ation between vitamin D status, as assessed by serum 25(OH)D
concentration, and CVD risk factors. These associations were
partially mediated through circulating adipokines and CRP. We
think that our study is an important addition to the limited
existing literature on AAs, because this population is vastly
understudied despite having a high prevalence of vitamin D
deficiency and CVD. We recommend further clinical and exper-
imental studies on the influence of vitamin D status on cardio-
vascular physiology and pathology at a cellular level, particularly
with respect to ethnicity, to validate our findings and to understand
the underlying mechanisms through which vitamin D affects CVD
risk factors.
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