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Teriparatide, also known as 1-34 parathyroid hormone (PTH (1-34)), is commonly used for the treatment of osteoporosis in
postmenopausal women. But its therapeutic application is restricted by poor metabolic stability, low bioavailability, and rapid
clearance. Herein, PTHG2, a glycosylated teriparatide derivative, is designed and synthesized to improve PTH stability and
exert more potent antiosteoporosis effect. Surface plasmon resonance (SPR) analysis shows that PTHG2 combines to PTH 1
receptor. Additional acetylglucosamine covalent bonding in the first serine at the N terminal of PTH (1-34) improves stability
and increases protein hydrolysis resistance. Intermittent administration of PTHG2 preserves bone quality in ovariectomy-
(OVX-) induced osteoporosis mice model, along with increased osteoblastic differentiation and bone formation, and reduced
marrow adipogenesis. In vitro, PTHG2 inhibits adipogenic differentiation and promotes osteoblastic differentiation of bone
marrow mesenchymal stem cells (BMSCs). For molecular mechanism, PTHG2 directs BMSCs fate through stimulating the
cAMP-PKA signaling pathway. Blocking PKA abrogates the pro-osteogenic effect of PTHG2. In conclusion, our study reveals
that PTHG2 can accelerate osteogenic differentiation of BMSCs and inhibit adipogenic differentiation of BMSCs and show a

better protective effect than PTH (1-34) in the treatment of osteoporosis.

1. Introduction

Osteoporosis is a primary public health problem listed by the
World Health Organization (WHO) [1]. Recently, imbalance
of BMSC osteogenic and adipogenic differentiation in both
age-related or postmenopausal osteoporosis has been
regarded as a major risk factor [2-4]. Current clinical treat-
ment of osteoporosis is aimed at recovering a normal bone
metabolic balance [5, 6].

BMSCs are derived from bone marrow, self-renewal, and
multipotential progenitor cells of osteoblasts and adipocytes
in appropriate conditions [7, 8]. The balance of adipo-
osteogenic differentiation is under a precise control of both
biological and mechanical factors. Under aging or patholog-
ical conditions like osteoporosis, BMSCs experience differ-

entiation shift from osteoblasts to adipocytes which leads
to adipocytes accumulation, aberrant skeletal architecture,
and elevated fracture risk [9-11].

Excessive adipogenesis of BMSCs is correlated with oste-
oporosis progression. Adipose tissue accumulation is com-
monly observed in osteoporosis, at the expense of impaired
osteogenic regeneration and bone formation [12]. The dif-
ferentiation of BMSCs into adipocytes takes precedence over
osteoblasts in osteoporosis [13]. BMSCs differentiate into
adipocytes, which competes with bone marrow osteoblast
formation [13, 14]. Adipocytes secrete adiponectin which
inhibits the osteogenic differentiation of BMSCs [15]. Mir-
188 is overexpressed in aged BMSCs, which accelerates
adipogenesis and inhibits osteogenesis [16]. Inhibition of
Mir-188 reduces adipogenesis and alleviates osteoporosis.
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Directing BMSC differentiation fate remains a promising
therapeutic tactics in the healing of osteoporosis. Peroxi-
some proliferator-activated receptors y (PPARy) are fat-
specific nuclear transcription factors which adjust the
expression of related genes in adipocytes. PPARy can pro-
mote adipocyte propagation and differentiation [17, 18].
Several researches use antagonist drugs of PPARY to inhibit
adipocyte generation, such as bisphenol-A-diglyceryl ether
(BADGE), SR10171, and Oleuropein; all of which have been
proved to inhibit the expression of PPARY in BMSCs, inhibit
adipocyte generation, and enhance BMSCs osteogenic differ-
entiation, thus relieving osteoporosis [14, 19].

Parathyroid hormone and PTH (1-34) as a sort of ana-
bolic therapeutic agent of osteoporosis are widely applied.
PTH (1-34) orchestrates multiple cells and signaling path-
ways that regulate BMSC differentiation. Intermittent
administration of PTH (1-34) stimulates bone remodeling
and increases bone synthesis [20-24]. PTH (1-34) adminis-
tration increases nestin* BMSCs in vivo [25, 26] and directs
BMSC differentiation [27, 28]. However, as a linear polypep-
tide, PTH (1-34) has inherent disadvantages such as poor
metabolic stability, low bioavailability, and rapid clearance
[29]. Besides, linear peptides are unstructured and have a
weak secondary structure in liquor that makes it difficult tar-
geting related receptors [30].

Glycosylation is closely related to protein stability. It can
make polypeptide adopt a certain conformation or stabilize
the current conformation to improve the hydrophilicity
and bioavailability [31-34]. Our team has previously
designed an osteoprotegerin- (OPG-) based glycopeptide
which is modified with acetylglucosamine. This glycopeptide
exhibits a higher secondary structure stability, a stronger
affinity to RANKL, and a better resistance to protease cleav-
age than OPG. Glycosylation renders OPG stronger inhibi-
tory effects on osteoclast formation [35].

In this study, for the first time, our group synthesized a
glycosylated teriparatide named PTHG2, and we found that
PTHG2 had a better resistance to proteolytic cleavage. Ani-
mal experiments showed that PTHG2 preserved bone mass
and reduced bone marrow adipocytes. Moreover, we further
demonstrated that PTHG2 increased osteogenic differentia-
tion and inhibited adipogenic differentiation of BMSCs
through cAMP-PKA signaling pathway. The data of this
research suggest that glycosylation is a new modification to
improve the clinical utility of PTH (1-34), and PTHG2 could
be a potential bone-forming stimulating drug.

2. Materials and Methods

2.1. Media and Reagents. PTHG2 was kindly provided by
Prof. Honggang Hu from Institute of Translational Medi-
cine, Shanghai University. This peptide was generated by a
general program of Fmoc solid-phase peptide synthesis
(purity > 99%). PTH (1-34) was provided from Beyotime
Biotechnology Co. Ltd. (Shanghai, China, purity > 99%)
and dissolved in ultrapure water. C57BL/6 mouse bone mar-
row mesenchymal stem cells complete medium (MUBMX-
90011), osteogenic induction medium (MUBMZX-90021),
and adipogenesis induction medium (MUBMX-90031) were
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purchased from Cyagen Biosciences (Soochow, China). We
bought 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/Ni-
tro Blue Tetrazolium (NBT) Alkaline Phosphatase Color
Development Kit (C3206) from Beyotime Biotechnology.
In addition, we purchased Alizarin Red S Solution (1%,
pH4.2; G1452) and Oil Red O stain kit (For Cultured Cells)
(G1262) from Solarbio Life Sciences (Beijing, China).

2.2. Real-Time Quantitative PCR. We got Prime Script RT
Master Mix (RR036A) and SYBR Premix Ex Taq
(RR420A) from Takara Bio Inc. (Shiga Prefecture, Japan).
The total RNA 1 mg extracted from Prime Script RT Master
Mix and TRIzol was used to reverse transcription for com-
plementary DNA (cDNA) and as a model for latter real-
time qPCR reaction. QTOWER real-time PCR Thermal
Cycle Analyzer was used for the QPCR process. The reaction
mixture contained forward and reverse primers, SYBR
Green Premix Ex Taq and ¢cDNA. The reaction condition
was 95°C for 3 minutes, following cycle 40 times at 95°C
for 10 seconds, 60°C for 20 seconds, 72°C for 20 seconds,
and final 20 seconds at 72 degrees. The primers used in this
paper are as follows: GAPDH (Forward: 5'-ACCCAGAAG
ACTGTGGATGG-3', Reverse: 5'-CACATTGGGGGTAG
GAACAC-3"); BGLAP (Forward: 5'-GGTGCAGACCT
AGCAGACACCA-3'; Reverse: 5'-AGGTAGCGCCGGAG
TCTATTCA-3'); Osterix (Forward: 5'-CTTCCCAATCC
TATTTGCCGTTT-3', Reverse: 5'-CGGCCAGGTTACTA
ACACCAATCT-3"); Runx2 (Forward: 5'-CCATAACGG
TCTTCACAAATCCT-3'; Reverse: 5'-TCTGTCTGTGC
CTTCTTGGTTC-3'); Fabp4 (Forward: 5'-GTAAATGGG
GATTTGGTCAG; Reverse: TATGATGCTCTTCACCTTC
C); PPARy (Forward: 5'-GCGATTCCTTCACTGATAC-3'
; Reverse: 5'-GCATTATGAGCATCCCCAC-3"); Adipo (5'
-TGTTCCTCTTAATCCTGCCCA-3' and 5'-CCAACC
TGCACAAGTTCCCTT-3"). Data were standardized to
GAPDH using 2724¢T method.

2.3. Immunofluorescence and Histological Assessment. Pri-
mary antibodies: anti-Osteocalcin antibody (ab93876,
1:250), anti-GAPDH antibody-loading control (ab9485,
1:10000), and recombinant anti-FABP4 antibody
(EPR3579 (ab92501, 1:1000) were obtained from Abcam
(Cambridge, UK). Runx2 (D1L7F) rabbit mAb (12556,
1:1000), PPARy (C26H12) rabbit mAb (2435, 1:1000), adi-
ponectin (C45B10) rabbit mAb (2789, 1:1000), CREB
(48H2) rabbit mAb (9197, 1:1000), and phospho-CREB
(Ser133) (87G3) rabbit mAD (9198, 1:1000) were purchased
from Cell Signaling Technology (Danvers, MA), fluores-
cently labeled secondary goat anti-rabbit IgG antibody (Dy
Light), goat anti-rabbit IgG H&L (HRP) (ab6721, 1:1000),
and goat anti-rabbit IgG (Alexa Fluor® 488) (ab150077,
1:100) were obtained from Abcam (Cambridge, UK). Primer
pairs were purchased from Sangon Co. (Shanghai, China).
Recombinant parathyroid receptor 1 (PTH (1-34) R1) pro-
tein was purchased from Lianmai Bio-Engineering Co. Ltd.
(Shanghai, China). H89-2HCI (S1582) was purchased from
Selleck chemicals (Texas, United States). The purity of other
chemicals was highest available. For immunofluorescence
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staining, the femur was decalcified 21 days and embedded in
paraffin. The section thickness was 4 um. After dewaxing
and hydrogen peroxide treatment, the antigen repair process
was carried out at 65°C for 30 min and 93°C for 13 min using
sodium citrate buffer. The samples were sealed with 10%
goat serum at normal temperature for 1 h and reacted with
primary antibody at 4°C for 14-16 hours. After washing,
the samples were reacted with goat anti-rabbit IgG (Alexa
Fluor® 488) at room temperature for 1h, followed by stain-
ing with DAPI. For immunohistochemical experiments, the
same procedures were used for section process. After
overnight incubation, the goat anti-rabbit IgG (HRP) was
incubated with goat anti-rabbit at room temperature for
1h for subsequent DAB reaction. For H&E staining, slices
were dewaxed, dyed with hematoxylin and eosin, and finally,
processed with hydrochloric acid and ethanol.

2.4. Protease Stability Experiment. The purified PTH (1-34)
and PTHG2 were dissolved in DMSO at concentration of
I mg/ml as liquor A. Dissolve a-chymotrypsin in CaCl,
and PBS liquid (pH =7.4, including 2mM CaCl,) as solu-
tion B to an ultimate concentration of 0.15ng/ul. 5ul of
liquor A was mixed with 195 ul of solution B. After incuba-
tion in 37° for 0, 10, 20, 30, 40, 60, 90, 120, and 180 minutes,
high-performance liquid chromatography method was used
to detect the peptide residues.

2.5. CD Spectroscopy Study. CD parameters was collected on
a JASCO J-820 spectropolarimeter (JASCO Corp., Ltd). PTH
(1-34) and PTHG2 polypeptides were dispersed in 50.0%
TFE solution (TEF : pureaqueous=1:1) to an eventual
concentration of 50 M. The sample ellipticity data were col-
lected at 25°C and 195 nm. The helicity of the polypeptide is
calculated by the following formula [36, 37].

a= Em x 100%. (1)

max

[6],,, was the molar ellipticity at the absorption wave-
length of 222 nm, (6], = (—4400+250T) (1 - K/N), K=4
, and N was the number of amino acids of the polypeptide

(n=34).

2.6. Surface Plasmon Resonance (SPR). The SPR test was car-
ried out using a Biacore T200 system (GE Healthcare, Swe-
den) with a CM5 chip at 25°C. PBS was used to dissolve
PTH (1-34) R1 on CM5 chip, and the optimal concentration
was 50 pg/ml. SPR was used to detect the affinity of PTH (1-
34) and PTHG2 solutions, and the contact time was 60s.
Then, different concentrations of PTH (1-34) and PTHG2
were appended at the same flow rate and contact time for
kinetic analysis.

2.7. OVX-Induced Bone Loss Model. Seventy-two female
C57/BL6 mice of 11 weeks old were distributed into six
groups (n =12 per group): sham (sham surgery with saline
solution), OVX group (with saline solution injection),
OVX with low-dose PTH (1-34) (20 pug/kg), OVX with
high-dose PTH (1-34) (40 ug/kg), OVX with low-dose

PTHG2 (20ug/kg), and OVX with low-dose PTHG2
(20 ug/kg). After intraperitoneal injection of pentobarbital
(40 mg/kg) anesthesia, all mice except sham group proceed
bilateral ovariectomy to cut off ovaries and ligated oviduct.
One week after surgery, mice were given intraperitoneal
injection of corresponding medication daily for 8 weeks.
After 8 weeks of therapy, the mice were sacrificed and
immobilized with 4% PFA for 48 h. Micro-CT scan and his-
tological evaluation were performed.

2.8. Microcomputed Tomography (Micro-CT). Three-dimen-
sional reconstruction of the collected femur was performed
using a SkyScan1275 high-resolution ratio micro-CT scan-
ner (Bruker, Billerica, USA). For the femur sample, the volt-
age and current of the image acquisition parameters were
50kV and 60 4A, and the isotropic resolution was 11.5 ym.
Trabecular thickness (Tb. Th, mm), ratio of bone surface
area to bone volume (BS/BV, mm), bone volume fraction
(BV/TV, %), trabecular number (Tb. N, mm), trabecular
spacing (Tb. Sp, mm), and ratio of bone surface area to tis-
sue volume (BS/TV, mm) were calculated.

2.9. BMSC Isolation. BMSCs were extracted from the femo-
ral and tibial marrow cavity of 5-week-old C57/BL6 mice
and cultured in mouse bone marrow mesenchymal stem cell
medium for 2-3 days. The new culture medium was changed
until the adherent cells grew 95% confluence and cell pas-
sage, or subsequent experiments were carried out. The cell
growth environment was 37°C, 5% CO,, and 10% humidity.

2.10. Cell Viability Assay. Cell viability of BMSCs were tested
using the CCK-8 (Dojindo Molecular Technology, Kuma-
moto, Japan) according to instruction. BMSCs were inocu-
lated in a 96-well plate (5 x 10° cells per well) and hatched
overnight. On the second day, cells were treated with PTH
(1-34)/PTHG2 with different concentrations (0, 0.005, 0.01,
0.1, 1, and 100 uM) for 48h and 96 h. Then, cells were dis-
posed with 10 ul of CCK-8 reagent for 2 hours. After incuba-
tion, the absorbance was measured at 450 nm in a Biotek
Cytation 5 System (Biotek Instruments, Vermont, USA).

2.11. In Vitro Osteogenesis Assay. BMSCs were cultured in
12-well plates (5x 10* per well). When the density of cell
reached 90%, the basic medium was exchanged with osteo-
genic differentiation medium of mouse BMSCs, and the
medium was replaced every two days. After the induction
of 7 days, the cells were immobilized with 4% PFA for
15 min, and the osteogenic differentiation ability was tested
using the BCIP/NBT Color Development Kit. In order to
test the ability of bone mineralization, BMSCs were treated
according to the above method for 21 days. After treatment,
the cells were immobilized with 4% PFA for 15 min, washed
with 1x PBS for three times, and then saturated with 1%
Alizarin Red S solution at room temperature for 30 minutes.
After the plate was air-dried, the image was carried out with
a microplate analyzer, and the ALP and mineralization
degree were measured with Image J (Edition, Manufacturer).

2.12. In Vitro Adipogenesis Assay. BMSCs were inoculated
into 12-well plates (2 x 10* per well). When the degree of cell



confluence reached 100%, liquid A of mouse BMSC cell adipo-
genesis induction differentiation medium was added into the
wells. After 3 days of induction, liquid B replaced A for 1
day. The induction and maintenance process were repeated
until sufficient lipid droplets of appropriate size are present.
The oil red O staining kit was used, and the oil red staining
was executed according to manufacturer’s instructions.

2.13. Western Blotting. To investigate whether PTHG2
worked through the cAMP-PKA signaling pathway, BMSCs
were first starved for 1hour, and cells were treated with or
without H89-2HCI for 1hour and then stimulated with
10uM PTH (1-34)/PTHG2 for 6 hours, respectively. The
unstimulated group was the control group. After the stimu-
lation, the cells were digested, and RIPA cell lysate (contain-
ing protein phosphatase inhibitors) was added and
centrifuged. 30 ug protein was separated with SDS-PAGE.
The proteins were then shifted to the nitrocellulose mem-
brane using a trans-Blot Turbo Transfer System (Bio-Rad
Laboratories, Hercules, CA, USA). Membrane was sealed
with 5% bovine serum albumin (BSA) for 1h. Membrane
and specific primary antibody were incubated overnight at
4°C. Then, membrane was disposed with fluorescently
labeled secondary Goat anti-Rabbit IgG Antibody (Dylight)
for 1 hour at 25°C. The protein bands were imaged with a
Bio-Rad visual imaging system (Bio-Rad Laboratories,
Hercules, CA), and the relative protein expression was ana-
lyzed by Image J.

2.14. Animal Ethics Statement. All animal models were con-
ducted on the basis of the approval of the Ethics Committee
of Shanghai University. All the animals were kept in a feed-
ing environment with a 12-hour day/night cycle at 22-25°C.

2.15. Statistical Analyses. All data were analyzed by Graph-
Pad Prism8 software and presented as means plus standard
deviation. Independent t-test was used to examine the dis-
crepancies between the two groups. Meanwhile, one-way
ANOVA was used for statistical analysis across multiple
samples. Each in vitro experiment was repeated three times.
p value less than 0.05 represented a statistically significance.

2.16. BrdU Staining. Cells were cultured with 10 uM BrdU
for one hour and fixed in 70% ethanol at -20 C. After wash-
ing with phosphate/citric buffer (40 ml Na,HPO, with 4 ml
0.1 M citric acid), the cells were incubated with anti-BrdU
antibody for one hour, then stained with propidium iodide
(PI). For PI/RNase staining, cells were incubated with
0.5ml of PI/RNAse staining buffer (BD Pharmingen) at
25°C for 15 minutes, then analyzed by flow cytometry.

3. Results

3.1. PTHG2 Shows Better Pharmacological Properties Than
PTH (1-34) In Vitro. PTHG2 was a glycosylated derivative
obtained by acetylglucosamine modification of PTH (1-34)
N-terminal serine (Figure 1(a)). PTH (1-34) and PTHG2
were treated with chymotrypsin, and the antiproteolytic sta-
bility was detected. Results showed that the degradation of
PTH (1-34) polypeptide tended to stabilize at 55%, and
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PTHG2 was maintained at 83% (Figure 1(b)) after 90 min
at the same concentration. The secondary structure of the
synthetic glycopeptide was analyzed by CD. The helicity of
PTH (1-34) was 38.5% lower than 39.1% of PTHG2
(Figure 1(c)). To test whether PTHG2 activated PTHRI,
we ran the affinity detection module to conduct SPR afinity
test, and the KD values of PTH (1-34) and PTHG2 were
62.3 uM and 49.3 uM (Figure 1(d)). Taken together, PTHG2
had better protease stability, peptide helicity value, and anal-
ogous PTHRI affinity compared with PTH (1-34).

3.2. Intermittent Administration of PTHG2 Alleviates Bone
Loss in OVX Mice Model. In order to test the protective effect
of PTHG2 on bone loss in vivo, we performed OVX surgery
to simulate postmenopausal bone loss. Micro-CT results
exhibited that bone volume fraction (BV/TV) and bone tra-
beculae number (Tb. N) were significantly decreased after
OVX operation compared with sham group. In comparison
to OVX group, BV/TV, Tb. N, and BS/TV (relative bone
volume fraction) significantly increased after intermittent
disposal of PTH (1-34) (20/40 ug’kg"). Similarly, intermit-
tent usage of PTHG2 (20/40 yg-kg") also had a similar
effect on bone mass (Figures 2(a) and 2(b)). Histological
evaluation showed that the number of lining cells on the
trabecular bone surface after PTHG2 treatment was signifi-
cantly increased compared to the OVX group (Figures 2(c)
and 2(d)). The bone volume fraction of mice was also
similar to that of the PTH (1-34) group, indicating that
intermittent administration of PTHG2 could achieve the
comparable bone mass recovery effect as that of PTH (1-
34) (Figure 2(e)).

3.3. PTHG2 Protects the Reduced Osteoblast Activity Induced
by OVX and Weakens the Formation of Bone Marrow
Adipocytes. To further illustrate the potential mechanisms
of PTHG2-mediated bone protection, we performed a histo-
logical evaluation. Histological images of OCN staining of
the distal femur displayed a significant increase in OCN pos-
itivity in the PTHG2-treated group (Figures 3(a) and 3(b)),
indicating that PTHG2 increased the level of BMSCs that
differentiated into osteoblasts. At the same time, we
extracted the bone mRNA of the upper limb of mice for
qPCR analysis. Compared with the OVX group, the expres-
sion of OCN gene was significantly increased after PTHG2
treatment (Figure 3(c)). The adipocytes in HE staining
images were analyzed by counting vacuoles (Figure 3(d)).
The results showed that the adipocytes in the metaphysis
of OVX group significantly increased. Compared with
OVX group, the number of cavitation was significantly
reduced after PTHG2 treatment. To further evaluate the adi-
pogenesis, we performed histological evaluation of FABP4
protein in adipocytes of the distal femur by IHC
(Figure 3(e)). As exhibited in staining image (Figure 3(f)),
the number of FABP4-positive cells in the OVX group was
increased compared with the control group, and PTHG2
reduced the number of FABP4-positive cells in OVX mice.
PTHG2 impaired OVX-induced adipocyte formation. We
also confirmed the conclusion at the gene level. QPCR
results confirmed that PTHG2 could achieve the same effect
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FIGURE 1: The stability of PTHG2 is better than that of PTH (1-34). (a) The structural formula of PTHG2; (b) the resistance of PTH (1-34)
and PTHG2 to proteolytic cleavage was measured; (c) CD spectra of PTHG2 in 50.0% TFE water solution at 20°C; (d) the affinity between
PTHG2 and PTHRI. Data appeared as mean + standard deviation (n = 3).

as PTH (1-34) in inhibiting adipocyte generation
(Figure 3(g)). All the above results suggested that the posi-
tive effect of PTHG2 on bone mass was caused by the regu-
lation of adipo-osteogenic differentiation in BMSCs.

3.4. Intermittent PTHG2 Accelerates Osteogenic Differentiation
of BMSCs and Restrains Adipogenic Differentiation In Vitro.
To further verify that PTHG2 interfered adipo-osteogenic
differentiation balance of BMSCs, we conducted a series of

in vitro experiments. Before evaluating the effect of PTHG2
on osteogenic differentiation and adipogenic differentiation
of BMSCs, CCK-8 activity assay was carried out. Results
showed that PTHG2 had no toxicity to BMSCs at concentra-
tions below 100 M (Supplementary Materials 1(a)). In addi-
tion, we conducted in vivo tissue toxicity test and found that
PTHG?2 had no toxicity to the heart, liver, spleen, lung, and
kidney of mice (Supplementary Materials 2(a)). PI staining
was performed on the cells, and cell cycle was analyzed by
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FIGURE 2: Intermittent injection of PTHG?2 alleviated bone loss in mice induced by OVX. (a) Representative micro-CT images of femora of
control group and curative groups; scale bar, 1 mm; (b) quantitative micro-CT of bone volume per tissue volume (BV/TV), number of
trabeculae (Tb. N), relative bone volume fraction (BS/TV), bone surface area/bone volume (BS/BV), trabecular thickness (Tb. Th), and
bone surface area/tissue volume (BS/TV); (c) H&E staining of femora. Scale bar, 100 ym; (d) quantitative number of lining cells. (e)
Quantitative H&E staining of bone volume per tissue volume (BS/TV). Scale bar, 30 yum, n =6 per group (*p <0.05, **p<0.01, ***p<

0.001, ****p < 0.001).

flow cytometry. It was found that PTHG2 had no effect
on cell cycle (Supplementary Materials 1(b)). The effect
of PTHG2 on osteogenic differentiation and mineralization
of BMSCs were examined. BMSCs were stimulated with
10nM PTH (1-34) and PTHG2 in the presence of (-
sodium ascorbic acid and glycerophosphate and dexameth-
asone in conditioned medium for 7 and 21 days (6h/day),
respectively. After 7 days of differentiation, the PTHG2-

treated group significantly enhanced the osteogenic differ-
entiation activity of BMSCs (Figure 4(a)) and bone miner-
alization (Supplemental Materials 1(c)). Meanwhile, RNA
from cell samples was extracted, and the gene expression
of Osterix, OCN, and Runx2 in the differentiation process
was detected. The expression of Runx2 in PTHG2-treated
group was higher than that in control group
(Figure 4(b)). Protein levels was also examined at 3, 7,
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Ficure 3: PTHG2 protects the reduced osteoblast activity induced by OVX and weakens the formation of bone marrow adipocytes. (a)
Representative images for immunofluorescence assay of osteocalcin (OCN). (b) Quantitative positive cells of OCN. (c) The relative
expression of osteoblast marker gene (OCN) following PTHG2 treatment was quantified by real-time PCR. (d) Quantitative lipid
droplets of H&E staining. (e) Representative images for immunohistochemistry assay of Fabp4 and (f) quantity. (g) The relative
expression of adipocyte marker gene (Fabp4) following PTHG2 treatment was quantified by real-time PCR. Values presented as the
mean + standard deviation (n = 3); scale bar, 50 ym; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001.

and 10 days, and results showed that PTHG2 promoted
osteogenic differentiation of BMSCs in a time-dependent
manner. Besides, ALP and RUNX2 protein levels were sig-
nificantly increased compared to the control group
(Figure 4(c)). Then, we examined the effect of PTHG2
on the adipocyte differentiation of BMSCs. BMSCs were
induced into adipogenesis in conditioned medium contain-
ing insulin, rosiglitazone, IBMX, and dexamethasone for 21

days and then infiltrated with. The consequences of the oil
red staining showed that, compared with the control,
PTHG2 did not increase the number of adipocytes
(Figure 4(d)). We also tested the gene and protein levels
which showed that the gene protein expression of the
PTHG2-treated samples was resemble to that of the con-
trol group (Figures 4(e) and 4(f) and Supplementary Mate-
rials 1(d)). The above results confirmed that intermittent
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Ficure 4: PTHG2 promotes osteogenic differentiation of BMSCs and inhibits adipogenic differentiation. (a) BMSCs were cultured in
osteoblast medium for 7 days, and the ALP positive area was measured. (b) The relative expression of osteoblast marker gene
(OCN/Osterix/RUNX2) following PTHG2 treatment was quantified by real-time PCR. (c) Western blotting assays of ALP and RUNX2
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administration of PTHG2 in vitro changed the balance of
adipo-osteogenic differentiation of BMSCs, promoted the
differentiation of BMSCs into osteoblasts, and inhibited
the differentiation of BMSCs into adipocytes.

3.5. PTHG2 Enhances the Differentiation of BMSCs into
Osteoblasts by Stimulating cAMP-PKA Pathway. cAMP-
PKA signaling pathway was a crucial mechanism of PTH
(1-34) stimulating bone anabolism [38, 39]. After PTH (1-
34) activated PTHR1 on the surface of cell membrane,
classical G protein signaling cascade occurred. Activated
adenylate cyclase (AC) signaling cascade leaded to excitation
of protein kinase A (PKA) and phosphorylation of transcrip-
tion factor CREB. P-CREB regulated PTH (1-34) down-
stream genes [40]. H89-2HCI was a PKA inhibitor, which
was used to study the activation of cAMP-PKA signaling
pathway. The above SPR experiment confirmed that PTHG2
also activated PTHRI1 receptor. To verify whether PTHG2
phosphorylated CREB through the cAMP-PKA signaling
pathway, CREB transcription factor protein levels were first
measured. BMSCs were stimulated with PTH (1-34) and
PTHG2 for 6 hours with or without the addition of H89-
2HCIL. Cell proteins were extracted, and the protein expres-
sions of CREB and p-CREB were detected (Figure 5(a)).
The consequences showed that PTHG2 increased the phos-
phorylation level of CREB. The phosphorylation level of
CREB was not increased in H89-2HCL group, which con-

firmed that PTHG2 stimulated the phosphorylation of
CREB. Then, we used H89-2HCI to interfere with the pro-
cess of osteogenic differentiation and mineralization of
BMSCs. The results affirmed that PTHG2 stimulated osteo-
genic differentiation of BMSCs through the cAMP-PKA sig-
naling pathway (Figures 5(b) and 5(c)). Interestingly, the
adipogenic differentiation activity of BMSCs was enhanced
after PKA signal blocking (Figures 5(d) and 5(e) and Supple-
mentary Materials 1(e)). In general, the N-terminal
acetylglucosamine-modified derivative of PTH (1-34) acti-
vated the cell membrane surface receptor PTHR1 of BMSCs,
activated AC, stimulated PKA, and phosphorylated CREB
transcription factor, thus activating osteogenic-related target
genes and inhibiting adipogenesis-related target genes
(Figure 6).

4. Discussion

Osteoporosis is a serious disease in the aged population
which currently affects 200 million people worldwide and
causes approximately 8.9 million fractures every year [41,
42]. About 21.4% of postmenopausal women over the age
of 50 may have osteoporosis, and 51.2% of them have signif-
icant bone mass loss [43]. Though the needs of treating oste-
oporosis are urgent, well-recognized therapeutic methods
are still absent.
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Developing antiosteoporosis drugs based on a funda-
mental conception that osteoporosis is a metabolic bone dis-
ease caused by overactivation of bone resorption and low
activity of bone formation. This imbalance decreases bone
mass, destroys microstructure of bone, and increases bone
fragility which leads to high risk of fragile fracture. Compar-
ing with many antibone resorption drugs such as bispho-
sphonates, RANK ligand (RANKL) inhibitor, and selective
estrogen-receptor modulator (SERM), the number of bone
formation stimulating agents is less because of unclear regu-
latory mechanism of BMSC osteogenic differentiation.
BMSCs are a group of newly discovered mesenchymal stem
cells in recent years [44]. BMSCs are self-renewal, three-line
differentiation (osteogenesis, adipogenesis, and chondrogen-
esis) and show strong immune regulation role [45]. Most of
osteoblasts and adipocytes in bone marrow are derived from
BMSCs [8].

The unbalanced differentiation of BMSCs is one of the
causes of osteoporosis [46]. Latest researches have shown
that osteoporosis is accompanied by a boost of bone marrow
adipose tissue [47]. Another research has confirmed that the
number of osteoblasts decreases and adipocytes increases in
the marrow of patients with osteoporosis [48]. BMSCs taken
from clinical samples of women with osteoporosis and the
control group are compared, and differences are found in
the ability of osteogenic and adipogenic differentiation
[49]. The decreased ability of BMSCs to produce osteoblasts
makes them more prone to produce adipocytes, leading to
osteoporosis and even fragility fractures [50].

Regulating the differentiation fate of BMSCs is a potential
treatment option for osteoporosis. Several studies have revealed
that PTH (1-34) could promote BMSC osteogenic differentia-
tion and inhibit adipocyte formation [51, 52]. PTH (1-34) has
been revealed to enhance bone formation, and intermittent
low-dose application of PTH (1-34) can increase osteoblast dif-
ferentiation and suppress adipocyte differentiation of BMSCs

[53]. In the OVX model of rats, osteogenic gene expression is
increased, and adipogenesis gene expression is decreased after
PTH (1-34) treatment, such as PPARy. PTH (1-34) promotes
BMSC osteogenic differentiation and inhibits adipocyte forma-
tion [51, 52]. PTH (1-34) stimulates bone anabolism by activat-
ing the intracellular second messenger cAMP [54]. PKA, as a
downstream signaling pathway of cAMP, is stimulated by
PTH (1-34) to phosphorylate CREB and activate downstream
osteogenic differentiation marker genes [54-56].

Protein glycosylation can improve stability of PTH (1-
34). PTH (1-34) is the sole synthetic drug applied to the
treatment of postmenopausal osteoporosis, glucocorticoid-
related osteoporosis, and osteoporosis with high risk of frac-
ture [57]. However, as a long chain linear polypeptide, PTH
(1-34) has disadvantages such as short action time and
unstable secondary structure in solution. Using appropriate
modification to offset those disadvantages may improve the
willingness of using PTH (1-34). Protein glycosylation is
an important posttranslation modification [31]. Glycosyla-
tion increases peptide bioavailability and hydrophilicity,
induces peptides to employ certain conformations and/or
stabilizes the conformations in existence, and heightens pep-
tide resistance to proteolytic cleavage. Levine finds that O-
Glycosylation of glucagon-like peptide 1 (GLP-1) and PTH
results in higher stability in serum and increased in vivo
activity, suggesting that O-Glycosylation enhances the
stability of proteolysis [58]. Ueda et al. perform N-
acetylglucosamine acylation of glucagon-like peptide 1 (7-
36) amide (GLP-1) to improve the stability [59]. Federica
performs monosaccharide of GC-MAF, and the results show
that the glycosylation has good tolerance to the secondary
and tertiary structures of the polypeptide scaffold [60].

In this study, our team synthetized a modified PTH (1-
34) called PTHG2 which was added an acetylglucosamine
to the first serine at N-terminal. We further confirmed that
glycosylation of PTH (1-34) did not change the binding
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ability of PTHRI according to SRP affinity assay. PTHRI
was a kind of receptors that existed on the cell membrane
and binded to PTH (1-34). The antichymotrypsin stability
assays showed that stability of PTH (1-34) was improved
after glycosylation, which may be caused by more helical
secondary conformations in solution. The animal experi-
ments by using micro-CT and HE staining confirmed a
favourable antiosteoporosis protective effect of glycosylated
PTH (1-34). By using some in vitro experiments, we found
that PTHG2 could promote BMSC osteogenic differentia-
tion and inhibit BMSC adipogenic differentiation. This sug-
gested that PTHG2 changed the fate of BMSC differentiation
and promoted bone formation, thereby breaking the meta-
bolic balance between osteoblasts and osteoclasts and ulti-
mately increasing bone mass. We also found that PTHG2
activated osteogenic genes by exciting the cAMP-PKA sig-
naling pathway.

5. Conclusions

In this study, we found that a glycosylation-modified PTH
(1-34) named PTHG2 exhibited higher stability and better
antiosteoporosis effect than PTH (1-34). PTHG2 accelerated
the differentiation of BMSCs to osteogenic lineage and
restrained the differentiation of BMSCs to adipogenic line-
age via cAMP/PKA/CREB signaling pathway. Therefore,
PTHG2 could be a potential therapeutic drug for osteoporo-
sis as a reformed PTH (1-34).

Data Availability

The original contributions included in this study are con-
tained in the article and supplementary materials, and fur-
ther suggestions can be made to the corresponding author
or first author.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

Jiao Chen, Hao Zhang, and Xianmin Wu contributed equally
to this work.

Acknowledgments

We thank Prof. Honggang Hu from Institute of Transla-
tional Medicine of Shanghai University for giving us the
PTHG?2 as a generous gift. This work was supported by the
National Key R&D Program of China (2018YFC2001500);
National Natural Science Foundation of China (NSFC) Key
Research Program in Aging (91749204); National Natural
Science Foundation of China (82172098, 81771491, and
81972254); and Scientific Research Project of Shanghai
Municipal Health and Family Planning Commission, gran-
t/award number: 201740237.

11

Supplementary Materials

Supplementary Figure S1 PTHG2 did not affect the prolifer-
ation of BMSCs and promoted the osteogenic differentiation
of BMSCs and inhibited the differentiation into adipocytes.
(a) BMSC cell viability as assessed by CCK-8 assay following
treatment without or with indicated concentrations of
PTHG?2 for 48 and 96h. (b) Alizarin red staining of osteo-
genic differentiation with PTH (1-34) or PTHG2 and quan-
tify. (c) The relative expression of Cebp-a and Perilipin
following PTHG2 treatment was quantified by real-time
PCR. (d) After pretreatment with H89, BMSC differentiated
and stained with Alizarin red for 21 days. Supplementary
Material 2: H&E staining of the heart, liver, spleen, lung,
and kidney after administration of normal saline, PTH,
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