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Hydrocortisone Increases the Rate of Differentiation
of Cultured Human Osteoblasts

Deborah C. Ireland,* Sharyn Bord, Siân R. Beavan, and Juliet E. Compston

University of Cambridge School of Clinical Medicine, Cambridge CB2 2QQ, United Kingdom

Abstract Reduced bone formation is the main finding in glucocorticoid-induced osteoporosis. The aim of this
study was to determine whether differentiation of cultured human osteoblasts is inhibited by high concentrations of
hydrocortisone. We measured the levels of mRNAs for three markers of cellular differentiation, type 1 collagen (COL1),
alkaline phosphatase (ALP), and osteocalcin (OC), in four lines of human osteoblasts from female donors cultured with
doses of hydrocortisone from0mMto4mM.The change inALP/COL1mRNA ratio over a given timewas used to determine
the average rate of differentiation of the cells in a culture. Although basal expression profiles and their changes with time
were different for the different cell lines, all cell lines showed a dose-dependent rise in the rate of increase of ALP mRNA
relative to COL1 mRNA. However, increase in OC mRNA with time, seen here only in young donor hOBs, was
significantly inhibited by 4 mMhydrocortisone, indicating that hydrocortisone can inhibitOC expressionwhile promoting
cellular differentiation. The data suggest that increasing concentrations of glucocorticoid, including concentrations
similar to plasma levels in patients receiving oral glucocorticoid therapy, increase the rate of cellular differentiation.
J. Cell. Biochem. 91: 594–601, 2004. � 2003 Wiley-Liss, Inc.
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Physiological concentrations of glucocorti-
coids are essential for the differentiation and
function of bone cells but higher concentrations
have deleterious effects on bone metabolism
[Canalis, 1996]. Hypercortisolism in Cushing’s
disease is associated with bone loss that is
at least partially reversible by surgical cure
[Hermus et al., 1995]. Therapeutic use of glu-
cocorticoids is a major cause of osteoporosis and
fragility fractures. Van Staa et al. [2000]
concluded, after analysis of a study that in-
cluded a quarter of a million steroid users, that
the risk of vertebral and proximal femoral
fractures increases in direct proportion to the
daily dose of steroid. Furthermore, risk begins
to increase as early as 3 months after therapy is
begun and decreases rapidly when medication
is stopped.

Histomorphometry of bone biopsies taken
from glucocorticoid-treated patients has shown
reduction in bone formation, mainly in can-
cellous bone [Dempster, 1989; Rubin and
Bilezikian, 2002]. Trabecular wall thickness in
bone biopsies from steroid patients was even
lower than that seen in patients with post-
menopausal osteoporosis [Chappard et al.,
1996; Ishida and Heersche, 1998; Carbonare
et al., 2001]. The mechanisms involved in this
reduction in bone formation are not clearly un-
derstood; decreased osteoblast replication and
differentiation, and increased mature osteo-
blast apoptosis have been suggested [Canalis
and Delany, 2002].

Osteoblast precursors originate from pluripo-
tent mesenchymal stem cells that are influ-
enced by bone morphogenetic proteins and
other factors to become committed to the osteo-
blastic lineage. The transcription factor Runx2
activates genes such as type I collagen (COL1),
alkaline phosphatase (ALP), and osteocalcin
(OC). In cultured cells, ALP mRNA expression
is coupled to the down-regulation of prolifera-
tion. ALP mRNA is low during proliferation,
rises rapidly during the period of matrix matur-
ation and then starts to fall, whereas the level of
COL1 mRNA increases during proliferation and
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differentiation [Lian et al., 1999]. OC mRNA
expression is not coupled to proliferation but
remains low until the onset of mineralization.

Osteoblast cultures are not homogeneous but
contain cells at different stages of differentia-
tion. During the early and intermediate stages
of differentiation, the ALP/COL1 mRNA ratio
increases as more cells cease dividing and be-
come osteoblasts. The differentiation rate, i.e.,
the number of precursor cells that differentiate
in each cell cycle, is an important factor in
determining tissue growth rate [Arendt, 2000].
Until ALP expression falls with mineralization,
faster differentiation of an osteoblast culture
will be reflected in a greater rate of increase in
ALP/COL1 mRNA ratio.

We hypothesized that hydrocortisone, a
known promoter of differentiation in cultured
osteoblasts, does not inhibit osteoblast differ-
entiation at high concentrations but rather in-
creases the rate of differentiation. In spite of
the known heterogeneity of osteoblast cultures
[Gronthos et al., 1999; Aubin and Heersche,
2000], increased hydrocortisone concentrations
should result in greater increases in ALP/COL1
ratios over a given time in cells cultured with
increased hydrocortisone concentrations. The
expression of OC may not follow the same
pattern since Viereck et al. [2002] reported
differential regulation of Runx2 and OC in
cultured hOBs by dexamethasone. A >4-fold
increase in Runx2 expression over time was ac-
companied by 68% inhibition of OC.

In order to test our hypothesis, we used
quantitative real-time RT-PCR to measure
ALP, COL1, and OC mRNAs in young and old
donor hOBs from different anatomical sites
during 8 days culture with increasing doses of
hydrocortisone. For all cell lines, changes in
ALP/COL1 ratios during the culture period
were calculated for each hydrocortisone dose
used.

MATERIALS AND METHODS

Cells

Four lines of hOBs, two from young (A and B)
and two from older (C and D) female donors,
were used in these experiments. Cell line B,
from a 1-year-old (anatomical site unknown)
and C, from hip bone of a 67-year-old, were
supplied by two companies (BioWhittaker
UK Ltd., Wokingham and Promocell GmbH,
Heidelberg, Germany). The other cells lines

were isolated in our laboratory by sequential
enzyme digestion of waste bone from surgical
procedures after local ethical committee ap-
proval and informed consent had been obtained.
Cell line A was isolated from an accessory digit
of a 3-month-old and D from vertebral bone of a
67-year-old. All cell lines were used at passage
seven or eight.

Culture Conditons

Cells were cultured in plastic tissue cul-
ture flasks containing McCoy’s 5A (modified)
medium supplemented with 100 mM long-life
ascorbic acid (WAKO, Alpha Labs, Eastleigh,
Sussex, UK), 10% pooled male human AB
serum, 200 mM glutamine, and antibiotics.
The 25 cm2 flasks were seeded with 5� 105 cells
per flask, a number that ensured that all cul-
tures except young donor hOBs (hand) remained
sub-confluent throughout the experiment. On
day zero of the experiment, 4 mM b-cyclodextrin
(carrier) was added to two flasks of control cells,
and 0.2 mM and 4 mM cyclodextrin-encapsulated
hydrocortisone were added to two flasks at each
concentration. The 0.2 mM hydrocortisone is in
the normal adult physiological range in serum
and 4 mM is a typical plasma level after
oral glucocorticoid administration [Ishida and
Heersche, 1998]. The medium was changed
every 2 days. One flask of cells at each hydro-
cortisone concentration was harvested at 2 days
and the remaining flasks were harvested at
4 days (cell line A) or 8 days. Day 2 was chosen
for the baseline so that changes in ALP/COL1
mRNA ratio with time would reflect the differ-
entiation rate of the cells in a given hydrocorti-
sone concentration and not transient changes
in gene expression due to alterations in hydro-
cortisone concentration. Since all cultures were
harvested before they became confluent, the
most proliferative cells, from the youngest
donor, had to be harvested at an earlier time
point.

RNA Extraction

Poly(A) RNA was extracted from cultured
cells using the MicroPoly(A)PureTM kit (Ambion
(Europe) Ltd., Huntingdon, UK) according to
the manufacturer’s instructions.

Preparation of RNA Standards

PCR products for COL1A1, ALP, OC, and
glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) were made by RT-PCR of human
endometrial, OB, or tendon RNA. Primer se-
quences are shown in Table I. The PCR products
were cloned into the T-tailed vector pCR II-
TOPO (Invitrogen Ltd., Paisley, UK) which has
opposing SP6 and T7 RNA polymerase promotor
sites. BamHI restriction sites were added to
the forward primers so that the orientation of
each insert could be determined by cutting the
plasmids with BamHI. Plasmids that contained
inserts suitable for transcription with SP6 RNA
polymerase were selected and cut with Not1.
RNA transcripts were purified using Microspin
S-300 columns (Amersham Biosciences UK
Ltd., Little Chalfont) after treatment with
DNase1 to remove plasmid DNA.

RT-PCR Using GeneAmp 5700 SDS

One-step RT-PCR reagents (Applied Biosys-
tems, Warrington, UK) were used in the Gene
Amp 5700 SDS. Primer ExpressTM software
was used to design the primers and probes.
All primer pairs were chosen to include introns
in the gene sequences. Probes were chosen
to span intron–exon boundaries so that they
were unable to hybridize to genomic DNA
at the annealing temperature of the PCRs.
The sequences are shown in Table I. A stan-
dard curve was included in each assay so that
the overall efficiency of the assay could be
calculated.

Relative Quantification of Gene Expression

mRNA levels were determined using the
comparative threshold-cycle (CT) method [Fink
et al., 1998]. First, the amount of target
mRNA in each sample was normalized to the
amount of housekeeper mRNA (GAPDH) to give
DCT CT target � CTGAPDH

� �
.

Secondly, normalized target mRNAs in the
samples were compared to the value for cell line
A cultured for 2 days without added hydrocorti-
sone (calibrator) using the formula

mRNA expression relative to cell line A
cultured for 2 days without added hydro-
cortisone¼ 2�DDCT where DDCT ¼ DCTsample�
DCT calibrator assuming that the efficiencies of
the PCR reactions were close to one. The
efficiency of each assay was calculated using
the formula E¼ 10�1/S� 1 where S¼ slope of the
standard curve.

The use of cell line A cultured for 2 days
without added hydrocortisone as calibrator
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for all samples allowed comparison of specific
mRNA levels in the different cell lines.

Changes in levels of ALP mRNA relative to
COL1 mRNA with time were calculated by a
similar method. DCT was now CTALP�CTCOL1.
Normalization of the values to a housekeeper
mRNA is not needed in this case. The change
in the ALP/COL1 mRNA ratio with time for
each hydrocortisone concentration was de-
termined using the formula change in ALP/
COL1 mRNA ratio day8/day2 (day4/day2
for A)¼ 2�DDCT where DDCT¼DCT day8(4)�
DCT day2

Statistical Analysis

Expression profiles and their changes with
time in the different cell lines cultured in basal
medium containing no added hydrocortisone
were compared. mRNA levels in cells cultured
with hydrocortisone were compared to levels
in controls without added hydrocortisone at
the same time point and increases with time
were calculated for each hydrocortisone dose.
mRNA levels in the different cell lines cul-
tured with hydrocortisone were also compared.
RNAs were tested using four replicates and
the data analyzed using the Satterthwaite
approximate test for unequal variances based
on the t-distribution to compare the means of
the samples [Armitage and Berry, 1994].

RESULTS

Basal expression profiles and their changes
with time were different for the different cell
lines. In basal medium containing no added
hydrocortisone, baseline (day 2) ALP mRNA
was lower in A and B (young donor hOBs) than
in C and D (old donor hOBs). The maximum
difference was 18-fold between A and C (Fig. 1).
ALP mRNA in cells grown in basal medium
increased or remained the same between days
2 and 4 or 8 in A and B but decreased in C and D.
Baseline COL1 mRNA showed less variation
between cell lines than baseline ALP mRNA
with a maximum 3-fold difference between C
and D (Fig. 2). In basal medium, the level of
COL1 mRNA increased with time in A, B, and D
but decreased in C. OC mRNA levels on day
2 were similar in all cell lines grown in basal
medium (Fig. 3) but increased with time only in
A and B. Thus, when cultured at passage seven
or eight in medium without added hydrocorti-
sone, lines C and D showed no increases in ALP
and OC mRNAs and only D showed an increase
in COL1 mRNA. However, these cell lines from
older donors are clearly osteoblastic since they
are able to mineralize under appropriate cul-
ture conditions. When cell lines B (young donor
hOBs) and C (old donor hOBs) were cultured on
collagen in a medium containing 0.2 mM hydro-
cortisone and 7.5 mM b-glycerophosphate, C

Fig. 1. Alkaline phosphatase (ALP) mRNA expression in hOBs cultured with increasing concentrations of
hydrocortisone. Values are expressed relative to the baseline level in cell line A cultured without added
hydrocortisone.Mean values� SD for four replicates in a representative experiment are shown.þ, Indicates
a significant change (P< 0.05) from control cells without added hydrocortisone; *, indicates a significant
change (P<0.05) between days 2 and 4 or 8; nd, indicates not done.
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formed mineralized nodules in 1 week whereas
B did not [Ireland et al., 2002].

ALP mRNA was increased by hydrocortisone
in A on day 2 and in all cell lines on day 4 or 8.
hOBs B and C cultured in 0.2mM hydrocortisone
had similar levels of ALP mRNA expression on
day 8 in spite of their >5-fold difference on day
2. With 0.2 mM hydrocortisone, the level of
ALP mRNA increased with time approximately

3-fold in A and 7-fold in B but did not change in C
or D. ALP mRNA increased with time approxi-
mately 1.5-fold in A, C, and D when 4 mM hydro-
cortisone was added to the culture medium.

On day 2, levels of COL1 mRNA were incre-
ased by hydrocortisone in A and D and decre-
ased in the other cell lines. On day 4 or 8, COL1
mRNA levels were higher in A and B than in C
and D. The 0.2 mM hydrocortisone increased

Fig. 2. Type 1 collagen (COL1) mRNA expression in hOBs cultured with increasing concentrations of
hydrocortisone. Values are expressed relative to the baseline level in cell line A cultured without added
hydrocortisone.Mean values� SD for four replicates in a representative experiment are shown.þ, Indicates
a significant change (P<0.05) from control cells without added hydrocortisone; *, indicates a significant
change (P< 0.05) between days 2 and 4 or 8; nd, indicates not done.

Fig. 3. Osteocalcin (OC) mRNA expression in hOBs cultured with increasing concentrations of
hydrocortisone. Values are expressed relative to the baseline level in cell line A cultured without added
hydrocortisone.Mean values� SD for four replicates in a representative experiment are shown.þ, Indicates
a significant change (P<0.05) from control cells without added hydrocortisone; *, indicates a significant
change (P< 0.05) between days 2 and 4 or 8; nd, indicates not done.
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COL1 mRNA with time in all cell lines while
4 mM hydrocortisone decreased COL1 mRNA
1.8-fold in A but did not change the level of this
mRNA in C and D.

Baseline levels of OC mRNA were increased
by hydrocortisone only in A. On day 4 or 8, OC
mRNA levels were higher in A and B than in C
and D. With 0.2 mM hydrocortisone, OC mRNA
increased with time in A and B (1.6-fold in A
and 2.5-fold in B) but not in C and D. The 4 mM
hydrocortisone produced no change in OC mRNA
with time in any of the cell lines.

Changes in ALP/COL1 mRNA with time are
shown in Figure 4. All four cell lines showed a
hydrocortisone dose-dependent rise in the rate of
increase of ALP mRNA relative to COL1 mRNA.

DISCUSSION

Although baseline levels of COL1 and ALP
mRNAs were different in the different cell lines,
all the cell lines showed a hydrocortisone dose-
dependent rise in the rate of increase of ALP
mRNA relative to COL1 mRNA. However,
under the culture conditions used, OC mRNA,
which normally increases with differentiation,
increased with time only in young donor hOBs
and this increase was significantly inhibited
in cell line A by 4 mM hydrocortisone. The data

suggest that increasing concentrations of glu-
cocorticoid increase the rate of cellular differ-
entiation while inhibiting OC expression.

The osteoblast cultures used here came from
different skeletal sites of various donors, young
and old. Unfortunately we have no data on the
effect of passage on gene expression in these
cells. However, we have measured ALP mRNA
expression in a number of hOB lines at passage
eight or nine and in two osteosarcoma lines
cultured for 2 days in medium containing 0.2mM
HC. Young donor hOBs (A and B), TE85 and
MG63 had the lowest ALP mRNA levels while
five lines of old donor hOBs (including C and D)
had levels 2.5–7.6-fold higher than A. Progres-
sive reduction with age and passage number of
cultured rat and human osteoprogenitor self-
renewal has been reported in recent publica-
tions [Banfi et al., 2002; Bellows et al., 2003;
Schecroun and Delloye, 2003]. Thus, increas-
ingly differentiated cell populations are used to
initiate each subculture with cells from older
donors being more differentiated than those
from younger donors at an equivalent passage.
Reduced osteoprogenitor self-renewal, reflected
in the slower proliferation of old donor hOBs,
probably explains the higher ALP mRNA levels
in C and D.

Fig. 4. Changes in ALP/COL1 mRNA ratios in hOBs cultured with increasing doses of hydrocortisone.
Mean values� SD for four replicates in a representative experiment are shown. Significant changes
(P< 0.05) are marked with an asterisk.
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Previous experiments using human bone
marrow stromal cells cultured with glucocorti-
coids to investigate their effects on osteoblast
differentiation demonstrated that high concen-
trations of dexamethasone inhibit osteoblast
proliferation but not differentiation and further
maturation [Jaiswal et al., 1997; Walsh et al.,
2001].

Culture of the osteoblast lines in medium
without added HC resulted in decreasing ALP/
COL1 mRNA ratios with time in all cell lines
(Fig. 4). The level of cortisol in the medium
(15 nM from the human serum component) is
less than the normal plasma concentration in
both children and adults. The 0.2 mM hydro-
cortisone, equivalent to the normal adult
plasma concentration, resulted in increases in
ALP/COL1 mRNA ratios with time in young
donor hOBs compared to small decreases in old
donor hOBs. However, levels of plasma cortisol
are generally lower in children than in adults
[Tornhage, 2002]. The 4 mM hydrocortisone, a
typical plasma level after oral glucocorticoid
administration, resulted in a 3-fold increase in
ALP/COL1 mRNA ratio with time in young
donor hOBs and smaller increases in old donor
hOBs.

The changes in ALP and COL1 mRNAs pro-
vided sufficient information to measure rates of
cellular differentiation. Assuming the changes
in mRNA levels reflect the changes in the
cognate proteins, the data suggest a model in
which glucocorticoid-induced enhanced osteo-
blast differentiation reduces bone formation by
limiting the amount of extracellular matrix
synthesized before its maturation. This would
account for the reduced wall thickness char-
acteristic of glucocorticoid-induced osteoporo-
sis. The inhibition of increase in OC mRNA seen
in young donor hOBs is in agreement with the
known reduction in plasma OC in patients
treated with glucocorticoids [Hauache et al.,
1999].

ACKNOWLEDGMENTS

We are thankful to Mr. Rod Laing and Mr. Per
Hall, surgeons at Addenbrooke’s Hospital, for
providing bone samples for osteoblast isolation.

REFERENCES

Arendt JD. 2000. Allocation of cells to proliferation vs.
differentiation and its consequences for growth and
development. J Exp Zool 288:219–234.

Armitage P, Berry G. 1994. Statistical inference: ‘‘Statis-
tical methods in medical research.’’ Oxford: Blackwell
Science Ltd. pp 111–113.

Aubin JE, Heersche JNM. 2000. Osteoprogenitor cell
differentiation to mature bone-forming osteoblasts. Drug
Dev Res 49:206–215.

Banfi A, Bianchi G, Notaro R, Luzzatto L, Cancedda R,
Quarto R. 2002. Replicative aging and gene expression in
long-term cultures of human bone marrow stromal cells.
Tissue Engineering 8:901–910.

Bellows CG, Pei W, Jia Y, Heersche JNM. 2003. Prolifera-
tion, differentiation and self-renewal of osteoprogenitors
in vertebral cell populations from aged and young female
rats. Mech Ageing Dev 124:747–757.

Canalis E. 1996. Mechanisms of glucocorticoid action in
bone: Implications to glucocorticoid-induced osteoporo-
sis. J Clin Endocrinol Metab 81:3441–3447.

Canalis E, Delany AM. 2002. Mechanisms of glucocorticoid
action in bone. Ann NY Acad Sci 966:73–81.

Carbonare LD, Arlot ME, Chavassieux PM, Roux JP,
Portero NR, Meunier PJ. 2001. Comparison of trabecular
bone microarchitecture and remodeling in glucocorticoid-
induced and postmenopausal osteoporosis. J Bone Miner
Res 16:97–103.

Chappard D, Legrand E, Basle MF, Fromont P, Racineux
JL, Rebel A, Audran M. 1996. Altered trabecular archi-
tecture induced by corticosteroids: A bone histomorpho-
metric study. J Bone Miner Res 11:676–685.

Dempster DW. 1989. Bone histomorphometry in glucocor-
ticoid-induced osteoporosis. J Bone Miner Res 4:137–141.

Fink L, Seeger W, Ermert L, Hanze J, Stahl U, Grimminger
F, Kummer W, Bohle RM. 1998. Real-time quantitative
RT-PCR after laser-assisted cell picking. Nat Med 4:
1329–1333.

Gronthos S, Zannettino ACW, Graves SE, Ohta S, Hay SJ,
Simmons PJ. 1999. Differential cell surface expression
of the STRO-1 and alkaline phosphatase antigens on
discrete developmental stages in primary cultures of
human bone cells. J Bone Miner Res 14:47–56.

Hauache OM, Amarante ECJ, Vieira JGH, Faresin SM,
Fernandes ALG, Jardim JR, Lazaretti-Castro M. 1999.
Evaluation of bone metabolism after the use of an inhaled
glucocorticoid (flunisolide) in patients with moderate
asthma. Clin Endocrinol (Oxf) 51:35–39.

Hermus AR, Smals AG, Swinkels LM, Huysmans DA,
Pieters GF, Sweep CF, Corstens FH, Kloppenborg PW.
1995. Bone-mineral density and bone turnover before
and after surgical cure of Cushings-syndrome. J Clin
Endocrinol Metab 80:2859–2865.

Ireland DC, Bord S, Beavan SR, Compston JE. 2002.
Effects of estrogen on collagen synthesis by cultured
human osteoblasts depend on the rate of cellular dif-
ferentiation. J Cell Biochem 86:251–257.

Ishida Y, Heersche JNM. 1998. Glucocorticoid-induced
osteoporosis: Both in vivo and in vitro concentrations of
glucocorticoids higher than physiological levels attenu-
ate osteoblast differentiation. J Bone Miner Res 13:
1822–1826.

Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP. 1997.
Osteogenic differentiation of purified, culture-expanded
human mesenchymal stem cells in vitro. J Cell Biochem
64:295–312.

Lian JB, Stein GS, Canalis E, Robey PG, Boskey AL. 1999.
Bone formation: Osteoblast lineage cells, growth factors,

600 Ireland et al.



matrix proteins, and the mineralization process. In:
Favus MJ, editor. ‘‘Primer on the metabolic bone diseases
and disorders of mineral metabolism.’’ Philadelphia:
Lippincott Williams and Wilkins. pp 17–18.

Rubin MR, Bilezikian JP. 2002. The role of parathyroid
hormone in the pathogenesis of glucocorticoid-induced
osteoporosis: A re-examination of the evidence. J Clin
Endocrinol Metab 87:4033–4041.

Schecroun N, Delloye C. 2003. Bone-like nodules formed by
human bone marrow stromal cells: Comparative study
and characterization. Bone 32:252–260.

Tornhage CJ. 2002. Reference values for morning salivary
cortisol concentrations in healthy school-aged children.
J Pediatr Endocrinol Metab 15:197–204.

Van Staa TP, Leufkens HGM, Abenhaim L, Zhang B,
Cooper C. 2000. Use of oral corticosteroids and risk of
fractures. J Bone Miner Res 15:993–1000.

Viereck V, Siggelkow H, Tauber S, Raddatz D, Schutze N,
Hufner M. 2002. Differential regulation of Cbfa1/Runx2
and osteocalcin gene expression by vitamin-D3, dexa-
methasone, and local growth factors in primary human
osteoblasts. J Cell Biochem 86:348–356.

Walsh S, Jordan GR, Jefferiss C, Stewart K, Beresford JN.
2001. High concentrations of dexamethasone suppress
the proliferation but not the differentiation or further
maturation of human osteoblast precursors in vitro:
Relevance to glucocorticoid- induced osteoporosis. Rheu-
matology 40:74–83.

HC and Rate of Osteoblast Differentiation 601


