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Abstract. Osteosarcoma, a prevalent primary malignant 
bone tumor, primarily affects adolescents and young 
adults. Current treatment strategies involve a combination 
of surgical intervention and chemotherapy. However, the 
effectiveness of chemotherapy is constrained by consider‑
able challenges, such as drug resistance and insensitivity. 
Ferroptosis, a form of programmed cell death that is distinct 
from apoptosis, presents a promising alternative target for 
cancer therapy. Ferroptosis is characterized by iron‑dependent 
lipid peroxidation, producing reactive oxygen species (ROS) 
and suppressing glutathione peroxidase 4 (GPX4). Notably, 
ferroptosis circumvents the conventional mechanisms associ‑
ated with apoptosis. Inducing ferroptosis in cancer cells may 
help overcome drug resistance and enhance the effectiveness 
of existing treatments, including chemotherapy, radiotherapy 
and immunotherapy. Acetylshikonin is a derivative of naph‑
thoquinone that possesses anticancer properties. However, the 
effects of acetylshikonin on the treatment of osteosarcoma and 
the mechanisms by which it induces cancer cell death remain 
unclear. The present study aimed to investigate the potential 
of acetylshikonin to induce apoptosis in osteosarcoma cells. 
Using cell viability assays, ROS detection, mitochondrial 
membrane potential analysis and ferroptosis inhibitor rescue 
experiments, the results demonstrated that acetylshikonin 
significantly reduced the viability of osteosarcoma cell lines 
while exhibiting low toxicity to normal cells. Mechanistically, 
acetylshikonin induced the production of ROS, disrupted 
the mitochondrial membrane potential and promoted lipid 
peroxidation, ultimately leading to ferroptosis. Additionally, 

treatment with acetylshikonin led to decreased levels of GPX4 
and increased intracellular ferrous ion (Fe²+) concentrations, 
further supporting its role in the induction of ferroptosis. In 
conclusion, the current study emphasized the potential of 
acetylshikonin as an effective agent in inducing ferroptosis in 
osteosarcoma cells. Acetylshikonin reduced osteosarcoma cell 
viability and selectively promoted ferroptosis by increasing 
ROS production, disrupting mitochondrial function and 
enhancing lipid peroxidation. Furthermore, its ability to down‑
regulate GPX4 and increase intracellular Fe2+ levels indicated 
its role in triggering ferroptosis. These findings suggest that 
acetylshikonin may be a valuable therapeutic candidate for the 
treatment of osteosarcoma, potentially improving outcomes 
and addressing the limitations of current therapies.

Introduction

Osteosarcoma is the most common primary malignant bone 
tumor, which predominantly affects young adults and indi‑
viduals aged >60 years old. Osteosarcoma typically arises in 
the metaphyseal regions of long bones, including the distal 
femur, proximal tibia and proximal humerus  (1). Despite 
advancements in treatment, the 5‑year survival rate remains at 
~60% for localized cases and 20% for metastatic disease (2,3). 
Conventional treatment involves a combination of surgery 
and chemotherapy. Surgery aims to achieve complete 
resection of the tumor, and chemotherapy is administered 
both preoperatively (as a neoadjuvant) to shrink the tumor 
and postoperatively (as an adjuvant) to eliminate residual 
disease (4). However, chemotherapy for osteosarcoma faces 
notable challenges, including drug resistance and the capacity 
of cancer cells to evade apoptosis (5). Cancer cells can evade 
apoptosis through various mechanisms, including the upregu‑
lation of anti‑apoptotic proteins (such as Bcl‑2), mutations in 
pro‑apoptotic genes (including p53) and activation of survival 
pathways (6). These factors contribute to the limited long‑term 
efficacy of chemotherapy and highlight the necessity for novel 
therapeutic approaches (7,8).

Ferroptosis is a programmed form of cell death that 
is driven by iron‑dependent lipid peroxidation. Unlike 
apoptosis or necrosis, ferroptosis is characterized by the 
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accumulation of lethal lipid reactive oxygen species (ROS) 
and the depletion of glutathione (a crucial antioxidant) (9). 
Key markers of ferroptosis include the suppression of 
glutathione peroxidase 4 (GPX4), elevated levels of lipid 
peroxides and the presence of iron‑dependent ROS (10,11). In 
cancer treatment, ferroptosis offers a promising therapeutic 
strategy, particularly for overcoming drug resistance. Cancer 
cells often develop resistance to conventional therapies by 
evading apoptosis; however, inducing ferroptosis can bypass 
these resistance mechanisms (9). Ferroptosis inducers, such 
as erastin and RSL3, have demonstrated effectiveness in 
triggering ferroptosis in various cancer cell lines, including 
those resistant to apoptosis  (12). Additionally, ferroptosis 
can improve the effectiveness of treatments such as chemo‑
therapy, radiotherapy and immunotherapy by sensitizing 
cancer cells to these modalities (13). Therefore, identifying 
natural compounds that can induce ferroptosis in cancer cells 
is crucial; these compounds may function as chemotherapy 
drugs or adjuncts, potentially improving treatment outcomes 
and overcoming drug resistance.

Shikonin and acetylshikonin are naphthoquinone deriva‑
tives extracted from the roots of the plant Lithospermum 
erythrorhizon  (14). Shikonin has been extensively studied 
for its anticancer properties; it has been shown to induce 
apoptosis, necroptosis and ferroptosis in various cancer cell 
lines by generating ROS, inhibiting the EGFR and PI3K/Akt 
signaling pathways, and suppressing angiogenesis (15). Via 
these mechanisms, shikonin also enhances the efficacy of 
conventional therapies such as chemotherapy and radio‑
therapy by sensitizing cancer cells to these treatments (15). 
Acetylshikonin shares similar anticancer mechanisms, but has 
shown distinct advantages in certain contexts. The acetylation 
of shikonin enhances its stability and bioavailability, facili‑
tating more effective delivery and sustained action within the 
body (15). This modification enhances its ability to induce 
apoptosis and inhibit cancer cell proliferation. Additionally, 
acetylshikonin has been identified as a novel tubulin polymer‑
ization inhibitor, demonstrating marked antitumor activity in 
hepatocellular carcinoma (16). Furthermore, ROS production 
from acetylshikonin is associated with upregulation of apop‑
tosis pathways in osteosarcoma cells (17). These properties 
indicate that acetylshikonin may be a promising candidate for 
cancer treatment, with potential applications in overcoming 
drug resistance and improving the efficacy of existing 
therapies. However, the mechanism underlying the ability of 
acetylshikonin to induce cell death in osteosarcoma remains 
poorly understood. The present study aimed to investigate 
whether acetylshikonin induces ferroptosis in osteosarcoma 
cells and to elucidate the underlying mechanisms, thereby 
assessing its potential as a novel therapeutic agent.

Materials and methods

Chemicals. Primary antibodies against GPX4 (cat. 
no.  GTX03194), Bcl‑2 (cat.  no.  GTX100064), Bcl‑xl (cat. 
no.  GTX637939), Bak (cat.  no.  GTX100063), Bax (cat. 
no.  GTX109683) and β‑actin (cat.  no.  GTX109639) were 
acquired from GeneTex, Inc. The secondary HRP‑conjugated 
anti‑rabbit monoclonal (cat.  no.  sc‑2357) antibody was 
purchased from Santa Cruz Biotechnology, Inc. The other 

chemicals and reagents used in the present study were obtained 
from MilliporeSigma, unless otherwise specified.

Cell culture. U2OS is an epithelial‑like osteosarcoma cell 
line originally derived from the tibial tumor of a 15‑year‑old 
Caucasian female patient. This cell line exhibits a hypertrip‑
loid karyotype with extensive chromosomal rearrangements, 
including stable marker chromosomes involving chromosomes 
1, 7, 9 and 17. HOS is a fibroblast‑ and epithelial‑like cell line 
established from the osteosarcoma lesion of a 13‑year‑old 
Caucasian female patient. This cell line displays a flat 
morphology, low saturation density and is highly sensitive to 
transformation. MG63 is a fibroblast‑like osteosarcoma cell 
line derived from the bone of a 14‑year‑old Caucasian male 
patient. This cell line is hypotriploid with a modal chromo‑
some number of 66, and it consistently exhibits 18‑19 marker 
chromosomes. All cell lines were authenticated using short 
tandem repeat profiling. The human osteosarcoma cell lines 
(U2OS, HOS and MG63) and normal human osteoblasts 
(hFOB 1.19) were sourced from the American Type Culture 
Collection. Osteosarcoma cells were maintained in Dulbecco's 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum, 100  U/ml penicillin and 100  µg/ml 
streptomycin. hFOB 1.19 cells were cultured in a 1:1 mixture 
of Ham's F‑12 Medium and DMEM supplemented with 
2.5 mM L‑glutamine (without phenol red), as per the supplier 
recommendations. All cells were incubated at 37˚C in a 
humidified atmosphere with 5% CO2.

Cell viability assays. The hFOB 1.19, U2OS, HOS and 
MG63 cells were seeded in 48‑well plates at a density of 
1x104 cells/well and were allowed to adhere overnight. The 
U2OS, HOS and MG63 cells were then exposed to various 
concentrations (0, 0.05, 0.1, 0.5, 1, 3, 10 and 20  µM) of 
acetylshikonin (cat. no. HY‑N2181; MedChemExpress) for 
24 or 48 h at 37˚C. The hFOB 1.19 cell line was exposed to 
different concentrations (0, 0.1, 0.5, 1 and 3 µM) of acetylshi‑
konin for 24 h at 37˚C. Untreated cells were used as controls. 
Cell viability was determined using the Cell Counting Kit‑8 
(CCK‑8; cat. no. 96992; MilliporeSigma), according to the 
manufacturer's instructions. Absorbance was measured 
at 450  nm using a microplate reader (BioTek; Agilent 
Technologies, Inc.). 

In addition, U2OS, HOS, and MG63 cells were seeded 
at 5x104 cells/well on glass coverslips in 24‑well plates and 
treated with acetylshikonin. (0, 0.5, 1, 2.5, 5 and 10 µM) for 
24 h at 37˚C. After treatment, the cells were stained with 
Hoechst 33342 (5 µg/ml), Calcein‑AM (2 µM) and propidium 
iodide (PI; 1 µg/ml) at 37˚C for 30 min. Hoechst 33342 stained 
all nuclei (blue fluorescence), Calcein‑AM stained viable cells 
(green fluorescence), and PI identified dead cells with compro‑
mised membranes (red fluorescence). Untreated cells were used 
as controls. Furthermore, cells treated with acetylshikonin 
(0 and 3 µM) for 24 h at 37˚C were observed using a Nikon 
Eclipse Ti fluorescence microscope (Nikon Corporation) to 
evaluate changes in morphology and cell density. 

To validate the involvement of ferroptosis, U2OS, HOS 
and MG63 cells were pretreated with ferrostatin‑1 (1 µM; 
a ferroptosis inhibitor; cat. no. SML0583; Sigma‑Aldrich; 
Merck KGaA) or liproxstatin‑1 (1 µM; a ferroptosis inhibitor; 
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cat.  no. SML1414; Sigma‑Aldrich; Merck KGaA) for 1  h, 
followed by treatment with acetylshikonin (3 µM) for 24 h 
at 37˚C. Cell viability was assessed using the CCK‑8 assay, 
as aforementioned. For comparative analysis, cells were 
also treated with erastin (3  µM; a ferroptosis inducer; 
cat. no. E7781; Sigma‑Aldrich; Merck KGaA) or RSL3 (3 µM; 
a ferroptosis inducer; cat.  no.  SML2234; Sigma‑Aldrich) 
for 24 h at 37˚C, and cell viability was measured using the 
same method. To differentiate ferroptosis from apoptosis and 
necroptosis, osteosarcoma cells (MG63, HOS and U2OS) 
were pretreated with the caspase‑3 inhibitor z‑DEVD‑FMK 
(10 µM; cat. no. 264155; Sigma‑Aldrich), the RIPK1 inhibitor 
necrostatin‑1 (10 µM; cat.  no.  480065; Sigma‑Aldrich) or 
the necrosis inhibitor IM‑54 (10  µM; cat.  no.  SML0412; 
Sigma‑Aldrich) for 1 h prior to treatment with acetylshikonin 
(3 µM) for 24 h at 37˚C. Untreated cells were used as controls. 
Cell viability was subsequently assessed using the CCK‑8 
assay, as aforementioned. All experiments were conducted in 
quadruplicate (n=4) to ensure reproducibility.

DNA fragmentation analysis. TUNEL enzymatically labels 
the 3'‑ends of fragmented DNA, a hallmark of apoptosis, using 
a fluorophore‑conjugated nucleotide (18,19). DNA damage was 
analyzed using the TUNEL assay (BD Biosciences). Briefly, 
cells were treated with acetylshikonin (0, 0.1, 0.25, 0.5, 1 and 
3 µM) for 24 h at 37˚C, followed by fixation with 4% parafor‑
maldehyde in PBS (pH 7.4) for 60 min at room temperature 
and permeabilization with 0.1% Triton X‑100 in 0.1% sodium 
citrate on ice for 2 min. TUNEL labeling was then performed 
with the reaction mixture containing fluorescein‑dUTP 
at 37˚C for 60 min in a humidified dark chamber. Finally, 
DNA strand breaks were detected using a flow cytometer 
(Accuri C5; BD Biosciences), and flow cytometry data 
were acquired and analyzed using BD Accuri C6 Software 
(version 227.4; BD Biosciences).

Analysis of apoptotic and necrotic cells. To assess apoptotic 
and necrotic cell populations, Annexin V/PI staining was 
performed using an apoptosis detection kit (cat. no. APOAF; 
Sigma‑Aldrich; Merck KGaA). Briefly, cells were seeded 
at a density of 5x105 cells/well in 6‑well plates and treated 
with acetylshikonin at 0, 0.1, 0.25, 0.5, 1 or 3 µM for 24 h at 
37˚C. Cells were then stained with 1 µg/ml PI and 0.5 µg/ml 
FITC‑conjugated Annexin V for 15 min at 37˚C, and analyzed 
by flow cytometry (Accuri C5; BD Biosciences). Flow cytom‑
etry data were acquired and analyzed using BD Accuri C6 
Software (version 227.4; BD Biosciences). For ferroptosis 
inhibition experiments, cells were pretreated with ferrostatin‑1 
(10 µM) for 1 h at 37˚C prior to acetylshikonin treatment 
(3 µM) for 24 h at 37˚C.

Cell cycle analysis. Cells were seeded in 6‑well plates at a 
density of 5x105 cells/well and treated with acetylshikonin 
(0, 0.1, 0.5, 1 and 3 µM) for 24 h at 37˚C. After treatment, 
the cells were fixed with 75% ethanol at ‑20˚C for ≥2 h. After 
washing, the cells were stained with PI solution (0.1% Triton 
X‑100, 0.2 mg/ml RNase A (cat. no. 70856; Merck KGaA), 
10 µg/ml PI (cat. no. P4170; Sigma‑Aldrich; Merck KGaA) for 
30 min at 37˚C and analyzed using flow cytometry (Accuri C5; 
BD Biosciences). Untreated cells were used as controls. Flow 

cytometry data were acquired and analyzed using BD Accuri 
C6 Software (version 227.4; BD Biosciences). 

Cellular ROS assay. H2DCFDA (Thermo Fisher Scientific, 
Inc.) is a non‑fluorescent compound that, after intracellular 
deacetylation, emits green fluorescence upon oxidation by 
ROS (excitation ~511 nm, emission ~533 nm). Intracellular 
ROS levels were determined using H2DCFDA in the present 
study. Cells (5x105) were treated with acetylshikonin (0, 0.1, 
0.25, 0.5, 1 and 3 µM) for 1 h at 37˚C, followed by incuba‑
tion with 1 µM H2DCFDA at 37˚C for 30 min. Untreated cells 
were used as controls. ROS levels were analyzed via flow 
cytometry (Accuri C5; BD Biosciences). Flow cytometry data 
were acquired and analyzed using BD Accuri C6 Software 
(version 227.4; BD Biosciences).

Analysis of mitochondrial membrane potential. Mitochondrial 
membrane potential was assessed using the cationic dye JC‑1 
(Thermo Fisher Scientific, Inc.); in healthy mitochondria, it 
forms red‑fluorescent J‑aggregates, whereas in depolarized or 
apoptotic mitochondria, JC‑1 remains in a monomeric form, 
emitting green fluorescence. Briefly, cells were incubated with 
acetylshikonin (0 and 1 µM) for 2 or 8 h and were subsequently 
stained with JC‑1 (5 µg/ml) for 30 min at 37˚C. Untreated cells 
were used as controls. Fluorescence intensity was observed 
using a Nikon Eclipse Ti fluorescence microscope (Nikon 
Corporation).

Western blotting. Cells were seeded at a density of 
5x105 cells/well in 6‑well plates and treated with acetylshikonin 
(0, 0.1, 0.5, 1, and 3 µM) for 24 h at 37˚C. After treatment, the 
cells were lysed with RIPA buffer [50 mM Tris‑HCl (pH 7.4), 
150  mM NaCl, 1% NP‑40, 0.25% sodium deoxycholate, 
0.1‑2% SDS], supplemented with a protease inhibitor mix 
(1 mM PMSF, 10 ng/ml leupeptin, 1 ng/ml aprotinin). Protein 
concentration was determined using the BCA Protein Assay 
Kit (cat.  no.  71285‑M; Merck KGaA). Equal amounts of 
protein (50 µg/lane) were loaded and separated by SDS‑PAGE 
on 15% gels, followed by transfer to PVDF membranes 
(MilliporeSigma). Membranes were blocked with 5% non‑fat 
milk in TBS‑0.05% Tween‑20 for 1 h at room temperature and 
incubated overnight at 4˚C with primary antibodies (1:1,000 
dilution). After washing, the membranes were incubated with 
HRP‑conjugated secondary antibodies (1:10,000 dilution) 
for 1 h at room temperature. Protein bands were visualized 
using an enhanced chemiluminescence detection system 
(Analytik Jena US, LLC).

Transmission electron microscopy analysis. Following 
treatment with acetylshikonin (0 and 3 µM) for 24 h at 37˚C, 
HOS cells (5x105) were collected, fixed in 70% Karnovsky 
fixative at 4˚C, and processed for ultrastructural examina‑
tion. Samples were dehydrated through a graded ethanol 
series, embedded in Epon 812 resin (polymerized at 60˚C for 
48 h) and sectioned into ultrathin slices (70‑90 nm) using an 
ultramicrotome. Sections were stained with 2% uranyl acetate 
for 20 min at room temperature, followed by Reynolds's lead 
citrate for 10 min at room temperature. Images were obtained 
using a JEOL JEM‑1400 transmission electron microscope 
(JEOL, Ltd.).
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Analysis of lipid peroxidation. C11‑BODIPY™ 581/591 
(Thermo Fisher Scientific, Inc.) is a lipid peroxidation sensor 
dye that shifts its fluorescence from red (~590 nm) to green 
(~510  nm) upon oxidation. Imaging and quantification of 
C11‑BODIPY 581/591 staining were performed using fluo‑
rescence microscopy and flow cytometry in the current study. 
Briefly, cells (5x104) were incubated with acetylshikonin (0, 
0.1, 0.3, 1 and 3 µM for 30 min at 37˚C and C11 BODIPY 
dye at 37˚C for 30 min. Lipid peroxidation was subsequently 
determined based on fluorescence shifts from 591  nm 
(non‑oxidized) to 510  nm (oxidized) using fluorescence 
microscopy and flow cytometry (Accuri C5; BD Biosciences). 
Untreated cells were used as controls. Flow cytometry data 
were acquired and analyzed using BD Accuri C6 Software 
(version 227.4; BD Biosciences).

Analysis of intracellular ferrous ion (Fe2+) concentrations. 
Osteosarcoma cells (HOS, MG63 and U2OS) were treated 
with acetylshikonin (0 and 3 µM) for 24 h at 37˚C. After treat‑
ment, the cells were lysed with the buffer solution provided 
in the Fe²+ Colorimetric Assay Kit (cat. no. E‑BC‑K881‑M; 
Elabscience Bionovation Inc.), which contains Tris‑based 
buffer components, according to the manufacturer's protocol. 
For each assay, 1x106 cells were lysed in 200 µl buffer on 
ice for 10 min with gentle mixing every 5 min. Lysates were 
centrifuged at 15,000 x g for 10 min at 4˚C, and the superna‑
tant was incubated with the Fe²+ detection reagent for 30 min 
at room temperature. Untreated cells were used as controls. 
Absorbance was measured at 593  nm using a microplate 
reader (Thermo Fisher Scientific, Inc.).

Statistical analysis. Data are presented as the mean ± SD from 
at least four independent experiments. Statistical comparisons 
between groups were conducted using one‑way ANOVA 
followed by Tukey's post‑hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results	

Acetylshikonin reduces the viability of osteosarcoma cell lines 
and enhanced membrane permeability. The present study first 
assessed the effect of acetylshikonin (Fig. 1A) on the viability 
of both normal osteoblasts (hFOB 1.19) and osteosarcoma 
cells. After treating hFOB 1.19 cells with acetylshikonin 
(0.5‑3 µM) for 24 h, cell viability remained at ~80% (Fig. 1B), 
indicating low toxicity in normal cells. By contrast, the IC50 
values for MG63, HOS and U2OS osteosarcoma cells after 
24 h of treatment with acetylshikonin (0.5‑20 µM) were 0.45, 
0.83 and 0.69 µM, respectively (Fig. 1C‑E). After 48 h of treat‑
ment, the IC50 values decreased to 0.40, 0.28 and 0.17 µM, 
respectively. In addition, phase‑contrast microscopy revealed 
a marked reduction in the confluence of osteosarcoma cell 
lines following acetylshikonin (3 µM) treatment (Fig. 1F). 
Hoechst 33342 staining also showed a marked decrease in the 
number of MG63, HOS and U2OS cells after treatment with 
acetylshikonin (0.5‑10 µM). Hoechst 33342 staining revealed 
dose‑dependent increases in apoptotic nuclear condensa‑
tion (brighter, punctate nuclei) in U2OS cells treated with 
acetylshikonin, which is associated with reduced cell viability 
(Fig. 1G). Additionally, acetylshikonin enhanced the uptake 

of PI dye into cells in a dose‑dependent manner, indicating 
compromised cell membrane integrity. Calcein‑AM staining 
further confirmed that acetylshikonin notably reduced the 
viability of osteosarcoma cells. These results indicated that 
acetylshikonin has a potent cytotoxic effect on osteosarcoma 
cell lines, primarily through mechanisms associated with 
cell permeability. Notably, acetylshikonin demonstrates 
low toxicity to normal cells, highlighting its potential as a 
promising therapeutic agent for osteosarcoma treatment.

Acetylshikonin induces DNA fragmentation and cell death 
in osteosarcoma cells. To elucidate the mechanism by which 
acetylshikonin affects osteosarcoma cell viability, MG63, 
HOS and U2OS cells were treated with acetylshikonin 
(0.1‑3 µM) for 24 h, and DNA fragmentation was assessed 
using the TUNEL assay. A significant increase in DNA 
fragmentation was observed in all three cell lines following 
treatment with acetylshikonin (Fig. 2). Treatment with 3 µM 
acetylshikonin significantly increased the percentage of 
TUNEL‑positive cells compared with that in the untreated 
control group.

Flow‑cytometric apoptosis profiling after 24 h of acetylshi‑
konin treatment (0.0‑0.5 µM) showed increases in upper‑right 
(UR; Annexin V+/PI+) and upper‑left (UL; PI+ only) quadrant 
populations. In particular, following treatment with 0.5 µM 
acetylshikonin, in MG63 cells, the percentage of UL quad‑
rant cells increased from 0.7 to 9.8% and UR quadrant cells 
increased from 4.0 to 5.7%); in HOS cells the percentage of 
UL quadrant cells increased from 2.4 to 10.4% and UR quad‑
rant cells increased from 0.1 to 1.0%; and in U2OS cells the 
percentage of UL quadrant cells increased from 3.1 to 12.6% 
and UR quadrant cells increased from 3.4 to 3.8%, these find‑
ings indicated that the cells were undergoing apoptosis. By 
contrast, at higher doses (1‑3 µM), the major population shifted 
to PI+/Annexin V‑ cells in the UL quadrant, with a concomitant 
decrease in Annexin V+/PI+ cells in the UR quadrant, indi‑
cating a dose‑dependent increase in necrotic cell death rather 
than late apoptosis/secondary necrosis (Fig. 3). Quantification 
in Fig. 3 was performed by combining Annexin V+/PI+ and 
Annexin V‑/PI+ populations. Statistical analysis showed that 
acetylshikonin treatment at 1‑3 µM significantly increased the 
proportion of PI+ cells , mainly due to the enhanced Annexin 
V‑/PI+ population. 

The current study also examined the effect of acetylshi‑
konin on cell cycle distribution. Acetylshikonin treatment 
significantly increased the number of sub‑G1 cells, indicative of 
DNA fragmentation, and decreased the number of G0/G1 cells 
in osteosarcoma cell lines (Fig. 4). A significant increase in 
the sub‑G1 population was observed in all cell lines following 
3 µM acetylshikonin treatment. Taken together, the increase 
in DNA fragmentation (TUNEL assay), the predominance 
of PI+ cells at higher doses (Annexin V/PI analysis), and the 
accumulation of sub‑G1 cells (cell cycle analysis) indicated 
that acetylshikonin may disrupt cellular integrity and induce 
cell death in osteosarcoma cells through mechanisms that may 
differ from conventional apoptosis.

Acetylshikonin induces ROS production and loss of 
mitochondrial membrane potential. Given the established 
anticancer effects of ROS generation induced by shikonin and 
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Figure 1. Acetylshikonin reduces osteosarcoma cell viability and increases membrane permeability. (A) Molecular structure of acetylshikonin. (B) CCK‑8 
assay results showing the viability of hFOB 1.19 cells following exposure to acetylshikonin (0.5‑3 µM) for 24 h (n=4). (C) MG63, (D) HOS and (E) U2OS cell 
viability was assessed using the CCK‑8 assay following treatment with acetylshikonin (0.05‑20 µM) for 24 and 48 h (n=4). (F) Phase‑contrast microscopy 
images depicting morphological changes in osteosarcoma cells treated with acetylshikonin (3 µM) for 24 h (n=4). (G) Fluorescence microscopy images 
showing nuclear staining with Hoechst 33342, membrane integrity with PI and viability with Calcein‑AM in osteosarcoma cells treated with acetylshikonin 
(0.5‑10 µM) for 24 h (n=4). Data are presented as the mean ± SD. *P<0.05 vs. untreated control. CCK‑8, Cell Counting Kit‑8; PI, propidium iodide.
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acetylshikonin in various cancer cells (15,17), the current study 
investigated the effect of acetylshikonin on intracellular ROS 
levels in osteosarcoma cells. Treatment with acetylshikonin at 
0.5‑3 µM resulted in a significant increase in ROS production 
in osteosarcoma cell lines (Fig. 5). Acetylshikonin at 3 µM 
significantly increased intracellular ROS levels compared 
with those in the untreated control group (P<0.01). This 
increase in ROS may be strongly associated with cell death 
and mitochondrial dysfunction  (20,21). The present study 
next examined how acetylshikonin influences mitochondrial 
membrane potential in osteosarcoma cells to further eluci‑
date its effects on mitochondrial function. Administration of 
acetylshikonin (1 µM) disrupted the mitochondrial membrane 
potential, assessed by fluorescence microscopy, as indicated by 
a reduction in JC‑1 red fluorescence (Fig. 6A and B). A marked 
reduction in mitochondrial membrane potential, indicated 
by the JC‑1 red/green fluorescence ratio, was observed after 
acetylshikonin treatment. 

Furthermore, western blot analysis revealed that acetylshi‑
konin treatment increased the levels of pro‑apoptotic proteins 
Bax and Bak, which regulate mitochondrial membrane 

permeability, while decreasing the expression levels of 
anti‑apoptotic proteins Bcl‑2 and Bcl‑xl (Fig.  6C). These 
results suggested that acetylshikonin induces osteosarcoma 
cell death through ROS generation and the loss of mitochon‑
drial membrane potential, which may be associated with 
apoptosis. However, additional experimental data are required 
to fully elucidate the underlying mechanisms.

Acetylshikonin induces ferroptosis in osteosarcoma cells. 
Mitochondria are the primary generators of intracellular ROS 
and serve a crucial role in regulating iron homeostasis (22). 
Using transmission electron microscopy, the effect of acetyl‑
shikonin on mitochondrial morphology was observed in 
osteosarcoma cells. Treatment with acetylshikonin reduced 
mitochondrial volume without inducing cell swelling or 
shrinkage, which are morphological characteristics of 
ferroptosis (Fig. 7A) (22). The current study further investi‑
gated whether acetylshikonin induces lipid peroxidation in 
osteosarcoma cell lines. Fluorescence microscopy and flow 
cytometry revealed that acetylshikonin (1‑3  µM) signifi‑
cantly induced lipid peroxidation, as evidenced by the shift 

Figure 2. Acetylshikonin induces DNA fragmentation in osteosarcoma cells. Osteosarcoma cells (5x105) were treated with acetylshikonin (0.1‑3 µM) for 
24 h, then underwent the TUNEL assay. Fluorescence was analyzed by flow cytometry (n=4). Untreated cells were used as controls. Data are presented as the 
mean ± SD. *P<0.05, **P<0.01  vs. untreated control.
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in BODIPY dye fluorescence from red to green (Fig. 7B‑E). 
Treatment with 3 µM acetylshikonin significantly increased 
lipid peroxidation, as indicated by enhanced green fluores‑
cence of C11‑BODIPY compared with that in the control 
group. Additionally, treatment with acetylshikonin (3 µM) 
significantly increased intracellular Fe²+ concentrations in 
osteosarcoma cells compared with those in untreated cells 
(Fig. 7F‑H). The present study also observed a reduction in 
GPX4 protein expression in acetylshikonin‑treated osteosar‑
coma cells compared with that in the untreated control group, 
as shown by western blotting (Fig.  7I‑K). These findings 
suggested that acetylshikonin induces osteosarcoma cell death 
through mechanisms involving mitochondrial size reduction, 
lipid peroxidation and a decrease in GPX4 levels, which are 
indicative of ferroptosis.

To further confirm that acetylshikonin‑induced cell death is 
ferroptosis‑dependent, the current study compared the protec‑
tive effects of two ferroptosis inhibitors, ferrostatin‑1 and 
liproxstatin‑1. Pretreatment with either ferrostatin‑1 (1 µM) or 
liproxstatin‑1 (1 µM) for 1 h significantly reversed the reduction 
in cell viability caused by acetylshikonin (3 µM) in osteosar‑
coma cells (Fig. 8A‑C). To rigorously exclude apoptosis and 

necroptosis as alternative cell‑death pathways, cells were 
treated with the caspase‑3 inhibitor z‑DEVD‑FMK, the RIPK1 
inhibitor necrostatin‑1 and the necrosis inhibitor IM‑54. None 
of these inhibitors rescued acetylshikonin‑induced cytotoxicity 
(Fig. 8A‑C). These results provide additional pharmacological 
evidence that the cell death induced by acetylshikonin is 
mediated through ferroptosis. Similar results were observed 
in flow cytometry with Annexin V/PI staining. Treatment 
with acetylshikonin markedly increased the proportion of PI+ 
cells, calculated as the combined Annexin V+/PI+ and Annexin 
V‑/PI+ populations, whereas pretreatment with ferrostatin‑1 
significantly reduced this PI+ population in osteosarcoma cell 
lines (Fig. 8D). Although the reduction was mainly attribut‑
able to a decrease in Annexin V‑/PI+ cells, this subset was not 
analyzed statistically on its own. Additionally, the cytotoxic 
potency of acetylshikonin was compared with two classical 
ferroptosis inducers, erastin and RSL3. Treatment with erastin 
(3 µM) or RSL3 (3 µM) for 24 h resulted in a significant 
decrease in cell viability, similar in magnitude to that caused 
by acetylshikonin (Fig. 8E). These findings indicated that 
acetylshikonin exhibits ferroptosis‑inducing activity compa‑
rable to established inducers, further reinforcing its potential 

Figure 3. Acetylshikonin induces apoptosis in osteosarcoma cells. Osteosarcoma cells (5x105) were treated with acetylshikonin (0.1‑3 µM) for 24 h, then 
underwent the Annexin V/PI assay (n=4). Untreated cells were used as controls. Data are presented as the mean ± SD. *P<0.05 vs. untreated control. PI, 
propidium iodide.
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as a therapeutic ferroptosis activator in osteosarcoma cells. 
These results experimentally demonstrated that acetylshi‑
konin induces ferroptosis in osteosarcoma cells. This form of 
cell death is distinct from classic necrosis and apoptosis, high‑
lighting the potential of acetylshikonin as a novel therapeutic 
agent targeting ferroptosis in osteosarcoma cells.

Discussion

The present study investigated the potential of acetylshikonin 
to induce cell death in osteosarcoma cells. The results demon‑
strated that acetylshikonin significantly reduced the viability 
of osteosarcoma cell lines while exhibiting low toxicity to 
normal cells. Mechanistically, acetylshikonin induced ROS 
production, disrupted the mitochondrial membrane potential 
and promoted lipid peroxidation, ultimately leading to ferrop‑
tosis. Additionally, treatment with acetylshikonin resulted in 
decreased levels of GPX4 and increased intracellular Fe²+ 
concentrations, further supporting its role in the induction 
of ferroptosis. These findings suggested that acetylshikonin 
may address the limitations of conventional chemotherapy 
by targeting ferroptosis, a unique form of cell death. This 

highlights the potential of acetylshikonin as a promising 
therapeutic agent for osteosarcoma, offering a novel treatment 
option that could enhance patient outcomes and address the 
limitations of current chemotherapy.

Chemotherapeutic agents have long been a cornerstone 
of cancer treatment, which primarily function by inducing 
apoptosis in cancer cells. However, their efficacy is frequently 
hindered by substantial challenges, including drug resistance 
and severe side effects  (23,24). The development of drug 
resistance and the ability of cancer cells to evade apoptosis 
represent key adaptations that ultimately result in treatment 
failure and disease progression (23,24). Ferroptosis, a form 
of programmed cell death that is distinct from apoptosis, 
presents a promising alternative target for cancer therapy. 
Characterized by elevated lipid peroxides dependent on 
iron, the production of ROS and the suppression of GPX4, 
ferroptosis circumvents the conventional mechanisms asso‑
ciated with apoptosis  (9,12,25,26). Inducing ferroptosis in 
cancer cells can help overcome drug resistance and enhance 
the effectiveness of existing treatments, including chemo‑
therapy, radiotherapy and immunotherapy (9,12). The current 
findings are consistent with these concepts, and notably, 

Figure 4. Acetylshikonin promotes cell cycle arrest in osteosarcoma cells. Cell cycle distribution of osteosarcoma cells treated with acetylshikonin (0.1‑3 µM) 
for 24 h, was assessed by propidium iodide staining and flow cytometry. Untreated cells were used as controls. Data are presented as the mean ± SD. 
*P<0.05 vs. untreated control.
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acetylshikonin‑induced ferroptosis was further confirmed by 
the reversal of cell death following treatment with ferrostatin‑1, 
underscoring the critical involvement of ferroptosis processes 
in acetylshikonin‑mediated cytotoxicity.

To further distinguish ferroptosis from other forms of 
regulated cell death, inhibitor rescue assays were performed 
using the caspase‑3 inhibitor z‑DEVD‑FMK (apoptosis), the 
RIPK1 inhibitor necrostatin‑1 (necroptosis) and the necrosis 
inhibitor IM‑54 across three osteosarcoma cell lines. None of 
these inhibitors significantly reversed the cytotoxic effects of 
acetylshikonin. By contrast, ferrostatin‑1 conferred substan‑
tial protection. These findings strengthen the conclusion 
that acetylshikonin‑induced cell death is mediated through 
a ferroptosis‑specific mechanism rather than apoptosis or 
necroptosis. These findings suggest that acetylshikonin may 
address the limitations of conventional chemotherapy by 
targeting ferroptosis, thereby providing a novel approach for 
treating osteosarcoma.

Shikonin, a naphthoquinone derivative derived from 
Lithospermum erythrorhizon, has demonstrated notable anti‑
cancer properties against various types of cancer, including 
breast, lung and colorectal cancer  (15). Its mechanisms of 
action include the induction of apoptosis, necroptosis and 

immunogenic cell death, as well as the inhibition of angio‑
genesis and key signaling pathways, such as EGFR and 
PI3K/Akt  (27,28). Shikonin also enhances the efficacy of 
conventional therapies by sensitizing cancer cells to chemo‑
therapy and radiotherapy  (28,29). However, its clinical 
application is limited by poor stability, low bioavailability 
and potential toxicity to normal cells (29). Acetylshikonin, a 
shikonin derivative, overcomes these limitations and demon‑
strates potential as a more effective candidate for cancer 
treatment. The acetylation of shikonin enhances its stability 
and bioavailability, facilitating more effective delivery and 
sustained action within the body (15). Acetylshikonin has been 
reported to trigger ROS‑dependent apoptosis in hepatocellular 
carcinoma and to activate necroptosis via the RIPK1/RIPK3 
signaling axis in lung cancer cells (16,30). However, most of 
these studies have predominantly focused on classical cell 
death pathways, and the role of acetylshikonin in ferroptosis 
has remained largely unexplored. The present findings provide 
novel evidence that acetylshikonin selectively induces ferrop‑
tosis in osteosarcoma cells by promoting lipid peroxidation, 
increasing intracellular Fe²+ levels and suppressing GPX4 
expression. These results highlight a previously unrecognized 
mechanism for acetylshikonin, which could have important 

Figure 5. Acetylshikonin promotes intracellular ROS accumulation. Osteosarcoma cells (5x105) were treated with acetylshikonin (0.1‑3 µM) for 1 h, then 
stained with 1 µM H2DCFDA. Fluorescence was analyzed by flow cytometry (n=4). Untreated cells served as controls. Data are presented as the mean ± SD. 
*P<0.05, **P<0.01  vs. untreated control. ROS, reactive oxygen species.
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therapeutic implications in overcoming therapeutic resistance 
in osteosarcoma.

Although the present study primarily focused on the 
in vitro anticancer effects of acetylshikonin, several previous 
investigations have provided valuable insights into its phar‑
macokinetic characteristics. In radiolabeled mouse studies, 
[³H]‑acetylshikonin became detectable in plasma within 
15  min of oral administration, with peak concentrations 
occurring at ~1 h. Notably, the compound showed widespread 
tissue distribution, particularly in the gastrointestinal tract 
and liver; however, it exhibited poor systemic absorption, 
with >80% of the administered dose recovered in feces within 
48 h, suggesting limited bioavailability  (31). Furthermore, 
acetylshikonin has demonstrated high plasma protein binding, 
and in mice, its parent form was reported to be undetect‑
able in circulation, complicating direct pharmacokinetic 

analysis (30). In a non‑human primate model, Sun et al (32) 
employed a derivatization‑based liquid chromatography‑elec‑
trospray ionization‑tandem mass spectrometry assay, and 
revealed that oral administration of acetylshikonin resulted in 
a terminal half‑life of 12.3±1.6 h and a mean residence time of 
10.2±0.7 h, indicating prolonged systemic exposure. In terms 
of chemical stability, acetylshikonin has been reported to be 
relatively stable under acidic aqueous‑organic conditions. For 
example, in pH 3.0 glycine buffer containing 50% ethanol, its 
half‑life was measured as 67.0±9.6 h at 40˚C and 31.3±3.3 h 
at 70˚C (33). These findings suggest that while acetylshikonin 
demonstrates favorable chemical stability and residence time, 
its limited oral bioavailability remains a key limitation. Future 
in vivo studies should therefore focus on formulation strategies 
and structural modifications to enhance its absorption and 
therapeutic potential in osteosarcoma models. 

Figure 6. Acetylshikonin disrupts mitochondrial membrane potential. Cells were incubated with acetylshikonin (1 µM) for (A) 2 or (B) 8 h and subsequently 
stained with JC‑1 (n=4). (C) Western blot analysis of Bcl‑2, Bcl‑xl, Bax and Bak protein expression in osteosarcoma cells following acetylshikonin treatment 
(0.1‑3 µM) for 8 h (n=4). Untreated cells served as controls. Data are presented as the mean ± SD.



MOLECULAR MEDICINE REPORTS  33:  55,  2026 11

The present study utilized U2OS, HOS and MG63 osteo‑
sarcoma cell lines, which represent diverse genetic profiles of 
osteosarcoma. In the HOS cell line, a TP53 mutation has been 
confirmed, classifying it as a p53‑mutated cell line. Therefore, 
HOS represents a model of p53‑mutated osteosarcoma with a 
functional RB pathway (34). The U2OS cell line is classified 
as p53 wild‑type or expressing, maintaining functional p53 
expression. It harbors a heterozygous BRCA2 mutation, with 

likely preservation of one intact allele, and shows reduced 
or absent RB1 protein expression, suggesting a defective RB 
pathway. Thus, U2OS exhibits partial BRCA2 deficiency 
combined with a compromised RB pathway (34,35). MG63 
cells are characterized by a complete absence of TP53 (classi‑
fied as p53‑null), and markedly reduced or absent RB1 protein 
expression. This cell line demonstrates genomic instability, 
homologous recombination deficiency, loss of heterozygosity 

Figure 7. Acetylshikonin decreases mitochondrial volume and enhances lipid peroxidation in osteosarcoma cells. (A) Transmission electron microscopy images 
of HOS cells treated with acetylshikonin (3 µM) for 24 h, showing a reduction in mitochondrial volume (blue triangles). The red arrow indicates the endo‑
plasmic reticulum. (B) Fluorescence microscopy analysis of lipid peroxidation in osteosarcoma cells treated with acetylshikonin (3 µM) and C11‑BODIPY™ 
581/591 (n=4). (C‑E) Flow cytometric analyses showing lipid peroxidation in osteosarcoma cells incubated with acetylshikonin (0.1‑3 µM) and C11‑BODIPY 
(581/591) for 30 min (n=4). (F‑H) Intracellular Fe²+ levels in osteosarcoma cells treated with acetylshikonin (3 µM) for 24 h were quantified using an Fe²+ detec‑
tion reagent and microplate reader. (I‑K) Western blot analysis of GPX4 protein expression in osteosarcoma cells treated with acetylshikonin (0.1‑3 µM) for 8 h 
(n=4). Untreated cells served as controls. Data are presented as the mean ± SD. *P<0.05 vs. untreated control. GPX4, glutathione peroxidase 4; Fe2+, ferrous ion.
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and a ‘BRCAness’ phenotype, typical of BRCA1/2‑mutant 
tumors, marked by disruptive alterations in DNA repair 
pathways  (34,35). While these cell lines model varying 
degrees of tumor aggressiveness and genetic alterations, 
they may not fully capture the molecular diversity of clinical 
osteosarcoma subtypes, particularly those with metastatic or 
drug‑resistant phenotypes. To address this limitation, future 
studies should include additional cell lines, such as SJSA‑1 
(TP53‑mutated, highly invasive) and 143B (a metastatic 
HOS derivative with enhanced migratory capacity), to better 
evaluate the therapeutic potential of acetylshikonin across 
diverse osteosarcoma subtypes.

From a clinical perspective, the present findings suggest 
that acetylshikonin could serve as a promising complemen‑
tary agent in osteosarcoma treatment. In traditional Chinese 
medicine, natural compounds are often used alone or in 
combination with Western therapies to enhance antitumor 
efficacy and reduce treatment‑related toxicity. The integration 
of natural products into conventional treatment regimens is 
gaining increasing attention in oncology (36‑38). Given the 
substantial side effects and the frequent emergence of drug 
resistance associated with current standard chemotherapies for 

osteosarcoma, including doxorubicin, cisplatin and high‑dose 
methotrexate, the introduction of a ferroptosis‑inducing agents 
such as acetylshikonin may provide synergistic benefits (39,40). 
Specifically, combining acetylshikonin with standard chemo‑
therapeutic agents could enhance therapeutic effectiveness by 
simultaneously activating multiple, non‑redundant cell death 
pathways. Moreover, the minimal toxicity of acetylshikonin 
toward normal osteoblasts, as observed in the present study, 
supports its feasibility as an adjunctive treatment strategy. 

To provide a broader context, the present findings may be 
compared with those of previous studies on the anticancer 
effects of acetylshikonin. Prior studies have demonstrated that 
acetylshikonin induces apoptosis in hepatocellular carcinoma 
and triggers necroptosis through the RIPK1/RIPK3 pathway 
in lung cancer cells (15,30). However, its role in ferroptosis has 
remained largely uncharacterized. The current study is among 
the first to show that acetylshikonin may promote ferroptosis in 
osteosarcoma cells by enhancing lipid peroxidation, increasing 
intracellular Fe²+ concentrations and downregulating GPX4 
expression, representing a novel mechanistic contribution to the 
understanding of this compound (10,11,41). To assess clinical 
feasibility, previous reports have highlighted the limitations 

Figure 8. Acetylshikonin induces ferroptosis‑mediated cell death. (A‑C) CCK‑8 assay results of osteosarcoma cells pretreated with ferrostatin‑1 (10 µM), 
z‑DEVD‑FMK (10 µM), necrostatin‑1 (10 µM), IM54 (10 µM) and liproxstain‑1 (1 µM) for 1 h before exposure to acetylshikonin (3 µM) for 24 h (n=4). 
(D) Flow cytometric analysis of Annexin V/PI staining in osteosarcoma cells pretreated with ferrostatin‑1 (10 µM) for 1 h followed by acetylshikonin 
(3 µM) for 24 h (n=4). (E) CCK‑8 assay results of osteosarcoma cells treated with acetylshikonin (3 µM), erastin (3 µM) and RSL3 (3 µM) for 24 h (n=4). 
Untreated cells served as controls. Data are presented as the mean ± SD. *P<0.05 vs. untreated control; #P<0.05 vs. acetylshikonin‑treated group. CCK‑8, Cell 
Counting Kit‑8.
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of high‑dose MAP regimens (methotrexate, doxorubicin and 
cisplatin) in metastatic or recurrent osteosarcoma, and have 
identified iron metabolism as a targetable vulnerability asso‑
ciated with ROS production and tumor resistance (39,42,43). 
Furthermore, curcumin enhances methotrexate efficacy by 
suppressing the Hedgehog signaling pathway, thereby over‑
coming resistance and reducing proliferation  (39). Based 
on these insights, acetylshikonin may represent a potential 
complementary agent to activate non‑redundant cell death 
pathways, warranting future investigation into its synergistic 
potential with conventional chemotherapeutics.

In summary, the present study highlights acetylshikonin, 
a naphthoquinone derivative, as a promising therapeutic 
candidate for osteosarcoma. Acetylshikonin reduced osteo‑
sarcoma cell viability and selectively promoted ferroptosis 
by increasing ROS production, disrupting mitochondrial 
function, enhancing lipid peroxidation, downregulating GPX4 
and elevating intracellular iron levels. These findings suggest 
that acetylshikonin may help overcome therapeutic resistance 
and improve outcomes in osteosarcoma. Future studies should 
evaluate its efficacy in vivo, explore its potential in combination 
with standard chemotherapy agents, and assess its pharmaco‑
kinetic and safety profiles to facilitate clinical translation.
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