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Abstract

Purpose To determine the dose—response of vitamin D3
supplementation on serum 25-hydroxyvitamin D [25(OH)
D] among Chinese adults.

Methods In this 5-arm, randomized, double-blinded con-
trolled trial, 76 healthy participants were assigned to orally
administrate 0, 400, 800, 1200 or 2000 IU/d of vitamin D3
for 16 weeks. Serum 25(OH)D, parathyroid hormone, cal-
cium, biomarkers of liver and renal function were measured
at multiple time points.
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Results The mean (SD) serum 25(OH)D at baseline was
31.6 (8.7) nmol/L, and the dose—response relationship was
curvilinear with a plateau around 6 weeks for all doses. At
week 16, 25(OH)D was increased by 6.0 (6.5), 21.7 (15.8),
26.3 (12.6), 32.0 (12.8) and 36.3 (26.0) nmol/L for 0, 400,
800, 1200 and 2000 IU/d (all P < 0.002), corresponding
to approximately 19, 53, 67, 77 and 80 % of reversion of
vitamin D deficiency, respectively. Daily intake of 800 IU
vitamin D3 reached a targeted 25(OH)D > 30 nmol/L
in at least 97.5 % of Chinese, but not a targeted 25(OH)
D > 50 nmol/L even with 2000 IU/d. Change of 25(OH)D
was inversely associated with change of PTH concentration
(r = —0.39, P < 0.001) after controlling for age and sex.
No between-group differences were observed in terms of
the change in serum calcium, alanine transaminase, aspar-
tate aminotransferase, gamma-glutamyltransferase and cre-
atinine (P > 0.22).

Conclusions Supplementation with 400, 800, 1200 or
2000 IU/d vitamin D could improve the vitamin D defi-
ciency with various degrees. Whether 2000 IU/d vita-
min D3 would generate a better result without side effect
requires more studies with larger samples in future.

Keywords Vitamin D3 supplementation - Serum
25-hydroxyvitamin D - Dose—response - Safety

Abbreviations

25(OH)D 25-Hydroxyvitamin D

ALT Alanine transaminase

AST Aspartate aminotransferase
BMI Body mass index

DBP Diastolic blood pressure
GGT Gamma-glutamyltransferase
PTH Parathyroid hormone

SBP Systolic blood pressure
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Introduction

As one of major nutritional problems, about one billion
world population suffered vitamin D deficiency [defined as
circulating 25-hydroxyvitamin D: 25(OH)D < 50 nmol/L]
or insufficiency [50 < 25(OH)D < 75 nmol/L] [1]. The
prevalence of vitamin D deficiency ranged from 40 to
100 % in American, European and Asian population [2-
7]. Previously, we found that the prevalence of vitamin
D deficiency and insufficiency was approximately 69.0
and 24.4 % among 3,262 Chinese aged 50-70 years from
Beijing and Shanghai [2]. Besides its essential role in
maintaining calcium hemostasis and bone health, such as
lowering risks of rickets in children and osteopenia, osteo-
porosis or fractures in adults [8], poor vitamin D status was
suggested to be associated with increased risks of type 2
diabetes, autoimmune diseases, hypertension and certain
cancers [9-16]. Recently, the Institute of Medicine (IOM)
raised the Recommended Dietary Allowance (RDA) of
vitamin D to 15 pg (600 IU) and 20 pg (800 IU) for 97.5 %
populations aged 1-70 years and >70 years, respectively,
to achieve a target circulating 25(OH)D > 50 nmol/L for
maintaining bone health [17].

Human body can obtain vitamin D through skin photo-
chemical synthesis and also consuming foods like oily fish,
milk and eggs [8]. After being absorbed and bound to vita-
min D-binding protein (DBP), vitamin D is transferred to
liver and yield 25(OH)D (a well-accepted indicator of vita-
min D status), by 25-hydroxylases. The resultant 25(OH)
D is further hydroxylated in the kidney by 25-hydroxyvi-
tamin D-la-hydroxylase (CYP27BI) to 1,25(0OH),D, the
most active form, which is then delivered to target tissues.
The yield of 1,25(OH),D could be stimulated by parathy-
roid hormone (PTH), but inhibited by calcium, phosphorus
and itself. The 25(OH)D and 1,25(OH),D are inactivated
by 25-hydroxyvitamin D-24-hydroxylase (CYP24) [1, 8].
Vitamin D synthesis and degradation could be influenced
by genetic variants involving vitamin D metabolism path-
way [18]. Factors such as body weight (fat), age, base-
line 25(OH)D levels, type and intervention duration were
reported to modify dose-response relationships between
vitamin D supplement and circulating 25(OH)D [19-21].
Increasing evidence also showed effect of ethnic dif-
ferences on vitamin D metabolism and relationships of
25(0OH)D with bone health, or cardiometabolic outcomes
[22, 23]. For example, in a recent 4-arm randomized
clinical trial among 328 African-Americans, a RDA of
1640 IU vitamin D3 was estimated to reach the 25(OH)
D > 50 nmol/L recommended by IOM [17, 24], whereas a
RDA of 800 IU/d was estimated for 163 healthy postmeno-
pausal white women according to the results from a 1-year
trial [21]. However, the RDAs of vitamin D in Asian coun-
tries were largely based on the data from studies conducted
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in Caucasian populations, and no clinical trials have evalu-
ated the efficacy of vitamin D3 supplement on circulating
25(OH)D, as well as the impact of circulating 25(OH)D on
bone health outcomes in Asians. Unlike USA and European
countries, there are few vitamin D fortified foods available
and avoiding sun exposure is a common practice in Asians,
especially among women [2]. Thus, these factors may
attribute to poor vitamin D status in Asian populations.

In this 5-arm, randomized controlled clinical trial,
we aimed to investigate the dose-response relationship
between vitamin D3 supplementation and serum 25(OH)D
or PTH concentrations in healthy Chinese adults. We also
closely monitored changes in serum calcium and biomark-
ers of liver and renal function during the 16-week trial for
potential adverse effects.

Subjects and methods
Participants

After responding to a recruitment advertisement, 117
of hospital employees in Shanghai were screened by a
questionnaire and physical examination. Individuals were
excluded if they met following criteria: (1) taking vitamin D
supplements >200 IU/d or calcium supplements >800 mg/d
in the past month or taking any medication interfering
with vitamin D metabolism; (2) allergic to vitamin D; (3)
with a history of diabetes, severe liver and renal diseases,
kidney stones, cardiovascular disease, stroke, psychological
disorders, cancer, peptic ulcers or other gastrointestinal
conditions hindering absorption; hypo/hyper parathyroidism;
(4) women during pregnancy or lactation; (5) having vacation
>1 week during the 16-week trial; and (6) participating
in other clinical studies within the previous 3 months.
Following the screening, fasting blood samples were
collected from 101 candidates to evaluate the concentrations
of 25(OH)D, calcium, and biomarkers of liver and renal
functions. Persons were eligible if they were 2045 years
old; 12.5 nmol/L < 25(OH)D < 50 nmol/L; and 18.5 kg/
m? < BMI < 25 kg/mz, to minimize accumulation of this fat-
soluble vitamin in excess fat mass [25]. Finally, a total of 76
eligible volunteers were enrolled in the trial (Fig. 1).

The study protocol was approved by Biological Research
Ethics Committee of the Shanghai Institutes for Biological
Research, and all participants provided written informed
consents. The present trial was registered at ClinicalTrials.
gov as NCT01817036.

Study design

A 5-arm randomized, double-blind, placebo-controlled
clinical trial was conducted from January to May 2013 for
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Screened for eligibility

n=117) Excluded (n =16) :
Declined to participate (n=6)
s | BMI> 25kg/m? (n =8)

Came for screening visit
(n=101)

BMI< 18.5 kg/m? (n=1)
Took Vitamin D(800 IU/d) (n= 1)

Randomly assigned to
vitamin D; dosages

Excluded (n = 25):
Liver dysfunction (n=7)
Serum 25(OH)D concentration > 50
nmol/L (n = 19,0ne repeated)

(n=176)
010/d 400 1U/d 800 1U/d 12001U/d 20001U/d
(n=16) (n=15) (n=15) (n=14) (n=16)
Discontinued Discontinued Discontinued Discontinued Discontinued
(n=0) (n=0) (n=1)" @=1" @=1)"
Completed Completed Completed Completed Completed
(n=16) (n=15) (n=14) (n=13) (n=15)
Included in dose Included in dose Included in dose Included in dose Included in dose
response analysis response analysis response analysis response analysis response analysis
(n=16) (n=15) (n=15) (n=14) (n=15)

Fig. 1 Study flow diagram. A total of 73 subjects (96 %) completed
the 16-week trial, and three participants dropped out. * Two partici-
pants (one each from the 800 and 2000 IU/d arms) discontinued the
study due to personal reasons (job transfer) at the run-in period and

16 weeks. Following daily administrating placebo capsules
for 1 week, 76 participants were randomly assigned to pla-
cebo or one of four doses of vitamin D3 (400, 800, 1200
and 2000 IU/d). The randomization was performed accord-
ing to block randomization of age, sex, BMI and serum
25(0OH)D during a screening by a statistician who was not
involved in the conduct of the trial.

To ensure the double blinding, participants took 5
capsules/d with a combination of different numbers of
placebos and/or 400 IU vitamin D3 capsules, which had a
similar appearance and smell (provided by Xiamen Xing-
sha Pharmaceutical Group Co., Ltd). An independent lab-
oratory (Royal DSM China Campus, Shanghai) evaluated
the vitamin D3 contents in the five arms by sampling the
combined capsules in each arm at three time points during
the trial. The average doses of the three analyses were 0,
536, 980, 1359 or 2226 IU for the 0, 400, 800, 1200 and
2000 IU/d group, respectively.

week 4, respectively, and one participant in the 1200 IU/d arm dis-
continued due to a kidney stone at week 10. The data of these partici-
pants were included in the analysis if available. 25(OH)D 25-hydrox-
yvitamin D

The participants were asked to return all untaken cap-
sules weekly. Adherence was assessed by capsule counts
[(number of capsule supplied — number of capsule
returned) / number of capsule supplied x 100 %]. During
the trial, all participants were required (1) to maintain their
habitual food intake and physical activity; (2) to limit sun
exposure and vitamin D-rich foods such as fatty fish and
cod liver oil as much as possible; and (3) to avoid taking
non-trial vitamin D supplements.

Data collection

A face-to-face interview was conducted at baseline and at
the end of the 16 weeks to collect information including
health status, lifestyles, sun exposure, medical history
and family history of diseases, medication log and intake
of nutritional supplements by trained dieticians with
standardized questionnaires. Total physical activity levels

@ Springer



386

Eur J Nutr (2016) 55:383-392

were categorized as low, moderate, or high based on the
International Physical Activity Questionnaire (IPAQ,
short last 7-day format), with minor modifications [26].
Dietary intake was obtained by using 3-day food records
(2 weekdays 4+ 1 weekend). During the intervention, all
participants were asked to complete a brief questionnaire
and a 3-day food record every 4 weeks. The brief
questionnaire included information on compliance, sun
exposure, travel history, any illnesses, or using non-trial
vitamin D supplements, calcium supplements or any
medications. Sun exposure levels were estimated by self-
reported outdoor hours between 10:00 a.m and 3:00 p.m
per week, and sun exposure protection score was calculated
according to frequency of wearing hat, long sleeves and
sunscreen within previous month.

Physical examinations were performed at baseline and the
end of the 16-week period by trained medical professionals
utilizing a standardized protocol. Body weight and height
were measured in light indoor clothing without shoes to the
nearest 0.1 kg and 0.1 cm, respectively. BMI was calculated
as weight (kg) / height (m)®>. Waist circumference was
measured at the midpoint between the lowest rib and the iliac
crest to the nearest 0.1 cm after exhalation using non-stretch
tape measures. Blood pressure was measured three times by
an electronic blood pressure monitor (Omron HEM-7000,
OMRON Healthcare, Inc., Japan) on the left arm of the
participant in a comfortable sitting position after resting at
least 5 min, and the mean of the last two measurements was
used for analyses. During the intervention, body weight and
blood pressure were measured every 4 weeks.

Biochemical analyses

Overnight fasting blood and urine samples were collected
at weeks 0, 1, 3, 6, 10 and 16. Serum 25(OH)D concen-
trations were assayed by utilizing a liquid chromatogra-
phy—-mass spectrometry with deuterated internal standards
(regarded as the gold standard method) [27]. Serum PTH
was measured by an enzyme-linked immunosorbent assay
kit (MD Biosciences Inc, Ziirich, Switzerland). Serum
alanine transaminase (ALT), aspartate aminotransferase
(AST), gamma-glutamyltransferase (GGT), creatinine and
calcium were measured by an automatic biochemical ana-
lyzer (Hitachi 7080) with reagents purchased from Roche
Diagnostics (Mannheim, Germany). All of the intra-assay
and interassay coefficients of variation were <10 %.

Safety assessment
All participants were asked to report immediately to
research team members if they experienced any adverse

events such as diarrhea, cold and stomach discomfort.
Serum calcium, biomarkers of liver and renal function
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(ALT, AST, GGT, and creatinine) and 25(OH)D concentra-
tions were used to monitor occurrences of hypercalcemia
(serum calcium > 2.6 mmol/L) and hypervitaminosis D
[serum 25(OH)D > 220 nmol/L, the no-observed-adverse-
effect level (NOAEL)] [28]. Other abnormal parameters
of laboratory assays were defined according to corre-
sponding normal ranges: ALT > 40 IU/L; AST > 40 IU/L;
GGT > 32 IU/L in women and >50 IU/L in men; or creati-
nine >84 umol/L in women and >104 umol/L in men.

Statistical analysis

Intention-to-treat analysis was applied. Normal or non-
normal distribution quantitative and categorical variables,
described as mean £+ SDs or median (interquartile range)
and proportions, were compared across five arms by using
ANOVA or Kruskal-Wallis test and Fisher’s exact test,
respectively. A mixed-effects model was used to assess the
effects of vitamin D3 dose and treatment duration on serum
25(OH)D concentrations. The dose and visit time were
included as fixed effects, and the participant was included
as a random effect. Interactions between dose and time
were also explored. ANCOVA was used to analyze overall
group difference at weeks 0, 1, 3, 6, 10 and 16, followed
by a Fisher’s least significant difference (LSD) multiple-
comparisons test with adjustments for age, gender and
baseline 25(OH)D concentrations (not for the comparison
at week 0). RDA of vitamin D was defined as a sufficient
dose of this nutrient to meet a targeted 25(OH)D value in at
least 97.5 % healthy people. Considering the insufficiency
cutoff of 50 nmol/L suggested by IOM, the RDA of
vitamin D would be a given dose when 95 % prediction
lower limit of circulating 25(OH)D > 50 nmol/L [17,
21]. Since the relation between 25(OH)D and bone health
outcomes has not been established in Asians, the RDA at
a targeted level of >30 and 40 nmol/L was also explored,
respectively. To estimate the 95 % prediction limits for
serum 25(OH)D concentrations at week 16, one thousand
bootstrapped samples were employed in each arm.
Changes in all variables were calculated by subtracting
the baseline values from the values at week 16. Multiple
linear regression was applied to explore influencing factors
related to serum 25(OH)D concentrations, including age,
gender, BMI, treatment dose, baseline 25(OH)D, physical
activity, smoking status, alcohol use, sun exposure, sun
protection score and dietary calcium intake. A partial
correlation coefficient was used to assess the correlation
between change of PTH and change of 25(OH)D with
adjustments for age and gender. The effects of vitamin D3
doses on changes of PTH, calcium, ALT, AST, GGT and
creatinine were evaluated by general linear regression with
adjustments for age and gender. PTH, ALT, AST and GGT
were log-transformed before analyses to approximate the
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normal distribution. Occurrence of adverse events was
counted as person*times for each arm at multiple time
points (week O, 1, 3, 6, 10 and 16). Data were analyzed
using SAS, version 9.3 (SAS Institute, Cary, NC, USA),
and P < 0.05 (two-sided) was considered statistically
significant.

Results
Baseline characteristics

The mean (SD) baseline 25(0OH)D concentration
was 31.6 (8.7) nmol/L without gender difference
(32.9 £ = 9.04 nmol/L for men and 30.5 4+ 8.43 nmol/L
for women, P = 0.15). After randomization, participants in
the five arms showed similar characteristics, except higher
sun exposure in the placebo arm (Table 1). A total of 73
subjects (96 %) completed the 16-week trial, and three
participants dropped out due to job transfer (in the 800
and 2000 IU/d groups) or having a kidney stone (in the
1200 IU/d group) (Fig. 1). The overall compliance rate was
high with 98.9, 99.1, 97.6, 99.1 and 98.8 % for 0, 400, 800,
1200 and 2000 IU/d group, respectively.

Dose-response between vitamin D3 supplementation
and serum 25(OH)D

As shown in Table 2, the mean serum 25(OH)D concen-
trations increased significantly from week 1 to week 16
in all vitamin D3 supplemented arms (all P < 0.001), and
the mean + SD 25(OH)D increments per 1 g vitamin D3
(the slope of response, 1 g = 40 IU) were 2.17 £ 1.58,
1.32 £+ 0.63, 1.07 £ 0.43 and 0.73 + 0.52 nmol/L/pg
for 400, 800, 1200 and 2000 IU/d group (all P < 0.001),
respectively. When considering between-group differences
among four treatment arms at each visit, 25(OH)D was
significantly higher only in the 2000 IU/d group than in
the 400 IU/d group (P < 0.04) since week 3. The different
significance became marginal when using Fisher’s LSD in
multiple-comparisons test (P > 0.07). The placebo group
also showed seasonally increased 25(OH)D from winter to
spring during the trial (P = 0.002).

A significant interaction between dose and time for
25(OH)D was observed (P for interaction <0.001),
after adjusting for age and sex (Table 2). The interaction
remained significant when further controlling for BMI,
calcium intake, smoking status, alcohol use, sun exposure,
using sunlight protection and physical activity (P < 0.001).
At each given vitamin D3 dose, serum 25(OH)D rose
steadily for the first few weeks and then leveled off at
approximately week 6 (Supplemental Fig. 1), although

larger slopes and higher plateau concentrations appeared in
the groups with higher daily doses of vitamin D3.

After the 16-week trial, 29.8 % (17/57) and 82.5 %
(47/57) participants in four treatment arms had
25(OH)D < 50 and 75 nmol/L, respectively. The 95 %
prediction intervals were 9.4-66.5 for 0 IU/d, 21.5-77.9
for 400 IU/d, 30.5-86.5 for 800 IU/d, 34.5-90.5 for
1200 IU/d and 34-92.5 nmol/L for 2000 IU/d group in
the 1000 bootstrapped samples (Fig. 2), and no treated
group attained 25(OH)D > 50 or 40 nmol/L in at least
97.5 % of the participants, let alone 75 nmol/L. Estimated
average requirements were 400 IU/d to achieve 25(OH)
D > 50 nmol/L. The RDA of vitamin D would be 800 IU/d
at an targeted 25(OH)D > 30 nmol/L. When potential
confounding factors were examined by using multiple
regression analysis, only vitamin D3 dose (P = 0.026) and
initial 25(OH)D concentration (P = 0.01) significantly
influenced serum 25(0OH)D response (Supplemental
Table 1). Participants with lower initial 25(OH)D tended to
have a relatively greater response.

Serum PTH and its relation with 25(OH)D

The mean serum PTH concentrations in the five arms
tended to decline from baseline to the end of the trial,
but a significant reduction in this hormone was detected
only in the 1200 IU/d [median and interquartile range:
—8.7(—19.4, 4.0) pg/ml] and 2000 IU/d [-3.3 (—16.2,
—0.24) pg/ml, both P = 0.03]. As indicated by Fig. 3, the
change of PTH concentrations was inversely associated
with 25(OH)D concentrations change (r, = —0.39,
P < 0.001, adjusted for age and sex). No between-group
differences in PTH were found among the five arms.

Adverse events

During the 16-week trial, 25 participants reported getting
a cold, or having stomach discomfort, and one of them
(in the 1200 IU/d group) was diagnosed with a kidney
stone at week 10 (Table 3). No hypervitaminosis D
was detected with the highest value of 25(OH)D being
123.9 nmol/L, far below then 220 nmol/L defined as the
no-observed-adverse-effect level NOAEL [27]. Except
for a few occasions, serum calcium values in the five
arms were generally lower than 2.6 mmol/L (the cutoff
for hypercalcemia) at most time points during the study
(Supplemental Fig. 2). Likewise, the markers of liver
and renal function (ALT, AST, GGT and creatinine) also
remained within the normal ranges with a few exceptions
(Supplemental Fig. 2). No between-group differences were
observed in the change in serum calcium, ALT, AST, GGT
and creatinine (P > 0.22).

@ Springer



388

Eur J Nutr (2016) 55:383-392

Table 1 Baseline characteristics

Characteristic Vitamin D3 dose (IU/d) P
0 400 800 1200 2000

N 16 15 15 14 15 0.99
Male [n ( %)] 7 (44) 6 (40) 7 (47) 7 (50) 7 (47) 0.99
Age (y) 32.9 + 6.86% 353 £6.80 31.8 £691 343 £6.98 33.5£8.04 0.95
Education (y, n) 0.15

0-6 1 2 2 3 2

7-9 6 6 0 2 3

>10 9 7 13 9 10
Marital status (n) 0.79

Married 11 12 10 8 10

Not married 5 3 5 6 5
Travel to sunny region during the preceding 0.74

month (n)

Yes 0 0 1 0 1

No 16 15 14 14 14
Current smokers [n ( %)] 4(25) 2(13) 3(20) 0(0) 2(13) 0.37
Alcohol drinkers [n ( %)] 7 (44) 7 (47) 5@33) 2(14) 5(33) 0.38
Dietary calcium intake (mg) 586 + 211 485 £+ 318 534 + 167 468 £ 235 534 + 293 0.64
Physical activity® 0.30

High 7 9 5 4 3

Moderate 9 6 10 9 11

Low 0 0 0 1 1
Sun exposure (h/week)” 6.3 (3.4,8.8) 3.6(1.3,6.4) 4.6 (29,7.9) 2.2(1.9,3.8) 2.8(2.0,4.6) 0.04
Sun protection score® 54+29 40+ 1.5 42+0.8 44+12 42+0.8 0.14
BMI (kg/m?) 21.7+2.5 21.4+1.5 22.2+1.8 22.0+2.2 222414 0.32
Waist circumference (cm) 774 +£7.43 73.8 £4.17 774 £6.52 76.7 £ 6.39 774 +£6.28 0.44
Hip circumference (cm) 92.5 £ 6.05 91.3+4.24 92.5 £ 3.63 93.2 +4.68 93.0 £ 4.63 0.78
SBP (mmHg) 110.1 £ 11.3 111.5+£9.51 107.8 + 6.63 111.2 + 14.8 109.1 +£9.54 0.88
DBP (mmHg) 72.5 +£7.08 74.4 +£5.20 71.1 £7.48 73.8 £9.34 70.4 +6.84 0.51
25(OH)D (nmol/L) 33.5+ 845 32.6 £10.5 30.9 £ 8.34 32.24+10.2 28.8 £5.99 0.61
PTH (pg/mL) 27.4 (24.3,33.1) 24.2(20.5,38.0) 25.4(17.4,31.1) 30.4(20.7,45.1) 32.2(26.1,38.4) 0.37
ALT (IU/L) 15.5(11.5,17.0) 18.0(13.0,20.0) 16.0 (14.0,26.5) 15.5(12.0,17.0) 14.0(13.0, 18.5) 0.61
AST (IU/L) 15.5 (14.0,20.0) 19.0(17.0,21.5) 20.0(16.0,22.0) 16.5(15.0,22.0) 17.0(15.0,19.0) 0.16
GGT (IU/L) 14.0 (10.0, 17.5) 13.0(10.0, 16.5) 15.0(12.5,21.0) 15.0(11.0,18.0) 12.0(11.0,17.5) 0.77
Creatinine (umol/L) 67.6 = 14.5 63.7 £ 13.1 68.7 £ 14.7 66 +12.8 654 +129 0.79
Calcium (mmol/L) 2.44 +0.09 241 +£0.07 243 £0.07 241 £ 0.07 2.40 £ 0.06 0.12

Data were mean + SD, median (interquartile range) and n (%) for normal or non-normal distribution variable and categorical variable

ALT Alanine transaminase, AST Aspartate aminotransferase, BMI body mass index, DBP diastolic blood pressure, GGT gamma-glutamyltrans-
ferase, PTH parathyroid hormone, SBP systolic blood pressure, 25(OH)D 25-hydroxyvitamin D

# Overall group difference was determined by ANOVA, Kruskal-Wallis test and Fisher’s exact test for normal, non-normal distribution and cat-

egorical variable, respectively

b Physical activity was categorized as three levels (high, moderate and low) based on the International Physical Activity Questionnaire (IPAQ)

¢ Sun exposure and sun protection score were based on a sun exposure assessment questionnaire

Discussion

To the best of our knowledge, this was the first report
of a randomized, placebo-controlled trial evaluating a
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dose-response relationship between vitamin D3 sup-
plementation and serum 25(OH)D among Asian people.

At each given dose, circulating 25(OH)D increased in a
curvilinear fashion with a plateau around week 6. Our
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Table 2 Serum 25(OH)D concentrations during the intervention period by arms

Week Vitamin D3 dose (IU/d) pP?
0 400 800 1200 2000
0 335485 32.6 +10.5 309+ 8.3 3224102 28.8 + 6.0 0.62
1 33.2 4+ 8.1¢ 39.0 +9.9° 39.6 &+ 6.3° 422 + 8.4° 40.7 + 8.8° <0.001
3 33.8+9.5¢ 479 +12.5° 51.1 £10.1° 527 £11.1° 55.5+17.9>¢ <0.001
6 33.2+104¢ 542 + 14.5° 58.9 +10.8° 61.7 £9.3° 64.4 £ 22.9%¢ <0.001
10 36.1 £ 11.6¢ 552+ 13.2° 60.6 £ 13.6° 63.6 £11.5° 65.1 £ 25.0%°¢ <0.001
16 39.5+11.1¢ 543 +17.3° 57.6 £ 12.4° 64.1 +£13.8° 65.2 £ 23.7%¢ <0.001
Pl 0.0014 <0.001 <0.001 <0.001 <0.001 P for interaction < 0.001°

Data are mean £ SD, nmol/L. 25(OH)D, 25-hydroxyvitamin D

% Overall group difference at each visit was determined by ANCOVA, adjusted for age, sex and corresponding baseline value (except at week 0)

b

line value (except at week 0)

p < 0.05, placebo group vs each vitamin D treated groups at each visit time point by ANCOVA, adjusted for age, sex and corresponding base-

¢ p <0.05, 400 TU/d group vs placebo, 800, 1200 and 2000 IU/d group at each visit time point by ANCOVA, adjusted for age, sex and corre-

sponding baseline value (except at week 0)

9 A mixed effect model was used to assess the effect of time on variables across all visit times. The visit time was included as a fixed effect (cat-

egorical variable), and the participant was included as a random effect

¢ A mixed effect model was used to explore interaction between dose and time. Dose and time were included as fixed effects; the participant was

included as a random effect, adjusted for age and sex
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Fig. 3 Plot of PTH, 25(OH)D concentration change of all subjects
pre- and post-intervention. PTH was natural log-transformed before
analysis. The correlation coefficient between change in In-PTH and
change in serum 25(OH)D (week 16—week 0) was —0.39 (P < 0.001,
adjusted for age and sex). PTH parathyroid hormone, 25(OH)D
25-hydroxyvitamin D

data suggested that 2000 IU/d could not achieve targeted
25(OH)D > 50 nmol/L in at least 97.5 % Chinese, while no
major adverse outcomes were observed even with the toler-
able upper intake level (UL, 2000 [U/d) in China.

Although racial differences were suggested between
white and African-Americans when considering the
relationship between 25(OH)D and bone or cardiometabolic
outcomes [9, 29, 30], there was no appreciable difference
in our study and others in terms of threshold for efficacy,
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Table 3 Occurrence of adverse events during intervention®

d

Vitamin D3 dose (IU/d) Self-reported® Hypercalcemia® ALT¢ AST¢ GGT! Creatinine
0 3 2 3 0 1 1
400 5 2 1 1 3 1
800 4 0 4 1 0 0
1200 6 1 4 1 0 0
2000 6 4 1 0 0 0

# Occurrence was counted as person X times for each arm. ALT alanine transaminase, AST aspartate aminotransferase, GGT gamma-glutamyl-

transferase

® Self-reported adverse events were mainly colds or stomach discomfort

¢ Hypercalcemia was defined as serum calcium: >2.6 mmol/L

9 The normal range: ALT: 0-40 IU/L; AST: 840 IU/L; GGT: 7-32 IU/L in women and 11-50 IU/L in men; and creatinine: 45-84 umol/L in

women and 59-104 umol/L in men

defined as the average increment of circulating 25(OH)
D response to vitamin D3 supplementation (nmol/L/ug,
1 ug = 40 IU). For instance, we found that the efficacy
at week 16 was from 2.2 to 0.73 nmol/L/ug for the 400-
2000 IU/d groups, while increments at the same doses
were about 3—0.5 nmol/L/pg in American whites [31, 32]
and were 1.1 and 0.76 nmol/L/pg for 800 and 2000 IU/d
vitamin D3 in African-American women [33]. Despite
similar efficacy of vitamin supplementation, several risk
factors for poor vitamin D status, including lower dietary
intake, rare use of multivitamin supplementation, air
pollution, limited outdoor activity and lower skin synthesis
for vitamin D, are more pronounced in Asians than
Caucasians [34]. On the other hand, the current RDAs and
ULs for vitamin D are lower in China (400 and 2000 1U/d)
and other Asian countries like Japan (200 and 2000 IU/d)
and Koran (200 and 2400 IU/d) than those in the USA (600
and 4000 1U/d) [17, 35-37]. However, with 400-2000 IU/d
vitamin D3 doses, we did not observe any major adverse
events except that one person in 1200 IU/d group was
diagnosed with kidney stone at week 10. Since we did not
exclude this preexisting condition in this person, no causal
relation could be inferred in this case.

In this study, the response of serum 25(OH)D to each
dose of vitamin D3 reached a plateau at approximate week
6, though higher dose groups tended to have steeper slopes
initially and a higher overall magnitudes of increase (Fig. 2).
Asian Indians may have a faster clearance rate of 25(OH)
D, owing to observed higher activity of a key enzyme in
the catabolism, namely 25(OH)D-24-hydroxylase, in
comparison with Caucasians [38]. Although few studies
have evaluated the time course of changes of 25(OH)
D concentrations with multiple doses of vitamin D3, our
finding was similar to the results from some earlier trials in
Western populations. In an 11-week trial conducted in 20
healthy Boston residents (42°N latitude), a 6-week plateau
was observed after administrating 1000 IU/d vitamin D3

@ Springer

capsules [39]. Although factors such as smoking status,
age, weight, BMI and multivitamin supplements intake
may affect the response [19, 21, 24], only the treatment
doses and baseline 25(OH)D values significantly influenced
the response of vitamin D3 supplementation in our
multivariate analyses (Supplemental Table 1). This may be
due to the limited sample size and the narrow range of BMI
(18.5 <BMI <25 kg/mz). Taken together, our data showed
comparable time to achieve a steady state of circulating
25(0OH)D in Chinese as in other ethnic groups.

According to our result, even with the UL for vitamin D
(2000 IU) in China could not achieve the IOM recommended
25(OH)D of 50 nmol/L. in Chinese adults with vitamin D
deficiency. Previously, Gallagher et al. [21] estimated that
RDAs were 800 IU/d for postmenopausal whites and elderly
African-American women with vitamin D deficiency [40] and
were 800—1600 IU/d for African-Americans aged 25-45 years
[41]. Recently, Ng et al. [24] proposed even higher RDA
(1640 IU/d) for African-American women with median
age 51 years. The discrepancies in the estimated RDAs
for vitamin D between IOM and the recent trials might be
partially attributed to different latitude and/or baseline 25(OH)
D values [19, 21, 40, 41]. It was noteworthy that the RDAs
recommended by IOM did not take into account the between-
individual variations at any given dose (only between-study
variations), since the committee only summarized the mean (or
median) responses of serum 25(OH)D values to total vitamin
D intake from different studies by using a mixed effect model
[42]. With the same approach, the estimated RDA in our study
would be 800 IU/d, if the individual responses were replaced
with the mean response. This suggests that the current RDA
for vitamin D may be seriously underestimated by the IOM
committee. Furthermore, the RDA recommended by IOM
was targeted 25(OH)D > 50 nmol/L to maximize bone health
and muscle function, according to the data mainly from
white and Africans-Americans [17]. As ethnic differences
were noticed in the relation between bone mineral density
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and fractures [29], it is important to determine the relations
not only between vitamin D intake and circulating 25(OH)D
concentrations, but also between the targeted 25(OH)D values
and bone health in Asians.

Consistent with earlier studies [43], we also observed
an inverse association between change in serum 25(OH)
D and change in PTH concentrations. Previously,
Holick et al. [1] found that the inverse association
between 25(OH)D and PTH values appeared when
circulating 25(OH)D < 75 nmol/L, the concentration at
which PTH began to level off. In our study, serum PTH
concentrations were reduced significantly when 25(OH)
D values were 64.1 (13.8) nmol/L for 1200 IU/d and
65.2 (23.7) nmol/L for 2000 IU/d group. Low 25(OH)
D concentration may suppress calcium absorption and
lower circulating calcium concentration, which could
promote secretion of PTH and eventually stimulate kidney
producing 1,25-dihydroxyvitamin D [1,25(OH),D], a more
biologically active form of vitamin D [8, 44].

Our study had several strengths: (1) the compliance
rate was very high and sun exposure and travel history
were closely monitored; (2) serum 25(OH)D, calcium and
biomarkers of liver and renal function were measured at
multiple time points to evaluate the time course and potential
side effects. Admittedly, our study also had some limitations:
(1) the sample size was small, which might have limited
power to detect the between-group differences; (2) we were
not allowed to examine the efficacy and safety beyond the
current UL for vitamin D in China; and (3) with relatively
young participants (2045 years) in the study, it is unknown
whether our results could be generalized to older age groups.

In conclusion, daily supplementation with 2000 IU vitamin
D3 for 16-week improved 80 % of vitamin D deficiency in
healthy Chinese without major adverse reactions. However,
even with the UL dose in China, it was still insufficient to
achieve the 25(OH)D > 50 nmol/L recommended by the
IOM. More studies with larger dose range of vitamin D and
larger sample sizes are urgently needed to determine proper
vitamin D intake and also the relation between 25(OH)D and
bone health in Asian populations.
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