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Abstract
Hepatocellular carcinoma (HCC) is a common and lethal tumor worldwide. Atractylenolide II (AT-II) is a natural sesquiter-
penoid monomer, with anti-tumor effect. To address the effect and mechanisms of AT-II on HCC. The role and mechanisms 
of AT-II were assessed through cell counting kit-8, flow cytometry, enzyme-linked immunosorbent assay, immunofluores-
cence, and western blot experiments in Hep3B and Huh7 cells. In vivo experiments were conducted in BALB/c nude mice 
using immunohistochemistry and western blot assays. AT-II decreased the cell viability of Hep3B and Huh7 cells with a 
IC50 of 96.43 µM and 118.38 µM, respectively. AT-II increased relative  Fe2+ level, which was further promoted with the 
incubation of erastin and declined with the ferrostatin-1 in Hep3B and Huh7 cells. AT-II enhanced the level of ROS and 
MDA, but reduced the GSH level, and the expression of xCT and GPX4. AT-II elevated the percent of CD8+ T cells and 
the IFN-γ contents, and declined the IL-10 concentrations and the expression of PD-L1 in Hep3B and Huh7 cells. AT-II 
downregulated the relative protein level of TRAF6, p-p65/p-65, and p-IkBα/IkBα, which was rescued with overexpression 
of TRAF6. Upregulation of TRAF6 also reversed the effect of AT-II on proliferation, ferroptosis, and immune escape in 
Hep3B cells. In vivo, AT-II reduced tumor volume and weight, the level of GPX4, xCT, and PD-L1, and the expression of 
TRAF6, p-p65/p-65, and p-IkBα/IkBα, with the increased expression of CD8. AT-II modulated the proliferation, ferroptosis, 
and immune escape of HCC cells by downregulating the TRAF6/NF-κB pathway.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most frequent 
tumor and the fourth biggest cause of tumor-related mortal-
ity around the world (Konyn et al. 2021; Vogel et al. 2022). 
It is estimated that one million populations will suffer HCC 
by 2025 worldwide with Chinese suffering accounting for 
about 53% (Bray et al. 2018). The etiology and pathogenesis 
of HCC are tanglesome, which have not been totally clari-
fied at present. Yet, some sharing hallmarks of malignan-
cies, such as aberrant proliferation, immune evasion, and 
activating invasion and metastasis, have been identified to 
be strongly related to the progression and development of 
HCC (Hanahan 2022). Locoregional therapy, containing 
liver transplantation, radiofrequency ablation, and surgi-
cal resection, is an effective approach for the treatment of 
HCC diagnosed at an early stage (Galle et al. 2021; Zhou 
and Song 2021). However, owing to the shortage of early 
diagnosis, HCC is generally found at an advanced stage, 
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which makes locoregional therapy feeble (Sugawara and 
Hibi 2021). Although radiotherapy and chemotherapy are 
feasible for patients diagnosed at advanced stages, resistance 
as well as severe side effects have seriously impeded their 
clinical application (Nia and Dhanasekaran 2020; Chen et al. 
2021). Consequently, the fact of high incidence of metastasis 
and recurrence contributes to low overall 5-year survival 
rate of HCC under 20% (Kishore et al. 2020). Therefore, 
dissecting the potential molecular mechanisms of HCC to 
develop viable therapies is of prime importance for the treat-
ment of HCC.

Atractylenolide, a sesquiterpene, is one of the principal 
components of Atractylodes macrocephala that has various 
pharmacological properties (Xie et al. 2023). Atractyle-
nolides comprise atractylenolide I, II, and III, and all these 
three components exhibit potent anti-tumor activities in dif-
ferent tumors, such as colon cancer, gastric cancer, and lung 
cancer (Xie et al. 2023). Sheng and colleagues (Sheng et al. 
2021) have reported that atractylenolide III effectively inhib-
its HCC cell growth and evokes cell apoptosis by upregulat-
ing miR-195-5p to downregulate FGFR1 expression. The 
object of this study, atractylenolide II (AT-II), has exhib-
ited a suppressive effect on inflammation, oxidative stress, 
and radiation based on plenty of studies (Li et al. 2007; Li 
et al. 2007; Wang et al. 2011; Xiao et al. 2020). Besides, 
AT-II exerts gastroprotective activity to prevent gastric ulcer 
induced by ethanol both in vivo and in vitro (Wang et al. 
2010). Moreover, the anti-tumor effect of AT-II has been 
identified on different tumors. For instance, the encourag-
ing effect of AT-II on cell cycle arrest and apoptosis by the 
androgen receptors (ER) pathway has been reported in breast 
cancer (Dou et al. 2021). AT-II dampens cell viability and 
ameliorates chemoresistance in colorectal cancer (Zhang 
et al. 2019). AT-II suppresses cell proliferation and enhances 
G2/M cell cycle arrest-induced apoptosis in prostate cancer 
(Wang et al. 2018). Nevertheless, the function and possi-
ble mechanisms of AT-II in HCC still need to be addressed 
further.

Therefore, the effect and possible mechanisms of AT-II 
were explored in HCC cell lines and xenografted mice. We 
hope our results can identify an efficient agent for the treat-
ment of HCC.

Materials and methods

Reagents

AT-II was bought from MedChemExpress (catalog number: 
HY-N0202, Monmouth Junction, NJ, USA) with a purity of 
99.91%, dissolved in dimethylsulfoxide (DMSO, catalog num-
ber: ST038, Beyotime), and then diluted in PBS for the use.

Cell culture

The normal hepatocyte line THLE-3 was bought from 
ATCC (catalog number: CRL-11233), and two HCC 
cell lines Hep3B (catalog number: CL-0120) and Huh7 
(catalog number: CL-0120) were prepared from Procell 
(Wuhan, China). THLE-3 cells were grown in MEM (cata-
log number: 41500034, Gibco, Rockville, MD, USA), and 
Hep3B and Huh7 cells were grown in DMEM (catalog 
number: PM150210, Procell) with 10% fetal bovine serum 
(FBS, 12103C, Merck, Whitehouse Station, NJ, USA) and 
1% penicillin/streptomycin (P/S, PB180120, Procell) in an 
incubator at 37 °C with 5%  CO2.

Cell treatments

AT-II with concentrations of 0, 12.5, 25, 50, 100, 200, 
and 400 μM was used to incubate with THLE-3 cells for 
48 h to assess the toxic effect of AT-II on THLE-3 cells, 
and AT-II with the concentrations of 0, 12.5, 25, 50, 100, 
and 200 μM was used to incubate with Hep3B and Huh7 
cells to assess the toxic effect of AT-II on Hep3B and 
Huh7 cells. The serial concentrations of AT-II used in the 
present were based on the previous studies (Wang et al. 
2018; Tian and Yu 2017). 0 μM AT-II used in the present 
study indicated that cells were hatched with PBS (catalog 
number: ST447, Beyotime). Besides, 5 mmol/L erastin 
(an activator of ferroptosis) or 1 mmol/L ferrostatin-1 (an 
inhibitor of ferroptosis) was used to incubate with Hep3B 
and Huh7 cells to determine the direct role of ferroptosis. 
The concentration of erastin and ferrostatin-1 used in the 
present study was according to the report (Zhang et al. 
2021). In addition, the sequences of tumor necrosis factor 
receptor-associated factor 6 (TRAF6) were interposed into 
pcDNA vector plasmids, which were transfected into Huh7 
cells to enhance the level of TRAF6 by Lipofectamine 
3000 (catalog number: L3000001, Invitrogen, Carlsbad, 
CA, USA). Cells were yielded for the subsequent experi-
ments after 48 h of transfection.

Cell counting kit‑8 (CCK‑8) assay

THLE-3, Hep3B, and Huh7 cells with 1 ×  104 cells/well 
were filled into 96-well plates and grown at 37 °C with 5% 
 CO2. The cell viability was evaluated by a cell counting 
kit-8 kit (catalog number: C0037, Beyotime, Shanghai, 
China) by appending 10 µl CCK-8 reagent into each well 
for treatment for 2 h at 37 °C. The absorbance at 450 nm 
was recorded with a microplate reader (Thermo Fisher Sci-
entific, Waltham, MA, USA).
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Detection of the ferrous iron level

Two HCC cell lines were collected and centrifuged at 300 
g for 10 min at 4 °C. After removing the supernatant, cells 
were subjected to ultrasonication and then centrifuged at 
15,000 g for 10 min at 4 °C to collect the supernatant for 
detection. The level of ferrous iron of two HCC cell lines 
was examined by an Iron Assay Kit (catalog number: 
ab83366, Abcam, Cambridge, UK) in keeping with the 
working instructions.

Examination of the ROS level

The relative fluorescence intensities were measured by a 
fluorescence microscope (catalog number: IX71, Olympus, 
Tokyo, Japan) after two HCC cell lines were treated with 
2 μM 5-(and-6)-chloromethyl-2-,7-dichlorofluorescin diac-
etate (DCFH-DA, catalog number: S0033S, Beyotime) at 37 
°C for half an hour without light.

Detection of the MDA and GSH level

The contents of glutathione (GSH) and malondialde-
hyde (MDA) in HCC cell lines were examined using the 
Reduced Glutathione (GSH) Content Assay Kit (catalog 
number: D799613, Sangon Biotech, Shanghai, China) 
and Malondialdehyde (MDA) Content Assay Kit (catalog 
number: D799761, Sangon Biotech) based on the working 
instructions.

Flow cytometry assay

The main cell types of PBMCs are cells with a single nucleus 
in the blood, including lymphocytes (T cells, B cells, and 
NK cells), monocytes, phagocytic cells, dendritic cells, and 
a few other cell types. The immune system’s role in protect-
ing the body against tumors is crucial, and a key compo-
nent of this anti-tumor response lies in the ability of certain 
immune cells, such as cytotoxic T cells and natural killer 
cells, to induce malignant cell death through the immune cell 
killing (ICK) process. Thus, to assess the role of AT-II in the 
immune escape, PBMCs were separated from whole blood 
using Human Peripheral Blood Lymphocyte Separation 
Medium (catalog number: C0025, Beyotime) based on the 
working instructions. Subsequently, two HCC cells with cell 
density of 2.5 ×  105/well (mL) were co-cultured with PBMC 
density of 2.5 ×  105 cells/well (mL) in the presence of AT-II 
(50, 100, and 200 μM) and incubated for 48 h. The suspend-
ing PBMC cells were collected for flow cytometric analysis 
on a FACScan flow cytometry (Thermo Fisher Scientific) 
after incubated with CD3 (catalog number: 14-0037-82, Inv-
itrogen) and CD8 (catalog number: 12-0088-42, Invitrogen) 
antibody on ice for half an hour without light.

Enzyme‑linked immunosorbent assay (ELISA)

The contents of interferon-γ (IFN-γ) and interleukin-10 
(IL-10) in the media of co-culture cells were measured 
with Human IFN-γ ELISA Kit (catalog number: PI511, 
Beyotime) and Human IL-10 ELISA Kit (catalog number: 
PI528, Beyotime) in keeping with the working manuals. 
The absorbance was recorded at 450 nm by a microplate 
reader (Thermo Fisher Scientific).

Immunofluorescence (IF) assay

Two HCC cell lines were seeded on glassy plates and 
grown in an incubator with 5%  CO2 at 37 °C overnight. 
After the treatments, cells were rinsed with PBS three 
times, immobilized with 4% paraformaldehyde (catalog 
number: P0099, Beyotime) at room temperature for 15 
min, rinsed with PBS thrice, permeabilized with 0.5% 
Triton X-100 (catalog number: P0096, Beyotime) at room 
temperature for 20 min, and rinsed with PBS for three 
times. Next, cells were treated with the antibodies tar-
geted to p65 (1:500, catalog number: ab16502, Abcam) at 
4 °C overnight and Goat anti-rabbit IgG-AlexaFluor 488 
(1:1000, catalog number: ab150077, Abcam) at 37 °C for 
1 h, respectively. Then, cells were mounted with Mounting 
Medium, anti-fading (with DAPI) (catalog number: P0131, 
Beyotime), and imaged with fluorescence microscopy.

Animal

All animal experiments were kept with the Animal 
Research Ethics Committee of our hospital (approval 
number: SYSKY-2022-225-02). BALB/c nude mice (4 
weeks old) were bought from Cyagen (Jiangsu, China). 
Mice were bred in a specified pathogen-free (SPF) con-
dition with a 12-h cycle of light-dark at 22–24 °C, and 
provided with water and rodent diets ad asbitsium. Mice 
were subcutaneously inoculated with 1 ×  106 of Huh7 cells 
(Cai et al. 2021), and then stochastically allotted into sham 
group and AT-II 50 mg/kg group with five mice in each 
group. Mice in the AT-II 50 mg/kg group and sham group 
were intragastrically administrated with 50 mg/kg AT-II 
and PBS, severally. The dose of AT-II used in the pre-
sent study was following the previous study (Zhang et al. 
2022). Mouse body weight and tumor volume were exam-
ined every 1 week for successive 4 weeks. Tumor volume 
was determined with the following formula: volume = 1/2 
× length ×  width2 (Cardenas et al. 2009). Mice were sac-
rificed by inhaling the excess isoflurane (R510-22, RWD, 
Guangdong, China), and tumor samples were excised, 
weighted, and stored for subsequent assays.
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Immunohistochemistry (IHC) assay

Tumor tissues were excised and soaked into 4% paraform-
aldehyde, and then dehydrated with gradient concentrations 
of ethanol. Next, the tissues were encapsulated into paraffin 
(catalog number: YA0011, Solarbio, Beijing, China) and then 
sectioned into slices with a thickness of 5 μm. Subsequently, 
slices were subjected to drying, deparaffinization, and restora-
tion with the Citrate Antigen Retrieval Solution (pH 6.0, cata-
log number: P0081, Beyotime) for 15 min at 94 °C. After the 
block with 1% BSA (catalog number: ST2249, Beyotime) for 
30 min, slices were treated with the primary antibodies against 
glutathione peroxidase 4 (GPX4) (catalog number: ab125066, 
1:250, Abcam), cystine/glutamic acid transporter (xCT) (cata-
log number: ab307601, 1:500, Abcam), programmed death-
ligand 1 (PD-L1) (catalog number: ab233482, 1:100, Abcam) 
and CD8 (catalog number: PA5-88265, 1:200, Invitrogen), 
and the secondary antibody labeled with HRP (catalog num-
ber: ab6721, 1:1000, Abcam). Finally, slices were re-dyed 
with hematoxylin (catalog number: C0107, Beyotime) and 
imaged under a light microscope (Olympus).

Western blot

Total protein was collected from HCC cell lines and tumor 
tissues by the RIPA Lysis Buffer (catalog number: P0013K, 

Beyotime), and quantified with the BCA Protein Assay Kit 
(catalog number: P0010, Beyotime). Protein samples measuring 
20 µg were subjected to 10% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) and shifted onto PVDF 
membranes (catalog number: HVHP04700, Millipore, Billerica, 
MA, USA). The membranes were sealed with Blocking Buffer 
(catalog number: P0023B, Beyotime), and treated with primary 
antibodies at 4 °C overnight. The membranes were hatched with 
goat anti-rabbit IgG H&L (HRP) (catalog number: ab6721, 
1:10000, Abcam) at 37 °C for 1 h. The membranes were devel-
oped with the BeyoECL Plus (catalog number: P0018S, Beyo-
time) before the band intensity was determined by QUANTITY 
ONE software (Bio‐Rad, Hercules, CA, USA). The primary 
antibodies contained anti-GPX4 (catalog number: ab125066, 
1:10000, Abcam), anti-xCT (catalog number: ab307601, 1:1000, 
Abcam), anti-PD-L1 (catalog number: ab233482, 1:1000, 
Abcam), anti-TRAF6 (catalog number: ab137452, 1:3000, 
Abcam), anti-p65 (catalog number: ab16502, 1:1000, Abcam), 
anti-p-p65 (catalog number: ab86299, 1:10000, Abcam), anti-
IkBα (catalog number: ab97783, 1:10000, Abcam), anti-p-IkBα 
(catalog number: ab133462, 1:10000, Abcam), and anti-β-actin 
(catalog number: ab5694, 1:1000, Abcam).

Statistical analysis

Data were presented as mean ± standard deviation (SD). 
Difference was tested by the Student’s t-test (for two groups) 

Fig. 1  AT-II repressed the 
proliferation of Hep3B and 
Huh7 cells. A The 2-dimen-
sional structure of AT-II. B The 
cell viability of THLE-3 cells 
treated with 0, 12.5, 25, 50, 100, 
200, and 400 μM AT-II for 48 h 
was examined by CCK-8 assays. 
C The cell viability of Hep3B 
cells treated with 0, 12.5, 25, 
50, 100, and 200 μM AT-II for 
48 h was examined by CCK-8 
assays. D The cell viability 
of Huh7 cells treated with 0, 
12.5, 25, 50, 100, and 200 μM 
AT-II for 48 h was examined 
by CCK-8 assays. *P < 0.05 
and **P < 0.01 vs. 0 μM AT-II. 
n = 3
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or the one-way analysis of variance (ANOVA) (for more 
than two groups) followed by post hoc Bonferroni test by the 
SPSS 22.0 statistical software (IBM, Armonk, New York, 
USA). P < 0.05 was defined as a significant difference.

Results

AT‑II suppressed the proliferation of HCC cells

To survey the effect of AT-II on HCC, AT-II (Fig. 1A) with 
concentrations of 0, 12.5, 25, 50, 100, and 200 μM was used 
to incubate with Hep3B and Huh7 cells for 48 h. AT-II ranged 
from 12.5 to 200 μM had no influence on the cell viability 

of the normal hepatocyte line THLE-3, while the THLE-3 
cell viability was markedly reduced with the incubation of 
400 μM (Fig. 1B). On the other hand, AT-II with the con-
centrations of 50, 100, and 200 μM significantly declined the 
cell viability of both Hep3B and Huh7 cells, with a IC50 of 
96.43 µM and 118.38 µM, respectively (Fig. 1C and D), thus 
these three concentrations of AT-II (50, 100, and 200 μM) 
were chosen for the following studies. Totally, these results 
indicated that AT-II repressed the proliferation of HCC cells.

AT‑II enhanced ferroptosis in HCC cells

To address the effect of AT-II on ferroptosis in HCC cells, 
Hep3B and Huh7 cells were incubated with 50, 100, and 

Fig. 2  The effect of AT-II on the  Fe2+ level and the expression of 
xCT and GPX4 in Hep3B and Huh7 cells. A The relative  Fe2+ level 
was detected after Hep3B and Huh7 cells were treated with 50, 100, 
and 200 μM AT-II for 48 h. *P < 0.05, **P < 0.01, and ***P < 
0.001 vs. 0 μM AT-II. B The relative  Fe2+ level was detected after 
Hep3B and Huh7 cells were treated with 200 μM AT-II accompanied 
with erastin or ferrostatin-1. **P < 0.01 and ***P < 0.001 vs. control 
(without 200 μM AT-II, erastin and ferrostatin-1); #P < 0.05 vs. 200 
μM AT-II. C The relative protein expression of xCT and GPX4 was 

examined by western blot after Hep3B and Huh7 cells were treated 
with 50, 100, and 200 μM AT-II for 48 h. Data were expressed after 
being normalized with β-actin. *P < 0.05 and **P < 0.01 vs. 0 μM 
AT-II. D The relative protein expression of xCT and GPX4 was deter-
mined by western blot after Hep3B and Huh7 cells were treated with 
200 μM AT-II accompanied with ferrostatin-1. Data were expressed 
after being normalized with β-actin. **P < 0.01 vs. con; ##P < 0.01 
vs. 200 μM AT-II. n = 3
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200 μM AT-II for 48 h. The relative  Fe2+ level was notably 
increased after Hep3B cells were treated with 100 and 200 
μM AT-II, and that was markedly elevated after Huh7 cells 
were hatched with 50, 100, and 200 μM AT-II (Fig. 2A). 
To further confirm the direct role of ferroptosis, erastin and 
ferrostatin-1 were used to incubate with Hep3B and Huh7 
cells. Treatment of AT-II causing the increased relative  Fe2+ 
level was prominently further promoted with the incubation 
of erastin, but notably declined with the introduction of 
ferrostatin-1 in Hep3B and Huh7 cells (Fig. 2B). Besides, 
the relative protein expression of xCT and GPX4 was mark-
edly decreased in Hep3B cells treated with 100 and 200 
μM AT-II [xCT: 0 μM (1 ± 0.05), 50 μM (0.99 ± 0.06), 
100 μM (0.49 ± 0.08), 200 μM (0.23 ± 0.06); GPX4: 0 μM 
(1 ± 0.06), 50 μM (0.97 ± 0.06), 100 μM (0.53 ± 0.08), 
200 μM (0.23 ± 0.05)], and in Huh7 cells administrated 
with 50, 100, and 200 μM AT-II [xCT: 0 μM (1 ± 0.10), 
50 μM (0.79 ± 0.06), 100 μM (0.54 ± 0.10), 200 μM (0.29 
± 0.08); GPX4: 0 μM (1 ± 0.09), 50 μM (0.82 ± 0.07), 
100 μM (0.56 ± 0.12), 200 μM (0.31 ± 0.09)] (Fig. 2C). 

The reduced expression of xCT and GPX4 in AT-II-induced 
Hep3B and Huh7 cells was significantly restored with the 
treatment of ferrostatin-1 (Fig. 2D). Moreover, the relative 
lipid ROS level was prominently increased in Hep3B cells 
hatched with 100 and 200 μM AT-II, and in Huh7 cells 
administrated with 50, 100, and 200 μM AT-II (Fig. 3A 
and B). Treatment of 100 and 200 μM AT-II significantly 
enhanced the MDA level, but decreased the GSH level in 
Hep3B cells (Fig. 3C). Administration of 50, 100, and 200 
μM AT-II markedly increased the MDA level, but reduced 
the GSH level in Huh7 cells (Fig. 3C). Altogether, these 
results suggested that AT-II promoted ferroptosis in Hep3B 
and Huh7 cells.

AT‑II suppressed immune escape in HCC cells

In addition, the effect of AT-II on immune escape was resolved 
in Hep3B and Huh7 cells. As exhibited in Fig. 4A, the percent of 
CD8+ T cells was notably increased in Hep3B cells treated with 
100 and 200 μM AT-II, and in Huh7 cells administrated with 50, 

Fig. 3  Effect of AT-II on the level of ROS, MDA, and GSH in Hep3B 
and Huh7 cells. A and B The relative lipid ROS level was examined 
after Hep3B and Huh7 cells were incubated with 50, 100, and 200 
μM AT-II for 48 h. C The relative lipid MDA and GSH levels were 

detected after Hep3B and Huh7 cells were incubated with 50, 100, 
and 200 μM AT-II for 48 h. *P < 0.05, **P < 0.01, and ***P < 
0.001 vs. 0 μM AT-II. n = 3
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100, and 200 μM AT-II. Moreover, similar results were found 
in the contents of IFN-γ (Fig. 4B), but reverse outcomes were 
discovered in the concentrations of IL-10 (Fig. 4C) in Hep3B 
and Huh7 cells. Furthermore, the relative protein expression 
of PD-L1 was markedly decreased in Hep3B cells treated with 
100 and 200 μM AT-II, and in Huh7 cells administrated with 
50, 100, and 200 μM AT-II (Fig. 4D and E). However, these 
reductions were prominently recovered with the administration 

of ferrostatin-1 in Hep3B and Huh7 cells (Fig. 4F). Collectively, 
AT-II inhibited immune escape in Hep3B and Huh7 cells.

AT‑II inhibited TRAF6/NF‑κB pathway in HCC cells

To discover the possible mechanism of AT-II in HCC cells, 
the expression of TRAF6/NF-κB pathway was examined 
after Hep3B and Huh7 cells were hatched with 50, 100, 

Fig. 4  AT-II repressed immune escape in Hep3B and Huh7 cells. 
Hep3B and Huh7 cells were incubated with 50, 100, and 200 μM 
AT-II for 48 h. A The percent of CD8+ T cells was detected by flow 
cytometry. *P < 0.05, and **P < 0.01 vs. 0 μM AT-II. B The concen-
trations of IFN-γ were measured by ELISA. *P < 0.05, and **P < 
0.01 vs. 0 μM AT-II. C The concentrations of IL-10 were measured 
by ELISA. *P < 0.05, and **P < 0.01 vs. 0 μM AT-II. D and E The 

relative protein expression of PD-L1 was examined by western blot. 
Data were expressed after being normalized with β-actin. *P < 0.05, 
and **P < 0.01 vs. 0 μM AT-II. F The relative protein expression of 
PD-L1 was examined by western blot after Hep3B and Huh7 cells 
were treated with 200 μM AT-II accompanied with ferrostatin-1. Data 
were expressed after being normalized with β-actin. **P < 0.01 vs. 
con; ##P < 0.01 vs. 200 μM AT-II. n = 3
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and 200 μM AT-II. The relative protein level of TRAF6, 
p-p65/p-65, and p-IkBα/IkBα was notably reduced in 
Hep3B cells administrated with 100 and 200 μM AT-II, 
and in Huh7 cells hatched with 50, 100, and 200 μM AT-II 
(Fig. 5A and B). Moreover, the nuclear level of p65 was 
obviously decreased after both Hep3B and Huh7 cells were 
treated with 200 μM AT-II (Fig. 5C). To further confirm 
the direct role of TRAF6/NF-κB pathway, TRAF6 was 
overexpressed in Huh7 cells (Fig 6A). Overexpression 
of TRAF6 significantly restored AT-II-induced reduction 
in the relative protein level of TRAF6, p-p65/p-65, and 
p-IkBα/IkBα in Huh7 cells (Fig. 6B). Thus, AT-II down-
regulated the expression of TRAF6/NF-κB pathway in 
Hep3B and Huh7 cells.

AT‑II regulated the proliferation, ferroptosis, 
and immune escape of HCC cells by inactivating 
the TRAF6/NF‑κB pathway

Moreover, overexpression of TRAF6 prominently rescued 
AT-II-induced decrease in the cell viability of Huh7 cells 
(Fig. 7A). Management of AT-II significantly increased 
the relative  Fe2+ level and ROS level in Huh7 cells, which 

was observably offset with the overexpression of TRAF6 
(Fig. 7B–D). Besides, a prominent elevation in the con-
centrations of IFN-γ resulting from the treatment of AT-II 
was significantly neutralized with the overexpression of 
TRAF6 in Huh7 cells (Fig. 7E). Furthermore, overex-
pression of TRAF6 prominently recovered AT-II-induced 
reduction in the contents of IL-10, as well as the relative 
protein level of PD-L1 in Huh7 cells (Fig. 7F and G). 
Overexpression of TRAF6 alone increased the cell viabil-
ity, the IL-10 concentration, and the PD-L1 expression, 
but reduced the relative  Fe2+ level, the ROS level, and the 
concentrations of IFN-γ in Huh7 cells as compared with 
these in the control group (Fig. 7A–G). Therefore, these 
results indicated that AT-II modulated the proliferation, 
ferroptosis, and immune escape of Huh7 cells by inactivat-
ing the TRAF6/NF-κB pathway.

AT‑II modulated the proliferation, ferroptosis, 
and immune escape involved in the downregulation 
of the TRAF6/NF‑κB pathway in vivo

To verify the effect of AT-II in vivo, BALB/c nude mice were 
subcutaneously injected with 1 ×  106 of Huh7 cells, and the 

Fig. 5  Effect of AT-II on the expression of TRAF6/NF-κB pathway. 
Hep3B and Huh7 cells were treated with 50, 100, and 200 μM AT-II 
for 48 h. A and B The relative protein expression of TRAF6, p-p65, 
p-65, p-IkBα, and IkBα was examined by western blot. Data were 

expressed after being normalized with β-actin. *P < 0.05 and **P < 
0.01 vs. 0 μM AT-II. C The level of p-65 was determined by IF after 
Hep3B and Huh7 cells were treated with 200 μM AT-II, and the cell 
nucleus was stained by DAPI. Scale bar = 25 µm. n = 3
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tumor volume was supervised every 1 week for successive 
4 weeks. Administration of AT-II observably declined tumor 
volume and weight, but had no influence on the mice body 
weight (Fig. 8A–D). Moreover, management of AT-II mark-
edly decreased the level of GPX4, xCT, and PD-L1, while 
significantly elevated the CD8 level in tumor tissues (Fig. 8E 
and F). Furthermore, the introduction of AT-II prominently 
declined the relative protein level of TRAF6, p-p65/p-65, and 
p-IkBα/IkBα in tumor tissues (Fig. 8G). Hence, these results 
demonstrated that AT-II modulated the proliferation, ferrop-
tosis, and immune escape involved in the downregulation of 
the TRAF6/NF-κB pathway (Fig. 9).

Discussion

In the present study, AT-II inhibited proliferation and 
immune escape, but enhanced ferroptosis of both Hep3B and 
Huh7 cells. Mechanically, AT-II downregulated the expres-
sion of the TRAF6/NF-κB pathway in both Hep3B and Huh7 
cells, which was rescued with overexpression of TRAF6. 
Moreover, the upregulation of TRAF6 reversed the effect 
of AT-II on proliferation, ferroptosis, and immune escape 
in Hep3B cells. Furthermore, AT-II reduced tumor volume, 
tumor weight and the level of GPX4, xCT, and PD-L1 with 
the increased expression level of CD8. Besides, AT-II down-
regulated the expression of TRAF6/NF-κB pathway in vivo. 

Collectively, AT-II modulated the proliferation, ferroptosis, 
and immune escape of HCC cells by downregulating the 
TRAF6/NF-κB pathway.

Sustaining proliferation is a fundamental and outstanding 
hallmark of all kinds of tumors, including hepatoma carci-
noma (Hanahan 2022), thus agents that can inhibit tumor 
cell proliferation may be an alternative drug for tumor 
treatment. AT-II has exerted an anti-proliferative effect on 
a wide variety of tumor cells, including breast cell lines 
MDA-MB-231 and MCF-7 cells (Dou et al. 2021), colo-
rectal cancer cell lines SW480 and Lovo cells (Zhang et al. 
2019), prostate cancer cell lines DU145 and LNCaP cells 
(Wang et al. 2018), gastric carcinoma cell lines HGC-27 and 
AGS (Tian and Yu 2017), and melanoma cell lines B16 (Ye 
et al. 2011). Moreover, AT-II has been revealed to inhibit 
tumor growth in mice xenografted with melanoma (Fu et al. 
2014). In line with these results, AT-II also declined the cell 
viability of both Hep3B and Huh7 cells, as well as tumor 
volume and weight in mice xenografted with Huh7 cells in 
the present study. Thus, AT-II suppressed tumor growth of 
HCC in vitro and in vivo.

Ferroptosis is a novel form of cell death, characterized 
by iron-elicited lipid peroxidation (Dixon et  al. 2012). 
Glutathione peroxidase 4 (GPX4) and solute carrier fam-
ily 7 member 11 (SLC7A11, also named xCT) are two 
crucial proteins related to ferroptosis. GPX4 belongs to 
the glutathione peroxidase family that can reduce toxic 

Fig. 6  Overexpression of 
TRAF6 restored AT-II-induced 
reduction in the relative protein 
level of TRAF6, p-p65/p-65, 
and p-IkBα/IkBα in Huh7 cells. 
A The relative protein expres-
sion of TRAF6 was examined 
by western blot after Huh7 cells 
were transfected with pcDNA 
vector plasmids containing the 
sequences of TRAF6. Data 
were expressed after being 
normalized with β-actin. **P < 
0.01 vs. vector. B The relative 
protein expression of TRAF6, 
p-p65, p-65, p-IkBα, and IkBα 
was examined by western blot. 
Data were expressed after being 
normalized with β-actin. **P < 
0.01 vs. control; ##P < 0.01 vs. 
200 μM AT-II. n = 3
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phospholipid hydroperoxides to non-toxic phospholipid 
alcohols and astrict the generation of lipid peroxides (Fujii 
et al. 2020). xCT is an ingredient of the cystine/glutamate 
anti-porter that is primarily responsible for offering cysteine 
necessary for the synthesis of glutathione (GSH) (Dixon 
et al. 2012). Therefore, GPX4 and xCT are regarded as 
the key factors in preventing the occurrence of ferroptosis. 
Extensive reports have exhibited that ferroptosis is strongly 
related to the progression and development of hepatoma car-
cinoma. Ferroptosis is associated with the diagnosis, prog-
nosis, and immunotherapy of hepatoma carcinoma (Ruan 
et al. 2023; Li et al. 2023). (Zi et al. 2023) identify uridine 

as a potential target for hepatoma carcinoma therapy, in 
which uridine induces ferroptosis to suppress the develop-
ment of hepatoma carcinoma. Lan and colleagues (Lan et al. 
2023) show that saikosaponin A, the natural triterpenoid 
saponin from Radix Bupleuri, exerts an inhibitory effect on 
hepatoma carcinoma by enhancing ferroptosis. Moreover, 
AT-II has been revealed to decrease oxidative stress in mam-
mary tumorigenesis (Wang et al. 2017). In the current study, 
AT-II increased the relative  Fe2+ level, which was further 
promoted with the incubation of erastin and declined with 
the introduction of ferrostatin-1 in Hep3B and Huh7 cells. 
AT-II, however, declined the protein expression of GPX4 

Fig. 7  AT-II modulated the proliferation, ferroptosis, and immune 
escape of Huh7 cells by inactivating the TRAF6/NF-κB pathway. A 
The cell viability of Huh7 cells was detected by CCK-8. B Examina-
tion of the relative  Fe2+ level in Huh7 cells. C and D Measurement of 
the relative ROS level in Huh7 cells. E The concentrations of IFN-γ 

were measured by ELISA. F The concentrations of IL-10 were meas-
ured by ELISA. G The relative protein expression of PD-L1 was 
examined by western blot. Data were expressed after being normal-
ized with β-actin. **P < 0.01 and ***P < 0.001 vs. control; #P < 
0.05 and ##P < 0.01 vs. 200 μM AT-II. n = 3
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and xCT, which was rescued with the treatment of ferro-
statin-1 in Hep3B and Huh7 cells. Besides, AT-II enhanced 
the level of ROS and MDA, but reduced the GSH level. 
Moreover, AT-II decreased the level of GPX4 and xCT in 
tumor tissues of xenografted mice. Thus, AT-II promoted 
ferroptosis in HCC.

Immune escape is another crucial cause of tumor occur-
rence (Hanahan 2022). Plenty of reports have exhibited that 
agents or targets inhibiting immune escape are potential 

drugs or therapeutical targets for the treatment of HCC 
(Liang et al. 2023; Wang et al. 2023). In the present study, 
AT-II suppressed immune escape of HCC, as indicated 
by an increase in the percent of CD8+ T cells and the 
IFN-γ contents, and a decrease in the IL-10 concentrations 
and the expression of PD-L1 in Hep3B and Huh7 cells. 
Besides, AT-II declined the level of PD-L1, but upregu-
lated the CD8 level in tumor tissues of xenografted mice. 
IFN-γ is a necessary cytokine that modulates immune 

Fig. 8  AT-II modulated the proliferation, ferroptosis, and immune 
escape involved in the downregulation of the TRAF6/NF-κB path-
way in vivo. A Representative image of neoplasms from nude mice. 
B Monitor of tumor volume every 1 week for successive 4 weeks. 
C Supervision of mouse body weight every 1 week for successive 4 
weeks. D Measurement of tumor weight. E and F The expression lev-

els of GPX4, xCT, PD-L1, and CD8 in tumor tissues were detected 
by IHC. G The relative protein expression of TRAF6, p-p65, p-65, 
p-IkBα, and IkBα was determined by western blot. Results were 
expressed after being normalized with β-actin. **P < 0.01 vs. sham. 
n = 5
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evasion related to the upregulation of immune checkpoint 
receptors, such as PD-L1 to vanish T cell activity in tumor 
tissues (Mulder et al. 2021; Liu et al. 2017). The over-
expression of PD-L1 on tumor cells combined with the 
receptor PD-1 on T cells contributes to the immune escape 
through releasing negative modulatory signals, evoking T 
cell apoptosis or causing immune incompetence (Yi et al. 
2022). Moreover, AT-II reduces inflammation in mammary 
tumorigenesis (Wang et al. 2017). Besides, several herbs 
that AT-II acts as the major ingredient have exhibited the 
inhibitory effect of inflammation, such as Atractylodes lan-
cea (Hossen et al. 2021), Atractylodes chinensis (Hossen 
et al. 2019), and Atractylodes japonica Koidzumi (Chen 
et al. 2016). Therefore, AT-II suppressed immune escape 
in HCC.

TRAF6 is a member of the TRAF protein family that 
is crucial for modulating toll-like receptor (TLR)-mediated 
signaling (Akira et al. 2001). As the aggregated hub of sig-
nals elicited by tumor necrosis factor receptor and toll-like 
receptor families, TRAF6 mediates inflammatory and apop-
totic signaling pathways to strongly participate in inflam-
matory and immune responses (Inoue et al. 2007). TRAF6 
is a pivotal activator of NF-κB signaling pathway by bind-
ing to NF-κB-evoked kinase and other signaling molecules 
(Ye et al. 2002). Prominently, TRAF6 regulates the NF-κB 
signaling pathway that plays a vital role in tumorigenesis. 
High expression of TRAF6 in colorectal cancer forecasts 
poor survival in patients, and activates the TRAF6/NF-κB 
signaling pathway to exacerbate colorectal cancer (Zhu et al. 
2019). The promoted role of GTPase M in M2 phenotype 
macrophage polarization is mediated by the TRAF6/NF-κB 
pathway, which expedites the progression of gliomas (Xu 
et al. 2019). Downregulation in TRAF6/NF-κB signaling 

is revealed to be involved in the accelerative effect of gold 
nanoparticles on radiosensitivity in glioma (Wang et al. 
2023). Asiaticoside inhibits the activity of TRAF6/NF-κB 
to slow down the osteosarcoma progression (Li and Wang 
2022). Notoginsenoside R1 suppresses cell proliferation 
and enhances oxidative stress through the inactivation of 
TRAF6/NF-κB signaling in nasopharyngeal carcinoma (Li 
et al. 2022). Moreover, TRAF6/NF-κB signaling has been 
exhibited to be tightly relevant to the development of HCC 
(Wan et al. 2018; Hu et al. 2020). Moreover, AT-II has been 
revealed to be closely related to the regulation of NF-κB 
signaling in various diseases, such as rheumatoid arthritis 
(Gao et al. 2023), and gastritis (Hossen et al. 2019). Here, 
AT-II attenuated the expression of TRAF6/NF-κB in HCC 
both in vitro and in vivo. Furthermore, overexpression of 
TRAF6 also reversed the effect of AT-II on proliferation, 
ferroptosis, and immune escape in Hep3B cells. Altogether, 
AT-II regulated the proliferation, ferroptosis, and immune 
escape of HCC cells by inactivating the TRAF6/NF-κB 
pathway.

In summary, AT-II inhibited proliferation and immune 
escape, but enhanced ferroptosis by downregulating the 
TRAF6/NF-κB pathway in HCC. The results provide a bet-
ter understanding and the potential selection for the drugs 
of the HCC treatment. However, several limitations should 
be addressed in the following study. Firstly, the effect of 
AT-II on other signaling pathways, such as MAPKp38/
Nrf2, JAK2/STAT3, and Akt/ERK, can be investigated in 
vivo. Secondly, the effect of AT-II on the other malignant 
processes, such as invasion, epithelial-mesenchymal tran-
sition (EMT), metabolism, and stemness, can be surveyed 
in the subsequent assays.

Fig. 9  Schematic diagram of the present study. AT-II inhibited pro-
liferation and immune escape, but enhanced ferroptosis of HCC cells 
both in vitro and in vivo. Mechanically, AT-II downregulated the 
expression of TRAF6/NF-κB pathway, and overexpression of TRAF6 

reversed the effect of AT-II on proliferation, ferroptosis, and immune 
escape in HCC cells. Collectively, AT-II suppressed proliferation 
and immune escape, but promoted ferroptosis by downregulating the 
TRAF6/NF-κB pathway in HCC
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