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Abstract

Background—25-hydroxyvitamin D [25(OH)D] deficiency is associated with increased
cardiovascular disease risk, perhaps mediated through dyslipidemia. Deficient 25(OH)D is cross-
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sectionally associated with dyslipidemia, but little is known about longitudinal lipid changes. Our
objective was to determine the association of 25(OH)D deficiency with longitudinal lipid changes
and risk of incident dyslipidemia.

Research Methods—This is a longitudinal community-based study of 13,039 ARIC
participants who had 25(OH)D and lipids measured at baseline (1990-1992) and lipids re-
measured in 1993-1994 and 1996-1998. Mixed-effect models were used to assess associations of
25(0OH)D with lipid trends after adjusting for clinical characteristics and for baseline or incident
use of lipid-lowering therapy. Risk of incident dyslipidemia was determined for those without
baseline dyslipidemia.

Results—Baseline mean+SD age was 57+6 years and 25(OH)D was 24+9 ng/ml. Participants
were 57% women, 24% black. Over a mean follow-up of 5.2 years, the fully-adjusted average
differences (95% CI) comparing deficient (<20 ng/ml) to optimal (=30 ng/ml) 25(OH)D were:
total cholesterol (TC) —2.40 mg/dl (-4.21, —0.60), HDL-cholesterol -3.02 mg/dl (-3.73, -2.32)
and TC/HDL-C ratio 0.18 (0.11, 0.26). Those with deficient 25(OH)D compared to optimal had
modestly increased risk of incident dyslipidemia in demographic-adjusted models [RR 1.19 (1.02-
1.39)], which was attenuated in fully-adjusted models [1.12 (0.95-1.32)].

Conclusions—Deficient 25(OH)D was prospectively associated with lower TC and HDL-C and
greater TC/HDL-C ratio after considering factors such as diabetes and adiposity. Further work
including randomized controlled trials is needed to better assess how 25(OH)D may impact lipids
and cardiovascular risk.
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INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of death in the United
States and worldwide.[1] Elevated serum levels of low-density lipoprotein cholesterol (LDL-
C) and triglycerides (TG) and low levels of high-density lipoprotein cholesterol (HDL-C)
are established risk factors for ASCVD.[2] Low levels of vitamin D, as assessed by serum
25-hydroxyvitamin D [25(OH)D],[3] have been independently associated with ASCVD risk,
[4] but whether vitamin D supplementation can decrease ASCVD risk has not been
definitely established and remains a topic of ongoing investigation.[5]
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One mechanism by which vitamin D may influence ASCVD risk is through an effect on
lipids. Low 25(OH)D concentrations have been independently associated with dyslipidemia,
characterized by elevated LDL-C and TG and lower HDL-C. However, most of the evidence
supporting this association was obtained in cross-sectional analyses.[6-9] Causality in these
cross-sectional studies cannot be inferred, and additional evidence is needed to better assess
how vitamin D status may impact lipid levels over time. One prior observational study[6]
evaluated the association of 25(OH)D levels with change in lipids; this study found that
patients who had 25(0OH)D levels that increased from <20 ng/ml to =30 ng/ml over time also
had an increase in mean total cholesterol (TC) and HDL-C levels, but no significant change
in LDL-C and TG. However, the data from that study were extracted from a clinical
diagnostic laboratory dataset without information on important clinical characteristics that
may have influenced 25(OH)D levels or changes in lipids, such as medication use, body
mass index (BMI), physical activity, and other ASCVD risk factors.[6]

Therefore, we analyzed the association between vitamin D status and the lipid profile, both
cross-sectionally and prospectively using data from the Atherosclerosis Risk in
Communities (ARIC) study.[10] ARIC collected data on numerous demographic, lifestyle,
and clinical variables spanning multiple clinic visits, allowing for extensive adjustment of
possible confounders over time, unlike prior investigations. We hypothesized that serum
25(0OH)D deficiency would be independently associated with dyslipidemia both in cross-
sectional and in longitudinal analyses, over 5-years of follow-up.

METHODS

Study population

The ARIC study, a prospective population-based cohort, recruited 15,792 predominantly
white and black adults aged 45-65 years between 1987 and 1989 from 4 U.S. communities
(Minneapolis, Minnesota; Washington County, Maryland; Forsyth County, North Carolina;
and Jackson, Mississippi).[10] Subjects participated in five main visits: 1987-1989 (visit 1),
1990-1992 (visit 2), 1993-1995 (visit 3), 1996-1998 (visit 4), and 2011-2013 (visit 5). All
variables used in this analysis were collected at visits 2, 3, and 4. Data from visit 5 were not
used for this study due to the large time interval (>10 years) between visit 4 and visit 5.

25(0OH)D was measured in serum samples collected from the full ARIC cohort only at visit
2 and was not available for the large majority of participants at other visits; therefore visit 2
was used as the baseline for this analysis. Of the 14,348 participants who attended visit 2,
we excluded patients who did not identify as either white or black (n=49), blacks from the
Minnesota and Maryland centers (n=50) as the number of these individuals was too small to
allow for adequate adjustment by race/center, and participants missing 25(OH)D data
(n=1191) or lipid data (n=26) from visit 2. Our final sample included 13,039 participants at
visit 2 (Supplemental Figure 1). In follow-up, 11,506 and 10,397 participants had repeat
lipid measurements at visit 3 and visit 4, respectively.

The Institutional Review Boards at all participating institutions approved study protocols,
and all participants provided written informed consent at each study visit.
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Vitamin D measurement

Serum samples were collected at visit 2 (1990-1992) and stored at —70°C until 2012-2013,
when 25(0OH)D2 and 25(0OH)D3 were measured using liquid chromatography-tandem high-
sensitivity mass spectrometry (Waters Alliance 2795, Milford, Massachusetts) at the
Molecular Epidemiology and Biomarker Research Laboratory and Advanced Research and
Diagnostic Laboratory, University of Minnesota. Using samples collected in duplicate tubes
and stored, the coefficient of variation (processing plus assay variation) for 25(OH)D, was
20.8% and for 25(OH)D3 was 6.9%. The Pearson correlations from these blind duplicate
samples were 0.98 for 25(0OH)D> and 0.97 for 25(OH)Ds. The intraclass correlation
coefficients at visit 2 from the blind duplicate samples, calculated by the function icc in the
R package irr, were as follows: 0.96 (95% confidence interval [CI] 0.95-0.96) for 25(OH)D,
and 0.91 (0.86-0.92) for 25(0OH)D3. 25(0OH)D, and 25(0OH)D3 were added together for total
25(0OH)D concentration. To convert 25(OH)D levels to nmol/L from ng/ml, multiply by
2.496.

Levels of 25(OH)D vary by season.[11] We therefore adjusted 25(OH)D for seasonal
variation by using a linear regression model to compute the residuals with 25(OH)D as the
dependent variable and month of blood draw as the independent variable.[12] By definition,
these residuals do not correlate with month of blood draw. The grand mean was then added
to the 25(OH)D residuals calculated from this model. Given that seasonal variation in
25(0OH)D also varies by race, we performed this adjustment separately for white and black
participants. This calculated variable “25(OH)D adjusted for month of blood draw” is an
estimate of average annual 25(OH)D levels and was used as the exposure variable in all
analyses.

Serum concentrations of 25(OH)D were classified as deficient (<20), intermediate (20-29),
or optimal (=30 ng/ml), based on prior studies and classifications from The Endocrine
Society.[13]

Lipid assessment

Fasting blood for lipids was collected at visits 2, 3, and 4 and measured according to
standard procedures.[10] Plasma TC and TG were determined by enzymatic methods, and
HDL-C was measured after dextran-magnesium precipitation. The Friedewald equation was
used to calculate LDL-C in those with TG levels under 400 mg/dL.[14] Taking into account
the older age and prevalence of other cardiovascular risk factors in our cohort, dyslipidemia
was defined using previously established criteria as the use of lipid-lowering therapy or
LDL-C =130 mg/dl, HDL-C <40 (men) or <50 (women) mg/dl, and/or TG =150 mg/dI.[15]

Other covariates

Baseline covariates used in this analysis were measured at visit 2 except for education and
physical activity, which were assessed at visit 1. Medication use, demographic, and
behavioral variables were obtained through standard questionnaires and interviews
administered by trained staff. We examined demographic and lifestyle factors potentially
associated with both 25(OH)D levels and lipid levels including: age, sex, race/center
(Minneapolis, MN whites; Washington County, MD whites; Forsyth County, NC whites;
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Forsyth County, NC blacks; Jackson, MS blacks), education (<high school; high school or
vocational school; college, graduate or professional school), physical activity (score range 1
to 5, using a modified Baecke Physical Activity questionnaire[16]), cigarette smoking
(current; former; never), current alcohol intake (yes, no), waist circumference ([WCJ;
continuous), BMI (< 25; 25—<30; =30 in kg/m?). We also examined factors associated with
ASCVD including: diabetes (defined as a self-reported physician diagnosis, medication use,
fasting serum glucose =126 mg/dl, or nonfasting glucose =200 mg/dl), hypertension (defined
as medication use, systolic blood pressure (BP) =140 mmHg, or diastolic BP =90 mmHg),
and estimated GFR (eGFR) using the CKD Epidemiology Collaboration (CKD-EPI)
equation[17] (categorized as <30; 30-<60; 60-<90; and =90 mL/min/1.72m?).

For our prospective analysis, the time-varying covariates were age, smoking, alcohol
consumption, BMI, WC, diabetes, hypertension, and lipid-lowering medication use. The
time-fixed covariates were sex, race/center, education, physical activity, and eGFR.

Statistical analyses

Our primary analysis compared lipid levels in 25(OH)D deficient participants (<20 ng/mL)
to those with optimal 25(OH)D (=30 ng/mL) concentrations. In secondary analyses, serum
25(0OH)D levels were used as a continuous exposure variable. We also modeled 25(OH)D
level as a continuous variable using restricted cubic splines (with knots at the 5t, 35t g5t
and 95™ percentiles of their sample distributions) to provide a flexible dose-response
relationship between 25(0OH)D and change in lipid concentrations. The primary outcome
variables of interest were TC, LDL-C, HDL-C, TG, non-HDL-C, and TC/HDL-C as
continuous variables. Dyslipidemia was used as a secondary outcome.

For cross-sectional analysis using visit 2 data, we used multivariable-adjusted linear
regression to estimate average differences (with 95% CIs) in lipid levels comparing
participants with deficient vs. optimal 25(OH)D levels. In addition, we calculated the odds
ratios (OR) for dyslipidemia comparing 25(OH)D deficient individuals vs. optimal using
multivariable-adjusted logistic regression.

For prospective analyses, we used random-intercept linear mixed models for longitudinal
data to estimate the average differences (with 95% CIs) in lipid parameters across three time
points (visits 2, 3, and 4) comparing participants with deficient vs. optimal 25(OH)D levels.
In addition, risk of incident dyslipidemia at visits 3 or 4 was determined by using
multivariable-adjusted flexible parametric proportional hazards models to account for
interval censoring among those without dyslipidemia at baseline.[18]

For both cross-sectional and prospective analyses, we used three models with progressive
adjustment for covariates. Model 1 was adjusted for age, sex, and race/center. Model 2
additionally adjusted for lifestyle factors including education, physical activity, cigarette
smoking, current alcohol intake, BMI and WC. Model 3 additionally adjusted for ASCVD
risk factors including diabetes, hypertension, eGFR categories, and use of lipid-lowering
therapy.

Nutrition. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Faridi et al. Page 6

To account for the impact of lipid lowering therapy on change in lipid levels, our primary
analyses adjusted for use of lipid-lowering therapy at visit 2, 3, and 4 as a time-varying
covariate in the fully-adjusted Model 3. In sensitivity analyses, we additionally performed
two alternate approaches. First, we added a constant to the lipid levels at visits 2, 3, or 4 of
participants taking lipid-lowering medications at each respective visit to represent what their
lipid levels might have been if they were not taking medications. The constant used was
dependent on the specific type of medication(s) used as recommended by Wu et al
(Supplemental Methods).[19, 20] As a second sensitivity analysis, we excluded participants
on lipid-lowering therapies at visit 2 in cross-sectional analysis and participants on lipid-
lowering therapies at any visit in prospective analysis.

Wald tests were used to test for interactions of 25(OH)D with race and sex by including
cross-product terms in Model 2. Two sided p-values <0.05 were considered statistically
significant. All statistical analyses were conducted by Stata version 12 (StataCorp, College
Station, TX).

RESULTS

We studied 13,039 ARIC participants with a mean age of 56.9 years at visit 2, 56.6% were
women, 75.8% were white, and 24.2% were black (Table I). At visit 2, the mean(SD) levels
were as follows: 25(OH)D: 24.3(8.6) ng/ml, TC: 210.0(39.5) mg/dl, HDL-C: 49.7(16.8)
mg/dl, LDL-C: 133.5(36.8) mg/dl, TG: 135.0(87.0) mg/dl, and non-HDL-C: 160.2(42.0)
mg/dl. The prevalence of dyslipidemia at visit 2 was 74.2%, and 6.4% were on lipid
lowering medication.

In cross-sectional analyses using data from visit 2, the fully-adjusted average (95% CI)
differences in lipid parameters showed lower HDL-C [-2.94 mg/dIl (-3.69, —2.19)] and
higher TC/HDL-C ratio [0.23 (0.14, 0.32)] for participants with deficient (<20 ng/ml)
compared to optimal (=30 ng/ml) 25(OH)D concentrations (Table I1). Lower 25(OH)D was
associated with lower TC in analyses using 25(OH)D as a continuous variable (-1.04 mg/dl
(-1.91, —0.16) per 10 ng/ml lower 25(0OH)D) but was not statistically significant in analyses
using 25(0OH)D as a categorical variable with deficient and optimal groups. There were no
statistically significant associations for TG or non-HDL in fully-adjusted models. Sensitivity
analyses evaluating the impact of lipid lowering medication use on study results were
generally consistent with the primary analysis (Supplemental Tables | and I1), although in
analyses excluding patients on lipid-lowering therapies at any clinic visit, participants with
25(0OH)D deficiency had significantly lower HDL-C and significantly higher LDL-C, non-
HDL-C, and TC/HDL-C in all models (Supplemental Table I1).

We also evaluated the association of vitamin D status with the prevalence of dyslipidemia in
cross-sectional analysis (Table I11). The odds ratios (OR) for dyslipidemia comparing
participants with 25(OH)D deficiency to optimal levels was 1.43 (1.27-1.60) in Model 1 and
attenuated to 1.07 (0.95-1.21) in fully-adjusted models.

In prospective analyses using data from visits 2, 3, and 4 (mean 5.2 years follow-up), the
fully-adjusted average differences (95% CI) in lipid parameters showed lower TC [-2.40
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mg/dl (-4.21, —0.60)], lower HDL-C [-3.02 mg/dl (-3.73, —2.32)] and higher TC/HDL-C
ratio [0.18 (0.11, 0.26)] for those with 25(0OH)D deficiency compared to those with optimal
levels (Table 1V). In sensitivity analysis, significant associations were consistent in
prospective analyses using a constant to account for lipid-lowering therapies (Supplemental
Table I11). Findings were also similar in analyses excluding participants on lipid-lowering
therapies at any ARIC visit, though in this group 25(OH)D deficiency was also associated
with significantly higher LDL-C (Supplemental Table 1V).

Figure 1 shows the fully-adjusted cubic spline models for the association of 25(OH)D at
visit 2 with lipid parameters from visit 2 through visit 4. In general, there was a positive
linear association of higher 25(OH)D with TC and HDL-C and inverse relationship with TC/
HDL-C ratio.

In prospective analyses of participants without dyslipidemia at baseline (Table V), 25(OH)D
deficiency was modestly associated with increased risk of incident dyslipidemia in
demographic-adjusted analyses [RR 1.19 (1.02-1.39)] but attenuated in fully-adjusted
analyses [1.12 (0.95-1.32)].

There was no meaningful interaction of 25(OH)D with each lipid parameter by race;
however some interactions were found by sex (Supplemental Table V). In fully-adjusted
models, deficient 25(OH)D was associated with higher LDL-C, non-HDL-C, and TC/HDL-
C ratio in women but with lower values in men (p-interactions<0.001). The association of
deficient 25(OH)D with lower HDL-C was qualitatively stronger in women (p-
interaction<0.001).

DISCUSSION

We found that 25(OH)D deficiency was prospectively associated with lower TC and HDL-C
along with higher TC/HDL-C ratio over a median 5-year follow-up after adjusting for
demographics, lifestyle measures, cardiovascular risk factors, and lipid-lowering medication
use, although average differences were relatively small. There was no prospective
association between lower 25(0OH)D and TG, LDL-C, or with incident dyslipidemia after
multivariable adjustment, though lower 25(OH)D was associated with higher LDL-C when
excluding participants on lipid-lowering therapies. This study is one of the first studies to
show the relationship between 25(OH)D levels and lipid measures over time.

It is important to note that findings in our study were consistent with prior studies that have
also shown that deficient 25(OH)D is cross-sectionally associated with lower HDL-C and
higher TC.[6-9] However, these prior investigations[6-9, 21] have also found that
individuals with low 25(0OH)D D (defined as either <20 ng/mL[6, 9] or lowest quartile[7])
have higher LDL-C and TG than individuals with higher 25(OH)D levels after multivariable
adjustment. In contrast, our work showed a cross-sectional association between 25(OH)D
deficiency and higher LDL-C, non-HDL-C, and TG (and a prospective association with non-
HDL-C and TG) only after adjustment for age and sex which did not persist after adjusting
for other clinical variables.
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Though it is unclear why 25(OH)D was significantly associated with HDL-C, TC, and TC/
HDL-C ratio but not with LDL-C, non-HDL-C or TG, these findings have several important
implications for our current knowledge of 25(OH)D and dyslipidemia. First, our results may
be explained by vitamin D-dependent metabolic pathways which preferentially impact HDL-
C more so than other types of lipids. For example, prior work has shown a stronger positive
association between 25(OH)D and large HDL-C particles than with total HDL-C, suggesting
a possible role for vitamin D in reverse cholesterol transport with increased formation of
these larger, more cardioprotective HDL-C particles.[22] In addition, certain vitamin D
genomic receptor binding sites are related to the APOA5 locus which is involved in lipid
transport and metabolism. Notably, in 25(OH)D-deficient individuals certain polymorphisms
at these sites were associated with low HDL-C, whereas no significant associations were
seen with TG or LDL-C.[23] These findings were confirmed in a later study[24] and suggest
that vitamin D may impact HDL-C levels directly via variable effects on gene expression.
We also newly showed that deficient 25(OH)D was more strongly associated with an adverse
lipid profile of higher LDL-C and lower HDL-C in women compared to men. We previously
have found that lower 25(OH)D was associated with a more androgenic sex hormone pattern
in women,[25] which may be another potential mechanism how vitamin D impacts HDL-C.

Secondly, an alternative explanation of our findings may be related to confounding factors
affecting both 25(OH)D and lipid levels. For example, lower amounts of physical activity
are associated with both lower 25(0OH)D[12, 26] and lower HDL-C.[27] Although we
adjusted for physical activity in our analyses, this may not have fully accounted for the
interaction between activity, 25(OH)D, and HDL-C. Few studies have thoroughly examined
the relationship between 25(OH)D and HDL-C and our study adds to the literature by
showing that further work needs to be done to investigate the potentially clinically
meaningful impact of this association.

In addition, given that lower 25(OH)D was associated with higher TG and LDL-C after
adjusting for demographic variables but not after adjustment for other clinical variables, our
results imply that the cross-sectional association between low 25(OH)D and elevated TG
may also be explained by other factors such as obesity, as has been suggested previously.
[28-30] Interestingly, we did find that lower 25(OH)D was associated with higher LDL-C
when evaluating patients who were not on a lipid-lowering therapy. Given that statin-use is
associated with increased serum 25(0OH)D levels,[31, 32] the relationship between 25(OH)D
and LDL-C may have been attenuated in our final cohort despite attempting to account for
this with the inclusion of previously-studied constants to account for baseline and incident
lipid-lowering medication use.

A third major point of our study is the prospective association observed between deficient
25(0OH)D and lower HDL-C at a mean follow-up of 5.2 years. This adds significantly to
prior analyses because although there have been numerous prior cross-sectional studies
linking low 25(0OH)D with dyslipidemia, there has been little data to date regarding
prospective associations. We have also shown that 25(OH)D deficiency is associated with
higher a TC/HDL-C ratio in prospective analyses, which is important because the TC/HDL-
C ratio has been shown to be associated with greater cardiovascular risk than other lipid
measures including LDL-C.[33, 34] Our results extend findings from one prior prospective
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study by Ponda et al[6] which showed that increases in 25(OH)D over time were associated
with corresponding increases in HDL-C without any changes in TG or LDL-C. Unlike that
prior study, we were able to adjust for numerous clinically significant variables such as race,
BMI, diabetes, hypertension, kidney function, and use of lipid-lowering therapy.

Importantly, in the context of both this study and prior studies it remains uncertain why low
25(0H)D is repeatedly associated with dyslipidemia. One possible explanation may be that
25(0OH)D deficiency results in increased parathyroid hormone levels which subsequently
reduces lipolysis.[35] Vitamin D may also increase calcium levels and thereby reduce TG
formation and secretion from the liver.[36, 37] Lipid metabolism may also be affected by
vitamin D indirectly through effects on insulin secretion and insulin sensitivity.[38] Lastly,
the association between 25(OH)D and dyslipidemia may be confounded by overall health
status and metabolic risk factors such as obesity rather than causal mechanisms. BMI is
known to be inversely associated with 25(OH)D.[28] Even so, we found that the association
between 25(0OH)D deficiency and lower HDL-C along with higher TC/HDL-C ratio persists
longitudinally over time despite adjusting for numerous clinical variables including obesity.

Given that we consistently observed both cross-sectional and longitudinal associations
between deficient 25(OH)D and certain measures of dyslipidemia, our findings suggest that
the cardiovascular risk associated with low 25(OH)D may indeed be mediated through
interactions with lipid pathways. Therefore, a final major implication of our study is the
possibility of modifying cardiovascular risk through Vitamin D supplementation. Though
our findings are observational only and did not examine any effects of treatment, Vitamin D
supplementation remains an intriguing potential intervention for individuals with 25(OH)D
deficiency and dyslipidemia at increased cardiovascular risk given its widespread availability
and low cost,. Our results also complement recent findings from several small studies that
suggest vitamin D supplementation may improve HDL-C levels in certain populations.[39—
42] However, vitamin D supplementation has not yet been definitively shown to decrease the
risk of cardiovascular events or improve the lipid profile,[43-46] but prior studies of vitamin
D supplementation have been limited due to factors such as inadequate power, reliance on
post hoc analyses, and low dose supplementation.[5] Results from further studies including
large randomized clinical trials such as the ongoing VITAL study[47] are needed to
definitively determine the benefit of 25(OH)D supplementation on cardiovascular outcomes.

Our study has several limitations. First, given the observational nature of this study, we are
not able to discern whether the associations we observed between 25(OH)D and measured
lipid variables are causal or explained by unmeasured variables. We did rigorously adjust for
available demographic and lifestyle variables, including two measures of adiposity (BMI and
W(C), along with established cardiovascular risk factors and still found significant
associations between 25(OH)D and several of our measured outcomes. Our data were
limited as serum 25(OH)D measurements were only available at a single time point, visit 2,
for the full cohort. We therefore were unable to determine how 25(OH)D varied over time
and how any such variability may have impacted our findings. Another potential concern is
vitamin D supplement use. While vitamin D supplement use directly influences 25(OH)D
levels, it can also be a marker of health-seeking behavior and a potential confounder.
Unfortunately, we were unable to adjust for the use of vitamin D supplements in our
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analyses because of limitations regarding ascertainment of this variable in the ARIC cohort.
[12] Supplementation initiated after visit 2 may have weakened the associations between
vitamin D deficiency and change in lipids over time. Lastly, lipid measurements were likely
significantly affected by using of lipid-lowering therapies for which we did not have detailed
data such as type of statin or medication dose. However, we addressed this rigorously using
three methods: (1) by adjusting for use of lipid-lowering medications at baseline and at any
respective follow-up visit in multivariable analyses, (2) using a previously studied method of
adding constants to lipid values at all visits where medication use was reported,[19, 20] and
(3) excluding participants on lipid-lowering therapies at any clinic visit. In all analyses our
main results did not materially change.

The strengths of our study include the use of a diverse cohort of both white and black
participants, the prospective nature of this study to improve upon the findings from cross-
sectional analyses performed previously, and the inclusion of numerous variables accounting
for demographic and lifestyle variables along with established cardiovascular risk factors.

CONCLUSIONS

Ina U.S. population cohort, lower 25(OH)D was cross-sectionally and prospectively
associated with lower HDL-C and higher TC/HDL-C ratio after adjusting for demographic,
lifestyle, and cardiovascular risk factors, whereas other lipid measures were not significantly
associated with 25(OH)D. This relationship between 25(OH)D and these lipid parameters
may partially explain the association between 25(OH)D deficiency and ASCVD. Further
evidence from clinical studies including randomized controlled trials is needed to better
assess how 25(0OH)D may impact lipids and thereby possibly influence cardiovascular risk.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
We investigated the longitudinal association between Vit D deficiency and
lipids.
Vit D deficiency was associated with lower HDL cholesterol over time.

Vit D deficiency was associated with higher Total Cholesterol/HDL ratio over
time.

More data are needed to determine if Vit D supplementation improves lipid
levels.
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Figure 1. The Association of 25(OH)D at ARIC Visit 2 with Trajectory of Lipids over Time
through ARIC Visit 4 Using Adjusted* Restricted Cubic Spline Models (95% confidence

intervals)

The solid line represents the change and the dashed lines represents the 95% confidence
intervals. Knots at 51, 35!, 65t and 95! percentiles. Spline centered at 30 ng/ml.

Histogram shows the distribution of 25(OH)D.

*Model is adjusted for age, sex, race/center, time since visit 2, education, BMI, WC,
physical activity, smoking, current alcohol, hypertension, diabetes, eGFR and lipid lowering

therapy.
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Table Il
Cross-sectional Analysis of 25(OH)D Status with Lipids at ARIC visit 2 (1990-1992)

Model 1*

Model 2T

Model 3%

Total cholesterol, mg/dl

N

13038

12929

12842

Continuous [per 10 ng/ml lower 25(0OH)D]

-0.68 (-1.53, 0.17)

-1.09 (-1.96, -0.22)

-1.04 (-1.91, -0.16)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

~0.49 (-2.44, 1.46)

-1.38 (-3.38, 0.63)

-1.37 (-3.38, 0.64)

LDL-C, mg/di

N

12814

12707

12621

Continuous [per 10 ng/ml lower 25(0OH)D]

0.89 (0.09, 1.70)

0.26 (~0.56, 1.09)

0.42 (-0.41, 1.25)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

2.64 (0.79, 4.49)

1.22 (-0.67, 3.12)

1.48 (-0.42, 3.38)

HDL-C, mg/d|

N

12999

12891

12804

Continuous [per 10 ng/ml lower 25(0OH)D]

-2.51 (-2.85, —2.18)

-1.38 (-1.71, -1.06)

-1.39 (-1.72, -1.07)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

-5.48 (-6.25, -4.72)

-2.94 (-3.69, -2.19)

-2.94 (-3.69, -2.19)

TG, mg/di

N

13036

12927

12840

Continuous [per 10 ng/ml lower 25(0H)D]

5.33 (3.46, 7.20)

0.67 (-1.21, 2.56)

0.13 (-1.72, 1.99)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

12.75 (8.45, 17.04)

2,51 (-1.81, 6.84)

1.09 (-3.17, 5.35)

Non-HDL-C, mg/dI

N

12998

12890

12803

Continuous [per 10 ng/ml lower 25(OH)D]

1.87 (0.96, 2.77)

0.32 (~0.60, 1.25)

0.39 (-0.54, 1.31)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

5.05 (2.96, 7.13)

1.61 (<051, 3.73)

1.62 (-0.50, 3.73)

TC/HDL-C

N

12998

12890

12803

Continuous [per 10 ng/ml lower 25(0H)D]

0.21 (0.17, 0.25)

0.10 (0.06, 0.14)

0.10 (0.06, 0.14)

Optimal (=30 ng/ml)

Reference

Reference

Reference

Deficient (<20 ng/ml)

0.47 (0.38, 0.56)

0.23(0.14, 0.32)

0.23(0.14, 0.32)

*
Model 1 adjusted for age, sex and race/center
F

Model 2 additionally adjusted for lifestyle factors (education, BMI, WC, physical activity, smoking, current alcohol)

’tModeI 3 additionally adjusted for other CVD risk factors (hypertension, diabetes, eGFR) and for use of lipid lowering therapy
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Abbreviations: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; BMI, body mass
index; WC, waist circumference; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate
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Table Il

Cross-Sectional Association of 25(OH)D Status and Dyslipidemia at ARIC visit 2 (1990-1992).

Model 1* Model 2T Model 3
Adjusted Odds Ratios (95% CI) | Adjusted Odds Ratios (95% CIl) | Adjusted Odds Ratios (95% CI)
N 13007 12898 12839
Optimal (=30 ng/ml) Reference Reference Reference

Deficient (<20 ng/ml)

1.43 (1.27, 1.60)

1.08 (0.95, 1.22)

1.07 (0.95, 1.21)

*
Model 1 adjusted for age, sex, and race/center.

#

’tModeI 3 additionally adjusted for other CVD risk factors (hypertension, diabetes, eGFR)

Abbreviations: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; BMI, body mass

Model 2 additionally adjusted for lifestyle factors (education, BMI, WC, physical activity, smoking, current alcohol)

index; WC, waist circumference; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate
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Table IV

Prospective Analysis of 25(OH)D Status at Visit 2 with Lipid Changes from ARIC visits 2 (1990-1992)
through ARIC visit 3 (1993-1995) and ARIC visit 4 (1996-1998). Results presented as beta-coefficients and

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

95% confidence intervals.

Model 1* Model 21 Model 3¥
Total cholesterol, mg/dl
N participants/n visits 13039/34941 12930/34680 12843/34462
Continuous [per 10 ng/ml decrease in 25(0OH)D]  -1.25(-1.99, -0.51) -1.44(-2.20,-0.68) -1.39(-2.18, -0.61)
Optimal (=30 ng/ml) Reference Reference Reference

Deficient (<20 ng/ml)

LDL-C, mg/dl

N

Continuous [per 10 ng/ml decrease in 25(0OH)D]
Optimal (=30 ng/ml)
Deficient (<20 ng/ml)

HDL-C, mg/dl

N

Continuous [per 10 ng/ml decrease in 25(0OH)D]
Optimal (=30 ng/ml)
Deficient (<20 ng/ml)

TG, mg/dl

N

Continuous [per 10 ng/ml decrease in 25(0OH)D]
Optimal (=30 ng/ml)
Deficient (<20 ng/ml)

Non-HDL-C, mg/dI

N

Continuous [per 10 ng/ml decrease in 25(0OH)D]
Optimal (=30 ng/ml)
Deficient (<20 ng/ml)

TC/HDL-C

N

Continuous [per 10 ng/ml decrease in 25(0OH)D]
Optimal (=30 ng/ml)
Deficient (<20 ng/ml)

-2.08 (-3.77, -0.38)

12971/34365
0.42 (-0.28, 1.12)
Reference

1.33(-0.27, 2.93)

13036/34902
-2.40 (-2.71, -2.08)
Reference
-5.31 (-6.04, —4.58)

13039/34939
4.11 (2.40, 5.82)
Reference

10.70 (6.77, 14.62)

10954/29040
1.15 (0.35, 1.94)
Reference
3.24 (1.42, 5.06)

10954/29040
0.16 (0.13, 0.20)
Reference

0.38 (0.31, 0.46)

~2.54 (-4.28, -0.79)

12863/34110
0.11 (-0.60, 0.83)
Reference

0.59 (-1.05, 2.23)

12927/34642
-1.36 (-1.67, -1.05)
Reference
-2.99 (-3.69, —2.28)

12930/34678
-0.79 (-2.51, 0.93)
Reference
-0.18 (-4.12, 3.76)

10881/28764
-0.11 (-0.91, 0.70)
Reference
0.38 (-1.47, 2.23)

10881/28764
0.07 (0.04, 0.11)
Reference

0.18 (0.10, 0.25)

~2.40 (-4.21, —0.60)

12777/33895
0.28 (-0.45, 1.02)
Reference

0.99 (-0.70, 2.68)

12840/34424
-1.38 (-1.68, -1.07)
Reference
-3.02 (-3.73,-2.32)

12843/34460
-1.40 (-3.09, 0.28)
Reference
-1.70 (-5.57, 2.16)

10865/28565
-0.04 (-0.88, 0.79)
Reference
0.55 (~1.36, 2.46)

10865/28565
0.08 (0.04, 0.11)
Reference

0.18 (0.11, 0.26)

*
Model 1 adjusted for age, sex, race/center, and time since visit 2

fModeI 2 additionally adjusted for lifestyle factors (education, BMI, WC, physical activity, smoking, current alcohol)

t

Model 3 additionally adjusted for other CVD risk factors (hypertension, diabetes, eGFR) and for use of lipid lowering therapy

Abbreviations: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; BMI, body mass

index; WC, waist circumference; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate
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Table V

Prospective Association of 25(OH)D Status and Incident Dyslipidemia from ARIC visits 2 (1990-1992)
through ARIC visit 3 (1993-1995) and ARIC visit 4 (1996-1998).

N event/N total Model 1* Model 21 Model 3%
Adjusted Relative Risk Adjusted Relative Risk Adjusted Relative Risk
Ratios (95% CI) Ratios (95% CI) Ratios (95% CI)
Optimal (=30 ng/ml) 353/807 Reference Reference Reference
Deficient (<20 ng/ml) 409/941 1.19 (1.02, 1.39) 1.12 (0.96, 1.32) 1.12 (0.95, 1.32)

*
Model 1 adjusted for age, sex, race/center, and time since visit 2
fModeI 2 additionally adjusted for lifestyle factors (education, BMI, WC, physical activity, smoking, current alcohol)

’tModeI 3 additionally adjusted for other CVD risk factors (hypertension, diabetes, eGFR)

Abbreviations: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; BMI, body mass
index; WC, waist circumference; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate
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