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Background: Microtubules are attractive targets for anticancer drugs. However, the microtubule-targeting 
agents (MTAs) currently in clinical use exhibit inevitable drug resistance. Therefore, there is an urgent need 
to discover novel MTAs for the clinical treatment of cancer.
Methods: Bioactive compounds extracted from Lithospermum erythrorhizon were assessed for in vitro anti-
proliferative activities against a panel of human cancer cell lines using cell counting kit-8 (CCK-8) assay. 
Tubulin polymerization inhibition assay, colchicine competitive binding site assay, and immunofluorescence 
were used to validate the tubulin inhibition effect of acetylshikonin. Flow cytometry, Hoechst 
staining, and caspase-3 activity evaluation were performed to assess cell cycle arrest and cell apoptosis. 
5,5',6,6'-tetrachloro-1,1',3,3'-tetramethylbenzimidazolylcarbocyanine iodide (JC-1) staining and dichloro-
dihydro-fluorescein diacetate (DCFH-DA) staining were used to evaluate mitochondrial membrane potential 
(MMP) and reactive oxygen species (ROS), respectively.
Results: Acetylshikonin exhibited potent anti-proliferative activities against a panel of human cancer cell 
lines (IC50 values: 1.09–7.26 μM) and displayed comparable cytotoxicity against several drug-resistant cell 
lines. Further mechanism studies revealed that acetylshikonin induced cell cycle arrest of MHCC-97H cells 
at G2/M phase, and significantly promoted apoptosis marked by a collapse of MMP and abnormal ROS 
accumulation.
Conclusions: In this study, acetylshikonin was identified as MTA against hepatocellular carcinoma and can 
serve as a promising lead compound for further development of anti-cancer drug, underscoring its potential 
clinical significance.
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Introduction

Natural products (NPs) have historically served as a 
valuable reservoir for drug discovery and have contributed 
significantly to the development of new treatment options 
for chemoprevention and cancer therapy (1,2). Numerous 
chemotherapeutic agents such as paclitaxel, vinblastine, 
and etoposide employed in cancer treatment today have 
either originated directly from natural sources or have been 
derived from NPs (3). The diverse bioactive compounds 
present in NPs provide a rich source for the discovery of 
novel anti-cancer agents (4).

Lithospermum erythrorhizon, a flowering plant in the 
Boraginaceae family, have been used for centuries in 
traditional Asian medicine, particularly in China, where 
is known as Zi Cao (5). Traditionally, the root extract of 
Lithospermum erythrorhizon has been used to treat dermatitis, 
burns, and wounds. Over the past three decades, the anti-
inflammatory and anticancer effects have been extensively 
studied (6,7). Extracts from Lithospermum erythrorhizon 
have demonstrated promising anti-proliferative effects on 
various cancer cell lines (8). The main bioactive compounds 
in Lithospermum erythrorhizon responsible for its anti-
cancer effects are naphthoquinone compounds, including 
shikonin, acetylshikonin, β,β-dimethylacrylshikonin, and 
shikonofuran (9,10). Studies on the potential anti-cancer 
mechanism of Lithospermum erythrorhizon, specifically its 
extracts or bioactive components, have mainly indicated 
the excessive activation of oxidative stress, disruption of 
mitochondrial function, cell cycle arrest and consequent 
induction of cell apoptosis (11,12). Meanwhile, the effects 
of Lithospermum erythrorhizon on the tubulin-microtubule 

system have not been thoroughly studied.
Microtubules, composed of α- and β-tubulin protein 

subunits, are dynamic structures essential for various 
cellular processes including cell division, intracellular 
transportation, and cell shape maintenance (13). The 
dynamic nature and essential roles of the tubulin–
microtubule system in cell division make them an attractive 
target for drugs aiming to disrupt cellular processes in 
rapidly dividing cancer cells (14,15). Microtubule-targeting 
agents (MTAs) can be broadly classified into 2 categories: 
(I) stabilizing agents, such as taxanes (e.g., paclitaxel and 
docetaxel), that promote microtubule assembly and inhibit 
disassembly (16); (II) destabilizing agents, including vinca 
alkaloids (e.g., vincristine and vinblastine), that inhibit 
microtubule assembly and promote disassembly (17). 
Mechanistic studies have elucidated that MTAs bind to 
specific sites on microtubules or tubulin subunits, affecting 
their polymerization and stability (18-20). By altering 
microtubule dynamics, MTAs disrupt the proper alignment 
and segregation of chromosomes during cell division, 
ultimately inhibiting cancer cell proliferation (21).

In this study, an initial screening was conducted of some 
reported bioactive compounds (Figure 1) extracted from 
Lithospermum erythrorhizon for their in vitro anti-proliferative 
activities against a panel of human cancer cell lines. 
Moreover, we first reported that acetylshikonin acted as an 
MTA to exert anti-cancer activity through conducting a 
tubulin polymerization inhibition assay, competitive binding 
assay, and intracellular immunofluorescence analyses. 
Further mechanism study showed that acetylshikonin 
disrupted the dynamic balance of the tubulin-microtubule 
system, interfered with the cell mitosis through inducing 
cell cycle arrest at G2/M phase, and ultimately induced cell 
apoptosis via the intrinsic (mitochondrial) pathway. We 
present this article in accordance with the MDAR reporting 
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-23-842/rc).

Methods

Reagents

The chemical reagents used in our study including 
Acetylshikonin (lot number: A832580, 99% purity), 
S h i k o n i n  ( l o t  n u m b e r :  S 9 1 4 6 8 7 ,  9 8 %  p u r i t y ) , 
Deoxyshikonin (lot number: D861265, 98% purity), 
β,β-dimethylacrylshikonin (lot number: D799242, 98% 
purity), Lithospermidin E, Shikonofuran A (lot number: 
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C11637623, 99% purity) were all  purchased from 
MACKLIN (Shanghai, China). Cell counting kit-8 (CCK-8)  
assay kit, DNA content assay kit (Solibao, Beijing, China) 
were obtained from Solibao (Beijing, China). Annexin 
V-FITC/PI double staining assay kit, caspase-3 enzyme 
activity kit, JC-1 kit wer purchased from Beyotime 
(Shanghai, China). Other reagents were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 
specified.

Cell culture

The human cel l  l ines used in this  study were al l 
commercially obtained from National Collection of 
Authenticated Cell Cultures (Shanghai, China). A549 
[epithelial carcinoma lung cell line (22)], Caski [epidermoid 
cervical cancer cell line (23)], MHCC-97H [metastatic 
hepatocellular carcinoma cell line (24,25)], L-02 [a HeLa 
derivative, originally thought to originate from a normal 
fetal liver (26,27)], RWPE-1 [prostatic epithelial cell 
line (28)], and MCF-10A [breast epithelial cell line (29)] 
were cultivated in Dulbecco’s modified Eagle medium 
(DMEM) containing 10% (v/v) heat-inactivated fetal 
bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL  
streptomycin. PC-3 [prostate carcinoma cell line (30)], 
HCT-8 [adenocarcinomal cell line (31)], MHCC-97H/

CDDP (cisplatin-resistant MHCC-97H cells), PC-3/
ENZR (enzalutamide-resistant PC-3 cells), and HCT-8/
VCR (vincristine-resistant HCT-8 cells) were cultivated 
in Roswell Park Memorial Institute (RPMI)-1640 medium 
containing 10% (v/v) heat-inactivated FBS, 100 U/mL 
penicillin, and 100 mg/mL streptomycin. Cells were 
cultured in a humidified incubator at 37 ℃ and 5% CO2. 
The culture medium was replaced every 2–3 days. When 
the cell density reached more than 80%, cell passaging was 
performed. 

Cell counting kit-8 (CCK-8) assay

CCK-8 is a widely used reagent for rapid and highly 
sensitive detection of cell proliferation and cytotoxicity. 
Briefly, 5×103 cells were seeded in 96-well plates for  
24 hours. After sufficient cell adhesion, a series of 
compound concentrations (100 μL/well) were added and 
incubated for 48 hours. After 48 hours, 10 μL of CCK-
8 solution (Beyotime, Shanghai, China) was added to 
each well. After 2 hours of incubation, the absorbance was 
measured at a wavelength of 450 nm. Cell toxicity was 
calculated based on the optical density (OD) values obtained 
from each group. The IC50 values were obtained from 3 
independent times experiment and the data were presented 
as the mean ± standard error of the mean (SEM).

Figure 1 Chemical structures of the main bioactive compounds extracted from Lithospermum erythrorhizon.
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In vitro tubulin polymerization assay

In vitro tubulin polymerization was performed following 
our previously reported method under the guidance of a 
commercial kit [cytoskeleton, cat.#BK011P; Cell Signaling 
Technology (CST), Danvers, MA, USA] (32). Briefly, 
purified tubulin (1 mg/mL) was dissolved in reaction buffer 
containing 80.0 mM piperazine-N,N’-bis(2-ethanesulfonic 
acid) sequi-sodium salt (pH 6.9), 0.5 mM ethylene glycol 
tetraacetic acid (EGTA), 2.0 mM MgCl2, 1 mM GTP, and 
10.2% glycerol. The solution was then incubated with 
or without compounds and warmed to 37 ℃ for 1 min. 
After addition of 55 μL of the tubulin reaction mix, the 
fluorescence intensity was monitored and recorded every 
60 s over the period of 90 min at an excitation wavelength 
of 340 nm and an emission wavelength of 410 nm using 
multifunction microplate reader (Varioskan LUX; Thermo 
Fisher Scientific, Waltham, MA, USA).

Colchicine competitive binding assay

The colchicine competitive binding assay was performed 
according to our previously reported method (33). In  
50 μL of G-PEM buffer, radioactive [3H]-labeled colchicine 
and 1% dimethyl sulfoxide (DMSO) were added. Then, 
each group was treated with indicated concentrations of 
target compounds and incubated with 1 μM tubulin for 
1 hour. After column chromatography, the radioactivity 
of [3H]-labeled colchicine remaining in the solution was 
measured using a Perkin-Elmer analyzer (Perkin Elmer, 
Waltham, MA, USA), and non-linear regression analysis 
was performed using Origin 8.1 (OriginLab, Wellesley 
Hills, MA, USA). The radioactivity represented the content 
of colchicine in the solution, which indirectly reflected the 
competitive binding ability of the target compound with 
tubulin.

Immunofluorescence microscopy

MHCC-97H cells grown in logarithmic growth phase 
were seeded at a density of 30,000 cells/well and incubated 
overnight to allow the cells to adhere to the coverslips. 
After the supernatant was removed, fresh culture medium 
containing the test compounds was added and incubated for 
24 hours. After incubation, the supernatant was discarded, 
and the cells were fixed with 4% paraformaldehyde for  
30 min and followed by permeabilizing the cells with 0.5% 
Triton-X100 for 5 min. After that, the samples were blocked 

with 5% bovine serum albumin (BSA) for 30 min and 
incubated with tubulin antibody (CST USA) overnight at 4 
℃. Finally, the samples were incubated with goat anti-mouse 
IgG/Alexa-Fluor 488 antibody (Invitrogen, Waltham, MA, 
USA) for 1 hour and the nuclei of the cells were labelled 
with Hoechst 33342 (Sigma Aldrich, St. Louis, MO, USA) 
in the dark at room temperature for 15 min. After washing, 
the samples were immediately visualized on a Zeiss LSM 
570 laser scanning confocal microscope (Carl Zeiss, Jena, 
Germany).

Ultrafiltration combined with liquid chromatography 
tandem mass spectrometry to investigate the binding mode 
of acetylshikonin with tubulin

The ultrafi l tration method combined with l iquid 
chromatography tandem mass spectrometry (LC-MS/MS) 
was used to investigate the binding mode of acetylshikonin 
according to our reported methods (34). Tubulin (3 mg/mL) 
was incubated with or without 30 mM colcemid or 30 mM 
acetylshikonin at 37 ℃ for 1 hour. Then, the incubation 
mixture was subjected to ultrafiltration centrifugation, 
and the solution upper membrane and the filtrate were 
separately collected to quantify the concentration of tested 
compounds using LC-MS/MS. The group which contained 
colcemid or acetylshikonin was used as the control group.

Flow cytometry analysis of cell cycle

MHCC-97H cells reached the logarithmic growth phase 
were collected and seeded into 6-well plates at a density of 
20,000 cells/well. The plates were then incubated overnight 
to allow cell adhesion. Next, the cells were treated with 
0.75, 1.5, and 3.0 μM acetylshikonin for 48 hours. After 
treatment, the collected cells were treated with pre-
cooled 75% ethanol for overnight fixation at −20 ℃. After 
centrifugation, the fixed solution was washed away with 
phosphate-buffered saline (PBS). Following the instructions 
of the DNA content assay kit (Solibao, Beijing, China), 
each sample was treated with 100 μL RNase at 37 ℃ for 
30 minutes to remove RNA interference. Then, 400 μL 
propidium iodide (PI) solution was added in the dark for 
15 min. A total of 10,000 events were measured by flow 
cytometry (Epics XL; Beckman Coulter, Brea, CA, USA) at 
488 nm. The data regarding the number of cells in different 
phases of the cell cycle was analyzed by EXPO32 ADC 
analysis software (Beckman Coulter).
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Annexin V-FITC/PI double staining assay

The cells samples were treated and collected as described in 
the cell cycle analysis. For apoptosis analysis, the collected 
samples were performed under the guidance of Annexin-
V-FITC/PI kit (Beyotime, China). After incubation with  
5 μL of Annexin-V-FITC buffer at room temperature for  
15 min, PI solution was then added drop-wise and incubated 
for 10 min. Almost 10,000 events were collected for flow 
cytometry analysis (Epics XL). The percentage of apoptotic 
cells was calculated using EXPO32 ADC analysis software.

Caspase-3 activity

A Caspase-3 Activity Assay Kit was used to detect caspase-3 
enzyme activity in cells using colorimetric method according 
to the manufacturer’s instructions (Beyotime, China). 
Briefly, the cells were seeded and treated as described in the 
cell cycle analysis. Then, the cells were treated with 5 μM 
GreenNuc™ Caspase-3 Substrate and incubated in dark at 
37 ℃ for 30 minutes. The caspase-3 activity was monitored 
by the fluorescence intensity at an excitation wavelength 
of 485 nm and an emission wavelength of 515 nm using a 
microplate reader (Varioskan LUX).

Intracellular mitochondrial membrane potential (MMP) 
detection 

The cell samples were treated and collected as described in 
the cell cycle analysis. The collected cells were resuspended 
in 0.5 mL of cell culture medium and then 0.5 ml of 
5,5’,6,6’-tetrachloro1,1’,3,3’-tetramethylbenzimidazolyl
carbocyanine iodide (JC-1) working solution (Beyotime, 
China) was added. The mixture was incubated at 37 ℃ 
for 20 min. After incubation, the cells were centrifuged at  
600 ×g for 3–4 min at 4 ℃, and the cell pellet was washed 
twice with JC-1 staining buffer (1×). The MMP was 
observed using a fluorescence microscope and analyzed 
using a flow cytometer.

Intracellular reactive oxygen species (ROS) detection

The cell samples were treated and collected as described in 
the cell cycle analysis. The collected cells were incubated 
with 10 μM dichloro-dihydro-fluorescein diacetate (DCFH-
DA; Sigma Aldrich, USA) at 37 ℃ for 30 min. After 
incubation, the cells were centrifuged at 600 ×g for 3–4 min 

at 4 ℃, and washed twice with PBS. The intracellular ROS 
was observed using a fluorescence microscope and analyzed 
using a flow cytometer.

Statistical analysis

SEM from at least three independent experiments were 
obtained and presented. Unless otherwise indicated, the 
differences were considered to be statistically significant 
at P<0.05, P<0.001 followed by Student’s unpaired t-test 
for two-group comparison using one-way analysis of 
variance (ANOVA). GraphPad Prism Software version 8.0 
(GraphPad Inc., La Jolla, CA, USA) was used for statistical 
analysis.

Results

In vitro anti-proliferative activity evaluation

For the initial screening, some commercially bioactive 
compounds extracted from Lithospermum erythrorhizon were 
selected to evaluate their in vitro anti-proliferative activities 
against a panel of human cancer cell lines. As summarized 
in Table 1, all of these bioactive compounds (Figure 1) 
extracted from Lithospermum erythrorhizon displayed anti-
proliferative activities against several human cancer cell 
lines, including human non-small cell lung cancer cell line 
(A549), human epithelial cervical carcinoma cell line (Caski), 
human liver carcinoma cell line (MHCC-97H), human 
prostatic cancer cell line (PC-3), and human colorectal 
carcinoma cell line (HCT-8). Among them, acetylshikonin 
displayed the best anti-proliferative activities with an IC50 
below 10 μM. Hence, acetylshikonin was selected as the 
optimized compound for further study.

Selectivity of acetylshikonin towards normal cells and 
cancer cells

One of the factors limiting the development of anticancer 
drugs is potential toxicity towards normal cells. Therefore, 
the selectivity of acetylshikonin towards both normal cells 
and cancer cells was also evaluated. As shown in Table 2, 
acetylshikonin exhibited relatively low cytotoxicity towards 
L-02 and RWPE-1 cell lines, with selectivity ratios of 9.41- 
and 2.49-fold, respectively. Additionally, acetylshikonin 
displayed nearly equivalent anti-proliferative activity against 
both breast cancer cells and normal breast cells.
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Cytotoxicity of acetylshikonin towards drug-resistant 
cancer cell lines

In addition to drug safety, multi-drug resistance is another 
factor limiting the development of anticancer drugs. In order 
to evaluate the cytotoxicity of acetylshikonin towards drug-
resistant cancer cell lines, several commercially available 

drug-resistant cell lines including cisplatin-resistant cell line 
MHCC-97H/CDDP, enzalutamide-resistant cell line PC-3/
ENZR, and vincristine-resistant cell lines HCT-8/VCR 
were evaluated. As shown by the results summarized in Table 
3, acetylshikonin displayed nearly or even better activity 
towards drug-resistance cancer cell lines.

Tubulin polymerization inhibition activity of acetylshikonin

MTAs interfere with microtubule dynamics and disrupt 
their normal functions, leading to eventual cell death. In 
this study, we also evaluated the tubulin polymerization 
inhibition activity of acetylshikonin. Firstly, our research 
aimed to determine the effect of acetylshikonin on the 
tubulin–microtubule system, specifically whether it acts as 
a microtubule stabilizer or a microtubule depolymerizer. As 
presented in Figure 2A, the enhancement of fluorescence 
intensity was inhibited by colchicine, a well-known 
microtubule depolymerizer, and was promoted by 
taxol, a well-known microtubule stabilizer. Similarly to 
colchicine, acetylshikonin can be classified as a microtubule 
depolymerizer based on its observed ability to inhibit 
tubulin polymerization. Then, as shown in Figure 2B, a 
series of treated concentrations of acetylshikonin were 
incubated with tubulin to obtain the IC50 value that inhibited 
tubulin polymerization (5.98±0.02 μM). To visualize the 
interference of acetylshikonin on the intracellular tubulin–
microtubule system, the immunofluorescence analysis 
was applied. As illustrated in Figure 2C, in the group of 
untreated cells, the microtubules exhibited an organized 
and filamentous arrangement surrounding the cell nucleus. 
However, upon treatment with acetylshikonin, the normal 
morphology of microtubules was significantly disrupted, 
characterized by the disappearance of filamentous 
structures, shrinkage, and even punctate distribution. 

Table 1 Anti-proliferative activities of several bioactive compounds extracted from Lithospermum erythrorhizon

Compounds
IC50 (μM), mean ± SE

A549 Caski MHCC-97H PC-3 HCT-8

Acetylshikonin 3.12±0.22 2.93±0.47 1.09±0.27 3.52±0.36 7.26±0.14

Shikonin 10.63±0.45 3.98±0.11 5.98±0.18 19.11±0.15 15.24±0.55

Deoxyshikonin 3.48±0.19 6.16±0.12 7.54±0.021 25.72±0.33 19.25±0.44

β,β-dimethylacrylshikonin 12.69±0.17 22.77±0.83 36.69±0.23 18.76±0.32 52.69±1.36

Lithospermidin E 12.02±0.28 9.66±0.89 5.56±0.85 32.21±1.17 20.72±0.35

Shikonofuran A 72.22±4.24 18.86±1.39 9.56±0.15 18.89±2.21 58.72±3.21

IC50, half-maximal drug inhibitory concentration; SE, standard error.

Table 2 Selectivity of Acetylshikonin towards normal cells and 
cancer cells

Cell lines IC50 (μM), mean ± SE Selectivity ratio

MHCC-97H 1.09±0.27 9.41

L-02 10.26±0.24 −

PC-3 3.52±0.36 2.49

RWPE-1 8.75±0.18 −

MCF-7 7.15±0.11 1.05

MCF-10A 7.66±0.56 −

Selectivity ratio = (IC50 of human normal cells)/(IC50 of 
corresponding cancer cell lines). IC50, half-maximal drug 
inhibitory concentration; SE, standard error.

Table 3 Cytotoxicity of acetylshikonin towards drug-resistant 
cancer cell lines

Cell lines IC50 (μM), mean ± SE Resistance index

MHCC-97H 1.09±0.27 0.78

MHCC-97H/CDDP 0.85±0.01 −

PC-3 3.52±0.36 1.20

PC-3/ENZR 4.22±0.17 −

HCT-8 7.26±0.14 0.90

HCT-8/VCR 6.51±0.62 −

Resistance index = (IC50 of drug-resistance cell lines)/(IC50 of 
corresponding cancer cell lines). MHCC-97H/CDDP, MHCC-97H 
cell line resistant to cisplatin; PC-3/ENZR, PC-3 cell line resistant to 
enzalutamide; HCT-8/VCR, HCT-8 cell line resistant to vincristine.
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Furthermore, this phenomenon became more pronounced 
with increasing concentrations of acetylshikonin. Finally, we 
also investigated the binding mode of acetylshikonin with 
tubulin. The results of colchicine competitive binding assay 
(Figure 2D) showed that acetylshikonin inhibited tubulin 
polymerization through binding with colchicine in a dose-
dependent manner.

Acetylshikonin binds irreversibly to tubulin

Based on the aforementioned results demonstrating that 
acetylshikonin binds to tubulin at the colchicine binding 
site, our subsequent investigation aimed to determine 
whether this binding mode was irreversible. As shown in  
Figure 3A,3B, colcemid (a reported reversible tubulin 
inhibitor) and acetylshikonin were incubated with tubulin 
protein, respectively, followed by ultrafiltration. In the 
acetylshikonin-treated group, the filtrate showed almost no 

detectable peak of acetylshikonin, whereas in the colcemid-
treated group, approximately 67.8% of colcemid was 
detected in the filtrate. These results demonstrated that the 
binding mode of colcemid with tubulin was disrupted by the 
ultrafiltration method, indicating that this binding mode of 
colcemid is indeed reversible. In contrast, the binding mode 
of acetylshikonin was irreversible. The immunofluorescence 
images in Figure 3C also confirmed the same results. When 
the cells had been treated with colcemid or acetylshikonin 
for 8 hours, the obvious morphological alteration of 
intracellular microtubule was observed and this disruption 
effect was significantly restored upon removal of colcemid. 
Meanwhile, even after removing acetylshikonin, the 
microtubule morphology did not recover. Instead, with 
prolonged treatment time, the microtubules became 
more contracted and clustered around the cell nucleus. 
Altogether, these results demonstrated that acetylshikonin 
binds to tubulin in an irreversible way.

Figure 2 Acetylshikonin inhibited tubulin polymerization. (A,B) In vitro tubulin polymerization inhibition activity evaluation of compound 
taxol (10 μM), colchicine (10 μM), acetylshikonin (5 μM) (A) and indicated concentrations of acetylshikonin (B). Purified tubulin was 
incubated in the absence (control) or presence of compounds at the indicated concentrations. The fluorescence intensity was monitored in 
emission at 410 nm over a 90 min period at 37 ℃ (excitation wavelength of 340 nm). (C) The immunofluorescence images of intracellular 
microtubule were detected with an LSM 570 laser confocal microscope (Carl Zeiss, Jena, Germany) in the absence (control) or presence 
of acetylshikonin at the indicated concentrations. (D) Competitive combining capacity of acetylshikonin in the tubulin-microtubule 
system, which was detected by a colchicine competition binding assay. The experiments were performed at least 3 independent times, and 
representative images are shown. Scale bars are 10 μm.
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Acetylshikonin arrested cell cycle at G2/M phase

Microtubules play a critical role in regulating the cell cycle. 
During cell division, microtubules form the mitotic spindle, 
which is responsible for segregating the chromosomes into 
daughter cells. The dynamic assembly and disassembly 
of microtubules drives various stages of the cell cycle, 
including mitosis and cytokinesis. Hence, considering the 
vital role of microtubule in the cell cycle, we used flow 
cytometry to evaluate the arrest effect of acetylshikonin on 
cell cycle. As presented in Figure 4, after MHCC-97H cells 
were treated with acetylshikonin for 24 hours, the cell cycle 
was significantly arrested at the G2/M phase.

Acetylshikonin-induced cell apoptosis

It has been reported that MTAs disrupt the normal dynamic 
equilibrium of tubulin–microtubule system, arrest cell cycle, 
and eventually induce cell apoptosis. In this study, we also 
evaluated the apoptosis-inducing effect of acetylshikonin 
in MHCC-97H cell line. As illustrated in Figure 5A, an 
obvious apoptotic body was observed in the acetylshikonin-
treated group, and as the treated concentrations increased, 
particularly in the high-dose compound treatment group  
(3 μM), the typical features of apoptotic including 
significant reduction in nuclear volume, chromatin 
condensation, and nuclear fragmentation were observed. 
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Figure 3 Acetylshikonin binds irreversibly binds to tubulin. (A) Quantification of residual compounds using LC-MS/MS. Tubulin 
(3 mg/mL) incubated with 30 μM colcemid or 30 μM acetylshikonin at 37 ℃ for 1 h. Then, the incubation mixture was subjected to 
ultrafiltration centrifugation, and the solution upper membrane and the filtrate were separately collected to quantify the concentration of 
tested compounds using LC-MS/MS. (B) The percentages of remaining compounds in each part. (C) The immunofluorescence images of 
intracellular microtubules. MHCC-97H cells were treated with high concentrations of colcemid (10 μM) or acetylshikonin (10 μM) for 8 h, 
then the compounds were removed and further cultured to 24 h. At 0-, 8-, 16-, and 24-h points, microtubule morphology was detected by 
an LSM 570 laser confocal microscope (Carl Zeiss). Scale bar =5 μm. The representative images of at least 3 independent experiments were 
shown. LC-MS/MS, liquid chromatography tandem mass spectrometry.
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The apoptosis-inducing effect of acetylshikonin was also 
evidenced by Annexin V-FITC/PI double staining assay and 
the activation of caspase-3. As shown in Figure 5B,5C, as the 
treated-concentration of acetylshikonin gradually increased, 
there was a progressive increase in the proportion of cells 
undergoing early and late-stage apoptosis. Moreover, the 
caspase-3 activity in the acetylshikonin-treated group was 
significantly increased through the GreenNuc™ Caspase-3 
Assay Kit (Figure 5D).

Cell apoptosis is closely associated with mitochondrial 
dysfunction and oxidative damage, typically embodied by 
a decrease in MMP and accumulation of ROS. Based on 
the results obtained above, acetylshikonin could induce 
apoptosis in MHCC-97H cells. Therefore, it is reasonable 
to speculate that it may also affect the mitochondrial 
function and oxidative stress system. The cell-permeable 
fluorogenic probe DCFH-DA and JC-1 were used to 
detect the intracellular ROS level and MMP, respectively. 
As shown in Figure 6A-6C, acetylshikonin significantly 
induced ROS accumulation in a dose-dependent manner, 
characterized by the enhanced fluorescence intensity. 
Decreased MMP has been implicated as an early event 
in apoptotic cells. The relative ratio of red to green 
fluorescence can be used to measure the extent of 
mitochondrial depolarization, thus can be used as an early 
indicator of cell apoptosis. As presented in Figure 6D-6F, 

in the control group, the MMP was relatively high, and 
JC-1 aggregated in the mitochondrial matrix, forming 
J-aggregates that emitted red fluorescence. However, with 
the treated concentrations of acetylshikonin being increased, 
the MMP decreased, preventing the aggregation of JC-1 
in the mitochondrial matrix and existing as monomers that 
emit green fluorescence, which indicated that mitochondrial 
depolarization happened and acetylshikonin could induce 
cell apoptosis.

Discussion

NPs are of great importance in drug discovery and 
biological research (1). Lithospermum erythrorhizon, a 
flowering plant in the Boraginaceae family which is known 
as Zi Cao in China was reported to possess a wide range of 
pharmacological activities (5-7). In our study, some bioactive 
compounds extracted from Lithospermum erythrorhizon were 
selected to evaluate their in vitro anti-proliferative activity 
against a panel of human cancer cell lines. Among them, 
acetylshikonin displayed the best anti-proliferative activities 
with IC50 below 10 μM (Table 1). Why these compounds 
with extremely similar structures exhibit differences in 
anti-tumor activity is the subject that we will investigate in 
further study. Meanwhile, acetylshikonin will be used as the 
lead compound for our follow-up anti-cancer drug design.

Figure 4 The cell cycle arrest effect of acetylshikonin. (A) MHCC-97H cells were exposed with or without acetylshikonin at the indicated 
concentrations for 24 hours and then harvested and stained with PI solution for flow cytometry analysis. The experiment was repeated for 
3 independent times, and a representative experiment is presented. (B) The percentage of cells in each cell cycle phase was quantitatively 
analyzed using EXPO32 ADC analysis software. PI, propidium iodide.
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Figure 5 Acetylshikonin induced cell apoptosis. (A) The Hoechst 33342 staining of MHCC-97H cells treated with or without acetylshikonin 
at indicated concentrations; Scale bar: 10 μm. (B,C) Flow cytometry analysis of MHCC-97H cells stained with the Annexin V/FITC-PI 
double staining solution. (D) Caspase-3 activity was evaluated using a GreenNuc™ caspase-3 assay kit through a multifunctional microplate 
reader (Molecular Devices, Flex Station 3). The excitation and emission wavelength was set as 485 and 515 nm, respectively. All data were 
obtained from three independent experiments and the representative images were shown. Data were presented as the mean ± SEM. ***, 
P<0.001, significantly different compared to the control group by t-test. SEM, standard error of the mean.

Interestingly, acetylshikonin displayed selectivity for 
several human cancer cell lines and normal cell lines (Table 2).  
Except for the safety evaluation in the cell-based assay, the 
in vivo acute toxicity evaluation of acetylshikonin will be 
performed in the further study. Moreover, acetylshikonin 
displayed nearly or even better activity towards drug-
resistance cancer cell lines (Table 3). The causes of anti-
cancer drug resistance are multifactorial. Several key 
factors contribute to the development of drug resistance 
in tumors include genetic alterations, such as mutations or 
amplifications of drug targets, activation of cellular survival 
pathways, enhanced DNA repair mechanisms, and the 
overexpression of efflux pump named P-glycoprotein (P-gp). 
Additionally, tumor heterogeneity, tumor microenvironment 
factors, and the adaptive response of tumor cells to 
treatment can also play a role in the development of drug 
resistance (14). Overall, the underlying mechanisms of 
tumor drug resistance are complex and can vary depending 
on the specific tumor type and treatment regimen. The 

specific molecular mechanisms underlying drug resistance 
will be investigated in detail in our further research.

In this study, acetylshikonin was first validated as an 
MTA through irreversible binding with colchicine site 
(Figures 2,3). However, the specific amino acid residues 
involved in tubulin have not yet been identified, which 
might be elucidated through LC-MS/MS method.

In the mechanism study, acetylshikonin was shown to 
induce cell cycle arrest at the G2/M phase (Figure 4). As 
is commonly known, cell cycle progression relies on the 
activation of cyclin-dependent kinases (CDKs), which 
associate with cyclins to regulate different phases of the cell 
cycle. In particular, the cyclin B and Cdc2 kinase complex 
plays a crucial role in initiating the M phase. Phosphorylation 
of Cdc2 is known to activate its phosphatase activity, which 
is necessary for the activation of the Cdc2/cyclin B1 complex 
and the entry into mitosis (16). To understand the specific 
mechanisms underlying the cell cycle arrest induced by 
acetylshikonin, it is important to investigate its impact on 
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Figure 6 Acetylshikonin induced ROS accumulation and MMP decreased. MHCC-97H cells were treated with the indicated concentrations 
of acetylshikonin for 24 h. (A-C) The harvested cells were incubated with 10 μM DCFH-DA at 37 ℃ for 30 min and ROS was quantified by 
flow cytometry (EXPO32 ADC), and intracellular ROS were acquired using fluorescence microscope (Life Technologies, EVOS FL Auto, 
USA). (D-F) Intracellular MMP was detected by JC-1 solution at 37 ℃ for 30 min and then monitored by fluorescence microscopy and flow 
cytometry. Representative images from three independent experiments are shown. Scale bar: 10 μm. ROS, reactive oxygen species; MMP, 
mitochondrial membrane potential; DCFH-DA, dichloro-dihydro-fluorescein diacetate; JC-1, 5,5',6,6'-tetrachloro-1,1',3,3'-tetramethylben
zimidazolylcarbocyanine iodide.
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the targeted cyclins or specific signaling pathways involved 
in cell cycle regulation. Further exploration of these aspects 
will provide valuable insights into the precise molecular 
mechanisms through which acetylshikonin exerts its arrest 
effect on cell cycle progression.

Finally, acetylshikonin was validated to induce cell 
apoptosis through the decrease of caspase 3 activity, ROS 
abnormal accumulation, and mitochondrial depolarization 
(Figures 5,6). As we all know, except for the classical caspase-
dependent apoptosis signaling pathway, membrane death 
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receptor-mediated apoptosis and endoplasmic reticulum 
stress-mediated apoptosis are other important signaling 
pathways (27). Additional investigations were conducted to 
reveal whether acetylshikonin is involved in other apoptotic 
signaling pathways.

Conclusions

In this study, we have firstly validated that the NP 
acetylshikonin exerts potent anti-proliferative activity 
through  t a rge t ing  tubu l in-micro tubu le  sy s tem. 
Acetylshikonin acts as a microtubule depolymerizer by 
inhibiting tubulin polymerization at the colchicine-binding 
site. Additionally, acetylshikonin arrested cell cycle at 
the G2/M phase, induced ROS accumulation and MMP 
collapse, and ultimately led to cell apoptosis. Therefore, 
the anticancer activity of acetylshikonin deserves further 
investigation for cancer therapy.
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