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Abstract: Background: Widespread prevalence of vitamin D deficiency has been documented glob-
ally. Commonly used interventions to address this deficiency include supplementation and/or
fortification with either ergocalciferol (vitamin D;) or cholecalciferol (vitamin Dj3), but the relative
efficacy of these two vitamers is unclear. The current study aimed to evaluate the relative efficacy of
ergocalciferol (vitamin Dy) and cholecalciferol (vitamin Dj3) for raising the serum levels of vitamin D
metabolites and functional indicators including serum parathyroid (PTH) levels, isometric muscle
strength, hand grip strength and bone mineral density. Methods: Randomized and non-randomized
controlled studies evaluating relative efficacy of ergocalciferol and cholecalciferol were systemat-
ically reviewed to synthesize quantitative and qualitative evidence as per the recommendations

check for of according to “Preferred Reporting Items for Systematic reviews and Meta-analysis” guidelines.
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Search terms were constructed on the basis of the “participants”, “intervention”, “control”, “out-
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come” and “study type” (PICOS) strategy to systematically search the popular electronic databases.
Relevant data from studies meeting inclusion and exclusion criteria were extracted and analyzed.
Meta-regression, subgroup and sensitivity analyses were performed to investigate the influence of
study-level characteristics including intervention dosage, frequency of dosing, interval between
Improving Vitamin D Status: the last dose and test for outcome assessment, participant characteristics and analytical methods.
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Results: Apparently healthy human participants (n = 1277) from 24 studies were included for meta-
analysis. The quantitative analysis suggested higher efficacy of cholecalciferol than ergocalciferol in
improving total 25(OH)D (mean difference: 15.69, 95%CI: 9.46 to 21.93 nmol/L) and reducing PTH
levels, consistently across variable participant demographics, dosage and vehicle of supplementation.
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Meta-regression suggested smaller differences in the efficacy of cholecalciferol and ergocalciferol
at lower doses. Average daily dose was the single significant predictor of effect size, as revealed
by multivariate meta-regression analysis. Conclusions: Compared to ergocalciferol, cholecalciferol
intervention was more efficacious in improving vitamin D status (serum levels of total 25(OH)D
and 25(0OH)D3) and regulating PTH levels, irrespective of the participant demographics, dosage and

vehicle of supplementation.
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1. Introduction

Vitamin D is a group of fat-soluble vitamins traditionally recognized for its role in
maintaining the homeostasis of calcium and phosphorous. Vitamin D commonly occurs
in two forms: vitamin D, and vitamin Dj3. Vitamin D3, also known as cholecalciferol,
is synthesized de novo in the skin on exposure to ultraviolet-B radiation, and it is also
available from animal source foods [1]. Vitamin D, (ergocalciferol) is obtained from plants,
particularly mushrooms and yeast. Structurally, vitamin D, differs from vitamin D3 in
having a double bond between Cy; and Cy3 and a methyl group at Cy4 [2]. Vitamin D; and
vitamin D3 undergo two sequential enzymatic hydroxylation reactions to be biologically
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active. The first hydroxylation occurs in the liver, which results in conversion of vitamin
D, and vitaminDs3 to 25(0OH)D, and 25(0OH)D3, respectively. The second reaction occurs in
the kidneys, wherein 25(OH)D, and 25(OH)Ds are converted to their respective biologi-
cally active forms 1,25 dihydroxy vitamin D, and 1,25 dihydroxy vitamin D3 [1]. As the
circulating levels of total 1,25(OH),D are homeostatically regulated, serum total 25(OH)D
is considered to reflect the vitamin D status [3]. Both ergocalciferol and cholecalciferol are
reported to exhibit similar potency in terms of their ability to cure vitamin D deficiency
rickets [1].

Vitamin D deficiency is currently a global health problem. It is estimated that about
30% of adults have vitamin D deficiency (serum 25(OH)D < 50 nmol/L) and about 60% have
insufficiency (serum 25(OH)D 50-75 nmol/L) [4]. The underlying reasons are probably
multi-factorial including socio-cultural practices of avoiding sun exposure, dietary restric-
tions, environmental pollution, increased prevalence of obesity and genetic causes [5,6].
Tropical countries (such as India) with abundant sunlight are no exception, as high preva-
lence of vitamin D deficiency (30-80%) has been reported among adults [4] as well as
among children and adolescents [7]. In addition to its classic functions, recent research
also suggests the potential benefits of vitamin D in diabetes mellitus, metabolic syndrome,
malignancy, hypertension, cardiovascular illness and neuropsychiatric disorders [8-10].
Alleviating vitamin D deficiency is, therefore, of public health significance.

Therapeutic supplementation and food fortification are the commonly used strategies
for improving vitamin D status. Multiple intervention studies have demonstrated the
efficacy of vitamin D (vitamin D, or vitamin D3) supplementation, either as a single
large bolus or given in divided doses by oral and parenteral routes, in raising the serum
levels of the respective forms of 25(OH)D to varying levels [11,12]. Though both the
vitamers increase the serum or plasma total 25(OH)D levels, their relative efficacy remains
unclear. The national guidelines on food fortification in many countries including India
do not specify the choice of the vitamin D fortificant and recommend a similar dose of
vitamin D, and Dj, This is based on the assumption that the two vitamers have similar
biological activities and are equally potent [13]. However, the equivalent potency of the
two forms of vitamin D is based on studies on prevention and cure of rickets with either of
the two vitamers in experimental animals and humans [14]. However, in order to enhance
the effectiveness of the food fortification program, there is a need to evaluate the relative
efficacy of these two vitamers in improving the serum vitamin D levels and influencing
parathyroid hormone (PTH), a biomarker of bone mineral metabolism.

Previous systematic review concluded that cholecalciferol is more efficacious than
ergocalciferol in raising the serum levels of total 25(OH)D [15]. As the metabolites of
vitamin D; and vitamin Dj are structurally different, studies comparing the efficacy of
these two forms should ideally also estimate the individual metabolites: 25(OH)D, and
25(OH)D3. However, some of the studies included in the above meta-analysis did not
report this crucial information [16-19]. Further, the relative effect of these two vitamers on
serum PTH levels was also not evaluated. There is thus a need for a systematic review to
evaluate the relative efficacy of vitamin D, and Dj in raising the serum levels of different
metabolites of vitamin D (total 25(0OH)D, 25(OH)D; and 25(0OH)D3) and in modulating
calcium homeostasis, as measured by serum PTH levels. Further, it is imperative to examine
the relative efficacy of these two vitamers in relation to the baseline vitamin D status for
better targeting of the intervention and in relation to the intervention dosage, frequency of
dosing and duration of supplementation in order to understand their relative efficacy at
different dosage regimes and during short-term and long-term use. Information on these
aspects would be helpful for public health policy and practice.

We, therefore, conducted this systematic review to evaluate the relative efficacy of
ergocalciferol and cholecalciferol supplementation in raising the serum levels of vitamin D
metabolites (total 25(OH)D, 25(OH)D, and 25(0OH)D3) and functional indicators such
as serum PTH, isometric muscle strength, hand grip strength and bone mineral density.
Additionally, we explored the influence of various study-level characteristics including
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the dose of the intervention, dosing frequency, interval between the last dose and time of
sample collection for the outcome assessment and average age of the participants on the
outcome parameters using meta-regression analyses.

2. Methods

The study protocol was registered at PROSPERO (ID = CRD42018108202) [20] and
executed as per the recommendations of “Preferred Reporting Items for Systematic reviews
and Meta-analysis (PRISMA)” [21].

2.1. Criteria for Considering the Studies

Randomized and non-randomized controlled studies directly investigating the rel-
ative efficacy of ergocalciferol and cholecalciferol intervention (by either conventional
supplementation/food fortification) in apparently healthy human participants were consid-
ered for the review. Studies explicitly intervening in patients with either acute or chronic
conditions such as cardiovascular, liver, kidney, neuropsychiatric disorders, Human Im-
munodeficiency Virus (HIV) infection, cystic fibrosis and cancer were excluded.

2.2. Search Methods for Identification of Studies

Potential studies were identified by systematic search of various digital repositories
(PubMed, Cochrane, Latin American and Caribbean Health Sciences Literature, Scientific
Electronic Library Online, Pan American Health Library, WHO Library and Indian Medical
Journals), clinical registries (WHO, European union, NIH U.S. National Library of Medicine,
International Standard Randomized Controlled Trial Number Registry, Clinical Trials
Registry-India, German Clinical Trials Register, Pan African Clinical Trial Registry, The
Netherlands National Trial Register, Norway clinical research) and conference proceedings
using key words (systematically searched sources are listed at PROSPERO registration
ID = CRD42018108202) [20]. The search terms were constructed on the basis of the PICOS
(i.e., participants, intervention, control, outcome and study type) strategy endorsed by
Cochrane collaboration [21]. The details of electronic search terms and inclusion/exclusion
criteria are provided at the PROSPERO registration [20] and in the Appendix. The electronic
search was initially performed from the date of inception to 31 September 2019 and updated
on 19 June 2021. We employed “sensitivity and precision maximizing version” strategy to
identify the relevant studies [21].

2.3. Data Collection and Analysis

All citations resulting from the electronic search were compiled using Endnote (Version 9),
and duplicates were removed. Authors (R.B., R.P.) independently screened titles and ab-
stracts of all the articles for their inclusion.

Full texts of articles identified during screening were further scrutinized for their
inclusion. Information on the estimates of vitamin D metabolites such as serum levels of
total 25(OH)D, 25(0OH)D,, 25(0OH)D3, functional indicators such as serum PTH, isometric
muscle strength, hand grip strength and bone mineral density were extracted from each of
the included studies, wherever available.

2.4. Data Extraction and Management

A structured data sheet was used to extract details from the included studies such
as the year of publication, country/place of study, details of the intervention (duration,
dosage, route of administration, vehicle used for supplementation and season, interval
between the last dose and the test for outcome assessment), sample size, male—female
ratio, mean and standard deviation of outcome parameters (vitamin D metabolites and its
functional markers described above) and techniques employed to measure the outcome
parameters. Duplication of data (publication) was investigated in the included studies as
recommended by Cochrane (Section 5) [21].
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2.5. Assessment of Risk of Bias

The risk of bias was independently evaluated by the authors using a structured spread
sheet. The domains-random sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment, incomplete outcome data,
selective reporting and other bias were rated according to the ‘Risk of bias” assessment
tool described in Cochrane Handbook for Systematic Reviews of Interventions [21]. Dis-
agreement was resolved by discussion among authors (R.B., R.P. and B.K.). Additionally,
funnel plot symmetry was visually inspected to assess publication bias as a source of
heterogeneity.

2.6. Measures of Treatment Effect

Mean and standard deviation (SD) (or equivalent) of the outcome variables were
pooled from all the included studies to execute the meta-analysis. Studies reporting
post-intervention changes (A) from baseline were directly recorded for quantitative anal-
ysis [18,22-28]. In case of studies reporting baseline and final (post-intervention) val-
ues [16,19,29-40], the mean and SD of post-intervention changes were calculated using
Monte Carlo simulation (Microsoft excel function). Lastly, for those studies reporting the
results with box-and-whisker plots, a web-plot application was used to manually extract
mean and confidence intervals [41]. The SD was derived from confidence interval using

_ /nx(upperCI—lowerCI)
SD = 2%('Ta,df)

dence interval, t value distribution and degree of freedom respectively) [21]. All included
studies analyzed and reported the results as per the principles of intention-to-treat.

Meta-analysis was conducted using RevMan 5.3 [42] utilizing the generic inverse vari-
ance method. A random-effect model was used in anticipation of contextual heterogeneity
among the studies. Two-sided p < 0.05 was considered statistically significant.

(where, SD, CI, T and df indicate standard deviation, confi-

2.7. Assessment of Heterogeneity

The influence of heterogeneity was evaluated by (1) visual inspection (inconsistency)
of forest plots, (2) standard Chi? test (p < 0.1) and (3) I? statistic (>75%). Further, the
source of heterogeneity was investigated by manually inspecting variables (sensitivity
analysis) such as study participants, study setting, dose and duration of the intervention
and co-interventions as well as methodological factors including study duration, season,
method of sequence generation, allocation concealment, blinding of outcome assessment
and losses to follow-up. Additionally, the heterogeneity due to study-level characteristics
was explored using sub-group analyses and meta-regression with the random effect model.

2.8. Subgroup Analysis and Sensitivity Analysis

Subgroup analysis was performed when a minimum of 10 studies were available.
We performed several subgroup analyses based on (a) baseline vitamin D status (serum
25(OH)D level <50 nmol/L vs. >50 nmol/L), (b) frequency of intervention (daily vs. single
dose), (¢) total intervention dose (<60,000 IU, 60,000-300,000 IU and >300,000 IU), (d) aver-
age dose per day (<1000 IU, 10004000 IU and > 4000 IU), (e) dose-test interval (<14 day vs.
>14 days), (f) age of the participants (<65 years vs. >65 years) and (g) analytical methods
(radioimmunoassay (RIA)/high-performance liquid chromatography (HPLC)/liquid chro-
matography mass spectrometry (LCMS)). Two-sided p < 0.1 was considered statistically
significant for the subgroup analysis and heterogeneity test [43].

2.9. Meta-Regression

Meta-regression was conducted to explore the contribution of various study character-
istics on heterogeneity (for continuous variables). Bubble plots were constructed for those
variables identified to be significant (p < 0.05). R-studio (Metafor package) was used for
conducting meta-regression analysis.
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3. Results

The details of the electronic search and studies excluded at intermediate steps are
described in the flowchart (Figure 1). The systematic review identified 24 studies; however,
data from two studies were not included in the quantitative analysis (meta-analysis)
because precise estimates of central tendency and data dispersion were not available due
to graphical reporting and lack of response to our request from the primary authors [43,44].
Therefore, 22 studies were finally included in the quantitative data analysis (i.e., meta-
analysis), whereas all 24 studies were included in the qualitative analysis (systematic
review). All the studies meeting the inclusion and exclusion criteria involved random
allocation of participants to receive either ergocalciferol or cholecalciferol (with occasionally
an additional placebo group) for evaluating the efficacy of the two vitamers.

Total records identified (n)= 5408

)

Records identified through database Additional records identified through
- searching clinical registries
§ Pub.\led(!338)~ (n=0)
= Science Direct (2498),
g Cochrane (597),
- IBECS* (5),
Ly SciELO2 (75) &
LILACS® (905)
—
) i
= Duplicates = 1421
oL
- v
=
: f
e Records_ screelxgd alter Records excluded after full text screening = 3904
& removing duplicates Animal studies = 964
(n=3987) Population estimation = 69
Review, commentaries, letter to editor = 291
e s Involvement of patients = 778
——————® | Other reasons (not fulfilling the inclusion criteria) = 1798
Non-availability of full text =4
£
E Full text articles
E‘ assessed for eligibility
= (n=83)
Records excluded after assessing the full text articles = 58
Population estimation = 16
——» | Proposals=4
R— Involved patients = 26
Did not compare D2 & D3 intervention = 10
Non English text = 3
E Studies included
= -2
= (n=24)
=
-
—

* IBECS: Virtual Health library database search:

2 SciELO: Scientific Electronic library:

*LILACS: Literature in the Health Sciences in Latin America and the Caribbean

Figure 1. Flow diagram as per PRISMA recommendations. Legend: The flow chart illustrates the

number of articles included and excluded at various steps.

A total of 1277 participants were included in the meta-analysis, of which 644 received
cholecalciferol and 633 received ergocalciferol intervention. Details regarding the study
design, objectives, participants, interventions (as well as its adherence and dose received
in the month before the outcome assessment), intake of additional calcium supplements
(with equal doses in the two arms), exposure to UV-B radiation (e.g., sunlight), analytical
methods and outcome variables evaluated are described in Table 1. Further, the risk of bias
for each domain for all the included studies is described in Table 2.
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Table 1. Description of studies.

Dosageand  copamed in o
. . Duration of Duration of D, Outcomes
Study Country Participants Follow up and D; _ M(())nﬁlc(l))gfgre Assessed Results
Supplementation Assessment
Apparently healthy adults with risk . . .
for diabetes between 30 and 75 years Total 25(OH)D tffgoialflfell‘qlfls lTs:s EflfeCtlt‘fe
’ an cholecalciferol in elevating
) . . 25(OH)Ds,
Adrian. United e Cholecalciferol group: 100,000 IU/month total 25(0OH)D, and
2019 [45] Kingdom (UK) N = baseline 99,gﬁnaf24 4 months for 4 months, oral 40000010 1,222((%%))?1%’2, ergocalciferol reduces
e Ergocalciferol group: 1,25(0OH), D5 hydroxylation of vitamin D3
N = baseline 94, final 28 and 25(OH)Ds.
Apparently healthy men, age: range
20 to 61 years
Cholecalciferol was found to be
Armas, United states of e Cholecalciferol group: 50,000 IU, more potent with longer
2004 [22] America (USA) N = baseline 10, final 10 4 weeks single dose 50,000 U Total 25(OH)D duration of action as compared
e  Ergocalciferol group: to ergocalciferol.
N = baseline 10, final 10
Apparently healthy adults, age: range
18 to 79 years
e  Cholecalciferol group: Ergocalciferol and
Biancuzzo, United states of N = baseline 9, final 9 (1 male) 1000 TU /day for 25(0OH)D, and cholecalciferol induced similar
2013 [23] America (USA)  ® Ergocalciferol group: 11 weeks 1 week}s] 30,000 IU éS(O)H)2D3 increases in total 25(OH)D as

N = baseline 17, final 17

(7 males)

Placebo:

N = baseline 8, final 8 (1 male)

well as in 25(OH)D, and
25(OH)D3, respectively.




Nutrients 2021, 13, 3328

7 of 26

Table 1. Cont.

Dosage and C Vitamiréll?
. : onsumed in a
Study Country Participants Duration of Duration of D, Month before OQutcomes Results
Follow up and D3 Supple- Outcome Assessed
mentation Assessment
Apparently healthy adults,
age 40.1 &= 15.6 years
e Cholecalciferol group (orange Juice): Ergocalciferol and
N = baseline 18, final 18 (3 males) cholecglciferql were eql.la.lly
. . e Ergocalciferol group (orange Juice): bioavailable in orange juice
Biancuzzo,  United states of N = baseline 17, final 17 (8 males) 11 weeks 1000 IU/day for 30,000 TU Total 25(OH)D and capsules. D, and
2010 [29] America (USA) o Appg?gegniylgl%althy adults, 11 weeks ! and PTH cholecalciferol induced similar
age 38. .3 years increases in total 25(OH)D as
e  Cholecalciferol group (capsules): well as in 25(OH)D; and
N = baseline 20, final 20 (8 males) 25(OH)D3, respectively.
e  Ergocalciferol group (capsules):
N = baseline 16, final 16 (6 males)
Healthy older adults
e Cholecalciferol group (daily):
N = baseline 16, final 16 (5 males),
age: 74 £+ 1.6 years
e Ergocalciferol group (daily): 1600 TU dai Daily as well as monthly doses
. . aily or :
. . = f cholecalciferol were
Binkley,  United states of N = baseline 16, final 16 (7 males), 50,000 I 48,000 IU or o1 €ho
2011[30]  America (USA) age: 72.1 + 1.9 years 1 year monthly for 50000 TU Total 25(OH)D marginally better than
Cholecalciferol group (monthly): 1 year respective ergocalciferol doses

N = baseline 16, final 16 (6 males),
age: 73.7 = 1.4 years
Ergocalciferol group(monthly):

N = baseline 16, final 16 (5 males),
age: 71.3 &= 1.4 years

in raising 25(OH)D.
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Table 1. Cont.

. Dosage and Co\liistirnlliercll]ijn a
Study Country Participants ]%ui‘la tizn of Dntgglog of ]?2_ Month before OAISI;‘;ZI;;ES Results
I M entation Outcome
Assessment
Healthy adults, age 63.9 & 7.1 years
(18 females and 6 males) Cholecalciferol was more
i effective than ergocalciferol in
° gholgecalilfergl ?_rmllz L IM: raising 25(0OH)D and sustaining
o = baseline 6, ima . Bolus dose received 1,25(0OH);D. Oral dosages
Zcéf;lfzill’ Italy ¢ Ch_olscalf.l ferol §r0111p : Oral: 120 days g%g’g??&%:lonr%lg before 120 days, Total 25(OH)D produced immediate rise in
%T = aie‘ flne 16, ina '61M' hence unavailable active metabolites, while IM
¢ 1\Irg—0§2£nir: 6gfri(r)11:1§).6 : route provided slow but
e Ergocalciferol ’group: Oral: suiﬁrﬁgt;%g??:se m
N = baseline 6, final 6 )
Healthy adults
e 5pug/day dosage:
Cholecalciferol group:
N = baseline 8§, final 8 (3 males),
age 30.5 &= 11 years
e 5 pug/day dosage: Ergocalciferol Both cholecaleiferol and
group: 200 TU/d oth cholecalciferol an
Fisk United N = baseline 8, final 8 (3 males); 400 Ié /3}; o 56.000 IU or TOtSIS%S%O)H)D’ ergocalciferol resulted in
; : age 24.4 + 4.7 years 4 weeks y ¢ 2 dose-dependent increases in
2012 [25] Kingdom (UK) ) through malted 11,200 IU 25(0OH)Dj3 and thei tive 25(OH)D
10 pg/day dosage: milk drink PTH eir respective 25(OH)

Cholecalciferol group:

N = baseline 8, final 8 (5 males),
age 30.6 &= 10.6 years;

10 ug/day dosage:
Ergocalciferol group:

N = baseline 8§, final 8 (3 males),
age 24.4 4 3.9 years

metabolites to a similar extent.
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Table 1. Cont.

. Dosage and Co\liistirnlliercll]ijn a
Study Country Participants Duration of Duration of D, Month before OQutcomes Results
Follow up and D3 Supple- Outcome Assessed
mentation Assessment
Adults with hip fracture and vitamin
D insulfficiency
Compared to ergocalciferol,
o  Cholecalciferol group: increment in total 25(OH)D was
Glendenning, . N = baseline 47, final 36 1000 IU/day for Total 25(OH)D significantly higher with
Australia ’ , 3 months 30,000 IU and Total .

2013 [31] age 82 £8 years 3 months 1,25(0H),D cholecalciferol, but there was no

e  Ergocalciferol group: g difference in total

N = baseline 48, final 34, serum 1,25(0OH),D.
age 84 £9 years
Adults with hip fracture and vitamin .
D insufficiency Compared to ergocalciferol,
increment in total 25(OH)D was
Clend e  Cholecalciferol group: U/ day £ Total 25(OH)D, h flgrilﬁfcantll}i)hlgier with

endenning, . N = baseline 47, final 36, 1000 ay for 25(OH)D», cholecalciferol, but there was no
2009 [16] Australia age 82 £ 8 years 3 months 3 months 30,000 U 25(0OH)Dj3; and difference in the degree of PTH

e  Ergocalciferol group: PTH lowering between the

N = baseline 48, final 34,

age 84 + 9 years

treatments. Ergocalciferol and
cholecalciferol supplementation.
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Table 1. Cont.

Dosage and C Vitamiréll?
. . Duration of Duration of D, onsumec in a Outcomes
Study Country Participants Follow up and D5 Moonlglc(l));fgre Assessed Results
Supplementation Assessment
Healthy adults
e Daily doses: Cholecalciferol
group:
N = baseline 34 (14 males),
final 31, age 33.7 £ 9.7 years
e Daily doses: Ergocalciferol
group: Ergocalciferol had marginally
N = baseline 35 (14 males), higher efficacy than
;matl 2811??9 34-7 + 9.4 years cholecalciferol in raising total
¢ ortnightly doses: . 25(OH)D during the initial
Cholecalciferol group: Daily 2000 IU/day ( 14)1 days Ofgdaﬂy
Hammami N = baseline 35 (14 males), or 25,000 IU 60,000 IU, 50,000 IU, Total 50HD, o ementation. However, the
’ Saudi Arabia final 30, age 33.4 + 10.5 years 140 days fortnightly or 50,000 TU 25(OH)D, and PP - riowever, t
2017 [43] > | 50.000 IU 4 Kl respectivel 25(0OH)D latter was more efficacious with
e  Fortnightly doses: Ergocalciferol / weekly P y 3 subsequent daily
group: over 140 days supplementation.

N = baseline 32 (14 males),
final 26, age 31.5 £ 7.8 years

e 4 weekly doses: Cholecalciferol
group:
N = baseline 32 (14 males),
final 25, age 31.4 £ 8.1 years

o 4 weekly doses: Ergocalciferol
group:
N = baseline 33 (13 males),
final 27, age 33.5 &+ 8 years

Cholecalciferol was more
efficacious in fortnightly and
monthly supplementation.
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Table 1. Cont.

Dosage and Vitamin D
. . Consumed in a
Study Country Participants Duration of Duration of D, Month before OQutcomes Results
Follow up and D3 Supple- Outcome Assessed
mentation Assessment
Premenopausal women, Ergocalciferol intervention
age 22 to 49 years suppressed serum 1,25(0OH),D3
. ) Total 25(OH)D, concentration while increasing
ey Denmark ~ *  (holecaldiferol group: Bweeks 001U/ dayfor 120,000 IU 25(0H)Dyand 1,25(OH),D, The cholecalciferol
g . B ai? flne U inal ¢ 25(0OH)D3 intervention did not result in
Nrgioga Cﬁ.ero 9g;0u}1).9 changes in 1,25(OH),D
= baselme 7, lina metabolites.
Healthy adults
. Cholecalciferol group: Compared to ergocalciferol,
; N = baseline 17 (1 male), final 17, cholecalciferol was found to be
iy oo [Ajﬂfr‘fczt?ffss X)f age: 493 + 9.7 years 12weeks 0000 [U/week 200,000 IU Total 25(OH)D more potent in raising and
Ergocalciferol group: maintaining total
N = baseline 16 (2 males), final 16, 25(OH)D levels.
age: 49.7 4= 10.3 years
Healthy adults
e  Cholecalciferol group: Dail
© - . y doses of both forms were
Holick, United states of N - Z%Sj:h?ge 20 (7 males), final 20, 11 weeks 1000 IU/day for 30.000 IU E%t(%I%IS)gI:I)JdD, equipotent in raising total
2008 [33] America (USA) %%;-Ocald fero}lleg?;)ip: 11 weeks ’ 25(0Hﬁ33 25(OH)D levels from their

N = baseline 16 (6 males), final 16,
age: 38.4 4= 12 years

baseline value.
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Table 1. Cont.

Dosage and Vitamin D
. . Consumed in a
Study Country Participants Duration of Duration of D, Month before OQutcomes Results
Follow up and D3 Supple- Outcome Assessed
mentation Assessment
Healthy women Ergocalciferol was less potent
Cholecalciferol . than cholecalciferol in increasing
¢ O €calcllero: group: the total 25(OH)D levels. Both
Itkonen N = baseline 11, final 11, 1000 TU/day for Total 25(0H)D, o106 calciferol and cholecalciferol
2016 [34j Finland age: 30.8 & 3.7 years 8 weeks 3 ky 30,000 IU 25(OH)D, and & 1 ion led fo 1.
Ergocalciferol group: weexs 25(OH)D3 supplementation led to larger
¢ N% baseli 1§ fi pi 1 increases in their respective
N 2?552 i‘i oy inal 10, 25(0OH)D metabolites than the
age: 2o - years other vitamer.
Healthy adults
. Ergocalciferol was less potent
. Cholecaquerol group: ' than cholecalciferol in raising
Lehmann, N = baseline 42 (16 males), final 35, Total 25(OH)D, total 25(OH)D. Ergocalciferol
4 Germany age: 35.6 + 13.5 years 8 weeks 2000 IU/day 60,000 IU 25(OH)D; and D BIg ;
2013 [35] R Ergocalciferol group: 25(0OH)Ds supplementation was associated
N = baseline 46 (15 males), final 42, ‘:el;cﬂri (élg((:é‘)eﬁls)%m
age: 33.2 & 12.4 years 3
Healthy adults
e  Cholecalciferol group: D2: Single bolus Cholec}illciferol hélldfgl‘e?{ltel‘l N
. _ ; ; : i tency than ergocalciferol, wit
Leventis United N = baseline 19 (4 males), final 19, 300,000 TU IM Bolus dose received Total 25(OH)D  Potency g0 ,
2009 [17] Kingdom (UK) age: 43 (23_72) years 24 weeks D3: 300,000 TU hbefore 24 wglel{)sl, and ISTH) a higher, sustained serum
e  Ergocalciferol group: oral ence unavailable 25(OH)D response and

N = baseline 50 (7 males), final 50,
age: 53 (29—82 years)

efficacious PTH suppression.
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Table 1. Cont.

Dosage and Vitamin D
. . Consumed in a
. . Duration of Duration of D, Outcomes
Study Country Participants Follow up and Ds Moonlglc(l)):;f:re Assessed Results
Supplementation Assessment
Healthy adults, age 18-50 years
Cholecalciferol was more
e Cholecalciferol group: effective than ergocalciferol in
20855 New Zealand N = baseline 32, final 30 25 weeks 1009 10/day for 30,000 TU Total 25(OHD r3ising total 25(OH)D levels, but
e  Ergocalciferol group: no intervention-related changes
N = baseline 31, final 25 in PTH were observed.
Healthy adults Cholecalciferol-related
e Cholecalciferol . increment in total 25(OH)D
N o t?acsefilneercz)o g(;orlrllgies) final 20 Total 25(0OH)D,  levels was higher than that with
Nimitphong, . = 4 ’ 400 IU/day for 25(OH)D, ergocalciferol. Genetic
2013 [27] Thailand age: 361# 1.9 years 3 months 3 months 12,0001U 25(0H)D3 and  variations in DBP (rs4588 SNP)
»  Ergocalciferol group: ) PTH influenced 25(OH)D levels with
N = baseline 21 (4 males), final 19, cholecalciferol but
age: 36.7 + 1.7 years not ergocalciferol.
Healthy adults 77 days
Cholecalciferol ) (values at the Cholecalciferol and
. N o 1tizca ? ercl)1 %oupi J final 11 end of 100,000 IU stat ergocalciferol raised total
Oliveri, . = baseline males), inal 11, 21 days were (day 0) + 25(OH)D levels equally after the
2015 [36] Argentina age: 33.5 £ 7 years considered, as 4800 IU/day 196,000 IU Total 25(OH)D loading dose; however, the effect

Ergocalciferol group:
N = baseline 11 (2 males), final 11,
age: 32.2 & 5 years

values post
77 days were
unavailable)

(7th-20th day)

of the former was more
sustained.
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Table 1. Cont.

. Dosage and Co\liistirnlliercll]ijn a
Study Country Participants ]%ui‘la tizn of Dntgglog of ]?2_ Month before OAISI;(;ZI;;ES Results
SO M entation Outcome
Assessment

Elderly women from nursing care
facilities
o  Cholecalciferol group: IM:

N = baseline 8, final 8,

age: 80 £ 10.1 years b
e  Cholecalciferol group: Oral: . Single bolus dose .

Romagnoli, Ttal N = baseline 8, final 8, 60 davs 300’0021 IU single received before Total 25(OH)D Cl’;}(:;iciaéi?liifvz ?er?li) 1;(;1}; ?;ent
2008 [18] y age: 78.5 + 7.5 years y ose 60 days, hence and PTH tot g125 OH)D level 8

e Ergocalciferol group: IM: unavailable otal 25(OH)D levels.

N = baseline 8, final 8,

age: 79.4 & 4.6 years
e  Ergocalciferol group: Oral:

N=baseline 8, final 8,

age: 80.6 &= 5 years
Healthy adults
e  Cholecalciferol group: ) )

Shieh, United states of N = baseline 19, final 19, 50,000 TU twice a Total25(0H)D  Cholecalciferol-related increase
2016 [38] America (USA) age: 56.4 & 19.6 years 5 weeks week for 5 weeks 400,000 TU and 1,25(OH),D in total 25(OH)D was higher

Ergocalciferol group:
N = baseline 19, final 19,
age: 50.2 &= 18.8 years

compared to ergocalciferol.
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Table 1. Cont.

. Dosage and Co\liistirnlliercll]ijn a
Study Country Participants ]%ui‘la tizn of Dntgglog of ]?2_ Month before OAISI;(;ZI;;ES Results
- Ly Outcome
Assessment
Healthy pre-pubertal children
e Cholecalciferol group: ?h?lec?lcifeﬁol Cailr}d .
N = baseline 10 (5 males), final 10, ergocalciferol resulted in equa
200 T Nigeria age: 22-57 months 14 days 50,000 IU stat 50,000 U LD improvement n otal 5(O)D
. rgocalciferol group: , 2 :
N = baseline 11 (5 males), final 11, apparently healthy children.
age: 19-59 months
Healthy adults
e Cholecalciferol group: Cholecalciferol
= i i olecalciferol was more potent
Trang, Canada aN e.g%single ggr(sl Jmales), finalSS, 14 days 4000 IU/da 56,000 IU Total 25(OH)D than ergocalciferol in raiI;in
1998 [19] Frgocalciferol ' Y ’ and 1,25(0H),D total 25(OH)D levels, =
. rgocalciferol group: .
N = baseline 17 (5 males), final 17,
age: 38 £ 9 years
Healthy adults
e Cholecalciferol group (Biscuits):
N = baseline 67, final 67,
age: 43.7 4= 12.8 years
e  Ergocalciferol group (Biscuits): Cholecalciferol
. . United N = baseline 66, final 66 olecalciferol was more potent
Tripkovic, . i , , 600 IU/day Total 25(OH)D . . L
2017 [39] Kingdom (UK) age:43.2 + 13.2 years 12 weeks (Biscuits or juice) 18,000 IU and 1,25(OH),D than ergocalciferol in raising

Cholecalciferol group (Juice):
N = baseline 70, final 70,

age: 43 £ 12.73 years
Ergocalciferol group (Juice):
N = baseline 67, final 67,
age:44.3 - 11.2 years

total 25(OH)D levels.
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Table 2. Risk of bias assessment.

Study SRea:Ei(Ijlf?e Cﬁrlggec:ltrix?g\ ¢ Pal‘gtlilcrilg;ﬂ%soafnd B(l)lr&:lclé\gg f O{i}cf:gﬁgl]gt:ta Selective Reporting Othg;‘ g;);srces
Generation Personnel Assessment

Adrian, 2019 [45] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Armas, 2004 [22] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Biancuzzo, 2013 [23] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Biancuzzo, 2010 [29] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Binkley, 2011 [30] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Cipriani, 2013 [24] Low risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Low risk of bias Unclear risk of bias None
Fisk, 2012 [25] Low risk of bias Low risk of bias Low risk of bias Low risk of bias Low risk of bias Low risk of bias None
Glendenning, 2013 [31] Low risk of bias Low risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Glendenning, 2009 [16] Low risk of bias Low risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Hammami, 2017 [43] Low risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Low risk of bias Low risk of bias None
Hartwell, 1987 [32] Low risk of bias Low risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Heaney, 2011 [26] Low risk of bias Unclear risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Holick, 2008 [33] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Itkonen, 2016 [34] Low risk of bias Low risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Lehmann, 2013 [35] Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias Low risk of bias Low risk of bias None
Leventis 2009 [17] Unclear risk of bias Unclear risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Logan, 2013 [36] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Nimitphong, 2013 [27] Low risk of bias Low risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Oliveri, 2015 [37] Low risk of bias Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias Unclear risk of bias None
Romagnoli, 2008 [18] Low risk of bias Unclear risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Shieh, 2016 [38] Low risk of bias Unclear risk of bias Unclear risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Thacher, 2010 [44] Low risk of bias Low risk of bias Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias None
Trang, 1998 [19] Low risk of bias Unclear risk of bias Low risk of bias Unclear risk of bias Low risk of bias Low risk of bias None
Tripkovic, 2017 [39] Low risk of bias Low risk of bias Low risk of bias Low risk of bias Low risk of bias Low risk of bias None

Legend/description of Table 2: Risk of bias for individual studies was assessed as recommended by Cochrane group.



Nutrients 2021, 13, 3328

17 of 26

Details on the outcome parameters evaluated are listed in Table 1. Serum total
25(OH)D was evaluated in all but one study. Ten studies measured 25(OH)D3; and
25(OH)D, levels individually [16,23,25,27,32-35,39,45], whereas the remaining studies re-
ported only total 25(OH)D values [17-19,22,24,26,28,29,31,36-38]. Serum PTH levels were
reported by seven studies [16-18,25,27,29,36]. All the studies involved healthy individuals
including elderly [18], postmenopausal women [18,32] and pre-pubertal children [28,44].

Except for studies Hammami et al. (2017) [43], Nimitphong et al. (2013) [27] and
Thacher et al. (2010) [44], which were conducted at Saudi Arabia, Thailand and Nigeria, re-
spectively, the rest of the studies were conducted in North America, Europe and Australian
continents. None of the studies investigated functional outcomes such as muscle strength
or bone density. Sheih et al. (2016) reported evaluating bone mineral density and muscle
strength in their clinical trial registration (ClinicalTrials.gov Identifier: NCT01848236) [38].
However, the results on these outcomes are not available.

Risk of Bias: Risk of bias for the domains “random sequence generation”, “allocation
concealment”, “blinding of participants and personnel”, “blinding of outcome assessment”,
“incomplete outcome data”, “selective reporting” and other bias were rated as “low”,
“unclear bias” and “high” risk of bias as described by Cochrane Handbook for System-
atic Reviews of Interventions. None of the studies were biased by incomplete/selective
reporting of outcome, while majority of studies had low risk of bias in terms of random
selection of participants (random sequence generation) and blinding the participants and
personnel (96% and 60%, respectively). However, majority of the studies did not provide
clear description of the allocation concealment and blinding of outcome assessment (65.38%
and 76.92%, respectively) (Table 2).

Serum total 25(OH)D: On pooling results of the included studies, we found that
cholecalciferol intervention elevated total 25(OH)D levels to a greater extent (p < 0.05)
as compared to ergocalciferol (mean difference (MD): 15.69 nmol/L, 95% CI: 9.46 to
21.93) (Figure 2). However, the heterogeneity among the included studies was very
high (I? = 94%, p < 0.05). Sub-group analysis of studies with “daily intervention” pro-
tocol reduced heterogeneity (I = 67%) as well as the effect size (MD: 9.62 nmol/L, 95%
CI: 5.82 to 13.43) when compared to the studies which provided a single bolus dose
(MD: 25.06 nmol/L, 95% CI: 3.92 to 46.19) (Figure 2). Similarly, lower heterogeneity
was observed in subgroups of studies which provided lower average daily intervention
dose (<1000 IU; I = 66%) (Figure 3), used HPLC and LCMS for outcome assessment
(I? = 9% and 64%, respectively) (Supplementary Figure S1) and had shorter dose-test inter-
val (<14 days; I? = 67%) (Supplementary Figure S2). Sub-group of studies which provided
total dose < 60,000 IU also had lower heterogeneity (I* = 26%) (Supplementary Figure S3).
On the other hand, analyses in subgroups of studies which used higher intervention doses
(>1000IU/day) (Figure 3), used RIA or other analytical methods (Supplementary Figure S1)
and had longer dose-test interval (>14 days) (Supplementary Figure S2) and provided
total dose > 60,000 IU (Supplementary Figure S3) had higher heterogeneity (I> > 75%).
Sub-group analyses in relation to participant age (<65 years vs. >65 years) (Supplementary
Figure 54) and baseline vitamin D status (<50 nmol/L vs. >50 nmol/L) (Supplementary
Figure S5) did not reduce heterogeneity. Visual inspection of the funnel plot to assess the
source of heterogeneity attributable to publication bias was inconclusive (Figure 4).

The multivariate meta-regression analyses revealed that “average dose per day” was
a significant predictor of effect size even after controlling for other study-level character-
istics “mean age of the participants”, “total dose” and “dose-test interval” (Table 3 and
Supplementary Figure S6).

Serum levels of 25(OH)D, and 25(OH)D3: Both cholecalciferol and ergocalciferol
interventions favored greater increase in their respective 25(OH)D forms. Ergocalciferol
intervention resulted in significantly higher 25(OH)D, (MD: —27.5 nmol/L (95% CI: —34.24
to —20.76) (Figure 5), whereas cholecalciferol intervention elevated 25(OH)Djs to a signifi-
cantly greater extent (MD: 40.85 nmol/L, 95% CI: 31.52 to 50.17, p < 0.05 nmol/L). However,
the heterogeneity among the studies was very high (I> > 94%) (Figure 6). Subgroup analy-
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ses were not possible as fewer studies reported serum 25(OH)D; and 25(OH)Dj; levels. In
multivariate meta-regression analysis, “total dose”, “average dose per day”, “participant
age” and “dose-test interval” were not significant predictors of effect size (Table 3).
Parathyroid hormone: Although both ergocalciferol and cholecalciferol interventions
promoted a fall in serum PTH levels, most studies documented larger reduction in the chole-
calciferol group as compared to the ergocalciferol group. Meta-analysis suggested higher
efficacy of cholecalciferol in reducing PTH levels than ergocalciferol (MD: —0.56 pmol/L;
95% CI: —0.93 to —0.18, p = 0.005) (Figure 7). There was moderate heterogeneity (I7 = 41%)
within the included studies. Subgroup analysis in seven studies with daily intervention
reduced heterogeneity (I?> = 0), as well as the magnitude of effect (MD = —0.15 pmol/L,
95% CI: —0.01 to —0.3, p = 0.04) (Figure 7). The meta-regression analyses showed that
study-level characteristics “total dose”, “dose-test interval” “average dose per day” and
“participant’s age” were not significant predictors of the effect size (Table 3).

Cholecalciferol Ergocalciferol Mean Difference Mean Difference
Study or Subgroup ___Mean [nmollL]_SD [nmolL] Total Mean [nmolL] SD [nmolL] Total Weight IV, Random, 95% CI [nmolL] IV, Random, 95% CI [nmoliL]
1.17.1Single Bolus dose
Armas 2004 1775 505 10 1.98 385 10 41% 15.77(11.83,19.71) —
Cipriani (M) 2013 27.96 1622 6 7.7 699 6 34% 0.25[13.88,14.38] e
Cipriani (0) 2013 6064 948 6 01 01 6 39% 60.54 (61.95,77.13] —_—
Leventis 2009 142 1225 19 134 75 50 40% 0.80 [-5.09, 6.69] -T—
Romagnoli (IM) 2008 653 2 8 2301 1373 8 27% 42.29(19.30, 65.28)
Romagnoli (0) 2008 70.04 2079 8 2543 1685 8 30% 44.61(26.07,63.15)
Thacher 2010 7238 249 10 7238 4243 11 22% 0.00 (-29.46, 29.46] _—
Subtotal (95% CI) 67 99 23.3% 25.06 [3.92, 46.19] ——e—
Heterogeneity. Tau? = 744.58; Ch= 228.75, df= 6 (P < 0.00001); F= 87%
Testfor overall effect Z= 2.32 (P = 0.02)
1.17.2 Daily dosage
Biancuzzo (C) 2010 2321 1772 20 26.96 1473 16 37% -3.75[14.35,6.85) —_—
Biancuzzo (J) 2010 3195 2521 18 26.46 1797 17 34% 5.49-8.95,19.93) o
Binkley (D) 2011 2288 852 16 15.08 735 16 40% 7.80(2.29,13.31) —_
Fisk (10 micro) 2012 197 1238 8 136 13 8 36% 6.10[552,17.72) S
Fisk (5micro) 2012 119 1106 8 49 897 8 38% 7.00 [2.87,16.87) ——
Glendenning 2009 39.76 4831 47 2196 2511 48 33% 17.80(2.27,33.33) —_—
Glendenning 2013 38.92 4207 47 22.06 33 48 33% 16.86 [1.63,32.09) e
Hartwell 1987 3257 841 9 13.08 1094 9 38% 19.49[10.47, 28.51) —
Holick 2008 93 7120 99 32 16 41% -0.60 [-4.08, 2.88) -+
Itkonen 2016 93 942 11 48 2719 10 31% 45013.25,22.25] e B
Lehmann 2013 455 77 42 302 201 46 38% 15.30 [6.54, 24.06] —
Logan 2013 112 297 2 A7 2027 31 3% 18.12(7.43,28.81] —
Nimitphong 2013 1643 88 20 7.84 484 21 41% 8.20(3.91,12.67) —
Trang 1998 233 157 55 137 14 17 40% 9.60(2.77,16.43) —
Tripkovic (BSKT) 2017 30.03 3674 67 15.96 3819 66 35% 14.07[1.33,26.81] —
Tripkovic (J) 2017 3122 3508 70 138 339 67 36% 17.42(5.87,28.97) =
Subtotal (95% CI) 490 444 59.1% 9.62[5.82, 13.43] ‘
Heterogeneity: Tau?= 34.10; Chi*= 46.08, df= 15 (P < 0.0001); F'= 67%
Testfor overall effect Z= 4.95 (P < 0.00001)
1.17.3 Other dosage
Adrian 2019 46.4 3162 24 314 2659 28 33% 15.00(1.03,31.03] —
Binkley (M) 2011 2254 1055 16 919 676 16  4.0% 13.35(7.21,19.49] —_
Heaney 2011 61.93 791 17 2064 1048 16 40% 41.29(34.93, 47.65) —
Oliveri 2015 1785 1082 11 17.51 1082 11 38% 0.34[-8.70,9.38) -
Shieh 2016 75.12 4984 19 30.25 2193 19 25% 44.87 (2039, 69.35)
Subtotal (95% CI) 87 90 17.6% 2197 [4.39, 39.56] e
Heterogeneity: Tau®= 356.07; Chi*= 69.03, df= 4 (P < 0.00001); P = 84%
Testfor overall effect Z= 2.45 (P = 0.01)
Total (95% CI) 644 633 100.0% 15.69[9.46, 21.93] >
Heterogeneity. Tau= 242.77; Chi*= 428.68, df= 27 (P < 0.00001); F'= 84%

Test for overall effect Z= 4.94 (P < 0.00001)

-5l =25 25 50
A25(0H)D favor ergocalciferol  A25(0H)D favor cholecalciferol
Test for subaroup differences: Chi*= 3.66, df= 2 (P = 0.16), F= 45.3%

Figure 2. Forrest plot analysis of serum total 25(OH)D: sub-group analysis based on the frequency of
doses. Legend: Forrest plot of random effect meta-analysis comparing the effects of cholecalciferol
vs. ergocalciferol supplementation on net changes in 25(OH)D concentrations favored cholecalcif-
erol. “A25(OH)D” denotes the change in total 25(OH)D concentrations from baseline (net change),
“diamond” image denotes the mean differences (with 95% confidence interval). The pooled results
indicate a mean difference of 15.69 nmol/L (95% confidence interval: 9.46-21.93 nmol/L) favoring
cholecalciferol supplementation. Sub-group analyses in relation to the dosage frequency (single stat
or bolus dose vs. daily dosage) are presented. Sub-group analyses show higher serum 25(OH)D
levels among the cholecalciferol supplemented group as compared to ergocalciferol group. However,
the studies are highly heterogeneous (I > 65%).
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C if i Mean Difference Mean Difference
Study or Subgroup Mean [IU] SD[IU] Total Mean[lU] SD[IU] Total Weight IV, Random, 95% CI[IU] IV, Random, 95% CI [IU]
1.7.1 Daily dose < 1000 IU
Biancuzzo (C) 2010 2321 1772 20 2696 1473 16 37% -3.75[-14.35,6.85] /T
Biancuzzo (J) 2010 3195 2521 18 2646 1797 17 34% 5.49[-8.95,19.93] -1
Biancuzzo 2013 0 0 0 0 0 0 Not estimable
Biancuzzo 2013 0 0 0 0 0 0 Not estimable
Fisk (10 micro) 2012 197 1238 e 136 13 8  36% 6.10}6552,17.72) T
Fisk (5micro) 2012 119 11.06 e 49 897 8 38% 7.00[-2.87,16.87) T
Glendenning 2008 39.76 4831 47 2196 2511 48 33% 17.80(2.27,33.33] I
Glendenning 2013 3892 4207 47 22.06 33 48 33% 16.86 [1.63, 32.09) "
Holick 2008 93 71 20 99 32 16 41% -0.60 [-4.08, 2.88] T
Itkonen 2016 93 942 " 48 2719 10 31% 450[-13.25,22.25) I p—
Logan 2013 112 2297 32 -17 2027 31 37% 18.12(7.43,28.81) I
Nimitphong 2013 16.13 88 20 784 484 21 41% 8.29(3.91,1267) -
Tripkovic (BSKT) 2017 3003 3674 67 1596 3813 66 35% 14.07 [1.33,26.81] —
Tripkovic (J) 2017 31.22 3508 70 138 339 67  36% 17.42(5.87,28.97) —_
Subtotal (95% CI) 368 356  43.4% 8.36 [3.70, 13.03] L 2
Heterogeneity: Tau?= 36.45; Chi*= 32.01, df= 11 (P = 0.0008); = 66%
Test for overall effect: Z= 3.51 (P = 0.0004)
1.7.2 Daily dosage 1000 to 4000 U
Adrian 2018 464 3162 24 314 2659 28 33% 15.00 (1.03,31.03) —
Armas 2004 17.75 5.05 10 198 385 10 41% 16.77[11.83,19.71] -
Binkley (D) 2011 2288 852 16 15.08 7.35 16 4.0% 7.80(2.29,13.31)
Binkley (M) 2011 2254 1055 16 919 676 16 4.0% 13.35(7.21,19.49) -
Lehmann 2013 455 2117 42 302 201 46 38% 15.30 (6.54, 24.06]
Leventis 2009 142 1225 19 134 75 50  4.0% 0.80 [-5.09, 6.69] -T-
Oliveri 2015 17.85 1082 " 1751 1082 " 38% 0.34[-8.70,9.38) -1
Thacher 2010 7238 2496 10 7238 4243 1" 2.2% 0.00 [-29.46, 29.46) —_— T
Subtotal (95% CI) 148 188 29.2% 9.29[4.17,14.41] <
Heterogeneity: Tau*= 34.03; Chi*= 25,85, df= 7 (P = 0.0005), F=73%
Test for overall effect: Z= 3.56 (P = 0.0004)
1.7.3 Daily Dosage = 4000 IU
Cipriani (IM) 2013 2796 1622 6 nn 6.99 6 34% 0.25[-13.88,14.38) I —
Cipriani (0) 2013 69.64 948 6 01 01 6 39% 69.54 [61.95,77.13) -
Hartwell 1987 3257 841 9 1308 1094 9 38% 19.49[10.47, 28.51) —_—
Heaney 2011 6193 791 17 2064 1048 16 40% 41.29[34.93, 47.65) -
Romagnoli (IM) 2008 653 302 8 2301 1373 8 27% 42.29[19.30, 65.28)
Romagnoli (0) 2008 70.04 2079 8 2543 1685 8  30% 44.61(26.07,63.15)
Shieh 2016 7512 4984 19 3025 2193 19 25% 44.87 [20.39, 69.35)
Trang 1998 233 157 55 137 1.4 17 40% 9.60(2.77,16.43] -
Subtotal (95% CI) 8 80 27.4%  33.66[15.60,51.72] .
Heterogeneity: Tau®= 621.98, Chi*= 172.83, df = 7 (P < 0.00001); #= 96%
Test for overall effect Z= 3.65 (P = 0.0003)
Total (95% CI) 644 633 100.0% 15.69 [9.46, 21.93] >
Heterogeneity: Tau®= 242.77, Chi*= 428.68, df= 27 (P < 0.00001), F= 94% 20 B P 50
Testfor overall effect Z= 4.94 (P < 0.00001) A25(0H)D favor ergocalciferol A25(OH)D favor cholecalciferol

Test for subaroup differences: Chi*=7.10, df= 2 (P = 0.03), F=71.8%

Figure 3. Forrest plot analysis of serum total 25(OH)D: sub-group analysis based on daily dosage.
Legend: Forrest plot of random effect meta-analysis comparing the effects of cholecalciferol vs. ergo-
calciferol supplementation on net changes in 25(OH)D concentrations favored cholecalciferol. Sub-
group analyses in studies with daily dosage < 1000 nmol/L, 1000-4000 nmol/L and > 4000 nmol/L
of the respective vitamin D forms showed higher serum 25(OH)D levels among the cholecalciferol
group as compared to ergocalciferol group in all groups. The heterogeneity of the subgroup analysis
was high (I > 65%). The test of subgroup difference was statistically significant (p = 0.03).
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Figure 4. Funnel plot for total 25(OH)D. Legend: Funnel plot with X axis representing the estimated
measure (standardized mean difference) of the 25(OH)D and Y axis representing the precision of the
measure (standard error). The funnel plot suggests relatively mixed quality studies (due to variations
in the standard error/SE).
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Table 3. Summary of multivariate meta-regression analysis.

Proportion of

. Slope 95% CI of the P Va.ll}e for p Value Variation
Explanatory Variable L . Individual for .
(B Coefficient) Slope . Explained by
Predictors Model
Model
Serum total 25(OH)D nmol/L (N = 22 studies)
Total dose (per 100 IU) —0.0002 —0.0043, 0.0038 0.9047
Average dose/day (per 100 IU) 0.5122 0.1517,0.8727 0.0054
0.010 37.34%
Dose-test interval (days) —0.0113 —0.1571, 0.1344 0.8788
Participant’s age (years) 0.2695 —0.0874, 0.6264 0.1389
Serum PTH pmol/L (N = 10 studies)
Total dose (per 100 IU) 0.0002 —0.0007, —0.0012 0.6027
Average dose/day (per 100 IU) —0.0296 —0.0986, 0.0188 0.1826
0.0797 79.57%
Dose-test interval (days) —0.0072 —0.0242, 0.0098 0.4076
Participant’s age (years) 0.0068 —0.0007, 0.0012 0.6027
Serum total 25(OH)D3 nmol/L (N = 10 studies)
Total dose (per 100 IU) —0.0117 —0.1188, 0.0954 0.8305
Average dose/day (per 100 IU) 2.2053 —3.5824,7.993 0.4552
0.0047 52.88%
Dose-test interval (days) 1.1842 —12.7882, 15.1566 0.8681
Participant’s age (years) 0.0778 —0.9051, 1.0607 0.8767
Serum total 25(OH)D, nmol/L (N = 10 studies)
Total dose (per 100 IU) —0.0022 —0.0688, 0.0645 0.9494
Average dose/day (per 100 IU) —0.9128 —4.5182, 2.6926 0.6197
0.0003 62.71%
Dose-test interval (days) 0.0209 —8.6496, 8.6914 0.9962
Participant’s age (years) 0.2058 —0.4418, 0.8535 0.5333

Legend/description for Table 3: Table presents the results of random-effect model (multivariate) meta-regression analyses investigating the
relationship of “Mean age of the participants” (grand mean of both groups), “total dose (per 100 IU)” (sum of all doses received between
baseline to final assessment), “average dose/day (per 100 IU)”(computed as the ratio of total dose and total study duration) and “Dose-Test
Interval” (duration in days between the last intervention received and sample collection) with the outcome parameters (viz. the mean
differences in 25(0OH)D, PTH, 25(0OH)Dj3; and 25(0OH)D;) between the cholecalciferol and ergocalciferol groups.

Cholecalciferol Ergocalciferol Mean Difference
Mean [nmolA] SD [nmolA] Total Mean [nmolA] SD [nmoll] Total Weight IV, Random, 95% CI [nmoll]

Mean Difference

Study or Subgroup IV, Random, 95% CI [nmolA]

Adrian 2019 01 0.25 24 51.2 13.63 28 8.5% -51.10[-56.15, -46.05] —

Biancuzzo 2013 -2.18 6.53 9 15.73 13.31 17 8.0% -17.91 [-25.54,-10.28]

Fisk (10 micro) 2012 0 012 8 17.6 9.99 8 8.2% -17.60 [24.52,-10.68] —_—
Fisk (5micro) 2012 -01 018 8 9.2 443 8 8.8% -9.30[-12.37,-6.23] -
Glendenning 2009 458 223 47 17.93 3172 48 72% -13.35-24.36,-2.34]

Hartwell 1987 0.1 0.1 9 53.31 8.67 9 8.4% -53.21 [-58.87,-47.55] —

Holick 2008 -013 0.46 20 10.22 5.22 16 8.8% -10.35[-12.92,-7.78] -
ltkonen 2016 0.1 0.1 1" N3 0.1 10 8.9% -31.20[-31.29,-31.11]

Lehmann 2013 0.1 01 42 437 185 46 8.4% -43.60 [-48.95,-38.25] I

Nimitphong 2013 -0.09 205 20 21.89 433 21 88% -21.98 [-24.04,-19.92) -
Tripkovic (BSKT) 2017 0.01 1.73 67 29.84 32.39 66 8.0% -29.83 [137.66,-22.00] e
Tripkovic (J) 2017 -0.21 1.54 70 2913 32.39 67 8.0% -29.34 [-137.10,-21.58] —

Total (95% CI) 335 344 100.0% -27.50 [-34.24, -20.76] .
Heterogeneity: Tau®= 132.58; Chi*= 700.01, df= 11 (P < 0.00001); F= 98% 235

- - 0
Test for overall effect: Z=7.99 (P < 0.00001) A25(0H)D,, favor ergocalciferol  A25(0H)D,, favor cholecalciferol

Figure 5. Forrest plot for 25(OH)D,. Legend: Forrest plot of random effect meta-analysis comparing the effects of
cholecalciferol vs. ergocalciferol supplementation on net changes in 25(OH)D, concentrations favored ergocalciferol.
“A25(0OH)D,” denotes the change in 25(OH)D, concentrations from baseline (net change), squares denote the mean
differences (with 95% confidence interval), i.e., the pooled results indicate mean difference of —27.5 nmol/L (95% confidence
interval: —34.24 to —20.76 nmol/L), favoring ergocalciferol supplementation. However, the studies are highly heterogeneous
(12 = 98%).
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Cholecalciferol Ergocalciferol

Study or Subgroup

Mean Difference

Mean [nmol1] SD [nmoll] Total Mean [nmol1] SD [nmoll] Total Weight IV, Random, 95% CI [nmolA]

Mean Difference
IV, Random, 95% CI [nmol1]

Adrian 2019 46.2 322 24 -19.9 2538 28 73% 66.10[50.15, 82.05)

Biancuzzo 2013 30.75 18.75 9 3.25 28 17 69% 27.50[9.41, 45.59]

Fisk (10 micro) 2012 19.8 12.44 8 -29 76 8 83% 22.70[12.60, 32.80] —_—

Fisk (5micro) 2012 12 11.06 8 -3.8 7.83 8 8.4% 15.80(6.41,25.19] I

Glendenning 2009 29.07 28.39 47 -4.54 181 48 8.4% 33.61(24.01,43.21] I

Hartwell 1987 3327 8.09 9 -48.29 617 9 88% 81.56(74.91,88.21] -
Holick 2008 9.23 1025 20 -1.19 13.92 16 86% 10.42(2.25,18.59] I

Itkonen 2016 185 0.1 " =217 0.1 10 92% 40.20 [40.11, 40.29]

Lehmann 2013 465 213 42 -19.8 96 46 88% 66.30[59.29, 73.31] I
Nimitphong 2013 16.22 8.81 20 -14.2 3.93 2 9.1% 30.42(26.21, 34.63] -

Tripkovic (BSKT) 2017 3419 41.18 67 -1257 249 66 8.1% 46.76 [35.21, 58.31] .
Tripkovic (J) 2017 324 4226 70 -16.31 2353 67  81% 48.71(37.32,60.10] I
Total (95% CI) 335 344 100.0% 40.85[31.52, 50.17] -
Heterogeneity: Tau®= 245.30; Chi*= 328.41, df=11 (P < 0.00001); F= 97% t ' +

Test for overall effect: Z=8.58 (P < 0.00001)

-50 -25

2 0 25 5
ﬁ-.:S(OH)D3 favor ergocalciferol A25|‘OHJD3 favor cholecalciferol

Figure 6. Forrest plot for 25(OH)Dj3, Legend: Forrest plot of random effect meta-analysis comparing the effects of cholecal-

ciferol vs. ergocalciferol supplementation on net changes in 25(OH)D3 concentrations favored cholecalciferol. “A25(OH)D3”

denotes the change in 25(OH)Dj3 concentrations from baseline (net change), squares denote the mean differences (with 95%

confidence interval), i.e., the pooled results indicate mean difference of 40.85 nmol/L with 95% confidence interval of 31.52

to 50.17 nmol/L, favoring cholecalciferol supplementation. However, the studies are highly (significantly) heterogeneous

(12 = 97%).

Cholecalciferol Ergocalciferol Mean Difference Mean Difference
Study or Subgroup Mean [pmol1] SD [pmoll] Total Mean [pmoll] SD [pmoll] Total Weight IV, Random, 95% CI [pmoli] IV, Random, 95% CI [pmolA]
1.5.1 Daily Intervention
Fisk (5micro) 2012 0.24 2.69 g 0.38 262 8  1.9% -0.14[-2.74, 2.46) S —
Glendenning 2009 -1.44 374 47 -1.4 5.34 48 35% -0.04 [-1.89,1.81] 1T
Biancuzzo (C) 2010 -0.78 229 20 072 1.87 16 5.8% -1.50 [-2.86,-0.14] —
Lehmann 2013 -1.9 294 42 -1.3 3.54 46 5.8% -0.60 [-1.96, 0.76] T
Biancuzzo (J) 2010 -1.15 1.99 18 -1 1.75 17 6.6% -0.15[1.39,1.09] T
Tripkovic (BSKT) 2017 -0.94 295 67 -0.19 3.09 66 8.5% -0.75[1.78,0.28] T
Tripkovic {J) 2017 -0.79 289 70 -0.58 3.22 67 8.5% -0.21[-1.24,0.82] T
Logan 2013 0.21 1.83 32 0.44 1.96 3 9.6% -0.23[1.17,0.71] i
Fisk (10 micro) 2012 -1.57 1.09 g -1.06 053 8 10.8% -0.51 [-1.35,0.33] T
Nimitphong 2013 -0.7 0.2 20 -0.6 03 21 228% -0.10 [-0.26, 0.06] "
Subtotal (95% CI) 332 328 83.8% -0.15[-0.30, -0.01] L]
Heterogeneity: Tau*= 0.00; Chi*= 6.68, df=9 (P =0.67); F=0%
Test for overall effect: Z= 2.07 (P =0.04)
1.5.2 Remaining Studies
Leventis 2009 -0.86 1.68 19 0.52 7.83 50 2.4% -1.38 [-3.68, 0.92] —
Romagnaoli (O) 2008 -2.28 16 8 0.1 0.75 8 B7% -2.38[-3.60,-1.16) —_—
Romagnoli {IM) 2008 -0.93 1.61 8 -0.28 0.58 8 7.0% -0.65[-1.84, 0.54] T
Subtotal (95% CI) 35 66 16.2% -1.48[-2.68, -0.28] ‘
Heterogeneity: Tau*= 0.55, Chi*= 3.96, df= 2 (P=0.14); F=50%
Test for overall effect Z= 2.43 (P=0.02)
Total (95% CI) 367 394 100.0% -0.56 [-0.93, -0.18] *
Heterogeneity: Tau®= 0.15; Chi*= 20.84, df=12 (P = 0.05); F= 42% _140 55 % 1!0

Testfor overall effect: Z=2.91 (P = 0.004)

- 0
APTH favor cholecalciferol  APTH favor ergocalciferol

Testfor subarounp differences: Chi*= 467, df=1 (P=0.03), F=78.6%

Figure 7. Forrest plot for parathyroid levels. Legend: Forrest plot of random effect meta-analysis comparing the effects

of cholecalciferol vs. ergocalciferol supplementation on net changes in parathyroid (PTH) levels favored cholecalciferol.

“APTH” denotes the change in PTH concentrations from baseline (net change), squares denote the mean differences
(with 95% confidence interval). The pooled results indicate a mean difference of 0.56 pmol/L (95% confidence interval
0.18-0.93 pmol/L), favoring cholecalciferol supplementation. Sub-group analyses in relation to dosage frequency (daily

dosage vs. remaining studies) also demonstrated consistently higher PTH levels among the cholecalciferol-supplemented

group as compared to the ergocalciferol group. However, the studies are moderately heterogeneous (I = 42%).

4. Discussion

We analyzed the relative efficacy of ergocalciferol and cholecalciferol through a sys-
tematic review and meta-analysis, particularly focusing on different vitamin D metabolites
(total 25(OH)D, 25(0OH)D, and 25(0OH)D3) and a functional marker of calcium metabolism,
PTH levels). Cholecalciferol supplementation was more efficacious than ergocalciferol in
increasing total 25(OH)D levels and reducing PTH levels.

The qualitative analysis showed that, irrespective of the dosing frequency (single
bolus/weekly /monthly/daily doses) or the mode or vehicle of administration (such as
intramuscular injections, capsules, tablets, fortified orange juice, malt drink, biscuits or
bread), cholecalciferol was more efficacious in raising serum total 25(OH)D levels. These re-
sults are in conformity with the earlier systematic review [15]. Our meta-analysis included
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fourteen randomized controlled trials in addition to the seven studies included in the
previous meta-analysis. The mean difference in the A total 25(OH)D (15.69 nmol/L, 95%Cl:
9.46 to 21.93) observed in our study was similar to the earlier review [15], suggesting this to
be a stable estimate. None of the studies included in our review investigated functional out-
comes. However, a previous systematic review has reported lower relative risk of mortality
among those supplemented with cholecalciferol than those with ergocalciferol [46].

The studies included in the present meta-analysis were heterogeneous. The sub-group
and meta-regression analyses conducted to explore the source of heterogeneity provide
interesting insights. The sub-group analysis of studies which measured the outcome
more than two weeks after the last dose of the intervention showed greater difference in
A total 25(OH)D levels in the two groups (Supplementary Figure S2). Additionally, there
was a greater difference in A total 25(OH)D at higher intervention doses and when the
intervention was delivered as a bolus dose as against the daily doses (Figures 2 and 3).
These findings differ from the previous meta-analysis, which did not find significant
difference in the impact of ergocalciferol and cholecalciferol in A total 25(OH)D when the
data from 6 RCTs (n = 248 participants) implementing daily dosing were pooled. However,
our analysis included 14 RCTs with daily dosing (n = 965 participants) and had higher
statistical power. Greater difference in A total 25(OH)D levels in the two groups was also
associated positively with average dose per day in the meta-regression analysis (Table 3
and Supplementary Figure S6).

Together, these findings suggest that the greater efficacy of cholecalciferol in raising
serum levels of total 25(OH)D is likely with higher intervention doses, especially as bo-
lus, and when the measurement is made more than two weeks after the last dose. The
relatively lower potency of ergocalciferol in raising and maintaining total 25(OH)D could
be attributed to the differences in structure (presence of additional methyl group at the
22nd carbon), its poor affinity to vitamin D binding protein leading to early degradation
with shorter plasma half-life (13.9 days versus 15.1 days) [47].

Additionally, both ergocalciferol and cholecalciferol were relatively more beneficial in
raising their respective forms of 25(OH)D compared to the other vitamer. As for A total
25(OH)D, the differences in the two groups were greater at higher intervention doses in case
of A 25(0OH)D; and A 25(OH)Ds. Interestingly, a few studies, but not all, have demonstrated
decline in 25(OH)Dj after ergocalciferol supplementation indicating its degradation [32,35].
This could be linked with competition between ergocalciferol and cholecalciferol in binding
25-hydroxylase or vitamin D binding protein [48]. The studies included in the present
meta-analysis, however, did not show a negative impact of cholecalciferol supplementation
on 25(OH)Ds.

Parathyroid hormone tightly regulates calcium homeostasis, at the expense of bone
resorption; vitamin D induced regulation of PTH is therefore essential for bone health
and integrity. The PTH suppression following vitamin D supplementation is due to the
paracrine 1-hydroxylase in the parathyroid gland and other tissues [49]. There was a
greater reduction in PTH levels with cholecalciferol, and meta-regression suggested lower
difference at lower intervention doses. It is, however, noteworthy that majority of the
included studies [17,25,27,29,31,35] did not report a significant difference in PTH (p > 0.05).

Our study has several strengths including comprehensive assessment of vitamin D
metabolites as well as PTH, a larger sample size compared to previous meta-analysis,
important sub-group analyses in relation to baseline vitamin D levels, intervention dose and
frequency of dosing, analytical methods and dose-test interval, which provide important
insights. Further, meta-regression analyses provide valuable information on predictors of
the magnitude of difference between the impact of the two vitamers. However, the study
has limitations that need to be acknowledged. The studies included in our systematic
review were heterogeneous as some involved only women [18,32] or elderly [16,18,30,31];
participants with low vitamin D at baseline (<50 nmol/L); variable dosages and differing
frequency of dosages such as single bolus or daily, weekly [26] or monthly doses [30]; and
different methods (RIA, HPLC or LCMS) were used to estimate vitamin D metabolites. Bias
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assessment revealed that only two studies [25,39] provided clear description of methods
and were deemed high quality, while the remaining studies had incomplete description of
methods and were regarded as moderate quality. Moreover, the bulk of evidence in our
meta-analysis is based on studies from the North America, Europe and Australia, with
low representation of studies from the lower- and middle-income countries in Africa and
South Asia, where dietary patterns and sun exposure are different and the results may
not be generalizable. Studies in children and infants are also underrepresented in the
current analysis.

5. Conclusions

The results suggest cholecalciferol to be more efficacious than ergocalciferol for in-
creasing 25(OH)D levels and reducing serum PTH levels. However, both ergocalciferol and
cholecalciferol interventions had higher efficacy in raising the serum levels of their respec-
tive forms of 25(OH)D (i.e., 25(OH)D; and 25(0OH)D3) when compared to the other vitamer.
Cholecalciferol was more efficacious than ergocalciferol with bolus/intermittent doses,
but frequent (daily) dosing was associated with lower differences for serum 25(OH)D and
PTH levels. Thus, with lower doses typically used in fortified foods, cholecalciferol may be
only marginally better than ergocalciferol for improving vitamin D status. Future studies
evaluating the relative efficacy of ergocalciferol and cholecalciferol should also evaluate
functional markers such as bone mineral density and muscle strength, and they should
include longitudinal assessment at multiple time points to provide deeper insights on
kinetics and dynamics of vitamin D. Lastly, studies from tropical areas, low- and middle-
income country settings and younger populations (children and adolescents) are needed to
understand the roles of nutrition and sun exposure in influencing the relative efficacy of
the two vitamers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1nu13103328/51, Figure S1: Forest Plot analysis of total 25(OH)D: subgroup analyses in relation
to the method of estimation of 25(OH)D. Figure S2: Forrest Plot analysis of total 25(OH)D: dose
test interval wise sub-group analysis. Figure S3: Forrest Plot analysis of 25(OH)D: total dose wise
sub-group analysis. Figure S4: Forrest Plot analysis of 25(OH)D: age group wise sub-group analysis.
Figure S5; Forrest Plot analysis of 25(OH)D: sub-group analysis based on baseline vitamin D status.
Figure S6: Bubble plot demonstrating the association between “average dose per day” as and mean
difference between the 2 interventions
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Abbreviations

Vitamin D,
Vitamin D3
PTH
25(OH)D
25(0OH)D,
25(0OH)Dg
1,25(OH)2D
1,25(OH)2D,
1,25(0OH)2D3
nmol/L
pmol/L

SD

CI

MD

Ergocalciferol

Cholecalciferol
Paratharmone/parathyroid hormone
25 hydroxy vitamin D

25 hydroxy ergocalciferol

25 hydroxy cholecalciferol
1,25 dihydroxy vitamin D
1,25 dihydroxy ergocalciferol
1,25 dihydroxy cholecalciferol
nano moles per liter

pico moles per liter

standard deviation
confidence interval

Mean difference

A Change

U International units

RIA Radioimmunoassay

HPLC High performance liquid chromatography
LCMS Liquid chromatography mass spectrometry
RCT Randomized controlled trial

References

1.

AN

10.

11.

12.

13.

14.

15.

16.

17.

Institute of Medicine (IoM). Dietary Reference Intakes for Calcium and Vitamin D; Ross, A.C., Taylor, C.L., Yaktine, A.L., Del Valle,
H.B., Eds.; The National Academies Press: Washington, DC, USA, 2011.

Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319-329. [CrossRef]
[PubMed]

DeLuca, H.F. The transformation of a vitamin into a hormone: The vitamin D story. Harvey Lect. 1979, 75, 333-379. [PubMed]
Gupta, A. Vitamin D deficiency in India: Prevalence, causalities and interventions. Nutrients 2014, 6, 729-775.

Gil, A.; Plaza-Diaz, J.; Mesa, M.D. Vitamin D: Classic and Novel Actions. Ann. Nutr. Metab. 2018, 72, 87-95. [CrossRef]

Shaw, N.J.; Pal, B.R. Vitamin D deficiency in UK Asian families: Activating a new concern. Arch. Dis. Child. 2002, 86, 147-149.
[CrossRef]

Comprehensive National Nutrition Survey (CNNS): Comprehensive National Nutrition Survey (2016-2018) Reports. Ministry of
Health and Family Welfare, Government of India. 2016-2018. Available online: https://nhmgovin/indexIphp?lang=1&level=2&
sublinkid=1332&1id=713 (accessed on 24 June 2021).

Jeon, S.M.; Shin, E.A. Exploring vitamin D metabolism and function in cancer. Exp. Mol. Med. 2018, 50, 20. [CrossRef]

Rai, V.; Agrawal, D.K. Role of Vitamin D in Cardiovascular Diseases. Endocrinol. Metab. Clin. N. Am. 2017, 46, 1039-1059.
[CrossRef]

Umar, M; Sastry, K.S.; Chouchane, A.I. Role of Vitamin D beyond the Skeletal Function: A Review of the Molecular and Clinical
Studies. Int. J. Mol. Sci. 2018, 19, 1618. [CrossRef]

Garg, M.K.; Marwaha, R.K.; Khadgawat, R.; Ramot, R.; Obroi, A.K.; Mehan, N.; Gupta, N.; Madan, R. Efficacy of vitamin D
loading doses on serum 25-hydroxy vitamin D levels in school going adolescents: An open label non-randomized prospective
trial. J. Pediatr. Endocrinol. Metab. 2013, 26, 515-523. [CrossRef]

Khadgawat, R.; Marwaha, R K.; Garg, M.K.; Ramot, R.; Oberoi, A.K.; Sreenivas, V.; Gahlot, M.; Mehan, N.; Mathur, P.; Gupta,
N. Impact of vitamin D fortified milk supplementation on vitamin D status of healthy school children aged 10-14 years.
Osteoporos. Int. 2013, 24, 2335-2343. [CrossRef]

Food Safety & Standards Authority of India (FSSAL): Technical Handout on Fortification of Milk. Available online: https:
/ /ffrc.fssai.gov.in/commodity?commodity=fortified-milk (accessed on 24 June 2021).

Shohl, A.T.; Bennett, H.B.; Weed, K.L. Rickets in Rats. V. Comparison of Effects of Irradiated Ergosterol and Cod Liver Oil.
Proc. Soc. Exp. Biol. Med. 1928, 25, 551-554. [CrossRef]

Tripkovic, L.; Lambert, H.; Hart, K.; Smith, C.P; Bucca, G.; Penson, S.; Chope, G.; Hypponen, E.; Berry, J.; Vieth, R.; et al.
Comparison of vitamin D; and vitamin D3 supplementation in raising serum 25-hydroxyvitamin D status: A systematic review
and meta-analysis. Am. J. Clin. Nutr. 2012, 95, 1357-1364. [CrossRef]

Glendenning, P.; Chew, G.T.; Seymour, H.M.; Gillett, M.].; Goldswain, PR.; Inderjeeth, C.A.; Vasikaran, S.D.; Taranto, M.; Musk,
A.A.; Fraser, W.D. Serum 25-hydroxyvitamin D levels in vitamin D-insufficient hip fracture patients after supplementation with
ergocalciferol and cholecalciferol. Bone 2009, 45, 870-875. [CrossRef]

Leventis, P.; Kiely, PD.W. The tolerability and biochemical effects of high-dose bolus vitamin D, and D3 supplementation in
patients with vitamin D insufficiency. Scand. |. Rheumatol. 2009, 38, 149-153. [CrossRef]


http://doi.org/10.1016/j.chembiol.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24529992
http://www.ncbi.nlm.nih.gov/pubmed/400608
http://doi.org/10.1159/000486536
http://doi.org/10.1136/adc.86.3.147
https://nhmgovin/index1php?lang=1&level=2&sublinkid=1332&lid=713
https://nhmgovin/index1php?lang=1&level=2&sublinkid=1332&lid=713
http://doi.org/10.1038/s12276-018-0038-9
http://doi.org/10.1016/j.ecl.2017.07.009
http://doi.org/10.3390/ijms19061618
http://doi.org/10.1515/jpem-2012-0390
http://doi.org/10.1007/s00198-013-2306-9
https://ffrc.fssai.gov.in/commodity?commodity=fortified-milk
https://ffrc.fssai.gov.in/commodity?commodity=fortified-milk
http://doi.org/10.3181/00379727-25-3947
http://doi.org/10.3945/ajcn.111.031070
http://doi.org/10.1016/j.bone.2009.07.015
http://doi.org/10.1080/03009740802419081

Nutrients 2021, 13, 3328 25 of 26

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Romagnoli, E.; Mascia, M.L.; Cipriani, C.; Fassino, V.; Mazzei, F; Erasmo, E.; Carnevale, V.; Scillitani, A.; Minisola, S. Short and
long-term variations in serum calciotropic hormones after a single very large dose of ergocalciferol (vitamin D5) or cholecalciferol
(vitamin D3) in the elderly. J. Clin. Endocrinol. Metab. 2008, 93, 3015-3020. [CrossRef]

Trang, H.M.; Cole, D.E.; Rubin, L.A.; Pierratos, A ; Siu, S.; Vieth, R. Evidence that vitamin D3 increases serum 25-hydroxyvitamin
D more efficiently than does vitamin D,. Am. J. Clin. Nutr. 1998, 68, 854-858. [CrossRef]

Bharati, K.; Pullakhandam, R.; Balachandar, R.; Sachdev, H. Relative efficacy of vitamin D; and vitamin D3 in improving vitamin
D status: Proposal for systematic review and meta-analysis. In PROSPERO: International Register of Systematic Reviews; National
Institute for Health Research: York, UK, 2018; Volume CRD42018108202.

Higgins, ].P.T.T.J.; Chandler, ].; Cumpston, M.; Li, T; Page, M.]. Cochrane Handbook for Systematic Reviews of Interventions, 2nd ed.;
John Wiley & Sons: Chichester, UK, 2019.

Armas, L.A.G.; Hollis, BW.; Heaney, R.P. Vitamin D, is much less effective than vitamin D3 in humans. J. Clin. Endocrinol. Metab.
2004, 89, 5387-5391. [CrossRef]

Biancuzzo, RM,; Clarke, N.; Reitz, R.E.; Travison, T.G.; Holick, M.E. Serum concentrations of 1,25-dihydroxyvitamin D, and
1,25-dihydroxyvitamin Dj3 in response to vitamin D, and vitamin D3 supplementation. J. Clin. Endocrinol. Metab. 2013, 98,
973-979. [CrossRef]

Cipriani, C.; Romagnoli, E.; Pepe, J.; Russo, S.; Carlucci, L.; Piemonte, S.; Nieddu, L.; McMahon, D.].; Singh, R.; Minisola, S.
Long-term bioavailability after a single oral or intramuscular administration of 600,000 IU of ergocalciferol or cholecalciferol:
Implications for treatment and prophylaxis. J. Clin. Endocrinol. Metab. 2013, 98, 2709-2715. [CrossRef]

Fisk, C.M.; Theobald, H.E.; Sanders, T.A. Fortified malted milk drinks containing low-dose ergocalciferol and cholecalciferol do
not differ in their capacity to raise serum 25-hydroxyvitamin D concentrations in healthy men and women not exposed to UV-B.
J. Nutr. 2012, 142, 1286-1290. [CrossRef]

Heaney, R.P,; Recker, R.R.; Grote, J.; Horst, R.L.; Armas, L.A. Vitamin D3 is more potent than vitamin D, in humans. J. Clin.
Endocrinol. Metab. 2011, 96, E447-E452. [CrossRef] [PubMed]

Nimitphong, H.; Saetung, S.; Chanprasertyotin, S.; Chailurkit, L.O.; Ongphiphadhanakul, B. Changes in circulating 25-
hydroxyvitamin D according to vitamin D binding protein genotypes after vitamin D3 or D, supplementation. Nutr. J. 2013, 12,
39. [CrossRef] [PubMed]

Thacher, T.D.; Obadofin, M.O.; Brien, K.O.; Abrams, S.A. The effect of vitamin D, and vitamin D3 on intestinal calcium absorption
in Nigerian children with rickets. J. Clin. Endocrinol. Metab. 2009, 94, 3314-3321. [CrossRef] [PubMed]

Biancuzzo, RM.; Young, A.; Bibuld, D.; Cai, M.H.; Winter, M.R; Klein, E.K.; Ameri, A.; Reitz, R.; Salameh, W.; Chen, T.C.; et al.
Fortification of orange juice with vitamin D, or vitamin Dj is as effective as an oral supplement in maintaining vitamin D status
in adults. Am. J. Clin. Nutr. 2010, 91, 1621-1626. [CrossRef]

Binkley, N.; Gemar, D.; Engelke, J.; Gangnon, R.; Ramamurthy, R.; Krueger, D.; Drezner, M.K. Evaluation of ergocalciferol or
cholecalciferol dosing, 1600 IU daily or 50,000 IU monthly in older adults. J. Clin. Endocrinol. Metab. 2011, 96, 981-988. [CrossRef]
Glendenning, P.; Chew, G.T.; Inderjeeth, C.A.; Taranto, M.; Fraser, W.D. Calculated free and bioavailable vitamin D metabolite
concentrations in vitamin D-deficient hip fracture patients after supplementation with cholecalciferol and ergocalciferol. Bone
2013, 56, 271-275. [CrossRef]

Hartwell, D.; Hassager, C.; Christiansen, C. Effect of vitamin D; and vitamin D3 on the serum concentrations of 1,25(0OH)2D,,
and 1,25(0OH)2D3 in normal subjects. Acta Endocrinol. 1987, 115, 378-384. [CrossRef]

Holick, M.E,; Biancuzzo, RM.; Chen, T.C.; Klein, EK.; Young, A.; Bibuld, D.; Reitz, R.; Salameh, W.; Ameri, A.; Tannen-
baum, A.D. Vitamin D, is as effective as vitamin D3 in maintaining circulating concentrations of 25-hydroxyvitamin D.
J. Clin. Endocrinol. Metab. 2008, 93, 677-681. [CrossRef]

Itkonen, S.T.; Skaffari, E.; Saaristo, P.; Saarnio, E.M.; Erkkola, M.; Jakobsen, J.; Cashman, K.D.; Lamberg-Allardt, C. Effects of
vitamin D,-fortified bread v. supplementation with vitamin D, or D3 on serum 25-hydroxyvitamin D metabolites: An 8-week
randomised-controlled trial in young adult Finnish women. Br. |. Nutr. 2016, 115, 1232-1239. [CrossRef]

Lehmann, U.; Hirche, F; Stangl, G.I; Hinz, K.; Westphal, S.; Dierkes, ]. Bioavailability of vitamin D, and D3 in healthy volunteers,
a randomized placebo-controlled trial. J. Clin. Endocrinol. Metab. 2013, 98, 4339-4345. [CrossRef]

Logan, V.F; Gray, A.R; Peddie, M.C.; Harper, M.].; Houghton, L.A. Long-term vitamin D3 supplementation is more effective
than vitamin D, in maintaining serum 25-hydroxyvitamin D status over the winter months. Br. . Nutr. 2013, 109, 1082-1088.
[CrossRef]

Oliveri, B.; Mastaglia, S.R.; Brito, G.M.; Seijo, M.; Keller, G.A.; Somoza, J.; Diez, R.A.; Di Girolamo, G. Vitamin D3 seems more
appropriate than D, to sustain adequate levels of 250HD: A pharmacokinetic approach. Eur. J. Clin. Nutr. 2015, 69, 697-702.
[CrossRef]

Shieh, A.; Chun, R.F; Ma, C.; Witzel, S.; Meyer, B.; Rafison, B.; Swinkels, L.; Huijs, T.; Pepkowitz, S.; Holmquist, B.;
et al. Effects of High-Dose Vitamin D, Versus D3 on Total and Free 25-Hydroxyvitamin D and Markers of Calcium Balance.
J. Clin. Endocrinol. Metab. 2016, 101, 3070-3078. [CrossRef]

Tripkovic, L.; Wilson, L.R.; Hart, K.; Johnsen, S.; de Lusignan, S.; Smith, C.P; Bucca, G.; Penson, S.; Chope, G.; Elliott, R.;
et al. Daily supplementation with 15 mug vitamin D, compared with vitamin D3 to increase wintertime 25-hydroxyvitamin
D status in healthy South Asian and white European women: A 12-wk randomized, placebo-controlled food-fortification trial.
Am. . Clin. Nutr. 2017, 106, 481-490. [CrossRef]


http://doi.org/10.1210/jc.2008-0350
http://doi.org/10.1093/ajcn/68.4.854
http://doi.org/10.1210/jc.2004-0360
http://doi.org/10.1210/jc.2012-2114
http://doi.org/10.1210/jc.2013-1586
http://doi.org/10.3945/jn.111.156166
http://doi.org/10.1210/jc.2010-2230
http://www.ncbi.nlm.nih.gov/pubmed/21177785
http://doi.org/10.1186/1475-2891-12-39
http://www.ncbi.nlm.nih.gov/pubmed/23556437
http://doi.org/10.1210/jc.2009-0018
http://www.ncbi.nlm.nih.gov/pubmed/19567516
http://doi.org/10.3945/ajcn.2009.27972
http://doi.org/10.1210/jc.2010-0015
http://doi.org/10.1016/j.bone.2013.06.012
http://doi.org/10.1530/acta.0.1150378
http://doi.org/10.1210/jc.2007-2308
http://doi.org/10.1017/S0007114516000192
http://doi.org/10.1210/jc.2012-4287
http://doi.org/10.1017/S0007114512002851
http://doi.org/10.1038/ejcn.2015.16
http://doi.org/10.1210/jc.2016-1871
http://doi.org/10.3945/ajcn.116.138693

Nutrients 2021, 13, 3328 26 of 26

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Rohatgi, A. WebPlotDigitalizer: HTML5 Based Online Tool to Extract Numerical Data from Plot Images; Version 2.5; WebPlotDigitizer
Pacifica: Oxnard, CA, USA, 2021.

Review Manager (RevMan). Computer Program; Version 5.3; The Nordic Cochrane Centre, The Cochrane Collaboration: Copen-
hagen, Denmark, 2014.

Richardson, M.; Garner, P.; Donegan, S. Interpretation of subgroup analyses in systematic reviews: A tutorial. Clin. Epidemiol.
Glob. Health 2019, 7, 192-198. [CrossRef]

Hammami, M.M.; Yusuf, A. Differential effects of vitamin D, and D3 supplements on 25-hydroxyvitamin D level are dose, sex,
and time dependent: A randomized controlled trial. BMC Endocr. Disord. 2017, 17, 12. [CrossRef]

Thacher, T.D,; Fischer, PR.; Obadofin, M.O.; Levine, M.A.; Singh, R.J.; Pettifor, ]. M. Comparison of metabolism of vitamins D,
and Dj in children with nutritional rickets. J. Bone Miner. Res. 2010, 25, 1988-1995. [CrossRef]

Martineau, A.R.; Thummel, K.E.; Wang, Z; Jolliffe, D.A.; Boucher, B.J.; Griffin, S.J.; Forouhi, N.G.; Hitman, G.A. Differential Effects
of Oral Boluses of Vitamin D, vs. Vitamin D3 on Vitamin D Metabolism: A Randomized Controlled Trial. J. Clin. Endocrinol. Metab.
2019, 104, 5831-5839. [CrossRef]

Chowdhury, R.; Kunutsor, S.; Vitezova, A.; Oliver-Williams, C.; Chowdhury, S.; Kiefte-de-Jong, J.C.; Khan, H.; Baena, C.P;
Prabhakaran, D.; Hoshen, M.B.; et al. Vitamin D and risk of cause specific death: Systematic review and meta-analysis of
observational cohort and randomised intervention studies. BMJ 2014, 348, g1903. [CrossRef]

Jones, K.S.; Assar, S.; Harnpanich, D.; Bouillon, R.; Lambrechts, D.; Prentice, A.; Schoenmakers, I. 25(OH)D, half-life is shorter
than 25(OH)Dj half-life and is influenced by DBP concentration and genotype. |. Clin. Endocrinol. Metab. 2014, 99, 3373-3381.
[CrossRef]

Houghton, L.A.; Vieth, R. The case against ergocalciferol (vitamin D) as a vitamin supplement. Am. J. Clin. Nutr. 2006, 84,
694-697. [CrossRef]

Morris, H.A.; Anderson, PH. Autocrine and paracrine actions of vitamin D. Clin. Biochem. Rev. 2010, 31, 129-138.


http://doi.org/10.1016/j.cegh.2018.05.005
http://doi.org/10.1186/s12902-017-0163-9
http://doi.org/10.1002/jbmr.99
http://doi.org/10.1210/jc.2019-00207
http://doi.org/10.1136/bmj.g1903
http://doi.org/10.1210/jc.2014-1714
http://doi.org/10.1093/ajcn/84.4.694

	Introduction 
	Methods 
	Criteria for Considering the Studies 
	Search Methods for Identification of Studies 
	Data Collection and Analysis 
	Data Extraction and Management 
	Assessment of Risk of Bias 
	Measures of Treatment Effect 
	Assessment of Heterogeneity 
	Subgroup Analysis and Sensitivity Analysis 
	Meta-Regression 

	Results 
	Discussion 
	Conclusions 
	References

