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Background and purpose: Naringin, a flavanone glycoside in citrus fruits, has been recently reported to stimulate bone
formation in vitro and in vivo. The present study was designed to determine if naringin could exert oestrogen-like protective
actions in bone.

Experimental approach: Young C57/BL6] mice were ovariectomized (OVX) and treated orally with naringin (0.2 or
0.4 mg-g~'-day™"), 17B-oestradiol (2 ug-g~'-day™") or its vehicle for 6 weeks. Bone mineral densities (BMD) and polar stress-
strain index (SSI) were measured by peripheral quantitative computed tomography. Rat osteoblast-like UMR-106 cells were
co-incubated with the oestrogen receptor (ER) antagonist ICI 182780 to determine if the effects of naringin on osteoblastic
functions were ER dependent. Functional transactivation of ERa. and ERP as well as ERo. phosphorylation by naringin were also
studied.

Key results: Naringin at 0.4 mg-g~'-day™' increased BMD at trabecular-rich bone in OVX mice. Naringin (at both doses)
significantly increased SSI at distal femur and lumbar spine and increased biomechanical strength (ultimate load and energy
for breaking) at tibia diaphysis in OVX mice. The stimulatory effects of naringin on osteoblastic functions could be abolished
by co-incubation with ICI 182780 in UMR-106 cells. Naringin failed to stimulate ERc- or ERB-mediated oestrogen response
element-dependent luciferase activity but could significantly induce ERa. phosphorylation at serine 118, in UMR-106 cells.
Conclusions and implications: Naringin was effective in protecting against OVX-induced bone loss in mice and its actions
might be mediated through ligand-independent activation of ER in osteoblastic cells.
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were found in osteoporotic patients suffering from hip and
vertebral fractures (Gass and Dawson-Hughes, 2006). Oestro-
gen replacement therapy (ERT), which used to be the major
treatment for the prevention and treatment of osteoporosis,
was recently found to be associated with an increased risk in
developing endometrial and breast cancer in postmenopausal
women (Wei et al., 2007). Thus, alternative approaches for the
prevention and management of postmenopausal osteoporo-
sis, such as the use of natural food ingredients, are worth
exploring.

Naringin is a citrus flavonoid commonly found in the peri-
carp (albedo, membrane and pith) of citrus fruits (Lu et al.,
2006). Because of its high daily consumption from citrus fruit
and wide availability from inexpensive raw material, there
have been numerous studies of the bioactivities of naringin
and its potential for treating of diseases. It appears to be useful
for improving cardiovascular health and have potential anti-
cancer effects (So etal., 1996; Kim et al.,, 2006; Benavente-
Garcia and Castillo, 2008). Recently, the health benefits of
naringin on bone have also received much attention. Deyhim
et al. (2006; 2008a,b) demonstrated that grapefruit juice could
improve bone quality and bone strength in orchidectomized
rats. In addition, naringin was shown to improve bone quality
in rats with osteoporosis induced by retinoic acid (Wei et al.,
2007) and orchidectomized rat (Mandadi et al., 2008) models,
confirming that naringin is the active ingredient that
accounts for the bone protective effects of citrus fruit. More-
over, naringin significantly increased proliferation, total
protein content and alkaline phosphatase (ALP) activities in
rat osteoblastic-like UMR-106 cells (Wong and Rabie, 2006).
The stimulatory effects of naringin on bone morphogenetic
protein-2 (BMP-2) expression in MC3T3-E1 osteoblastic cells
were found to be mediated through the activation of the
P13K, Akt, c-Fos/c-Jun and AP-1 pathways (Wu et al., 2008).
However, it is unclear whether other molecular pathways are
also involved in mediating the actions of naringin in bone
cells.

Recent reports indicated that phytoestrogens can attenuate
bone loss associated with oestrogen deficiency in both animal
and human studies (Dixon, 2004). Phytoestrogens are phy-
tochemicals that possess differential affinity for and transac-
tivation of oestrogen receptor (ER)a or ERB (Gutendorf and
Westendorf, 2001; receptor nomenclature follows Alexander
et al., 2009). Upon binding to ERs, oestrogen can activate ER
and regulate the transcriptional activity via its activation
function (AF)-2 domain. Moreover, ERs can also be activated
ligand-independently by phosphorylation at the AF-1 domain
(Lees et al., 1989; Tora et al., 1989; Tzukerman et al., 1994).
For example, epidermal growth factor was shown to induce
ERa phosphorylation at serine 118 via the mitogen-activated
protein kinase (MAPK) pathway (Chen et al., 2002).

Naringenin, the aglycone of naringin, is a phytoestrogen
that could bind weakly to and transactivate ERo- and ERp-
mediated oestrogen response element (ERE)-dependent tran-
scription in human embryonic 293 kidney cells (Kuiper et al.,
1998). In the present study, we hypothesize that naringin can
exert positive effects in bone via ER-dependent pathways. The
effects of naringin on bone properties in ovariectomized
(OVX) C57/BL6] female mice and in UMR-106 osteoblastic-
like cell culture were studied. In addition, its abilities to
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induce functional transactivation of ERo. and ER as well as
ERo phosphorylation were also characterized.

Methods

Animal care and diet

All animal care and experimental protocols were approved by
the Animal Ethics Committee of the Hong Kong Polytechnic
University. Fifty one-month old female C57/BL6] mice from
The Chinese University of Hong Kong were housed in envi-
ronmentally controlled central animal facilities. The animals
were kept in 22°C, light : dark (12 h: 12 h) conditions and
fed with a normal calcium level (0.6% Ca) control diet for 2
days before the treatment. The mice were either sham oper-
ated or OVX at the age of 1 month. After recovering for 2
weeks, the mice were randomly selected and divided into five
groups. One group was sham vehicle (2% ethanol), the others
were OVX + vehicle; OVX + 17B-oestradiol (E2; 2 ug-g'-day ™)
and two groups of OVX + naringin (0.2 and 0.4 mg-g'-day™).
The dosages of naringin were chosen based on a previously
reported rat study (Wei et al., 2007). Treatments were given
orally to the five groups of animals for 6 weeks. Animals were
pair fed with diet containing 0.6% Ca and 0.65% P (TD 98005,
Teklad, Madison, WI, USA) and were allowed free access to
water throughout the course of the studies as previously
described (Xie et al., 2005). One day before killing, the mice
were placed in metabolic cages. Their urine was collected and
centrifuged (1503x g for 20 min). The urine samples were
then stored at —20°C until use. At the end of treatment, the
mice were anesthetized with ketamine (75 mg-kg™'; Alfamedic
Ltd., Woerden, the Netherlands). Blood samples were taken
from the inferior vena cava, followed by the collection of uteri
and bone specimens, namely femur, tibia and lumbar spine.
The mice serum was stored at —80°C; the left femur, tibia and
lumbar spine were stored at —20°C until analysis.

Biochemical assays of serum and urine samples

Calcium and phosphorus concentrations of serum and urine
were studied by the o-cresolphthalein complexing colour
development method and the p-methylaminophenol
method, respectively, using commercial kits (Wako Pure
Chemical Industries Ltd., Osaka, Japan). Urinary excretion of
deoxypyridinoline (DPD), a collagen degradation product
that reflects bone resorption rate, was measured using Quidel
Metra® DPD EIA kit with a microplate reader. Urinary creati-
nine (Cr) was used as internal control and was assessed with
the Jaffe method using a commercial kit (Wako Pure Chemical
Industries Ltd.). Urinary calcium, phosphorus and DPD levels
were expressed as its excretion per unit of Cr (Ca/Cr, P/Cr and
DPD/Cr).

Assessment of bone properties by peripheral quantitative
computed tomography (pQCT)

Trabecular and cortical bone densities of left femur, tibia and
lumbar spine region L1 were measured using a StraTec
XCT2000 machine (Norland Stratec Medizintechnik, GmbH,
Birkenfeld, Germany). Mid-shaft and distal regions of femur



and tibia were scanned. The distal/proximal site was defined
as 2.5 mm away from femur/tibia head. The mid-shaft was the
middle region of each long bone. All scans were performed
using the protocol designed for studying isolated small bones
(Gasser, 2002). Total BMD, trabecular BMD, total cross-
sectional area, trabecular cross-sectional area and stress-strain
index (SSI) in the distal/proximal site were determined.

Biomechanical measures of tibia mid-diaphysis

After bone scanning, the left tibia was preserved immediately
in phosphate-buffered saline (PBS) and stored at 4°C until the
performance of a 3-point bending test (Zhang et al., 2008).
Mechanical strength on mid-shaft tibia was measured using
specified 3-point bending machine (Hounsfield Test equip-
ment, UK). The anterior side, which was the point receiving
compression, was placed upwards. Known loads were applied
on the mid-shaft tibia until fracture occurred. All the speci-
mens were pressed at a displacement of 5 mm-min™, and a
load-deformation curve was plotted simultaneously. Struc-
tural properties (including ultimate load and stiffness) were
determined from the load-deformation curve. The material
properties were determined based on the calculations of the
curve with beam bending theory such as flexural modulus.

Culture of rat osteoblastic UMR-106 cells

UMR-106 cells (ATCC no. CRL-1661) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), penicillin 100 U-mL™" and
streptomycin 100 pg-mL™" at 37°C in a humidified atmo-
sphere of 95% air and 5% CO, as previously described (Xie
etal., 2005). At 80-90% confluence, cells were seeded in
96-well, 24-well or 6-well plates at a density of 3.5 x 10°, 2.5
x 10* or 5 x 10* cells per well, respectively, for different assays.
After 48 h, the medium was changed to phenol-red free
DMEM supplemented with 1% dextran-charcoal-stripped
serum (sFBS) for 24 h. The cells were then treated with nar-
ingin (0.1 nM to 10 uM), E2 (10 nM) or vehicle in the pres-
ence or absence of ICI 182780 (1 uM) for 48 h before
treatment.

Cell proliferation assay and ALP activity

The CellTiter 96° AQueous Non-radioactive cell proliferation
assay (Promega Corporation, Madison, MI, USA, #G3580)
comprises a novel tetrazolium compound 3-(4,5-
dimethylthiazol - 2 - yl) - 5- (3 - carboxymethoxyphenyl)-2-(4-
sulphophenyl)-2H-tetrazolium (MTS) and an electron
coupling reagent (phenazine methosulphate; PMS). After
treating with naringin (0.1 nM to 10 uM), E2 (10 nM) or
vehicle in the presence or absence of ICI 182780 for 48 h, the
medium was discarded and replaced by 0.2 mg-mL™ MTS with
50 uL-mL' PMS. The absorbance was then observed in a
microplate reader at 490 nm after 2 h of incubation. ALP
activity was measured directly on the monolayer of cell cul-
tures. After medium removal, the cells were washed twice
with PBS and dried for 5 min. The enzyme activities of the cell
were inactivated by a freeze-and-thaw cycle. Also, 100 uL per
well of PBS containing 10 mM p-nitrophenylphosphate (PNP)
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was added and shaken for 30 min at 37°C. The absorbance of
colour change was measured at 405 nm in a microplate
reader. To normalize the result, Bradford protein assay was
carried out and ALP activity was expressed in as units-L-(ug
protein)~.

Real-time quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis

Total RNA was extracted from the treated cells using TRIzol®
reagent according to the manufacturer’s instructions (Invitro-
gen, Rockville, MD, USA). The concentration and purity of
the RNA were determined by measuring the absorbance at 260
and 280 nm (Lau et al., 2008). Two micrograms of total RNA
was reversely transcribed to cDNA using a high-capacity
cDNA reverse transcription kit purchased from Applied Bio-
systems (Foster, CA, USA). The mRNA of receptor activator of
nuclear factor-xB ligand (RANKL) and osteoprotegerin (OPG)
was determined by quantitative real-time PCR using 7900HT
Fast Real-time PCR system (Applied Biosystems). The cDNA
was amplified with 600 nM of gene specific primers: for OPG,
sense: GACGAGATTGAGAGAACGAG, antisense: GGTGCT-
TGACTTTCTAGGTG; for RANKL, sense: TCAGGAGTTC-
CAGCTATGAT, antisense: CCATCAGCTGAAGATAGTCC; for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense:
TACATTTTGCTGATGACTGG, antisense: TGAATGGTAG-
GAGCTTGACT. The PCR program was carried out as follows:
denaturation 95°C for 20 s, amplification for 40 cycles (95°C
for 1s; 53/60°C for 20 s and 72°C for 20 s). Post-PCR disso-
ciation curves were used to confirm the specificity of single-
target amplification. The amount of cDNA of each
amplification was calculated by using a standard curve which
was generated from the negative control group (Lau et al.,
2008). Expression levels of RANKL and OPG were normalized
to the expression of GAPDH, a housekeeping gene. Modula-
tion of osteoclastogenesis was presented as the ratio between
the level of OPG and RANKL mRNA expression.

Transient transfection and ER-mediated luciferase activity assay
Cells were seeded in a 12-well plate at a density of 5 x 10* cells
per well and cultured in phenol red-free DMEM supple-
mented with 1% charcoal-stripped serum for 48 h. The cells
were transfected by Lipofectamine™ 2000 reagent as previ-
ously described (Lau etal, 2008). ER-o, ER-B and ERE-
containing luciferase reporter plasmid vERETkluc were kindly
provided by Dr Vincent Giguere (McGill University, Montreal,
Quebec, Canada). Also, 0.4 pg per well ER-o or ER-$ plasmid,
0.4 pg per well vERETkluc, together with 0.1 pg per well inter-
nal control reporter plasmid pRL-TK, a Renilla luciferase
control vector, were co-transfected into the cells in duplicate.
After 6 h of transfection, the cells were treated with vehicle,
E2 (10 nM) or naringin (10 nM and 0.1 uM) for 24 h. After
treatment, the cells were lysed with passive lysis buffer and
luciferase activity was measured using Dual Luciferase
Reporter Assay System (Promega Corporation) and the signal
was detected by TD-20/20 Luminometer (Turner Design,
Sunnyvale, CA, USA). The oestrogen promoter activity was
expressed as Firefly luciferase values normalized by pRL-TK
Renilla luciferase values.
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Immunoblotting

Treated cells were harvested and lysed with passive lysis buffer
(Promega) as previously described (Lau et al., 2008). Protein
concentrations were determined using the Bradford assay.
Equal amounts of proteins were separated by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis on a 10% reduc-
ing gel at a constant voltage (200 V) for about an hour, and
transblotted onto polyvinylidene fluoride fluoropolymer
membranes (Immobilin-P, Millipore Corp., Billerica, MA,
USA). Immunodetection was performed after blocking the
non-specific binding sites on the membrane with 5%
skimmed milk. The blots were probed with monoclonal rabbit
anti-human phospho-ER-o (pERo; phosphorylated at serine
118) (1:2000) or anti-human ER-a (1:3000), and followed by
incubation with goat anti-rabbit conjugated with horseradish
peroxidase (1:2000). The antigen-antibody complexes were
then detected with enhanced chemiluminescence (ECL)
reagent and visualized by the Lumi-Imager using Lumi-
Analyst version 3.10 software (Roche, Mannheim, Germany)

Statistical analysis

The in vivo data were analysed by one-way ANOVA followed by
Tukey’s post test and the in vitro data were analysed by the
unpaired Student’s f-test between control group and each
treatment group using Graphpad PRISM® software package.
Results were expressed as means = SEM. P-values <0.05 were
considered as significant.

Materials

All reagents for cell culture, RT-PCR and plasmid transient
transfection kit were purchased from Life Technologies Inc.
(Carlsbad, CA, USA) unless otherwise indicated. pRL-TK
plasmid and Dual Luciferase Reporter Assay System were from
Promega. Naringin and E2 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). ICI 182780 was purchased from
Tocris Cookson Ltd. (Avonmouth, Bristol, UK). Antibodies
directed against ER and horseradish peroxidase-conjugated
anti-rabbit IgG antibody were from Santa Cruz Biotechnology
(CA, USA). Antibody against pERa. (serine 118) was purchased
from Upstate (Millipore). ECL detection reagents were
obtained from Pierce (Rockford, IL, USA). Primers were
obtained from Tech Dragon Ltd (Hong Kong, China).

Results

In vivo studies

Body and uterine weight and serum and urinary biochemical mark-
ers. The effects of naringin on weight gain, serum and
urinary biochemical markers are summarized in Table 1.
Weight gain decreased significantly in the OVX mice treated
with E2 or with two doses of naringin (P < 0.05 vs. OVX +
veh). Treatment with E2, but not with naringin, increased
uterine weight significantly in OVX mice (P < 0.05). The
results suggested that naringin did not mimic oestrogen to
exert uterotrophic effects in mice. E2 altered serum P, but not
serum Ca, in the OVX mice (P < 0.05 vs. OVX + veh). The
OVX mice treated with naringin (0.2 mg-g'.day’ or
0.4 mg-g'-day") did not have altered serum P or Ca.

By itself, OVX increased urinary Ca excretion in the mice (P
< 0.001 vs. Sham + veh). The higher dose of naringin
(0.4 mg-g'-day ") or E2 suppressed OVX-induced increase in
urinary Ca excretion by 39 and 44% in the OVX mice (P <
0.05 vs. OVX + veh) respectively. The OVX mice treated with
the lower dose of naringin had decreased urinary Ca levels,
but these effects did not reach statistical significance.

Urinary DPD level is a biochemical marker for assessing
bone resorption (Huber et al., 2003). Table 1 shows that OVX
led to a significant increase in urinary DPD level (P < 0.05 vs.
Sham + veh), while treatment of the OVX mice with E2
suppressed urinary DPD level by 48% (P < 0.01 vs. OVX +
veh). However, naringin failed to alter urinary DPD level in
the OVX mice.

BMD and cross-sectional area. Table 2 summarizes the effects
of different treatments on BMD in the distal femur, proximal
tibia and lumbar spine region L1 in the sham and OVX mice.
OVX significantly decreased the total and trabecular BMD in
the distal femur and proximal tibia as well as decreased the
total BMD in the lumbar spine in the mice (P < 0.001 vs.
Sham). Treatment of the OVX mice with E2 significantly
restored the total and trabecular BMD at all sites measured (P
< 0.001 vs. OVX + veh). Treatment of the OVX mice with the
lower dose of naringin (0.2 mg-g'-day’) significantly
increased the total BMD of the distal femur and the trabecular
BMD of the proximal tibia by 12 and 26% respectively
(P < 0.05 vs. OVX + veh). A higher dose of naringin
(0.4 mg-g'-day™) significantly increased the total BMD at all

Table 1 Effects of naringin on body and uterine weight and serum and urinary biochemical markers in sham and OVX mice

Body weight Uteri index Serum Ca Serum P Urinary Ca/Cr Urinary P/Cr Urinary DPD/Cr

(% change) (mg-g™') (mg-L"') (mg-L"') (mg-mg’") (mg-mg”) (mg-mg”")
OVX + Veh 3.01 = 0.096 0.28 = 0.04 66.9 = 3.2 88.6 = 4.8 0.89 = 0.09 5.65 + 0.31 38.93 £ 4.95
E2 2.41 = 0.082* 2.69 = 0.18* 64.8 = 2.4 107.8 = 6.1* 0.50 = 0.05* 4.34 = 0.40 20.21 = 1.56*
NAR 0.2 2.39 = 0.085* 0.28 = 0.06 69.3 =25 90.7 = 3.5 0.70 = 0.05 5.41 = 0.49 33.41 + 2.77
NAR 0.4 2.10 * 0.069* 0.32 = 0.04 72.0 £ 2.1 91.4 2.0 0.55 = 0.05* 4.52 = 0.31 34.75 = 2.76
Sham + Veh 3.22 £ 0.096 2.31 = 0.32* 70.8 £ 2.2 103.6 = 4.6 0.55 = 0.05* 6.37 = 0.61 25.50 £ 2.61*

Sham and OVX mice were subjected to the following treatments for 6 weeks: Sham + Veh, sham-operated vehicle-treated; OVX + Veh, OVX, vehicle-treated; E2,
17B-oestradiol (2 ug-g~'-day'); NAR 0.2, naringin (0.2 mg-g~'-day'); NAR 0.4, naringin (0.4 mg-g~'-day™"). Results were analysed by one-way ANOVA and

expressed as mean + SEM (n = 8).
*P < 0.05 versus OVX + Veh.

P < 0.05 versus Sham + Veh.
DPD, deoxypyridinoline.
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Table 2 Effects of naringin on BMD and cross-sectional area of the distal femur, proximal tibia and lumbar spine region L1 in Sham and OVX

mice
OVX + Veh E2 NAR 0.2 NAR 0.4 Sham + Veh
Total BMD (mg-ccm™) Distal femur 335.2 + 6.5° 453.4 + 8.5¢ 375.0 = 3.2° 386.8 + 2.4° 394.3 + 7.2°
Proximal tibia 240.9 £ 5.9° 325.5 = 12.7¢ 270.5 = 5.1° 286.4 = 10.4°> 283.7 +9.8°
Lumbar spine L1 215.0 £ 6.4° 259.1 = 7.4¢ 232.3 = 3.1% 248.9 = 4.1° 236.9 = 2.0°
Tra. BMD (mg-ccm™) Distal femur 3345 £ 9.9* 463.8 £ 13.7¢ 360.0 = 7.0* 3925 +7.2° 404.1 = 6.2°
Proximal tibia 237.8 £ 8.1° 333.6 + 19.8°  300.8 + 9.2° 285.7 £ 9.7° 286.7 + 8.8
Lumbar spine L1
N.D.
Total cross-sectional area (mm?) Distal femur 3.35+0.17° 4.04 = 0.12° 3.99 +0.17° 4.03 = 0.22° 4.06 = 0.20°
Proximal tibia 2.79 £ 0.49° 3.75 = 0.58* 4.44 = 0.47° 4.56 = 0.16° 4.13 = 0.58*
Lumbar spine L1 2.15 = 0.34° 4.72 = 0.48° 3.40 + 0.32* 3.57 = 0.15° 3.14 + 0.29°
Trabecular cross-sectional area (mm?)  Distal femur 1.30 = 0.16° 1.80 = 0.07° 1.69 = 0.09° 1.89 = 0.10° 1.83 = 0.11°
Proximal tibia 1.03 = 0.13° 1.63 = 0.25° 1.63 = 0.22° 1.89 + 0.09° 1.94 = 0.22°

Lumbar spine L1
N.D.

Sham (Sham + Veh) and OVX mice were subjected to treatments with 17B-Oestradiol (E2), two doses of naringin (NAR 0.2 and NAR 0.4) or its vehicle (OVX + Veh)
for 6 weeks. Tibia was subjected to pQCT measurement. N.D. stands for not determined. Data are shown as mean + SEM and results were analysed by one-way

ANOVA (n = 7).

**Means with different superscripts within a row are significantly different (P < 0.05). BMD, bone mineral density.

Table 3 Effects of naringin on stress-strain index (SSI) at femur, tibia and lumbar spine in Sham and OVX mice

OVX + Veh E2 NAR 0.2 NAR 0.4 Sham + Veh

Femur

Proximal 0.467 + 0.032° 0.676 + 0.053" 0.489 = 0.022 0.572 + 0.017 0.660 = 0.025°

Mid-shaft 0.196 =+ 0.004° 0.279 = 0.019° 0.201 = 0.004 0.212 = 0.010 0.229 + 0.010°

Distal 0.380 + 0.049° 0.714 + 0.055° 0.613 + 0.048 0.714 = 0.055° 0.738 = 0.032°
Tibia

Proximal 0.200 + 0.037 0.486 + 0.120 0.325 + 0.073 0.300 + 0.038 0.400 + 0.065

Mid-shaft 0.121 £ 0.010 0.153 = 0.010 0.136 = 0.009 0.154 = 0.010 0.143 + 0.014

Lumbar spine 0.400 =+ 0.053° 0.888 = 0.089° 0.588 = 0.035° 0.613 = 0.044° 0.563 + 0.042

Sham (Sham + Veh) and OVX mice were subjected to treatment with 17p-oestradiol (E2), two doses of naringin (NAR 0.2 and NAR 0.4) or its vehicle (OVX + Veh)
for 6 weeks. Tibia was subjected to pQCT measurement and SSI was calculated by an in-house programme. Data were shown as mean = SEM and results were

analysed by one-way ANOVA (n = 7).

2bMeans with different superscripts within a row are significantly different (P < 0.05).

three sites by 15-19% as well as the trabecular BMD of
the distal femur by 17% in the OVX mice (P < 0.01 vs.
OVX + veh).

OVX alone did not alter the total cross-sectional area but
decreased the trabecular cross-sectional areas of the distal
femur and the proximal tibia in the mice (P < 0.05 vs. sham +
veh). Treatment of the OVX mice with E2 significantly
increased the trabecular cross-sectional areas of the distal
femur by 38% (P < 0.05, vs. OVX + veh). Similarly, treatment
of the OVX mice with a high dose of naringin
(0.4 mg-g'-day ") increased the trabecular cross-sectional area
of both distal femur and proximal tibia by 45 and 83% (P <
0.05, vs. OVX + veh) respectively. In addition, the total cross-
sectional area of lumbar spine L1 in mice was reduced by OVX
(P < 0.05, vs. sham + veh) and increased by E2 (120%) and a
high dose of naringin (66%) (0.4 mg-g'-day') in the OVX
mice (P < 0.05, vs. OVX + veh).

Simulated bone strength (expressed as SSI). SSI is a parameter
derived from pQCT scanning for the assessment of torsional
bone strength (Deng and Liu, 2005). As shown in Table 3,
OVX significantly decreased SSI at the proximal, mid-
diaphysis and distal regions of femur in mice (P < 0.05 vs.

Sham + veh). Treatment of the OVX mice with E2 signifi-
cantly restored OVX-induced loss of SSI in the OVX mice at all
three regions of femur and increased SSI of the lumbar spine
in the OVX mice (P < 0.01 vs. OVX + veh). Similarly,
treatment of the OVX mice with naringin (0.2 and
0.4 mg-g'-day ') significantly increased SSI at the distal femur
by 61 and 88% and the lumbar spine region L1 by 47 and 53%
(P < 0.05 vs. OVX + veh) respectively. However, SSI of the
proximal tibia and tibial mid-shaft was not significantly
altered by OVX or the treatment with E2 and naringin in the
OVX mice.

Biomechanical measures of tibia mid-diaphysis. Biomechanical
strengths of the cortical bone in mice tibia were measured by
using the 3-point bending test (Zhang et al., 2008). As shown
in Table 4, OVX reduced bone strength at tibia diaphysis in
mice by decreasing ultimate load and energy for breaking (P <
0.05 vs. Sham + veh). Treatment of the OVX mice with E2
significantly increased the ultimate load (P < 0.001) as well as
breaking force (P < 0.01) of tibia diaphysis by 40 and 44% (vs.
OVX + veh) respectively. Similarly, 0.2 mg-g'-day! naringin
significantly increased the ultimate load (by 29%), breaking
force (by 22%) and energy for breaking (by 149%) of tibia

British Journal of Pharmacology (2010) 159 1693-1703



Naringin and anabolic effects in bone

1698 W-Y Pang et al

Table 4 Effects of naringin on biomechanical bone strengths at tibia diaphysis in Sham and OVX mice

Ultimate load (N) Breaking force (N)

Energy for breaking (x 107 J)

Stiffness (N-mm') Flexural modulus (Mpa)

OVX + Veh 11.73 = 0.34 11.36 = 0.26
E2 16.46 £ 0.76*** 16.37 = 0.66**
NAR 0.2 15.19 = 0.57** 13.93 + 0.50*
NAR 0.4 15.61 = 0.39*** 13.89 + 0.73
Sham + Veh 14.71 = 0.69* 12.45 = 0.84

4.69 + 0.59 14.89 + 1.71 1.31 £0.11
6.93 = 0.51 18.83 = 1.53 1.84 =0.17
11.68 = 2.1** 18.87 = 2.39 1.79 = 0.13
8.70 = 0.74** 20.15 = 2.58 2.02 +0.24
8.63 = 1.18* 23.28 £ 4.90 1.74 £0.23

Sham (Sham + Veh) and OVX mice were subjected to treatment with 17p-oestradiol (E2), two doses of naringin (NAR 0.2 and NAR 0.4) or its vehicle (OVX + Veh)
for 6 weeks. Tibia was subjected to the three-point bending test and the parameters were calculated by an in-house program. Data were shown as mean = SEM

and the results were analysed by one-way ANOVA (n = 7).
*P < 0.05; **P < 0.01; ***P < 0.001 versus OVX + Veh.

diaphysis in the OVX mice (P < 0.01 vs. OVX + veh).
0.4 mg-g'-day ' of naringin significantly increased the ulti-
mate load (by 33%) and energy for breaking (by 85%) of tibia
diaphysis in the OVX mice (P <0.01 vs. OVX + veh). However,
none of the treatments altered the stiffness and flexural
modulus of tibia.

In vitro studies

Cell proliferation assay and ALP activity. The dose-dependent
effects of naringin on cell proliferation and ALP activity in rat
osteoblast-like UMR-106 cells are shown in Figure 1. At 24 h,
10 nM to 1 uM of naringin increased UMR-106 cell prolifera-
tion (P < 0.05 vs. vehicle). When cells were cultured for 48 h,
naringin at all concentrations (0.1 nM to 10 uM) increased
osteoblastic cell proliferation. Specifically, 0.1-10 nM narin-
gin effectively increased osteoblastic cell numbers by 30 to
38% (P < 0.01 and P < 0.001 vs. vehicle). ALP is a common
marker for the assessment of osteoblastic cell differentiation.
As observed with E2, naringin over a range of concentrations
(10 nM-1 uM) significantly increased ALP activity in UMR-
106 cells (Figure 1B). Low concentrations of naringin (1 nM)
significantly increased osteoblastic cell differentiation by 13%
(P <0.001), while 10 nM of E2 increased ALP activity by 15%
(P < 0.001).

Effects of the ER antagonist. To determine if the action of
naringin is mediated by the ER, UMR-106 cells treated with
naringin were co-treated with a specific ER antagonist, ICI
182780. As shown in Figure 2A, co-treatment of UMR-106
cells with ICI 182780 completely abolished the stimulatory
effects of 10 nM of E2 and naringin on cell proliferation.
Similarly, co-treatment of UMR-106 cells with ICI 182780
completely abolished the stimulatory effects of 10 nM E2,
10 nM and 100 nM of naringin on ALP activity (Figure 2B).

Expression of mRNA for OPG and receptor activator of
RANKL. OPG and RANKL are identified as the dominant and
final mediators of osteoclastogenesis (Bord et al., 2003). The
secretion of OPG by osteoblastic cells could block the inter-
action of RANKL with its functional receptor RANK expressed
on the osteoclastic cell surface, thereby inhibiting osteoclas-
togenesis. As shown in Figure 3A, 10 nM of E2 and naringin
significantly increased OPG mRNA expression in UMR-106
cells. Their inductive effects on OPG mRNA expression were
completely abolished in the presence of the ER antagonist, ICI
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Figure 1 Effects of naringin on cell proliferation and alkaline phos-
phatase (ALP) activity in UMR-106 cells. (A) UMR-106 cells were
treated with vehicle (C), 17p-oestradiol (E2; 10 M) or 1077°-10=> M
of naringin for 24 or 48 h. Cell proliferation rate was assessed by
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulphophenyl)-2H-tetrazolium assay. Results were obtained from
three independent experiments and were expressed as mean + SEM.
*P < 0.05; **P < 0.01 versus control (C). *P < 0.05; "*"P < 0.001
versus control. (B) UMR-106 cells were treated with vehicle (C), E2;
(108 M) or 107'°-107° M of naringin for 24 h. The lysates were used
for analysis of ALP activity. Results were obtained from three inde-
pendent experiments in triplicate and were expressed as mean *
SEM. **P < 0.01; ***P < 0.001 versus control (C).

182780 (P < 0.05). RANKL mRNA expression was not altered
by treatment with 10 nM E2 but was down-regulated by treat-
ment with 10 nM naringin in UMR-106 cells (Figure 3B, P <
0.05 vs. vehicle). Co-treatment of UMR-106 cells with ICI
182780 suppressed RANKL mRNA expression in both vehicle-
treated and E2-treated UMR-106 cells. Co-treatment of UMR-
106 cells with naringin and ICI 182780 did not prevent the
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Figure 2 Effects of ICI 182780 on the stimulatory effects of naringin
on cell proliferation and differentiation in UMR-106 cells. UMR-106
cells were treated with vehicle (C), 17B-oestradiol (E2; 108 M) or
naringin (10 nM or 100 nM) of naringin in the presence or
absence of ICI 182780. (A) Cell proliferation rate was assessed by
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulphophenyl)-2H-tetrazolium (MTS) assay. Results were obtained
from three independent experiments and were expressed as mean =
SEM. **P < 0.01 versus control (C). (B) Cell lysates were used for
alkaline phosphatase (ALP) activity measurement. Results were
obtained from three independent experiments in triplicate and were
expressed as mean * SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus
control; #P < 0.05, ##P < 0.01; ###P < 0.001 versus ICl-treated cells.

suppressive effects of naringin on RANKL mRNA expression.
The ratio of OPG to RANKL mRNA expression was calculated
to demonstrate the effects of treatment on osteoclastogenesis.
The OPG/RANKL mRNA expression ratio increased in UMR-
106 cells in response to treatment with 10 nM E2 and narin-
gin (Figure 3C, P < 0.05 vs. its vehicle). Co-treatment of UMR-
106 cells with ICI 182780 prevented the inductive effects of
E2 and naringin on the OPG/RANKL ratio.

ER-mediated luciferase activity assay. To determine if naringin
activates ERE-dependent transcription via the ERo or ERB,
UMR-106 cells treated with either E2 or naringin were
co-transfected with ERE-luciferase and ERo or B constructs.
Our results indicated that 10 nM E2 activated ERE-dependent
luciferase activity via ERo (Figure 4A, P < 0.001 vs. its vehicle),
as well as ERP (Figure 4B, P < 0.01 vs. its vehicle) in UMR-106
cells. In addition, 100 nM of naringin, but not 10 nM, also
induced ERE-dependent luciferase expression via ERo. and ER
in UMR-106 cells (Figure 4A,B, P < 0.05 vs. C).

ERo expression and its phosphorylation. To determine if narin-
gin could alter ER expression and induce ligand-independent

Naringin and anabolic effects in bone

W-Y Pang et al 1699

activation of ER, the levels of ERo. and pERa expression were
studied. Serine 118 is the phosphorylation site of ER that can
be triggered by ligand-independent pathways (Bjornstrom
and Sjoberg, 2005). Also, 10 nM of E2 significantly induced
pERo protein expression by 50% (Figure 5A,B, P < 0.05 vs. its
vehicle) and suppressed ERo. expression by 23% simulta-
neously (Figure 5A,C, P < 0.05 vs. its vehicle) in UMR-106
cells. Also, 10nM and 100 nM of naringin significantly
induced pERo expression in UMR-106 cells by about 60 and
32% respectively (Figure SA,B, P < 0.05 vs. vehicle). However,
naringin did not alter ERo expression in UMR-106 cells at
both dosages tested. To assess their overall effects on ER phos-
phorylation, the relative ratio of pERa versus ERo expression
was calculated. As shown in Figure 5D, E2 (10 nM), 10 nM
and 100 nM naringin markedly increased pERo./ERa by 85, 21
and 47% respectively (P < 0.05 vs. its vehicle).

Discussion

The present study systematically evaluated the osteoprotec-
tive effects and mechanism of actions of naringin in OVX
mice and in rat osteoblast-like UMR-106 cells. Our results
clearly demonstrated that naringin could suppress OVX-
induced increase in urinary Ca excretion as well as loss in
bone mass and bone strength in OVX mice. In addition, our
study showed that naringin mimicked E2 in stimulating cell
proliferation, ALP activity and OPG/RANKL mRNA expression
via ER in UMR-106 cells, suggesting that it could exert
oestrogen-like effects in promoting osteoblastic functions and
inhibiting osteoclastogenesis.

Our study demonstrated that treatment of OVX mice with
naringin at 0.2 mg-g'-day or 0.4 mg-g'-day' for 6 weeks,
improved bone quality at the distal femur, proximal tibia and
lumbar spine. These results are in agreement with those
reported by others regarding the positive effects of naringin
on bone quality. Thus, Mandadi et al. (2008) reported that
treatment with naringin at 200 ppm for 2 months signifi-
cantly increased plasma IGF-I level, femoral BMD and
strength, BMD of the 5th lumbar spine as well as bone Ca
content of femur and lumbar spine in young orchidectomized
rats. Wei et al. (200) reported that treatment with naringin at
20-100 mg-kg' for 14 days significantly increased femur
weight, femur length and diameter of the femoral head, bone
Ca and P content as well as BMD of femur, and suppressed
serum ALP in young retinoid acid-induced osteoporotic
female Sprague Dawley rats. Both these studies suggested that
the bone protective action of naringin might not be mediated
by the suppression of bone resorption process as urinary DPD
levels were not suppressed by naringin in OVX mice or in
orchidectomized rats.

Using pQCT analysis, our study demonstrated that naringin
at 0.4 mg-g'-day ' could significantly increase the total BMD
of the three trabecular-rich sites, namely the distal femur,
proximal tibia and lumbar spine L1, as well as increasing the
trabecular cross-sectional area of the distal femur and proxi-
mal tibia in OVX mice. In addition, naringin at both 0.2 and
0.4 mg-g'-day! increased SSI, the indicator for torsional bone
strength (Deng and Liu, 2005), of distal femur as well as
lumbar spine L1 in OVX mice. Furthermore, the three-point
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Figure 3 Effects of naringin on osteoprotegerin (OPG) and nuclear factor-kB ligand (RANKL) mRNA expressions in UMR-106 cells. UMR-106
cells were treated with vehicle (C), 17B-oestradiol (E2; 10" M) or naringin (10 nM) of naringin in the presence or absence of ICI 182780 for
48 h. Total RNA was isolated and real-time-RT-PCR was performed to determine the mRNA expressions of (A) OPG, (B) RANKL and (C)
OPG/RANKL, which were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results were obtained from two
independent experiments in triplicate and expressed as mean = SEM. P < 0.05 versus control (C); *P < 0.05; **P < 0.01 versus ICl-treated cells.

bending experiments demonstrated that naringin could
improve the biomechanical strength of cortical bone in OVX
mice. The results indicate that naringin could increase total
BMD and the biomechanical strength of both trabecular
bone-rich as well as cortical bone-rich sites at tibia diaphysis
in OVX mice.

Direct effects of naringin on osteoblastic cell proliferation
and differentiation in rat osteoblast-like UMR-106 cells (Wong
and Rabie, 2006) and murine osteoblastic MC3T3-E1 cells
(Wu et al., 2008) have been reported by others. The results of
the present study confirmed the fact that naringin could
stimulate proliferation and ALP activities in UMR-106 cells in
a dose-dependent manner. In addition, our results showed
that 10 nM naringin could stimulate OPG and suppress
RANKL mRNA expression in UMR-106, resulting in an
increase in the ratio of OPG : RANKL. These results suggest
that naringin might mimic oestrogen to suppress the process
of osteoclastogenesis through its direct actions on modulating
the expression of OPG and RANKL in osteoblastic cells. Fur-
thermore, it should be noted that the potency of naringin in
osteoblastic cell is very high as the results of the present study
clearly indicated that naringin can exert stimulatory effects in
UMR-106 cells at concentrations as low as 0.1 nM. An earlier
study by Erlund et al. (2001) reported that the plasma con-
centration of naringenin reached 6 uM upon ingestion of
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grapefruit juice (8 mL per kg) in human subjects and that
naringin might be absorbed in its intact form (Ishii et al.,
2000). Thus, the present study showed that such circulating
levels of naringin might be able to exert positive effects on
bone tissues in individuals who consumed grapefruit product
on a regular basis, despite the relatively short half-life of the
compounds.

The results of the present study support our hypothesis that
naringin can exert positive effects in bone via ER-dependent
pathways. We have demonstrated that the stimulatory effects
of naringin on cell proliferation, differentiation as well as
OPG/RANKL ratio in UMR-106 cells could be abolished by
co-treatment with the ER antagonist, ICI 182780. As ICI
182780 is a specific ER antagonist that binds, blocks and
increases degradation of ER (Obsborne et al., 2004), our results
suggest that the ER are involved in mediating the actions of
naringin in bone cells. Transfection study indicated that nar-
ingin at 100 nM, but not 10 nM, induced ERE-dependent
luciferase activities via either ERa or ERp in UMR-106 cells,
suggesting that the action of naringin at high, but not low,
concentrations is similar to that of E2.

Naringin is a flavonoid glycoside bearing the rutinose group
and is known to be hydrolysed to its aglycone, naringenin
only in the distal part of the intestine and the colon by
colonic bacteria and subsequently absorbed into the
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Figure 4 Effects of naringin on ERa- or ERB-mediated oestrogen
response element (ERE)-dependent luciferase activity in UMR-106
cells. Cells were co-transfected with 0.4 pg ERa. or ERB plasmid,
0.4 ug ERE-containing luciferase reporter plasmid and 0.1 ug pRL-TK
luciferase internal reporter plasmid using the Lipofectamine 2000
reagent according to the manufacturer’s instructions. Transfected
cells were treated with vehicle (C), 17B-oestradiol (E2; 1078 M) or
naringin [Nar(10 nM) and Nar (100 nM)] for 24 h. Activities of
luciferase encoded by experimental and internal control plasmid
were measured sequentially with the DLR assay reagents. The ERE
firefly luciferase activities were normalized for pRL-TK Renilla luciferase
values. 100% represents the ERE luciferase activity of the control.
Results were obtained from three independent experiments and
expressed as mean * SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus
control (C).

ER

systematic circulation as glucuronides and sulphoglucu-
ronides (Kanaze et al., 2007). It is believed that hydrolysis of
the flavanone glycosides to their aglycones might be the rate-
limiting step for their absorption (Erlund et al., 2001). Ishii
et al. (2000) have reported that naringin can also be absorbed
in its intact form. Thus, it is unclear if the positive effects of
naringin on bone observed in our in vivo experiment are due
to the effects of naringenin or the combined effects of narin-
gin and naringenin. Nevertheless, our results showed that
naringin taken in vivo could exert oestrogen-like effects on
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bone as well as mimicking the suppressive effect of oestrogen
on OVX-induced increase in body weight in mice, without
inducing any growth of the uterus. These results indicate that
naringin can function as a phytoestrogen that exerts selective
effects on bone and possibly adipose tissue as well without
exerting any unwanted oestrogenic effects in the uterus.

Recent studies also indicated that the ER could be activated
in the absence of ligand binding by modulating a variety of
signal transduction pathways, such as the MAPK-mediated
pathways (Kato et al., 1995; Bunone et al., 1996; Zhang et al.,
2008). The activation of unliganded ERo via the MAPK
cascade results in three phosphorylations in ERa, at serine
118, serine 104 and serine 167, all within the AF-1 domain of
ERa, which in turn modulates the transcriptional activity
(Chen etal., 2002). To determine if naringin activates ER
ligand-independently, the ratio of phosphorylated ERa (at
serine 118) to total ERa expression in UMR-106 cells in
response to naringin treatment was studied. ER phosphoryla-
tion at serine 118 was chosen as this is a highly conserved
residue and represents the major site of phosphorylation in
response to E2 (Lannigan, 2003). Our results clearly indicated
that naringin could activate ERa. phosphorylation in UMR-
106 cells, suggesting that naringin could activate ER ligand-
independently in osteoblastic cells.

The present study clearly demonstrated that the oestrogen-
like actions of naringin in vivo are tissue selective and that the
ER are involved in mediating the anabolic effects of naringin
in osteoblastic cells. The results of the mechanistic studies
suggested that the tissue selective effects of naringin might be
mediated through its differential abilities to induce phospho-
rylation of ERo- and ERE-dependent transcriptional activity.
Unlike E2, 10 nM of naringin did not activate ERE-dependent
transcription via ERo or ERf in UMR-106 cells, suggesting that
the anabolic actions of naringin at 10 nM might not be medi-
ated by ERE-dependent transcriptional activity. In contrast,
10 nM naringin could induce ERa phosphorylation at serine
118 in UMR-106 cells in a ligand-independent manner.
Recent studies by Kousteni’s group suggested that ligand,
which activates kinase-mediated actions of ER, could reverse
the loss of bone mass and strength in OVX mice without
significant stimulatory effects on reproductive organs (Kous-
teni et al., 2002), and that kinase-mediated actions of the ER
are important for inducing osteoblast differentiation (Koust-
eni et al., 2007). The fact that naringin could reverse bone loss
in OVX mice without any uterotrophic effects suggests that it
might induce osteoblast differentiation via kinase-mediated
actions of the ER. Further study will be needed to determine if
naringin could activate osteoblastic differentiation via kinase-
mediated actions of the ER.

Naringin, an active ingredient identified in citrus fruits, is
clearly demonstrated to be a phytoestrogen that is effective
for protection against bone loss associated with oestrogen
deficiency. Its in vivo and in vitro actions are similar to those of
genistein, a well-characterized phytoestrogen in soy, whose in
vivo tissue selective effects (Zhang et al., 2009) and the high
potency (it is active at 10 nM) (Chen and Wong, 2006) were
also reported previously. However, the in vitro mechanistic
study indicated that the mechanism of the oestrogen-like
actions of naringin in osteoblastic cells appeared to be differ-
ent from those reported for genistein, as naringin did not
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Figure 5 Effects of naringin on phosphorylation of ERa. at serine 118, in UMR-106 cells. Cells were treated with vehicle (C), 17B-oestradiol
(E2; 1078 M) or naringin [Nar(10 nM) and Nar (100 nM)] for 24 h. Proteins extracted from cell lysates were transblotted onto a membrane and
probed with anti-phospho-ERo. (at Serine 118) (pERa) and anti-ERo (ERct) primary antibodies followed by the corresponding secondary
antibodies. Relative intensity of chemiluminescence was measured and phospho-ERo to ERa ratio was calculated. Protein blots of pERca, ERo
and B-actin (A) and graphical presentations of pERa. protein expression (B), ERo. protein expression (C), ratio of pERo./ERa (D) are shown. Results
were obtained from three independent experiments and expressed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus control (C).

activate ERE-dependent transcription and preferentially acti-
vated ER in a ligand-independent manner. In contrast,
genistein is known to possess higher binding affinity to ERP
than to ERo and activate ERE-dependent transcription in a
ligand dependent manner (Kuiper etal., 1998). Thus, it
appears that naringin is a phytoestrogen that exerts a distinct
mechanism of action in bone cells. An earlier study showed
that hesperidin, another citrus flavonoid, could also inhibit
bone loss in OVX mice (Chiba et al., 2003). These earlier
results, together with those of the present study, clearly show
that citrus flavonoids are useful for improvement of bone
properties in animal models of osteoporosis induced by
oestrogen deficiency. Further studies will be needed to evalu-
ate the clinical efficacy of citrus flavonoids for treatment of
postmenopausal osteoporosis.
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