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Abstract

Background: According to reports, icariin (ICA) is a bone anabolic agent able to prevent osteoporosis in both ovariectomized rats
and postmenopausal women. However, its effect on osteoblast proliferation remains to be determined, and the underlying mecha-
nism remains to be elucidated.

Methods: Icariin-bovine serum albumin (BSA) conjugates were purified by Sephadex G-25 gel chromatography technology. Primary
osteoblasts from neonatal rats were used to evaluate the effects of ICA, ICA-BSA, ICA-BSA + ICI182780, and ICA-BSA + PD98059. 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and propidium iodide (PI)-staining assays were used to detect the
proliferation of osteoblasts after drug exposure. The intracellular calcium ions were detected using a confocal microscope with
Fluo-3/AM as the fluorescent indicator. Western blot was capitalized on to measure the relative content of phospho-extracellular
signal-regulated kinase (p-ERK).

Results: Primary osteoblasts in culture were detected by histochemical staining of alkaline phosphatase, and calcified nodules were
obtained by sequential digestion. Icariin and bovine serum albumin could form conjugate, which could be purified by Sephadex
G-25 gel chromatography technology. MTT and flow cytometry results show that ICA-BSA conjugate significantly facilitated the pro-
liferation of osteoblasts (P < 0.05). The intracellular calcium ions also ascended vastly in the cells treated with ICA-BSA conjugate
(P < 0.01). Icariin-bovine serum albumin exposure rapidly activated the extracellular signal-regulated kinase (ERK) signaling. Fur-
thermore, ICA- and ICA-BSA-mediated actions on osteoblasts were signally alleviated after dealing with ERK inhibitor PD98059 or
estrogen receptor (ER) antagonist ICI182780, which might have a relation to the repression of ERK phosphorylation.

Conclusions: Icariin could serve as estrogen in osteoblast cells by the rapid nongenomic ER signaling pathway independent of
ligand and estrogen response element (ERE) and mediated by mitogen-activated protein kinase (MAPK).
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. Background

anabolic agents for osteoporosis (including parathyroid
hormone (PTH), calcium-sensitive receptor (CaSR) antago-

Osteoporosis, a systemic bone disease, is characterized nists, and antibodies against Wnt signaling inhibitor) (4,

by low bone mass and bone microstructure damage (1),
resulting in increased bone fragility and susceptibility to
fracture. It has caused widespread medical attention due
to the economic and social burdens it brings to patients’
attention (2). At present, drugs widely used for osteoporo-
sis treatment mainly exert the biological effect of imped-
ing bone resorption, but they can also cause osteonecrosis
(3)- Toreduce the bone loss, osteoblasts should be induced
for bone reconstruction. In addition to the approved

5), isoflavones have shown their clinical promise in pre-
venting osteoporosis (6).

Icariin (ICA), the main bioactive flavonoid glycoside
isolated from a traditional Chinese medicine named
Epimedium (HEF) (7), has a similar structure to estradiol
and can perform as a bone anabolic agent. Moreover, it has
been reported that icariin treatment could prevent osteo-
porosis in both ovariectomized rats and postmenopausal
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women. In recent years, phytoestrogens, polypheno-
lic non-steroidal compounds derived from plants, have
shown estrogen-like biological activity. Their applica-
tion in treating menopausal-related diseases and post-
menopausal osteoporosis has attracted widespread atten-
tion in the medical community (8-10). According to re-
ports, icariin can effectively inhibit the bone loss induced
by ovariectomy (OVX), and promote the proliferation, dif-
ferentiation, osteoprotegerin (OPG) expression, and alka-
line phosphatase activity of primary osteoblasts. In our
previous study, we demonstrated that icariin extract effec-
tively promotes the proliferation and differentiation of os-
teoblasts at the concentration of 10 micrograms|liter (11).
However, whether icariin has an estrogen-like effect and
the mechanism underlying this effect remains to be deter-
mined.

As a family of secondary messengers, mitogen-
activated protein kinases (MAPKs) can serve as the
medium for transmitting signals to the nucleus from
the cell surface in responding to various stimuli like hor-
mones, chemicals, and stress (12). The MAPK]extracellular
signal-regulated kinases (ERK) signal cascade regulates
the expression of genes correlated with mitosis, prolif-
eration, differentiation, and apoptosis (7). Extracellular
signal-regulated kinase signaling in osteoblasts can be
activated by many bone-active agents, such as platelet-
derived growth factor (PDGF), fibroblast growth factor
(FGF), and estrogen (13,14).

2. Objectives

Considering the similar structure of icariin and estro-
gen, we hypothesized that icariin plays the same role as
phytoestrogens in bones. In the present study, the role
of icariin in the proliferation of cells was evaluated in de-
tail, and the role of ERK signaling in this process was deter-
mined.

3. Methods

3.1. Animal Experiments

Neonatal Sprague-Dawley (SD) rats (clean grade) were
bought from the Experimental Animal Center of the Nan-
jing University of Chinese Medicine. The animal study was
checked and approved by the Animal Care Committee of
the Nanjing University of Chinese Medicine and performed
as per the Declaration of the National Institutes of Health
Guide for Care and Use of Laboratory Animals (NIH publi-
cation NO.85-23, revised 1996). The rats were put in feed-
ing boxes at 19 - 27°C, with a humidity of 45% - 75%, noise
level below 85 decibels, ammonia concentration below 20

ppm, and ventilation 8 - 12 times per hour. Ensure a suffi-
cient amount of fresh and dry feed in feeding hoppers.

3.2. Chemicals

Icariin (CAS No: 489-32-7) with the purity of more
than 98 % and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were acquired from Sigma-
Aldrich (Saint Louis, USA) through a financial transaction.
PD98059 and ICI182780 were separately acquired from Bey-
otime Biotechnology (Shanghai, China) and Dalian Meilun
Biotech Co., Ltd. (Dalian, China) through a financial trans-
action.

3.3. The Interaction Between Icariin and Bovine Serum Albumin

The ICA stocking solution (5 X 10 mol/L) was prepared
by dissociating PBS (pH = 7.40, Thermo Fisher Scientific,
USA). The bovine serum albumin (BSA) stocking solution
was prepared by dissociating PBS (pH = 7.40). To prepare
ICA-BSA working solution, 100 uL ICA stocking solution,
100 pL 5 X 10° mol/L BSA (Sigma-Aldrich, USA) diluted in
PBS (pH = 7.40), 1 mL 0.1 mol/L Tris-HCI solution and 2.8
mL deionized water were mixed in the test tube. Then ICA-
BSA working solution was incubated at different temper-
atures (17°C, 27°C, and 37°C, respectively) and shocked for
10 min. The ICA working solution (1.25 x 10 mol/L) was
prepared by mixing 100 uL ICA stocking solution, 1 mL 0.1
mol/L, and 2.9 mL deionized water. The BSA working solu-
tion (1.25 X 10°® mol/L) was prepared by mixing 100 pL BSA
stocking solution, 1 mL 0.1 mol/L Tris-HCl solution, and 2.9
mL deionized water. To determine the fluorescence emis-
sion peak of ICA-BSA conjugates, 200 uL ICA-, BSA-, and ICA-
BSA working solutions were added into the 96-well plates,
and the OD values in the wavelength range of 200 - 500
nm were acquired with a microplate reader, respectively.
For each experiment solution, preparation was conducted
in triplicate, and the average value was taken to draw the
absorbance curve to determine whether the ICA-BSA con-
jugate was formed. Finally, the ICA-BSA conjugates were
purified by chromatography with Sephadex G-25 column
(Sheng Xing Biological Technology, China).

3.4. Primary Calvarial Osteoblasts Purification and Culture

Excised calvariae (frontal and parietal bones) from
neonatal SD rats were digested with a sequential enzyme
to acquire primary rat osteoblasts. Briefly, the periosteal
layers on both sides were carefully stripped off with tweez-
ers under PBS. Then the calvariae were transferred to Petri
dishes and incubated with 0.25% trypsin with ethylene
diamine tetraacetic acid disodium (trypsin-EDTA, Gibco,
USA) and 0.1% collagenase II (Sigma-Aldrich, USA) succes-
sively. After discarding the first two digests, the cells were
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harvested from the final digest, followed by resuspension
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco,
USA) and penicillin/streptomycin (Gibco, USA) in a humid-
ified atmosphere with 5% CO, at 37°C. They were then culti-
vated at 37°Cin a CO, (5%) incubator in a humidified atmo-
sphere for 2 - 4 days until confluent (1 calvarial bone/flask).
Primary osteoblast cells were identified by alkaline phos-
phatase (ALP, Beyotime Biotechnology, Shanghai, China)
staining and calcified nodules staining. Alkaline phos-
phatase activity assay kit was used to identify ALP activity of
cell culture medium. The operation procedures refer to the
kit manual. Calcified nodules were detected using alizarin
red staining.

3.5. Drug Treatment and MIT Assay

Osteoblast cells were assigned into four groups, includ-
ing Group A (ICA), Group B (ICA-BSA), Group C (ICA-BSA +
IC1182780), and Group D (ICA-BSA + PD98059). After 48 h of
seeding in a 96-well plate at 2.5 x 10* cellsfwell in 200 uL
of culture medium, osteoblast cells in Group C and Group
D were separately incubated with culture media contain-
ing1mol/L1CI18278 for 1hour, and culture media contain-
ing 50 pmol/L PD98059 for 1 hour. Then the cells in Group
A were added with 10 ug/L icariin. In some experiments,
cells in Group B, C, and D were processed with 10 p1g/L ICA-
BSA. After this, an MTT assay was accomplished to deter-
mine the viability of osteoblasts in each group. Briefly, af-
ter washing with PBS once, the cells were subjected to 4 h
of cultivation (at 37°C) with 20 L MTT solution (5 mg/mL).
The precipitated formazan subsequently underwent disso-
lution in dimethyl sulfoxide. The absorbance value at 490
nm was recorded with a microplate reader (Becton Dickin-
son, Mountain View, CA).

3.6. Flow Cytometry

The cell cycle distribution of cells with different treat-
ments was determined by flow cytometry. Osteoblast cells
were grouped as described above and then inoculated in
a 96-well plate at 1.0 x 10° cells/well in 200 ulL of cul-
ture medium. Following incubation with drugs, the cells
were dissociated with 0.25% trypsin without EDTA (Gibco,
USA), and FBS was used to stop trypsin activity. After be-
ing centrifuged at 1000 g for 4 min, the supernatant was
discarded. The cells were resuspended in PBS solution, fol-
lowed by 1 h of fixation with ice-cold 70% ethanol, wash-
ing with PBS again, and 30 min of incubation (at 37°C)
with 1mg/mL RNase A (Sigma-Aldrich, USA). After that, they
experienced suspension in 0.5 mL of propidium iodide
(PI)/RNase Staining Buffer, followed by 15 min incubation
at room temperature. Afterward, a FACS Calibur cytome-
ter (Becton Dickinson, Mountain View, CA) was adopted to
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analyze stained cells. CELLQuest 3.3 software (Becton Dick-
inson, Mountain View, CA) was employed to acquire sam-
ples at a low flow rate, and ModFit LT 2.0 software (Verity
Software House, Topsham, ME) was utilized for analyzing
list mode data. Three independently repeated experiments
were conducted.

3.7. Western Blot Analysis

Western blot analysis was employed to determine pro-
tein expressions in cells from different treatments. The
cells scraped down were lysed in radioimmunoprecipita-
tion (RIPA)lysis buffer onice for 25 min, followed bya 5 min
centrifugation at 13,000 g for clarification and then pro-
tein harvest. After that, measurement of protein concen-
tration was implemented utilizing a bicinchoninic acid
(BCA) kit (Beyotime Biotechnology, China). A total of 40
ug of cellular protein extract was electrophoresed via 8%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and moved onto polyvinylidene difluoride
membranes (PVDF; Beyotime Biotechnology, China), fol-
lowed by 3 h of membrane incubation (at room tempera-
ture) with blocking buffer comprising Tris-buffered saline
and Tween 20 (TBST, 0.1% Tween 20) and 5% non-fat dry
milk. After that, membrane rinsing was done twice with
TBST for 15 min, followed by membrane incubation with
primary antibodies against ERK1/2, phosphor (p)-ERK 1/2,
and a-tubulin overnight at 4°C. The membrane washing
was then conducted with TBST (0.05% Tween 20) three
times (10 min each), followed by 1 h of cultivation (at
room temperature) with secondary horseradish peroxi-
dase (HRP)-conjugated antibody (1: 1000 in 1% milk, 1% BSA
in TBST). After that, TBST was employed for repeated mem-
brane washing. The membranes were detected using an
enhanced chemiluminescence (ECL) kit, followed by visu-
alization using the Lumi-Imager with Lumi Analyst version
3.10 software (Roche, Germany).

3.8. Determination of Intracellular Calcium Ions by Fluo-3/AM

Laser scanning confocal microscopy (LSCM) technol-
ogy and Fluo-3/AM were used to determine the variation
of intracellular calcium ions in each group. Cells (5 x 10°)
were incubated with 6 mL DMEM having 10% FBS (Gibco,
USA) as a component under the following conditions: Hu-
midified atmosphere, 5% CO,, and 37°C in the absence or
presence of 200 pL IC118278 (1 umol/L, Group C) or 200 uL
PD98059 (50 umol/L, Group D) for 1 hour. After that, 200 uL
Fluo-3/AM (5 umol/L) were directly added into the medium,
followed by an additional 1 h incubation at the same con-
dition. After that, sample washing was carried out twice
with PBS. Finally, the samples treated with ICA (Group A),
ICA-BSA (Group B), and Group C and D were evaluated in
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the LSCM at 488 nm excitation and detected at 493- 620 nm
emission. Further graphical analysis was conducted to dis-
cuss the mechanism of the abirritation of icariin. Results
of three independent experiments were averaged.

3.9. Statistical Analysis

The statistical analysis was done using the SPSS soft-
ware (version 21.00, IBM, USA) and Prism software (version
8.0, GraphPad Software, San Diego, CA). Data were indi-
cated through mean = SEM. The comparisons among the
different groups (> 2 groups) were analyzed by one-way
ANOVA and Tukey’s post hoc test, while Student’s t-test was
used for comparisons between 2 groups.

4. Results

4.1. Characterization of Primary Osteoblastic Cells in Culture

Osteoblasts were isolated from rat skull and showed
adherent growth after one day of culture and showed
the morphology of fusiform or polygonal, and gradually
reached a confluence of 80%. The osteoblasts were iden-
tified by histochemical staining of alkaline phosphatase
and calcified nodules (Figure 1). The active sites of alkaline
phosphatase were shown as gray-black granules in the cell
cytoplasm (Figure 1A - C). The black trabecular-shaped min-
eralized bone nodules formed by cells were also observed
(Figure 1D - F). Furthermore, after alizarin red S staining,
the mineralization of the culture is dark brown in the mid-
dle and light orange in the periphery (Figure 1G - I). There-
fore, bone cells could be obtained by sequential digestion,
and the osteoblast cells in culture could be identified by
histochemical staining of alkaline phosphatase and calci-
fied nodules.

4.2. Sephadex G-25 Chromatography Results

To obtain the ICA-BSA conjugate, we collected 2 mL lig-
uid from the bottom of chromatography using tubes num-
bered 1 to 12. The Ultraviolet (UV)-visible absorbance val-
ues were determined at the wavelength ranging from 200
nm to 350 nm (Table 1). The sample in tube No. 4 dis-
played the highest UV-visible absorbance values, especially
at 300 nm and 310 nm (Figure 2A). Since a strong fluores-
cence emission peak is observed at 305 nm in ICA-BSA, we
considered that the ICA-BSA conjugate was mainly concen-
trated in tube No. 4, which was used for subsequent experi-
ments. The UV absorbance of the standard curve of ICA-BSA
protein was determined by BCA assay (Figure 2B), and the
concentration of ICA-BSA conjugate was calculated as 60.5

pg/mL.

4.3. Icariin Promotes Osteoblast Proliferation

To determine the effect of ICA on osteoblast prolif-
eration, MTT cell viability assay was performed, and os-
teoblast viability was significantly increased after ICA-BSA
treatment compared to other control groups (Figure 3A, Ta-
ble 2). MTT of group A was also remarkably different from
that of groups C and D (P < 0.05), while it was comparable
between groups C and D.

4.4. Cell Cycle Progression Measured by Flow Cytometry

To determine the impression of ICA on the cell cycle
process, we performed flow cytometry analysis and found
that treated osteoblast with ICA-BSA displayed a substan-
tially elevated number of cells in S and G2/M phases in
comparison to the other groups, manifesting that ICA-BSA
appeared to boost cell cycle process (Figure 3B). Quantita-
tively, the percentage of S + G2 phase in the ICA and ICA-
BSA groups was 26.13 &= 1.06 and 31.71 &= 0.65%, respectively,
which was significantly higher than that in the C group
and D group, and the difference was statistically significant
(Table3), while such a percentage was comparable between
groups C and D (P> 0.05). The above results implied that
ICA treatment can speed up cell cycle progression, thus
presumably boosting the proliferation and stemming the
apoptosis of cells.

4.5. Icariin Activates Extracellular Signal-Regulated Kinase
Pathways in Osteoblasts

To determine whether the MAPK signaling pathway
was activated in osteoblast cells after exposure to icariin,
we performed a western blot analysis and found that ICA-
BSA treatment significantly induced phosphorylation of
ERK when compared to the other control group (Figure 3C
and D). The addition of p-MEK1 inhibitor PD98059 and es-
trogen inhibitors ICI182780 significantly suppressed ICA-
induced ERK phosphorylation. These data signified that
ERK signaling participated in the icariin-induced prolifer-
ation of osteoblasts. Since icariin can elevate the circu-
lating level of estradiol in ovariectomized rats and pre-
ventbone loss in ovariectomized rats and postmenopausal
women, we hypothesized that the estrogen receptor sig-
naling pathway might be downstream of icariin stimulus.
Therefore, we evaluated the role of the estrogen receptor
inhibitor ICI182780 in ICA and ICA-BSA-induced osteoblast
differentiation. The stimulatory effects of icariin were sig-
nificantly attenuated by ICI182780. Besides, the ERK activa-
tion by icariin was also inhibited by ICI182780, so the role
was partially managed through MAPK signaling (Table 4).
Furthermore, icariin-triggered osteoblast mineralization
was also attenuated by ICI182780, illustrating that mem-
brane estrogen receptor signaling was also a player in the
anabolic action mediated by icariin.

Iran | Pharm Res. 2022; 21(1):e127000.
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Figure 1. Characterizations of primary osteoblasts in culture: (A - C) Alkaline phosphatase histochemical staining of osteoblasts (10x, 20x, and 40x HE, respectively); (D - F)
Osteoblasts calcified nodules before alizarin red S staining, 20x HE; (G - I) Alizarin red S staining of osteoblasts calcified nodules, 20x HE

Table 1. Ultraviolet-Visible Absorbance Values of Sephadex G-25

Wavelength (nm) Blank 1 2 3 4 5 6 7 8 9 10 1 12

270 3.196 3.209 3.21 3.239 3.24 3.236 3.23 3.217 3.212 3.213 3.21 3.211 3.209
280 2.93 2.933 2.926 2.965 2.983 2.966 2.961 2.93 2.945 2.949 2.939 2.93 2.942
290 1.096 109 1.076 1106 1125 117 117 1.065 1103 1094 1.091 1073 1.093
300 0.349 0.338 0.334 0.345 0.353 0.351 0347 0.328 0.336 0334 0.329 0.335 0339
310 0.192 0.179 0.179 0.185 0.188 0.186 0.183 0.173 0.174 0.173 0.168 0.177 0.181
320 0.149 0.136 0.136 0.141 0.142 0.141 0.138 0.131 0.131 0.131 0.126 0.134 0.138

# P< 0.05 manifested statistical differences.
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Figure 2. Sephadex G-25 chromatography results: (A) Ultraviolet (UV)-visible absorption curves of icariin (ICA), bovine serum albumin (BSA), and ICA-BSA; (B) UV absorbance

of the standard curve by bicinchoninic acid

Table 2. The Proliferation of Osteoblasts Detected by MTT Assay

Group

GroupA Group B Group C Group D
OD value (mean =+ SD) 0.89 4= 0.04 122+o0m? 0.42 4 0.02 0.50 £ 0.05
? P< 0.05 manifested statistical differences.
Table 3. Cell Cycle Process Detected by Flow Cytometry
Group A B C D
G2 +S cycle (mean =+ SD) 26.13 +1.06 31714+ 0.65° 15.91 £ 2.88 15.96 £ 2.83

* P< 0.05 manifested statistical differences.

Table 4. Gray Values of Extracellular Signal-Regulated Kinase (ERK)1/2, Alpha-Tubulin, and Phospho (p)-ERK1/2 in the Cytoplasm of Osteoblasts

Group a-Tubulin Extracellular Signal-Regulated Kinase Phospho-Extracellular Signal-Regulated Kinase
A 207887.40 % 3056.95 379343.20 + 2526.78 360607.20 =+ 5741.25

B 207295.60 = 3748.58 373522.40 =+ 4376.59 437531.60 £ 397114

C 212214.60 =+ 4624.37 379123.40 £ 3107.38 88348.00 £ 1312.26

D 210814.40 + 4004.68 377202.60 = 3171.07 64641.60 & 3230.99

4.6. Icariin Improves Intracellular Calcium Ions Levels by Virtue
of Fluo-3/AM

The concentration of intracellular calcium ions is im-
portant for the proliferation of cells. We employed Fluo-
3/AM, a fluorescent probe, to label the intracellular cal-
cium ions to determine whether ICA treatment could in-
fluence intracellular calcium ions. It was uncovered that
osteoblasts in control groups exhibited similar low fluores-
cence intensity (Figure 4A-1 - D-1). However, ICA-BSA expo-
sure significantly increased the Fluo-3/AM fluorescence in-
tensity at 30 s (Figure 4A-2), suggesting that ICA-BSA stimu-
lus led to calcium influx. However, the fluorescence inten-
sity gradually declines, which might result from natural

fluorescence quenching (Figure 4A-3). By contrast, a com-
bination stimulus of ICA gave rise to slight enhancement
in Fluo-3/AM fluorescence intensity at 30 s (Figure 4B-2) and
gradually declined (Figure 4B-3). Notably, the fluorescence
intensity was highly impeded after the addition of ICI18278
or PD98059 for 1 hour before or throughout the combina-
tion stimulus in comparison with combination exposure
alone in 200 s (Figure 4C-2, C-3, D-2, and D-3). The above re-
sults also demonstrated the potential ability of ICA to pro-
mote the level of intracellular calcium ions in osteoblast
cells (Figure 5).

Iran | Pharm Res. 2022; 21(1):e127000.
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Figure 3. Non-nuclear effects of icariin affect osteoblast proliferation and signaling pathway activation: (A) The proliferation of osteoblasts in each group was detected by
MTT assay. MTT results show that icariin (ICA)-bovine serum albumin (BSA) conjugate treatment (group B) significantly promoted the proliferation of osteoblasts compared
with ICA (group A), ICA-BSA +1CI182780 (group C), and ICA-BSA + PD98059 (group D); (B) The cell cycle of osteoblasts in each group was detected by flow cytometry. Group A:
ICA, group B: ICA-BSA, group C: ICA-BSA + ICI182780, group D: ICA-BSA + PD98059; (C) Protein expression levels of extracellular signal-regulated kinase (ERK)1/2 and phospho
(p)-ERK1/2 in each group; (D) The relative expression levels of ERK1/2 and P-ERK1/2 proteins in each group. Group A: ICA, group B: ICA-BSA, group C: ICA-BSA + ICI182780 , group

D: ICA-BSA +PD98059, *P < 0.05, **P< 0.01

5. Discussion

As a major protein in blood plasma, serum albumin
can transport various ligands to specific sites, both exoge-
nous and endogenous (15). Understanding the interaction
between proteins and small molecules would greatly pro-
mote deciphering the underlying mechanism (16). Bovine
serum albumin, one of the serum albumin most diffusely
researched, is highly structural homologous with human
serum albumin (17, 18), so it is continually adopted in bio-
physics and biochemical research, and BSA can bind to
many small molecules from different categories, including
dyes, drugs, and toxic chemicals (19-21). As a result, there
are increasingly clinical and experimental studies to dis-

Iran | Pharm Res. 2022; 21(1):e127000.

cuss the transport, distribution, and metabolism of target
molecules when bound to BSA.

Icariin, a small molecule substance, can easily pass
through the cell membrane. However, when it is bound
to BSA, the active structure of ICA is still kept, and the
permeable membrane is prevented. Our results showed
that stable ICA-BSA complexes could be formed by bind-
ing ICA to BSA. According to an analysis of thermodynamic
quantities, hydrophobic forces are a significant player in
the process (22). Hydrogen bonding interaction and van
der Waals forces were the major interaction and forces be-
tween ICA and BSA. Ultraviolet/visible absorption is widely
used to investigate protein structure changes and the for-
mation of protein complexes. The absorption spectra of a
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Figure 4. Fluo-3/AM fluorescence intensity changes in osteocytes of different compositions at different time points before and after icariin (ICA) or ICA-bovine serum albumin
(BSA) addition. Group A: ICA, group B: ICA-BSA, group C: ICA-BSA + 1CI182780, group D: ICA-BSA + PD98059
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Figure 5. Intracellular Ca** fluctuations in tetrad osteocytes. Group A: Icariin (ICA), group B: ICA-bovine serum albumin (BSA), group C: ICA-BSA + IC1182780, group D: ICA-BSA
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particular protein are sensitive to the microenvironment
surrounding the chromophores. Ultraviolet spectroscopy,
essentially, is the technology most utilized to sense alter-
ations in the local environment of fluorophores since it
is susceptible, reproducible, and convenient. For this rea-
son, ultraviolet spectroscopy is applicable to investigating
the interaction between ICA-BSA complexes. Herein, we
researched the binding of ICA to BSA with the ultraviolet
spectrophotometry method and demonstrated that BSA
displayed a powerful fluorescence emission peak at 282
nm, while that of ICA was at 291 nm and ICA-BSA at 305 nm,
respectively. These results implied that ICA is bound to BSA.
Therefore, BSA was bounded with ICA, resulting in confor-
mational changes and a high probability of energy transfer
between BSA and ICA. Ultraviolet/visible absorption spec-
tra indicated the formation of BSA-ICA complexes.

It has been shown that protease can be purified
from fresh chicken wing leaves by DEAE-Sepharose and
Sephadex G-75 chromatography (23). Another study de-
scribed and tested a method for isolating ring cells using

Iran | Pharm Res. 2022; 21(1):e127000.

an immunosorbent based on Sephadex G-75. The protein
antigen (BSA) is covalently attached to the surface of the
gel particles oxidized by sodium periodate (24). Sephadex
G-25 has been widely used to purify various kinds of nat-
ural products; however, whether it could be used to iso-
late ICA-BSA remains to be determined. In this study, we
applied Sephadex G-25 column chromatography to isolate
and purify ICA-BSA to improve purification efficiency and
reduce/avoid safety problems. Therefore, the Sephadex G-
25 column represented a simplified and efficient method
for purifying the ICA-BSA complex.

Icariin could prevent bone loss and bone deterioration
caused by estrogen deficiency (25). It could directly in-
fluence osteoblastic cell proliferation and differentiation.
These studies suggested that icariin might function as a
selective estrogen in bone. Our present study indicated
thaticariin was most active at the concentration of 10 ug/L
for its actions on both proliferation and differentiation of
the cells. Furthermore, we found that icariin acted on os-
teoblasts partially through the ERK/MAPK signaling path-
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way, synergically with estrogen receptor signaling. The
role of estrogen at cellular levels is managed by estrogen
receptors (ERs), and the binding of estrogen resulted in
the binding of ERs to estrogen response elements (EREs) in
the promoters of target genes and altering gene transcrip-
tion (26). Estrogen receptors « and [3 are mainly present
in the cytoplasm and nucleus and are slightly expressed
on cell membranes (27). The cytoplasmic estrogen-ER com-
plexes were translocated to the nucleus. They interacted
with NF-xB, AP-1, SP-1, and other transcription factors to in-
fluence the transcription of target genes (28), which medi-
ated the long-term role of estrogen. Alternatively, estrogen
can trigger rapid effects by virtue of membrane-bound ERs.
Many studies have demonstrated that estrogen can pro-
mote the proliferation and survival of cells (including Hela
cells and MCF-7 cells) through ERK. Our results showed that
ER signaling inhibitors (androgen receptor signaling in-
hibitors) inhibited the proliferation and differentiation of
osteoblasts. The above data suggest that the role of icariin
in osteoblasts is partially managed by signaling ERs.

In the present study, we probed into the actions of
icariin and ICA-BSA on the MAPK signaling pathway. The
results showed that ICA-BSA exposure could promote os-
teoblastic proliferation compared with the ICA group, and
its effect could be blocked by ERK signaling pathway in-
hibitor, which indicated that the ERK signaling pathway
was involved in icariin-induced osteoblastic proliferation.
Recent studies have manifested that icariin can stimulate
bone morphogenetic protein (BMP) and Runx-2, vital fac-
tors affecting osteoblastic differentiation and activity, to
express in MC3T3 cells (29). In addition, it is known that
BMP signaling pathway is associated with MAPK pathway
in osteoblasts (30), in agreement with this study. The
downstream substrates were phosphorylated, and nuclear
transcription factors were eventually activated, mediat-
ing the biological effects of MAPKs. Most of these tran-
scription factors participate in the proliferation of vari-
ous cells directly. Icariin-bovine serum albumin treatment
significantly triggered ERK to be phosphorylated and ac-
tivated, while p-MEKI1 inhibitor PD98059 and estrogen in-
hibitor ICI182780 suppressed ICA-induced ERK activation.
These data further support the involvement of ERK sig-
naling in icariin-induced intracellular signaling. To sum
up, our results suggested that icariin could speed up os-
teoblasts’ proliferation and differentiation by activating
the ERK-MAPK pathway. In addition, it has also been sug-
gested that icariin, a phytoestrogen, could activate classi-
cal ER signaling pathways or synergize with non-classical
estrogen pathways. These findingsrender a view of the role
of icariin in osteoblasts’ proliferation and differentiation
and might eventually benefit the clinical treatment of os-
teoporosis.
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The regulation of the cell cycle plays a critical role in
the proliferation and apoptosis of cells. Apoptosis may be
triggered by cell cycle arrest, while the accelerated process
leads to excessive proliferation and tumorigenesis. Our
data uncovered that the stimulus of ICA-BSA contributed
to the visibly elevated number of cells in the S and G2/M
phases compared with the other groups, manifesting that
ICA-BSA appeared to promote the cell cycle process. The
concentration of intracellular calcium ions exhibits a close
association with cell proliferation. However, the potential
actions of ICA on cycle protein expressions and cell cycle
processes in osteoblasts are rarely reported. The labeling
of intracellular calcium ions was done using the fluores-
cent probe Fluo-3/AM to probe into the influence of ICA
on the level of intracellular calcium ions. The osteoblasts
in normal culture conditions showed low fluorescence in-
tensity. However, ICA-BSA exposure gave rise to an ob-
servable enhancementin Fluo-3/AM fluorescence intensity,
demonstrating that this stimulus can trigger cell prolifer-
ation. Markedly, in contrast with the combination stimu-
lus alone, the fluorescence intensity was prominently re-
pressed after IC[18278 or PD98059 addition for 1 hour be-
fore and throughout the combination stimulus. The above
results also manifested the potential of ICA to promote the
level of intracellular calcium ions in osteoblast cells.

5.1. Conclusions

In this study, icariin was first coupled with BSA. Since
BSA macromolecules could not enter the cell through the
lipid bilayer membrane, the interaction between icariin
and BSA was mainly hydrophobic. Icariin-bovine serum al-
bumin can retain the active structure of icariin well, so ICA-
BSA can only bind to the estrogen receptor on the mem-
brane so that the non-nuclear effect of icariin can be better
studied. In addition, we found that through a rapid non-
genomic ER signaling pathway independent of ligand and
ERE and mediated by MAPK; icariin plays an estrogenic role
in osteoblasts, providing a theoretical basis for the clinical
search for icariin anti-osteoporosis pharmacological tar-
gets.
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