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Abstract: Owing to global population aging, instances of bone metabolic diseases have increased.
Consequently, interest in natural and functional plant food products for the prevention and treatment
of osteoporosis is also increasing. In this study, we determine the potential therapeutic effects
of Benincasa hispida extract (HR1901-W) on osteoblast and osteoclast differentiation. The potential
preventive effects of Benincasa hispida in osteoporosis have not previously been reported. We identified
and analyzed 2-furoic acid, a chemical component of HR1901-W. We evaluated whether HR1901-W
promoted osteogenesis in the MC3T3-E1 cell line and whether it inhibited the differentiation of RAW
264.7 macrophage cells (osteoblast precursors). We observed that HR1901-W promoted significantly
high dose-dependent proliferation and extracellular matrix mineralization in MC3T3-E1 cells. In
fact, increased cell proliferation was found to be associated with increased protein expression of
factors related to osteoblast differentiation, including alkaline phosphatase, osteocalcin, and runt-
related transcription factor 2. On the other hand, macrophage colony-stimulating factor (10 ng/mL)
and nuclear factor-«B ligand (100 ng/mL) treated differentiated RAW264.7 macrophages exhibited
a significant reduction in tartrate-resistant acid phosphatase activity. Taken together, our results
indicate that HR1901-W is a promising candidate of functional materials that regulate the balance
between bone-forming osteoblasts and bone-resorbing osteoclasts to prevent osteoporosis.
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1. Introduction

A bone is a mineralized tissue of calcium and phosphorus; it is a storage warehouse of
minerals, and it functions to support and protect the body [1,2]. Skeletal homeostasis is
maintained when osteoclast-regulated bone resorption is balanced by osteoblast-regulated
bone matrix formation. However, the bone quantity per unit volume decreases when
bone resorption exceeds bone formation. This pathological scenario leads to the devel-
opment of osteoporosis, a systemic skeletal disease [3,4]. Osteoporosis is accompanied
by various complications, including bone fractures, cardiopulmonary dysfunction, and
economic burden [5,6]. Clinically, patients with osteoporosis are administered estrogen
hormones to promote osteoblastogenesis and increase the proliferation and differentiation
of osteoblasts [7]. Alternatively, oral bisphosphonates are also provided as a treatment to
inhibit osteoclastic activity, as they are potent antiresorptive agents [8,9]. Although these
treatments are effective, their long-term use is not beneficial because of side effects such
as headache, weight gain, breast cancer, and jaw osteonecrosis [10]. Therefore, studies
investigating natural products that inhibit bone loss, promote bone formation, and have
minimum side effects are being conducted.

Osteoblasts originate from the mesenchymal stem cells of the bone marrow. They
are involved in the synthesis and mineralization of the bone matrix, wherein calcium and
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other minerals are deposited onto the bone or its extracellular matrix [11,12]. Notably,
the differentiation of osteoblasts is mediated by the differential expression of specific
factors. For instance, runt-related transcription factor 2 (Runx2) regulates the early stages of
osteoblast differentiation by promoting the differentiation of pluripotent mesenchymal cells
into immature osteoblasts [13,14]. Another key factor of osteoblast differentiation is alkaline
phosphatase (ALP) that is synthesized by osteoblast precursors immediately following
growth arrest [15,16]. Notably, ALP is an ectoenzyme that is attached to the outer surface of
the osteoblast cell membrane. It facilitates calcium deposition on the bone by transporting
inorganic phosphoric acid during mineralization [17,18]. While it initially forms the bone
mass, it subsequently plays a role in bone remodeling and mineral metabolism [19,20].

Osteoclasts are multinucleated cells derived from the monocyte/macrophage lineage
that resorb the mineralized matrices formed by osteoblasts. The macrophage colony-
stimulating factor (M-CSF) and the receptor activator of nuclear factor-«B ligand (RANKL)
stimulate the differentiation of immature osteoclasts into mature osteoclasts. These factors
are recruited by hematopoietic stem cells to specific regions of the bone surface. Further-
more, they initiate bone resorption by stimulating osteoclastogenesis factors in the early
stage of osteoclasts [21,22]. Tartrate-resistant acid phosphatase (TRAP) is specifically ex-
pressed when immature osteoclasts differentiate into multinucleated osteoclasts. Notably,
its expression is used to confirm osteoclast proliferation [23].

Benincasa hispida (Thunb.) Cogn. (syn. Benincasa cerifera Savi) is an annual plant of the
family Cucurbitaceae. It is a vegetable widely distributed in Asian countries and regions
such as Southeast Asia, India, China, and Korea [24,25]. B. hispida fruit contains 93-96%
moisture and is rich in nutrients such as vitamin C, vitamin B,, Na, and Ca [17,26,27].
Phenolic compounds such as astilbin, catechin, and naringenin have been isolated from B.
hispida fruit [28]. Other bioactive compound constituents include triterpenes (alnusenol,
multiflorenol, isomultiflorenol), sterols (lupeol, lupeol acetate, 3-sitosterol), glycosides,
saccharides, carotenes, [3-sitosterin, tannins, and uronic acid [29,30]. However more studies
should be done on the isolation and identification of chemical components contained in
B. hispida. Several studies on the functionality of B. hispida fruit extracts have reported
their antioxidant, anti-inflammatory, anti-ulcerogenic, antidiabetic, and anti-Alzheimer’s
efficacy [31-36]. However, there have been no studies on the effect of B. hispida on the
prevention of bone diseases, including osteoporosis.

Therefore, in this study, we identified and quantitatively analyzed the chemical compo-
nents of B. hispida extract (HR1901-W). Furthermore, we evaluated the inhibitory effects of
extract on the proliferation and differentiation of osteoblasts and osteoclasts in MC3T3-E1
cells (osteoblasts) and RAW 264.7 macrophage cells (osteoclast precursors). We thereby
investigated their potential as a natural plant-based functional food to treat osteoporosis.

2. Materials and Methods
2.1. Chemicals

We purchased 2-furoic acid from Sigma (Sigma Aldrich, St. Louis, MO, USA). Methanol
was used as a solvent and acetonitrile was used as a mobile phase as described by ].T. Baker
(Phillipsburg, NJ, USA). Trifluoroacetic acid was purchased from Sigma Aldrich. e-Minimal
Essential Medium («MEM) and fetal bovine serum (FBS) were obtained from Gibco (Gibco,
Waltham, MA, USA). Furthermore, we purchased Dulbecco’s Modified Eagle’s Medium
(DMEM) and penicillin-streptomycin from Hyclone (HyClone Laboratodies Inc., Logan,
UT, USA). The ALP, MTT, and TRAP assay kits were obtained from Abcam (Abcam, Cam-
bridge, UK), DoGenBio (DoGenBio, Seoul, Korea), and BioVision (BioVision Inc., Milpitas,
CA, USA), respectively. The antibodies used for immunoblotting were obtained from Cell
Signaling Technology (Cell Signaling Technology, Danvers, MA, USA) and Thermo Fisher
(Thermo Fisher Scientific, Milan, Italy), whereas the BSA and ECL kits were purchased
from Bio-Rad (Bio-Rad, Hercules, CA, USA).



Appl. Sci. 2022,12, 8849

30f12

2.2. Sample Preparation

We purchased B. hispida in August 2020 from Korea and prepared samples at Haram
Co. Ltd. (Cheongju, Chungbok, Korea). To the harvested fruits, we added distilled water
that was 10 times the weight of the fruits and extracted the sample at 100 °C for 4 h.
The extracts were filtered and concentrated to 10-13 Brix. They were then freeze-dried
using a freeze-dryer (Labcono, Kansas City, MO, USA) to obtain B. hispida extract samples
(HR1901-W).

2.3. Chemical Component Characterization

A quantity of 5 g of HR1901-W was dissolved in 10 mL of 50% methanol and filtered
using a 0.45 uM polyvinylidene fluoride (PVDF) syringe filter (Shatman, Maidstone, UK).
The filtrate was concentrated under reduced pressure. To the concentrated sample, 10 mL
of methanol was added; then, the sample was sonicated for 10 min and centrifuged
(3000 rpm/5 min). The supernatant was filtered using a 0.45 uM PVDF syringe filter and
used as a microfractionation and NMR test solution. For the characterization of compounds,
preparative HPLC and NMR spectra were obtained. Identification of the main chemical
components was performed by modifying Tan et al. [37]. We isolated HR1901-W using a
preparative HPLC instrument combined with a Waters e2695 separation module HPLC
system, a Waters 2998 photodiode array detector (Waters Co., Milford, MA, USA), and a
phenomenex luna C18 column (10 mm X 250 mm x 5.0 um; Phenomenex, Torrance, CA).
The mobile phase comprised solvent A, 0.1% trifluoroacetic acid in distilled water (v/v),
and solvent B, acetonitrile. The parameters for the HPLC analysis were as follows: 0-2 min:
90% A, 10% B; 2-15 min: 70% A, 30% B; 15-16 min: 30% A, 70% B; 16—-18 min: 30% A, 70% B;
18-19 min: 30% A, 70% B; 19-22 min: 10% A, 90% B; 22-23 min: 10% A, 90% B; 23-30 min:
90% A, 10% B gradient system. The analysis time was 30 min, the detection wavelength
was 200—400 nm, the sample injection volume was 90 uL, the flow rate was 2.5 mL/min,
and the column temperature was maintained at 30 °C. 'H NMR and '*C NMR spectra were
recorded in CDDI3 using the JEOL JNM-ECX400 (!H-400 MHz, 13C-100 MHz) FT NMR
systems (Tokyo, Japan) with Me4Si as the internal standard.

2-Furoic acid -'H-NMR (400 MHz, CDCl3, Me,Si) &: 6.58 (7-H), 7.20 (8-H), 7.72 (6-H)
13C-NMR (100 MHz, CDCl3, Me4Si) 8: 113.05 (2-C), 119.18 (3-C), 146.56 (1-C), 148.21 (4-C),
159.45 (5-C).

2.4. HPLC Analysis of 2-Furoic Acid

The analysis of 2-furoic acid was performed by modifying Tan et al. [37]. We detected
the presence of 2-furoic acid in the extracts using an HPLC instrument combined with
a Waters 2998 separation module HPLC system, a Waters 996 photodiode array detector
(Waters Co., Milford, MA, USA), and a Kromasil C18 column (4.6 mm x 250 mm x 5.0 um;
Tedia, Rio de Janeiro, Brazil). The mobile phase comprised solvent A, 0.1% trifluoroacetic
in distilled water (v/v), and solvent B, acetonitrile. The parameters for the HPLC analysis
were as follows: 0-5 min: 90% A, 10% B; 5-15 min: 70% A, 30% B; 15-20 min: 30% A, 70% B;
20-25 min: 30% A, 70% B; 25-30 min: 30% A, 70% B; 30-32 min: 10% A, 90% B; 32-33 min:
10% A, 90% B; 33—40 min: 90% A, 10% B gradient system. The analysis time was 40 min, the
detection wavelength was 254 nm, the sample injection volume was 20 uL, the flow rate
was 1.0 mL/min, and the column temperature was maintained at 30 °C. Additionally, we
prepared stock solutions (100 pug/mL) of 2-furoic acid by dissolving 1 mg of each standard
with 50% methanol in a 10 mL diaphragm flask. The stock solutions were prepared in
6.25-100 pg/mL concentrations. We weighed 200 mg of HR1901-W and dissolved it in 50%
methanol in a 10 mL vial to obtain a concentration of 20,000 ng/mL. Subsequently, the test
samples were injected in the HPLC column using a PVDF syringe filter.
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2.5. Osteoblast Cell Culture

We purchased the MC3T3-E1 preosteoblast cell line from the Korean Cell Line Bank
(KCLB, Seoul, Korea). We cultured the cells in «MEM medium with 10% FBS supplemented
with 100 units/mL of penicillin-streptomycin at 37 °C in a 5% CO; incubator (Thermo
Fisher Scientific, Waltham, MA, USA).

2.6. Osteoblast Cell Proliferation

We incubated 5 x 102 MC3T3-E1 cells/100 uL in a 96 well-plate at 37 °C in a 5% CO,
incubator for 24 h. These cells were then treated with HR1901-W and 2-furoic acid for 48 h.
Cell proliferation was estimated via MTT assay using an MTT assay kit (DoGenBio, Seoul,
Korea). The absorbances of the wells were measured at 450 nm using a microplate reader
(Epoch, Biotek Instruments, Inc., Winooski, VT, USA).

2.7. Analysis of ALP Activity

We incubated 5 x 103 MC3T3-E1 cells/250 uL in a 48 well-plate at 37 °C in a 5% CO,
incubator for 24 h. Thereafter, the cells were treated with HR1901-W and 2-furoic acid for
48 h. The cells were washed with phosphate-buffered saline (PBS) and lysed using lysis
buffer. Subsequently, they were centrifuged at 15,800 x ¢ for 15 min to precipitate the cell
membrane components, and we collected the supernatant. We used the ALP assay kit to
quantify the ALP activity in the supernatant as per the manufacturer’s instructions.

2.8. Western Blotting

We estimated the expression levels of the proteins involved in osteoblast differentiation
by Western blotting. Initially, 5 x 10* MC3T3-E1 cells/1 mL were cultured in a 100 mm dish
for 24 h. They were cultured in a differentiation induction medium that was supplemented
with ascorbic acid (50 ng/mL) and -glucan (10 mM). Once the cells differentiated, they
were treated with the sample extracts, and the cells were then cultured again in a CO,
incubator for 24 h. Subsequently, we harvested the cells and washed them with PBS. Next,
the cells were lysed with RIPA buffer, and the supernatant was collected post centrifugation
(15,800% g, 15 min). The cellular protein concentration was quantified using a BSA kit.
Thereafter, the quantified proteins were separated by electrophoresis on 10% sodium
dodecyl sulfate polyacrylamide gel at 80-90 V. The separated proteins were transferred
onto a PVDF membrane for 1 h at 100 V. The membrane was blocked with 5% skim milk
at 37 °C for 1 h and was subsequently washed thrice with tris-buffered saline with 5%
Tween-20 (TBS-T) for 15 min. The membrane was incubated with alkaline phosphatase
(Cell Signaling, cat# 8681S), osteocalcin (Thermo Fisher, Cat# V5-4917R), and Runx2 (Cell
Signaling, cat# 12556S) primary antibodies (1:200-1:1000) and subsequently washed with
TBS-T. The membrane was then incubated with horseradish-peroxidase-conjugated anti-
rabbit IgG (Cell Signaling, cat# 7074S) and anti-mouse IgG (Cell Signaling, cat# 7076S)
antibodies for 1 h (1:3000). The membrane was once again washed with TBS-T. Protein
expression levels were detected upon addition of the chemiluminescent ECL reagent to
the membrane and quantified using an imaging densitometer (ImageJ bundled with 64-bit
Java 1.8.0_112).

2.9. Osteoclast Cell Culture

The murine macrophage cell line RAW264.7 was purchased from the Korea Cell Line
Bank (KCLB, Seoul, Korea). The cells were cultured in DMEM supplemented with 10% FBS
and 100 units/mL penicillin-streptomycin at 37 °C in a 5% CO; incubator.

2.10. Cell Viability

We seeded and incubated 5 x 102 RAW264.7 cells/100 uL in a 96-well plate at 37 °C
in a 5% CO; incubator for 24 h. Thereafter, the cells were treated with HR1901-W for 24 h.
We evaluated the cell viability using an MTT assay kit. The absorbance in each well was
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measured at 450 nm using a microplate reader (Epoch, Biotek Instruments, Inc., Winooski,
VT, USA).

2.11. TRAP Assay

We seeded 5 x 10> RAW264.7 cells/250 uL in a 48-well plate and treated them
with HR1901-W. The treated cells were cultured in a medium supplemented with M-
CSF (10 ng/mL) and RANKL (100 ng/mL) to induce osteoclast differentiation for 48 h.
Following incubation, the cells were washed with PBS and lysed using a lysis buffer. They
were subsequently centrifuged at 12,000 rpm for 15 min to precipitate the cell membrane
components. We evaluated the TRAP activity in the resultant supernatant using a TRAP
assay Kkit, in accordance with the manufacturer’s instructions.

2.12. Statistical Analyses

All the experimental data were statistically analyzed using GraphPad Prism 8.0 (Graph
Pad Software, San Diego, CA, USA) software. Statistical significance was assessed via
Student’s t-test and one-way analysis of variance (ANOVA). The results are expressed as
the mean =+ standard deviation (SD). p values of <0.05, <0.01, and <0.001 were considered
statistically significant.

3. Results
3.1. Identification of Chemical Components in HR1901-W by Preparative HPLC and NMR

In order to identify the chemical components contained in HR1901-W, it was separated
and fractionated by preparative HPLC. Nuclear magnetic resonance (NMR) was used for
structural identification. The HPLC measurement wavelength was set to 254 nm, and
the chromatography and spectra of the main components identified in the HR1901-W
chromatogram were compared. The main component peak (corresponding to compound 1)
in the 15 min was confirmed, and the maximum wavelength was shown at 252.5 nm
(Figure S1b). The spectrum of HR1901-W showed a maximum wavelength at 252.5 nm.
The 'H NMR spectrum of HR1901-W shows a peak observed at §3.58-7.7, indicating the H-
7, H-8, and H-6 protons of 2-furoic acid. Meanwhile, the IBC-NMR spectrum of HR1901-W
shows a peak at 113.05-159.45 ppm, indicating the C-2, C-3, C-1, C-4, and C-5 carbon atoms
of 2-furoic acid (Figure Slc,d). As a result of comparing the 'H-NMR and '*C-NMR spectra
with the literature, this compound was estimated to be 2-furoic acid (Figure Sla) [38]. In
this study, the chemical component of HR1901-W was set to 2-furoic acid by referring to
the results of identification via UV and NMR.

3.2. Analysis of the 2-Furoic Acid Concentration in HR1901-W

We measured the concentrations of 2-furoic acid present in HR1901-W by HPLC.
Figure 1 shows the UV spectra and chromatograms of 2-furoic acid and HR1901-W. The 2-
furoic acid and HR1901-W showed the same maximum absorption wavelength of 249.8 nm
in the UV 200 nm-400 nm wavelength range. 2-Furoic acid was separated from HR1901-W
without interference from other substances and exhibited the same peak retention time. The
2-furoic acid concentration in HR1901-W was 0.37 &= 0.01 mg/dry weight in g (Table S1).

3.3. Effect of HR1901-W on the Proliferation of MC3T3-E1 Preosteoblasts and ALP Activity

We evaluated the effects of the extracts on the cell proliferation and differentiation of
MC3T3-E1 preosteoblasts. As shown in Figure 2, we observed that varying concentrations
of HR1901-W increased the proliferation of the MC3T3-E1 cells. In addition, the ALP
activity was increased in the HR1901-W treatment. Genistein (20 pg/mL) was used as a
positive control. Thus, we deduced that the extracts promote the mineralization of the bone
extracellular matrix.
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Figure 1. HPLC chromatograms of 2-furoic acid (a) and HR1901-W (b). PDA spectra of 2-furoic acid
(c) and HR1901-W (d) from the chromatogram.
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Figure 2. Effects of HR1901-W on the cell proliferation (a) and alkaline phosphatase (ALP) activity (b)
of MC3T3-E1 cells. All values are expressed as the mean =+ standard deviation. * p < 0.05, ** p < 0.01,
and *** p < 0.001 when compared with the control.

3.4. Effects of HR1901-W on Expression Levels of Factors Related to Osteoblast Differentiation

We determined the potential of HR1901-W to induce the differentiation of MC3T3-
E1 preosteoblasts into osteoblasts. Furthermore, the total protein content of the cells
was estimated by immunoblotting. As shown in Figure 3, we observed that the protein
expression levels of ALP, OCN, and Runx2 were increased by the HR1901-W treatments
when compared to the positive control, genistein. These results suggest that HR1901-W
promotes osteoblast differentiation and osteocalcification by increasing the expression
levels of ALP, OCN, and Runx2.

3.5. Effects of HR1901-W on Osteoclast Cell Viability and TRAP Activity

We evaluated the cytotoxicity of HR1901-W on RAW 264.7 cells. As shown in Figure 4,
the different concentrations of HR1901-W did not affect the viability of the RAW264.7 cells.
Osteoclasts are bone-resorbing cells that have TRAP and calcitonin receptors. Therefore,
we determined the effect of the extracts on the differentiation of osteoclast progenitor cells
into osteoclasts via TRAP assay. HR1901-W and genistein reduced the TRAP activity of the
RAW264.7 cells. Therefore, HR1901-W inhibits TRAP activity to inhibit bone resorption.
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Figure 3. Effects of HR1901-W on the protein expression levels of alkaline phosphatase (ALP), osteocalcin
(OCN), and runt-related transcription factor 2 (Runx2) in MC3T3-E1 cells. Respective immunoblot images
of the protein expression levels of ALP, OCN, and Runx? affected by HR1901-W. Relative protein levels
of ALP, OCN, and Runx2 densitometrically quantified with $-actin in HR1901-W-treated MC3T3-E1
cells (a—). As a positive control, 20 pug/mL of genistein was used. All values are expressed as the
mean =+ standard deviation. * p < 0.05, ** p < 0.01, and ** p < 0.001 when compared with the control.
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Figure 4. Effect of HR1901-W on the cell viability (a) and tartrate-resistant acid phosphatase (TRAP)
activity (b) of RAW 264.7 cells. All values are expressed as the mean + standard deviation. * p < 0.05
and ** p < 0.01 when compared with the control.

3.6. Effect of 2-Furoic Acid on the Proliferation of MC3T3-E1 Preosteoblasts and ALP Activity

We evaluated the effect of treatment with 2-furoic acid, contained in HR1901-W, on
the cell proliferation of MC3T3-E1 preosteoblasts (Figure 5). 2-Furoic acid was found to
increase MC3T3-E1 cell proliferation in a dose-dependent manner. Also, ALP activity was
increased by treatment with 2-furoic acid. These results suggest that 2-furoic acid promotes
the proliferation of osteoblasts.
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Figure 5. Effects of 2-furoic acid on the cell proliferation (a) and alkaline phosphatase (ALP) activity
(b) of MC3T3-E1 cells. All values are expressed as the mean + standard deviation. * p < 0.05,
**p <0.01, and *** p < 0.001 when compared with the control.
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4. Discussion

Bone remodeling is a process in which old or damaged bone is removed by osteoclasts
and replaced with new bone formed by osteoblasts. Osteoblast-mediated bone formation
and osteoclast-mediated bone resorption balance dysregulation lead to abnormal bone
remodeling, leading to osteoporosis [39]. Throughout life, bone tissue undergoes con-
tinuous remodeling that requires the concerted action of bone-forming osteoblasts and
bone-resorbing osteoclasts [40]. The current research trend for anti-osteoporotic treatment
and prevention is to induce bone remodeling through the regulation of osteoblasts or
osteoclasts using natural dietary compounds.

B. hispida (Thunb.) Cogn. is a cucurbitaceae, a food material with potential for func-
tional food production. B. hispida fruit has pharmacological activities such as antioxidant,
anti-inflammatory, gastroprotective, and neuroprotective properties [32,34-36,41]. The
various pharmacological effects of B. hispida can be attributed to the presence of phenolic
compounds. Previous studies reported the identification of astilbin, catechin, and narin-
genin in B. hispida fruit, and the quantification of gallic acid [28,42]. Despite the several
health benefits associated with B. hispida, studies investigating its therapeutic efficacy on
bone health have not yet been conducted. In this study, the chemical components of B. hispida
extract (HR1901-W) were isolated and identified, and their ability to regulate factors related
to the differentiation and proliferation of osteoblasts and osteoclasts was evaluated.

We analyzed the chemical components of HR1901-W. The main chemical component
of HR1901-W was identified as 2-furoic acid (0.37 £ 0.01 mg/dry weight in g). 2-Furoic
acid has been reported to be effective in reducing cholesterol and in controlling blood sugar
level and osteoporosis [43-45]. The phytochemical constituents of Celastrus paniculatus
seed 70% ethanol extract included 1.61% 2-furoic acid [46], and the main sugar of Castanea
sativa Mill shells acetyl soluble extracts was 2-furoic acid (7.12%) [47]. Also, the content
of 2-furoic acid in the aqueous extract of Agave tequilana Weber leaves was reported to be
1.8~3.5 mg/L [48,49].

Bone homeostasis is maintained by a balance between the synthesis of bone matrix by
osteoblasts and resorption of the bone tissue by osteoclasts. We investigated the in vitro
effects of HR1901-W on mouse osteoblast and osteoclast metabolism. The natural isoflavone
phytoestrogen genistein was used as a positive control. The natural decrease in endogenous
estrogen synthesis during menopause in women increases the risk of osteoporosis due to a
decrease in bone mineral density and negative changes in bone microarchitecture [50,51].
Genistein has been shown to stimulate osteoblastic bone formation, inhibit osteoclastic
bone resorption, and prevent bone loss in ovariectomized rats. In addition, the effect of
decreasing bone resorption and increasing bone formation in postmenopausal women has
been reported [52-56].

Osteoblasts secrete bone matrix proteins such as type I collagen, OCN, and ALP to
produce proteins that constitute the bone [57-59]. Moreover, these factors are specific to
early osteoblast differentiation, making them important factors that can determine the
degree of differentiation of osteoblasts. They are expressed in high concentrations in
the outer cell membrane of osteoblasts and mineralized tissues, and they are involved
in the transport of inorganic phosphates during the mineralization process [60-62]. The
osteoblast lineage is determined by the expression of Runx2 and (-catenin in multipotent
mesenchymal stem cells. On the other hand, maturation of the committed osteoblast
precursors is characterized by the activation and expression of ALP [63]. Mature osteoblasts
are embedded in osteoids to form osteocytes, which are involved in the 3-catenin-mediated
synthesis of OCN and synthesis of the bone matrix to form bone mass. This is followed by
bone remodeling and mineral metabolism [64,65]. HR1901-W significantly increased the
proliferation and ALP activity of MC3T3-E1 osteoblasts. The expression of the osteoblast
differentiation factors Runx2, ALP, and OCN was significantly inhibited by HR1901-W
treatment in the MC3T3-E1 osteoblasts. We also confirmed that 2-furoic acid, the chemical
component identified in HR1901-W, increased osteoblast proliferation and ALP activity.
When given orally to ovariectomized rats, 2-furoic acid prevented bone loss by selectively
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inhibiting bone resorption activity by osteoclasts [45]. Plant extracts may contain many
individual components that elicit a biological effect [66]. The physiological activity of
plant extracts may be synergistic, additive, or antagonistic due to the mixture of various
compounds [67-69]. Therefore, further studies are needed on the potential of 2-furoic acid
to affect the bone health efficacy of HR1901-W.

Osteoclasts are large cells that resorb mineralized matrix by secreting acids and colla-
genases [70]. TARP-positive mononuclear cells differentiate into committed preosteoclasts
that subsequently fuse to form multinuclear cells that eventually differentiate into mature
osteoclasts [71]. Excessive osteoclastic activity is associated with decreased bone mass
and increased fractures, both of which are characteristics of osteoporosis [72]. During
bone resorption, osteoclasts attach to the mineralized bone matrix to dissolve minerals
and secrete protons and proteases that digest the organic compounds of the bone [73-75].
Therefore, TRAP is widely used as a marker for osteoclast differentiation. We confirmed
that HR1901-W inhibited osteoclasts from secreting TRAP in a dose-dependent manner.

In summary, we demonstrated that HR1901-W promotes bone formation by up-
regulating the differentiation of MC3T3-E1 osteoblasts. It also inhibits the differentiation of
RAW 264.7 cells, thereby inhibiting osteoclast formation. Although the present study stud-
ied factors related to the differentiation of osteoblasts and osteoclasts at the in vitro level, it
is necessary to reproduce the mechanism and perform in vivo level studies in follow-up re-
search. Taken together, HR1901-W is effective in promoting bone formation and inhibiting
bone resorption, suggesting that it is a potential natural plant-based functional food for
preventing osteoporosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12178849/s1, Figure S1: Structure of 2-furoic acid from
HR1901-W (a). Chromatogram and PDA spectrum of Benincasa hispida extract (HR1901-W) separated
and fractionated by preparative HPLC (b). HPLC 'H-NMR and '3C-NMR spectra (c,d) of HR1901-W;
Figure S2: Original blots of Western blot. Original blots of Figure 4; Table S1: The content of 2-furoic
acid in HR1901-W.
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