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Abstract: Postmenopausal osteoporosis is a significant threat to human health globally. Genistein,
a soy-derived isoflavone, is regarded as a promising anti-osteoporosis drug with the effects of pro-
moting osteoblastogenesis and suppressing osteoclastogenesis. However, its oral bioavailability
(6.8%) is limited by water solubility, intestinal permeability, and biotransformation. Fortunately,
8-prenelylated genistein (8PG), a derivative of genistein found in Erythrina Variegate, presented
excellent predicted oral bioavailability (51.64%) with an improved osteoblastogenesis effect, although
its effects on osteoclastogenesis and intestinal biotransformation were still unclear. In this study, an
in vitro microbial transformation platform and UPLC-QTOF/MS analysis method were developed to
explore the functional metabolites of 8PG. RANKL-induced RAW264.7 cells were utilized to evaluate
the effects of 8PG on osteoclastogenesis. Our results showed that genistein was transformed into
dihydrogenistein and 5-hydroxy equol, while 8PG metabolites were undetectable under the same con-
ditions. The 8PG (10~® M) was more potent in inhibiting osteoclastogenesis than genistein (107> M)
and it down-regulated NFATC1, cSRC, MMP-9 and Cathepsin K. It was concluded that 8-prenyl plays
an important role in influencing the osteoclast activity and intestinal biotransformation of 8PG, which
provides evidence supporting the further development of 8PG as a good anti-osteoporosis agent.

Keywords: 8-prenylgenistein; genistein; osteoclasts; gut microbiota; biotransformation

1. Introduction

Osteoporosis, especially postmenopausal osteoporosis, receives worldwide attention
since it is a significant threat to human health. It is reported that approximately 10% of the
world’s population and more than 30% of postmenopausal women aged over 50 years suffer
from osteoporosis [1-3]. Osteoporosis is caused by a dramatic imbalance in bone remodel-
ing; in other words, osteoclast-involved bone resorption outweighs osteoblast-involved
bone formation [4]. Notably, osteoclast differentiation, a part of osteoclast-involved bone
resorption, is regulated by a variety of factors, such as receptor activator of nuclear factor
(NF)-kB ligand (RANKL)—the major osteoclastogenic molecule [5]. The binding of RANKL
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to the receptor activator of nuclear factor (NF)-kB (RANK) leads to the recruitment of
tumor necrosis factor receptor-associated factor 6 (TRAF6), triggering the activation of
transcription factors, such as the nuclear factor of activated T-cells (NFAT) [6]. Excessive
osteoclast differentiation can result in osteoporosis, indicating that suppressing osteoclast
activity is very important to treat osteoporosis.

Hormone-replacement therapy (HRT) was once regarded as the most effective therapy
for postmenopausal osteoporosis [7]. However, hormone therapy for the prevention of
osteoporosis has been questioned due to safety concerns [8,9], and it has been restricted
since increased side effects caused by long-term use were found, such as breast cancer
and uterine cancer [10]. Recently, phytoestrogens (especially in foods), with excellent
anti-osteoporosis effects and lower side effects, were widely treated as a potential al-
ternative therapy. Genistein, a soy-derived phytoestrogen with the ability to increase
osteoblastogenesis and suppress osteoclastogenesis, has attracted worldwide attention,
and its anti-osteoporosis effects have been widely evaluated using animal models [11]
or clinical trials [12]. However, it still has some limitations given that more than 80% of
genistein is converted to its glucuronides and sulfates [13], and the absolute bioavailability
of genistein is 6.8% [14]. Thus, there is an urgent need to explore candidates with excellent
anti-osteoporosis effects and improved oral bioavailability.

As reported in previous work, 8-prenelylated genistein (8PG), a derivative of genis-
tein (G) in Erythrina variegate (EV) extracts, exerts protective effects against bone loss in
ovariectomized mice [15]. In addition to its strong chemical similarity with genistein,
8PG exerted an improved anti-adipogenesis effect with a lower dosage and improved
ADME properties (predicted oral bioavailability 51.64%) [4]. Meanwhile, the function
of 8PG in osteogenesis was evaluated [4], but its effects and mechanism on osteoclast
activity were not reported. Notably, oral administration is the primary form of drug access
for patients, and gut microbiota dramatically influence drug absorption, especially for
long-term-use drugs [16]. The metabolic evaluation of the drug demonstrated its great
importance. Currently, the metabolic study of 8PG and its effects on osteoclast activity
is still unclear. Meanwhile, whether 8PG has a similar anti-osteoporosis mechanism and
functional formation to genistein or not also remains unelucidated. In this work, an in vitro
microbiota model and RANKL-induced RAW264.7 cell model was developed to explore
their functional format and the mechanism of 8PG and genistein on osteoclastogenesis, and
their difference is discussed.

2. Results
2.1. Mass-Fragmentation Behaviors of 8-Prenelylated Genistein and Genistein

The mass fragmentations of 8-prenelylated genistein and genistein are listed in
Figure 1A. The 8-prenelylated genistein (8PG) presented a parent deprotonated ion at
m/z 337.1075 (M-H)~. In the MS/MS spectrometry, it produced three primary ions at
m/z 282.0528 (M-H-C,H7)~, 263.0501 (M-H-C4H;-CO)~, and 225.0553 (M-H-C4H7-CO)~.
The genistein showed a parent ion at m/z 269.0445 (M-H) ™ and two primary ions at m/z
241.0486 (M-H-CO)~ and 213.0557 (M-H-2CO)~ (Figure 1B). It also produced a fragment
ion at m/z 225.0545 (M-H-CO,)~. Interestingly, this was formed by losing the O of the C
ring in the flavones, which was reported in a previous work [17]. The fragment ions at m/z
201.0543 (M-H-C30;)~ and 159.0434 (M-H-C30,-C,H,0)~ were produced by losing C30,
and C;H,O. Furthermore, fragment ions, such as m/z 133.0279 (%3B)~, can also be formed
by Retro Diels-Alder reaction (RDA cleavage).
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Figure 1. The mass-fragmentation behaviors of 8-prenelylated genistein (A) and genistein (B).

2.2. Effect of Prenyl Group on the Metabolic Conversion of Isoflavonoids by Gut Bacteria

Prenyl-isoflavonoids are the major components in EV [18-21]. To determine whether
the prenyl group would alter the metabolic conversion of isoflavonoid through the gut
bacteria, the metabolism of the genistein and 8-prenylgenistein (a genistein derivative with
the prenyl group at the 8-position naturally present in EV [19]) by the gut microbiota were
studied using an in vitro incubation method. The representative ion chromatograms of
blank incubated bacterial-culture media, blank incubated bacterial-culture media spiked
with genistein, dihydrogenistein, 5-hydroxy equol and 8-prenylgenistein, and the incu-
bated genistein and 8-prenyl genistein spiked with rutin (internal standard) are shown
in Figure 2A—C. The incubation results showed that the genistein was first metabolized
to dihydrogenistein at 8 h and further degraded to 5-hydroxy equol, which reached the
highest concentration on the fifth day of incubation (Figure 3A,B). By contrast, no detectable
metabolites of 8-prenylgenistein were identified in the incubated bacterial culture media
throughout the incubation period (Figure 3A,B). The results suggested that the prenyl
group might influence the metabolism of genistein derivatives.
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Figure 2. The typical chromatograms of (A) genistein, (B) dihydrogenistein and 5-hydroxy equol
at 8 h, (C) 5-hydroxy equol on the fifth day, (D) 8-prenyl genistein and rutin (internal standard, IS)
in anaerobic incubation of rat-gut microflora. (1) Genistein and 8-prenyl genistein incubated in gut
microflora and spiked with IS; (2) blank microflora spiked with four flavonoids; (3) blank microflora.
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Figure 3. Time course of genistein and 8-prenyl genistein (8PG) conversion by rat-gut bacteria during
7 days. (A) Genistein (e) was transformed via dihydrogenistein (=) to 5-hydoxy equol (A), while no
detectable metabolites of 8PG were identified; (B) the transformation pathway of genistein and 8PG.
The symbols indicate the means of triplicate experiments. The error bars indicate standard error
of mean.

2.3. PG Exhibited More Potent Activity Than Genistein in Suppressing RANKL-Induced
Osteoclastogenesis, F-Actin Ring Formation, and Bone-Resorption Activity

The effects of the 8PG and genistein on the pre-osteoclast viability and the osteoclast
differentiation and function in RAW 264.7 cells were determined by CCK-8 assay, tartrate re-
sistance acid phosphatase (TRAP) staining on multinucleated cells (MNCs, TRAP-positive
MNCs were counted as osteoclast cells), F-actin ring formation, and bone resorption assay,
respectively. The 8PG and genistein (1076 to 10~° M) did not exert cytotoxic effects on
the pre-osteoclast RAW 264.7 cells (Figure 4A). The formation of MNCs in the Ctrl (+)
group was significantly induced by RANKL (Figure 4B,C, p < 0.001). The E2 (1078 M,
17-B estradiol, positive control), but not genistein, at the tested concentrations significantly
(p < 0.05) reduced the number of TRAP-positive MNCs. The 8PG significantly suppressed
the formation of TRAP-positive MNCs at 5 x 107® M (p < 0.01) to 10> M (p < 0.001).
To determine the effect of the compounds on the osteoclast maturation, the F-actin ring
formation was measured by phalloidin-Alexa Fluor 555 staining. As shown in Figure 5A,
the F-actin ring shaped well in the RANKL-induced control group (Ctrl (+)), while the
E2 and 8PG (10~° to 10~°) potently disrupted the F-actin ring. By contrast, the genistein
only slightly disrupted the F-actin ring structure at the high dosage (10~° M). Furthermore,
the effect of the compounds on the osteoclastic bone reportion was also assessed; the
E2 and genistein attenuated the osteoclastic resorption activity at the tested concentra-
tions (Figure 5B,C), and the 8PG almost completely abrogated the increase in pit area at
5 x 107 M (p < 0.001) and 107> M (p < 0.001). Additionally, the mRNA expression of the
RANKTL-induced osteoclast-associated genes, including c-SRC, NFATC1, Cathepsin K, and
MMP-9 was significantly up-regulated in the Ctrl (+) group compared with the Ctrl (—).
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The up-regulation of these genes was attenuated more significantly by the 8PG than by the
genistein at the same concentration (Figure 5D-G).

2.4. Predicted Anti-Mechanism of 8-Prenelylated Genistein and Genistein Based on Prototypes
and Metabolites

The development of drug-originated metabolites was a major therapy achievement,
and the prediction of the targets of metabolites is necessary to reveal their therapeutic mech-
anism [22,23]. Thus, the prototypes and metabolites were subjected to target prediction.

A total of 140 targets from 4 constituents (8PG, genistein, dihydrogenistein, and
5-hydroxy equol), with a probability of more than 0.1, were obtained using Swiss Target
Prediction. Next, the compound-target network was constructed by using Cytoscape soft-
ware. As shown in Figure 6A, the network consisted of 144 nodes and 216 interactions.
Meanwhile, the osteoporosis-related targets, with ‘Score_gda’ > 0.1, were obtained in Dis-
GeNet. The Venn diagram of genistein, PG, the metabolites of genistein, and osteoporosis
are shown in Figure 6B. In total, 42 overlapping targets between 8PG and osteoporosis,
genistein and osteoporosis, the metabolites of genistein, and osteoporosis were selected
after the deletion of the duplicates. These 42 unique targets were regarded as the core
targets for 8PG and genistein in the treatment of osteoporosis. The core targets, such as SRC,
MMP9, MMP2 were related to the anti-osteoporosis effects of the genistein (Figure 6(C1)),
while the AKT, SIRT1, RELA and so on were correlated with the effects of the 8PG on
osteoporosis. The different core targets in response to the genistein and 8PG indicated that
the actions of the two compounds on bone might take place different signaling pathways.

(B)

°-®

concentration (M)

Figure 4. The effects of 8PG and genistein (G) on morphological changes in TRAP-positive RAW264.7
cells induced by RANKL for 4 days. (A) Evaluation of the cytotoxic effects of 8PG and G in RAW
264.7 pre-osteoclastic cells without RANKL induced by CCK-8 assay. (B) TRAP staining photographs
captured under light microscope. C (—) represents control group was treated with only 1% ethanol;
C (+) represents control group in which cells were induced with 1% ethanol, 100 ng/mL RANKL and
30 ng/mL M-CSF; scale bars: 200 um. (C) Number of TRAP-positive multi-nucleated cells (MNCs)
were counted as osteoclast cells (>3 nucleus); E2: 10~8 M, 17-p estradiol, as a positive control; data
are means + SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 versus C (+); ## p < 0.01 vs. genistein
(G)-treated group at the same tested concentrations.
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Figure 5. The effects of 8PG and genistein (G) on osteoclastic activity and the mRNA expression of
osteoclast-related genes in RANKL-induced RAW264.7 cells. (A) Representative fluorescence images
of F-actin ring formation in osteoclasts from RAW264.7 cells under osteoclast differentiation medium
for 4 days. F-actin ring (red), DAPI (blue). Scale bar is 100 pm. (B) The total area of resorbed pits.
(C) Representative images of bone-resorption pits. Scale bar: 100 pm; (D-G) mRNA expression of
RANKL-induced osteoclast-associated genes, including ¢-SRC (D), NFATC1 (E), Cathepsin K (F) and
MMP-9 (G). Results were expressed as mean £ SEM (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001 versus

Ctrl (+); #p < 0.05 vs. genistein (G)-treated group at the same concentrations.
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Figure 6. The predicted targets and pharmacological information of 8PG and genistein. (A) Com-
pound-target network of 8PG, genistein, dihydrogenistein, and 5-hydoxy equol. (B) The overlapping
targets between osteoporosis-related targets and the targets of 8PG, genistein, dihydrogenistein,
and 5-hydoxy equol. (C) The protein—protein interactions among the overlapped targets, including
genistein and its metabolites (C1) and 8PG (C2). (D) The enriched terms across input genes, including
genistein and its metabolites (D1) and 8PG (D2).

The KEGG-classification analyses of the target proteins and the pathways were per-
formed using Metascape database. The results showed that the genistein was mainly
involved in “response to hormones” (Figure 6(D1)), while the 8PG was involved in “seroto-
ergic synapse” (Figure 6(D2)).

3. Discussion

Accumulating evidence suggests that the gut microbiota plays a significant role in
the metabolism, bioavailability, and bioactivity of medicines, especially those that are
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orally administrated. The gut microbiota contains large quantities of various types of
enzymes that transform medicines. Microbial enzymes catalyze various types of reactions,
including oxidation, reduction, decarboxylation, demethylation, isomerization, and ring
cleavage [24]. The conversion of isoflavonoids by intestinal bacteria has an impact on their
biological effects; for example, the daidzein metabolite equol exhibits biological properties
that exceed those of its precursor [25]. However, only 25-60% of adults excrete equol after
soy consumption, which is believed to be dependent on the presence of equol-forming
bacteria in the gut microflora. The intestinal microbiota responsible for equol production
might differ across individuals. Bacteria such as Adlercreutzia equolifaciens, Eggerthellia
spp- Escherichia coli, Bacteroides ovatus, Ruminococcus productus, Streptococcus intermedius
and Slackia isoflavoniconvertens in humans, and Enterohabdus musicola and Asaccgaribater
celatus in mice [24,26], are reported to be involved in the transformation of daidzein
and genistein to equol. Coldham et al. [27] compared the metabolism of genistein in
human- and rat-gut microflora, demonstrating that the same metabolites of genistein were
identified after incubation with rat caecal microflora and human faecal microflora, while
the transformation times of these metabolites were different between the two species.
The 8-prenylflavonoids are reported to have higher osteogenic activity than their parent
flavonoids, but studies on the transformation of prenylflavonoids by gut microbiota are
limited. Terao and Mukai proposed that prenylflavonoids are likely to be converted
through similar metabolic pathways to flavonoids by microbiota [28]. In our present
rat-fecal-microbiota transformation study, we found that the transformations of genistein
and 8-prenylgenistein by gut microbiota were different (Figure 5): genistein, but not
8-prenylgenistein, was transformed to dihydrogenistein and then converted to 5-hydroxyl
equol by the anaerobic incubation of the gut microbiota. The results suggested that the
prenyl group might hinder the transformation of prenylflavonoids, which was in agreement
with a previous study by others showing that the nonpolar methoxy groups on ring A or B
of flavonoids could protect them from extensive bacterial degradation [29]. In addition, the
prenylation of flavonoids lowered their plasma and lymph concentrations (as an index of
intestinal absorption) but increased their accumulation by at least 10 times in the liver and
kidneys when compared with the parent flavonoids [28,30], suggesting a beneficial role of
the prenyl group in the tissue accumulation of prenylflavonoids. Thus, prenylflavonoids in
EV extract are likely to be absorbed directly by intestinal cells without transformation by
the gut microbiota and have high accumulation concentrations in tissues. The 8PG, but not
the genistein, almost completely inhibited the osteoclastic differentiation and resorption at
5x107°Mand 107° M.

A dramatic imbalance in osteoclast-involved bone resorption and osteoblast-involved
bone formation can cause osteoporosis, including excessive osteoclast differentiation and
reduced osteogenesis. This indicates that suppressing osteoclast activity is a core factor in
bone health. Generally, NFATC1 was confirmed as a master regulator of the osteoclast tran-
scriptome, promoting the expression of numerous genes needed for bone resorption [31].
As reported in previous work, the deletion of c-SRC in mice can alert the osteoclast with
reduced bone resorption, leading to osteopetrosis [32]. Matrix metalloproteinase-9 (MMP-9)
is specifically required for the invasion of osteoclasts and endothelial cells into the dis-
continuously mineralized hypertrophic cartilage that fills the core of the diaphysis. This
indicates that MMP-9 deficiency exhibits a delay in osteoclast recruitment [33]. Cathepsin
K (CTSK) is secreted by osteoclasts to degrade collagen and other matrix proteins during
bone resorption. The global deletion of Ctsk in mice decreases bone resorption, leading
to osteopetrosis, but also increases the bone-formation rate (BFR) [34]. This information
suggests that NFATC1, ¢cSRC, MMP-9 and Cathepsin K were the four core indicators of
osteoclastogenesis involved in osteoporosis. The overexpression of NFATC1, cSRC, MMP-9,
and Cathepsin K was found in RANKL-induced osteoclastogenesis, and 8PG significantly
inhibited their expressions, indicating that the 8PG achieved anti-osteoclastogenesis by
downregulating NFATC1, cSRC, MMP-9, and Cathepsin K. Despite having a similar chem-
ical structure, the genistein achieved anti-osteoclastogenesis only through NFATC1 and
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¢SRC. It had no significant influence on MMP-9 or Cathepsin K. These differences might
have been caused by their functional format, since the genistein could be metabolized into
its metabolies, while the 8PG was still presented as a prototype.

4. Materials and Methods
4.1. Materials

The 173-Estradiol (purity > 98%) and genistein (purity > 98%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Minimum Essential Medium &« (x-MEM), Dulbecco’s
modified Eagle medium (DMEM), fetal bovine serum (FBS,), charcoal-stripped fetal bovine
serum (sFBS), 0.5% Trypsin-EDTA and penicillin-streptomycin were the products of Gibco
(Gaithersburg, MD, USA). Murine sSRANKL and M-CSF were the products of Peprotech
(Rocky Hill, NJ, USA). The 8-prenylgenistein was synthesized starting from genistein
according to [35]; the detailed procedures are described in the Supplementary Materials
and Methods.

4.2. Animal Study

Sprague-Dawley specific-pathogen-free (SPF) female rats (1 = 48) at 3 months old were
obtained from Vital River Laboratory Animal Technology Company (Beijing, China). All
rats were housed in the standard condition of 12 h light/12 h dark cycle, at a temperature
of 2022 °C and at 40~60% humidity. During the experiment, all rats were allowed free
access to normal diet and distilled water. The animals” welfare and experimental protocol
were strictly in accordance with the procedures approved by the Animal Ethic Committee
of the Hong Kong Polytechnic University (no. 190703).

4.3. Incubation of Anaerobic Microbiome with Compounds

Fecal samples were freshly collected from the rats after 7 days” acclimatization. A
ten-milliliter brain—heart infusion (BHI) was added into a fifteen-milliliter sterile tube and
covered with a thin layer of paraffin oil to create an anaerobic condition. Fecal samples
were mixed and inoculated into BHI broth and incubated at 37 °C overnight with mild
shaking (50 rpm). Each 500-microliter aliquot of bacterial culture was mixed with 500 uL of
BHI and 30% glycerol, covered with a thin layer of paraffin oil, and stored at —80 °C. The
culture stock was thawed before incubation with compounds, in which a 200-microliter
aliquot was inoculated into 10 mL of BHI broth, covered with paraffin oil, and incubated
at 37 °C overnight with mild shaking (50 rpm). A total of 50 uL of overnight culture was
inoculated into 5 mL BHI broth covered with a thin layer of paraffin oil and incubated at
37 °C for 3~4 h, after which a vehicle, 1 mg/mL of compound dissolved in 1% DMSO,
was added into 2-milliliter aliquots of bacteria culture and incubated for 0 h, 8 h, 1 day,
2 days, 3 days, 4 days, 5 days, 6 days, and 7 days. The bacterial culture was centrifuged
at 12,000 rpm for 2 min, and the supernatant was transferred into a clean tube for further
liquid chromatography-mass spectrometry (LC-MS) analysis.

4.4. Sample Preparation and Ultra-Performance Liquid-Chromatography—Quadruple-Time-of-
Flight-Mass Spectrometry (UPLC-QTOF-MS) Analysis

A total of 100 uL of thawed bacterial culture medium was mixed with 300 uL. methanol
(including 10 ppm rutin as internal standard), and the mixture was kept at 4 °C for 2 h for
completion of deproteination. A total of 340 uL supernatant was collected after centrifuga-
tion at 18,700 x g at 4 °C for 20 min and dried in nitrogen gas. The dried supernatant was
reconstituted in 100 uL of methanol: water (50:50, v/v) prior to UPLC-QTOF-MS analysis.

The microbiome-metabolite profiling was performed with a Waters ACQUITY UPLC
system coupled with Waters SYNAPT G2 Q-IM-TOF HDMS system (Waters, Milford, MA,
USA). LC analysis was carried out with a Phenomenex Luna Omega Polar C18 column
(50 x 2.1 mm, 1.6 um). A 5-microliter aliquot was eluted by 0.1% formic acid in water (v/v,
A) and 0.1% formic acid in acetonitrile (v/v, B) at a flow rate of 0.3 mL/min with elution
gradient as follows: 0-2 min, 15% B; 7 min, 25% B; 12 min, 45% B; 14 min, 70% B; 1618 min,
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95% B. Column and sample chamber temperature were set at 40 °C and 6 °C, respectively.
Mass spectrometry was performed in an electrospray ion source in negative-ionization
mode. Nitrogen and argon were used as cone and collision gases. The MS parameters
were set as follows: capillary voltage, 2.0 kV; sample-cone voltage, 30.0 V; extraction-cone
voltage, 4.0 V; source temperature, 120 °C; desolvation temperature, 400 °C; gas flows
of cone and desolvation, 50 and 800 L/h, respectively. The scan time was 0.5 s, with a
0.024 s interscan delay. A data-scan range from m/z 100 to 1500 was recorded. The MSE
experiment was performed as follows: trap-collision energy of low energy function, 4.0 eV;
ramp-trap collision energy of high energy function, 2040 eV. In this section, argon was
employed as collision gas. For accurate mass acquisition, a lock-mass of leucine encephalin
was used along with 30 eV of trap collision energy, 2.5 kV of capillary energy, and 40 V of
cone voltage; monitoring for negative-ion mode ((M-H)™: m/z 236.1035, 554.2615). All data
were processed with Metabolynx XS software v 4.1 and Markerlynx application manager v
4.1 SCN 901 (Waters, Milford, MA, USA).

4.5. Cell Culture

Murine pre-osteoclastic RAW264.7 cells were purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA). The RAW264.7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) respectively, supplemented with 10% FBS and an-
tibiotics (100 U/mL penicillin and 100 ug/mL streptomycin) in a humidified incubator
with 95% air and 5% CO, at 37 °C. Cells were digested with 0.5% Trypsin-EDTA and
sub-cultured every two to three days.

4.6. Osteoclast Differentiation, F-Actin-Ring Formation and Resorption of RANKL-Induced
RAW264.7 Cells

4.6.1. Cell-Cytotoxicity Assay

RAW264.7 cells (ATCC, Manassas, VA, USA) were seeded at a cell density of 5000 cells/
well in 96-well plate. The culture medium was phenol-red free alpha MEM (Invitrogen,
Carlsbad CA, USA), supplemented with 10% sFBS, penicillin 100 U/mL and streptomycin
100 pg/mL. The cytotoxicities of cells upon treatment with Ctrl (1% ethanol), E2 (10~ M),
8PG (107 to 10~> M), and genistein (10~ to 10> M) for 4 days were determined by using
CCK-8 kit, according to the manufacturer’s instruction (Dojindo, Kumamoto, Japan).

4.6.2. Osteoclast Differentiation

Cells were subsequently induced by differentiation medium (phenol-red free alpha
MEM, 10% FBS, containing 30 ng/mL M-CSF, 100 ng/mL sRANKL) with Ctrl (1% ethanol),
E2 (1078 M), 8PG (107° to 107> M), and G (10 to 10~ M) for 4 days. Cells were then
fixed and stained for tartrate-resistant acid phosphatase (TRAP) using leukocyte-acid-
phopshatase kit (sigma, USA). TRAP-positive cells showing more than three nuclei were
counted as mature osteoclasts.

4.6.3. Immunofluorescence Staining for F-Actin of Osteoclasts

The RAW264.7 cells were seeded at 3000 cells/well onto the Corning®® Osteo Assay
Surface 96-well multiple-well plate (Corning Incorporated Life Science, Corning, NY, USA).
The RAW264.7 cells were treated with osteoclast-differentiation medium with the treatment
of puerarin for 4 days. After the treatment, cells were rinsed with PBS 3 times and fixed
in 4% paraformaldehyde for 30 min at 4 °C. Next, BMMs were permeabilized for 10 min
in 0.1% X-100 in PBS. After a brief washing in PBS, cells were blocked with 5% bovine
serum albumin for 1 h. Next, cells were incubated with Phalloidin-iFluor 555 (Abcam,
Boston, MA, USA) for 2 h to label the F-actin ring. After treatment with actin-ring staining,
cells were washed three times with PBS, followed by staining nuclei with DAPI (Beyotime
Biotechnology, Shanghai, China) for 5 min; cell images were visualized and captured using
fluorescence microscope (Zeiss vert.Al, Jena, Germany).
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4.6.4. Bone-Resorption Activity

The bone-resorption activity was also measured. Cells were seeded onto the Corning®
Osteo Assay Surface 96-well multiple-well plate (Corning Incorporated Life Science, Corn-
ing, NY, USA) at a density of 5 x 10% cells/well. The cells were then attached to the bottom
for 24 h before the medium was replaced with differentiation medium with different drug
treatments. The cells were cultured on this plate for 6 days with medium changes every
other day. Each experiment was performed on six separate wells. The cells were removed
by treatment with 5% sodium hypochlorite for 5 min and the wells were washed with water
and dried. The wells were imaged with microscopy (Olympus IX71, Hamamatsu-City,
Japan to identify resorption pits. Areas of resorption pits were quantified using Image-Pro
Plus v6.0 software (Media Cybernetics, Silver Spring, MD, USA).

4.7. Real-Time PCR

Total RNA was extracted using a RNeasy kit (Qiagen, Valencia, CA, USA) according
to the manufacturer’s instructions. The reverse transcription was performed using Prime-
ScriptTM RT Master Mix (TaKaRa, Otsu, Shiga, Japan). The primer sequences used in the
assay were listed in Table S1. The 10 pL of the final reaction solution contained 1 uL of the
diluted cDNA product, 5 uL of 2 x TB Green Premix Ex Taq II (TaKaRa, Otsu, Shiga, Japan),
0.5 pL each of forward and reverse primers, and 4 uL nuclease-free water. The amplification
conditions and procedures were as follows: 50 °C for 2 min, 95 °C for 10 min, 40 cycles
of 95 °C for 15 s, 60 °C for 1 min. The fluorescence signal was recorded by Roche Light
Cycler 480 Detection System, after which the signal was converted into numerical values.
Relative gene expression was determined by employing the Comparative CT method. The
mRNA levels of all genes were normalized by 3-actin as internal control. These analyses
were performed in duplicate for each sample using cells from two different cultured wells,
and each experiment was repeated three times.

4.8. Network Pharmacological Analysis

The targets (Homo species) of 8-prenelylated genistein and genistein and the metabo-
lites of genistein were retrieved and collected from Swiss Target Prediction (http://www.
swisstargetprediction.ch; accessed on 21 October 2022) [36] by importing the compounds
with SMILES format. The osteoporosis-related targets were obtained from the DisGeNet
database [37]. The protein—protein interactions (PPIs) were achieved by the STRING
database (version 11.0, https:/ /string-db.org/; accessed on 21 October 2022) [38], and
protein interactions, with a confidence score > 0.7, were obtained after eliminating du-
plicates. The chemical-constituent-target networks and protein—protein interaction (PPI)
networks were constructed and viewed by Cytoscape software (version 3.2.1) [39], and
the network was analyzed by default setting with “degree” value. All proteins/genes
were subjected to pathway-enrichment analysis (KEGG analysis) by using the Metascape
(https:/ /metascape.org/; accessed on 21 October 2022)—an online platform [40].

4.9. Statistical Analysis

Results are presented as mean + SEM. Inter-group differences were determined by
one-way analysis of variance (ANOVA), followed by post hoc Tukey’s test for multiple
comparisons in PRISM version 5.0.1 (GraphPad, San Diego, CA, USA). Any p-value < 0.05
was considered as statistically significant.

5. Conclusions

Overall, this study demonstrated that 8-prenylgenistein was more potent than genis-
tein in exerting bone-protecting effects, and the underlying mechanism might include
both osteogenesis and osteoclasts. However, it should be noted that the present study
only evaluated the in vitro anti-osteoclastogenic activities of 8PG, and an in vivo study is
required to confirm the role of these signaling pathways in mediating the bone-protecting
function of 8PG. In addition, the use of rat microbiota but not human microbiota for 8PG
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transformation is a limitation of the present study. A further metabolism study of 8PG
by human microbiota will be needed. Our study systematically characterized the effects
of 8-prenylgenistein on osteoclastogenesis and identified the potential biological targets
involved in mediating the bone-protecting effects of 8PG. This study increased the under-
standing of the molecular actions of prenylated flavonoids in exerting bone-protecting
effects and provided evidence to support their use in the management of bone health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227811/s1, Table S1: Sequence of primers used in
quantitative RT-PCR.

Author Contributions: Z.-C.Q. and F-X.Z.: conceptualization, formal analysis, methodology,
writing—original draft preparation, funding acquisition. X.-L.H., Y.-Y.Z., Z.-L.T., and ].Z.: visualiza-
tion, investigation. M.-5.W. and L.Y.: writing—review and editing. J.-X.C. and H.-H.X.: writing—review
and editing, supervision, funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Huang Zhendong Research Fund for Traditional Chinese
Medicine of Jinan University (N/A), National Natural Science Foundation of China (81903616,
81903618), Basic and Applied Basic Research Foundation of Guangdong Province (2022A1515010034),
Natural Science Foundation of Guangdong Province (2021A1515010648), Administration of Tra-
ditional Chinese Medicine of Guangdong Province, China (20221100), Department of Education
of Guangdong Province “Innovative projects with characteristics of ordinary universities” project
(2021KTSCX007), and Guangdong Provincial Key Laboratory of Traditional Chinese Medicine In-
formatization (2021B1212040007).

Institutional Review Board Statement: The animal welfare and experimental protocol were per-
formed strictly in accordance with the procedures approved by the Animal Ethic Committee of the
Hong Kong Polytechnic University (no. 190703).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated in this study are available from the corresponding
author and first author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Black, D.M.; Rosen, C.J. Clinical Practice. Postmenopausal Osteoporosis. N. Engl. ]. Med. 2016, 374, 254-262. [CrossRef] [PubMed]

2. Cipriani, C.; Pepe, ].; Bertoldo, F,; Bianchi, G.; Cantatore, EP,; Corrado, A.; di Stefano, M.; Frediani, B.; Gatti, D.; Giustina, A.; et al.
The epidemiology of osteoporosis in Italian postmenopausal women according to the National Bone Health Alliance (NBHA)
diagnostic criteria: A multicenter cohort study. J. Endocrinol. Investig. 2018, 41, 431-438. [CrossRef] [PubMed]

3. Yu, E; Xia, W. The epidemiology of osteoporosis, associated fragility fractures, and management gap in China. Arch. Osteoporos.
2019, 14, 32. [CrossRef] [PubMed]

4. Zhang, EX,; Tang, Z.L.; Qiu, Z.C. A novel strategy for exploring food originated anti-adipogenesis substances and mechanism
by structural similarity evaluation, ADME prediction, network pharmacology and experimental validation. Food Funct. 2021,
12, 7081-7091. [CrossRef]

5. Zeng, X.Z.; He, L.G.; Wang, S.; Wang, K.; Zhang, Y.Y.; Tao, L.; Li, X.J.; Liu, S.W. Aconine inhibits RANKL-induced osteoclast
differentiation in RAW264.7 cells by suppressing NF-«B and NFATc1 activation and DC-STAMP expression. Acta Pharmacol. Sin.
2016, 37, 255-263. [CrossRef]

6. Takayanagi, H. Osteoimmunology: Shared mechanisms and crosstalk between the immune and bone systems. Nat. Rev. Immunol.
2007, 7, 292-304. [CrossRef]

7. Delmas, P.D. Treatment of postmenopausal osteoporosis. Lancet 2002, 359, 2018-2026. [CrossRef]

8. Ha, H.; Lee, H.Y,; Lee, ] H.; Jung, D.; Choi, J.; Song, K.Y.; Jung, H.J.; Choi, ].S.; Chang, S.I.; Kim, C. Formononetin prevents
ovariectomy-induced bone loss in rats. Arch. Pharm. Res. 2010, 33, 625-632. [CrossRef]

9. Trémollieres, F. Assessment and hormonal management of osteoporosis. Climacteric 2019, 22, 122-126. [CrossRef]

10. Narod, S.A. Hormone replacement therapy and the risk of breast cancer. Nat. Rev. Clin. Oncol. 2011, 8, 669-676. [CrossRef]

11. Ming, L.G.; Chen, K.M,; Xian, C.J. Functions and action mechanisms of flavonoids genistein and icariin in regulating bone

remodeling. J. Cell. Physiol. 2013, 228, 513-521. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules27227811/s1
https://www.mdpi.com/article/10.3390/molecules27227811/s1
http://doi.org/10.1056/NEJMcp1513724
http://www.ncbi.nlm.nih.gov/pubmed/26789873
http://doi.org/10.1007/s40618-017-0761-4
http://www.ncbi.nlm.nih.gov/pubmed/28956296
http://doi.org/10.1007/s11657-018-0549-y
http://www.ncbi.nlm.nih.gov/pubmed/30848398
http://doi.org/10.1039/D1FO01124C
http://doi.org/10.1038/aps.2015.85
http://doi.org/10.1038/nri2062
http://doi.org/10.1016/S0140-6736(02)08827-X
http://doi.org/10.1007/s12272-010-0418-8
http://doi.org/10.1080/13697137.2018.1555582
http://doi.org/10.1038/nrclinonc.2011.110
http://doi.org/10.1002/jcp.24158
http://www.ncbi.nlm.nih.gov/pubmed/22777826

Molecules 2022, 27,7811 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cotter, A.; Cashman, K.D. Genistein appears to prevent early postmenopausal bone loss as effectively as hormone replacement
therapy. Nutr. Rev. 2003, 61, 346-351. [CrossRef] [PubMed]

Yang, Z.; Kulkarni, K.; Zhu, W.; Hu, M. Bioavailability and pharmacokinetics of genistein: Mechanistic studies on its ADME.
Anticancer Agents Med. Chem. 2012, 12, 1264-1280. [CrossRef] [PubMed]

Coldham, N.G.; Zhang, A.Q.; Key, P.; Sauer, M.J. Absolute bioavailability of [14C] genistein in the rat; plasma pharmacokinetics of
parent compound, genistein glucuronide and total radioactivity. Eur. |. Drug Metab. Pharmacokinet. 2002, 27, 249-258. [CrossRef]
[PubMed]

Zhang, Y.; Zhou, L.P; Li, X.L.; Zhao, Y.J.; Ho, M.X,; Qiu, Z.C.; Zhao, D.F,; Mok, D.K,; Shi, Q.; Wang, Y.J.; et al. 8-Prenylgenistein,
a prenylated genistein derivative, exerted tissue selective osteoprotective effects in ovariectomized mice. Oncotarget 2018,
9, 24221-24236. [CrossRef]

Savage, N. The complex relationship between drugs and the microbiome. Nature 2020, 577, S10-S11. [CrossRef]

Kang, J.; Hick, L.A.; Price, WE. A fragmentation study of isoflavones in negative electrospray ionization by MSn ion trap mass
spectrometry and triple quadrupole mass spectrometry. Rapid Commun. Mass Spectrom. 2007, 21, 857-868. [CrossRef]

Li, X.; Wang, N.; Wong Man, S.; Albert, S.C.C.; Yao, X. Four new isoflavonoids from the stem bark of Erythrina variegata. Chem.
Pharm. Bull. 2006, 54, 570-573. [CrossRef]

Zhang, Y.; Li, X.-L.; Yao, X.-S.; Wong, M.-S. Osteogenic activities of genistein derivatives were influenced by the presence of
prenyl group at ring A. Arch. Pharm. Res. 2008, 31, 1534-1539. [CrossRef]

Nkengfack, A.E.; Azebaze, A.G.B.; Waffo, A.K.; Fomum, Z.T.; Meyer, M.; Heerden, FR.V. Cytotoxic Isoflavones from Erythrina
Indica. Phytochemistry 2001, 58, 1113-1120. [CrossRef]

Tanaka, H.; Etoh, H.; Shimizu, H.; Makita, T.; Tateishi, Y. Two new isoflavonoids from Erythrina variegata. Planta Med. 2000,
66, 578-579. [CrossRef] [PubMed]

Zhang, FX,; Yuan, Y.L,; Cui, S.S.; Li, M,; Tan, X.; Qiu, Z.C.; Li, R M. Dissection of the potential pharmacological function of
neohesperidin dihydrochalcone—A food additive—By in vivo substances profiling and network pharmacology. Food Funct. 2021,
12, 4325-4336. [CrossRef] [PubMed]

Zhang, F.X,; Cui, S.S.; Yuan, Y.L,; Li, C; Li, R M. Dissection of the potential anti-diabetes mechanism of salvianolic acid B by
metabolite profiling and network pharmacology. Rapid Commun. Mass Spectrom. 2022, 36, €9205. [CrossRef]

Murota, K.; Nakamura, Y.; Uehara, M. Flavonoid Metabolism: The Interaction of Metabolites and Gut Microbiota. Biosci.
Biotechnol. Biochem. 2018, 82, 600-610. [CrossRef]

Matthies, A.; Loh, G.; Blaut, M.; Braune, A. Daidzein and Genistein Are Converted to Equol and 5-Hydroxy-Equol by Human
Intestinal Slackia Isoflavoniconvertens in Gnotobiotic Rats. J. Nutr. 2012, 142, 40—46. [CrossRef] [PubMed]

Starka, K.L. Phytoestrogens and the Intestinal Microbiome. Physiol. Res. 2018, 67, S401-5408.

Coldham, N.G.; Darby, C.; Hows, M.; King, L.].; Zhang, A.Q.; Sauer, M.J]. Comparative metabolism of genistin by human and rat
gut microflora: Detection and identification of the end-products of metabolism. Xenobiotica 2002, 32, 45-62. [CrossRef]

Terao, J.; Mukai, R. Prenylation Modulates the Bioavailability and Bioaccumulation of Dietary Flavonoids. Arch. Biochem. Biophys.
2014, 559, 12-16. [CrossRef]

Lina, Y.T;; Hsiuc, S.L.; Houd, Y.C.; Chenc, H.Y.; Chaoc, P.D.L. Degradation of flavonoid aglycones by rabbit, rat and human fecal
flora. Biol. Pharm. Bull. 2003, 26, 741-751. [CrossRef]

Mukai, R. Prenylation Enhances the Biological Activity of Dietary Flavonoids by Altering Their Bioavailability. Biosci. Biotechnol.
Biochem. 2018, 82, 207-215. [CrossRef]

Aliprantis, A.O.; Ueki, Y.; Sulyanto, R.; Park, A.; Sigrist, K.S.; Sharma, S.M.; Ostrowski, M.C.; Olsen, B.R.; Glimcher, L.H. NFATIc1
in mice represses osteoprotegerin during osteoclastogenesis and dissociates systemic osteopenia from inflammation in cherubism.
J. Clin. Investig. 2008, 118, 3775-3789. [CrossRef]

Marzia, M.; Sims, N.A.; Voit, S.; Migliaccio, S.; Taranta, A.; Bernardini, S.; Faraggiana, T.; Yoneda, T.; Mundy, G.R.; Boyce, B.F,; et al.
Decreased c-Src expression enhances osteoblast differentiation and bone formation. J. Cell Biol. 2000, 151, 311-320. [CrossRef]
[PubMed]

Engsig, M.T.; Chen, Q.J.; Vu, TH.; Pedersen, A.C.; Therkidsen, B.; Lund, L.R.; Henriksen, K.; Lenhard, T.; Foged, N.T.; Werb,
Z.; et al. Matrix metalloproteinase 9 and vascular endothelial growth factor are essential for osteoclast recruitment into developing
long bones. J. Cell Biol. 2000, 151, 879-889. [CrossRef] [PubMed]

Lotinun, S.; Kiviranta, R.; Matsubara, T.; Alzate, ].A.; Neff, L.; Liith, A.; Koskivirta, I.; Kleuser, B.; Vacher, J.; Vuorio, E.; et al.
Osteoclast-specific cathepsin K deletion stimulates S1P-dependent bone formation. J. Clin. Investig. 2013, 123, 666—-681. [CrossRef]
[PubMed]

Al-Mabharik, N.; Botting, N.P. Synthesis of lupiwighteone via a para-Claisen—-Cope rearrangement. Tetrahedron 2003, 59, 4177-4181.
[CrossRef]

Daina, A.; Michielin, O.; Zoete, V. SwissTargetPrediction: Updated data and new features for efficient prediction of protein targets
of small molecules. Nucleic Acids Res. 2019, 47, W357-W364. [CrossRef]

Pifiero, ]J.; Bravo, A.; Queralt-Rosinach, N.; Gutiérrez-Sacristan, A.; Deu-Pons, J.; Centeno, E.; Garcia-Garcia, J.; Sanz, F,; Furlong,
L.I. DisGeNET: A comprehensive platform integrating information on human disease-associated genes and variants. Nucleic
Acids Res. 2017, 45, D833-D839. [CrossRef]


http://doi.org/10.1301/nr.2003.oct.346-351
http://www.ncbi.nlm.nih.gov/pubmed/14604267
http://doi.org/10.2174/187152012803833107
http://www.ncbi.nlm.nih.gov/pubmed/22583407
http://doi.org/10.1007/BF03192335
http://www.ncbi.nlm.nih.gov/pubmed/12587954
http://doi.org/10.18632/oncotarget.24823
http://doi.org/10.1038/d41586-020-00196-0
http://doi.org/10.1002/rcm.2897
http://doi.org/10.1002/chin.200632236
http://doi.org/10.1007/s12272-001-2147-5
http://doi.org/10.1016/S0031-9422(01)00368-5
http://doi.org/10.1055/s-2000-8602
http://www.ncbi.nlm.nih.gov/pubmed/10985092
http://doi.org/10.1039/D1FO00104C
http://www.ncbi.nlm.nih.gov/pubmed/33876806
http://doi.org/10.1002/rcm.9205
http://doi.org/10.1080/09168451.2018.1444467
http://doi.org/10.3945/jn.111.148247
http://www.ncbi.nlm.nih.gov/pubmed/22113864
http://doi.org/10.1080/00498250110085809
http://doi.org/10.1016/j.abb.2014.04.002
http://doi.org/10.1248/bpb.26.747
http://doi.org/10.1080/09168451.2017.1415750
http://doi.org/10.1172/JCI35711
http://doi.org/10.1083/jcb.151.2.311
http://www.ncbi.nlm.nih.gov/pubmed/11038178
http://doi.org/10.1083/jcb.151.4.879
http://www.ncbi.nlm.nih.gov/pubmed/11076971
http://doi.org/10.1172/JCI64840
http://www.ncbi.nlm.nih.gov/pubmed/23321671
http://doi.org/10.1016/S0040-4020(03)00579-9
http://doi.org/10.1093/nar/gkz382
http://doi.org/10.1093/nar/gkw943

Molecules 2022, 27,7811 15 of 15

38. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, ].H.;
Bork, P; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607-D613. [CrossRef]

39. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]

40. Zhou, Y,; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523. [CrossRef]


http://doi.org/10.1093/nar/gky1131
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1038/s41467-019-09234-6

	Introduction 
	Results 
	Mass-Fragmentation Behaviors of 8-Prenelylated Genistein and Genistein 
	Effect of Prenyl Group on the Metabolic Conversion of Isoflavonoids by Gut Bacteria 
	PG Exhibited More Potent Activity Than Genistein in Suppressing RANKL-Induced Osteoclastogenesis, F-Actin Ring Formation, and Bone-Resorption Activity 
	Predicted Anti-Mechanism of 8-Prenelylated Genistein and Genistein Based on Prototypes and Metabolites 

	Discussion 
	Materials and Methods 
	Materials 
	Animal Study 
	Incubation of Anaerobic Microbiome with Compounds 
	Sample Preparation and Ultra-Performance Liquid-Chromatography–Quadruple-Time-of- Flight–Mass Spectrometry (UPLC–QTOF–MS) Analysis 
	Cell Culture 
	Osteoclast Differentiation, F-Actin-Ring Formation and Resorption of RANKL-Induced RAW264.7 Cells 
	Cell-Cytotoxicity Assay 
	Osteoclast Differentiation 
	Immunofluorescence Staining for F-Actin of Osteoclasts 
	Bone-Resorption Activity 

	Real-Time PCR 
	Network Pharmacological Analysis 
	Statistical Analysis 

	Conclusions 
	References

