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Black Tea Exhibits a Dose-Dependent Response in Saos-2 Cell Mineralization
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ABSTRACT Higher bone mineral density (BMD) is often associated with greater consumption of black tea (BT). However,

the dose–response of BT on mineralization in an osteoblast cell model has not yet been studied. The study objective was to

determine the dose-dependent response of BT in Saos-2 cells and investigate changes to several proteins involved in the

mineralization process. Mineralization was induced in the presence of BT at concentrations that represent levels likely

achieved through daily consumption (0.1, 0.5, 0.75, 1 lg gallic acid equivalents [GAE]/mL) or through supplementation (2, 5,

or 10 lg GAE/mL). BT exerted a positive dose–response on bone mineralization, peaking at 1 lg GAE/mL of BT (P < .05).

Cellular activity was significantly greater than control with exposure to 2–10 lg GAE/mL of BT (at 24 h) (P < .05) and

1–10 lg GAE/mL (at 48 h) (P < .05), with a peak at 5 lg GAE/mL at 24 and 48 h (P < .05). Protein expression of alkaline

phosphatase and ectonucleotide pyrophosphatase/phosphodiesterase-1 were unchanged, whereas a moderate dose of BT

(0.75 lg GAE/mL) resulted in greater expression of osteopontin compared with the highest dose (10 lg GAE/mL) (P < .05).

Doses of BT from 0.5 to 10 lg GAE/mL resulted in higher antioxidant capacity compared with control (P < .05). In summary,

the higher antioxidant capacity, enhanced cell viability, and upregulated mineralization suggest that consumption of BT may

have a positive effect on BMD at levels obtained through consumption of tea.
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INTRODUCTION

F indings from prospective and cross-sectional studies,
mostly in postmenopausal women, suggest a positive

association between habitual tea drinking and higher bone
mineral density (BMD).1–7 In a prospective study of older
women (>75 years old) who were at risk of fracture, habitual
consumption of three or more cups of black tea (BT) per day
was associated with a 30% reduction in fracture risk.2 There
is a paucity of data in men with two studies showing no
association and another study showing a positive association
between higher tea intake and higher BMD.1,6,8 Whole BT
(0.05 g/mL) has shown positive effects on bone histomor-
phometry, strength, and BMD in ovariectomized female rat
models.9,10 The levels of BT in the aforementioned studies
are steeped at concentrations of tea similar to dietary con-
sumption.9–11 In vitro models have shown that providing
BT can enhance mineralization in Saos-2 osteoblast cells,

whereas decreasing cell toxicity and increasing cellular ac-
tivity at a dose of 1 lg gallic acid equivalents (GAE)/mL.12

However, there is a paucity of information on an optimal
dose of BT to stimulate bone mineralization. The objective
of this study was to determine if BT has a dose-dependent
effect on mineral production as well as elucidating what key
proteins may be involved. It was hypothesized that BT
would exert a positive effect on Saos-2 cell mineralization in
a dose-dependent manner but would exhibit negligible in-
creases in mineralization as the dose reaches the highest
concentrations tested. Previously, a supplemental dose of BT
(10 lg GAE/mL in Saos-2 cells) was not shown to stimulate
mineralization, likely due to BT having pro-oxidant effects
at this high dose.12

METHODS, RESULTS, AND DISCUSSION

Experiments using Saos-2 cells were conducted between
passages 60 and 90. All experiments were analyzed with one-
way ANOVA (Prism V5, La Jolla, CA, USA). Tukey’s post
hoc analysis determined differences among specific groups,
P < .05. Results are reported as mean (% of control) – SEM.

To ensure consistency, a single batch of loose-leaf En-
glish Breakfast BT from a specialty tea shop was used. BT
(200 mg) was steeped in dH2O (5 mL) for 3 min to extract
whole tea according to manufacturer recommendations.
TPC was measured with Folin–Ciocalteau’s methodology
(ISO 14502-1:2005) with a gallic acid standard to determine
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GAE.12–14 Differing concentrations of BT according to TPC
were measured at 0.1, 0.5, 0.75, 1, 2, 5, and 10 lg GAE/mL.
Concentrations of 0.1–1 lg GAE/mL are likely relatable to
consuming two to three cups of BT per day. Higher doses
(‡2 lg GAE/mL) are representative of levels of polyphenols
attained through supplementation or consumption of large
quantities of tea (> 10 cups per day).15

The free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
was used to measure the scavenging ability (representing
potential antioxidant capacity [PAC]) of BT. The PAC of
BT doses of 0.1–10 lg GAE/mL were tested by scavenging
DPPH using a previously determined methodology.13,16 BT
concentrations of 0.5–10 lg GAE/mL resulted in signifi-
cantly greater inhibition of DPPH than control (P < .05).
A significant difference in DPPH inhibition was seen be-
tween each BT concentration except between 0.5 and

0.75 lg GAE/mL and between 5 and 10 lg GAE/mL, re-
spectively (Fig. 1a).

Cellular viability was measured through cellular activity
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay after 24 and 48 h of cell exposure to BT
(0.1, 0.5, 0.75, 1, 2, 5, or 10 lg GAE/mL) or control vehi-
cle.17,18 After 24 h, Saos-2 cells displayed a significantly higher
cellular activity (P < .05) at concentrations 2–10 lg GAE/mL.
There was a dose-dependent response of BT doses at 24 h
(CON, 0.1, 0.5, 0.75, 1, 2, 5, 10lg GAE/mL). After 48 h, Saos-
2 cells had a significantly higher cellular activity than control
(P < .05) at BT concentrations 1–10 lg GAE/mL. There was
also a dose-dependent response at 48 h (CON, 0.1, 0.5, 0.75, 1,
2, 5, 10lg GAE/mL) (Fig. 1c, d).

Saos-2 cells (American Type Tissue Culture, Manassas,
VA, USA) were subcultured weekly in media 1.19 To measure

FIG. 1. BT’s effect on Saos-2 cells.
All data are expressed as mean – SEM.
* indicates a significant difference
(P < .05) between control and BT con-
centration, whereas differing letters in-
dicate a significant difference (P < .05)
between BT concentrations. (a) Ability
of BT to scavenge DPPH (n = 4).
(b) Mineralization after 5 days in the
absence or presence of differing con-
centrations of BT, n = 6 (each sample
was the resulting average of three
wells). Graphs (c) and (d) show cellular
viability through cellular metabolism
observed in control and tea conditions
after 24 (n = 12) and 48 h (n = 12) of
exposure to MTT, respectively. * indi-
cates a significant difference (P < .05)
between control and BT concentration,
whereas differing letters indicate a
significant difference (P < .05) between
BT concentrations. BT, black tea;
DPPH, 2,2-diphenyl-1-picrylhydrazyl;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.
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mineralization and protein expression, cells were plated in 24-
well plates in media 2 and replenished every 72 h for 8 days to
allow for differentiation.19 Cells were then introduced to
media 3 in the presence of BT concentrations of 0.1–10 lg
GAE/mL or dH2O control.19 Media was changed every other
day until day 14, where cells were washed with phosphate-
buffered saline. To prepare cells for mineralization, cells were
fixed in 4% paraformaldehyde and stored overnight at 4�C. To
extract proteins for expression, cells were lysed with radio-
immunoprecipitation assay buffer containing phosphatase
(PhosSTOP) and protease (cOmplete) inhibitors.

To quantify mineralization, an alizarin red assay was con-
ducted on day 14 (day 5 of mineralization).12,19 150 lL ali-
quots of cell-stain mixture from each condition were measured
in triplicate at an optical density of 550 nm to quantify stain-
ing. Cells treated with BT (0.75–10 lg GAE/mL) resulted in

a significantly greater mineralization content than control
(P < .05). No significant difference was observed between
control, 0.1 and 0.5 lg GAE/mL of BT. A concentration of
10 lg GAE/mL did not have significantly different miner-
alization from concentrations of 1–5 lg GAE/mL of BT
(Fig. 1b).

Expression of proteins of interest (alkaline phosphatase
[ALP], osteopontin [OPN], ectonucleotide pyrophosphatase/
phosphodiesterase-1 [NPP1]) was determined at day 3 of
mineralization through immunoblotting using a previously
established protocol.17 Differences in the protocol included use
of either a 0.2lm polyvinylidene difluoride membrane (ALP
and NPP1) or nitrocellulose membrane (OPN). Primary anti-
bodies included ALP: 1:1000 (ab108337), 5% BSA/TBST;
NPP1: 1:1000 (ab217368), 5% BSA/TBST; OPN: 1:1000
(ab33046), and 5% milk/TBST. The secondary antibody used

FIG. 2. Influence of BT concentra-
tion on protein expression in Saos-2
cells. Mineralization after 3 days in the
absence or presence of differing con-
centrations of BT polyphenols were
densitometrically analyzed for the ex-
pression of (a) NPP1 (b) ALP and (c)
OPN. Images are representative images
of protein expressions of NPP1, ALP,
and OPN, respectively. Values are
mean – SEM, n = 3 (each sample was the
resulting average of three wells). ALP,
alkaline phosphatise; NPP1, ectonucleo-
tide pyrophosphatase/phosphodiesterase-
1; OPN, osteopontin.
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was 1:10000 (ab205718) in 5% BSA/TBST (ALP and NPP1)
or 5% milk/TBST (OPN) (Abcam, Cambridge, UK). Protein
signals were detected with the ChemiDoc Imaging System
(Bio-Rad, Mississauga, ON, Canada) and densitometry anal-
ysis was performed using Image Studio Lite software (LICOR
Biosciences, Lincoln, NE, USA). No significant difference in
ALP and NPP1 expression in cells treated with BT (Fig. 2a, b).
A BT concentration of 0.75lg GAE/mL resulted in signifi-
cantly higher OPN expression than a BT concentration of 10 lg
GAE/mL (Fig. 2c).

Our findings support the hypothesis that mineralization in
Saos-2 cells increases with incremental BT doses but has
negligible increases in mineralization as the dose reaches
the highest concentrations that would be attained through
supplementation. The current findings are similar to previ-
ous research that investigated a dietary (1 lg GAE/mL) and
supplemental dose (10 lg GAE/mL) of BT.12 This may be
due to antioxidant effects of BT at dietary levels of con-
sumption. The optimal level of BT on bone mineralization
(*1 lg GAE/mL), in vitro, is estimated to resemble the
level in two to three cups of BT per day. Cell viability
increased with moderate and high doses of BT at both 24 h
(2–10 lg GAE/mL) and 48 h (0.1–10 lg GAE/mL) of ex-
posure, indicating that BT enhances the presence of viable
mineral producing cells. Analysis of protein expression re-
sulted in no change in expression of ALP—an indicator
of bone formation or NPP1—a regulator of bone minerali-
zation.20,21 Although ALP and NPP1 did not exhibit any
changes in expression at day 3 of mineralization, it is un-
known if the activity of these proteins was altered. A small
but significant difference in expression of the mineraliza-
tion inhibitor, OPN was seen between a mid-dose (0.75 lg
GAE/mL) and the highest dose (10 lg GAE/mL). Visual
observation of analysis indicates a potential trend of de-
creased OPN expression at 5 and 10 lg GAE/mL; however,
only 10 lg GAE/mL was significant. Extremely high levels
of BT may inhibit OPN but lowering its expression may not
be associated with upregulating mineralization in Saos-2
cells. However, in a rodent model of ovariectomy, mice
that were OPN deficient were protected from trabecular
bone volume loss.22 As ovariectomy is often used as a
model of postmenopausal osteoporosis, a link may exist
between decreased OPN expression and decreased osteo-
porosis incidence.

At most concentrations of BT, there was a greater ability
to scavenge DPPH than control. It is suspected that the
polyphenolic compounds in BT, including the theaflavins
play a role in the antioxidant abilities of BT.23 Saos-2 cells
can undergo apoptosis under conditions with high levels of
reactive oxygen species (ROS) in a similar manner of os-
teoblasts and osteocytes in bone remodeling.24,25 Treatment
with BT has been shown to decrease the levels of ROS,26

which may result in the presence of more viable cells to
upregulate mineralization.

A limitation of this study was that whole BT was sup-
plemented to cells instead of bioactive constituents that may
reach the skeletal system in a physiological model. How-
ever, this in vitro model is a preliminary step in identifying

the amount of BT to feed in vivo. A strength of this study
includes being the first to study a large range of BT doses
to determine the optimal dose–response in Saos-2 cells.
A greater understanding of the optimal dose of BT in vitro
may inform researchers of doses to investigate in preclinical
and clinical models of bone health. Further research should
determine if these doses of BT provide similar results in a
preclinical animal model. In conclusion, we have shown that
providing BT in vitro at levels attainable through dietary
consumption of tea rather than supplementation can posi-
tively impact in vitro mineralization.
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