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Osteosarcoma (OS) is the most prevalent primary malignant bone tumor affecting children
and adolescents. Despite ongoing research efforts, the 5-year survival rate has remained stag-
nant for many years, highlighting the critical need for novel drug development to enhance
current treatment protocols. Ziyuglycoside II (ZYG II), a triterpenoid saponin extracted from
S. officinalis, has recently demonstrated antitumor properties. This study evaluates the antitu-
mor effect of ZYG II on osteosarcoma and elucidates its mechanism of action through the co-
regulation of p53 and estrogen-related receptor gamma (ESRRG), which inhibits disease pro-
gression. The research employs in vitro experiments using multiple established osteosarcoma
cell lines, as well as in vivo studies utilizing a nude mouse model of orthotopic xenograft os-
teosarcoma. Additionally, ESRRG shRNA was used to construct stable ESRRG-reducing OS cell
lines to investigate the molecular mechanism by which ZYG II exerts its anti-osteosarcoma ef-
fects through the co-regulation of ESRRG and p53. Results indicate that ZYG I administration
led to decreased OS cell viability and reduced tumor volumes. Furthermore, cell cycles were
arrested at the Gy/G; phase, while the proportion of apoptotic cells increased. Expression of
p53, ESRRG, p21, Bax, Cleaved Caspase-9, and Cleaved Caspase-3 proteins increased, while
expression of CDK4, Cyclin D1, and Bcl-2 proteins decreased. Multiple ZYG II and ESRRG dock-
ing patterns were simulated through molecular docking. Comparing the pharmacodynamic re-
sponse of ZYG 1II to OS cell lines with reduced ESRRG and normal expression demonstrated
that ZYG II inhibits osteosarcoma progression, induces cell cycle arrest, and promotes cell ap-
optosis through the coordination of p53 and ESRRG. In conclusion, ZYG II inhibits osteosar-
coma progression, leads to cell cycle arrest, and promotes cell apoptosis through synergistic
regulation of p53 and ESRRG.

1. Introduction

cin, high-dose methotrexate, cisplatin, and ifosfamide. However,
these are associated with side effects, including liver and kidney

Osteosarcoma (OS) is the most prevalent primary malig-
nant bone tumor in children and adolescents (incidence: 4.3/
1 000 000/year), and the second leading cause of cancer-related
mortality in this demographic "°. 0S originates from bone mesen-
chymal cells, primarily emerging in the metaphysis of long bones,
and has been substantiated to have a close association with
skeletal growth rate “°. Currently, the 5-year survival rate for loc-
alized osteosarcoma is approximately 60%-75%, while for meta-
static disease, it is only 20%-40% %, Over the past few decades,
the incidence and prevalence of osteosarcoma in children and ad-
olescents have steadily increased *. The most commonly utilized
chemotherapeutic drugs with known high efficacy are adriamy-
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cn (R. Sun)
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function impairment, bone marrow suppression, neurotoxicity,
and gastrointestinal reactions, among others °. Despite extensive
study and research, minimal improvements have been made in
the treatment of osteosarcoma since the mid-1990s, largely due
to the scarcity of milestone advancements in more effective nov-
el agents *. Given the limitations of conventional treatment regi-
mens, there is an urgent need to develop innovative therapeutic
strategies aimed at improving the overall survival of patients
with osteosarcoma °.

The sequential mechanisms underlying osteosarcomagenes-
is are not fully elucidated. The most probable sequence of events
leading to osteosarcoma development involves the loss of TP53
and RB1 as initial occurrences, with TP53 loss likely initiating ge-
nomic instability . The subsequent depletion of p53 in osteosar-
coma results in the dysregulation of numerous oncogenes, includ-
ing the amplification of c-Myc and the depletion of PTEN. Among

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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these, the most significantly affected genes are related to cell
cycle and apoptosis *'°. Additionally, the p53 protein encoded by
TP53 can modulate the expression of proteins such as p16, p21,
p27, CDK4, and Rb, leading to cell cycle arrest .

Conversely, p53-mediated transcriptional activation induces
Noxa, Puma, Bim, and Bax, resulting in changes to mitochondrial
membrane permeability, cytochrome c release, and subsequent
activation of Caspase proteins, ultimately leading cells through
the apoptotic process '°. These dysregulated mechanisms may of-
fer potential therapeutic targets; however, our understanding of
the molecular mechanisms underlying osteosarcoma cell prolifer-
ation remains incomplete.

Research efforts are currently focused on exploring alternat-
ive approaches to osteosarcoma treatment beyond systemic
chemotherapy, with a significant emphasis on novel therapeutic
agents derived from Chinese herbal extracts *°. Sanguisorba offi-
cinalis L. (S. officinalis), a member of the Rosaceae family, has
been traditionally utilized in Chinese medicine. It is recognized
for its diverse beneficial properties, including hemostatic, detoxi-
fying, anti-inflammatory, analgesic, antibacterial, anti-tumor, and
neuroprotective effects > '*. Ziyuglycoside II (ZYG II), a triterpen-
oid saponin compound extracted from S. officinalis, has demonst-
rated suppressive properties in various human cancer types "> *°.
Research indicates that ZYG II inhibits the proliferation of BGC-
823 human gastric carcinoma cells by inducing mitochondrial ap-
optosis, specifically through the regulation of Bax/Bcl-2 expres-
sion and activation of the caspase-3 pathway '. Furthermore,
ZYG II exhibits a dual mechanism in human colon cancer cells, in-
ducing apoptosis through both p53-induced caspase-dependent
and caspase-independent pathways. This process is character-
ized by decreased expression of BCL-2, mitochondrial targeting,
altered production of reactive oxygen species (ROS), and translo-
cation of apoptosis inducing factor (AIF) to the nuclei *.

Two recent studies concur that among various digestive sys-
tem tumors, hepatoma carcinoma cells demonstrate increased
sensitivity to the anti-proliferative effects of ZYG II. This com-
pound inhibits EGFR phosphorylation, thereby modulating down-
stream signaling pathways such as NF-kB or ERKs, inducing
Go/Gq phase arrest or apoptosis, and ultimately reducing the
activity of liver cancer cells '*'’. Beyond digestive system tumors,
ZYG 1I also suppresses breast cancer development through its
modulation of the p53/p21, ROS/JNK, and Src/EGFR-dependent
ITGB4/FAK signaling pathways. This leads to ROS accumulation,
cell cycle arrest, apoptosis, epithelial-mesenchymal transition,
and resistance to anoikis ****. Furthermore, ZYG II inhibited an-
giogenesis, enhanced hematopoietic function, and counteracted
leukopenia, all of which are critical factors in inhibiting tumor de-
velopment and improving tumor prognosis ***°.

The orphan receptor estrogen-related receptor gamma (ESR-
RG) is a member of the estrogen-related receptor (ERR) family,
which belongs to group III of the nuclear receptor superfamily *°.
ESRRG plays a significant role in the progression of various hu-
man malignancies. It induces p21 and p27 expression through
direct transactivation of their gene promoters, thereby inhibiting
the proliferation of prostate and liver cancer *”>**. Notably, the se-
lective ESRRG agonist, DY131, enhances ESRRG-induced growth
inhibition in a dose-dependent manner, suggesting a potential
pharmacological approach for prostate cancer treatment target-
ing ESRRG **. Furthermore, gene expression analysis indicates
that ESRRG inhibits Wnt signaling by blocking the adhesion of
TCF4/LEF1 to the CCND1 promoter, which initiates Cyclin D1
protein transcription, thereby suppressing the proliferation and
oncogenesis of gastric cancer cells *’. Additionally, ESRRG is im-
plicated in the pathogenesis of retinal neuroblastoma and vari-
ous female cancers, including breast and endometrial can-
cers *”*’, Existing research suggests that ESRRG and ZYG II exhib-
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it similar functional characteristics in suppressing different tu-
mor types, targeting both comparable tumor types and centrally
regulating cell cycle and apoptosis induction in their anti-tumor
mechanisms. Consequently, ZYG II's antitumor effects may be as-
sociated with its relationship to ESRRG.

ESRRG plays a significant role in bone metabolism regulation.
During bone formation, ESRRG regulates osteopontin promoters
based on cellular environmental homogeneity and differences *.
A study using a global knockout mouse model for ESRRG re-
vealed that ESRRG deletion minimally affected congenital bone
development. However, in the acquired bone formation process,
ESRRG promotes osteoblast differentiation and matrix mineraliz-
ation in 8-week-old male mice by regulating alkaline phosphata-
se, bone sialoprotein, and RUNX2 genes **. In bone resorption,
ESRRG via attenuation of RANKL-mediated expression of c-Fos
and nuclear factor of activated T-cells cytoplasmic 1, interferes
with osteoclastogenesis and accelerates osteoclast apoptosis
through caspase-3 activation *°. ESRRG's influence on various tu-
mors and bone metabolism suggests a potential unique role in os-
teosarcoma. Consequently, bone tumors may provide a prom-
ising platform for further investigation into how ZYG II regulates
ESRRG-related mechanisms during tumor suppression.

This study conducted in vivo and in vitro experiments to in-
vestigate the efficacy and elucidate the pharmacological and mo-
lecular mechanisms of ZYG II in inducing cell cycle arrest and ap-
optosis in osteosarcoma. Furthermore, the research employs
short-hairpin RNA (shRNA) to suppress ESRRG (ESRRG shRNA)
and an ESRRG inverse agonist, GSK5182, in p53-positive MG-63
cells and p53-negative Sa0S-2 cells to examine the relationship
between ESRRG and p53.

2. Materials and Methods

2.1. Regents and antibodies

ZYG II (purity > 99%, Mr: 604.8) was obtained from the Na-
tional Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). Dulbecco's modified Eagle's medium
(DMEM) and dimethyl sulfoxide (DMSO) were procured from
Sigma Chemical (St. Louis, MO, USA). Fetal bovine serum (FBS),
penicillin G, and streptomycin solution were acquired from
GIBCO BRL (Gaithersburg, MD, USA). The Annexin V-FITC and
propidium iodide (PI) double staining kit was purchased from BD
Biosciences (CA, USA). Enhanced Cell Counting Kit-8 (CCK-8),
EdU Cell Proliferation Kit with Alexa Fluor 555, and Stripping
Buffer were obtained from Beyotime Institute of Biotechnology
(Hangzhou, China). Hematoxylin-eosin (H&E) staining was per-
formed through Service Biotechnology (Wuhan, China). GSK5182
and Cycloheximide (CHX) were acquired from MedChemExpress
(Monmouth, NJ, USA). The primary antibody to ESRRG (T58712)
was obtained from Abmart Pharmaceutical Technology (Shang-
hai, China). The primary antibodies to p53 (#2527), p21
(#2947), CDK4 (#12790), cyclin D1 (#55506), Bax (#5023), Bcl-
2 (#4223), cleaved caspase-9 (#9505), cleaved caspase-3
(#9664), and B-actin (#4970) were purchased from Cell Signal-
ing Technology (Danvers, USA).

2.2. Cell lines and culture

Osteosarcoma cell lines MG-63, Sa0S-2, U2-0S, and SJSA-1
were obtained from the Cell Bank of the Chinese Academy of Sci-
ences, China. Each osteosarcoma cell line was cultured in appro-
priate media: DMEM, McCoy’s 5A, or RPMI 1640, supplemented
with 10% fetal bovine serum and 1% Penicillin-Streptomycin
solution. The cells were maintained at 37 °C in a humidified in-
cubator with a 5% CO, atmosphere.
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2.3. Lentiviral infection

The ESRRG knockdown procedures were conducted in ac-
cordance with the manufacturer’s instructions. ESRRG shRNA
lentiviruses were obtained from GeneChem Inc. (Shanghai,
China). MG-63 and Sa0S-2 cells (4 x 10°) were infected with
shRNA lentiviruses and control adenovirus (MOI = 50) and incub-
ated at 37 °C for 48 h. Puromycin (final concentration: 2 pg-mL™)
was utilized to select stable MG-63 and Sa0S-2 cells with down-
regulated ESRRG for two weeks. The following target sequences
were employed in the present experiments: ESRRG shRNA-1:
GCTGAACCGGAGAAGATCTAT; ESRRG shRNA-2: GGACGAAGAC-
CAGTCCAAATT; ESRRG shRNA-3: GCTATCCTGCAGCTGGTAAAG.

2.4. CCK-8 assay

Osteosarcoma cell lines MG-63, Sa0S-2, U2-0S, and SJSA-1
(1 x 10" cells per well) in the logarithmic growth phase were cul-
tured in 96-well plates for 24 hours. Subsequently, the medium
was replaced with 0.2 mL of drug-containing medium. The exper-
imental groups consisted of ZYG II at various concentrations (2.5,
5,10, 15, 20, 25, 30, 40, 50 umol-L™") applied to MG-63, Sa0S-2,
U2-0S, and SJSA-1 cells. The control group (with cells) received
an equivalent amount of drug carrier solvent (DMSO content <
0.3%), while the blank group (without cells) received only the
same volume of medium. Following drug administration, cell vi-
ability was assessed using the CCK-8 kit. After adding 10 pL of
CCK-8 stock solution to each well, the plates were incubated at
37 °C for 2 hours. Absorbance was then measured at 450 nm us-
ing a Microplate reader (Bio-Rad, CA, USA). ICs, values were cal-
culated through nonlinear regression analysis of survival curves
using SPSS software version 13.0. Each concentration was tested
in six replicates, and the experiment was performed in triplicate.
Results are presented as mean + SEM.

2.5. EdU assay

Osteosarcoma cells were cultured in 96-well plates at a dens-
ity of 1 x 10*cells per well and incubated for 24 hours. Sub-
sequently, ZYG II was added at concentrations of 0, 5, 10, 15, or
20 umol-L™" and incubated for an additional 24 hours. 5-Ethynyl-
2'-deoxyuridine (EdU) reagent, diluted 1:1000, was then applied
to the cells for 4 hours. Following this, the cells were fixed with
4% paraformaldehyde and stained with fluorescent dyes and
Hoechst. Finally, Image ] software (version 1.8.0) was utilized to
quantify the number of EdU-positive cells.

2.6. Flow cytometry analysis of cell cycle analysis

The cells were harvested after 24 hours of treatment in ser-
um-free medium with corresponding concentrations of ZYG II (5,
10, 15, or 20 umol-L_l). To fix the cells, cold 75% ethanol was util-
ized. Following 12 hours of cold storage, the cells were washed
with cold PBS. PI staining was then applied according to the man-
ufacturer's instructions, and the sample was incubated in dark-
ness at 37 °C for 30 minutes. A flow cytometer (CytoFLEX, Beck-
man Coulter) was employed for online detection and analysis.

2.7. Flow cytometry analysis of apoptosis analysis

Cells underwent treatment with corresponding concentra-
tions of ZYG II for 24 hours, followed by digestion and collection
using pancreatic enzymes. The cells were then washed twice with
ice-cold PBS and re-suspended. Subsequently, the cells were in-
cubated in 100 pL of 1x binding buffer containing 5 pL of Annex-
in V-FITC stock and 5 pL of PI for 15 minutes in darkness at room
temperature. Following staining, 400 pL of binding buffer was ad-
ded to each tube, and the samples were analyzed using flow cyto-
metry.
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2.8. Animal study

Twenty-four male BALB/c nude mice, aged six weeks, were
obtained from Beijing Vital Laboratory Animal Technology
[Beijing, China, Certificate No. SCXK (Jing) 2019-0010]. The mice
were maintained under standard conditions: temperature (22 +
2 °C), humidity (55% * 10%), and light (12 h light/dark cycle) in
specific pathogen-free conditions at the Laboratory Animal Cen-
ter of Shandong University (Jinan, China). The animal procedures
were approved by the Ethics Committee of the Second Hospital of
Shandong University [Ethics Committee Approval No: KYLL-
2021(KJ)P-0362].

The orthotopic xenograft model of osteosarcoma was estab-
lished using surgical orthotopic implantation **. Nude mice were
anesthetized prior to the procedure for creating the orthotopic
xenograft model of an OS tumor. An approximately 10 mm in-
cision was made on the right thigh. The vastus lateralis and bi-
ceps femoris muscles were separated, and the patellofemoral lig-
ament was incised without compromising the knee joint. Sub-
sequently, the lateral condyle of the femur was removed, and a
tumor fragment (3-4 mm®) of MG-63, previously harvested from
a subcutaneously-implanted tumor that had grown to more than
10 mm in diameter, was implanted into the created space. Six-
zero nylon sutures were utilized to close the muscle and wound.

One week following the surgical procedure, tumor dimen-
sions were assessed, and the nude mice were divided into four
groups: the model group (vehicle, Mod), ZYG II low (10 mg-kg™,
Low), medium (20 mgkg™, Mid), and high (40 mgkg™, High)
dosage groups. The vehicle solution consisted of 10% DMSO, 40%
PEG300, 5% Tween 80, and 45% saline.

For 28 days, nude mice received daily intragastric doses,
with body weight and tumor size measurements taken twice
weekly. The Relative Tumor Volume (RTV) and Relative Tumor
Proliferation Rate [T/C(%)] were calculated to compare tumor
sizes and anti-tumor efficacy across groups for both bone and soft
tissue tumors. Tumor volume was measured using a caliper and
calculated using the formula: Tumor Volume (Tumor Volume
(TV)) (mm®) = LxW?/2, where L represents length and W repres-
ents width. The RTV for each group was determined using the
equation TV"/ TV°, with TV" representing the tumor volume on a
specific day, and TV’ as the tumor volume on day 0. The T/C%
was calculated using the formula TRTV/CRTV x 100%, where
TRTV represents the RTV for the treatment group and CRTV
refers to the RTV for the control group. The mean + SEM were cal-
culated for all groups, and statistical significance was determined
using two-way ANOVA.

2.9. H&E staining

Xenograft tumor and liver tissues from various experimental
groups were fixed in 4% paraformaldehyde for two days, sec-
tioned to 4 pm thickness, and embedded in paraffin. Sub-
sequently, the sections underwent deparaffinization with xylene
and rehydration using a graded ethanol series. H&E staining was
then performed following established protocols.

2.10. Molecular docking simulation

The molecular structure of ZYG Il was acquired from the Pub-
Chem Compound Database. The 3D coordinates of ESRRG ligand-
binding domain in the constitutively active conformation (PDB
ID: 1KV6) were obtained from PDB. The target protein
ESRRG was separated from the original ligand steroid receptor
coactivator-1 (SRC-1) using PyMOL (version 2.3.0). The 3D struc-
ture files of ESRRG, ZYG II, and SRC-1 were converted into PD-
BQT format, with all water molecules removed and polar hydro-
gens added. Initially, molecular docking of ESRRG with the
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primary ligand SRC-1 was performed. Gridboxes were centered
to encompass the structural domain of each protein and accom-
modate free molecular motion. The binding pocket was defined
asa 30 A x 30 A x 30 A cuboid, with a grid spacing of 0.05nm. The
SRC-1 site was utilized as the active pocket of ESRRG protein for
molecular docking between ESRRG and ZYG II. The highest-scor-
ing pose (ranked by affinity score: kcal-mol™) was chosen for
subsequent analysis and visualization. Molecular docking studies
were conducted using Autodock Vina 1.2.2 for model visualiza-
tion.

2.11. Western blotting analysis

Total protein from OS cells or tissue was extracted using RI-
PA Lysis Buffer (strong) containing protease and phosphatase in-
hibitors on ice. Protein concentrations were determined using the
BCA method and diluted to 1 pg-uL™". The protein extracts were
separated on SDS-polyacrylamide gels and subsequently trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. After
blocking with 5% skim milk powder solution for 60 min at room
temperature, the PVDF membranes were cut according to the
molecular weight of the target protein. The membranes were
then incubated overnight at 4 °C with primary antibodies against
p53, p21, CDK4, Cyclin D1, Bax, Bcl-2, Cleaved Caspase-9,
Cleaved Caspase-3, ESRRG, and p-actin. Following incubation
with secondary antibodies for 2 h at room temperature, the sig-
nals on PVDF membranes were enhanced using an ECL assay Kkit,
and the blots were visualized using a luminescent image analyzer
(Tanon 5200 Multi, Shanghai, China). The former band was
stripped with Stripping buffer and incubated with other antibod-
ies.

2.12. Immunohistochemistry

The Immunohistochemistry (IHC) staining protocol for osteo-
sarcoma sections commenced with incubation in an anti-ESRRG
antibody solution (1:100). Antigen retrieval was performed us-
ing a citric acid buffer high-pressure heating method. Sub-
sequently, the sections underwent a 10-minute immersion in
pure hydrogen peroxide at room temperature, followed by two 5-
minute washes with TBS. The slices were then subjected to a 30-
minute goat serum incubation at room temperature, after which
they were refrigerated at 4 °C to facilitate primary antibody at-
tachment. The following day, the secondary antibody was ap-
plied to the slices for 30 minutes at room temperature. The pro-
cess concluded with DAB application for color development and
hematoxylin staining of the nuclei. Following IHC staining, the In-
tegral optical density (I0D) was quantified using Image-ProPlus
6.0 software.

2.13. Immunofluorescence

Cells were initially fixed with ice-cold 2% paraformaldehyde,
followed by permeabilization with 0.2% Triton X-100 (Tx100).
For fluorescence labeling preparation, post-fixation cells under-
went brief extraction for 30 seconds at 37 °C using a PEM buffer
composed of 100 mmol-L™ PIPES (adjusted to pH 6.8), 1
mmol-L™" EGTA, and 1 mmol-L™" MgCl,, supplemented with 0.5%
T x 100. The cells were subsequently post-fixed with ice-cold
methanol. The fixed cells were then incubated for 1 h in a 1%
bovine serum albumin (BSA) solution to block non-specific bind-
ing sites. Following this, they were exposed to primary antibod-
ies for 1 hour, facilitating antigen binding within the cells. A 45-
minute incubation with fluorophore-conjugated secondary anti-
bodies ensued. Finally, the immunostained cells were mounted
onto slides using VECTASHIELD mounting medium from Vector
Laboratories, Burlingame, CA. All images were captured at the
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same magnification, spanning a length of 200 pm.
2.14. Statistical analysis

Statistical analyses were performed using the SPSS 16.0 soft-
ware package (Chicago, IL, USA). All studies were conducted at
least three times unless otherwise specified. Results are presen-
ted as mean + SEM. Statistical differences between two popula-
tions were determined using a two-tailed Student's t test. A
P value of P< 0.05 was considered statistically significant.

3. Results

3.1. ZYG II has anti-proliferative activity in OS cells

The effectiveness of ZYG II on OS cell activity and prolifera-
tion was evaluated using both CCK-8 and EdU assays. In vitro,
ZYG 1l demonstrated a concentration-dependent reduction in 0OS
cell viability. Through nonlinear regression analysis, the in vitro
half maximal inhibitory concentration (ICsy) of ZYG II was de-
termined for MG-63, Sa0S-2, SASJ-1, and U2-0S cells, yielding
values of 15.62, 17.80, 19.90, and 20.55 pmol-L7’, respe-
ctively (Figs. 1A and S1A). The negative control treatment exhib-
ited no effect on cell viability.

Utilizing red fluorescence for EdU and blue fluorescence for
Hoechst 33342, the study determined the proportion of EdU-pos-
itive and Hoechst 33342-positive cells in the MG-63 and Sa0S-2
cell lines to be (66.75 * 2.26)% and (68.01 * 2.33)% respectively
in the control group (Figs.1 B and 1C). Following the application
of ZYG Il at concentrations of 5, 10, 15, and 20 pmol-L™ for 24 h,
cell proliferation rates in MG-63, Sa0S-2, SASJ-1, and U2-0S cells
exhibited significant decreases, with the exception of the 5
umol-L™" concentration (Figs. 1 & S1).

3.2. ZYG Il induces G,/G cell cycle arrest and apoptosis in OS cells

Flow cytometry was employed to analyze the cell cycle pro-
gression and apoptosis of MG-63 and Sa0S-2 cells following 24 h
of ZYG II treatment. Cell cycle analysis revealed an increase in cell
counts within the Gy/G; phase and a decrease in the S phase after
24 h of ZYG II treatment in both MG-63 and Sa0S-2 cells (Figs. 2A
and 2C). Apoptosis analysis demonstrated a reduction in the pro-
portion of Annexin V-/PI- cells, an increase in Annexin V+/PI-
cells, and no significant changes in Annexin V+/PI+ cells (Figs. 2 B
and 2D). The cell cycle and apoptosis data for U2-0S and SJSA-1
cells are presented in Supplementary Fig. 2. These findings indic-
ate that ZYG II effectively arrested OS cells at the Gy/G; phase
while inducing apoptosis rather than necrosis.

3.3. ZYG Il inhibits OS progression in an orthotopic xenograft model

The administration of ZYG II inhibited tumor growth, result-
ing in a slower increase in RTV for the middle and high dose
groups (Figs. 3 B and 3C). However, no significant difference was
observed between the low-dose group and the control group. The
T/C (%) values for the low, middle, and high dose ZYG II groups
were (102.9 * 24.5)%, (57.3 = 18.6)%, and (20.6 + 4.7)%, re-
spectively.

(Fig. 3D) revealed notable morphological alterations in the
tumor sections. The nuclei exhibited hyperchromasia, pyknosis,
fragmentation, and dissolution. Additionally, pink-staining
amorphous material was observed, indicative of cell necrosis, as
highlighted by the yellow arrows.

Histological examination of liver tissue using hematoxylin
and eosin (HE) staining revealed no significant pathological dif-
ferences between the model group and the ZYG II administration
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group. Furthermore, no pathological manifestations, such as ste- 3.4. ZYGII upregulated ESRRG expression and activated p53-medi-
atosis or inflammation, were observed in the liver tissues of any ated cycle and apoptosis-related signaling pathways
ZYG II dosage group. Serological analysis demonstrated that ZYG
Il administration did not elevate serum aspartate aminotrans- The impact of ZYG II on OS p53, ESRRG, cell cycle, and apop-
ferase (AST), alanine aminotransferase (ALT), or other liver in- tosis-related protein expressions was examined through in vitro
jury markers (Fig. S3). efficacy validation, as well as cell cycle and apoptosis detection
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Fig. 1 ZYG II inhibited the activity and proliferation of OS cells in vitro. (A) The cell viability and nonlinear regression results of ICsy of MG-63 and Sa0S-2 cells were ex-
amined by CCK-8 assay after the treatment with various concentrations of ZYG II for 24 h (n = 6). (B) MG-63 and Sa0S-2 cell proliferation rates were detected by EdU stain-
ing after the treatment with 0, 5, 10, 15 and 20 pmol-L™" of ZYG I for 24 h. Red staining indicates proliferation (EdU +), while blue staining indicates . Scale bar: 200 um. (C)
EdU incorporation was calculated as EdU+ cells/total cells, quantified by Image] (n = 3). All data are presented as mean + SEM from three independent experiments (‘P <
0.05, "P<0.01 and “"P < 0.001 vs Con).
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Fig. 2 ZYG II regulated the MG-63 and Sa0S-2 cell cycle and apoptosis. (A, C) Cell cycle distribution of MG-63 cells and Sa0S-2 cells with the treatment of ZYG 1l for 24 h.
(B, D) Pro-apoptotic capacities of ZYG 1l against MG-63 cells and Sa0S-2 cells after co-incubation for 24 h. Live cells were represented by Annexin V-/PI-, apoptosis cells
were represented by Annexin V+/PI-, Late apoptotic and necrotic cells were represented by Annexin V+/PI+, and schistocytes generated by mechanical damage were rep-
resented by Pl+/Annexin+. All data are expressed as mean + SEM (n = 3). 'P < 0.05, "P < 0.01 and ""P < 0.001 vs Con.

assays. Apart from the absence of p53 expression in Sa0S-2 cells,
ZYG II treatment resulted in increased levels of p53, ESRRG, p21,
Bax, Cleaved Caspase-9, and Cleaved Caspase-3 in osteosarcoma
cells. Conversely, the expressions of CDK4, Cyclin D1, and Bcl-2
decreased in a dose-dependent manner following ZYG Il adminis-
tration (Figs. 4 A and 4B).

To further elucidate the regulatory influence of ZYG II on
ESRRG, we employed green fluorescent tagging to monitor ESR-
RG expression. Untreated osteosarcoma cells exhibited low fluor-
escence intensity, suggesting limited ESRRG expression. After 24
hours of exposure to 15 umol-L™" ZYG I, a significant increase in
green fluorescence was observed within the cells, indicating elev-
ated ESRRG expression (Fig. 4D).

3.5. ZYG 1l mitigated the negative effects of protein synthesis path-
ways on ESRRG protein expression

To elucidate the mechanism by which ZYGII regulates ESRRG
protein expression levels, OS cells were treated with CHX at 10
umol-L™ for 24 h. Western blot analysis revealed a decrease in
ESRRG protein expression in CHX-treated cells compared to un-
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treated controls. Notably, when ZYG II and CHX were admin-
istered simultaneously, ESRRG protein expression was more pro-
nounced than in cells treated with CHX alone. This suggests that
ZYG 1l can maintain ESRRG protein expression independently
of the protein synthesis pathway. Moreover, ZYG Il appeared to
mitigate the inhibitory effects of protein synthesis inhibition on
ESRRG protein expression (Fig. 4E).

3.6. ZYG Il regulates OS protein expression in an orthotopic xeno-
graft model

Following the extraction of tumor tissues, a portion was util-
ized for protein extraction and subsequent Western blot (WB)
analysis. The results demonstrated thatin the middle and high
dose groups of ZYG II, the protein expression levels of p53, ESR-
RG, p21, Bax, Cleaved Caspase-9, and Cleaved Caspase-3 were up-
regulated, while CDK4, Cyclin D1, and Bcl-2 protein expression
levels were downregulated (Fig. 5A). No significant differences in
protein expression were observed between the low dose group of
ZYG II and the control group.

IHC was also employed to detect ESRRG protein expression
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Fig. 3 ZYG II inhibited OS in vivo. (A) Animal experimental flowchart. (B) Changes in relative tumor volume and relative tumor proliferation rate T/C (%) during treatment.
(C) Images of orthotopic xenograft nude mice during 28 days of treatment, with each dotted square representing 1 cm in length. (D) Representative images of H&E staining
at 20x (Scale bar: 200 pm) and 40x (Scale bar: 50 um) magnification amplification. Yellow arrows indicate OS necrosis. Data are expressed as the mean + SEM (n = 6). P <

0.05, "P<0.01,and ""P < 0.001 vs the model group.

in the tumor (Fig. 5B). Although ESRRG expression was notably
low in osteosarcoma tissues, a significantly higher concentration
of ESRRG proteins was observed in both the nuclei and cyto-
plasm of osteosarcoma cells following ZYG II treatment. Analysis
of Relative 10D revealed that ESRRG expression in IHC more than
doubled in the ZYG II treatment group compared to the control

group.

3.7. Molecular docking simulates the binding of ZYG 1l to ESRRG
protein

Western blot analysis demonstrated that ZYG II enhances
ESRRG protein expression in osteosarcoma. To further elucidate
the molecular mechanisms, molecular docking analysis was em-
ployed to predict the interaction between ZYG II and ESRRG,
comparing it with the interaction between the binding ligand SRC-
1 and ESRRG. The results indicated that the affinity score
between ZYG II and ESRRG was -7.779 kcal-mol™, which was
higher than that between SRC-1 and ESRRG at -7.67 kcal-mol™".
Hydrogen bonding was identified as the primary factor stabiliz-
ing ZYG II to ESRRG (Fig. 4C). The binding positions of ZYG II and
SRC-1 in ESRRG showed significant overlap, including GLN426,
THR429, LYS430, and GLN433 in both A and B chains, suggesting
a highly stable binding between ZYG II and ESRRG protein.
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3.8. Knocking down ESRRG weakened the anti-proliferative and
GO/G1 arrest effect of ZYG 1l on Sa0S-2, but this effect was not ob-
served in MG-63

Following the transfection of MG-63 and Sa0S-2 cells with
ESRRG shRNA and subsequent verification of stable ESRRG gene
silencing, we subjected negative controls, ESRRG shRNA-trans-
fected cells, and GSK5182 20 pmol-L'-treated MG-63 and Sa0S-2
cells to either ZYG II 15 pmol-L™" treatment or no treatment. EDU
staining revealed that negative control, ESRRG shRNA transfec-
tion, and GSK5182 20 umol-L™" treatment did not significantly af-
fect OS cell proliferation (Fig. 6A). In MG-63 cells, proliferation
significantly decreased in both ESRRG shRNA-transfected and
GSK5182 20 pmol-L'-treated cells after 24 h of ZYG II 15
umol-L™" exposure, with the anti-proliferative effect comparable
to that observed in the negative control group (Fig. 6B). Con-
versely, Sa0S-2 cells transfected with ESRRG shRNA or treated
with GSK5182 at 20 pumol-L™" showed no significant alterations in
cell proliferation after 24 h of ZYG II at 15 pmol-L™" exposure.

A consistent pattern was observed regarding alterations in
cell cycle distribution (Figs. 7A and 7C). In comparison to negat-
ive controls, neither ESRRG shRNA nor GSK5182 treatment at 20
umol-L ™" altered the G,/G, phase cycle distribution of MG-63 and
Sa0S-2 cells. In MG-63 cells, irrespective of ESRRG knockdown or
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inhibition, the proportion of Gy/G; phase cells increased follow- 3.9. Knocking down ESRRG weakened the pro-apoptotic effect of
ing treatment with ZYG II at 15 umol-L’1 for 24 h. However, in ZYG Il on MG-63 and Sa0S-2 cells
Sa0S-2 cells, knocking down or inhibiting the ESRRG gene pre-
vented the Gy/G; phase arrest that would have occurred with ZYG Consistent with the findings related to cell proliferation and
II treatment. cell cycle progression, the application of ESRRG shRNA or
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Fig. 5 Effects of ZYG II on the expressions of ESRRG, p53 and other proteins in nude mouse model of 0S. (A) Western blot analysis of the effects of ZYG II on p53, ESRRG,
p21, CDK4, Cyclin D1, Bcl-2, Bax, Cleaved Caspase-9, and Cleaved Caspase-3 in a nude mouse model of osteosarcoma. (a) Protein banding results. The internal control anti-
body was B-Actin. (b) Histogram depicting relative quantities of each protein. (B) Immunohistochemistry of ESRRG expression in OS tissues of nude mice treated with ZYG
II. (a) Representative images of ESRRG IHC staining at 20x (Scale bar: 200 pm) and 40 x (Scale bar: 50 um) amplification. Brown coloration indicates ESRRG positivity. (b)
Histogram of relative 10D. All data are expressed as mean + SEM (n = 3). P < 0.05, "P < 0.01, and P < 0.001 vs the model group.

GSK5182 at 20 pmol-L™" exhibited minimal effects on apoptosis in
OS cells (Figs. 7B and 7D). Nevertheless, while the percentage of
apoptotic cells in MG-63 and SaOS-2 cells with ESRRG knock-
down or inhibition increased significantly following ZYG II treat-
ment, this increase was substantially lower compared to that ob-
served in negative control OS cells treated with ZYG II.

3.10. ESRRG collaboratively activates the p53 downstream signal to
block the cell cycle and promote apoptosis

In the MG-63 negative control group, ZYG Il treatment
demonstrated an increase in p53 expression. Following the inhib-
ition or knockdown of ESRRG, ZYG II therapy maintained its capa-
city to enhance p53 expression in MG-63, showing no significant
difference compared to the negative controls treated with ZYG II
(Fig. 8A). In MG-63 and Sa0S-2 cells, after ESRRG knockdown or
inhibition, no significant difference was observed in the expres-
sion levels of p21, CDK4, and CyclinD1 proteins related to the
downstream cycle of p53. However, the significant differences in
p21, CDK4, and CyclinD1 proteins induced by ZYG II were attenu-
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ated (Figs. 8A and 8B).

Following ESRRG knockdown or inhibition, distinct altera-
tions in the expression levels of p53-mediated apoptosis-related
proteins, including Bcl-2, Bax, Cleaved Caspase-9, and Cleaved
Caspase-3, were observed in OS cells. ZYG II notably suppresses
Bcl-2 expression in OS cells. However, this inhibitory effect was
significantly mitigated when ESRRG expression was inhibited by
GSK5182. While ESRRG does not influence Bax expression in MG-
63 cells, it substantially inhibits its expression in Sa0S2 cells.
ESRRG's impact on Cleaved Caspase-9 was minimal, with only a
slight reduction in the elevated protein expression induced by
ZYG II treatment after inhibiting MG-63 with GSK5182. In MG-63
cells, reduced ESRRG expression weakened the inducible effect of
ZYG II on Cleaved Caspase-3. Concurrently, Sa0S-2 cells exhib-
ited significant suppression of Cleaved Caspase-3 expression
upon decreased ESRRG expression.

4. Discussion

Ziyuglycoside constitutes the primary component of S. offi-
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Fig. 6 Effects of ZYGII on the regulation of MG-63 and Sa0S-2 cell proliferation was examined through reduction of ESRRG by ESRRG shRNA and GSK5182. (A) Cell prolifer-
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calculated as the ratio of EdU+ cells/total cells, quantified by Image]. All data are expressed as mean + SEM (n = 3). P<0.05, "P<0.01,and ""P < 0.001.

cinalis, consisting of ZYG I and ZYG II, with the latter functioning nant cells, indicating its potential significance in drug develop-
as the principal metabolite of the former *’. ZYG II belongs to the ment . However, the anticancer capabilities of this compound
triterpenoid class of compounds, many of which have demon- against osteosarcoma remained unclear. This study reveals, for
strated broad-spectrum anti-tumor effects, including oleanane, the first time, that ZYG II demonstrates anti-cancer effects on os-
ursane, lupane, dammarane, cholestane, spirostane, furostane teosarcoma through the inhibition of proliferation, cell cycle ar-
and cardenolides **. ZYG II also exhibits various anti-tumor prop- rest, and induction of apoptosis.

erties, as confirmed by in vitro experiments that showed its re- The CCK8 assay confirmed that ZYG II exhibits an inhibitory
duced cytotoxic activity towards normal cells compared to malig- effect on various OS cells, with an ICs, ranging between 15 and 21
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umol-L™" (Fig. 1A). This finding informed the selection of ZYG II
concentrations at 5, 10, 15, and 20 pmol-L™ for subsequent in
vitro experiments. EAU detection further revealed that the prolif-
eration capacity of osteosarcoma cells decreased with increasing
dosages of ZYG II (Figs. 1 and S1 B&C). To elucidate the efficacy of
ZGY Il more comprehensively, an orthotopic xenograft osteosar-
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coma model was established and treated with varying doses of
ZGY 1I (Fig. 3 A). The antitumor activity of ZYG II was assessed by
measuring the relative tumor volume and relative tumor prolifer-
ation rate. Results indicated that ZYG II doses exceeding 20
mg-kg ™ significantly suppressed osteosarcoma growth (Fig. 3B).
While the anti-osteosarcoma effect of ZYG II in vivo at low and
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Fig. 7 The impact of ZYG II on the regulation of MG-63 and Sa0S-2 cell cycle and apoptosis was examined through ESRRG reduction. ESRRG-reduced MG-63 and Sa0S-2 cells
were generated by ESRRG shRNA or 20 pumol-L™ GSK5182 treatment. (A, C) Effect of ZYGII administration on cell cycle distribution of MG-63 and Sa0S-2 with or without
ESRRG knockdown. (B, D) Effect of ZYGII administration on apoptosis of MG-63 and Sa0S-2 with or without ESRRG knockdown. Live cells were represented by Annexin
V-/PI-, apoptosis cells were represented by Annexin V+/PI-, Late apoptotic and necrotic cells were represented by Annexin V+/PI+, and schistocytes generated by mechan-
ical damage were represented by PI+/Annexin+. All data are expressed as mean + SEM (n = 3). P < 0.05, "P < 0.01,and ""P < 0.001.
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Fig. 8 Effects of ZYG II on the regulation of MG-63 and Sa0S-2 cells protein expression was examined through reduction of ESRRG. ESRRG-reduced MG-63 and Sa0S-2 cells
were constructed by ESRRG shRNA or 20 umol-L™ GSK5182 treatment. The protein expression levels of p53, ESSRRG, p21, CDK4, Cyclin D1, Bcl-2, Bax, Cleaved Caspase-9,
and Cleaved Caspase-3 in 15 pumol-L™" ZYG II-treated normal cells and ESRRG-reduced OS cells were compared. f-actin served as the internal control antibody. (A) Immun-
oblot bands (left) and relative protein quantity (right) on MG-63 cells with or without ESRRG inhibition. (B) Immunoblot bands (left) and relative protein quantities (right)
on Sa0S-2 cells with or without ESRRG inhibition. All data are expressed as mean + SEM (n = 3). P < 0.05, "P<0.01, and "'P < 0.001.

medium doses was not significant, high-dose administration may
present potential drug off-target and safety risks. However, previ-
ous studies have demonstrated that ZYG II exhibits lower toxicity
to normal liver and kidney cells compared to malignant cells "’
Consistently, recent research involving ZYG II administration in
mice reported no drug-induced damage, with the highest dose
administered being 18 mgkg" *’. Liver HE staining and serum
AST and ALT detection indicated limited liver damage at this
dose. Further investigation into potential drug safety and off-tar-
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get effects through the construction of targeted drug vectors
would be informative ***’.

Previous studies have demonstrated that ZYG II possesses
the ability to induce cell cycle arrest and apoptosis in various tu-
mors '7*"*', This investigation employed flow cytometry to eval-
uate the cell cycle distribution and apoptotic cell ratio of OS cells
following ZYG II treatment (Figs. 2 and S2). The findings indicate
that ZYG II can arrest osteosarcoma cells at the G,/G; phase while
simultaneously inducing apoptosis. Further analysis revealed that
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ZYG Il modulates the expression of p53 and its downstream sig-
nals, evidenced by increased levels of p53, p21, Bax, Cleaved Cas-
pase-9, and Cleaved Caspase-3 proteins, alongside decreased ex-
pression of CDK4, Cyclin D1, and Bcl-2 proteins (Fig. 4). These
results align with ZYG II's observed effects on G,/G; phase arrest
and apoptosis induction in osteosarcoma cells.

The tumor suppressor p53 plays a crucial role in inhibiting
osteosarcoma development through cell cycle arrest and apop-
tosis '’ The translation of p53 activates the transcription of
p21WAF1/CIP1, resulting in the p21 protein inhibiting CDK4 and
Cyclin D1 expression, which prevents cells from transitioning
from G, phase to S; phase '>****, The p53 signal promotes apop-
tosis through various pathways, with a critical step being the dir-
ect activation of Bax by p53 and the inhibition of Bcl-2, which has
a suppressive effect on activated Bax ***“. Activated Bax, in turn,
promotes the activation of Caspase9 and Caspase3 through the
apoptosome, initiating and executing the process of cell apoptos-
is *°. Collectively, these findings suggest that ZYG II inhibits osteo-
sarcoma development by inducing cell cycle arrest and promot-
ing apoptosis through the activation of the p53 signaling path-
way.

This study revealed that ZYG II could regulate the cell cycle
and apoptosis of both p53-positive MG-63 cells and p53-negative
Sa0S-2 cells. This finding suggests that ZYG II's regulation of os-
teosarcoma proliferation, cell cycle, and apoptosis is not solely
dependent on p53, but also influenced by other factors. Cell pro-
liferation and cell cycle could be regulated without p53 interfer-
ence by controlling external signals such as growth factors or dir-
ectly modulating downstream signals of p53, including p16, p21,
and p27. Similarly, cell apoptosis could be promoted independ-
ently of p53 by activating p53-independent apoptosis pathways
or directly modulating downstream signals of p53-induced apop-
tosis.

ESRRG comprises a set of transcription factors that modulate
gene expression in response to diverse stimuli, including hor-
mones, lipids, and small molecules. It has been demonstrated to
function as a tumor suppressor, playing a role in the occurrence
and development of various tumors “**”“°, Previous studies have
revealed that ESRRG is highly concentrated at the CDKN1A gene,
which encodes the p21 protein. Conversely, its depletion results
in decreased CDKN1A RNA expression *’. In prostate and liver
cancers, ESRRG can regulate the p21 and p27 genes through dir-
ect transactivation of their promoters, with its effect highly de-
pendent on the cellular environment “*’, In this study, the ad-
ministration of ZYG Il led to an upregulation of ESRRG protein ex-
pression in osteosarcoma, both in vivo and in vitro. Furthermore,
a comparison of ESRRG protein expression with CHX treatment
indicated that ZYG II could mitigate the negative influence of the
protein synthesis pathway on ESRRG. Molecular docking predic-
tion results revealed that ZYG II and SRC-1 had multiple overlap-
ping binding positions in ESRRG, with ZYG II demonstrating
stronger affinity. This suggests that ZYG Il may form a highly
stable interaction with ESRRG.

To further elucidate the role of ESRRG in ZYG II-mediated in-
hibition of osteosarcoma, particularly in relation to p53, this
study established stable MG-63 and SaOS-2 cell lines with re-
duced ESRRG expression using ESRRG shRNA and GSK5182, an
inverse agonist of ESRRG. The research revealed that the anti-
proliferative and cell cycle arrest effects of ZYG I on MG-63 cells
with diminished ESRRG expression were comparable to those ob-
served in MG-63 cells with normal ESRRG expression (Fig. 6).
However, in Sa0S-2 cells with ESRRG knockdown, the anti-prolif-
erative and cell cycle-arresting effects of ZYG II were significantly
attenuated (Figs. 6&7). In the presence of p53, ZYG II's regula-
tion of osteosarcoma cell proliferation and the cell cycle was in-
dependent of ESRRG expression. Only in the absence of p53 did
the upregulation of ESRRG by ZYG II manifest its effects on prolif-
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eration and cell cycle regulation. Furthermore, the pro-apoptotic
effect of ZYG Il was reduced in both MG-63 and Sa0S-2 cells with
decreased ESRRG expression (Fig. 7), suggesting that ZYG II could
upregulate ESRRG to exert its pro-apoptotic role regardless of
p53 expression. Silencing ESRRG did not affect p53 expression in
MG-63 cells, with or without ZYG II treatment (Fig. 8A). Consist-
ently, ESRRG protein expression was observed and upregulated
after ZYG Il administration in both p53-positive MG-63 cells and
p53-negative Sa0S-2 cells (Fig. 8). This indicates the absence of
mutual regulation between p53 and ESRRG during ZYG II treat-
ment of osteosarcoma. Independent upregulation of either p53 or
ESRRG can inhibit cell proliferation, arrest the cell cycle, and pro-
mote apoptosis. However, only when both p53 and ESRRG are
simultaneously absent are the inhibitory effects of ZYG II on os-
teosarcoma cell proliferation, cell cycle arrest, and apoptosis pro-
motion significantly diminished.

This study further elucidates the molecular regulatory mech-
anism by which ESRRG influences osteosarcoma progression
through cell cycle regulation and apoptosis induction. In p53-pos-
itive MG-63 cells, reducing ESRRG does not significantly impact
the regulation by ZYG II of downstream molecules related to the
p53 signaling pathway. Conversely, in p53-negative Sa0S-2 cells,
reducing ESRRG expression significantly alters the regulatory ef-
fects of ZYG II on the protein expression of p21, CDK4, Cyclin D1,
Bax, and Cleaved Caspase3 in osteosarcoma cells. During the
treatment of OS using ZYG II therapy, ESRRG appears to regulate
downstream signaling pathways of p53, but only in the absence
of p53. In summary, ZYG II upregulates the expression of p53 and
ESRRG, which regulates the downstream p21/CDK4/cyclin D1
pathway, leading to cell cycle arrest at the GO/G1 phase. Addi-
tionally, it modulates the Bax/Bcl-2 ratio, activates Caspase-9 and
Caspase-3, and promotes cell apoptosis, thereby inhibiting the
progression of osteosarcoma.

5. Conclusion

This study demonstrates that ZYG II effectively inhibits os-
teosarcoma both in vitro and in vivo. Through the utilization of
ESRRG shRNA and the ESRRG inverse agonist GSK5182 to sup-
press ESRRG expression, the research elucidates that ZYG II in-
hibits osteosarcoma progression via coordinated regulation
between p53 and ESRRG, leadingto cell cycle arrest and en-
hanced apoptosis.
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