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Citrus fruit hesperidin is hydrolyzed by gut microflora into aglycone form (hesperetin) and then
conjugated mainly into glucuronides. We previously demonstrated that hesperetin enhanced
osteoblast differentiation. In this study, we examined the effect of hesperetin-7-O-glucuronide
(Hp7G) on primary rat osteoblast proliferation and differentiation. The impact of Hp7G on specific
bone signaling pathways was explored. Osteoblasts were exposed to physiological concentrations
of 1 (Hp7G1) and 10 (Hp7G10) uM of conjugate. The glucuronide did not affect proliferation but
enhanced differentiation by significantly increasing alkaline phosphatase (ALP) activity from day 14
of exposure. Hp7G significantly induced mRNA expression of ALP, Runx2, and Osterix after 48 h of
exposure. Moreover, phosphorylation of Smadi1/5/8 was enhanced by Hp7G, while ERK1/2
remained unchanged after 48 h. Hp7G decreased RANKL gene expression. These results suggest
that Hp7G may regulate osteoblast differentiation through Runx2 and Osterix stimulation, and might
be implicated in the regulation of osteoblast/osteoclast communication.
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INTRODUCTION

Hesperidin (hesperetin-7-O-rutinoside) is a glycoside flavonoid
belonging to the flavanone subgroup, found mainly in citrus
fruits. When absorbed, hesperidin is hydrolyzed by gut microflora
into the aglycone form (hesperetin) and then conjugated by the
phase II drug-metabolizing enzymes into glucuronides (87% of
total metabolites of hesperetin), sulfates, or sulfoglucuronides
(1, 2). In rodents fed 0.5% hesperidin in the diet, the circulating
concentrations of aglycone hesperetin ranged from 3.5 to
5.5uM (3, 4), while 1 uM was measured in humans (/). Several
biological activities such as antioxidant, anti-inflammatory, an-
algesic, and lipid lowering effects (5) have been attributed to
hesperidin and its metabolites. Some authors have shown that
hesperidin inhibits bone loss in ovariectomized mice (3) or rats (4)
and prevents bone loss in male orchidectomized rats (6). The
mechanisms by which hesperidin may affect skeletal metabolism
still remain unclear. Nevertheless, it was recently shown that
hesperetin may regulate primary rat osteoblast differentiation
through bone morphogenetic protein (BMP) signaling (7).

The metabolism of flavonoids is similar to that of xenobio-
tics (8). Even if conjugates have been presented as forms of
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elimination and detoxification, in vitro biological properties of
flavonoid conjugates found in vivo were reported (9). One
reported study tested conjugated forms in osteoblastic cells and
demonstrated that quercetin-3-glucuronide was able to increase
the bone sialoprotein mRNA level in osteoblast-like ROS 17/2.8
cells (10). Only two in vitro studies were performed using
hesperetin conjugates such as glucuronides in skin fibroblast
cells (/1) and hesperetin 7-O-glucuronide and 5-nitro-hesperetin
in cortical neurons (/2). To date, no effect of hesperetin conjugate
on osteoblasts has been reported.

The available studies reporting flavonoid effect on osteoblastic
cells have been performed with aglycone compounds. These
compounds were able to stimulate ALP activity, which is one
of the major osteoblast differentiation markers probably by
upregulation of expression of two transcription factors such as
Runx2 and Osterix (/3) strongly implicated in the regulation of
osteoblast functions (/4). Moreover, Runx2 has a central func-
tion in coordinating multiple signals including AP-1 (commonly
composed of c-Jun/c-fos) and Smad factors, which are involved in
osteoblast differentiation (/5). Runx2 and Osterix also play a role
in the BMP pathway that may, in turn, activate different signaling
cascades and Smad-dependent and independent pathways, in-
cluding ERK, JNK, and p38 MAPK (/6). Within flavonoids,
there is also evidence that they are susceptible to the influence of
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the OPG/RANKL/RANK regulatory triad implicated in the
osteoblast and osteoclast relationship (17, 18). Osteoblasts pro-
duce both receptor activator of nuclear factor-kappaB (RANK)
ligand (RANKL) and osteoprotegerin (OPG). OPG acts as a
decoy receptor for RANKL and thereby neutralizes its function
in osteoclastogenesis. Bone homeostasis depends on the local
RANKL/OPG ratio (19).

The aim of this study was to assess the effect of hesperetin
conjugate on osteoblast functions and the molecular mecha-
nisms involved. Thus, the influence of hesperetin-7-O-glucuro-
nide (Hp7G) at physiologically relevant concentration (1 and
10 uM) was tested in primary rat osteoblasts.

MATERIALS AND METHODS

Synthesis of Hesperetin-7-O-glucuronide. Hesperetin 7-O-glucur-
onide (Hp7G) has been chemically prepared by glucuronidation of its
suitable precursor using 2,3,4-triacetyl-pD-methyl glucurono-pyranosyl-
(N-phenyl)-2,2,2-trifluoroacetimidate, followed by acetate deprotection
using zinc acetate, and methyl ester hydrolysis using Pig Liver Esterase,
according to Boumendjel et al. (20). The purity of the synthesized molecule
examined by HPLC was 100%.

Cell Culture. Primary osteoblasts were isolated from the calvaria of
newborn Wistar rats (INRA, Theix, France) by enzymatic digestion as
described previously (27). Cells were maintained in o-minimal essential
medium (a-MEM) (GIBCO, Paisley, UK) with 10% heat-inactivated fetal
bovine serum (FBS) and 1% penicillin/streptomycin (GIBCO, Paisley,
UK) in 5% CO, at 37 °C conditions. Cells were seeded on type I collagen-
coated (BD Biosciences, Bedford, USA) 96-well plates at a density of
3500 cells/w, in 60 mm Petri dishes (4 x 10° cells/dish) or in 100 mm Petri
dishes (5 x 10° cells/dish), and cultured for 2 days in a-MEM to reach
confluence (which correspond to day 0 of cell culture for treatment exposure
duration). Cells were then exposed to different conditions: minimal medium
(C—), minimal medium containing 50 wg/mL ascorbic acid, 5 mM
p-glycerophosphate (C+, optimized medium), and minimal medium supple-
mented with 1 uM (Hp7G1) or 10 uM (Hp7G10) hesperetin-7-O-glucuro-
nide (Hp7G). Hp7G was dissolved in DMSO. In every condition, the final
concentration of DMSO in medium was 0.1%. The medium was changed
every 2 days. All cell experiments were performed in triplicate.

Cellular Uptake. Eight percent confluent cells were exposed for
24 h to 40 uM hesperetin (Hp), hesperetin-7-O-glucuronide (Hp7G), or
vehicle (0.1% DMSO). Culture medium was collected after 0, 8, and 24 h
of exposition in the presence or absence of cells and extracted with
2.5 volumes MeOH/H,O (70:30) acidified with 200 mM HCI. After
centrifugation (14000 rpm for 4 min), extracts were analyzed by liquid
chromatography—tandem mass spectrometry (HPLC-MS/MS). The
recovery rate for the extraction of Hp7G and Hp from the culture medium
was 86 and 75%, respectively.

After 24 h of exposure, cells were rinsed three times using PBS (Sigma,
Steinheim, Germany) then exposed to 0.5 mL of MeOH/H,O (70:30)
acidified with 200 mM HCI and scraped using a cell scraper (BD Falcon,
Bedford, USA). These extraction conditions, in particular the small
volume of solvent added, were chosen to maximize the concentration of
metabolites in the extracts in order to facilitate a qualitative analysis of the
metabolite uptake; however, they were not optimized for the quantitative
analysis of flavanones in the intracellular medium.

HPLC-MS|MS Analysis. Liquid chromatography (LC) analyses
were performed using a Hewlett-Packard 1100 HPLC system (Agilent
Technologies, Waldbronn, Germany) equipped with a quaternary pump
and an autosampler. An Applied Biosystems API 2000 triple quadrupole
mass spectrometer (PE Sciex, Ontario, Canada), equipped with a Turbo
IonSpray source ionizing in the negative mode at 550 °C was used.
Optimized parameters for the detection of Hp and Hp7G were the
following: capillary voltage, —4500 V; collision gas, 5 (arbitrary units);
and curtain gas, 30 (arbitrary units). Declustering potential, focusing
potential, entrance potential, and collision energy were optimized with
infusion experiments of Hp (=50 V, —350 V, —5 V, and —30 V,
respectively) and Hp7G (=16 V, =350 V, =10 V,and —26 V, respectively).

A SymmetryShield RP18 column (Waters, Milford, MA, USA), 2.1 x
150 mm i.d., 5 um, was used for chromatographic separation. Linear
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gradient elution was performed as follows: 0—20 min 85% A to 100% B,
with 0.1% formic acid as mobile phase A and 100% acetonitrile as mobile
phase B. The column was re-equilibrated for 10 min. The flow rate was
400 uL/min, and the injection volume was 20 uL.

Data were acquired using the multiple reaction monitoring (MRM)
mode, monitoring the Hp transition (301/164) and the Hp7G transition
(477/301).

Cell Proliferation. Cell proliferation was measured by determining
DNA content on days 0, 5, 9, 14, and 19. Cells were incubated with
2 ug/mL of bisbenzimide H 33342 (Hoechst) in PBS at 37 °C. The total
amount of DNA was measured with FLX800 Microplate Fluorescence
Reader (Bio-Tek Instruments, Winooski, VT, USA) at 360 nm wavelength
(excitation) and 460 nm (emission). Fold increase in cell number was
calculated relative to the initial cell number on day 0 (value = 1).

ALP Activity Measurement. Enzymatic activity of alkaline phos-
phatase (ALP) was measured kinetically on treatment days 0, 5,9, 14, and
19 according to the method described by Sabokbar et al. (22). Osteoblasts
were lysed by the freeze—thaw cycle and homogenization into 200 uL of
diethanoamine/magnesium chloride hexahydrate buffer at pH 9.8 (Sigma,
Steinheim, Germany). Cell lysate (10 uL) was added to 200 uL of
p-nitrophenyl phosphate solution (Sigma, Steinheim, Germany). Absor-
bance was measured at 405 nm, 30 °C, and every 2 min 30 s during 30 min
using an ELX808 microplate reader (Bio-Tek Instruments, Winooski, VT,
USA). ALP activity was expressed as umol p-nitrophenol/hour/mg
protein. Protein measurement was performed according to Bradford’s
method using the BioRad protein assay (BioRad, Munich, Germany).

Real-Time PCR. Upon confluence, cells were exposed to different
media: C—, C+, Hp7Gl1, or Hp7G10 for 24 and 48 h. After 24 and 48 h of
treatment, total RNA and proteins were isolated using the NucleoSpin
RNA/Protein Kit (Macherey-Nagel, Hoerdt, France). Total RNA con-
centration and purity were measured with a NanoDrop spectrophot-
ometer (Wilmington, USA). RNA integrity was checked using the RNA
6000 Nano Assay kit with an Agilent 2100 bioanalyzer (Agilent Technol-
ogies, Santa Clara, USA). Reverse transcription of RNA was performed
using the Ready-To-Go, You-Prime First-Strand Beads Kit (Amersham
Biosciences, Piscataway, USA). The SYBR Premix Ex Taq (Perfect Real
Time) (TaKaRa, Shiga, Japan) was used to quantify gene expression by
Real-Time PCR. The PCR (program, 95 °C-30 s; 40 cycles, 95 °C-5 s;
60 °C-35 s) was performed using Mastercycler Ep Realplex (Eppendorf,
Hamburg, Germany). Target gene expression was normalized to the
housekeeping gene S-actin. The 2~ method was applied to calculate
relative gene expression compared to the C— condition, which corre-
sponds to a value of 1 (23). The primers used for PCR are listed in Table 1.

Western Blot Analysis. Upon confluence, cells were exposed to
different media: C—, C+, Hp7Gl, or Hp7G10 for 24 and 48 h. The
concentration of proteins isolated using the NucleoSpin RNA/Protein kit
(Macherey-Nagel, Hoerdt, France) was measured by a BC assay kit
(Uptima Interchim, Montlugon, France). Twenty-five micrograms of total
protein was subjected to a 10% SDS—polyacrylamide gel and transferred
to Immobilon-P-PVDF membranes at 100 V for 1 h and 45 min. The
membranes were blocked in 5% nonfat dry milk in TBS-T (0.5% Tween
20) buffer for 2 h. Blots were incubated with antiphospho-Smad1/5/8 or
antiphospho-ERK1/2 (Cell Signaling, Beverly MA, USA) at a 1:1000
dilution for 1 h at room temperature, then probed with 1:2000 diluted
antirabbit horseradish peroxidase (HRP) conjugated secondary antibody
(Santa Cruz Biotechnology, Santa Cruz, USA) for 1 h at room tempera-
ture. The blot signals were detected by enhanced chemiluminescence (ECL
Plus, Amersham GE Healthcare, Buckinghamshire, UK). After stripping
in a buffer containing 0.7% (-mercaptoethanol, membranes were labeled
with 1:500 diluted anti-Smad1/5/8 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or 1:1000 diluted anti-ERK1/2 (Cell Signaling, Beverly
MA, USA) and probed with 1:5000 diluted secondary antibody.

Statistical Analysis. Results are expressed as mean + SEM. ALP
activity and cell proliferation on each day were analyzed using parametric
one-way ANOVA, followed by multiple comparisons Fisher/LSD per-
formed in XLSTAT version 7.5.2 (AddinSoft, Paris, France).

Nonparametric test—Wilcoxon signed rank test (compared to control
C—; hypothetical median = 1) on GraphPad InStat 3 software (San Diego,
CA, USA) was used for statistical analysis of gene expression.
p-value <0.05 was considered statistically significant.
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RESULTS

An optimized medium (C+) was used as a positive control of
differentiation, and Hp7G was added to minimal medium (C—)
to observe its proper action and not in synergy with ascorbic acid.

Cellular Uptake. The cellular uptake of Hp and Hp7G in
primary rat osteoblasts was determined by HPLC-MS/MS ana-
lysis after 24 h of cell exposure to 40 uM Hp or Hp7G.

The compound stability in the growth medium was followed
over 24 h in the presence and absence of cells. No degradation of
the aglycone was observed in the absence of cells. In the presence
of cells exposed to the aglycone, a peak with the characteristic
MS/MS transition of hesperetin—glucuronide (MRM 477/301)
was detected in the medium after 8 and 24 h, in concentration
increasing with time (Figure 1). This peak showed the same
retention time (8.19 min) as the standard Hp7G, suggesting that
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aglycone. A minor peak also appeared at the same MS/MS
transition and slightly higher retention time (8.3 min), and may
correspond to the hesperetin-4'-O-glucuronide. Glucuronidation
must have occurred inside the cells since glucuronidases are not
present at the surface of cell membranes.

When cells were exposed for 24 h to hesperetin, Hp but not
Hp7G was detected in the cell extract (Figure 2B). The intracel-
lular concentration of Hp7G was below the limit of detection
(18.5 nmol/L) probably because Hp7G was exported outside the
cells by transporters.

When cells were exposed to Hp7G, a small hydrolysis into Hp
(0.15%) was observed in the medium after 8 h and slightly
increased at 24 h (0.6%) (chromatograms not shown). A small
hydrolysis of Hp7G was also observed in the medium after 24 h in

this specific metabolite was produced by the cells exposed to the A)
5,7e4 8,19
Table 1. Primer Sequences for Real-Time PCR 40ed MRM Standard|
transcript primers (5'-3") product size 2’0 " 4771301
,Oe:
p-actin forward: AGTGTGACGTTGACATCCGTA 112 bp 0.0
reverse: GCCAGAGCAGTAATCTCCTTCT
Runx2 forward: CGATCTGAGATTTGTAGGCCG 159 bp B) -
reverse: TCATCAAGCTTCTGTCTGTGCC o 49"7% ] M::'r“sm
Osterix forward: AAGAGGTTCACCCGCTCTGA 122 bp
reverse: TGATGTTTGCTCAAGTGGTCG 40
OPG forward: GGGCGTTACCTGGAGATCG 125 bp 'g_ 20
reverse: GAGAAGAACCCATCTGGACATTT Cd
RANKL forward: GGCCACAGCGCTTCTCAG 143 bp -? 0
reverse: AGTGACTTTATGGGAACCCGAT 2 C)
Noggin forward: CACTATCTACACATCCGCCCAG 110 bp 3 819
reverse: AGCGTCTCGTTCAGATCCTTCT = 900 ' MRM Mediumn
BMP2 forward: GCCAGGTGTCTCCAAGAGACAT 179 bp
reverse: AGCTGGACTTAAGACGCTTCCG 500 4771301 8 hrs
BMP4 forward: GACTTCGAGGCGACACTTCT 100 bp
reverse: GCCGGTAAAGATCCCTCATGTA o]
Smad1 forward: CCACAACCCTATTTCGTCGGT 102 bp D)
reverse: ATCCTGTCTGACTTCTCCGTCC 8,19
Smad5 forward: TGAACTGAACAACCGTGTCGG 151 bp 4000 MRM Medium
reverse: CCTGGTGTTCTCGATGGTTGAG 4771301 24 hrs
c-Jun forward: CCTCCCGTCTGGTTGTAGGAAT 145 bp 2000
reverse: CCCTTGCAACACCCTCTTCTTC
c-fos forward: TTCACCCTGCCTCTTCTCAATGAC 82 bp 0 5 10 15 20
reverse: GCCTTCAGCTCCATGTTGCTAATG Time, min
ALP forward: ACAGCCATCCTGTATGGCAA 97 bp
reverse: GCCTGGTAGTTGTTGTGAGCA Figure 1. MRM trace chromatograms at hesperetin 7-O-glucuronide
OPN forward: AGCAAGAAACTCTTCCAAGCAA 129 bp transition (477/301). (A) standard of hesperetin-7-O-glucuronide;
oCN f’e"e’SZ: ?X?g‘gégg%ggiﬂzgggcm o3h (B) medium after 0 h of cell exposure to hesperetin; (C) medium after
orwarc. P hof cell re to hesperetin; (D) medium after 24 h of cell ret
reverse: CTGTGCCGTCCATACTTTCG ﬁesgecr;i:’(pos“ etohesperetin; (D) medium after 24 h of cell exposure to
A) Standards B) Cell lysate (Hp 40 pM) C) Cell lysate (Hp7G 40 pM)
11,01
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Figure 2. MRM trace chromatograms at hesperetin (301/164) and hesperetin-7-O-glucuronide (477/301) transitions from (A) standards; (B) cell lysate after
24 h of exposure to 40 «M Hp; and (C) cell lysate after 24 h of exposure to 40 uM Hp7G.
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Figure 3. Proliferation of primary osteoblasts cultured in minimal medium
(C—; x), supplemented with 1 M (Hp7G1; ©) or 10 uM (Hp7G10; A)
hesperetin 7-O-glucuronide, or in optimized medium (C+; O) after 0, 5, 9,
14, and 19 days of treatment. Fold increase in cell number was calculated
relative to the initial cell number at day 0. Results are expressed as mean +
SEM. **p < 0.001 vs C—, Hp7G1, and Hp7G10.
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Figure 4. ALP activity of primary osteoblasts cultured in minimal medium
(C—; x), supplemented with 1 uM (Hp7G1; ©) or 10 uM (Hp7G10; A)
hesperetin 7-O-glucuronide, or in optimized medium (C+; O) after 0, 5, 9,
14, and 19 days of treatment. Results are expressed as mean + SEM.
**p<0.01, **p < 0.001 vs C—.

the absence of cells (0.34%), but the extent of hydrolysis was
clearly lower than that in the presence of cells. Furthermore,
traces of Hp7G were detected in the cell lysate after 24 h-exposure
(Figure 2C), even though the concentration was below our
quantification limit. Hp was not detected in the cell lysate. Our
data thus suggest a very limited but existing penetration of Hp7G
in primary rat osteoblasts or interaction of Hp7G with the
membrane of osteoblasts.

Cell Proliferation. Impact of Hp7G on cell proliferation on
days 0, 5, 9, 14, and 19 was assessed (Figure 3). As expected,
increased proliferation was observed until day 5 and remained
unchanged after this time in C+ conditions. While a significantly
higher proliferation rate was observed in this condition compared
to that in the others (p <0.001), Hp7G did not influence
proliferation.

Osteoblast Differentiation (ALP Activity). Osteoblast differen-
tiation was assessed kinetically by measuring ALP activity in cells
treated for 19 days.

In osteoblasts treated with ascorbic acid and f-glyceropho-
sphate (C+), ALP activity (Figure 4) was significantly increased
compared to that in minimal medium (C—) from day 5 up to day
19(p < 0.001). Hp7G at 1 uM (Hp7G1) and 10 uM (Hp7G10) at
day 5 decreased ALP activity when compared to C— (p < 0.01).
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However, when Hp7G was added at 1 uM, a significant increase
of ALP activity on days 14 and 19 was observed (D14, +16.6%;
D19, +18%; p < 0.001 vs C—), while only a significant increase
was noted on day 19 with the higher dose (D19, +14%; p < 0.001
vs C—) (Figure 4).

Gene Expression (Real-Time PCR). The changes in gene
expression were considered significant when 20% up (1.20-fold)-
or down (1.20-fold)-regulation was obtained, compared to that
of C— (value = 1.00).

Runx2 and Osterix Expression. While Runx2 expression was
significantly decreased in C+ and Hp7G10 conditions after 24 h
of exposure, an increased Runx2 messenger level was measured
after 48 h, whatever the treatment (C+, 1.94-fold; Hp7G1, 2.66-
fold; Hp7G10, 2.45-fold; p < 0.05 vs C—) (Figure 5A). Concern-
ing Osterix, no effect from the treatments was observed after 24 h
of culture. However, a decreased mRNA level was reported in C+
conditions (1.61-fold down-regulated; p < 0.05 vs C—), while
Hp7G at both doses was able to up-regulate Osterix expression
after 48 h of exposure (Hp7Gl, 1.32-fold; Hp7G10, 1.40-fold;
p < 0.05vs C—) (Figure 5A).

OPG and RANKL Expression. Expression of OPG was
significantly down-regulated in C+ medium at both times of
treatment (24 h, 1.96-fold; 48 h, 1.33-fold; p < 0.05 vs C—). The
OPG transcript level remained unchanged after Hp7G treatment.
Concerning RANKL, after 24 h of treatment, the mRNA level
remained unchanged in C+ conditions and was decreased only by
Hp7G10 (1.25-fold; p < 0.05 vs C—). However, after 48 h of
treatment, the decrease was observed in every condition at the same
rate, even in C+ medium (2.00-fold; p < 0.05 vs C—) (Figure 5B).

Noggin, BMP2, and BM P4 expression. The expression of
Noggin was strongly down-regulated in C+ medium whatever the
time of exposure (24 h, 3.56-fold; 48 h, 15.60-fold; p < 0.05vs C—).
Hp7G, at both doses, was also able to significantly decrease
Noggin mRNA level after 24 h (Hp7Gl, 1.23-fold; Hp7G10,
1.27-fold; p < 0.05 vs C—) and 48 h of treatment (Hp7G1, 1.61-
fold; Hp7G10, 1.70-fold; p < 0.05 vs C—) (Table 2).

Regarding BMP2 and BMP4, only BMP4 mRNA level after
24 h of treatment was significantly up-regulated in C+ medium
(1.47-fold; p < 0.05 vs C—). After 24 h of exposure, BMP2 and
BMP4 expression was not affected by Hp7G treatment, while
after 48 h, a decreased BMP2 messenger level was measured for
Hp7Gl (1.45-fold down-regulated; p < 0.05 vs C—) (Table 2).

Smadl and Smad5 Expression. Expression of both genes was
down-regulated in C4+ medium (p < 0.05 vs C—). Smadl
transcript level was not changed by Hp7G treatment, while
Hp7G at both doses down-regulated Smad5 expression after
24 h (1.23-fold; p < 0.05 vs C—); an increase was observed after
48 h of exposure (Table 2).

c-Jun and c-fos Expression. No significant difference in c-Jun
expression was observed, whatever treatment and time of
exposure. Regarding c-fos expression, only Hp7G1l was able
to decrease the mRNA level after 24 h of treatment (1.23-fold;
p < 0.05vs C—) (Table 2).

ALP, OPN, and OCN Expression. ALP expression was not
affected after 24 h of treatment. However, after 48 h of exposure,
expression of ALP was upregulated in all conditions (C+, 1.30-
fold; Hp7G1, 1.45-fold; Hp7G10, 1.39-fold; p < 0.05 vs C—)
(Table 2).

In the C+ medium, while a significant decrease of OPN expres-
sion was observed at both times, OCN expression was strongly
upregulated (24 h, 2.20-fold; 48 h, 9.45-fold; p < 0.05 vs C—).
Hp7G did not have any influence on OPN expression whatever
the dose and time of exposure. OCN expression was significantly
upregulated in Hp7G10 (1.31-fold; p < 0.05 vs C—) after 48 h of
treatment (Table 2).
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Figure 5. Gene expression of (A) Runx2 and Osterix (B) OPG and RANKL in primary osteoblasts cultured in minimal medium (C—), supplemented with 1 M
(Hp7G1) or 10 «M (Hp7G10) hesperetin 7-O-glucuronide, or in optimized medium (C+). Results are presented as fold change compared to C— (dashed line)
after 24 and 48 h of exposure. Results are expressed as mean & SEM. *p < 0.05 vs C— 24 h; *p < 0.05 vs C— 48 h.

Table 2. Expression of Osteoblast-Related Genes? A)
c- HP7G Hp7G . Hp7G Hp7G
fime of fold change 1 10 c- 1 10 C+
gene exposure C+ Hp7G1 Hp7G10 =
SN W TN e psmacisis
Noggin 24 h 028 £002*  081+£006° 078+ 0.05"
48 h 0.06 £+ 0.01* 0.62 + 0.05* 0.59 + 0.11* s
F—r—3 mad1/5/8
BMP2 24 h 1.23 +0.22 0.97 £+ 0.08 0.92 + 0.04 - - - - -.
48 h 1.24 4 0.10 0.69 + 0.08* 0.97 +0.03
BMP4 24 h 1.47 £ 0.07* 0.96 =+ 0.06 0.99 + 0.08 24 hrs 48 hrs
48 h 1.00 & 0.05 1.14 4+ 0.14 0.86 + 0.05
Smadi 24 h 0.76 + 0.06" 0.95 + 0.02 1.00 £ 0.02 B)
48 h 0.69 £ 0.02* 0.91 £ 0.02 0.83 £+ 0.06 c- Hp7G Hp7G -, c- HPTG Hp7G .
Smad5 24 h 0.72 + 0.09* 0.81 & 0.03* 0.81 & 0.02* 1 10 1 10
48 h 0.94 + 0.03 1.45 4+ 0.13* 1.17 £+ 0.06 p— P —
c-Jun 24h 1.22 £ 0.17 0.95 + 0.03 0.98 + 0.04 '- ———— P-ERK1/2
48 h 0.84 + 0.17 0.96 + 0.05 1.00 £ 0.14
% # —— -
c-fos 24h 117 £ 021 0.81 £ 0.01 0.86 + 0.05 ' == _— - == Total ERK1/2
48 h 0.91 + 0.07 0.97 + 0.03 0.91 +0.02
ALP 24 h 0.93 + 0.06 0.85 + 0.02 0.89 + 0.06
48h 1274008  156+009° 139+ 139" 24 hrs 48 hrs
OPN 24 h 0.76 + 0.09* 0.91 £ 0.05 0.96 + 0.02 . . .
48h 0.68 + 0.02* 1.00 + 0.05 0.95 + 0.08 Figure 6. Phosphorylation of (A) Smad1/5/8 proteins and (B) ERK1/2
OCN 24 h 2920 4+ 0.15" 1.00 & 0.17 0.91 = 0.06 proteins in primary osteoblasts cultured in minimal medium (C—),
48 h 9.45 + 0.40 1.40 4 0.42 1.31 £ 0.10* supplemented with 1 «M (Hp7G1) or 10 «uM (Hp7G10) hesperetin 7-

lucuronide, or in optimized medium (C+) after 24 and 48 h of exposure.
@Primary osteoblasts cultured in minimal medium (C—), supplemented with 09 ' P €+ P

1 /‘dM (H%7G)1)ﬂor ;g #M d(lszG}O) hesPe”‘?{i" 7|-Og|ucuronidedor i'f‘ %ptir:nized proteins was assessed by Western blotting on cell lysates from
medium (C+) after 24 han of exposure. Results are presented as fold change . ) . . RIS

compared to C— (value = 1.00) after 24 or 48 h of exposure. Results are expressed cell§ treated for 24 and 48 h (Figure 6A and B). The ‘mtl,bOdleS

as mean + SEM. #p < 0.05 vs C— 24 h. *p < 0.05 vs C— 48 h. anti-Smad1/5/8 and antiphospho-Smadl1/5/8 used in the

Western blot analysis can recognize three Smad proteins,

Effect of Hp7G on the Phosphorylation of Smadl/5/8 and 1, 5, and 8. Because of the specificity of antibodies as well as

ERK1/2 Proteins. Phosphorylation of Smadl/5/8 and ERK1/2 the expression of proteins, two or three bands may be visible.
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The observations reported here are qualitative and not quanti-
tative.

C+ and Hp7G at both doses could decrease the phosphoryla-
tion of Smad1/5/8 after 24 h of treatment; the strongest effect was
obtained with Hp7G1. On the contrary, after 48 h of exposure,
phosphorylation of Smad1/5/8 seemed to be enhanced by Hp7G1
(Figure 6A).

Concerning ERK1/2, phosphorylation was decreased in Hp7G
conditions compared to that in C—, while no difference between
C— and C+ was detected after 24 h of exposure. Phosphorylation
of ERK1/2 after 48 h of treatment was lower than that after 24 h
of exposure, and moreover, no differences between conditions
could be detected (Figure 6B).

DISCUSSION

It has been previously demonstrated that hesperetin (aglycone
form of hesperidin) can influence bone formation via stimulation
of osteoblast differentiation mainly through the BMP path-
way (7). In this study, we focused on the potential effects of
hesperetin-7-O-glucuronide, its main metabolite, on the same
experimental model. Indeed, the circulating forms may possess
different biological properties within cells and tissues compared
to those of polyphenol aglycones (24).

Cellular Uptake. Activation of cell signaling can occur via
different ways including an interaction of a compound with a
receptor on the cell surface and/or by interaction with extracel-
lular proteins (9). However, some nutrients which are able to
enter cells through a transporter mediated process or by passive
diffusion may directly interact with transcription factors, thus
affecting the target gene expression (25). It has been shown that
aglycone forms of flavonoids can cross cell membranes by passive
diffusion, whereas conjugates need active transport (9, 26). In
primary rat osteoblasts, we observed that the cellular uptake of
Hp was definitely more efficient than that of Hp7G, which was
too limited to be unambiguously demonstrated in our conditions.
We only observed (i) a small increase of Hp7G hydrolysis in the
medium when cells were present compared to when Hp7G was
incubated in cell-free medium and (ii) traces of Hp7G in the cell
extract after 24 h of exposure to glucuronide, which may also
reflect binding to cell membranes. Primary cell osteoblasts may
lack efficient transporters to facilitate the uptake of flavonoid
glucuronides. However, these cells were shown to export Hp7G in
the medium after Hp exposure (Figure 1), which shows that
primary osteoblasts are able to glucuronide Hp as shown for
Caco-2 cells (27,28) and fibroblasts (/7), and possess transporters
to efficiently export flavonoid glucuronides. Our results thus
suggest a very transient presence of Hp7G inside the primary
rat osteoblasts after either Hp or Hp7G exposure. This transient
presence was nevertheless associated with a positive effect on cell
differentiation when osteoblasts were exposed to glucuronide.

Effect of Hp7G on Osteoblast Proliferation and Differentiation.
This study has assessed the impact of a hesperetin conjugate on
osteoblast cells at nutritional and physiological concentrations
(1 and 10 uM). The choice of nutritional doses led to significant
cellular responses but were quite small.

In our experimental conditions, Hp7G, similarly to its agly-
cone form (7,29) and to other polyphenols (30 —32), did not affect
osteoblast proliferation (Figure 3) but was able to influence
osteoblast differentiation (Figure 4). Even if Hp7G decreased
ALP activity on day 5, which could reflect a faster commitment of
these cells compared to the cells cultivated in minimal med-
ium (33), the final effect of treatment is crucial to interpret results.
Hp7G at 1 uM (on days 14 and 19) and 10 uM (on day 19)
increased ALP activity, which can also play a role in osteoblast
mineralization probably by a release of the phosphate necessary
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for calcium nodule formation (34, 35). Surprisingly, Hp7G1 was
more efficient than Hp7G10, whereas hesperetin at the 10 uM
dose was more efficient than 1 uM (7). Moreover, Hp7G1
increased ALP activity from day 14, while Hp7G10 was only at
day 19. Again, this was inversed when cells were exposed to
hesperetin (7). In other studies, similar dose-dependent patterns
of ALP activity in osteoblasts exposed to different aglycone
compounds were reported (30, 36); however, data with their
corresponding metabolites are still lacking. This is probably
because conjugated molecules are not commercialized (24). How-
ever, the glucuronide form of hesperetin was more efficient than
the aglycone parent form in stimulating osteoblast differentiation
as previously assessed (7). The same observation was reported for
quercetin and its glucuronide in HUVEC cells (37). This kind of
experiment supports the fact that conjugates can share physiolo-
gical bioactivities, even if they are poorly or not absorbed by
cells (28).

Possible Signaling Pathways Involved in Hp7G Action. Gene
expression was analyzed after 24 and 48 h of exposure. In our
experimental conditions, a stronger effect on gene expression was
observed after 48 h of treatment (Figure 5 and Table 2), suggesting
that the duration of exposure may influence the gene response.
For almost all genes evaluated, the level of mRNA appeared to be
similar for 1 and 10 4uM Hp7G. It can be hypothesized that the
effective dose of Hp7G to modulate bone related genes in primary
osteoblasts is 1 uM, this being consistent with ALP findings
(Figure 3). However, this does not exclude the higher efficacy of a
lower dose of glucuronide and should therefore be evaluated.

In our experimental conditions, ALP and OCN mRNA levels
were increased after 48 h of Hp7G treatment (Table 2). Expres-
sion of these genes may be regulated by Runx2 (38). Moreover,
Hp7G was able to upregulate the expression of not only Runx2
but also Osterix (Figure 5A), which are two main transcription
factors related to osteoblasts (/4) and are involved in BMP (39)
and MAPK signaling (15, 40). Similar results were obtained for
some polyphenol aglycones such as hesperetin (7), resvera-
trol (41), and epigallocatechin gallate (EGCG) (42).

Mechanisms of interaction with Runx2 are complex, including
binding of components such as AP-1 factors and Smad proteins
to DNA regions in target gene promoters. Regarding Smad
phosphorylation, Hp7G1 seemed to increase the phosphorylation
of the Smad1/5/8 complex after 48 h of exposure (Figure 6A). This
result is consistent with those of several authors who have
demonstrated the possible phosphorylation of the Smad1/5/8
complex in osteoblasts treated with some polyphenols such as
myricetin (30) and coumarin derivates (37,43). This suggests that
the BMP pathway via the activation of Smadl/5/8 may be
implicated in Hp7G action even if BMP2 and BMP4 gene
expression was not increased (Table 2), contrary to previous
findings concerning some polyphenols (30,31,36,43,44) includ-
ing hesperetin (7). This could be due to the fact that aglycones and
not conjugates were used. However, in this study, the hesperetin
metabolite decreased expression of Noggin, one of the osteoblast
secreted proteins which can limit the level of BMP signals (45),
supporting the hypothesized interaction of hesperetin glucuro-
nide with the BMP pathway.

The effects of Hp7G on c-Jun and c-fos (components of
complex AP-1), and on ERK /2, both implicated in the MAPK
cascade, were assessed. In our experimental design, the glucur-
onide could only slightly decrease c-fos gene expression and was
able to decrease the phosphorylation of ERK1/2 after 24 h of
exposure, while no effect after 48 h was reported (Figure 6B). On
the contrary, it has been shown that some coumarin aglycones at
10 uM were able to stimulate the phosphorylation of ERK1/2 in
primary rat osteoblasts after 12 h of exposure (3/). However, the
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Figure 7. Signaling pathways implicated in the regulation of osteoblast
differentiation. Asterisks (*) mark the obtained effect of hesperetin-7-
O-glucuronide (Hp7G) on gene expression involved in osteoblast differentia-
tion, in our experimental conditions (see Table 2 and Figure 5 for details).

phosphorylation of ERK1/2 in MC3T3-El osteoblast exposure
to EGCG (10—30 uM) for 60 min remained unchanged compared
to that of nontreated cells (46). Regarding our results, it is difficult
to draw a clear conclusion about an interaction of Hp7G with
MAPK signaling. It could be possible that aglycone forms can
activate MAPK signaling including JNK, ERK1/2, and p-38
MAPK because they activate some of the phase II drug-metabo-
lizing enzymes which are responsible for their conjugation (47). In
the case of glucuronides, these enzymes are not necessary. This
could explain why Hp7G failed to activate MAPK/ERK signal-
ing. Thus, different signaling pathways may be activated com-
pared to those in aglycones.

A further important outcome of this study is the finding that
the hesperetin conjugate is able to decrease the gene expression of
RANKL while at the same time not change OPG expression
(Figure 5B). These results suggest that Hp7G may be able to limit
osteoclast activation, as previously shown for daidzein and
genistein (48).

Conclusions. Our data demonstrated that hesperetin glucuro-
nide is able to affect osteoblast differentiation at nutritional and
physiological doses. Indeed, Hp7G may act on osteoblasts mainly
through Runx2 and Osterix activation by molecular mechanisms
not well identified (Figure 7). It is possible that these transcription
factors could interact with the BMP cascade and/or MAPK
signaling. However, further mechanistic studies are necessary to
confirm this hypothesis.

ABBREVIATIONS USED

ALP, alkaline phosphatase; AP-1, activator protein 1; BMP,
bone morphogenetic protein; ERK, extracellular signal-regulated
kinase; Hp, hesperetin; Hp7G, hesperetin-7-O-glucuronide;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated pro-
tein kinase; OCN, osteocalcin; OPG, osteoprotegerin; OPN,
osteopontin; RANKL, receptor activator of nuclear factor-
kappaB (RANK) ligand.
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