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Increasing evidence suggests that traditional Chinese medicine strategies are obviously beneficial for cancer treatment, but
scientific research on the underlying molecular mechanisms is lacking. We report that ursolic acid, a bioactive ingredient
isolated from Radix Actinidiae chinensis, has strong antitumour effects on osteosarcoma cells. Functional studies showed that
ursolic acid inhibited tumour cell proliferation and promoted the apoptosis of a variety of osteosarcoma cells. Ursolic acid had
a synergistic cytotoxic effect with cisplatin on osteosarcoma cells. In a mouse osteosarcoma xenograft model, low-dose cisplatin
combined with ursolic acid significantly reduced tumour growth. Notably, ursolic acid reversed weight loss in mice treated
with cisplatin. Mechanistic studies showed that ursolic acid degraded ferritin by activating autophagy and induced intracellular
overload of ferrous ions, leading to ferroptosis. In addition, ursolic acid enhanced the DNA-damaging effect of cisplatin on
osteosarcoma cells. Taken together, these findings suggest that ursolic acid is a nontoxic adjuvant that may enhance the

effectiveness of chemotherapy in osteosarcoma.

1. Introduction

Osteosarcoma (OS) is a type of sarcoma that originates from
osteoblast mesenchymal cells and is most commonly seen in
children and adolescents aged 15-19 years [1]. Current treat-
ment strategies, including chemotherapy combined with
aggressive surgical resection, have significantly improved
the survival of patients with OS [2]. However, the recurrence
rate is still 30-40%, and the 10-year survival rate is 20-30%
due to pulmonary metastasis [3]. Chemotherapy, such as cis-
platin (Cis), is the most effective treatment for cancer and
OS [4-6]. However, these chemotherapeutic agents are lim-
ited by the acquisition of resistance and serious side effects at
high doses. Therefore, there is an urgent need to investigate
alternative anticancer approaches, such as the use of food

and herbal supplements in combination with current chemo-
therapy to improve the therapeutic effectiveness of existing
drugs. The development of effective, nontoxic therapeutic
strategies, i.e., the application of natural active substances with
proven anticancer effects, may be a more promising approach
for the prevention and treatment of OS.

Evidence-based studies on traditional Chinese medicine
(TCM) strategies for cancer treatment have shown that
TCM compounds target tumour cells and treat the whole
body. Bioactive TCM compounds exert antitumour effects
through multilevel targeting and affecting signalling path-
ways [7]. Therefore, TCM compounds can be used as
adjunctive treatments for cancer. Ursolic acid (UA) is a nat-
ural pentacyclic triterpenoid carboxylic acid found in Radix
Actinidiae chinensis. Studies have shown that UA has a wide


https://orcid.org/0000-0002-8281-4459
https://orcid.org/0000-0001-7131-4742
https://orcid.org/0000-0002-0932-4568
https://orcid.org/0000-0002-9274-137X
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5192271

range of biological activities, including antiviral, antibacte-
rial, hepatoprotective, and anti-inflammatory effects [8]. In
addition, it is involved in the prevention of and protection
against cancer. Its antitumour effect is due to its ability to
prevent tumour occurrence, inhibit proliferation, and induce
apoptosis. Previous studies have shown that UA can inhibit
the proliferation and induce apoptosis of prostate, lung, pan-
creatic, and other tumour cells [9]. In addition, UA has been
reported to inhibit tumour progression, induce tumour cell
differentiation, and inhibit angiogenic activity [10]. UA has
also been found to exert chemoprophylaxis effects in differ-
ent animal models by inhibiting tumour invasion. However,
the antitumour effects of UA, its effectiveness as an adjuvant
chemotherapy in OS cells, and its underlying molecular
mechanism remain unclear.

In this study, the effects of UA components from Radix
Actinidiae chinensis on OS cells were comprehensively stud-
ied. We used two OS cell lines and a mouse tumour xeno-
graft model to demonstrate that UA is nontoxic and has
strong antitumour activity and a marked effect against che-
motherapy resistance in OS cells in vitro and in vivo when
combined with Cis. These findings suggest that UA may
serve as an adjuvant to enhance the therapeutic effectiveness
of current chemotherapy-based regimens.

2. Materials and Methods

2.1. Cell Culture and Reagents. The human OS cell lines HOS
and 143B were purchased from the Cell Bank of the Chinese
Academy of Medical Science (Shanghai, China). HOS and
143B cells were grown in Eagle’s minimum essential
medium (Gibco, Los Angeles, CA) containing 10% foetal
bovine serum (Gibco), 100 U/mL penicillin, and 100 yg/mL
streptomycin at 37°C and 5% CO,. Cis, UA, desferrioxamine
(DFO), and 3-methyladenine (3-MA) were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA).

2.2. Cell Viability Assay. Adhering to the previous protocol
[11], cells were seeded in a 96-well plate at a density of 1 x
10* cells per well in 100 L. medium overnight. After the cells
were treated with reagents and incubated for 24 h, 10 yL Cell
Counting Kit-8 (CCK-8) reagent was added according to the
manufacturer’s instructions. The absorbance was measured
at 450 nm with a microplate reader.

2.3. Clonogenic Assay. HOS and 143B cells in the logarithmic
growth phase were seeded into a 10 cm dish at a density of
200 cells per millilitre. After treatment with Cis (20 gmol/
L), UA (35umol/L), or Cis (20 ymol/L)+UA (35 pumol/L)
for 2 weeks, cell clones were fixed with 4% paraformalde-
hyde for 15min. The cell clones were stained with crystal
violet solution at room temperature for 15min before they
were photographed.

2.4. Cell Apoptosis Analysis. To study the synergistic effect of
Cis and UA on apoptosis, HOS and 143B cells were incu-
bated with Cis (20 ymol/L) or UA (35 ymol/L) for 24h and
then harvested and stained using an Annexin V-PE Apopto-
sis Detection Kit (BD, Shanghai, China). The number of
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apoptotic cells was quantified by flow cytometry. All experi-
ments were performed in triplicate.

2.5. Live/Dead Staining Assay. HOS and 143B cells were
seeded in 24-well plates (2.5 x 10%/well) and cultured over-
night. Cis (20 ymol/L), UA (35umol/L), or Cis (20 ymol/
L)+UA (35umol/L) was added to the wells for 24 h. Then,
a calcein-AM/PI staining kit (Beyotime, Shanghai, China)
was used to detect dead and live cells. PI was used to stain
dead cells, and calcein-AM was used to stain live cells.

2.6. 5-Ethynyl-2'-deoxyuridine Assay (EAU) Incorporation
Assay. HOS cells were seeded in 24-well plates and cultured
overnight in complete medium. Cis (20umol/L), UA
(35 ymol/L), or Cis (20 ymol/L)+UA (35 ymol/L) was added
to the wells. Twenty-four hours after treatment, cell prolifer-
ation was measured with the EAU Cell Proliferation Assay
Kit (Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. The cell nuclei were stained with 1 pug/
mL DAPI (Solarbio, Beijing, China) for 5min. The propor-
tion of EdU-incorporated cells was determined by fluores-
cence microscopy.

2.7. Cell Cycle Analysis. HOS cells were seeded in 6-well
plates and treated with Cis (20 ymol/L), UA (35 ymol/L),
or Cis (20 umol/L)+UA (35umol/L) for approximately
24h. Then, the cells were collected and fixed in ice-cold
70% ethanol at 4°C overnight. A Cell Cycle Staining Kit
(MultiSciences, Hangzhou, China) was used to analyse the
cell cycle phases according to the manufacturer’s protocol.
After being washed three times with cold PBS, the cells were
immersed in RNase A for 30 min at room temperature and
then incubated with propidium iodide (PI) in the dark.
The samples were analysed by flow cytometry.

2.8. Determination of Reactive Oxygen Species (ROS)
Generation. HOS cells (5 x 10°) plated in six-well plates were
incubated with Cis (20 umol/L), UA (35umol/L), or Cis
(20 ymol/L)+UA (35 umol/L) for approximately 24h, and
then, the medium was replaced with 1 mL fresh medium
containing 5uM BODIPY 581/591 C11 (Glpbio, Guang-
zhou, China) for 30 min at 37°C. The cells were then washed
twice and analysed under a fluorescence microscope.

Cellular ROS levels and superoxide levels were measured
using 2',7'-dichlorofluorescein  diacetate (DCE-DA).
According to the manufacturer’s protocol, HOS and 143B
cells were washed with PBS and stained with DCF-DA
(4 uM) in the dark at 37°C for 30 min. Flow cytometry was
used to determine ROS production.

2.9. Detection of Malondialdehyde (MDA) and 4-
Hydroxynonenal (4-HNE). The Lipid Peroxidation (MDA)
Assay Kit (MAKO085, Sigma-Aldrich, USA) and Lipid Perox-
idation (4-HNE) Assay Kit (ab238538, Abcam, USA) were
used to measure the concentration of MDA and 4-HNE in
cell lysates according to the manufacturer’s instructions.
For MDA detection, the samples were mixed with thiobarbi-
turic acid and incubated at 100°C for 1 h. The MDA concen-
tration was determined at 532 nm absorbance. For 4-HNE
detection, the samples were added into the 4-HNE
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conjugate-coated plate and incubated for 10 min. Then, the
conjugated 4-HNE was incubated with anti-4-HNE antibody
and secondary antibody-HRP. Finally, substrate solution
was added, and the absorbance at 450 nm was measured.
Herein, the amount of MDA or 4-HNE was calculated in 1
x 10° cells after treatment.

2.10. Measurement of Intracellular Fe** Content. FerroOr-
ange (Mkbio, Shanghai, China) was used to measure intra-
cellular and mitochondrial Fe** levels according to the
manufacturer’s protocol. HOS cells were treated with Cis,
UA, UA/Cis, UA/Cis/DFO, or UA/Cis/3-MA and stained
with 1uM FerroOrange for 30 min at 37°C. Images were
acquired using a fluorescence microscope.

2.11. Autophagic Flux Analysis. mCherry-GFP-labelled LC3
was used to analyse autophagic flux in cells according to
the manufacturer’s instructions. HOS cells were transfected
with mCherry-GFP-LC3 adenovirus for 6h and then incu-
bated with Cis (20umol/L), UA (35umol/L), or Cis
(20 pmol/L)+UA (35 pumol/L) for 24h. mCherry-GFP-LC3
expression was tracked and imaged by fluorescence
microscopy.

2.12. Western Blotting. OS cells were lysed with RIPA buffer
and centrifuged at 12000 rpm for 15 min to collect the super-
natant. The protein samples were separated by 10% SDS-
PAGE and transferred to PVDF membranes (Millipore, Bil-
lerica, MA, USA). The PVDF membranes were blocked with
5% skim milk for 1.5h and then incubated overnight with
primary antibody at 4°C. After being washed with TBST 3
times (15min each), the membranes were incubated with
an HRP-conjugated secondary antibody at room tempera-
ture for 1h. The protein bands were visualized with an
Amersham Imager 600. Primary antibodies against Beclin-
1 (ab207612, Abcam), LC3 (ab192890, Abcam), P62
(ab109012, Abcam), y-H2AX (ab81299, Abcam), GPX4
(DF6701, Affinity), TFR (AF5343, Affinity), and NCOA4
(DF4255, Affinity) were diluted 1:1000; an antibody against
GAPDH (#5174, CST, USA) was diluted 1:2000.

2.13. Transmission Electron Microscopy. Cells cultured in a
6-well plate were treated with drugs for 24 h and fixed with
2.5% glutaraldehyde in PBS. After being washed in 0.1 M
PBS, the cells were treated with 0.1% Millipore-filtered
cacodylate-buffered tannic acid and postfixed with 1%
osmium tetroxide at 4°C for 30 min. Then, the cells were
incubated in a graded series of acetone solutions for 10 min
each. After dehydration and embedding for 2h at 60°C, the
cells were embedded, and the embedded tissues were sliced
at a thickness of 50~70 nm for follow-up observation using
a transmission electron microscope.

2.14. Immunofluorescence. OS cells were seeded in 24-well
plates at a density of 5 x 10* cells per well and treated with
the indicated drugs for 24 h. Then, the cells were fixed in
4% paraformaldehyde for 20 min and incubated with a pri-
mary antibody against LC3 (ab192890, Abcam), y-H2AX
(ab81299, Abcam), and TFR (AF5343, Affinity) at 4°C over-
night. The cells were washed with PBS three times for 3 min

each and then incubated with secondary antibodies for 1 h at
room temperature. DAPI was used to stain the nuclei for
1 min. The samples were sealed and observed under a fluo-
rescence microscope.

2.15. Xenograft Model of Human OS. All animal experiments
were carried out following the guidelines of the Ethics Com-
mittee of the Fourth Military Medical University (IACUC
No. 2020-1004) and were performed according to institu-
tional guidelines for the care and use of laboratory animals.
The guidelines were complied with the Guide for the Care
and Use of Laboratory Animals NIH publication No. 86-23,
revised 2011. NU/NU mice (the Fourth Military Medical
University, Shaanxi, China) were injected with 143B cells
(100 L, 5 x 107 cells/mL, i.h.). Seven days after the injection,
the mice were divided into 6 different groups (n=3) and
intraperitoneally injected with different drugs twice a week.
Then, on day 28, the mice were sacrificed, and the tumours
in the different groups were weighed. Body weight and
tumour size were measured every 3 days from day 7 to day
28. The tumour tissue was fixed with 4% paraformaldehyde,
embedded in paraffin, and cut into 4 ym thick sections for
haematoxylin-eosin (H&E) and immunofluorescence
staining.

2.16. Statistical Analysis. Statistical analyses were performed
with GraphPad Prism 8.2 (GraphPad Software, Inc., La Jolla,
CA, USA). The data are presented as the mean + SD of 3
independent experiments. Statistical significance between
the groups was analysed with one-way analysis of variance
(ANOVA). p < 0.05 was considered statistically significant.

3. Results

3.1. Synergistic Antitumour Effect of UA and Cis on OS Cells
In Vitro. To determine the optimal concentration of UA for
treating OS cells, we used the CCK-8 assay to determine the
effects of different concentrations of UA on the proliferation
of HOS and 143B cells. The results showed that 35 yM UA
combined with 20 uM Cis had the most obvious effect on
the proliferation of OS cells (Figure 1(a)). Then, the CCK-
8 assay was used to evaluate the effects of Cis and UA and
their combination on the proliferation of HOS and 143B
cells. Cis or UA treatment significantly decreased cell viabil-
ity, and this decrease was more significant in the combined
UA and Cis treatment group (Figure 1(b)). The results of
the clonogenic assay also showed that OS cell viability was
the lowest in the UA+Cis group, followed by the monother-
apy group (Figure 1(c)). Flow cytometry was used to analyse
the apoptosis of HOS and 143B cells after various drug treat-
ments. The results showed that the apoptosis rate of OS cells
was the highest in the UA+Cis group and was higher in the
UA+Cis group than that in the Cis or UA alone group but
that the apoptosis rate in all three groups was significantly
higher than that in the control group (Figure 1(d)). We per-
formed calcein-AM/PI staining to further clarify the syner-
getic effect of UA and Cis on HOS and 143B cells. The
experiment demonstrated that the combination of UA and
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F1GURE 1: Synergistic antitumour effect of UA and Cis on OS cells in vitro. HOS and 143B cells were treated with different concentrations of
UA and Cis for 24 h, and cell viability was assessed by the CCK-8 assay (a) (n = 3). The CCK-8 assay was used to evaluate cell viability under
UA and/or Cis treatment (b) (n = 3). The colony formation ability of HOS and 143B cells was assessed after monotherapy or treatment with
the combination of UA and Cis for 14 days (c) (n = 3). HOS and 143B cells were treated with UA and/or Cis for 24 h, and the apoptosis rate
was measured by flow cytometry (d) (n = 3). HOS and 143B cells were pretreated with UA and/or Cis for 24 h and subjected to calcein-AM/
PI staining (e) (n = 3, scale bar: 200 ym; calcein-AM: live cells; PI: dead cells). The data are presented as the mean + SD. *p < 0.05 vs. the

control group.

Cis synergistically increased the number of dead cells and
decreased the number of viable cells (Figure 1(e)).

3.2. The Combination of UA and Cis Inhibits Proliferation
and Induces DNA Damage in OS Cells. Subsequently, we
explored whether the combination of UA and Cis can inhibit
the proliferation of OS cells. As expected, both UA and Cis
treatment modestly reduced the percentage of EdU" cells,
and UA+Cis treatment significantly reduced the percentage
of EdU™ cells, suggesting that UA combined with Cis signif-

icantly blocked the growth of OS cells (Figures 2(a) and
2(b)). To further investigate the mechanism underlying the
inhibitory effect of the drugs on OS cell growth, flow cytom-
etry was used to analyse cell cycle distribution. As shown in
Figures 2(c) and 2(d), the cell cycle distribution of HOS cells
changed significantly under UA and Cis treatment, as the
proportion of cells in G2 phase was significantly increased
and that of cells in G1 phase was significantly decreased.
Previous studies have reported that the main anticancer
mechanism of Cis involves the formation of intrachain
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F1GURE 2: Combination treatment with UA and Cis inhibited OS cell proliferation by increasing DNA damage in OS cells. The proliferation
of OS cells was assessed by the EAU incorporation assay after monotherapy or treatment with the combination of UA and Cis for 24 h (a, b)
(n = 3, scale bar: 100 um). OS cells were treated with the combination of UA and Cis or either drug alone for 24 h, and cell cycle distribution
was analysed by flow cytometry (c, d) (n=3). OS cells were treated with the combination of UA and Cis or either drug alone for 24 h and
stained with a y-H2AX antibody (e, f) (n =3, scale bar: 25 ym). The data are presented as the mean + SD. *p < 0.05 vs. the control group.
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F1GURE 3: The combination of UA and Cis synergistically triggered an evident increase in cellular ROS production and lipid peroxide
generation and morphological changes in mitochondria. The subcellular structural changes in HOS cells treated with the combination of
UA and Cis or either drug alone for 24 h were analysed by TEM. The red arrows indicated mitochondria (a) (n = 3, scale bar: 2 ym, scale
bar: 1 ym). Cellular ROS levels were measured by flow cytometry (b, e) (1 =3). Representative immunofluorescence images of BODIPY
were obtained after UA and/or Cis treatment (c, d) (n =3, scale bar: 100 ym). MDA and 4-HNE levels in HOS cells treated with UA
and/or Cis for 24 h (f, g) (n=3). The data are presented as the mean + SD. *p < 0.05 vs. the control group.

crosslinking adducts through the interaction of Cis with  The results showed that UA increased DNA damage in HOS
DNA, leading to an increase in DNA damage and cell cycle  cells, while the combination therapy further significantly
arrest [12]. Immunofluorescence was performed to assess  increased the DNA damage, as indicated by a significant
the expression of y-H2AX, a marker of early DNA damage.  increase in the fluorescence intensity of y-H2AX



(Figures 2(e) and 2(f)). Therefore, our experimental results
suggest that UA and Cis exert a synergistic effect to inhibit
OS cell proliferation and induce DNA damage.

3.3. Combined Treatment with UA and Cis Synergistically
Increases Ferroptosis of OS Cells. We tested whether UA
combined with Cis amplifies mitochondrial dysfunction in
OS cells. We focused first on mitochondrial morphology,
which is upstream of mitochondrial dysfunction. Electron
microscopy analysis showed that compared to monotherapy,
UA+Cis treatment induced more severe changes in mito-
chondrial morphology, such as loss of the mitochondrial
crest and an increase in the mitochondrial membrane den-
sity (Figure 3(a)). After UA+Cis administration, the mito-
chondria became disordered and smaller, and the network
around the perinuclear region collapsed (Figure 3(a)). The
formation of lipid peroxides and the accumulation of free
iron are two main characteristics of ferroptosis. Therefore,
oxidative stress damage was quantified by measuring (i) total
ROS production in the cells with DCE-DA (Figures 3(b) and
3(e)), (ii) lipid ROS levels with BODIPY Cl11 (Figures 3(c)
and 3(d)), and (iii) the content of secondary products of
lipid peroxidation (as determined by immunofluorescence
staining for MDA and 4-HNE) (Figures 3(f) and 3(g)).
These results showed that ROS production and lipid perox-
idation production were significantly increased by the com-
bination treatment.

3.4. The Combined Use of UA and Cis Results in Iron
Homeostasis Disruption in OS Cells. To examine whether
ferroptosis is caused by an increase in free iron pools, we
examined the effects of UA and Cis on iron metabolism in
OS cells. We first used a selective fluorescent ferrous ion
probe to monitor intracellular free iron levels. Fluorescence
staining showed that UA combined with Cis resulted in sig-
nificant accumulation of unstable iron, as shown by an
increase in the fluorescence intensity of Fe** (Figures 4(a)
and 4(d)). Next, the expression of transferrin receptor
(TFR) was assessed by immunofluorescence staining
(Figures 4(b) and 4(e)). Consistent with the above results,
the accumulation of TFR and reduced expression of nuclear
receptor coactivator 4 (NCOA4), which mediates
autophagy-mediated degradation of ferritin, led to the accu-
mulation of a large amount of nonchelated iron under UA
and Cis treatment. We further investigated the expression
of key proteins associated with iron homeostasis in OS cells.
The results showed that the expression of proteins related to
iron metabolism, such as TFR and NCOA4, was regulated by
UA and that the iron starvation effect of OS cells was further
enhanced under the combined action of Cis and UA. In
addition, UA and Cis synergically induced the degradation
of GPX4 and NCOA4, autophagy cargo receptors that bind
ferritin to degrade and release free iron (Figure 4(c)). Over-
all, our results suggest that the combination therapy caused
significant accumulation of intracellular free iron, leading
to ferroptosis.

3.5. The Combination of UA and Cis Induces Autophagy in
OS Cells. As shown by the immunofluorescence results pre-
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sented in Figure 5(a), after treatment with UA+Cis, the
recruitment of LC3 to the autophagic membrane was signif-
icantly increased. Similarly, previous studies have reported
that the main anticancer mechanism of Cis involves the for-
mation of intrachain crosslinking adducts through the inter-
action of Cis with DNA (Figure 5(b)). Ultrastructural
analysis of autophagosomes using TEM also showed that
the number of intracellular autophagosomes was signifi-
cantly increased after treatment with UA+Cis (Figure 5(c)).
The expression levels of autophagy-related proteins were
analysed by western blotting. LC3 and Beclin-1 expression
was significantly increased in the UA+Cis group compared
to the control group and the monotherapy group, whereas
P62 expression showed a downward trend (Figure 5(d)).
These results suggested that autophagy played an important
role in the treatment of OS cells.

3.6. Pharmacologic Elimination of Free Iron and Inhibition of
Autophagy Attenuate Ferroptosis Induced by UA and Cis.
Due to the significant increase in intracellular free iron levels
and the significant activation of autophagy, we proposed
that the synergistic toxic effect of UA and Cis on OS cells
may be caused by the accumulation of free iron due to exces-
sive autophagy. We tested the above hypothesis using the
iron-chelating agent DFO and the autophagy inhibitor 3-
MA. The evidence showed that DFO and 3-MA reduced
UA+Cis-induced apoptosis (Figures 6(a) and 6(b)) and that
DFO and 3-MA partially reversed the UA+Cis-induced
decrease in cell viability (Figure 6(c)). In addition, UA
+Cis-induced mitochondrial morphological changes and
autophagy were partially reversed by DFO and 3-MA
(Figure 6(d)). Furthermore, DFO and 3-MA were found to
reduce lipid peroxidation and MDA and 4-HNE contents
in OS cells (Figures 6(e)-6(g) and 6(k)). Notably, we demon-
strated that DFO and 3-MA effectively alleviated the intra-
cellular overload of free iron (Figures 6(h) and 6(1)). DFO
and 3-MA also reduced the increased expression of TFR
induced by UA+Cis treatment (Figures 6(i) and 6(m)). The
western blot results showed that the expression levels of
TFR, NCOA4, y-H2AX, and LC3 were decreased while
GPX4 and P62 expression was increased after treatment
with the iron-chelating agent DFO and the autophagy inhib-
itor 3-MA (Figure 6(j)). These data suggested that the
enhancement of autophagy induced by UA+Cis treatment
led to the accumulation of free iron and that free iron over-
load acted upstream of mitochondrial dysfunction, ulti-
mately leading to the production of lipid peroxides that
cause ferroptosis. Taken together, these data indicated that
pharmacological chelation of free iron and inhibition of
autophagy effectively alleviated UA+Cis-mediated ferropto-
sis and mitochondrial dysfunction.

3.7. UA and Cis Treatment Increases Autophagy and Thus
Induces Ferroptosis in Mouse Xenograft Models. We estab-
lished a subcutaneous tumour model to study the therapeu-
tic potential of the combination of UA and Cis in vivo, and
tumour growth was observed periodically (Figure 7(a)). We
found that compared with control treatment and monother-
apy, UA+Cis treatment significantly slowed tumour growth
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FIGURE 4: Iron accumulation in OS cells treated with the combination treatment of UA and Cis. Intracellular Fe** levels were measured after
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as the mean + SD. *p < 0.05 vs. the control group.

(Figure 7(b)); the tumour volume and weight were signifi- (Figures 7(c) and 7(e)). As shown in Figure 7(d), the Cis-
cantly decreased in the UA+Cis treatment group compared  treated mice showed significant weight loss, while the weight
with the control group and the monotherapy group  of the UA-treated mice was almost unchanged, indicating no
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significant toxicity. It is worth noting that the combination
of Cis and UA not only inhibited tumour growth but also
reduced the toxicity and side effects of Cis to a certain extent,
making it safer for clinical use. The immunofluorescence
results showed that UA synergized with Cis to increase the
necrotic area; increase the expression of TFR, y-H2AX,
and LC3; and decrease TUNEL, Ki67, GPX4, NCOA4, and
P62 staining (Figure 7(f)). However, DFO and 3-MA signif-
icantly reversed these changes by inhibiting ferroptosis and
autophagy. The results also confirmed that the combination
of UA and Cis exerted a cytotoxic effect on OS cells by pro-
moting autophagy, leading to ferroptosis due to intracellular
overload of iron ions.

4. Discussion

Traditional treatments for OS mainly include a combination
of surgery, chemotherapy, and radiation, as well as advanced
alternative therapies such as targeted therapy and immuno-
therapy [13]. However, these therapies have limited efficacy,
and their use is limited by their side effects and ultimately

the development of multidrug resistance (MDR). Therefore,
it is imperative to optimize cancer treatment strategies. For
complex diseases such as cancer, TCM compounds can
affect multiple targets rather than a single target, with a
few exceptions [14]. UA, a natural pentacyclic triterpenoid
found in plants, plays an anticancer role by targeting multi-
ple signalling pathways and is becoming a promising com-
pound for cancer prevention and treatment [15]. Notably,
we demonstrated that UA synergizes with Cis to activate
autophagy, leading to degradation of ferritin and resulting
in the catastrophic accumulation of free iron and lipid per-
oxidation and thus ferroptosis, which has an inhibitory effect
on OS.

It has been reported that UA can inhibit tumour cell
growth, promote tumour cell apoptosis, and inhibit the
invasion and metastasis of tumour cells to exert an antitu-
mour effect [9, 16]. However, the regulatory effect of UA
on OS has rarely been studied. Studies have shown that
UA and Cis exert synergistic antitumour effects by induc-
ing apoptosis of tumour cells, including ovarian cancer,
bladder cancer, and lung adenocarcinoma cells [17-19].
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apoptosis rate of HOS cells treated with UA/Cis, UA/Cis/DFO, or UA/Cis/3-MA was measured by flow cytometry (a, b) (n=3). The

viability of HOS cells treated with Cis, UA, UA/Cis, UA/Cis/DFO,

or UA/Cis/3-MA was assessed by the CCK-8 assay (c) (n=23).

Mitochondrial morphology changes and autophagy in HOS cells were observed by TEM (d) (n =3, scale bar: 2 ym, scale bar: 1 um).
MDA and 4-HNE levels in HOS cells treated with UA/Cis, UA/Cis/DFO, or UA/Cis/3-MA (e, f) (n=3). Representative

immunofluorescence images of BODIPY were obtained after UA/Cis,

UA/Cis/DFO, or UA/Cis/3-MA treatment (g, k) (n =3, scale bar:

100 ym). Intracellular Fe?" levels were measured after treatment with UA/Cis, UA/Cis/DFO, or UA/Cis/3-MA (h, 1) (n=3, scale bar:
25 um). Measurement of TFR level by immunofluorescence staining of HOS cells after treatment with UA/Cis, UA/Cis/DFO, or UA/Cis/
3-MA (i, m) (n =3, scale bar: 50 um). The expression of iron metabolism-related proteins in UA/Cis-, UA/Cis/DFO-, or UA/Cis/3-MA-
treated HOS cells was determined by western blotting (j) (n = 3). The data are presented as the mean + SD. *p < 0.05 vs. the UA/Cis group.

In addition, the combination of UA and Cis can signifi-
cantly disrupt mitochondrial homeostasis and inhibit OS
cell proliferation. Further experiments have shown that
iron-chelating agents and autophagy inhibitors can block
cell death. Importantly, the accumulation of lipid perox-
ides before OS cell death was detected by staining for
MDA and 4-HNE or fluorescent staining with BODIPY
Cl11, and the accumulation of lipid peroxides could be
reversed by pharmacological chelation of free iron. The
same phenomenon was observed in a tumour xenograft
model. In summary, we found that UA can effectively
optimize the anti-OS activity of Cis and reduce the toxicity
and side effects of Cis, which involve multiple mecha-
nisms. UA not only increases DNA damage but also
causes lipid peroxidation in OS cells, ultimately leading
to ferroptosis. These results indicate that the application
of UA combined with Cis is a promising strategy to
decrease iron levels in OS.

Iron plays an important role in mammalian cells. Iron is
necessary for cell replication, metabolism, and growth, as it
allows important iron-containing enzymes in the blood to
function [20]. Unstable iron pool overload is a biochemical
hazard. Ferrous iron contributes electrons when it reacts
with hydrogen peroxide, producing hydroxyl radicals, which
are ROS [21, 22]. This process, known as the Fenton reac-
tion, not only destroys lipids and proteins but also leads to
oxidative damage to DNA, including modification of DNA
bases and breakage of DNA strands [23]. Therefore, iron is
both essential and potentially toxic. Ferritin, which includes
ferritin light peptide 1 (FTL1) and ferritin heavy peptide 1
(FTH1), is the main intracellular iron-storage protein com-
plex. Ferroptosis can be inhibited by increasing iron storage
in inert pools through upregulation of cytoplasmic ferritin

expression [24]. Autophagy is an evolutionarily conserved
degradation mechanism that maintains homeostasis.
Induction of autophagy promotes cell survival in response
to environmental stresses such as nutritional starvation
and energy expenditure in many cases. However, excessive
and impaired autophagy may lead to cell death [25].
Recent studies have shown that increased autophagy can
degrade ferritin and increase iron levels, leading to the
Fenton reaction and oxidative damage [24]. Increasing evi-
dence suggests that induction of ferroptosis is a promising
therapeutic strategy for inhibiting cancer cell resistance
resulting from drug-induced apoptosis [26]. Mechanisti-
cally, the combination of UA and Cis activates autophagy
to degrade the iron storage protein ferritin through a pro-
cess mediated by the cargo receptor NCOA4. This
NCOA4-mediated autophagic degradation of ferritin, also
known as ferritinophagy, promotes the accumulation of
ROS by maintaining high intracellular iron levels, thus
leading to ferroptosis of OS cells. In this paper, we present
convincing evidence that ferroptosis is a form of autopha-
gic cell death that causes OS cell death after UA and Cis
combination therapy. It was noted that treatment with
UA and Cis exacerbated DNA damage in OS cells and
arrested OS cells in G2 phase of the cell cycle. These
results suggest that the treatment of OS cells with the
combination of UA and Cis can alleviate drug resistance
by enhancing DNA damage and ferroptosis in a multistep
and multimechanism manner.

Thus, our study provides evidence that UA may be a
promising adjuvant for improving the effectiveness of Cis-
based chemotherapy in patients with OS. We also reveal
the underlying mechanisms to further elucidate the effect
of targeting ferroptosis for OS therapy.
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vs. the control group.

5. Conclusion

This study provides strong evidence that UA can strongly
enhance the DNA damage induced by Cis. Moreover, UA
and Cis can synergistically exert regulatory effects at multiple
levels by affecting multiple targets simultaneously, making
OS cells susceptible to ferroptosis. Notably, the properties of
UA enhance its anticancer activity and its effect against che-
motherapy resistance in OS, which may be a promising thera-

peutic strategy. This supports its use as an adjuvant to
synergistically improve the efficacy of current chemotherapy
regimens for OS.
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