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Abstract

Background—An inverse association between Parkinson disease (PD) and total vitamin D
levels has been reported but it is unknown whether vitamin D from different sources, i.e.
25(0OH)D2 (from diet and supplements) and 25(OH)D3 (mainly from sunlight exposure), all
contribute to the association.

Methods—~Plasma total 25(OH)D, 25(0H)D2, and 25(0OH)D3 levels were measured by liquid
chromatography-tandem mass spectrometry in PD patients (N=478) and controls (N=431). Total
25(0OH)D was categorized by clinical insufficiency or deficiency, 25(OH)D2 and 25(0OH)D3 were
analyzed in quartiles.
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Results—Vitamin D deficiency (total 25(OH)D < 20 ng/mL) and vitamin D insufficiency (total
25(0OH)D < 30 ng/mL) are associated with PD risk [Odds Ratio (OR)=2.6 (deficiency) and 2.1
(insufficiency), P<0.0001], adjusting for age, sex and sampling season. Both 25(OH)D2 and
25(0OH)D3 levels are inversely associated with PD (Ptreng<0.0001). The association between
25(0OH)D2 and PD risk is largely confined to individuals with low 25(OH)D3 levels
(Preng=0.0008 and 0.12 in individuals with 25(OH)D3 < 20 ng/mL and 25(0OH)D3 >= 20 ng/mL,
respectively)

Conclusions—Our data confirm the association between vitamin D deficiency and PD, and for
the first time demonstrate an inverse association of 25(OH)D2 with PD. Given that 25(OH)D2
concentration is independent of sunlight exposure, this new finding suggests that the inverse
association between vitamin D levels and PD is not simply due to lack of sunlight exposure PD
patients with impaired mobility. The current study, however, cannot exclude the possibility that
gastrointestinal dysfunction, a non-motor PD symptom, contributes to the lower vitamin D2 levels
in PD patients.
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Introduction

Parkinson disease (PD) is a common complex neurodegenerative disorder for which genetic
studies have identified more than a dozen susceptibility loci (1, 2). Epidemiologic studies
have identified several lifestyle factors that are associated with PD. Among them, the most
consistent evidence has been reported for cigarette smoking, coffee drinking, the use of anti-
inflammatory drugs (NSAIDs), and pesticide application, with less compelling evidence
being found for exercise, education, occupation, and diet (3—14). In addition, studies have
suggested that genetic variation may modulate the effect of these lifestyle factors, pointing
to an additional level of complexity (15, 16). With known genetic and environmental factors
not completely accounting for the risk of PD, efforts to uncover additional contributing
factors and the complex interplay between them are needed.

Recently, epidemiologic studies have suggested an inverse association between circulating
vitamin D concentration and risk of PD. It was reported that people with lower serum
25(0OH)D (a stable metabolite of vitamin D that has been used as a measure of vitamin D
status) concentration at baseline had significantly higher risk of developing PD during a 29
years of follow up(17). The study, however, was conducted in Finland where the prevalence
of vitamin D deficiency is higher than other parts of the world; whether the Finnish findings
are generalizable to other populations remains untested in other longitudinal studies. A few
case-control studies in Japan and United States have reported lower 25(OH)D levels in PD
patients compared to age-matched controls (18-20). These reports utilized relatively small
sample sizes and may have limited accuracy of estimated strength of the association between
25(0OH)D and PD risk. Therefore, studies with larger sample sizes are needed to refine the
estimate of effect size and further establish the inverse relationship between vitamin D and
PD. In addition, it remains a concern that lower 25(OH)D levels in PD patients are a
consequence of reduced mobility (and therefore reduced sunlight exposure, the major source
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of vitamin D in humans) rather than a contributing factor to the development of PD.
Additional studies are warranted to clarify the cause and effect relationship between lower
vitamin D level and risk of PD.

Circulating total 25(OH)D concentrations include 25(OH)D2 and 25(0OH)D3, metabolites of
vitamin D2 and vitamin D3, respectively. Vitamin D3 can either be endogenously
synthesized upon sunlight exposure in the skin or acquired from dietary or supplement
intake. In contrast, vitamin D2 only naturally exists in some plants (notably, mushrooms)
and therefore can only be acquired from dietary and supplement intake (21-23). Sunlight
exposure is the major source for vitamin D: 5 to 10 min of direct sunlight exposure to arms
and legs produce 30001U of vitamin D3, compared to 100 IU of vitamin D3 per 8 ounces of
fortified milk and ~ 100 1U of vitamin D2 per 3.5 ounces of fresh mushroom, and 400 1U of
vitamin D2 or D3 in general multivitamin supplement daily (21). Because 25(0OH)D2 level
is independent of sunlight exposure, an inverse relationship between 25(OH)D2 and PD
would suggest that lower vitamin D concentrations are not simply the result of reduced
mobility in PD patients. Prior publications have not addressed the issue of vitamin D source,
mainly because immunoassay-based vitamin D measuring assays used do not distinguish
25(0OH)D2 and 25(0OH)Da3.

To address these limitations in previous investigations, the current study was designed 1)
using a large case-control sample of over 900 individuals and 2) using liquid
chromatography tandem mass spectrometry (LC-MS/MS) technology to measure
25(0H)D2, 25(0H)D3 and total 25(0OH)D.

Participant Recruitment

We have previously reported results of a genome-wide association study (GWAS) in PD
using 635 PD cases and 478 controls (24). Of these, 478 cases and 431 controls had stored
plasma samples for vitamin D assessment and were included in the current study. Details on
participant enrollment and clinical assessment were previously described (24). Briefly, most
subjects were ascertained by the Morris K. Udall Parkinson Disease Research Center of
Excellence (PDRCE) at Duke University, the University of Miami (J.M. Vance, PI), and the
13 centers of the Parkinson Disease Genetics Collaboration. Controls were ascertained from
community outreach efforts or were spouses of individuals with PD or Alzheimer disease
(from a genetic study on Alzheimer disease) (25). PD cases possess at least two of three
cardinal signs of PD (resting tremor, bradykinesia and rigidity). Rigorous clinical
assessment was performed by all participating clinicians to provide a clear diagnosis of PD
and to exclude any individuals that displayed atypical features of Parkinsonism. All controls
are cognitively normal with no PD symptoms by self-reported symptom questionnaire (26).
All subjects in this study are non-Hispanic Caucasians by self-report (confirmed by principal
component analysis of population structure included in the initial GWAS report (24)). All
ascertainment protocols were approved by each contributing center’s institutional review
board.
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Laboratory assessment of 25(0OH)D2 and 25(0OH)D3

Plasma samples were collected between 1996-2003 and stored at -80°C. Stored plasma
samples were analyzed using liquid chromatography tandem mass spectrometry (LC-
MS/MS) at the Emory Clinical Translational Research Laboratory in four batches with a
balanced number of cases and controls in random order. Laboratory technicians were
blinded to affection status. Each batch of samples was analyzed using a Waters (Milford,
MA) Acquity UPLC coupled to a Xevo mass spectrometer in 7 to 12 continuous runs. We
used the method outlined by Lensmeyer, et al (27) with some modifications (See
Supplementary Methods). d8-25(0OH)D3 (Cerilliant, Round Rock, TX) and d8-25(0H)D2
(Medical Isotopes, Pelham, NH) were mixed with vitamin D free serum (Golden West Bio,
Temecula, CA) to be used as quality control (QC). Three levels of duplicate QC
(approximately 6, 21, 62 ng/mL) were included at the beginning and end of each run. The
assay was linear up to 200 ng/mL and had a limit of detection (LOD) of 1 ng/mL. Total
imprecision ranged from 10.8% to 17.1% over the 48 runs done for this study. The assay
was validated using the NIST 972a standards. The laboratory participates in the DEQAS
proficiency scheme. DEQAS specimens run with study samples all passed proficiency
(06/2012 through 06/2013).

Statistical Analysis

Results

Three vitamin D concentrations - 25(0H)D2, 25(0OH)D3 and total 25(0OH)D (the sum of
25(0OH)D2 and 25(0OH)D3) - were analyzed for association with PD diagnosis. Since we
hypothesized that PD patients have lower vitamin D levels, the distribution of the vitamin D
measurements was evaluated in cases and controls separately. Samples with concentrations
beyond three standard deviations (SD) from the mean were regarded as outliers and
excluded from association analysis. In total, 5 cases and 5 controls were excluded as
outliers.

Logistic regression analysis was used to evaluate the association between vitamin D
concentrations and PD, adjusting for age at sample draw, sex, and sampling season. Total
25(0OH)D was analyzed categorically, using the established clinical criteria for vitamin D
deficiency (25(0OH)D<20 ng/mL) and vitamin D insufficiency (25(OH)D<30 ng/mL) (28).
25(0OH)D2 and 25(0OH)D3 concentrations were analyzed in quartiles delimited by their
distributions in the control samples. Odds ratios (ORs) and 95% confidence intervals (CI)
were calculated for each quartile individually using the highest quartile as the reference. A
linear test for trend was also conducted, coding each quartile as an ordinal value.
Stratification analysis was performed to evaluate the association of PD with 25(OH)D2 in
individuals with low 25(0OH)D3 (<20ng/mL) and high 25(0OH)D3(>=20ng/mL) levels.
Linear regression analysis was used to evaluate the vitamin D association with symptom
duration. All statistical analyses were conducted using SAS version 9.3 (SAS Institute, Inc,
Cary, North Carolina).

Table 1 shows several demographic characteristics of the subjects. The PD cases had a
higher percentage of men (63%) than the control sample (35%), consistent with prior
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observations of increased prevalence of PD in men. To reduce the possibility of including
controls that would develop PD after ascertainment, we intentionally recruited controls at
older ages, resulting in an older mean age at sample draw in controls than in cases (7048
years vs 64+12 years). In our data set, neither age nor sex is associated with vit D deficiency
(data not shown). There is no significant difference on sampling season between cases and
controls.

Both vitamin D deficiency (total 25(OH)D<20ng/mL) and vitamin D insufficiency (total
25(0OH)D<30ng/mL) are significantly associated with PD (P<0.0001) (Table 2). Individuals
with PD were 2.64 times as likely to be vitamin D deficient as controls (95% CI, 1.88-3.71)
and 2.13 times as likely as controls to be vitamin D insufficient (95% CI, 1.58-2.89).

Next, we evaluated the association of PD and concentration of vitamin D metabolites from
different sources: 25(OH)D2 (obtained from dietary and supplement intake) and 25(OH)D3
(obtained mainly from sunlight exposure). The analysis revealed a strong inverse association
between 25(0OH)D2 and 25(0OH)D3 concentrations and PD diagnosis (Pireng <0.0001 for
both metabolites), again in a dose-response manner (Table 2). The lowest quartile of
concentration was significantly associated with PD (relative to the highest quartile) for both
25(0OH)D2 (OR=2.04; 95%CI=1.24-3.37) and 25(0OH)D3 (OR=2.39; 95%CI=1.60-3.58).
The second lowest quartile of 25(0OH)D2 (OR=1.84 (1.02-3.33) but not 25(0OH)D3 was
significantly associated with PD, with a weaker effect. The third quartiles of both vitamin D
metabolites were not associated with PD, suggesting that the association is saturating with
increasing vitamin D concentration.

We detected a significant interaction between 25(0OH)D2 and 25(OH)D3 on PD risk (data
not shown), suggesting that the association between 25(OH)D2 and PD is modified by
25(0OH)D3 concentration. Stratification analysis revealed that the inverse association
between 25(0OH)D2 and PD is largely confined to individuals with low 25(0OH)D3 levels
(Ptreng=0.0008 in individuals with 25(OH)D3 < 20 ng/mL VS Pyeng=0.12 in individuals with
25(0OH)D3 >= 20 ng/mL, Table 3)

Finally, we examined the relationship between symptom duration and vitamin D levels. Our
data showed that total 25(OH)D and 25(OH)D2 concentrations were not correlated with
symptom duration (P=0.09 and 0.98, respectively) while 25(OH)D3 was marginally
significantly decreased with prolonged symptom duration (P=0.05). This correlation,
however, explained very little of the overall variance in 25(0OH)D3 concentrations ( R?
=0.0084) (Figure 1).

Discussion

Several studies have reported an association of PD with lower plasma 25(OH)D
concentrations (18-20). The current study is a much larger case-control sample than the
previous reports. Our data revealed a stronger association of PD with vitamin D deficiency
compared to vitamin D insufficiency, suggesting a potential dosage effect of circulating
25(0OH)D concentration on risk of PD. Importantly, our study is the first to separately
analyze vitamin D metabolites from dietary and supplement sources [25(OH)D2] and those
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mainly from sunlight exposure [25(OH)D3]. Our data demonstrated that both sources of
vitamin D were inversely associated with when considered individually. As a modest source
of total vitamin D, the inverse association between 25(OH)D2 and PD was largely confined
to individuals who have low 25(OH)D3 levels.

Because the initial association of vitamin D concentration with PD was observed in case-
control samples, it was not clear whether the reduction in vitamin D concentration preceded
the development of PD symptoms, or was rather an effect of the disease process (18, 19).
This arises because most vitamin D is produced upon sunlight exposure, and as a result of
limited mobility, individuals with PD may have less sunlight exposure than age-matched
controls. To address this potential “reverse causation,” subsequent studies have taken
different approaches to dissect this question. Post-hoc analysis of blood samples from the
Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism (DATATOP) study,
which included a well-characterized cohort of patients with early, non-disabling and
untreated PD, revealed that PD subjects with relatively normal mobility already have high
prevalence of hypovitaminosis D (29). However, it remains to be tested if fatigue, an early
symptom in PD, reduces time spent outside in the sunlight even when patients remain fully
mobile. In the current study, we detected an inverse association between PD diagnosis and,
25(0OH)D2 that is obtained independently from sunlight exposure. Therefore, this
association is unlikely to be confounded by the mobility of the subjects, providing additional
support against “reverse causation” caused by the reduced mobility in PD patients.
However, the inverse association between 25(0OH)D2 and PD could result from another form
of “reverse causation”. Gastrointestinal dysfunction is a commonly observed non-motor
symptom in PD, sometimes occurring years before motor symptom onset. The most
frequently documented gastrointestinal symptom is impaired matility, such as delayed
gastric emptying resulting from stomach dysmotility and constipation resulting from colonic
dysmotility (36). Delayed gastric emptying can lead to abdominal discomfort and early
satiety, reducing food intake (and potentially reducing vitamin D2 intake). Very few studies
have described higher prevalence of small intestinal bacterial overgrowth (SIBO), possibly
due to abnormal small intestine motility, in PD patients (37). It is possible that severe SIBO
could lead to malabsorption of nutrients including vitamin D. In addition, the major food
source of 25(0OH)D2 is mushrooms. If individuals with PD are less likely to eat mushrooms,
possibly due to more conservative eating habits somehow related to PD susceptibility, the
observed association could also occur.

Other evidence against “reverse causation” comes from the analysis of vitamin D
concentration and PD symptom duration. If lower vitamin D levels in PD patients compared
to controls are due to reduced mobility, it is expected that vitamin D concentration is even
lower in patients who have had PD for longer time. We found a modest inverse association
of PD symptom duration with 25(OH)D3 (p=0.05), which probably reflects reduced
mobility in patients as the disease progresses, but is a small effect: for every 10 years of
symptom duration, circulating 25(OH)D3 concentration is estimated to decrease 1.7 ng/mL
in our dataset. No association was found between 25(OH)D2 and symptom duration
(P=0.98) Given the mean symptom duration of 7.6 years for the PD patients in this study,
reduced mobility is unlikely to be an explanation for the observed inverse association,
especially for 25(OH)D2.
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Circulating 25(OH)D concentrations in our study are much higher than in the longitudinal
Finnish study: the prevalence of vitamin D deficiency in controls is 18% in our study
compared to more than 70% in the Finnish study. Consistent with the higher prevalence of
vitamin D deficiency, the age-adjusted PD incidence rate (per 100,000) was 15.7 (in 1971)
and 14.9 (in 1992) in Southwestern Finland, which is slightly higher than the age and
gender-adjusted incidence rate of 12.9, 13.6, and 14.0 in studies conducted in Northern
Manhattan (during 1989-1991), Northern California (during 1994-1995), and Minnesota
(during 1976~1990), respectively. However, many factors affect the estimation of PD
incidence rates and these findings should be interpreted cautiously (30, 31). Despite the
differences on vitamin D deficiency prevalence and study design, the estimated effect size
comparing the lowest and highest quartiles of total vitamin D concentration is similar in the
two studies. In the Finnish study, people in the lowest quartile at baseline had about three
times the risk of developing PD compared to people in the highest quartile (17). In our case-
control study, cases are 2.66 times as likely as controls to be in the lowest quartile compared
to the highest quartile. The odds ratio estimate of PD for vitamin D deficiency in our study
(OR=2.64) is similar to the Emory study (OR=2.66) and higher than the Harvard Biomarker
Study (OR=2.1) (19, 20). The statistical significance of the association is much stronger in
our study (P<0.0001) than in the other two US-based case-control studies (P=0.008 and
0.002), likely attributable to a larger sample size in the current study.

Interestingly, several studies have previously reported a positive association between dairy
intake (a good source of vitamin D) and PD risk, which seemed to be in conflict with the
inverse association between vitamin D and PD reported here. However, in-depth analysis
suggested that increased PD risk in individuals with higher dairy intake is unlikely due to
vitamin D (32, 33).

Through its receptor VDR (vitamin D receptor), vitamin D regulates expression of many
genes, exerting pleiotropic effects. Several candidate gene studies, including ours, have
reported an association between VDR gene polymorphism and PD risk (34, 35), which
provides a different line of evidence supporting a role of vitamin D in PD. It is plausible that
genetic variants, especially in vitamin D related genes, modify the effects of vitamin D on
PD. Gene-vitamin D interaction studies are needed to fully understand the effects of vitamin
D on PD and facilitate identifying individuals who are likely to benefit more from vitamin D
supplementation to achieve an optimal vitamin D status.

The strength of this study comes from the large case-control sample and use of LC-MS/MS
to measure different vitamin D metabolites separately such that we did not have to rely on
dietary recall to estimate vitamin D2 intake. We found that individuals with PD have lower
25(0OH)D2 levels than controls, which is consistent with other studies reporting that PD
patients have less vitamin D supplementation and dietary intake of vitamin D (18, 20).
While our case-control cross-sectional study design limits causal inference and is subject to
bias due to unknown confounds, the inverse association observed here corresponds well with
the prior longitudinal cohort study (17). Similarly, lack of longitudinal clinical assessment,
including multiple vitamin D measurements, of cases and controls prevents evaluation of the
relationship between vitamin D status (and its change over time) and disease progression.
Additional studies in longitudinal cohorts followed through different periods of life are
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necessary to provide valuable information on whether there is a time window that is critical
for adequate vitamin D exposure to prevent or delay onset of PD. Also, the control set lacks
data on certain potential confounders such as smoking, education, physical activity, alcohol
consumption, and therefore we cannot control for them. However, in the previous study,
these factors have negligible effect on the association between vitamin D levels and PD risk
@an.

In summary, our study detected an inverse association of PD with circulating total 25(OH)D
concentration as well as its two components, (25(0OH)D2 and 25(0OH)D3. These results
confirm prior associations and provide additional evidence against the previous concern that
reduced mobility is the main explanation for higher prevalence of vitamin D deficiency in
PD patients.
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Figure 1. Correlation between vitamin D from different source with symptom duration
Correlation between total vitamin D (upper panel), 25(OH)D3 (middle panel) 25(OH)D2

(lower panel), and Parkinson symptom duration are displayed. X-axis displays symptom
duration in years, and Y-axis displays plasma vitamin D levels. Solid line represents fitted
correlation between vitamin D levels and symptom duration, shadows represent 95%
confidence of the fitted correlation, and the dotted lines represent the predication limits of
the fitted correlation.
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Table 1

Characteristics of Patients with Parkinson Disease and Control Participants:

PD Patients (N=478) Controls(N=431) P-Value
Gender (men %) 63% 35% <0.0001
Age-at-sampling (years, mean + SD) 64+12 7048 <0.0001
Age-at-onset (years, mean + SD) 56+13 N/A N/A
Symptom duration (years, mean + SD) 7.60+6.24 N/A N/A
Sampling Season (Jul-Dec; %) 231 (48.33%) 211 (48.96%) 0.8496
Plasma 25(0OH)D total (ng/mL, mean + SE) 25.59+0.56 30.14+0.56 <0.0001
Plasma 25(OH)D3 (ng/mL. mean * SE) 23.79+0.54 27.38+0.58 <0.0001
Plasma 25(OH)D2 (ng/mL, mean * SE) 1.72+0.19 2.88+0.23 <0.0001
Prevalence of vit D deficiency 36% 17% <0.0001
Prevalence of vit D insufficiency 71% 54% <0.0001
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Table 2

Association between vitamin D from different sources and PD risk

OddsRatio  95% CI P-Value
clinical cutoff analysis
Vit D deficiency ( total 25(0OH)D <20 ng/mL) 2.64 (1.88,3.71) <0.0001
Vit D insufficiency (total 25(0OH)D<30 ng/mL) 2.13 (1.58,2.89) <0.0001
quartile analysis
Total 25(0OH) D
Q1 (4.3-21.8 ng/mL) 2.66 (1.76,4.03)
Q2 (21.8-29 ng/mL) 1.89 (1.23,2.91)
<0.0001 (trend test)
Q3 (29-37 ng/mL) 0.92 (0.58,1.46)
Q4 (>37 ng/mL) Reference
25(0OH) D2
Q1 (<1 ng/mL) 2.04 (1.24,3.37)
Q2 (1-3.25 ng/mL) 1.84 (1.02,3.33)
<0.0001 (trend test)
Q3 (3.25-8 ng/mL) 1.46 (0.80,2.69)
Q4 (>8ng/mL) Reference
25(0OH) D3
Q1 (6-19.3 ng/mL) 2.39 (1.60,3.58)
Q2 (19.3-26.0 ng/mL 1.42 (0.92,2.18)
<0.0001 (trend test)
Q3 (26.0-34.1 ng/mL) 1 (0.65,1.56)
Q4 (>34.1 ng/mL) Reference
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Table 3

Association of PD with 25(OH)D2 in the presence of low and high 25(OH)D3 levels.

Odds Ratio 95% ClI

P-Valuefor trend test

Low 25 (OH)D3 stratum (25(OH)D3< 20ng/mL)

Q1
Q2
Q3
Q4

High 25 (OH)D3 stratum (25(0OH)D3>=20ng/mL)

Q1
Q2
Q3
Q4

3.58 (1.72,7.42)

2.66 (1.01,7.01)

2.26 (0.95,5.41)
Reference

1.56 (0.77,3.15)

1.60 (0.72,3.55)

1.05 (0.44,2.50)
Reference

0.0008

25(0OH)D2 quartiles: <1, 1-3.25, 3.25-8, >8 ng/mL
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