
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Yu et al. BMC Complementary Medicine and Therapies          (2024) 24:389 
https://doi.org/10.1186/s12906-024-04671-3

Introduction
According to the latest data from the International 
Agency for Research on Cancer of the World Health 
Organization, breast cancer has become the malignant 
tumor with the highest incidence globally [1]. Triple-neg-
ative breast cancer (TNBC) is a subtype of breast cancer 
that features the negative expression of estrogen receptor, 
progesterone receptor, and human epidermal growth fac-
tor receptor 2 (HER2). TNBC accounts for 10–15% of all 
breast cancer cases and is characterized by strong aggres-
siveness, easy recurrence and metastasis, and poor prog-
nosis [2]. The unique biological behavior, TNBC makes 
the cells fail to respond to endocrine and traditional anti-
HER2 targeted therapies. The current treatment options 
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Abstract
Background  Breast cancer seriously affects physical and mental health of women. Despite advances in the clinical 
use of different treatments, breast cancer remains a major cause of mortality. Therefore, it is imperative to identify 
promising treatment options. In the present study, we investigated the effects of shikonin on 4T1 breast cancer cells 
and its potential mechanisms of action.

Methods  BALB/c-derived mouse breast cancer 4T1 is very close to human breast cancer in growth characteristics 
and systemic response, so 4T1 cells were selected for further experiments. Cell viability, apoptosis, intracellular reactive 
oxygen species (ROS), mitochondrial activity, and cellular calreticulin (CRT) exposure were assessed to evaluate the 
antitumor effects and mechanisms of shikonin in vitro. Orthotopic tumor growth inhibition and splenic immune cell 
regulation by shikonin were evaluated in 4T1 breast cancer orthotopic mice in vivo.

Results  In vitro, shikonin could inhibit cell proliferation, cause apoptosis, disrupt mitochondrial activity, and induce 
ROS production and CRT exposure. In vivo, shikonin inhibited tumor growth, increased the proportion of CD8+ T cells, 
and reduced the proportion of regulatory cells (CD25+ Foxp3+ T cells) in the spleen.

Conclusions  Shikonin inhibits the growth of 4T1 breast cancer cells by disrupting mitochondrial activity, promoting 
oxidative stress, and regulating immune function.
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for TNBC are limited to surgery, chemotherapy, and 
radiotherapy. Unfortunately, some patients are already 
inoperable at the time of diagnosis [3]. Chemotherapy 
is the main form of systemic therapy for TNBC. Che-
motherapeutic drugs include taxanes, anthracyclines, 
cyclophosphamide, platinum agents, and fluorouracil [4]. 
These drugs do not produce a satisfactory therapeutic 
effect and have problems with drug resistance and toxic 
side effects [3–5]. Whether TNBC is sensitive to radio-
therapy remains inconclusive, however, susceptibility to 
recurrence suggests the presence of radiotherapy resis-
tance [6]. The development of additional treatments for 
TNBC is necessary, and candidate treatments are being 
validated and explored. In recent years, new treatment 
strategies for breast cancer have emerged, such as target-
ing the tumor microenvironment and immune response 
[7, 8].

An increasing number of recent studies have docu-
mented the advantages of traditional Chinese medicine 
(TCM) in the treatment of cancer, including TNBC, tar-
geting multiple regulatory pathways [9–13]. Therefore, 
it is important to verify the efficacy and mechanisms 
of action of TCM in the treatment of TNBC. Shikonin 
(Fig. 1), is a small-molecule naphthoquinone compound 
extracted from the roots of Chinese herbal medicine 
Zicao (Lithospermum erythrorhizon Sieb. et Zucc). Rel-
evant information concerning Zicao is presented in 
Table 1. Shikonin is active against thrombosis, inflamma-
tion, and cancer, and has immunomodulatory, and other 
effects [14, 15]. Shikonin exerts anti-tumor effects on 
various types of tumors through various of mechanisms 

[14–20]. In one clinical trial, a shikonin mixture inhib-
ited the growth of lung cancer and improved the immune 
function in participants [21]. Shikonin can increase 
reactive oxygen species (ROS) in gastric cancer cells 
and eventually triggers mitochondria-mediated apopto-
sis [22]. In human colon cancer, shikonin has cytotoxic 
effects on tumors by inducing apoptotic cell death via 
the endoplasmic reticulum and mitochondria-mediated 
pathways [23]. However, the effects and mechanisms 
of action of shikonin on breast cancer are still being 
explored, with relatively few relevant reports published. 
More in-depth research is needed.

The mouse 4T1 breast cancer model is often used in 
pharmacological breast cancer research as it can fairly 
accurately mimic the characteristics of human breast 
cancer, including TNBC, including the local tumor 
growth pattern and the systemic response [24–26]. In 
this study, 4T1 breast cancer cells were used in vitro 
and in vivo in the mouse model to explore the inhibi-
tory effect of shikonin on breast cancer and its possible 
mechanisms, and to elaborate its value in the treatment 
of breast cancer.

Methods
Cell culture
4T1 cells purchased from Procell Life 
Science&Technology Co.,Ltd.(China) were maintained 
in Roswell Park Memorial Institute (RPMI) 1640 medium 
(Gibco, USA) supplemented with 10% fetal bovine serum 
(Gibco, USA) and incubated at 37 °C in an atmosphere of 
5% CO2 air.

Cell viability assay
4T1 cell viability was detected by the 3-(4,5-dimethylthi-
azol-2-yi(2,5-diphenyltetrazolium bromide (MTT) assay. 
Each well of 96-well plates was seeded with 5 × 103 cells 
and incubated overnight. The cells were then exposed 

Table 1  Zicao
Latin scientific name Plant part English name Pin-

yin 
name

Lithospermum erythrorhizon 
Sieb. et Zucc.

Root Radix Arnebiae Seu 
Lithospermi

Zicao

Fig. 1  Two-dimensional (2D) and 3D chemical structures of shikonin
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to a series of concentrations of shikonin (Desite, China) 
ranging from 10 to 0.039 µg/mL. After 48 h of treatment, 
20 µL of MTT reagent (Solarbio, China) at a concentra-
tion of 5  mg/mL was added to each well. After incuba-
tion at 37 °C for 4 h, the supernatant was removed. The 
insoluble formazan that had been formed by viable cells 
was resuspended in 150 µL dimethylsulfoxide (DMSO; 
Yuanye, China) and the absorbance was determined using 
a microplate reader (Thermo Fisher Scientific, USA). The 
experiment on the effect of shikonin on non-cancerous 
cells was included in the supporting information.

For in vitro experiments, shikonin was dissolved in 
DMSO to produce a stock solution of 10 mg/mL, which 
was diluted as required in cell culture medium supple-
mented with 10% fetal bovine serum.

Cell apoptosis assay
Apoptosis was detected by flow cytometry. Each well of 
six-well plates was seeded with 2 × 105 cells and incu-
bated overnight. The cells were then treated with 200 ng/
mL shikonin (low-dose shikonin group, LD-SK group) 
or 800 ng/mL shikonin (high-dose shikonin group, 
HD-SK group). Cells in the negative control group were 
treated with PBS (Procell, China; PBS group). Cells in 
the positive control group were treated with 400 ng/mL 
doxorubicin hydrochloride (Meilunbio, China; DOX 
group). After 48 h of treatment, the cells were collected 
and stained with Annexin V-Cy5 (BioVison, USA) and 
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; 
Meilunbio, China) at 4℃ for 30  min, followed by flow 
cytometry analysis (Beckman Coulter, USA).

ROS assay
Intracellular ROS levels were measured by flow cytom-
etry. Cells at logarithmic growth stage were inoculated 
(3 × 105 cells) in wells of six-well plates and incubated for 
24 h. The cells were then treated to yield the aforemen-
tioned PBS, DOX, LD-SK, and HD-SK group. After 24 h 
of treatment, the ROS fluorescent probe dihydrorho-
damine 123 (Meilunbio, China) was added and then 
incubated at 37℃ for a further 4 h in the dark. After incu-
bation, elution with PBS was performed three times, and 
fluorescence intensity was detected by flow cytometry.

Mitochondrial activity assay
The mitochondrial activity was detected using flow 
cytometry. Each well of six-well plates was seeded with 
2 × 105 cells and incubated for 24 h. The cells were then 
treated to establish the aforementioned PBS, DOX, 
LD-SK, and HD-SK groups. After 48 h of treatment, the 
cells were collected and stained with JC-10 cationic and 
lipophilic dye (BIOBYING, China) at 37℃ for 2 h. After 
staining, cells were washed and resuspended in PBS. 
Mitochondrial activity was detected by flow cytometry.

Calreticulin (CRT) exposure assay
CRT exposure was quantified by flow cytometry. Cells 
at the logarithmic growth stage were inoculated (2 × 105 
cells) in wells of six-well plates and incubated for 24  h. 
The cells were then treated to establish the aforemen-
tioned PBS, DOX, LD-SK, and HD-SK groups. After 48 h 
of treatment, the cells were collected and incubated with 
the CALR Polyclonal Antibody (Elabscience, China) at 
37℃ for 1 h. The cells were washed with PBS and incu-
bated with goat Anti-Rabbit IgG H&L/Cy5 (Bioss, China) 
at 37 °C in the dark for 1 h, washed, and resuspended in 
PBS. Flow cytometry was used for the quantitative assay 
of CRT exposure of 4T1 cells.

In vivo antitumor activity
Twenty-four specific pathogen-free healthy female 
BALB/c mice (6–8 weeks old, 16–20  g in weight) were 
obtained from the Laboratory Animal Center, Guang-
zhou University of Chinese Medicine (License Number: 
SYXK (Yue) 2018-0034). The mice were raised in a tem-
perature-and humidity-controlled pathogen-free room 
under a 12 h:12 h light/dark cycle with ad libitum access 
to food and water. All animal experiments were approved 
by the Ethics Committee of Sci-tech Industrial Park, 
Guangzhou University of Chinese Medicine (serial num-
ber: PZ22069).

After being anesthetized by isoflurane (Ruiwode, 
China) inhalation (1.5% in air), the mammary fat pads of 
18 mice were injected with 4T1 cells (5 × 105 cells in 50 
µL PBS per mouse) using sterile insulin syringe (Kindly, 
China). Animals were randomized (n = 6) and then 
received intravenous injection of shikonin (10 mg/kg, dis-
solved in PBS containing 1% DMSO and 3% Tween 80), 
DOX (2.5 mg/kg, dissolved in PBS), or an equal volume 
of PBS every other day for 14 days (Fig.  2). The tumor 
volume of mice were measured every other day (tumor 
volume = length×1/2 width2). Animals were euthanized 
by isoflurane inhalation (3% in air) and cervical disloca-
tion after treatment. The tumor tissues and spleens were 
collected.

Spleen immune cells detection
Spleen immune cells were analyzed by flow cytometry. 
Spleens were washed with pre-cooled PBS, ground, and 
passed through a 200 sieve to purify the spleen grinding 
liquid. The collected cell suspension was centrifuged at 
3000  rpm for 5  min. After removing the supernatant, 1 
mL of diluted modified red blood cell lysis buffer (Mei-
lunbio, China) was added to the cell precipitate and the 
cells were lysed at room temperature for 10 min. When a 
white flocculent precipitate was visible to the naked eye, 
1 mL of PBS was added to terminate lysis, and each sam-
ple was centrifuged after filtering. The precipitate was 
resuspended with PBS to form a single cell suspension of 
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spleen cells. The spleen single cell suspension was divided 
into two equal portions. One portion was incubated with 
Elab Fluor® Violet 450 Anti-Mouse CD45 Antibody[30-
F11] (Elabscience, China), Elab Fluor® Red 780 Anti-
Mouse CD3 Antibody[17A2] (Elabscience), APC 
Anti-Mouse CD4 Antibody[GK1.5] (Elabscience, China) 
and fluorescein isothiocyanate (FITC) Anti-Mouse CD8a 
Antibody[53 − 6.7] (Elabscience) diluted in cell staining 
buffer (Elabscience, China) at 4 °C in the dark for 30 min. 
The other portion was incubated with Elab Fluor® Violet 
450 Anti-Mouse CD45 Antibody[30-F11], Elab Fluor® 
Red 780 Anti-Mouse CD3 Antibody[17A2], APC Anti-
Mouse CD4 Antibody[GK1.5], and PerCP/Cyanine5.5 
Anti-Mouse CD25 Antibody[PC-61.5.3] (Elabscience, 
China) diluted in cell staining buffer at 4  °C in the dark 
for 30  min. Fixed membrane breaking and nucleation 
breaking solutions (Biolegend, USA) were used to disrupt 
cell membranes and nuclei, respectively, according to the 
specifications to facilitate staining with phycoerythrin 
(PE) Anti-Mouse Foxp3 Antibody [3G3] (Elabscience, 
China). Finally, flow cytometry was used to examine the 
samples, and FlowJo _V10 software was used for data 
analysis.

Statistical analysis
SPSS Statistics version 22.0 (IBM, USA) was used for 
the statistical analysis of data. Data are presented as 
mean ± standard error. One-way analysis of variance 
(ANOVA) was used for the measurement of multiple 
groups conforming to a normal distribution and homo-
geneity of variance. Welch’s ANOVA was used for the 
measurement data of multiple groups that conformed to 
a normal distribution but did not conform to homogene-
ity of variance. Kruskal-Wallis test was used for the mea-
surement data of multiple groups that did not conform 
to a normal distribution. The test level of the above sta-
tistical results used P < 0.05 as the standard of significant 

difference and P < 0.01 as the standard of very significant 
difference.

Results
Cytotoxic effect of shikonin on 4T1 cells
The cytotoxicity of shikonin was detected by the MTT 
assay. The 50% inhibitory concentration (IC50) value was 
calculated based on the percentage of cell viability inhibi-
tion. Shikonin strongly inhibited 4T1 cell viability, with 
an IC50 value of 386 ng/mL following a 48-h treatment 
(Fig. 3). The finding suggested that shikonin could inhibit 
the proliferation of 4T1 breast cancer cells in vitro.

Effect of shikonin on apoptosis of 4T1 cells
To further evaluate whether the cytotoxicity of shiko-
nin was related to apoptosis, flow cytometry was used 
to measure the apoptosis rate. Similar to DOX, treat-
ment with 800 ng/mL shikonin promoted the early and 

Fig. 3  Inhibitory effect of shikonin treatment for 48 h on 4T1 cells. Data 
are presented as mean ± SEM (n = 6)

 

Fig. 2  Schematic diagram of in vivo experimental procedure
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late apoptosis of 4T1 cells (Fig.  4). These findings dem-
onstrate that the cytotoxicity of shikonin is related to 
apoptosis.

Effect of shikonin on ROS levels of 4T1 cells
Flow cytometry was used to detect the effects of the 
drugs on ROS levels in 4T1 cells. Both shikonin and DOX 
increased ROS levels in tumor cells (Fig. 5). These results 
suggest that, similar to DOX, shikonin may kill tumor 
cells by inducing increased production of ROS.

Effect of shikonin on mitochondrial membrane potential of 
4T1 cells
The effect of shikonin on the mitochondrial membrane 
potential of 4T1 cells was analyzed using JC-10 staining. 
JC-10 is a fluorescent probe of mitochondrial membrane 
potential that can selectively accumulate in the mito-
chondrial matrix to form a reversible red fluorescent 
polymer in normal cells. Owing to the decrease or loss 
of the membrane potential of unhealthy mitochondria, 

JC-10 can be transformed from a polymer to a monomer 
form and exists in the cytoplasm, producing green fluo-
rescence. As shown in Fig. 6, a change from red to green 
fluorescence was observed in all drug treatment groups, 
and the positive rate of mitochondrial membrane poten-
tial dissipation increased with an increase in shikonin 
concentration. These data suggest that shikonin, similar 
to doxorubicin hydrochloride, attacks the mitochondria 
of 4T1 cells and disrupts their function.

Effect of shikonin on CRT exposure of 4T1 cells
When tumor cells die due to external stimulation, the 
non-immunogenic to immunogenic transformation, and 
mediation of an antitumor immune response is termed 
immunogenic cell death (ICD). When ICD occurs in 
tumor cells, a series of signaling molecules are generated. 
These damage-associated molecular patterns include 
CRT exposed on the cell surface. Flow cytometry was 
used to detect the effects of the drugs on CRT exposure 
in 4T1 cells. Similar to DOX, shikonin induced CRT 

Fig. 4  Shikonin promotes apoptosis of 4T1 cells. (A) Representative scatter plots of the apoptotic status in 4T1 cells in the 48-h PBS, DOX, LD-SK and 
HD-SK groups. (B) Statistical analysis of apoptosis of 4T1 cells (percentage of cells in Q2 and Q3) after the different treatments. Data are presented as 
mean ± SEM (n = 3); *P < 0.05, **P < 0.01
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exposure in 4T1 cells (Fig. 7). The findings indicated the 
potential of shikonin to induce ICD (Fig. 7).

In vivo antitumor activity of shikonin
To better evaluate the antitumor effects of shikonin in 
vivo, a mouse 4T1 orthotopic transplantation tumor 
model was used. As shown in Fig. 8, the solid tumor vol-
ume in the PBS group gradually increased over time. The 
tumor volume (Fig.  8B) and weight (Fig.  8C) of mice in 
the DOX and SK groups were significantly lower than 
those in the PBS group after treatment, suggesting that 
shikonin could inhibit the growth of 4T1 breast cancer 
in mice. Although the tumor inhibitory effect was not as 
strong as that of DOX, the anti-breast tumor effect of shi-
konin warrants further study.

Effects of shikonin on spleen immune cells in vivo
To better evaluate the antitumor mechanism of shikonin, 
splenic immune cells were analyzed by flow cytometry. 

As shown in Fig.  9, the proportion of CD25+Foxp3+-
positive T cells in the spleens of PBS-treated mice with 
breast cancer was higher than that in the normal group, 
suggesting immunosuppression. Similar to DOX, shiko-
nin reduced the proportion of CD25+Foxp3+ T cells in 
mice with breast cancer, thereby alleviating immunosup-
pression. In addition, although shikonin had no signifi-
cant effect on CD4+ T cells, it increased the proportion 
of CD8+ T cells in mice with breast cancer compared to 
that in the normal group. The finding is conducive to 
antitumor effects, as CD8+ T cells are a subgroup of T 
lymphocytes that can directly kill tumor cells. Shikonin 
also reduced the proportions of CD4+ and CD8+ T cells, 
which was mainly associated with an increased propor-
tion of CD8+ positive T cells. The findings indicate that, 
in general, shikonin plays an immunomodulatory role 
by alleviating immunosuppression and enhancing anti-
tumor immunity, which may be an important antitumor 
mechanism.

Fig. 6  Shikonin disrupts the mitochondrial function of 4T1 cells. (A) Representative scatter plots of the mitochondrial membrane potential status in 4T1 
cells treated with PBS, 400 ng/mL doxorubicin hydrochloride (DOX), 200 ng/mL shikonin, and 800 ng/mL shikonin for 48 h. (B) Statistical analysis of per-
centage of cells with low mitochondrial membrane potential. Data are presented as mean ± SEM (n = 3); *P values < 0.05, **P < 0.01

 

Fig. 5  Shikonin induces excessive production of ROS by 4T1 cells. (A) Flow cytometry detection of induced production of ROS in the PBS, DOX, LD-SK and 
HD-SK groups after 24 h. (B) Statistical analysis of ROS level in 4T1 cells after the different treatments. Data are presented as mean ± SEM (n = 3); **P < 0.01
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Discussion
Progress has been made in the non-surgical treatment 
of breast cancer in recent years. However, breast can-
cer, especially TNBC, remains one of the main malig-
nant tumors that endangers the health of women. The 
pathogenesis of breast cancer is complex, and improved 
methods of treatment are needed [27]. TCM has the 
advantage of having multiple tumor targets, such as 

direct and indirectly killing of tumor cells by regulating 
the body’s immunity [9]. Shikonin is an important active 
component of Lithospermum erythrorhizon Sieb. et Zucc, 
with a strong inhibitory effect on a variety of cancers 
through multiple antitumor mechanisms [14–20, 28–31]. 
For example, hypoxia is a potential therapeutic target in 
breast cancer, potential hypoxia-regulated axis was asso-
ciated with tumor development and progression [32]. 

Fig. 8  Antitumor effects of shikonin in vivo. (A) Anatomic morphology of tumors. (B) Tumor growth curve during the experimental period. (C) Tumor 
weight at the end of experiment. Data are presented as mean ± SEM (n = 6); **P values < 0.01

 

Fig. 7  Shikonin induces CRT exposure of 4T1 cells. (A) Flow cytometry detection of induced CRT exposure of 4T1 cells in the PBS, DOX, LD-SK, and HD-SK 
groups at 48 h. (B) Statistical analysis of CRT exposure of 4T1 cells after the different treatments. Data are presented as mean ± SEM (n = 3); *P < 0.05, 
**P < 0.01
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Shikonin down-regulated expression of hypoxia-induc-
ible factor 1α to inhibit tumor growth [33].

DOX is a chemotherapeutic drug commonly used in 
clinical breast cancer treatments, including TNBC [4, 34, 
35]. The antitumor activity of DOX involves induction of 

apoptosis, ROS production, and ICD [36, 37]. DOX treat-
ment was the positive control group to further clarify the 
anti-breast cancer effect and mechanisms of shikonin. 
Shikonin reportedly has an unfavorable oral bioavailabil-
ity with a plasma protein binding rate of 64.6% [38]. To 

Fig. 9  Shikonin regulates immunity in vivo. (A and B) Representative scatter plots of spleen CD25+Foxp3+ positive T cells (A) and CD8+ positive T cells (B). 
(C and D) Statistical analysis of percentage of CD25+Foxp3+ positive T cells (C) and CD4+ positive T cells (D). (E) Statistical analysis of CD8+ positive T cells 
percentage. (F) Statistical analysis of the ratio of CD4+ and CD8+ positive T cells. Data are presented as mean ± SEM (n = 6); *P < 0.05, **P < 0.01
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observe the effect of shikonin on tumors in vivo, shiko-
nin was injected intravenously in tumor-bearing mice. 
In a Sprague-Dawley rat model, the t1/2β detected after 
intravenous injection of shikonin at a dose of 5  mg/kg 
was 630.7 ± 124.9 min [39]. However, in the present study, 
considering the tolerance of the mice to tail vein injec-
tion, we administered the drug via tail vein injection 
every other day. If shikonin is administered according to 
its’ pharmacokinetics, it should achieve a better thera-
peutic effect. Improving the pharmacokinetics of shiko-
nin by optimizing the dosage to reduce the frequency 
of administration may overcome this limitation. This, 
requires further research.

The IC50 of shikonin on 4T1 cells was 386 ng/mL. Thus, 
we selected doses of 800 ng/mL (HD-SK group) and 200 
ng/mL (LD-SK group) for the subsequent in vitro experi-
ments. These doses were approximately 0.5 and 2 times 
the IC50, respectively. The in vitro experimental results 
showed that shikonin inhibited the proliferation of 4T1 
breast cancer cells, this is consistent with the results of in 
vitro study by Chen et al., who also found that shikonin 
inhibits the growth of human breast cancer cells MDA-
MB-231 and MCF-12  A [40]. Similar to DOX, shikonin 
induced the apoptosis of 4T1 breast cancer cells, dis-
rupted mitochondrial activity, increased ROS levels in 
tumor cells, and induced CRT exposure. Mitochondrial 
inhibition is a treatment strategy for cancer [41]. The 
antitumor activity of shikonin involves disrupted mito-
chondrial activity in 4T1 breast cancer cells. Previous 
studies have reported that ROS generated from shikonin 
has a significant influence on multiple signaling path-
ways, ultimately killing tumor cells, which is an indirect 
interaction mode in which ROS is a key mediator [15, 16]. 
Therefore, we measured the ROS levels before detecting 
the other indicators. When the intracellular ROS content 
exceeds a certain threshold, it causes the destruction of 
protein and DNA structures and the breakdown of the 
mitochondrial membrane potential, leading to the death 
of tumor cells [15, 42]. Intracellular ROS storms can also 
cause ICD, and increased exposure to CRT on the sur-
face of tumor cells is an important sign of immunogenic 
death [43]. Increasing the ROS content at tumor sites has 
become an effective cancer treatment method, and we 
found that increasing the ROS content in tumor cells is 
one of the anti-breast cancer mechanisms of shikonin.

Although the current in vivo study results suggest that 
shikonin is less effective than the positive control drug 
DOX, it does have an anti-breast cancer effect, so it may 
be used as an adjuvant in the future, or it may be an addi-
tional choice for patients with DOX resistance. Immuno-
therapy has recently emerged as a therapeutic strategy. 
This approach, which modulates the immune system 
to kill tumor cells, has been applied to treat TNBC [7]. 
Compared to other breast cancers, TNBC has unique 

molecular characteristics that include a high tumor muta-
tion load and large number of tumor-infiltrating lym-
phocytes, which are amenable for immunotherapy [44]. 
Advancements in TNBC immunotherapy have included 
combination therapy, such as chemotherapy combina-
tion regimens (such as atezolizumab + nab-paclitaxel) and 
targeted therapy combination regimens (such as nirapa-
rib + pembrolizumab). Monotherapy remains limited, 
necessitating further explorations of novel immunother-
apy agents [44]. Regulatory T cells (Tregs) are an immu-
nosuppressive subgroup of CD4+T cells (CD25+Foxp3+). 
When used for tumor immunotherapy, Tregs impair both 
the immune surveillance of cancer in healthy individuals 
and the antitumor immune response in tumor-bearing 
hosts [45, 46]. Equipped with highly immunosuppressive 
activity, Tregs, have been shown to suppress the viabil-
ity and function of CD8+ T cells and promote tumor 
progression [47]. Increased Treg infiltration has been 
described in TNBC tissue compared to the infiltration in 
normal breast tissue [48]. It has been reported that the 
anti-TNBC effect involves inhibition of Treg activity and 
increased CD8+ T cell responses [49]. In vivo experimen-
tal results of this study showed that shikonin had antipro-
liferative effects on 4T1 breast cancer cells. An increase 
in the proportion of Tregs in splenic immune cells was 
observed in a 4T1 tumor-bearing BALB/c mouse model, 
an immunosuppressive state conducive to tumor growth. 
Similar to DOX, shikonin can downregulate the propor-
tion of Tregs in the spleen immune cells of the 4T1 breast 
cancer BALB/c mouse model, relieve the splenic immu-
nosuppressive state of tumor-bearing mice, and facili-
tate the activation of the peripheral antitumor immune 
response. In addition, shikonin significantly increased 
the proportion of CD8+T cells in the spleens of tumor-
bearing mice, as CD8+T cells play an important role in 
the antitumor immune response [50].

As shown in Figure S1, the IC50 value of shikonin on 
MLE-12 is approximately 10 times higher than that on 
4T1 cells, which suggested that the toxicity of shikonin to 
4T1 tumor cells is much greater than that to normal cells. 
But like many chemotherapy drugs, shikonin may have 
potential toxicity to normal cells, which requires further 
research to determine whether the anti-tumor effects of 
shikonin outweigh its drawbacks.

Conclusions
Shikonin can inhibit the growth of 4T1 breast cancer cells 
through multiple mechanisms, including disruption of 
mitochondrial activity, promotion of oxidative stress, and 
relief of immune suppression. This study explored the 
anti-breast cancer effect and its mechanisms. Subsequent 
research will determine the optimal dosage and toxic side 
effects of shikonin in vivo for anti-tumor treatment.
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