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Abstract

Despite differences in the phamacokinetics of 25-hydroxycholecalciferol (25(OH)D3) and

25-hydroxyergocalciferol (25(OH)D2) in man, the effects of these and their 1α-hydroxylated

forms (1,25(OH)2D3 and 1,25(OH)2D2) on cellular activity of vitamin D-responsive cells have

hardly been compared. We studied differences in the effects of these metabolites on cell

number, gene transcription, protein expression and mineralisation of cultured human bone

marrow-derived stromal cells (hBMSC) and rapidly mineralising mouse 2T3 osteoblasts.

50–1000 nM 25(OH) and 0.05–10 nM 1,25(OH)2 metabolites were used. At high concentra-

tions, 25(OH)D2/D3 and 1,25(OH)2D2/D3 suppressed cell number in both human and mouse

cells. The suppression was greater with cholecalciferol (D3) metabolites than with those of

ergocalciferol (D2). In both cell types, 25(OH)D2 and 25(OH)D3 increased the expression of

osteopontin, osteocalcin, collagen-1, receptor activator of nuclear factor kappa-B ligand,

vitamin D receptor, CYP24A1 and CYP27B1 genes. Whereas there was little or no differ-

ence between the effects of 25(OH)D2 and 25(OH)D3 in hBMSCs, differences were

observed in the magnitude of the effects of these metabolites on the expression of most

studied genes in 2T3 cells. Alkaline phosphatase (ALP) activity was increased by 25(OH)

D2/D3 and 1,25(OH)2D2/D3 in hBMSC and 2T3 cells, and the increase was greater with the

D3 metabolites at high concentrations. In hBMSCs, mineralisation was also increased by 25

(OH)D2/D3 and 1,25(OH)2D2/D3 at high concentrations, with D3 metabolites exerting a

greater influence. In 2T3 cells, the effects of these compounds on mineralisation were stimu-

latory at low concentrations and inhibitory when high concentrations were used. The sup-

pression at high concentrations was greater with the D3 metabolites. These findings

suggest that there are differences in the effects of 25-hydroxy and 1α,25(OH)2 metabolites

of D3 and D2 on human preosteoblasts and mouse osteoblasts, with the D3 metabolites
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being more potent in suppressing cell number, increasing ALP activity and influencing

mineralisation.

Introduction

Vitamin D (vit D) regulates bone function and its deficiency is associated with bone loss [1,2].

Vit D receptors (VDR) are present in almost all human cells, and the list of roles and functions

of vit D has been expanding [3]. Osteoblasts, too, express VDR, although exactly how

1α,25-dihydroxycholecalciferol (1,25(OH)2D3) and 1α,25-dihydroxyergocalciferol (1,25

(OH)2D2) act on these cells to regulate bone metabolism is not fully understood [4]. Osteo-

blasts differentiate from bone marrow-derived stromal cells (BMSCs) through several well-

defined stages that include proliferation, maturation and mineralisation [5]. During the final

extracellular matrix formation step, some osteoblasts get embedded in osteoid as osteocytes

[6]. 1,25(OH)2D3 promotes differentiation of human BMSCs into osteoblasts, inhibits cell pro-

liferation, and stimulates mineralisation in both human and mouse osteoblast cells [7–10].

Some of these effects are mediated through LRP5 and the Wnt signalling pathway [11,12], and

the stimulation of mineralisation is partly secondary to an increase in osteoblastic alkaline

phosphatase (ALP) activity [13]. The 1α,25-hydroxylated metabolites induce the expression of

osteoblast signature genes, including collagen type-I (col1a), osteocalcin (ocn), osteopontin

(opn), osteoprotegerin (opg), receptor activator of nuclear factor kappa-B ligand (rankl), vdr
[10,14]. Thus, formation of COL1a and non-collagenous proteins, such as OCN and OPN, are

stimulated by 1,25(OH)2D3, and osteoclastogenesis is inhibited by an increase in OPG, which

binds RANKL and prevents its interaction with RANK on osteoclast precursors [8]. Osteo-

blasts also possess CYP27B1 enzyme, which 1α-hydroxylates 25-hydoxycholecalcifeol (25(OH)

D3) and 25-hydoxyergocalcifeol (25(OH)D2) into 1,25(OH)2D3 and 1,25(OH)2D3, as well as

1α,25-dihydroxycholecalciferol 24-hydroxylase, CYP24A1. Osteoblasts are therefore capable

of responding locally to 25-(OH)D and produce metabolites that act in an autocrine fashion

[14,15].

Patients with vit D deficiency carry a risk of reduced bone mineral density and developing

osteoporosis. With the recognition that large portions of populations living at high latitudes

are deficient in vit D [16–18], a need to identify and treat the deficiency has increasing been

realised. For the treatment, it has been generally assumed that the two prescribed forms of vit

D, cholecalciferol (D3) and ergocalciferol (D2), have equal potencies. However, this has been

questioned [19,20]. A few studies in humans have shown that lower circulating concentrations

of 25(OH)D are achieved as a result of the administration of D2 compared with D3 [21,22].

Other studies have shown a lower binding to vit D-binding protein and a higher clearance rate

for D2 metabolites compared with those of D3 [23,24], and differences in the effects of active

D2 and D3 metabolites on plasma calcium and bone mineral content have been observed

[25,26]. However, very few studies have compared potencies of 25(OH) and 1,25(OH)2 metab-

olites of D2 and D3 at the cellular level. Although 1,25(OH)2D2 and 1,25(OH)2D3 were shown

in separate studies to have equal affinities for VDR in chick intestine, rat intestine, porcine kid-

ney, human breast cancer cells and HeLa cells [27–29], 1,25(OH)2D3 was able to up-regulate

rat intestinal VDR more than 1,25(OH)2D2 did [30], and differences in the effects of 1α-chole-

calciferol and 1α-ergocalciferol were shown in rat intestinal calcium absorption, and osteoclast

numbers and activity [31,32]. As for osteoblasts, to the best of our knowledge, no study has

compared their response to 25(OH) or 1,25(OH)2 metabolites of D2 and D3.
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Therefore, we have undertaken a comparison of the effects and potencies of 25(OH) and

1,25(OH)2 metabolites of D2 and D3 on osteoblast cell number, cellular activity and minerali-

sation. For this, we have used two very distinct cell types: primary human bone marrow-

derived stromal cells (hBMSC) and mouse 2T3 osteoblastic cell line. Human BMSCs are at the

initial stage of differentiation, and require osteogenic factors and time to develop into pre- and

full osteoblasts. Based on our unpublished data, these cells require a period of 4 weeks to

become responsive and to begin to mineralise, whereas murine 2T3 cells are primary murine

osteoblasts that have been immortalised using SV40 large T antigen on the BMP2 promoter

and that respond rapidly to matrix maturation and mineralisation signals.

Material and Methods

Cell culture

Human BMSCs were derived from discarded bone material from patients undergoing total

hip replacement. The use of bone material was approved by the University of Oxford Musculo-

skeletal Biobank Ethical Committee in compliance with Human Tissue Act ethical guidelines,

and was after obtaining written, informed consent from patients [33]. Human BMSCs were

cultured and studied at passage 1–2 in α-Modified Eagle’s Minimum Essential Medium

(αMEM, Lonza), supplemented with 10% heat-inactivated foetal bovine serum (HI-FBS;

Lonza, UK), L-glutamine (2mM), ribonucleosides, penicillin and streptomycin (100U/ml).

Murine 2T3 pre-osteoblast cells were kind donations from Professor Stephen E. Harris (Uni-

versity of Texas, San Antonio, USA) and have been characterized previously [34]. These cells

were isolated and cloned from transgenic mice, containing SV-40 large T antigen, driven by a

BMP-2 promoter. When treated with osteogenic supplements, these cells mineralize and form

bone matrix, expressing osteoblastic markers. The cells were plated at 1 x 106 per T-150 flasks in

Dulbecco‘s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated foetal

bovine serum (HI-FBS; Lonza, UK), penicillin (100 U/ml), streptomycin (100 U/ml) and L-glu-

tamine (Invitrogen, 2 mM) in a standard humidified incubator at 37˚C and 5% CO2.

25(OH)D2, 1,25(OH)2D2, 25(OH)D3 and 1,25(OH)2D3 (Isosciences, CertiMass™) were dis-

solved in absolute ethanol at 10−3 M concentration as a stock solution, and stored in light-pro-

tected glass vials at -80˚C. Working dilutions of 25(OH)D2 and 25(OH)D3 were evaluated by

liquid chromatography-mass spectrometry. All sera used for tissue culture were routinely

assessed for endogenous levels of 25(OH)D2 and 25(OH)D3.

To induce hBMSCs differentiation, these cells were plated in αMEM plus 10% HI-FBS to

reach confluency, then supplemented with osteogenic medium (OSM, 10% HI-FBS, 10 mM

β-glycerol 2-phosphate disodium salt and 50 μg/ml L-ascorbic acid (Sigma Aldrich, UK) and

the addition of 10 nM dexamethasone. To promote differentiation of mouse 2T3 cells at con-

fluency, the medium was changed to OSM. Cells were cultured in replicates in OSM in the pres-

ence of absence of various concentrations of 25(OH)D2/D3 (50–1000 nM) or 1,25(OH)2D2/D3

(0.05–10 nM) in ethanol as vehicle (total added volume was<1% of the culture medium vol-

ume). OSM media containing the vit D metabolites were changed every other day prior to RNA

and protein extraction or until mineralisation was assessed.

Cell number

Mouse 2T3 and hBMSCs were seeded in multiple 96-well plates at 5x103 cell density per well

(DMEM-10% with HI-FBS, and αMEM plus 10% HI-FBS, respectively) in replicates in the

presence or absence of different concentrations of 25(OH)D2/D3 (50–1000 nM) or 1,25

(OH)2D2/D3 (0.05–1 nM) for 24 h. After 21h, 10% MTS tetrazolium CellTiter1 One Solution

Reagent (Promega) was added to the wells and incubated for the last 3h under standard tissue
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culture conditions. Plates were removed and growth was assayed at 490 nm using a SPECTRA-

max plate reader (Molecular DEVICES, USA).

ALP activity

Human BMSCs (1-5x104) and mouse 2T3 cells (1x104) were re-plated in replicates into 24/48

well plates in αMEM-10% HI-FBS and DMEM plus 10% HI-FBS culture media, respectively, to

reach confluence, after which differentiation was induced by OSM in the presence or absence of

vit D metabolites. For hBMSCs, the culture was for 7 days, during which the cells were treated

every other day with either 100–1000 nM 25(OH)D2/D3 or 0.1–10 nM 1,25(OH)2D2/D3 in

OSM. For 2T3 osteoblasts, the cells were cultured for 24 h, during which they were treated once

with 100–500 nM 25(OH)D2/D3 or 0.1–0.5 nM 1,25(OH)2D2/D3 in OSM. Upon the completion

of the treatment periods, cells were washed with Dulbeccos’s phosphate-buffered saline (DPBS)

and lysed in 100 μl radioimmunoprecipitation assay buffer containing protease inhibitor

(RIPA-PI; Sigma). Cell lysates were sonicated for 15 sec and total protein content was measured

by bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, UK). For each treated condi-

tion, ALP activities (pmol substrate/μg protein) of cell lysates were determined fluorometrically

using fluorescent substrate 4-methylumbelliferyl phosphate (4-MUP; Sigma) as previously

described [35]. Briefly, 10 μl of each cell lysate was incubated with 100 μl of freshly made 4MUP

(0.16 mM in 50 mM Tris pH 6.0) substrate in white 96-well plates (NUNC) for 45 min in the

dark at 37˚C, followed by the addition of 100 μl of 0.6M Na2CO3 to stop the reaction. Fluores-

cence was measured at 360 nm excitation, 450 nm emission and 435 nm cut-off wavelength

using a BMG Optima FluoSTAR plate reader (BMG LABTECH, Germany). ALP activities were

calculated from standard curves of 0–20,000 pmol 4-methylumbelliferone (4MU), and values

were normalised against the total protein content of each relevant well or treatment.

Western blots

In order to determine the effects of the various vit D metabolites on endogenous levels of

VDR, CYP24A1 and CYP27B1, as well as on the expression of osteoblast differentiation mark-

ers, OPN and OCN, hBMSCs were treated over 21 days with 1000 nM 25(OH)D2/D3 or 10 nM

1,25(OH)2D2/D3, and mouse 2T3 osteoblasts were treated for 8 days with either 100–500 nM

25(OH)D2/D3 or 0.01–0.5 nM 1,25(OH)2D2/D3 in OSM. Subsequently, cell lysates were ex-

tracted on ice in RIPA-PI. Total protein content under different treatment conditions was de-

termined by BCA protein assay kit. Proteins (20 μg) were fractionated by 10–15% SDS-PAGE,

transferred onto polyvinylidene difluoride (PVDF) membrane and incubated overnight sepa-

rately with goat polyclonal anti-mouse/human OPN (R&D, UK; AF808 & AF1433), goat poly-

clonal anti-human OCN (Santa Cruz, USA; V19; sc-18319), goat polyclonal anti-mouse OCN

(Santa Cruz, USA; G-20; sc-23790), mouse monoclonal anti-human/mouse VDR (Santa Cruz,

USA; D-6; sc-13133), rabbit polyclonal anti-human CYP24A1 (Santa Cruz, USA; H-87; sc-

66851), and rabbit polyclonal anti-mouse/human CYP27B1 (Santa Cruz, USA; H-90; sc-67261)

primary antibodies (1:2000 to 1:4000 dilution). After washing, membranes were incubated

for one hour with horseradish peroxidase-conjugated anti-goat IgG (R&D, UK; HAF017),

anti-mouse (R&D, UK; HAF007) and anti-rabbit (Cell Signaling Technology, USA, #7074S)

secondary antibodies (1:2000 diltuion), and immunoblots were visualised by enhanced chemilu-

minescence (ECL, Amersham, UK).

RNA extraction, complementary DNA synthesis and RT-PCR

Human BMSCs were cultured at 1x105 in αMEM-10% HI-FBS in replicates to reach conflu-

ence, when differentiation was induced by OSM in the presence or absence of 1000 nM
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concentrations of 25(OH)D2/D3 over 14 days. Mouse 2T3 cells were cultured in DMEM sup-

plemented with 10% HI-FBS in 4-well plates at 1x105 cell density until full confluence, fol-

lowed by the addition of OSM in the presence or absence of 200 nM 25(OH)D2/D3. Total

RNA from each treatment was extracted by RNeasy Mini Kit (Qiagen, UK) according to the

manufacturer‘s instructions. Nucleic acid concentrations were measured by NanoDrop ND-

1000 spectrophotometer (Thermo Scientific, UK) at 260 nm. The absorbance ratios at 260/280

and 260/230 were used to detect any protein or organic carryover. Samples with both 260/280

and 260/230 ratios of�2 were used for further analysis. The integrity of total RNA purified

with Qiagen RNeasy kit was also assessed using 1.5% agarose gel electrophoresis and ethidium

bromide staining.

A total of 2 μg from each extract was treated with RNase-free DNase I (Thermo Scientific,

UK) for 30 min at 37˚C. Removal of genomic DNA was terminated by further heat inactiva-

tion with 100mM EDTA at 65˚C for 10 mins. First strand cDNA synthesis of template RNA

extracts was performed using a Veriti 96 well Thermal Cycler (Applied Biosystems, UK) using

BIO-RAD iScript Reverse Transcription Supermix in a final reaction volume of 40 μl accord-

ing to the manufacturer’s instruction.

RT-PCR was performed using a ViiA7 system (Applied Biosytems, UK) with commercially

available lyophilized Quanititect Qiagen primers; col1, opn, ocn, opg, rankl, vdr, cyp27b1,

cyp24a1. One μl of one-twentieth dilutions of templates were used in a total volume of 10 μl

reaction in 384 well plates (Applied Biosystems, UK) by 2-step cycling (polymerase activation

at 95˚C for 2 min, 40 cycles of template denaturation at 95˚C for 5 sec, primer annealing and

extension at 65˚C for 30 sec) using SYBR green Master Mix (BIOLINE; SensiFAST SYBR Lo-

Rox Kit). The Ct values for treated samples were normalised to housekeeping genes gapdh and

18S and the relative expressions were calculated using ΔΔCt with amplification and accuracy of

98–100%.

Mineralisation

Human BMSCs were cultured at 1x104 in 96-well plates in αMEM-10% HI-FBS, and mouse

2T3 cells at 0.1-1x104 in 96-, 48- or 24-well plates in replicates in DMEM-10%HI-FBS to reach

confluency. Media at this time point (day zero) was replaced with OSM with or without vit D

metabolites. For hBMSCs, OSM containing 500–1000 nM 25(OH)D2/D3 or 1–10 nM 1,25

(OH)2D2/D3 was used, and for 2T3 cells, OSM contained 100–500 nM 25(OH)D2/D3 or 01–

0.5 nM 1,25(OH)2D2/D3. The media were changed every other day up to 21 days for hBMSCs

and up to 8 days for 2T3 cells prior to mineralisation assays. Upon completion of treatments,

cell cultures were stopped, media removed, cells were washed with DPBS, fixed with 70% etha-

nol, air-dried and stained with 1.5% alizarin red dye solution (Sigma-Aldrich, UK; pH 4.1).

Plates were washed with 70% ethanol and deionised water, air dried and staining were

extracted by 10% acetic acid over orbit shaker, neutralised with 10% ammonium hydroxide,

transferred into 96-well plates and measured colourimetrically at 550 nm.

Statistical analysis

All experiments were carried out at least in triplicates and the mean ± SEM was calculated.

Statistical analyses were carried out using SPSS version 11.0 for windows (SPSS Inc.,

Chicago, IL, USA). Effects of treatments were compared by Kruskal-Wallis one-way analysis

of variance (ANOVA), with differences between treatments assessed using Bonferroni error

protection for multiple comparisons. A P value of<0.05 was regarded to indicate a significant

difference.
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Results

Human BMS and mouse cell numbers

Human BMSC numbers decreased in response to 25(OH)D2 at doses of�500 nM (and in

response to 25(OH)D3 at doses of�200 nM (P<0.01 and P<0.001, respectively; Fig 1A). 25

(OH)D3 was more potent than D2 at concentrations of�200 nM in human primary cells

(P<0.01; Fig 1A). Only a small decrease in hBMSC numbers as a result of treatment with the

highest dose of 1,25(OH)2D3 (1 nM) was observed (P<0.05; Fig 1B).

When mouse 2T3 osteoblasts were exposed to 25(OH)D2, cell numbers were reduced at

doses of 500 nM and 1000 nM (P<0.05 and P<0.01, respectively; Fig 1C). A decrease in 2T3

cell numbers was also observed with 25(OH)D3 at doses of 500 nM and 1000 nM (P<0.001 for

both concentrations; Fig 1C). The magnitude of the decrease was greater with 25(OH)D3

Fig 1. Comparative effects of 25(OH)D2, 25(OH)D3, 1,25(OH)2D2 and 1,25(OH)2D3 on cell numbers. Human BMSCs (panels A&B) and 2T3 cells (panels

C&D) received separate treatments over 24 h with either 50–1000 nM 25(OH)D2/D3 or 0.05–1 nM 1,25(OH)2D2/D3. Cell numbers were measured by MTS.

Mean ± SEM percentage values from triplicate experiments have been presented as fluorescence units (RFU) from treated cells relative to untreated control

(vehicle). # P<0.05, ## P<0.01, ### P<0.001 for comparisons between the treatments and the control; * P<0.01 for comparisons between the D2 and D3

metabolites.

doi:10.1371/journal.pone.0165462.g001
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compared with 25(OH)D2 (P<0.01; Fig 1C). In 2T3 cells, whereas 1,25(OH)2D3 at�0.5 nM

concentrations reduced cell numbers significantly (P<0.001; Fig 1D), 1,25(OH)2D2 had no

such effects, and, if anything, showed a tendency to increase cell numbers only at 0.2 nM

(P<0.01; Fig 1D).

ALP in hBMSCs and mouse osteoblasts

In hBMSCs, ALP activity increased after 7 days of treatment with 500–1000 nM 25(OH)D2

and 25(OH)D3 compared with controls (P<0.001; Fig 2A). After a similar period of treatment

with 1,25(OH)2D2 and 1,25(OH)2D3 but only at a dose of 10 nM, ALP activity also increased

compared with controls (P<0.001; Fig 2B). Human BMSCs displayed a differential response to

D2 versus D3 metabolites, with greater potencies observed in the case of 25(OH)D3 (P<0.05 at

500 nM and P<0.01 at 1000 nM; Fig 2A) and 1,25(OH)2D3 (P<0.01 for 1 nM; Fig 2B).

At 100–500 nM concentrations, both 25(OH)D2 and 25(OH)D3 also increased ALP activity

in 2T3 cells after 24 h of treatment (P<0.001; Fig 2C–2E), with 25(OH)D3 being more potent

than 25(OH)D2 at 500 nM concentration (P<0.01; Fig 2E). In the same cells, 0.1–0.5 nM 1,25

(OH)2D2 and 1,25(OH)2D3 also induced an increase in ALP compared with controls

(P<0.001; Fig 2F–2H). At 24 h and at a concentration of 0.5 nM, 1,25(OH)2D3 also displayed a

greater potency than 1,25(OH)2D2 (P<0.01; Fig 2H) in mouse 2T3 cells.

Relative effects of 25(OH)D2 and 25(OH)D3 on gene expression

Treatments of hBMSCs with 1000 nM of 25(OH)D2 and 25(OH)2D3 suppressed opg expres-

sion equally (P<0.01; Fig 3A), and had comparable effects in up-regulating transcriptions of

rankl (P<0.0001; Fig 3B), col1a (P<0.01; Fig 3C), opn (P<0.001; Fig 3D), vdr (P<0.001; Fig

3F), cyp24a1 (P<0.05 for D2 and P<0.01 for D3; Fig 3G) and cyp27b1 (P<0.05; Fig 3H) com-

pared with controls. 25(OH)D2 was more potent than 25(OH)D3 in up-regulation of ocn in

hBMSCs (P<0.01; Fig 3E).

When murine 2T3 osteoblasts were treated with 200 nM of 25(OH)D2 or 25(OH)D3 for

24 h in osteogenic media, there was an increase in the transcription of opg (P<0.01 for D3; Fig

4A), rankl (P<0.001 for both metabolites; Fig 4B), col1a (P<0.001 for both metabolites; Fig 4C),

opn (P<0.001 for both metabolites; Fig 4D), ocn (P<0.05 for 25(OH)D2 and P<0.001 for 25

(OH)D3; Fig 4E), vdr (P<0.01 for 25(OH)D2 and P<0.001 for 25(OH)D3; Fig 4F) and cyp27b1
(P<0.001 for 25(OH)D2 and P<0.01 for 25(OH)D3; Fig 4H) compared with controls. There

was no detectable change in cyp24a1 expression in response to 25(OH)D2 over 24 h, whereas 25

(OH)D3 significantly up-regulated cyp24a1 transcription by around 70-fold (P<0.001; Fig 4E).

For opg, ocn and vdr, 25(OH)D3 had a significantly greater influence than 25(OH)D2 on gene

transcription (P<0.01 for all comparisons; Fig 4A, 4E and 4F). However, 25(OH)D2 was more

potent than 25(OH)D3 in inducing cyp27b1 transcription (P<0.05; Fig 4H).

Western blot

In hBMSCs, the expression of VDR, CYP27B1, OCN and CYP24A1 proteins appeared to be

up-regulated to a greater extent in response to the addition of 1000 nM 25(OH)D3 than 25

(OH)D2 (Fig 3I). When hBMSCs were treated with 10 nM 1,25(OH)2D2 or 1,25(OH)2D3, both

metabolites up-regulated VDR, OCN and CYP24A1 equally (Fig 3I). Neither metabolite had

any effects on CYP24A1. 1,25(OH)2D3 appeared more potent that 1,25(OH)2D2 in up-regulat-

ing OPN protein in hBMSCs (Fig 3I).

In 2T3 cells treated with 25(OH)D2 or 25(OH)D3, there were moderate increases in VDR,

CYP27B1, OPN and OCN at 200 nM (Fig 4I). However, a reduction of these proteins was

observed with 500 nM of both 25(OH)D2 and 25(OH)D3, with the latter being more potent in
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this reduction (Fig 4I). There were dose-dependent increases in VDR, OPN and OCN protein

expression in response to 1,25(OH)2D2 and 1,25(OH)2D3, where 0.2–0.5 nM 1,25(OH)2D2

elicited the greatest response (Fig 4J).

Fig 2. Comparative effects of 25(OH)D2, 25(OH)D3, 1,25(OH)2D2 and 1,25(OH)2D3 on ALP enzyme activity. Human BMSCs were grown in αMEM-10%

FBS for 4 days until confluency (day 0) and treated with the D2 or D3 metabolites every other day (days 0, 2, 4 and 6). Human BMSC cultures were stopped at

day 7, and ALP activity was determined (panels A&B). 2T3 cells were grown in 10% DMEM-FBS for 24 h until full confluency (day 0), and were treated once

with either 100–500 nM 25(OH)D2/D3 (panels C-E) or 0.1–0.5 nM 1,25(OH)2D2/D3 (panels F&H) in differentiation media. Cultures were stopped at 12 or 24 h,

and ALP activity was measured. ALP activities were normalised to total protein content. Mean ± SEM enzymatic activity values from triplicate experiments

have been presented as the amount of 4-methylumbelliferone (4MU) generated after 45 min at 37˚C. # P<0.001 for comparisons between the treatments and

the control (vehicle); * P<0.05 and ** P<0.01 for comparisons between the D2 and D3 metabolites.

doi:10.1371/journal.pone.0165462.g002
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Mineralisation

When hBMSCs were cultured in osteogenic media for 21 days and treated with the vit D

metabolites every other day, no mineralisation was observed at concentrations of 500 nM of 25

(OH)D2 or 25(OH)D3 (Fig 5A). Only at a concentration of 1000 nM 25(OH)D2 and D3 was

mineralisation significantly increased in these cells (P<0.05 and P<0.001, respectively), and

the effects were more pronounced with the 25(OH)D3 (P<0.001; Fig 5A and 5C). Quantified

alizarin red staining revealed that 1–10 nM 1,25(OH)2D3 was more potent in mineralizing

hBMSCs than 1,25(OH)2D2 (P<0.05; Fig 5B and 5D).

Quantified alizarin red staining revealed that 200 nM 25(OH)D2 and 25(OH)D3 equally

increased mineralisation in 2T3 (P<0.05; Fig 5G). There was also an increase in 2T3 minerali-

sation in response to both 1,25(OH)2D2 and 1,25(OH)2D3 at 0.1–0.2 nM (P<0.001), with 0.1

nM 1,25(OH)2D2 being more stimulatory than D3 (P<0.05; Fig 5H). 25(OH)D2 and 25(OH)

D3 at doses of 500 nM, and also 1,25(OH)2D2 and 1,25(OH)2D3 at 0.5 nM significantly inhib-

ited mineralisation in 2T3 osteoblasts (P<0.001; Fig 5E and 5F). This inhibitory effects was

more evident with 25(OH)D3 and with 1,25(OH)2D3 than the corresponding D2 metabolites

(P<0.001; Fig 5G and 5H).

Discussion

To the best of our knowledge, this is the first study that has compared the effects of 25(OH) or

1,25(OH)2 metabolites of D2 and D3 on osteoblasts. Unlike previous studies that have

employed pharmacologically high concentrations of 25(OH) and 1,25(OH)2 metabolites, we

used concentrations that were generally much lower and more physiological [4,7,9,15]. Differ-

ences in the effects of these metabolites on osteoblastic cells from human and mouse that were

also very distinct in their stage of differentiation were studied. Most previous studies have

shown the effects of vit D metabolites on osteoblast proliferation to be inhibitory [14,36,37].

In hBMSCs, 25(OH)D3 had a greater inhibitory effect on cell number than 25(OH)D2, and

with 1,25(OH)2 metabolites, an inhibition was seen only with 1,25(OH)2D3 at a concentration

of 1000 pmol/L. We also found both 25(OH)D and 1,25(OH)2D metabolites to inhibit increas-

ing 2T3 cell number, and the suppressive effects to be greater with the D3 metabolites. A recent

study on human osteoblasts have shown 1,25(OH)2D3 metabolite to decrease cell proliferation,

but only at a pharmacologically high concentration of 100 nmol/L administered over 3 days

[15]. Our data show that over a period of 24 h, some stasis in cell number, albeit small, appear

to be present at lower vit D metabolite concentrations, particularly with those of D3. Such anti-

proliferative effects are achieved by cell cycle arrest, with the effects of 25(OH)D presumably

mediated through the activity of CYP27B1 and the generation of 1,25(OH)2 [38].

During the differentiation of hBMSCs into osteoblasts, their VDR expression increases

[39]. Our observations on VDR gene and protein expression lend support to this, particularly

in relation to stimulation by 25(OH)D metabolites, with 25(OH)D3 having a greater effect on

the VDR protein. Activated VDR acts as a transcription factor for osteoblast signature genes,

Fig 3. Effects of 25(OH)D2 and 25(OH)D3 on hBMSC gene expression. Histograms depict comparative effects of 25(OH)D2 and

25(OH)D3 on the expression of hBMSC signature genes, opg (A), rankl (B), col1a (C), opn (D), ocn (E), vdr (F), cyp24a1 (G) and

cyp27b1 (H), during their differentiation. Human BMSCs were cultured for 14 days in the presence or absence of 1000 nM of either

25(OH)D2 or 25(OH)D3 in differentiation media. Quantified values (RQ) have been normalised to gapdh expression and are

mean ± SEM from triplicate experiments. # P<0.05, ## P<0.01 and ### P<0.001 for comparisons between 25(OH)D2 or 25(OH)D3

treatments and the control (vehicle); * P<0.01 for comparisons between 25(OH)D2 and 25(OH)D3. ND = not detectable. Western

blots showing relative amounts of VDR, CYP27B1, OPN, OCN and CYP24A1 proteins in hBMSC cell lysates (20 μg protein) after 21

days of treatment with 1000 nM of either 25(OH)D2 (D2) or 25(OH)D3 (D3), or 10 nM of either 1,25(OH)2D2 (1D2) or 1,25(OH)2D3

(1D3) (I).

doi:10.1371/journal.pone.0165462.g003
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and in hBMSCs, active vit D metabolites stimulate the manufacture of bone matrix proteins

that include Col1, OCN and OPN, and increase ALP production that promotes mineralisation

[7,13,40,41]. Our data in hBMSCs are consistent with such previous findings, with both 25

(OH)D metabolites increasing the transcription of col1, ocn and opn matrix protein genes, as

well as that of opn, rankl, and cyp24a1 and cyp27b1. Our data showed a greater effect of 25

(OH)D3 than 25(OH)D2 in increasing the manufacture of ALP, OCN, CYP24A1 and CY27B1

proteins.

It is unclear why 1,25(OH)2 metabolites did not affect hBMSC cell number or stimulate

VDR, CYP24A1 and CYP27B1 as much as 25(OH) metabolites did. Whether this may be

related to higher 1,25(OH)2D concentrations produced at cellular level from nM range of 25

(OH)D used is unknown, although some previous findings seem to suggest this [38]. An

increase in CYP27B1 increases 1,25(OH)2D, and CYP24A1 converts 25(OH)D and, in particu-

lar, 1,25(OH)2D metabolites into their 24-hydroxylated forms [42]. It has been shown that

both 24,25(OH)2D and particularly 1,24,25(OH)3D are biologically active and exert stimula-

tory effects on vit D-responsive cells [43,44], but the exact influence of these metabolites on

osteoblasts remains unknown.

Unlike the scenario in hBMSCs, in 2T3 cells 25(OH)D3 was a more potent stimulus to vdr
and ocn gene expression than 25(OH)D2, but both VDR and OCN proteins were higher with

1,25(OH)2D2 compared with 1,25(OH)D3. As with previous reports [38], we also found 25

(OH) metabolites to increase cyp27B1 gene expression in 2T3 cells, but in contrast to human

cells, this was greater with 25(OH)D2. In contrast to hBMSCs, 2T3 cells produced large

amounts of CYP27B1 enzyme in response to 1,25(OH)2D2. Furthermore, unlike hBMSCs,

mouse cells expressed cyp24A1 gene only in response to 25(OH)D3 and not 25(OH)D2.

Whereas the influence of CYP27B1 expression is consistent with the cell number and minerali-

sation effects of vit D as described above, the physiological effects of stimulation of CYP24A1

is uncertain.

Both 25(OH)D2 and 25(OH)D3 greatly increased rankl gene transcription in human and

mouse cells. The two metabolites modestly suppressed opg gene transcription in hBMSCs, but

had inconsistent effects in 2T3 cells. RANKL and OPG exert opposing effects on osteoclasto-

genesis and osteoclast activation, and a pattern of protein expression similar to that of gene

expression observed in human cells here would be a stimulus to osteoblast activation [45–47].

With regards mineralisation as a crucial clinical endpoint of vit D effect in relation to bone

mineral density, hBMSC’s mineralisation increased with vit D metabolites. This was in accord

with our ALP data, and these effects tended to be greater with 25(OH)D3 and 1,25(OH)D3 at

high concentrations. These add further support to a prevailing general notion that D2 treat-

ment has less effect than D3 administration in man.

However, previous data in some murine osteoblasts have shown that, unlike its effects on

human cells, vit D metabolites appear to inhibit differentiation and mineralisation, although

studies on murine ALP and Col1 show some conflicting data [9,48–51]. Our observations on

2T3 mineralisation indicate a bimodal concentration effect of vit D metabolites in these cells.

Thus, there was an increase in mineralisation at low vit D metabolites concentrations, but the

Fig 4. Effects of 25(OH)D2 and 25(OH)D3 on 2T3 cell gene expression. Histograms depict the comparative effects of 25(OH)D2 and 25(OH)D3

on the expression of mouse 2T3 osteoblast signature genes, opg (A), rankl (B), col1a (C), opn (D), ocn (E), vdr (F), cyp24a1 (G) and cyp27b1 (H).

2T3 cells were cultured for 24 h in the presence or absence of 200 nM of either 25(OH)D2 or 25(OH)D3 in differentiation media. Quantified values

(RQ) have been normalised to gapdh expression and are mean ± SEM from triplicate experiments. # P<0.05, ## P<0.01 and ### P<0.001 for

comparisons between 25(OH)D2 or 25(OH)D3 treatments and the control (vehicle); * P<0.05, ** P<0.01 and *** P<0.001 for comparisons

between 25(OH)D2 and 25(OH)D3. Western blots showing relative amounts of VDR, CYP27B1, OPN and OCN proteins in 2T3 cell lysates (20 μg

protein) after 8 days of treatment with (I) 100–500 nM of either 25(OH)D2 (D2) or 25(OH)D3 (D3), and (J) 0.1–0.5 nM of either 1,25(OH)2D2 (1D2) or

1,25(OH)2D3 (1D3).

doi:10.1371/journal.pone.0165462.g004
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effects were reversed and became suppressive as concentrations increased. These data may

suggest that some of the inhibitory effects on mineralisation observed in some previous studies

may have been due to the use of very high, supra-physiological doses of these metabolites in

those studies. At high concentrations, the suppressive effects of vit D metabolites on 2T3 cell

mineralisation was greater with 25(OH)D3 and 1,25(OH)2D3 than the corresponding D2 com-

pounds. Two further murine cell lines, MBA 15.4 and Mc3T3 E1, displayed similar dose

responses (data not shown), with enhanced differentiation over doses 100–200 nM and repres-

sion at�500 nM.

These findings indicate that cell activity can change significantly over time under the influ-

ence of active vit D metabolites. In that respect, two different concentrations of a vit D metabo-

lite may be able to bring about two patterns of change in cell activity that are out of synch with

one another during their time course. For this reason, it is possible that some of the conflicting

differences in the expression of a particular protein seen with D3 and D2 metabolites may be

secondary to a greater potency of one metabolite that imposes a shift in the time course of

change in that protein. The data on such a protein can then become conflicting when there is

both an increase and a decrease in protein expression over a time course. Such apparent con-

flicts may be possible in our study as we assessed gene expression over long periods of 1 and 14

days of treatment of 2T3 and hBMS cells, respectively. Furthermore, the effects of vit D metab-

olites on osteoblasts are known to be influenced by other factors such as calcium concentra-

tions [52]. How these other factors change over time is unknown, but they can potentially add

further complexity to the dynamics of the effects of vit D metabolites that may possess different

potencies.

Overall, the data from this study suggest that in general vit D3 metabolites appear to elicit a

greater influence on both hBMSC and mouse 2T3 cells. These greater effects appear not to be

universal, but seem to be more pronounced in some major aspects of osteoblast function, par-

ticularly in changing cell number and in increasing ALP and mineralisation. The only greater

influences of 25(OH)D2 that we found were on OCN expression in hBMSCs and on CYP27B1

expression in 2T3 calls. Assuming that the effects of 25(OH)D are mostly mediated through

the generation of its α-hydroxylated compound by CYP27B1, as well as the metabolism of 25

(OH)D and 1,25(OH)2D by CYP24A1, consideration must be given to the possibility that the

velocity and the Km of these enzymes may differ significantly for 25(OH)D2 and 25(OH)D3.

Furthermore, some of the differences in the effects of vit D3 metabolites on osteoblast pro-

liferation and function appear to be also time- and cell-type-dependent [10]. The same may be

true for the effects of D2 metabolites. As with others, we have observed that the direction and

the effects of vit D metabolites can differ sufficiently in the two osteoblastic cell types studied

so as to preclude the use of mouse model to derive knowledge about human cells. In some

respects, the data on mouse osteoblasts may in fact be even misleading in predicting the behav-

iour of human cells. However, human osteosarcoma cell lines display similarly diverse

responses, with neither MG63 nor SaOS2 cell lines responding to the same dose and range of

vitamin D as primary hBMSCs with either ALP activity or mineralisation (S1 Fig in supporting

information).

Fig 5. Effects of 25(OH)D2, 25(OH)D3, 1,25(OH)2D2 and 1,25(OH)2D3 on mineralisation. Human BMSCs cells were cultured in differentiation media

for 21 days in the presence of either 500–1000 nM 25(OH)D2/D3 (A) or 1–10 nM 1,25(OH)2D2/D3 (B), stained with alizarin red and photographed.

Quantification of mineralisation was by alizarin red stain extraction and colourimetry, and the effects of treatment of hBMSCs with either 500–1000 nM 25

(OH)D2/D3 (C) or 0.1–10 nM 1,25(OH)2D2/D3 (D) are presented. Values are mean ± SEM from triplicate experiments as percentage of untreated controls

(vehicle). 2T3 cells were cultured in differentiation media for 8 days in the presence of either 100–500 nM 25(OH)D2/D3 (E) or 0.1–0.5 nM 1,25(OH)2D2/

D3 (F). Alizarin red staining of 2T3 was quantified and the responses to 100–500 nM 25(OH)D2/D3 (G) or 0.1–0.5 nM 1,25(OH)2D2/D3 (H) are shown as

mean ± SEM from triplicate experiments and as percentage of untreated controls. # P<0.05, ## P<0.01 and ### P<0.001 for comparisons between the

treatments and the control; * P<0.05 and ** P<0.001 for comparisons between the D2 and D3 metabolites.

doi:10.1371/journal.pone.0165462.g005
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In conclusion, our data on osteoblasts add significant weight to some previous findings that

D2 may not have the same potency and may not elicit the same physiological effect as D3. If

corroborated by further future studies, these findings would underline a need to assess differ-

ences in long-term physiological effects of the two vitamins in human subjects. Evidence gath-

ered from such studies may prove to have implications for prescribing D2 preparations in

clinical practice.

Supporting Information

S1 File. Raw data for Figs 1–5. The raw data, based on which Figs 1–5 have been drawn, have

been presented in Tabs 1–5 of the file, respectively.

(XLS)

S1 Fig. Effects of 25(OH) and 1,25(OH)2 metabolites of D2 and D3 on ALP enzyme activity

(page 1) and mineralisation (page 2) of MG-63 and SaOS-2 cells.

(PPT)

Author Contributions

Conceptualization: AZ PH AS MKJ AM.

Data curation: AZ PH.

Formal analysis: AZ PH.

Funding acquisition: PH AS MKJ AM.

Investigation: AZ.

Methodology: AZ PH AS AM.

Project administration: AZ AS.

Resources: PH AS MKJ.

Software: AZ PH.

Supervision: PH AS MKJ AM.

Validation: AZ PH.

Visualization: AZ PH.

Writing – original draft: AZ PH AM.

Writing – review & editing: PH AS MKJ AM.

References
1. Norman AW. The history of the discovery of vitamin D and its daughter steroid hormone. Ann Nutr

Metab. 2012; 61:199–206. doi: 10.1159/000343104 PMID: 23183289

2. Bendik I, Friedel A, Roos FF, Weber P, Eggersdorfer M. Vitamin D: a critical and essential micronutrient

for human health. Front Physiol. 2014; 5:248–61 doi: 10.3389/fphys.2014.00248 PMID: 25071593

3. Norman AW. Minireview: vitamin D receptor: new assignments for an already busy receptor. Endocri-

nology. 2006; 147:5542–8. doi: 10.1210/en.2006-0946 PMID: 16946007

4. Zhou S, LeBoff MS, Glowacki J. Vitamin D metabolism and action in human bone marrow stromal cells.

Endocrinology. 2010; 151:14–22. doi: 10.1210/en.2009-0969 PMID: 19966181

5. Krause C, de Gorter DJJ, Karperien M, ten Dijke P. Signal Transduction Cascades Controlling Osteo-

blast Differentiation. In: Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism

Comparison of the Effects of Vitamin D2 and D3 Metabolites on Human and Mouse Osteoblasts

PLOS ONE | DOI:10.1371/journal.pone.0165462 November 28, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165462.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165462.s002
http://dx.doi.org/10.1159/000343104
http://www.ncbi.nlm.nih.gov/pubmed/23183289
http://dx.doi.org/10.3389/fphys.2014.00248
http://www.ncbi.nlm.nih.gov/pubmed/25071593
http://dx.doi.org/10.1210/en.2006-0946
http://www.ncbi.nlm.nih.gov/pubmed/16946007
http://dx.doi.org/10.1210/en.2009-0969
http://www.ncbi.nlm.nih.gov/pubmed/19966181


Rosen CJ, editor. American Society of Bone and Mineral Research; Washington, DC: John Wiley &

Sons Inc; 2009: pp. 10–6.

6. Heino TJ, Hentunen TA. Differentiation of osteoblasts and osteocytes from mesenchymal stem cells.

Curr Stem Cell Res Ther. 2008; 3:131–45. PMID: 18473879

7. Liu P, Oyajobi BO, Russell RG, Scutt A 1999 Regulation of osteogenic differentiation of human bone

marrow stromal cells: interaction between transforming growth factor-β and 1,25(OH)2 vitamin D3 in

vitro. Calcif Tissue Int. 65:173–180. PMID: 10430653

8. van Driel M, Pols HA, van Leeuwen JP. Osteoblast differentiation and control by vitamin D and vitamin

D metabolites. Current Pharm Des. 2004; 10:2535–55.

9. Matsumoto T, Igarashi C, Takeuchi Y, Harada S, Kikuchi T, Yamato H, et al. Stimulation by 1,25-dihy-

droxyvitamin D3 of in vitro mineralization induced by osteoblast-like MC3T3-E1 cells. Bone. 1991;

12:27–32. PMID: 2054233

10. van Leeuwen J, van Driel M, van den Bemd G, Pols H. Vitamin D control of osteoblast function and

bone extracellular matrix mineralization. Crit Rev Eukaryot Gene Expr. 2001; 11:199–226. PMID:

11693961

11. Kennell JA, MacDougald OA. Wnt signaling inhibits adipogenesis through β-catenin-dependent and-

independent mechanisms. J Biol Chem. 2005; 280:24004–10. doi: 10.1074/jbc.M501080200 PMID:

15849360

12. Kang S, Bennett CN, Gerin I, Rapp LA, Hankenson KD, MacDougald OA. Wnt signaling stimulates

osteoblastogenesis of mesenchymal precursors by suppressing CCAAT/enhancer-binding protein α
and peroxisome proliferator-activated receptor γ. J Biol Chem. 2007; 282:14515–24. doi: 10.1074/jbc.

M700030200 PMID: 17351296

13. van Driel M, Koedam M, Buurman CJ, Roelse M, Weyts F, Chiba H, et al. Evidence that both

1alpha,25-dihydroxyvitamin D3 and 24-hydroxylated D3 enhance human osteoblast differentiation and

mineralization. J Cell Biochem. 2006; 99:922–35. doi: 10.1002/jcb.20875 PMID: 16741965

14. Atkins GJ, Anderson PH, Findlay DM, Welldon KJ, Vincent C, Zannettino AC, et al. Metabolism of vita-

min D3 in human osteoblasts: evidence for autocrine and paracrine activities of 1α, 25-dihydroxyvitamin

D3. Bone. 2007; 40:1517–28. doi: 10.1016/j.bone.2007.02.024 PMID: 17395559

15. van der Meijden K, Lips P, van Driel M, Heijboer AC, Schulten EA, den Heijer M, et al. Primary human

osteoblasts in response to 25-hydroxyvitamin D3, 1,25-dihydroxyvitamin D3 and 24R,25-dihydroxyvita-

min D3. PLoS One. 2014; 9:e110283. doi: 10.1371/journal.pone.0110283 PMID: 25329305

16. Jones G, Byford V, West S, Masuda S, Ibrahim G, Kaufmann M, et al. Hepatic activation and inactiva-

tion of clinically-relevant vitamin D analogs and prodrugs. Anticancer Res. 2006; 26:2589–95. PMID:

16886668

17. Holick MF. Vitamin D Deficiency. N Engl J Med. 2007; 357:266–81. doi: 10.1056/NEJMra070553 PMID:

17634462

18. Chao Y- S, Brunel L, Faris P, Veugelers P. Vitamin D status of Canadians employed in northern lati-

tudes. Occup Med. 2013; 63:485–93.

19. Houghton LA, Vieth R. The case against ergocalciferol (vitamin D2) as a vitamin supplement. Am J Clin

Nutr. 2006; 84:694–7. PMID: 17023693

20. Tripkovic L, Lambert H, Hart K, Smith CP, Bucca G, Penson S, et al. Comparison of vitamin D2 and vita-

min D3 supplementation in raising serum 25-hydroxyvitamin D status: a systematic review and meta-

analysis. Am J Clin Nutr. 2012; 95:1357–64. doi: 10.3945/ajcn.111.031070 PMID: 22552031

21. Romagnoli E, Mascia ML, Cipriani C, Fassino V, Mazzei F, D’Erasmo E, et al. Short and long-term vari-

ations in serum calciotropic hormones after a single very large dose of ergocalciferol (vitamin D2) or

cholecalciferol (vitamin D3) in the elderly. J Clin Endocrinol Metab. 2008; 93:3015–20. doi: 10.1210/jc.

2008-0350 PMID: 18492750

22. Heaney RP, Recker RR, Grote J, Horst RL, Armas LA. Vitamin D3 is more potent than vitamin D2 in

humans. J Clin Endocrinol Metab. 2010; 96:E447–E52. doi: 10.1210/jc.2010-2230 PMID: 21177785

23. Jones G, Byrnes B, Palma F, Segev D, Mazur Y. Displacement potency of vitamin D2 analogs in com-

petitive protein-binding assays for 25-hydroxyvitamin D3, 24,25-dihydroxyvitamin D3, and 1,25-dihy-

droxyvitamin D3. J Clin Endocrinol Metab. 1980; 50:773–5. doi: 10.1210/jcem-50-4-773 PMID:

6965943

24. Hoy DA, Ramberg CF Jr, Horst RL. Evidence that discrimination against ergocalciferol by the chick is

the result of enhanced metabolic clearance rates for its mono- and dihydroxylated metabolites. J Nutr.

1988; 118:633–8. PMID: 2835464

25. Christiansen C, Rodbro P, Munck O. Actions of vitamins D2 and D3 and 25-OHD3 in anticonvulsant

osteomalacia. Br Med J. 1975; 2:363–5. PMID: 165857

Comparison of the Effects of Vitamin D2 and D3 Metabolites on Human and Mouse Osteoblasts

PLOS ONE | DOI:10.1371/journal.pone.0165462 November 28, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/18473879
http://www.ncbi.nlm.nih.gov/pubmed/10430653
http://www.ncbi.nlm.nih.gov/pubmed/2054233
http://www.ncbi.nlm.nih.gov/pubmed/11693961
http://dx.doi.org/10.1074/jbc.M501080200
http://www.ncbi.nlm.nih.gov/pubmed/15849360
http://dx.doi.org/10.1074/jbc.M700030200
http://dx.doi.org/10.1074/jbc.M700030200
http://www.ncbi.nlm.nih.gov/pubmed/17351296
http://dx.doi.org/10.1002/jcb.20875
http://www.ncbi.nlm.nih.gov/pubmed/16741965
http://dx.doi.org/10.1016/j.bone.2007.02.024
http://www.ncbi.nlm.nih.gov/pubmed/17395559
http://dx.doi.org/10.1371/journal.pone.0110283
http://www.ncbi.nlm.nih.gov/pubmed/25329305
http://www.ncbi.nlm.nih.gov/pubmed/16886668
http://dx.doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
http://www.ncbi.nlm.nih.gov/pubmed/17023693
http://dx.doi.org/10.3945/ajcn.111.031070
http://www.ncbi.nlm.nih.gov/pubmed/22552031
http://dx.doi.org/10.1210/jc.2008-0350
http://dx.doi.org/10.1210/jc.2008-0350
http://www.ncbi.nlm.nih.gov/pubmed/18492750
http://dx.doi.org/10.1210/jc.2010-2230
http://www.ncbi.nlm.nih.gov/pubmed/21177785
http://dx.doi.org/10.1210/jcem-50-4-773
http://www.ncbi.nlm.nih.gov/pubmed/6965943
http://www.ncbi.nlm.nih.gov/pubmed/2835464
http://www.ncbi.nlm.nih.gov/pubmed/165857


26. Weber K, Goldberg M, Stangassinger M, Erben RG. 1alpha-hydroxyvitamin D2 is less toxic but not

bone selective relative to 1alpha-hydroxyvitamin D3 in ovariectomized rats. J Bone Miner Res. 2001;

16:639–51 doi: 10.1359/jbmr.2001.16.4.639 PMID: 11315991

27. Reinhardt TA, Ramberg CF, Horst RL. Comparison of receptor binding, biological activity, and in vivo

tracer kinetics for 1,25-dihydroxyvitamin D3, 1,25-dihydroxyvitamin D2, and its 24 epimer. Arch Bio-

chem Biophys. 1989; 273:64–71. PMID: 2547343

28. Tsugawa N, Nakagawa K, Kawamoto Y, Tachibana Y, Hayashi T, Ozono K, Okano T. Biological activity

profiles of 1alpha,25-dihydroxyvitamin D2, D3, D4, D7, and 24-epi-1alpha,25-dihydroxyvitamin D2. Biol

Pharm Bull. 1999; 22:371–7. PMID: 10328556

29. Link RP, DeLuca HF. On the specificity of vitamin D compounds binding to chick pig intestinal 1, 25-

dihydroxyvitamin D 3 receptor. Steroids. 1988; 51:583–98. PMID: 2853890

30. Beckman M, Horst R, Reinhardt T, Beitz D. Up-regulation of the intestinal 1, 25-dihydroxyvitamin D

receptor during hypervitaminosis D: A comparison between vitamin D 2 and vitamin D 3. Biochem Bio-

phys Res Comm. 1990; 169:910–5. PMID: 2163637

31. Sjödén G. Effects of vitamin D. A comparison of 1 alpha OHD2 and 1 alpha OHD3 in rats. Acta Orthop

Scand Suppl. 1985; 217:1–84. PMID: 3911723

32. Sjödén GO, Johnell O, DeLuca HF, Lindgren JU. Effects of 1 alpha OHD2 on bone tissue. Studies of 1

alpha OHD2 and 1 alpha OHD3 in normal rats and in rats treated with prednisolone. Acta Endocrinol.

1984; 106:564–8. PMID: 6332445

33. Liang M, Russell G, Hulley PA. Bim, Bak, and Bax regulate osteoblast survival. J Bone Min Res. 2008;

23:610–20.

34. Ghosh-Choudhury N, Windle JJ, Koop BA, Harris MA, Guerrero DL, Wozney JM, et al. Immortalized

murine osteoblasts derived from BMP 2-T-antigen expressing transgenic mice. Endocrinology. 1996;

137:331–9. doi: 10.1210/endo.137.1.8536632 PMID: 8536632

35. Mahoney DJ, Mikecz K, Ali T, Mabilleau G, Benayahu D, Plaas A, et al. TSG-6 regulates bone remodel-

ing through inhibition of osteoblastogenesis and osteoclast activation. J Biol Chem. 2008; 283:25952–

62. doi: 10.1074/jbc.M802138200 PMID: 18586671

36. Eelen G, Verlinden L, van Camp M, Mathieu C, Carmeliet G, Bouillon R, et al. Microarray analysis of 1α,

25-dihydroxyvitamin D 3-treated MC3T3-E1 cells. J Steroid Biochem Mol Biol. 2004; 89:405–7. doi: 10.

1016/j.jsbmb.2004.03.008 PMID: 15225810

37. Chen TL, Cone CM, Feldman D. Effects of 1α, 25-dihydroxyvitamin D3 and glucocorticoids on the

growth of rat and mouse osteoblast-like bone cells. Calcif Tissue Int. 1983; 35:806–11. PMID: 6689138

38. Geng S, Zhou S, Glowacki J. Effects of 25-hydroxyvitamin D(3) on proliferation and osteoblast differen-

tiation of human marrow stromal cells require CYP27B1/1α-hydroxylase. J Bone Min Res. 2011;

26:1145–53.

39. Olivares-Navarrete R, Sutha K, Hyzy SL, Hutton DL, Schwartz Z, McDevitt T, et al. Osteogenic differen-

tiation of stem cells alters vitamin D receptor expression. Stem Cells Dev. 2011; 21:1726–35.

40. Zhou S, Glowacki J, Kim SW, Hahne J, Geng S, Mueller SM, et al. Clinical characteristics influence in

vitro action of 1, 25-dihydroxyvitamin D3 in human marrow stromal cells. J Bone Min Res. 2012;

27:1992–2000.

41. Martinez P, Moreno I, De Miguel F, Vila V, Esbrit P, Martinez M. Changes in osteocalcin response to

1,25-dihydroxyvitamin D(3) stimulation and basal vitamin D receptor expression in human osteoblastic

cells according to donor age and skeletal origin. Bone. 2001; 29:35–41. PMID: 11472889

42. Jones G, Tenenhouse HS. 1,25(OH)2D, the preferred substrate for CYP24. J Bone Miner Res. 2002

Jan; 17(1):179–81 doi: 10.1359/jbmr.2002.17.1.179 PMID: 11774846

43. Holick MF, Kleiner-Bossaller A, Schnoes HK, Kasten PM, Boyle IT, DeLuca HF. 1,24,25-Trihydroxyvita-

min D3. A metabolite of vitamin D3 effective on intestine. J Biol Chem. 1973 Oct 10; 248(19):6691–6

PMID: 4355503

44. Erben RG, Bante U, Birner H, Stangassinger M. Prophylactic effects of 1,24,25-trihydroxyvitamin D3 on

ovariectomy-induced cancellous bone loss in the rat. Calcif Tissue Int. 1997 May; 60(5):434–40 PMID:

9115161

45. Takeda S, Yoshizawa T, Nagai Y, Yamato H, Fukumoto S, Sekline K, et al. Stimulation of osteoclast for-

mation by 1, 25-dihydroxyvitamin D requires its binding to vitamin D receptor (VDR) in osteoblastic

cells: studies using VDR knockout mice. Endocrinology. 1999; 140:1005–8. doi: 10.1210/endo.140.2.

6673 PMID: 9927335

46. Pike JW, Lee SM, Meyer MB. Regulation of gene expression by 1,25-dihydroxyvitamin D3 in bone cells:

exploiting new approaches and defining new mechanisms. Bonekey Rep. 2014; 3:482–90. doi: 10.

1038/bonekey.2013.216 PMID: 24466413

Comparison of the Effects of Vitamin D2 and D3 Metabolites on Human and Mouse Osteoblasts

PLOS ONE | DOI:10.1371/journal.pone.0165462 November 28, 2016 17 / 18

http://dx.doi.org/10.1359/jbmr.2001.16.4.639
http://www.ncbi.nlm.nih.gov/pubmed/11315991
http://www.ncbi.nlm.nih.gov/pubmed/2547343
http://www.ncbi.nlm.nih.gov/pubmed/10328556
http://www.ncbi.nlm.nih.gov/pubmed/2853890
http://www.ncbi.nlm.nih.gov/pubmed/2163637
http://www.ncbi.nlm.nih.gov/pubmed/3911723
http://www.ncbi.nlm.nih.gov/pubmed/6332445
http://dx.doi.org/10.1210/endo.137.1.8536632
http://www.ncbi.nlm.nih.gov/pubmed/8536632
http://dx.doi.org/10.1074/jbc.M802138200
http://www.ncbi.nlm.nih.gov/pubmed/18586671
http://dx.doi.org/10.1016/j.jsbmb.2004.03.008
http://dx.doi.org/10.1016/j.jsbmb.2004.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15225810
http://www.ncbi.nlm.nih.gov/pubmed/6689138
http://www.ncbi.nlm.nih.gov/pubmed/11472889
http://dx.doi.org/10.1359/jbmr.2002.17.1.179
http://www.ncbi.nlm.nih.gov/pubmed/11774846
http://www.ncbi.nlm.nih.gov/pubmed/4355503
http://www.ncbi.nlm.nih.gov/pubmed/9115161
http://dx.doi.org/10.1210/endo.140.2.6673
http://dx.doi.org/10.1210/endo.140.2.6673
http://www.ncbi.nlm.nih.gov/pubmed/9927335
http://dx.doi.org/10.1038/bonekey.2013.216
http://dx.doi.org/10.1038/bonekey.2013.216
http://www.ncbi.nlm.nih.gov/pubmed/24466413


47. Hofbauer LC, Dunstan CR, Spelsberg TC, Riggs BL, Khosla S. Osteoprotegerin production by human

osteoblast lineage cells is stimulated by vitamin D, bone morphogenetic protein-2, and cytokines. Bio-

chem Biophys Res Comm. 1998; 250:776–81. doi: 10.1006/bbrc.1998.9394 PMID: 9784422

48. Shi Y-c, Worton L, Esteban L, Baldock P, Fong C, Eisman JA, et al. Effects of continuous activation of

vitamin D and Wnt response pathways on osteoblastic proliferation and differentiation. Bone. 2007;

41:87–96. doi: 10.1016/j.bone.2007.04.174 PMID: 17513186

49. Bedalov A, Salvatori R, Dodig M, Kapural B, Pavlin D, Kream BE, et al. 1,25-Dihydroxyvitamin D3 inhibi-

tion of col1a1 promoter expression in calvariae from neonatal transgenic mice. Biochim Biophys Acta.

1998; 1398:285–93. PMID: 9655920

50. Yamaguchi M, Weitzmann MN. High dose 1, 25 (OH) 2D3 inhibits osteoblast mineralization in vitro. Int

J Mol Med. 2012; 29:934–8. doi: 10.3892/ijmm.2012.900 PMID: 22307202

51. Chen Y-C, Ninomiya T, Hosoya A, Hiraga T, Miyazawa H, Nakamura H. 1α, 25-dihydroxyvitamin D3

inhibits osteoblastic differentiation of mouse periodontal fibroblasts. Arch Oral Biol. 2012; 57:453–9.

doi: 10.1016/j.archoralbio.2011.10.005 PMID: 22041016

52. van Driel M, van Leeuwen JP. Vitamin D endocrine system and osteoblasts. Bonekey Rep. 2014;

3:493–501. doi: 10.1038/bonekey.2013.227 PMID: 24605210

Comparison of the Effects of Vitamin D2 and D3 Metabolites on Human and Mouse Osteoblasts

PLOS ONE | DOI:10.1371/journal.pone.0165462 November 28, 2016 18 / 18

http://dx.doi.org/10.1006/bbrc.1998.9394
http://www.ncbi.nlm.nih.gov/pubmed/9784422
http://dx.doi.org/10.1016/j.bone.2007.04.174
http://www.ncbi.nlm.nih.gov/pubmed/17513186
http://www.ncbi.nlm.nih.gov/pubmed/9655920
http://dx.doi.org/10.3892/ijmm.2012.900
http://www.ncbi.nlm.nih.gov/pubmed/22307202
http://dx.doi.org/10.1016/j.archoralbio.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22041016
http://dx.doi.org/10.1038/bonekey.2013.227
http://www.ncbi.nlm.nih.gov/pubmed/24605210

