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BACKGROUND AND PURPOSE
Caffeine is consumed extensively in Europe and North America. As a risk factor for osteoporosis, epidemiological studies have
observed that caffeine can decrease bone mineral density, adversely affect calcium absorption and increase the risk of bone
fracture. However, the exact mechanisms have not been fully investigated. Here, we examined the effects of caffeine on the
viability and osteogenesis of rat bone marrow-derived mesenchymal stromal cells (rBMSCs).

EXPERIMENTAL APPROACH
Cell viability, apoptosis and necrosis were quantified using thymidine incorporation and flow cytometry. Sequential gene
expressions in osteogenic process were measured by real-time PCR. cAMP, alkaline phosphatase and osteocalcin were assessed
by immunoassay, spectrophotometry and radioimmunoassay, respectively. Mineralization was determined by calcium
deposition.

KEY RESULTS
After treating BMSCs with high caffeine concentrations (0.1–1 mM), their viability decreased in a concentration-dependent
manner. This cell death was primarily due to necrosis and, to a small extent, apoptosis. Genes and protein sequentially
expressed in osteogenesis, including Cbfa1/Runx2, collagen I, alkaline phosphatase and its protein, were significantly
downregulated except for osteocalcin and its protein. Moreover, caffeine inhibited calcium deposition in a concentration- and
time-dependent manner, but increased intracellular cAMP in a concentration-dependent manner.

CONCLUSIONS AND IMPLICATIONS
By suppressing the commitment of BMSCs to the osteogenic lineage and selectively inhibiting gene expression, caffeine
downregulated some important events in osteogenesis and ultimately affected bone mass.

Abbreviations
ALP, alkaline phosphatase; AVF, annexin-V-fluorescein; Col-I, collagen I; CPM, counts per minute; FBS, fetal bovine
serum; GR, glucocorticoid receptor; L-DMEM, low Dulbecco’s Modified Eagle Medium; MSCs, mesenchymal stromal
cells; OC, osteocalcin; OCPC, o-cresolphthalein complexone; OSE2, cis-acting element 2; PBS, phosphate-buffered
saline; PI, propidium iodide; rBMSCs, rat bone marrow-derived mesenchymal stromal cells

Introduction

Osteoporosis, a serious public health issue, is a
disease that leads to an increase in bone fragility and

susceptibility to bone fracture due to the decrease in
bone mass and deterioration in bone structure
(Delmas and Fraser, 1999; Keen, 2007). Although
there are various therapeutic approaches that are
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available to relieve the progress of this common
disease, such as bisphosphonates, hormone replace-
ment therapy, selective oestrogen receptor modula-
tors and calcitonin, unfavourable side effects have
limited their clinical use, and bone mass, once lost,
cannot be regained (Rodan and Martin, 2000; Keen,
2007). Therefore, in order to slow down bone loss, it
is essential that more attention be given to adjusting
unhealthy lifestyles, such as drinking coffee, which
has been observed to cause certain risk factors for
osteoporosis.

Coffee is a popular beverage in Europe and North
America and is consumed in considerable amounts
not only in these countries but also worldwide.
However, caffeine has been found to be correlated
with the decreased bone mineral density (Rapuri
et al., 2001; Ilich et al., 2002), increased risk of bone
fracture (Cummings et al., 1995; Heaney, 2002) and
reduction in calcium absorption (Heaney and Raf-
ferty, 2001; Heaney, 2002; Taylor and Curhan,
2009). Nevertheless, little is known about caffeine-
related osteoporosis, apart from the epidemiological
studies.

One well-known mechanism involved in the
pathological process of osteoporosis is impaired
bone formation; thus, any factor that decreases
osteoblast numbers and their ability to form bone
may have a negative effect on osteoporosis (Rodan
and Martin, 2000; Canalis et al., 2007). Because of
this, the precursor cells of osteoblasts (Pittenger
et al., 1999), mesenchymal stromal cells (MSCs), are
important cells in osteoporosis and some harmful
factors may result in the impairment of the differ-
entiation of MSCs into osteoblasts.

The differentiation of MSCs into osteoblasts is
primarily controlled by Cbfa1/Runx2 (Ducy et al.,
1997), which can be regulated by the second mes-
senger, cAMP (Tintut et al., 1999; Yang et al., 2008).
Caffeine can suppress the activity of cAMP phos-
phodiesterase. By inhibiting the phosphodiesterase-
mediated degradation of cAMP, caffeine increases
the level of intracellular cAMP (Shafer et al., 1998).
Therefore, there is a possibility that caffeine could
regulate Cbfa1/Runx2 gene expression, alter the rate
of MSC differentiation into osteoblasts and finally,
affect bone formation. Moreover, a high level of
cAMP, as provided by caffeine, can suppress cell
proliferation (Kamagata-Kiyoura et al., 1999; Ugland
et al., 2008). Thus, caffeine may also suppress
growth of MSCs.

Therefore, we postulated that bone marrow-
derived mesenchymal stromal cells (BMSCs)
may play an important role in caffeine-related
osteoporosis. In this work, we examined the pos-
sible effects of caffeine on the viability and bone
formation ability of BMSCs in order to provide a

possible molecular mechanism for caffeine-related
osteoporosis.

Methods

Animals
All animals received care in accordance with the
Guide for the Care and Use of Laboratory Animals
published by the US National Institute of Health
(NIH Publication NO. 85-23). All experimental pro-
cedures were approved by the Care of Experiment
Animals Committee of Huaxi Medical Center,
Sichuan University, Chengdu, China. Adult female
Sprague–Dawley rats (about 3 months old) were
obtained from the Huaxi Medical Center Laborato-
rial Animal Center of Sichuan University (Chengdu,
China).

Isolation and culture of BMSCs
After anaesthetizing rats with nembutal (25 mg·kg-1

i.m.) and disinfecting with iodophor alcohol, the
tibias and femurs were removed. BMSCs were har-
vested by flushing out (with a syringe) the bone
marrow in the tibia and femur with sterile low
glucose (1%) Dulbecco’s modified Eagle’s medium
(L-DMEM; 4–5 mL per tibia and femur). These cells
were then resuspended and placed in culture flasks
supplemented with 10% fetal bovine serum (FBS),
100 units·mL-1 penicillin and 100 mg·mL-1 strepto-
mycin and grown in a humidified atmosphere of 5%
CO2 at 37°C. The culture solution was replaced every
2 days and the cells that did not adhere to the flask
wall were removed. When the cells attached to the
flask bottom reached about 80–90% confluency,
0.25% trypsin was used to detach the cells. The cells
were then split equally and transferred to a fresh
flask; this culture was labelled as passage 1. The
procedure was repeated and cells were named as
passage 2. All the cells used in our experiments were
from passage 2.

Multipotent differentiation of BMSCs
Multipotency was studied by measuring osteogenic
differentiation and adipogenic properties. To assess
osteogenic differentiation, BMSCs (2 ¥ 104 cells per
well) were cultured in an osteogenic differentiation
medium (10% FBS, 10-6 M dexamethasone, 10-2 M
b-glycerol phosphate and 50 mg·mL-1 ascorbic acid
in high glucose DMEM) for 21 days. Cells were fixed
with 75% ethanol for 20 min, and then rinsed and
stained with Alizarin red solution for 1 h to make
the calcium nodules visible on the Nikon Digital
Camera DXM 1200 (Tokyo, Japan). To measure the
adipogenic properties, BMSCs were (5 ¥ 104 cells per
well) cultured in an adipogenic differentiation
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medium (10% FBS, 10-6 M dexamethasone,
5 mg·mL-1 insulin, 60 mM indomethacin and 0.5 mM
isobutyl-methylxanthine in high glucose DMEM)
for 1 week. The cells were fixed with 10% formalin
and then washed and stained for 30 min with Oil
red O solution to detect the lipid-filled vacuoles in
the cytoplasm.

Flow cytometry
Surface antigen analysis of BMSCs. To analyse
surface antigens of BMSCs, cells (about 106 cells per
flask) were collected using trypsin and EDTA and
incubated with fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies against rat
CD29, CD31, CD34, CD44H, CD45, CD54, CD73
and CD90 as described previously (Kamiya et al.,
2007). Membranous antigens expressed on BMSCs
were characterized using flow cytometry (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

Cell viability study. To study the effects of caffeine
on cell viability, BMSCs (5 ¥ 105 cells per flask) were
treated with different concentrations of caffeine (0,
0.1 and 1 mM) for 48 h and collected using trypsin.
Once the cells were stained using the propidium
iodide/annexin-V-fluorescein kit, the cell apoptosis
and necrosis rates were assayed through flow
cytometry.

Thymidine incorporation assay
BMSCs (4 ¥ 104 cells per well) cultured in six-well
plates (Corning, Union City, CA, USA) were treated
with different concentrations of caffeine (0, 0.1, and
1 mM). After 48 h, 1 mCi of [3H]-thymidine was
added to each well, and the cells were incubated for
5 h at 37°C. The culture medium was then removed,
and the cells were washed with phosphate-buffered
saline (PBS). Aliquots of cell lysis solution [10 mM

Tris-HCl, 1 mM EDTA, 1% TritonX-100 and 0.1%
sodium doclecyl sulfate (SDS)] were added into each
well. Once the cells were solubilized, the solution
was added onto glass-fibre filter paper and dried at
37°C. The paper was then transferred to scintillation
vials and a 5 mL scintillation solution [5 mg·mL-1

2,5-diphenyl oxazole and 0.3 g·mL-1 1,4-bis(5-
phenyl-2-oxazolyl) benzene dissolved in dimethyl
benzene] was added into each vial. Two hours after
the vials were placed in the dark room, the incorpo-
ration of [3H]-thymidine was analysed using a liquid
scintillation analyser (Beckman, Los Angeles, CA,
USA). The results are shown as counts per minute
(CPM) per well.

Quantitative real-time RT–PCR
BMSCs cultured in the osteogenic medium were
incubated with different concentrations of caffeine
(0, 0.1, 0.5 and 1 mM) for 3, 7, 11 and 16 days. Cells
(about 106 cells) were trypsinized and total mRNA
was extracted by adding 1 mL of RNAiso plus. Next,
1 mg RNA was subjected to cDNA synthesis by using
PrimeScriptTM RT Enzyme Mix I (Shiga, Japan) and
oligo dT Primer in a 20 mL reaction volume accord-
ing to the manufacturer’s instructions, with the
addition of 2.0 mL PrimeScriptTM Buffer and 0.5 mL
Random 6 mers (TAKARA, Shiga, Japan). SYBY
Green PCR assays were then performed on these
cDNA samples with iCycler iQTM Multicolor real-
time PCR Detection System (Bio-Rad, Hercules, CA,
USA). Amplification was carried out in a 25 mL final
volume containing 2 mL cDNA, 1 mL forward primer,
1 mL reverse primer, 12.5 mL SYBR® Premix Ex TaqTM

(TAKARA), and 8.5 mL sterile water. The specific
primers used are shown in Table 1 and PCR param-
eters for the amplification program included initial
denaturation at 95°C for 10 s, followed by 40 cycles
of denaturation at 95°C for 5 s and annealing and

Table 1
Real-time RT–PCR primers for expression of specific genes in rat BMSCs

Genes Sequences of primer(5�- 3�) Amplicon (bp) Tm (°C) Genbank access number

Cbfa1 Forward: tcccagtatgagagtaggtgtcc 164 52.17 NM_053470

Reverse: ggctcagataagaggggtaagac 52.17

Col-I Forward: tctgactggaagagcggagag 112 57.14 NM_053304

Reverse: gagtggggaacacacaggtct 57.14

ALP Forward: cctagacacaagcactcccacta 138 60.72 NM_013059

Reverse: gtcagtcaggttgttccgattc 60.92

OC Forward: gaccctctctctgctcactctg 124 59.09 NM_013414

Reverse: caccttactgccctcctgctt 57.04

ALP, alkaline phosphatase; BMSC, bone marrow-derived mesenchymal stromal cell; bp, base pair; Col-I, collagen I; OC, osteocalcin.
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extension at 60°C for 45 s. At the end of each run,
fluorescence data was analysed using Optical system
software version 3.1 (Bio-Rad) in order to obtain
cycle threshold (CT, the number of cycles required
for the fluorescent signal to cross the threshold)
values. Gene expression was calculated using the
2-DDCT method, where CT values from samples
were averaged and calibrated in relation to GADPH
CT values.

Alkaline phosphatase assessed by
spectrophotometry
BMSCs (2 ¥ 104 cells per well) cultured in the osteo-
genic medium were incubated with different con-
centrations of caffeine (0, 0.1 and 1 mM) for 5, 10
and 15 days. After being rinsed with PBS, the cells
were harvested with cell lysis solution and sonicated.
Alkaline phosphatase (ALP) activity was measured
by adding aliquots of supernatant to 100 mL 50 mM
p-nitrophenylphosphate containing 1 mM MgCl2,
50 mM glycine, at 37°C for 30 min. The absorbance
of p-nitrophenol was monitored at 405 nm using
SpectraMax 190 spectrophotometer (Molecular
Devices, Silicon Valley, CA, USA), while ALP activity
was normalized to the total protein of the cell lysate.
The BCA protein kit used to quantify the protein in
the cell lysate was purchased from Bio-Rad.

Quantitation of osteocalcin by [125I ]
radioimmunoassay
BMSCs (2 ¥ 104 cells per well) cultured in the osteo-
genic medium were incubated with different con-
centrations of caffeine (0, 0.1 and 1 mM). After
treatment for 7, 14 and 21 days, cells were washed
and solubilized. The total osteocalcin (OC) in the
cell lysis solution was measured with radioimmu-
noassay by using the procedures described previ-
ously (Gundberg et al., 1998).

Quantitation of calcium deposition
BMSCs (2 ¥ 104 cells per well) cultured in the osteo-
genic medium were supplied with different concen-
trations of caffeine (0, 0.1, 0.5 and 1 mM) for 7, 14
and 21 days. Calcification of BMSCs was measured
using the Wada procedure (Xiao et al., 2001). Once
the cells were washed, aliquots of 0.6 N HCl were
added into each well to decalcify the cultures for
24 h. Calcium in the HCl supernatant was assessed
using the o-cresolphthalein complexone (OCPC)
method. Then aliquots of 0.1 NaOH N/0.1% SDS
were added to solubilize the cells. The calcium
content of the cell layers was normalized to the total
protein of the cell lysate.

cAMP assay
BMSCs (105) were seeded into six-wells plates
in DMEM containing 10% FBS, penicillin and

streptomycin. Near confluence, cultures were rinsed
three times with serum-free phenol red-free DMEM.
Cells were then treated for 5 min with 0.5 mM
isobutyl-methylxanthine, to inhibit endogenous
phosphodiesterase activity, prior to a 15 min treat-
ment with different concentrations of caffeine (0,
0.1, 0.5 and 1 mM). The treatment was terminated
by aspirating the medium in cultures. Intracellular
cAMP concentration was assessed by immunoassay,
following the manufacturer’s instructions. The par-
allel wells were utilized for cell number count by
using a haemacytometer. cAMP content was
expressed as pmol per 106 cells.

Statistical analysis
All values were expressed as mean � standard devia-
tion and statistically analysed using one-way ANOVA.
P < 0.05 was considered to be significant. Except for
the BMSC surface antigen analysis which was
carried out only once and the real-time PCR, cell
viability study and cAMP assay which were carried
out three times, all other experiments were
carried out in triplicate with three independent
experiments.

Materials
Caffeine was purchased from Alexis Biochemicals,
San Diego, CA, USA. Penicillin, streptomycin, dex-
amethasone, insulin, indomethacin, isobutyl-
methylxanthine, FITC-conjugated monoclonal
antibodies CD34, CD45, 2,5-diphenyl oxazole,
p-nitrophenylphosphate, glycine, o-cresolphthalein
complexone, 1,4-bis(5-phenyl-2-oxazolyl) benzene,
ascorbic acid, b-glycerol phosphate, Alizarin red, for-
malin, Oil red O, NaOH, HCl, Tris-HCl, TritonX-100,
SDS, MgCl2, dimethyl benzene and nembutal were
all purchased from Sigma-Aldrich, St. Louis, MO,
USA. DMEM, FBS and trypsin were purchased from
Gibco BRL, Gaithersburg, MD, USA. EDTA was pur-
chased from Sanland chemical Co., Ltd, San Jose,
CA, USA. [3H]-thymidine was purchased from
Shanghai Institute of Nuclear Research, Shanghai,
China. 125Iodine was purchased from Beijing Puer
Weiye Biotechnology Company Limited, Beijing,
China. Propidium iodide and annexin-V-fluorescein
were purchased from Roche Applied Science, Pen-
zberg, Germany. RNAiso plus, PrimeScriptTM Buffer,
Random 6 mers, oligo dT Primer and SYBR® Premix
Ex TaqTM were purchased from TAKARA, Japan.
FITC-conjugated monoclonal antibodies against rat
CD29, CD31, CD44H, CD54, CD73 were purchased
from Biolegend, San Diego, CA, USA. FITC-
conjugated monoclonal antibodies CD90 was
purchased from eBioscience, USA. cAMP Kit
was purchased from R&D Systems, Minneapolis,
MN, USA.
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Results

Characterization of BMSCs
Most cells that attached to the flask from passage 2
showed shapes of asters or spindles with slim bodies
resembling fibroblasts (Figure S1A). Flow cytometry
analysis indicated that the majority of cells
expressed the MSC surface markers CD29, CD44H,
CD54, CD73 and CD90, but only few cells expressed
CD31, CD34 and CD45 (Figure S2). After osteogenic
induction of BSMCs for 3 weeks, mineralization
nodules were observed with Alizarin Red S staining.
After adipogenic induction of BSMCs for 7 days,
intracytoplasmic lipid vesicles were also observed
through oil red O staining (Figure S1B,C).

Caffeine suppresses viability of BMSCs by
inducing cell necrosis and apoptosis
As shown in Figure 1, caffeine significantly
decreased BMSCs’ ability to incorporate thymidine
in a concentration-dependent manner (P < 0.05).
We further tested whether caffeine-induced cell
death represented apoptosis or necrosis. The per-
centage of apoptotic cell population increased sig-
nificantly in cultures when exposed to 1 mM
caffeine, and the percentage of necrotic cell popula-
tion also simultaneously rose at the high caffeine
concentration group (P < 0.01). However, the
decline in BMSC survival following the treatment

with 0.1 mM caffeine could not be attributed
to increased apoptosis or necrosis (P > 0.05;
Figure 2A–C)

Caffeine selectively suppresses bone sequential
gene expressions during osteogenesis
Compared with the non-caffeine-treated cells,
Cbfa1/Runx2 expression was dose-dependently
inhibited by 0.1, 0.5 and 1 mM caffeine (P < 0.01;
Figure 3A). Similarly, the expressions of collagen
I (Col-I) and ALP showed a marked reduction
when exposed to these concentrations of caffeine
(P < 0.01; Figure 3B,C). However, caffeine raised
the levels of mRNA for OC in each treated group
(P < 0.05; Figure 3D).

Different responses of ALP activity and OC
on caffeine treatment
In the process of osteogenesis, the expressions of
ALP and OC in all groups were gradually increased.
However, incubation of BMSCs, with different con-
centrations of caffeine (0.1–1 mM) attenuated ALP
activity, but induced an accumulation of OC, com-
pared with the control, without caffeine, group, at
each time point (P < 0.01; Figure 4). In the same
samples, levels of OC were enhanced on the 14th
and the 21st day, although on the 7th day, the levels
of OC were not affected by caffeine (P > 0.05;
Figure 5).

Mineralization negatively regulates by
caffeine in a concentration- and
time-dependent manner
Deposition of calcium was gradually increased in all
groups during the process of osteogenesis. However,
following exposure to caffeine (0.1–1 mM), the
amount of calcium deposition was decreased, com-
pared to the control group, at each time point
(P < 0.01; Figure 6).

Caffeine increases intracellular cAMP in a
concentration-dependent manner
cAMP is a key intracellular signalling molecule in
osteogenesis (Tintut et al., 1999; Kondo et al., 2002;
Yang et al., 2008). Methylxanthine has the ability to
increase the level of intracellular cAMP (Yang et al.,
2008); hence we tested whether intracellular cAMP
in BMSCs could be elevated by the natural methylx-
anthine, caffeine. As shown in Figure 7, cAMP levels
were significantly increased after treatment with all
concentrations of caffeine (P < 0.01).

Discussion

Flow cytometry analysis indicated that the majority
of detached BMSCs expressed surface markers CD29,

Figure 1
Viability of bone marrow-derived mesenchymal stromal cells
(BMSCs) was decreased by caffeine. BMSCs were treated with differ-
ent concentrations of caffeine (0, 0.1 and 1 mM) for 48 h and
growth assessed by thymidine incorporation (shown as CPM per
well). Data show that cell viability was decreased in a concentration-
dependent manner. Bars represent the mean � standard deviation
(n = 9). Comparisons between groups were performed using ANOVA.
*P < 0.05, significantly different from the control group. CPM, counts
per minute.
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CD44H, CD54, CD73 and CD90, but only few cells
expressed CD31, CD34 and CD45. This surface
expression pattern was similar to human and
murine MSCs (Colter et al., 2001; Peister et al.,
2004).

Several studies have demonstrated that caffeine is
anti-proliferative towards osteoblasts (Tassinari
et al., 1996; Kamagata-Kiyoura et al., 1999; Tsuang
et al., 2006; Lu et al., 2008). In these studies, it is
relevant to note that 0.1–0.4 mM caffeine alone did

Figure 2
Caffeine inhibits bone marrow-derived mesenchymal stromal cell (BMSC) viability by inducing cell necrosis and apoptosis. BMSCs were treated
with different concentrations of caffeine (0, 0.1, 1 mM) for 48 h. (A) Cell apoptosis and necrosis rates were analysed by flow cytometry (n = 3).
PI-/AVF- represents viable cells. PI+/AVF+ represents necrotic cells. PI-/AVF+ represents apoptotic cells. (B,C) Data show the ratios of necrotic cells
and apoptotic cells in each group. The percentage of apoptotic cells and necrotic cells increased significantly when exposed to 1 mM caffeine,
but 0.1 mM caffeine was without effect on BMSC apoptosis and necrosis. Bars represent the mean � standard deviation (n = 3). Comparisons
between groups were performed using ANOVA. *P < 0.01, significantly different from the control (0 mM caffeine) group. PI, propidium iodide. AVF,
annexin-V-fluorescein.
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not affect growth of osteoblasts (Tassinari et al.,
1996; Kamagata-Kiyoura et al., 1999; Lu et al., 2008).
However, in the presence of prostaglandin E2,
0.1 mM caffeine was able to decrease viability of
osteoblasts (Kamagata-Kiyoura et al., 1999) and, in
another report, cell growth was also attenuated after
osteoblasts were exposed to 0.1 mM caffeine for
7 days (Tsuang et al., 2006). Our study found that
the viability of BMSCs was considerably inhibited
by incubating BMSCs in 0.1 mM caffeine for only
2 days. Given that BMSCs are more sensitive than
osteoblasts to the same concentration of caffeine
(Figure S3), it is reasonable to postulate that BMSCs,
the precursor cells of osteoblasts, may be the
primary target in caffeine-related osteoporosis.
Treatment with caffeine induced cell death by two
modes in BMSCs, primarily necrosis, and to a
smaller extent, apoptosis, although neither was
observed at the lowest caffeine concentration
(0.1 mM). BMSCs are thought to play a key role in
bone physiology and partly participate in the

process of osteoporosis. In osteoporotic patients,
BMSCs exhibit a lower proliferation rate (Rodriguez
et al., 1999; Ocarino et al., 2008). Although compari-
sons among different species have to be conducted
with utmost care, we may infer that if these patients
have a coffee-drinking habit, there may be a possi-
bility that the number of MSCs in the bone marrow
could be decreased further due to the impairment
of cell viability by caffeine. This impairment could
lead to the reduction of MSCs numbers that may, in
turn, have synergistic effects on the process of
osteoporosis.

The differentiation of BMSCs can be generally
divided into three stages: commitment to osteo-
genic lineage, matrix synthesis and the mineraliza-
tion of matrix (Beck, 2003). During the process of
osteogenesis, a number of genes, including Cbfa1/
Runx2, ALP, Col-I and OC, are sequentially
expressed for these discrete stages of osteogenesis.
Cbfa1/Runx2 is an essential transcriptional activator
of commitment to the osteogenic lineage (Ducy

Figure 3
Sequential gene expressions in osteogenesis were selectively inhibited by caffeine. The expressions of Cbfa1/Runx2, collagen I, ALP and osteocalcin
were, respectively, detected at following time points: 3, 7, 11 and 16 days. (A–C) Cbfa1/Runx2, collagen I and ALP gene expressions were
downregulated in a concentration-dependent manner. (D) Caffeine concentration dependently enhanced osteocalcin gene expression. Bars
represent the mean � standard deviation (n = 3). Comparisons between groups were performed using ANOVA. *P < 0.01, **P < 0.05, significantly
different from the control (0 mM caffeine) group. ALP, alkaline phosphatase.
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et al., 1997). Knockdown of the Cbfa1/Runx2 gene
leads to impairment of bone formation because of
the insufficient number of osteoblasts (Komori et al.,
1997). The attenuation of Cbfa1/Runx2 gene expres-
sion caused by caffeine suggests that caffeine could
affect osteogenesis at an early stage by reducing the
commitment of MSCs to osteoblasts. As MSCs have
been shown to exhibit a decreased ability to differ-
entiate into osteoblasts in osteoporotic patients
(Rodriguez et al., 1999), it may be that osteoporotic
patients who like to drink coffee may have less
bone formation, due to the decreased number of
osteoblasts caused by caffeine. Caffeine-induced
reduced matrix synthesis was shown by reduced
expressions of the mRNA for early (Col-I), and
middle (ALP) stage markers, as well as its protein
during osteogenesis.

OC is a marker gene, which is generally highly
expressed in the late stage of bone formation. In
contrast to the adverse effect of caffeine on Cbfa1/
Runx2, Col-I and ALP, the expression of gene OC
observed in our study was surprisingly enhanced by
caffeine in a concentration-dependent manner
accompanied by a parallel enhancement in the
amount of OC protein. It is interesting to note that

the role of caffeine on OC contradicts that on
Cbfa1/Runx2, especially as Cbfa1/Runx2 shows the
ability to bind to cis-acting element 2 (OSE2) of the
OC promoter region and regulate the expression of
OC (Ducy and Karsenty, 1995). One interpretation
for this inconsistency is that although Cbfa1/Runx2
is downregulated by caffeine, it may increase the
ability of Cbfa1/Runx2 to bind to OSE2 of the OC
promoter. The possibility can be supported by the
finding that the enhancement of Cbfa1/Runx2
binding to OSEs is not followed by a parallel escala-
tion in the level of Cbfa1/Runx2 mRNA (Xiao et al.,
1998). In addition, caffeine is generally considered
to have the ability to increase the levels of intracel-
lular cAMP. Given that the elevated cAMP can
increase the mRNA expression of OC via cAMP-
dependent protein kinase A pathway (Boguslawski
et al., 2000; Huang et al., 2005), another explana-
tion for this contradictory phenomenon may be
that in the context of caffeine, OC expression can be
increased due to the high level of cAMP. The precise
mechanism underlying these two possibilities will
be studied in future research.

Although the exact role of OC on bone metabo-
lism remains unclear, the functions of OC are many.

Figure 4
ALP activity was negatively regulated by caffeine in a concentration-
and time-dependent manner. ALP was assayed in cell lysates of
BMSCs on 5, 10 and 15 days. Data show an attenuation of ALP
activity after caffeine treatment at each time point. Each bar repre-
sents the mean � standard deviation (n = 9). Comparisons between
groups were performed using ANOVA. *P < 0.01, significantly different
from the control group. ALP, alkaline phosphatase; BMSCs, bone
marrow-derived mesenchymal stromal cells.

Figure 5
Concentration and time response of osteocalcin upregulation by
caffeine. Osteocalcin was assayed in cell lysates of BMSCs on 7, 14
and 21 days. Data show an accumulation of osteocalcin (OC) after
caffeine treatment at each time point. Each bar represents the mean
� standard deviation (n = 9). Comparisons between groups were
performed using ANOVA. *P < 0.01, significantly different from the
control group. BMSCs, bone marrow-derived mesenchymal stromal
cells.
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Thus OC released from the bone matrix can modify
bone resorption (Ivaska et al., 2004) and deletion of
the OC gene resulted in an increased bone forma-
tion, whereas bone resorption and mineralization
were not affected (Ducy et al., 1996). These results
reveal that one function of OC is to inhibit the
osteogenesis of bone-related cells. Thus, we may
infer that the high level of OC in the context of
caffeine may suppress osteogenesis, rather than
promote bone formation by BMSCs.

The ability of extracellular matrix to undergo
mineralization requires a sequence of genes to be
expressed. After treatment with caffeine, gene
expression of Col-I and ALP were markedly down-
regulated, thereby impairing the capability of
BMSCs to promote matrix synthesis and matura-
tion in vitro (Franceschi, 1999). Moreover, the
decreased commitment of BMSCs to the osteogenic
lineage, induced by caffeine, was also partially
responsible for the reduced bone formation
(Franceschi, 1999).

cAMP/PKA signalling plays an important role in
regulating bone formation and differentiation of
BMSCs (Kondo et al., 2002; Yang et al., 2008). In
osteoporotic patients, the levels of cAMP in plasma

and urine were increased (Neelon et al., 1973). As
the main function of cAMP is to activate PKA, our
observation that caffeine increased intracellular
cAMP in BMSCs could imply that signalling path-
ways such as cAMP/PKA were involved in the inhi-
bition by caffeine of the osteogenesis in BMSCs. One
possible mechanism for the decreased bone forma-
tion after caffeine is that caffeine increases glucocor-
ticoid receptor (GR) activity in osteoblasts (Föcking
et al., 2005). However, GR activity can also be modu-
lated by PKA (Rangarajan et al., 1992).

In conclusion, our investigation indicates that by
acting adversely on the commitment of BMSCs to
the osteogenic lineage and inhibiting gene expres-
sion at the early and middle stages of osteogenesis,
caffeine downregulates some important events in
osteogenesis and eventually affects bone formation.
Although interspecies interpretation from rats to
humans must be done with great caution, the
present study investigated the negative effects of
caffeine on BMSC viability and bone-forming ability
and our results may provide clues to explain the
epidemiological finding that habitual consumption
of caffeine has harmful effects on bone mass (Rapuri
et al., 2001; Ilich et al., 2002).

Figure 6
Time and concentration dependence of caffeine-induced inhibition
of calcium deposition. Calcification of BMSCs was assayed on 7, 14
and 21 days of caffeine treatment. Data show that decreased calcium
deposition was clearly observed at each time after caffeine treatment.
Each bar represents the mean � standard deviation (n = 9). Com-
parisons between groups were performed using ANOVA. *P < 0.01,
significantly different from the control group. BMSCs, bone marrow-
derived mesenchymal stromal cells.

Figure 7
Caffeine concentration dependently increases intracellular cAMP.
BMSCs were pre-treated for 5 min with 0.5 mM isobutyl methylxan-
thine and then treated with caffeine for 15 min. cAMP was measured
by immunoassay. Data show an accumulation of cAMP after caffeine
treatment. Each bar represents the mean � standard deviation (n =
3). Comparisons between groups were performed using ANOVA. *P <
0.01, significantly different from the control group. BMSCs, bone
marrow-derived mesenchymal stromal cells.
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Supporting information

Additional Supporting Information may be found in
the online version of this article:

Figure S1 Characterization of the detached mes-
enchymal stromal cells (MSCs) by observing cell
appearance and multipotent differentiantion study.
(A) Bone marrow MSCs (BMSCs) from passage 2
appeared as fibroblast-like cells with slim bodies in
phase contrast micoscope, scale bar = 500 mm. (B)
Mineralization noules were observed with Alizarin
Red S staining after osteogenic induciton for
3 weeks, scale bar = 200 mm. (C) After adipogenic
induction for 7 days, intracytoplasmic lipid vesicles
were seen after oil red O staining, scale bar = 50 mm.
Figure S2 Bone marrow-derived mesenchymal
stromal cells’ (BMSCs) surface antigens CD29,
CD31, CD34, CD44H, CD45, CD54, CD73 and
CD90 were analysed by flow cytometry. Majority of
cells expressed markers of CD29, CD44H, CD54,
CD73 and CD90, but didn’t express CD31, CD34
and CD45 markers. This surface expression pattern
was similar to human and murine MSCs. FITC, fluo-
rescein isothiocyanate.
Figure S3 Osteoblasts viability negatively regu-
lated by caffeine. Osteoblasts treated with different
doses of caffeine (0, 0.1, 1 mM) for 48 h and assessed
by thymidine incorporation. Caffeine (0.1 mM)
exerted no effect on the proliferation of osteoblasts
(P > 0.05), but inhibited osteoblasts’ growth when
caffeine’s concentration was 1 mM (*P < 0.05). Each
data point represents mean � standard deviation of
nine independent experiments and was analysed by
ANOVA. CPM, count per minute.
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(other than missing material) should be directed to
the corresponding author for the article.
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