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Abstract 

Glioblastoma multiforme (GBM) is the foremost prevalent and highly aggressive intracranial malignancy, which 
urgently needs safer and more efficacious therapeutic strategies. Our research aimed to investigate the impact 
and the underlying mechanism of Taurochenodeoxycholic acid (TCDCA) on GBM. In this study, we explored the sup-
pressive effect of TCDCA in vitro by qualification of proliferation and migration assays and flow cytometry, and sub-
sequently predicted the potential anti-GBM mechanism of TCDCA by mRNA sequencing and the following rescue 
experiments. An orthotopic GBM model in C57BL/6 mice further demonstrated the anti-GBM mechanism of TCDCA. 
In vitro experiments verified that TCDCA inhibited the growth and migration of GBM cells and induced cell cycle 
arrest at the G2/M phase. Subsequent mechanism investigations showed that upregulation of HMGCS1 and HMGCR 
and downregulation of glutathione peroxidase-4 (GPX4) was observed in GBM cells by TCDCA treatment. Notably, 
inhibitory effects of proliferation and migration as well as induction of ferroptosis by TCDCA were partially restored 
by Simvastatin (SIN), a competitive HMGCR inhibitor. Furthermore, TCDCA showed an anti-GBM effect in an orthotopic 
transplantation model in vivo. TCDCA impedes GBM progression by virtue of this intricately orchestrated molecular 
cascade, through HMGCS1/HMGCR/GPX4 signaling axis, thus unveiling a novel therapeutic avenue warranting further 
scrutiny in the treatment landscape of GBM.
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Introduction
Glioblastoma multiforme (GBM) is the most common 
malignant primary brain tumor with an annual incidence 
of 3.21 per 100, 000 population in the United States [1, 

2], and it is characterized by infinite cell proliferation, 
tissue invasion, tumor heterogeneity and angiogenesis 
[3, 4]. The current standard treatment for GBM is maxi-
mum surgical resection, accompanied by radiotherapy 
and chemotherapy with the classic drug temozolomide 
(TMZ) [5, 6]. Despite the maximal intervention, the 
prognosis of GBM remains poor, with a median survival 
of fewer than 15  months [7]. Furthermore, the treat-
ment of GBM is a great challenge due to the existence 
of the blood–brain barrier (BBB) [8, 9]. Thus, there is an 
urgent need to explore new therapeutic drugs for GBM 
to improve the treatment outcomes of patients.
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In recent decades, many cancer patients have used 
traditional Chinese medicine (TCM) as a replacement 
therapy for cancers because of its effectiveness and safety 
[10–13]. For example, in non-small‐cell lung cancer ther-
apy, the synergistic effect of Ginkgetin can improve the 
therapeutic effect of lung cancer patients by inducing 
ferroptosis of lung cancer cells [14]. The natural product 
baicalin exerts its anticancer activity by inducing FTH1-
dependent ferroptosis [15]. Jatrorrhizine significantly 
inhibited the proliferation and metastasis of breast can-
cer cells [16]. Drug resistance is one of the greatest chal-
lenges in cancer treatment, and natural compounds of 
TCM have the potential to improve drug resistance in 
tumor cells.

Usually, treatment plans are developed for patients 
based on factors such as the condition, pathology type, 
stage, and physical condition. Currently, conventional 
treatment methods for cancer patients include surgical 
excision, chemotherapy [17, 18], radiotherapy, immuno-
therapy [19–23], and targeted therapy [24, 25]. A popular 
area of research is the control of carcinogenesis by alter-
ing the metabolism of cancer cells [26–29]. Numerous 
preclinical studies have demonstrated the anti-cancer 
effect of metabolic therapies by targeting cholesterol 
metabolism pathway in various tumors, such as GBM, 
breast cancer, prostate cancer, and colorectal cancer [30]. 
Large molecules like cholesterol cannot directly cross the 
BBB from the periphery to the central nervous system 
(CNS), the CNS maintains a relatively isolated microen-
vironment for cholesterol metabolism [31, 32]. Target-
ing cholesterol metabolism may be viewed as a potential 
adjuvant therapy for patients due to the distinct repro-
gramming pattern of cholesterol metabolism found in 
GBM.

HMG CoA reductase (HMGCR) is a protein of the 
endoplasmic reticulum (ER) membrane that catalyzes the 
conversion of HMG-CoA to mevalonate and is an impor-
tant regulator of cholesterol metabolism [33, 34]. One of 
the prospective treatment approaches for cancer patients 
is to target HMGCR, which is involved in the progres-
sion of several malignancies, including breast, prostate, 
brain, and colorectal tumors [35]. A study has shown 
that the expression of HMG-CoA synthase 1 (HMGCS1, 
the upstream of HMGCR in cholesterol metabolism) 
and HMGCR which play a key role in cholesterol de 
novo synthesis, are reduced in GBM cells [36]. However, 
the expression pattern and the biological functions of 
HMGCR in GBM remained largely unknown.

As detergent molecules, bile acids are synthesized by 
the oxidation of cholesterol and are the major compo-
nents of bile [37], which are increasingly being recog-
nized as complex signaling factors rather than simply 
regulators of bile acid homeostasis [38]. Conjugation 

with taurine or glycine can increase the solubility of bile 
acid [39], Taurochenodeoxycholic acid (TCDCA) is one 
of these forms. TCDCA is a potential anti-inflamma-
tory drug and previous studies have demonstrated that 
TCDCA can be a potential therapeutic agent for rheu-
matoid arthritis (RA) or other inflammatory diseases by 
inhibiting the expression of pro-inflammatory cytokines 
such as interleukin-1β (IL-1β), IL-6, tumor necrosis 
factor-α (TNF-α) and inducing the apoptosis of fibro-
blast-like synoviocytes (FLS) [40]. It has been reported 
that TCDCA has immunomodulatory activity, which 
can significantly enhance the phagocytic function of the 
monocyte-macrophage system and inhibit hypersensitiv-
ity [41]. TCDCA not only demonstrates great therapeutic 
potential in anti-inflammatory and immune regulation 
but also contributes to the therapy of tumors by greatly 
inhibiting the growth and invasion of gastric cancer cells 
and triggering their apoptosis [42]. Given the unique 
structure of TCDCA, it is a conjugated bile acid with 
higher water solubility than UDCA [43], which is primar-
ily used in hepatobiliary diseases. Moreover, previous 
studies have shown that TCDCA improves the progres-
sion of Experimental Autoimmune Encephalomyelitis by 
regulating the TGR5-mediated AKT/NF-κB signal path-
way to inhibit neuroinflammation of astrocytes [44]. 
These studies suggest that TCDCA has the potential to 
cross the BBB and play a role in treating related diseases. 
However, its roles in GBM cells remain unclear.

In this study, we aimed to investigate the anti-GBM 
potential effects of TCDCA and elucidate the underly-
ing molecular mechanisms. Our results showed that 
TCDCA effectively inhibited the proliferation of GBM 
cells by cell cycle arrest at the G2/M phase and migra-
tion of GBM cells. Furthermore, we found that TCDCA’s 
anti-GBM effects were mediated through the activation 
of the HMGCS1/HMGCR/GPX4 signaling pathway both 
in vitro and in vivo.

Materials and methods
Cell culture
The C6 glioma cell line was kindly provided by Profes-
sor Maojin Yao from Sun Yat—Sen University, the HT22 
cell line was generously provided by doctor Xian Zheng 
from China Pharmaceutical University, and the U251 cell 
line was purchased from Procell Life Science & Technol-
ogy Co,. Ltd. Prior to use, all cell lines were authenti-
cated via short-tandem repeat (STR) profiling and tested 
for mycoplasma contamination to ensure its authentic-
ity and integrity. The cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM), supplemented with 
10% FBS (SERANA, Mexico), 1% penicillin/streptomycin 
(Gibco, Grand Island, America) and aseptically grown in 
a humidified incubator containing 5%  CO2 at 37 °C.
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Animals
The animal study was reviewed and approved by the Ani-
mal Ethics and Welfare Committee at Hangzhou Nor-
mal University (Approval No.: HSD20220105). Female 
C57BL/6 mice (18–22 g, 6–8 weeks old) were purchased 
from Shanghai SLAC Laboratory Animal Co., Ltd. 
(Shanghai, China) and transported to the Laboratory 
Animal Center of Hangzhou Normal University after 
passing the quality inspection. Mice were housed under 
standard laboratory conditions (temperature 22 ± 2  °C, 
humidity 50–60%) and provided with food and water 
ad libitum.

Drugs
Taurochenodeoxycholic acid sodium salt (TCDCA) was 
purchased from MCE (HY-N1429, Shanghai, China). 
Stock solutions of 100  mM were prepared in Dimethyl 
sulfoxide (DMSO) and stored at −  80  °C until use. The 
final concentration of DMSO is 0.2%. Both Simvastatin 
(HY-17502, Shanghai, China) and Ferrostatin-1 (HY-
100579, Shanghai, China) were purchased from MCE and 
diluted with DMSO into 1 mM stock solution. For in vivo 
administration, TCDCA stock solutions were prepared at 
a concentration of 300 mg/mL in sterile saline and stored 
at − 80  °C until use. For each injection, a working solu-
tion was freshly prepared by diluting the stock solution to 
a concentration of 30 mg/kg in saline.

GlioVis analysis
This database (http:// gliov is. bioin fo. cnio. es/) can be used 
for a variety of other analyses in addition to gene expres-
sion studies: survival, association, mutation, etc. We 
used this website to analyze the differential expression 
of genes of interest in normal and glioma patient tissues. 
The Chinese Glioma Genome Atlas (CGGA) (http:// 
www. cgga. org. cn/) is a comprehensive online resource 
for the molecular characterization and analysis of glio-
mas, to browse HMGCS1 and HMGCR  mRNA expres-
sion profiles and to perform survival analysis in different 
grade gliomas.

RNA‑Seq
Three paired groups of U251 cells treated with or with-
out TCDCA were sent to Novogene (Beijing, China) for 
RNA-sequencing. The raw data is accessible through 
accession number GSE236200 (https:// www. ncbi. nlm. 
nih. gov/ geo/).

Cell viability assay
Cell viability was assessed by using the Cell Count-
ing Kit-8 (CCK-8, FD3788, Fdbio science; Hangzhou, 
China). GBM cell lines were seeded into 96-well, flat-
bottomed plates at 3000 cells/well and incubated over-
night. After 24  h starvation with medium containing 
1% serum, the mother liquor of TCDCA (100 mM) was 
diluted to 100, 200 and 400 μM in the medium contain-
ing 1% FBS for 24 h. Additionally, the viability of U251 
cells treated with 200  μM TCDCA was assessed in 
combination with Simvastatin (SIN) at concentrations 
of 0.5 μM, 1 μM, and 5 μM, and Ferrostatin-1 (FER-1) 
at concentrations of 0.5  μM, 1  μM, 1.25  μM, 1.5  μM, 
2 μM, and 2.5 μM. Finally, cells were incubated for an 
additional 2  h in the medium with 10% CCK-8. The 
absorbance at 450  nm was measured in a microplate 
reader (Multiskan FC, Thermo Scientific, USA).

Colony formation assay
The C6 cells and U251 cells at 1000 cells/well were seeded 
onto 6-well plates and cultured in 10% serum medium 
with 200  μM TCDCA. The medium was changed every 
two days until obvious colonies were formed. In the 
end, the supernatants were removed and the cells were 
washed with phosphate buffered saline (PBS) twice with 
5 min/time. Cells were fixed and treated in 4% paraform-
aldehyde solution for 20 min and stained with 1% crystal 
violet. After removing the staining solution, the colonies 
were washed with PBS, inverted on absorbent paper and 
dried. Then air-dried or dried at 37℃, 0.5 ml of 33% ace-
tic acid was added to each well, and the decolorization 
absorbance was measured at 570 nm using a microplate 
reader (Varioskan Flash, Thermo Scientific, USA) after 
vibration.

Cell cycle by flow cytometry
The C6 cells and U251 cells were cultured in 6-well plates 
with 1 ×  106 cells per well and treated as per experiment 
requirements when cell growth reached 60–70% and 
continued to culture in 1% serum medium for 24 h with 
200 μM TCDCA. After the treatment, cells were washed 
twice with cold PBS, then transferred to a 1.5 mL centri-
fuge tube and centrifuged at 200 × g for 5 min. After dis-
carding the supernatant, cells were dehydrated with 75% 
ethanol overnight at 4  °C, centrifugation was conducted 
at 200 × g for 5 min to collect the cells. After added about 
1 mL of precooled PBS, the cells were resuspended, cen-
trifuged, and reprecipitated again to remove residual 
ethanol. Following the manufacturer’s instructions (Cell 
Cycle Staining Kit, Multi Sciences, CCS012), the pel-
leted cells were re-suspended in DNA staining solution, 

http://gliovis.bioinfo.cnio.es/
http://www.cgga.org.cn/
http://www.cgga.org.cn/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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incubated in the dark for 30  min, and then tested cell 
cycle by using a flow cytometer (CytoFLEX S, Beckman 
Coulter, USA). The results were processed with FlowJo 
software and the number of cells in each phase was 
expressed as a percentage.

Western blot
Cold RIPA buffer (P0013B; Beyotime) containing pro-
tease inhibitors was used to extract the whole protein. 
The extracted protein was quantified with BCA working 
solution and combined with 5 × loading buffer, and boiled 
the obtained protein sample at 100  °C for 20  min with 
a metal bath. Cell lysate (30  μg) was loaded on sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto PVDF membranes. 
Membranes were blocked with 5% skim milk in TBST for 
1 h at RT, and rinsed three times for 15 min with TBST. 
The immunoblots were incubated with different primary 
antibodies at 4 °C for 12 h, probed with secondary anti-
body, and rinsed again three times for 15 min in TBST. 
The proteins were visualized using an ECL detection kit 
(#FD8020, FDbio, Hangzhou, China). For statistical anal-
ysis of the relative expression of target proteins, the bands 
were processed using ImageJ software. The gray values 
of the corresponding exposure bands were calculated by 
the software. The relative expression of each protein was 
then determined by normalizing the gray values of the 
target proteins to those of the internal reference proteins 
(e.g., GAPDH or β-actin) for each sample. Primary anti-
bodies included rabbit anti-HMGCR (ET1702-41, hua-
bio, 1:1000), rabbit anti-HMGCS1 (ab155787, Abcam, 
1:1000), rabbit anti-GPX4 (52455 s, CST, 1:1000), mouse 
anti-GAPDH (200,306-7E4, Zenbio, 1:5000), mouse anti-
Vimentin (ab8978, Abcam,1:1000), rabbit anti-N-cad-
herin (ER0503, huabio, 1:1000), rabbit anti-FAK (3285T, 
CST, 1:1000), rabbit anti-p-FAK (T55587, Abmart, 
1:1000) and mouse anti-β-tubulin (ET1602-4, huabio, 
1:5000).

Reactive oxygen species (ROS) assay
In 12-well plates, 2 ×  105 cells in the logarithmic growth 
phase were planted per well. After 24  h starvation with 
medium containing 1% serum, cells were then cultured 
in 1% serum medium for 24  h with 200  μM TCDCA. 
U251 cells were harvested with trypsin and incubated 
with 5 μM DCFH-DA at 37 °C for 30 min. DCFH-DA was 
nonfluorescent and produced a fluorescent signal after 
oxidation to DCFH in the presence of intracellular ROS 
(C390, Apexbio, Beijing, China). Fluorescence intensity 
was detected by flow cytometry and the results were ana-
lyzed by FlowJo software.

GSH and GSSG assay
U251 cells in logarithmic growth phase were seeded at 
3 ×  105 cells per well in 12-well plates. After 24 h starva-
tion with medium containing 1% serum, cells were then 
cultured in 1% serum medium for 24  h with 200  μM 
TCDCA. The levels of glutathione (GSH) and oxidized 
glutathione disulfide (GSSG) in the cells were detected by 
kits according to the manufacturers’ instructions (S0053 
and S0052, Beyotime, Shanghai, China).

Transwell and wound‑healing assays
For the Transwell migration assay, C6 cells and U251 
cells in the logarithmic growth phase were digested 
with trypsin and the cell suspension concentration was 
adjusted to 1 ×  105/mL with serum-free medium. 200 μL 
cell suspension was placed in the upper chamber of Tran-
swell (Corning), then cells were cultured with 200  μM 
TCDCA for 24  h. Finally, cells were fixed and stained 
with 1% crystal violet after 30 min of culture and photo-
graphed using a Nikon light microscope (Model Eclipse 
Ci-S; Nikon Corporation, Japan). For the wound-healing 
assay, cells were cultured in 12-well plates, 95% confluent 
monolayers were scratched with a sterile 200 μL pipette 
tip, and then cultured in a DMEM medium containing 
1% serum. And the scratch heal rate after 24 h of culture 
was recorded.

Immunofluorescent staining
C6 cells and U251 cells slides were placed on the bottom 
of 12-well empty plates and cells were seeded at a density 
of 3 ×  104 per well, and treated with 200 μM TCDCA or 
solvent for 24 h. The cells were washed twice with PBS, 
fixed in 4% PFA for 20–30 min. Then they were treated 
with 5% bovine serum albumin (BSA) and 0.1% Triton 
X-100 in PBS for 1 h at RT. Subsequently, the cells were 
incubated with primary antibodies (mouse anti-PH3, 
ab14955, Abcam, 1:2, 500) at 4 °C overnight. After being 
washed, cells were incubated with secondary antibody 
Fluorescein-conjugated goat anti-rabbit IgG for 1  h at 
RT. After washed with PBS three times for 5  min each, 
the anti-fluorescence decay mounting medium (S2100, 
Solarbio, Beijing, China) was dropped on the slide and 
mounted. Cells were observed under an Olympus VS200 
microscopy and ImageJ software was used for analysis.

The tumoral tissues were collected and fixed in 4% 
PFA. Frozen sections were prepared and tissues were cut 
into 20 μm slices. The slices were rinsed in 1 × PBS buffer 
three times, for 5 min each. They were then fixed again 
in 4% PFA for 20–30 min. Subsequently, the slices were 
placed in a blocking solution containing 5% BSA and 
0.3% Triton X-100 in PBS for 1 h at RT. The tissues were 
incubated with the primary antibody (Rabbit anti-Ki67, 
A23722, ABclonal, Wuhan, China) at 4  °C overnight. 
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Afterward, the tissues were washed with 1 × PBS. They 
were then incubated with the corresponding secondary 
antibody, Fluorescein-conjugated goat anti-rabbit IgG, 
for 1  h at RT. The tissues were washed again with PBS 
three times, for 5 min each. An anti-fluorescence decay 
mounting medium (S2100, Solarbio, Beijing, China) was 
applied to the slides and mounted. Finally, the tissues 
were sealed with neutral resin and observed under a con-
focal scanning imaging system (Nikon AX R MP with 
NSPARC, Nikon, Japan).

Quantitative real‑time PCR (qPCR)
RNA was isolated with the RNA-easy Isolation Reagent 
(R701, Vazyme, Jiangsu, China), and cDNA was synthe-
sized using the HiScript® II Q RT SuperMix (R223-01, 
Vazyme, Jiangsu, China) for reverse transcription PCR 
according to the manufacturers’ instructions. SYBR 
Green PCR master mix (Q511–02/03, Vazyme, Jiangsu, 
China) was used for qPCR. Using specified primers, the 
Real-Time PCR Detection System (CFX ConnectTM 
Optics Module, Bio-Rad, Singapore) was used to test 
the PCR amplification of the target and internal control 
(GAPDH) cDNA. Real-time PCR cycling conditions were 
programmed as follows: first step (95 °C, 15 min), cycling 
step (denaturation 94 °C, 15 s, annealing at 56 °C or 60 °C 
for 30 s, and final extension at 72 °C for 30 s × 38 cycles). 
The individual PCR products were identified using melt-
ing curves at the end of the PCR programme.

The primers used in this study were synthesized by the 
Tsingke Biotech as follows (F: forward primer; R: reverse 
primer):

ATF3 (F): 5′-CCT CTG CGC TGG AAT CAG TC-3′;
(R): 5′-TTC TTT CTC GTC GCC TCT TTTT-3′;
HMGCS1 (F): 5′-GAT GTG GGA ATT GTT GCC 

CTT-3′;
(R): 5′-ATT GTC TCT GTT CCA ACT TCCAG-3′;
β-actin (F): 5′-CAT GTA CGT TGC TAT CCA GGC-3′;
(R): 5′-CTC CTT AAT GTC ACG CAC GAT-3′;
ASNS (F): 5′-GGA AGA CAG CCC CGA TTT ACT-3′;

(R): 5′-AGC ACG AAC TGT TGT AAT GTCA-3′;
GADD45A (F): 5′-GAG AGC AGA AGA CCG AAA 

GGA-3′;
(R): 5′-CAC AAC ACC ACG TTA TCG GG-3′;
LDL (F): 5′-TCT GCA ACA TGG CTA GAG ACT-3′;
(R): 5′-TCC AAG CAT TCG TTG GTC CC-3′;
HMGCR  (F): 5′-TGA TTG ACC TTT CCA GAG 

CAAG-3′;
(R): 5′-CTA AAA TTG CCA TTC CAC GAGC-3′;
MVD (F): 5′-CTC CCT GAG CGT CAC TCT G-3′;
(R): 5′-GGT CCT CGG TGA AGT CCT TG-3′;
IDI1 (F): 5′-AAC ACT AAC CAC CTC GAC AAGC-3′;
(R): 5′-AGA CAC TAA AAG CTC GAT GCAA-3′;
CHAC1 (F): 5′-GAA CCC TGG TTA CCT GGG C-3′;
(R): 5′-CGC AGC AAG TAT TCA AGG TTGT-3′.

Orthotopic transplantation mouse model
10 μL GL261-luciferase cells (1 ×  105 cells per mouse) 
were injected into the striatum (X = −  1.8  mm, 
Y = 0.6 mm, Z = 3.8 mm) of the mice at a rate of 0.1 μL/
min using a digital stereotaxic device (RWD, Shenzhen, 
China). To prevent cell leakage, the needle was paused 
for 5  min after injection, and then it was lifted up by 
0.02  mm and stopped for 5  min again. After one week 
of transplantation, the mice were randomly divided into 
two groups: the control group and the TCDCA group. 
Saline and 30 mg/kg TCDCA were administered daily for 
14 d, by intraperitoneal injection per day. On 14th day of 
administration, the fluorescence intensity of the tumor 
was analyzed using an in vivo fluorescence imaging scan-
ner in mice (PhotonIMAGER Optima, Biospace Lab, 
France). All mice were sacrificed 21 d after transplanta-
tion, the brains were collected for HE staining and west-
ern blot detection.

Hematoxylin–eosin (H&E) staining
The tumors, hearts, livers, lungs, spleens and kidneys 
were collected and fixed in 4% PFA. The frozen sections 
were then made and the tissues were subsequently cut 

Fig. 1 TCDCA inhibited the proliferation and migration of GBM cells. A Molecular structural formula of TCDCA. B, C The cell viability of C6 cells 
(B) and U251 cells (C) treated with different concentrations of TCDCA detected by CCK-8 assays (n = 5/group, one-way ANOVA, Tukey’s test 
was performed for the multiple comparison). D Representative images of C6 cells treated with 200 μM TCDCA for 1 week in the colony formation 
assays. Scale bars, 5 mm. E Quantitative analysis of colony number (the surviving colonies > 50 cells) as shown in (D) (n = 3/group, t-test). F 
Representative images of U251 cells treated with 200 μM TCDCA for 1 week in the colony formation assays. Scale bars, 5 mm. G Quantitative analysis 
of colony number (the surviving colonies > 10 cells) as shown in (F) (n = 3/group, t-test). H, J Representative images of PH3 staining (red) in C6 cells 
and U251 cells after treated with vehicle control or 200 μM TCDCA for 48 h. Scale bars, 50 µm. I, K Quantitative analysis of the percentages of  PH3+ 
cells over total C6 cells and U251 cells in one field as shown in (H, J) (n = 15/group, t-test). L, N Representative images of C6 cells and U251 cells 
treated with 200 μM TCDCA in wound healing assays. Phase-contrast images were acquired at 0 h, 24 h after scratching and representative images 
of three independent experiments were shown. Scale bars, 200 µm. M, O Quantitative analysis of the wound healing area of C6 cells and U251 
cells treated with TCDCA as shown in (L, N) (n = 12/group, t-test). P, R Representative images of C6 cells and U251 cells treated with 200 μM 
TCDCA for 24 h in Transwell migration assay. Scale bar, 100 µm. Q, S Quantitative analysis of the numbers of migrated C6 cells (n = 15/group, t-test) 
and U251 cells (n = 15/group, t-test) counted in representative high-power fields per Transwell plate. Data were mean + SEM. *P < 0.05, **P < 0.01 

(See figure on next page.)
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into 20  μm slices. These sections were first stained in 
hematoxylin solution and soaked in sterile distilled water 
for 20 min, followed by staining in eosin solution. Then 
75% ethanol, 95% ethanol, and 100% ethanol were used 
to dehydrate the sections, then the sections were treated 
in xylene for 10  min. Finally, tissues were sealed with 
neutral resin and observed under an Olympus VS200 
microscopy.

Statistical analysis
All data are presented as the mean + standard error of 
mean (SEM) from at least three independent experi-
ments. Statistical comparisons were made using t-test, 
Mann–Whitney test, one-way ANOVA, two-way 
ANOVA or two-way RM ANOVA. Tukey or Sidak’s test 
was used for post hoc comparison. In all cases, P < 0.05 
was considered statistically significant. All statistical 
analysis was conducted with GraphPad Prism 8 software.

Results
TCDCA inhibited the proliferation and migration of GBM 
cells in vitro
One of the characteristics of malignant glioma cells is 
uncontrolled division and proliferation. Firstly, we inves-
tigated whether TCDCA could inhibit the prolifera-
tion of C6 and U251 cells (two GBM cell lines) in  vitro 
by cell counting kit-8 (CCK-8) assays. The result showed 
that TCDCA significantly reduced cell viability of GBM 
cells in time- and dose-dependent manners. To deter-
mine the IC50 values of TCDCA in C6 and U251 cells, 
we treated the cells with various concentrations (0, 100, 
200, 400 μM) of TCDCA. We then measured cell survival 
using the CCK8 assay. The concentration–response data 
were analyzed using GraphPad Prism software. Specifi-
cally, we performed a logarithmic transformation of the 
drug concentrations and used the "nonlinear regres-
sion" function to fit the data to a dose–response curve. 
The software automatically calculated the IC50 values 
based on this curve. Further analysis of the drug sensi-
tivity curve results demonstrated that the half-inhibitory 
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Fig. 2 TCDCA arrested cell cycle of GBM cells at G2/M phase. A Representative flow cytometry results of cell cycle (A) and quantitative analysis 
in C6 cells after 200 µM TCDCA treatment for 24 h (B, n = 3/group, t-test). C, D Representative flow cytometry results of cell cycle (C) and quantitative 
analysis in U251 cells after TCDCA treatment for 24 h (D, n = 3/group, t-test). E The expression of Cyclin B1 in C6 cells was detected after treated 
with 200 μM TCDCA for 24 h by western blot. F Quantification analysis of the relative Cyclin B1 level as shown in (E) (normalized to control, n = 4/
group, Mann–Whitney test). G The expression of Cyclin B1 in U251 cells was detected after treated with 200 μM TCDCA for 24 h by western blot. H 
Quantification analysis of relative Cyclin B1 level as shown in (G) (normalize to control, n = 4/group, Mann–Whitney test). Data were mean + SEM. 
*P < 0.05, **P < 0.01 
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concentration (IC50) of TCDCA for C6 and U251 cells 
were 217.53  μM and 205  μM, respectively. Therefore, 
a concentration of 200  μM was selected for subsequent 
experiments with the final concentration of DMSO used 
to treat the cells was 0.2% (Fig. 1B, C). We chose this con-
centration for subsequent experiments to ensure that 
we were working within a biologically relevant range 
while avoiding excessive cytotoxicity. Additionally, the 
24-h time point was selected for evaluation because it 
provided a significant and measurable difference in cell 
viability, allowing us to observe the effects of TCDCA 
clearly. This concentration and time point were selected 
to balance the need for a robust experimental signal with 
the practical considerations of experimental design.

To ensure that the DMSO did not introduce any con-
founding effects on cell viability, we conducted a separate 
cell viability assay using the CCK8 assay on GBM cells, 
and found that 0.2% DMSO had no significant toxicity to 
GBM cells, confirming that the observed effects in our 
experiments were due to the tested compounds rather 
than DMSO itself. (Supplementary Fig. 1A). Meanwhile, 
we have conducted a toxicity test of TCDCA on HT22 
cells, which are non-cancerous murine hippocampal neu-
ronal cell line. The results demonstrate that TCDCA does 
not exhibit significant toxicity to HT22 cells at the con-
centrations used in our study (Supplementary Fig.  1B). 
This finding suggests that TCDCA selectively targets 
cancerous glioblastoma cells without adversely affecting 
normal neuronal cells. Tumor cells have a strong ability 
to adapt to the cultural environment and survive inde-
pendently with strongly proliferative ability of cells char-
acterized by increased number of colonies. As expected, 
when treated with 200  μM TCDCA, the numbers of 
colonies formed by U251 and C6 cells were significantly 
decreased, compared with that of the control-treated 
cells (Fig.  1D–G). To further confirm the inhibitory 
effect of TCDCA on the proliferation ability of U251 and 
C6 cells, immunofluorescence staining showed that the 
percentage of  PH3+ (a marker that labels cells in mito-
sis) cells was significantly decreased after being treated 
with TCDCA (Fig.  1H–K). Consequently, these results 

suggested that TCDCA effectively suppressed the pro-
liferation of GBM cells in  vitro. Glioblastoma cells not 
only proliferate in the primary tissue but also migrate 
into other tissues and organs through blood vessels or 
lymphatic vessels, with strong migration ability [45–47]. 
To further investigate whether TCDCA could inhibit 
the migration ability of GBM cells in  vitro, the wound-
healing and Transwell experiments were performed. 
Wound-healing assay results showed that the wound clo-
sure of C6 and U251 cells was significantly reduced after 
treatment with 200 μM TCDCA for 24 h, compared with 
that in controls (Fig. 1L–O). We then performed a Tran-
swell assay, which can mimic the process of cell migra-
tion in  vivo to a certain extent. Consistent with that in 
the wound-healing assay, the results showed that both 
C6 and U251 cells migrated through the filter after being 
cultured for 24  h in control group while the number 
of migrating cells in TCDCA treated cells was signifi-
cantly reduced (Fig.  1P–S). These results suggested that 
TCDCA suppressed the migration of GBM cells in vitro.

TCDCA induced cell cycle arrest at the G2/M phase of GBM 
cells.
The mitotic cell cycle is divided into interphase and M 
phase [48]. All cancers rely on continuous cell division, 
and increasingly rely on cell cycle control mechanisms 
to prevent infinite cell division [49]. To further explore 
whether the inhibition of proliferation in GBM cells is 
related to cell cycle arrest, flow cytometric assay was per-
formed. Both C6 and U251 cells treated with TCDCA 
were arrested at the G2/M phase of the cell cycle, and the 
percentage of cells in G2/M was increased by TCDCA 
treatment (Fig.  2A–D). Cyclin B1 protein’s synthesis, 
degradation and subcellular localization play an impor-
tant role in mitotic regulation, and its decreased expres-
sion will lead to cell cycle arrest in G2/M phase [50]. To 
further investigate this mechanism, western blot analysis 
was used to examine changes in Cyclin B1 expression fol-
lowing the action of TCDCA. As expected, the expression 
of Cyclin B1 was indeed significantly decreased in C6 and 
U251 cells after the treatment with TCDCA (Fig. 2E–H). 

Fig. 3 TCDCA upregulated lipid biosynthetic process in GBM cells. A, B GO and reactome dot enrichment analysis of genes significantly altered 
in U251 cells after treatment with 200 μM TCDCA for 24 h. C Representative heat map of the upregulated and downregulated genes in 200 μM 
TCDCA-treated U251 cells compared with that in the control-treated cells. The depth of red represents the level of gene expression. The expression 
of several genes such as HMGCS1 and HMGCR  were increased significantly. D The volcano plot showing the variation in 200 μM TCDCA-treated 
U251 cells compared with that in control-treated cells. E The mRNA expression of HMGCS1, ASNS, GADD45A, HMGCR , LDL, MVD, IDI1, CHAC1, ATF3 
was detected in U251 cells after treated with 200 μM TCDCA for 24 h by RT-qPCR (n = 3/group, t-test). F The expression of HMGCS1 in U251 cells 
was detected after treated with 200 μM TCDCA for 24 h by western blot. G The expression of HMGCR in U251 cells was detected after treated 
with 200 μM TCDCA for 24 h by western blot. H Quantification analysis of the relative HMGCS1 level as shown in (G) (normalized to control, n = 4/
group, Mann–Whitney test). I Quantification analysis of the relative HMGCR level (normalize to control, n = 6/group, Mann–Whitney test) as shown 
in (G). Data were mean + SEM. *P < 0.05, **P < 0.01 

(See figure on next page.)
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These results suggested that TCDCA induced cell cycle 
arrest at the G2/M phase of GBM cells.

TCDCA upregulated the signaling pathways of lipid 
biosynthetic process
To determine the exact mechanism of TCDCA in sup-
pressing GBM cell proliferation and migration, mRNA 
sequencing was performed on U251 cells from the con-
trol as well as the TCDCA treated groups. Interest-
ingly, when compared with the control group, TCDCA 
treatment altered expression of genes involved in sev-
eral key biological processes including the cholesterol 
metabolism pathway, which was notably upregulated 
(GSE236200, Fig. 3A, B). To further confirm the differen-
tially expressed genes in GBM cells treated with TCDCA, 
we analyzed the sequencing results and found that the 
expressions of HMGCS1, HMGCR, LDL and ASNS were 
significantly increased in TCDCA-treated U251 cells, all 
of which are related to cholesterol metabolism [51, 52] 
(Fig.  3C, D). Quantitative real-time PCR and western 
blot analysis were performed to validate the sequenc-
ing results. As shown in Fig. 3E–I, both mRNA and pro-
tein levels of HMGCS1 and HMGCR were increased in 
U251 cells after TCDCA treatment. Taken together, these 
results suggested that TCDCA upregulated the sign-
aling pathways of lipid biosynthetic processes such as 
HMGCS1 and HMGCR expression. Given the expression 
of them were upregulated after TCDCA treatment, we 
hypothesized that HMGCS1 and HMGCR might func-
tion as repressors in GBM development. To verify this 
hypothesis, we first analyzed the integrated data from 
GlioVis database (http:// gliov is. bioin fo. cnio. es/), and 
found that HMGCS1 and HMGCR  expressed lower in 
GBM tissues than that in the normal ones and the gene 
expression of HMGCS1 and HMGCR  decreased with the 
increase of malignant degree of glioma (Supplementary 
Fig.  2A–D). Furthermore, we analyzed the relevant sur-
vival curves, and found that high levels of HMGCS1 and 
HMGCR  were associated with favorable prognosis (Sup-
plementary Fig.  2E–H). These results further suggested 

that TCDCA might inhibit the progression of GBM by 
upregulating the expression of HMGCS1 and HMGCR.

TCDCA performed anti‑GBM effects through upregulation 
of HMGCS1/HMGCR signaling pathway
To further confirm whether the TCDCA performs anti-
GBM cell effects through up-regulating HMGCS1 and 
HMGCR signaling, the competitive inhibitor of HMGCR 
Simvastatin (SIN) was used to down-regulate the expres-
sion of HMGCS1 [53]. Since SIN, to a certain extent, has 
an inhibitory effect on the tumor cells itself [54], to elimi-
nate this interference, we first conducted CCK-8 assay 
to determine the administration concentration of SIN. 
As shown in Fig.  4A, CCK-8 assay showed that 0.5  μM 
SIN did not inhibit the proliferation of U251 cells, so we 
selected this concentration for the subsequent experi-
ments. Treatment of U251 cells with TCDCA and SIN 
together significantly reversed the inhibitory effect of 
TCDCA on cell proliferation. As expected, the wound 
healing rate and the number of cells passing through 
the chamber in the Transwell assay were significantly 
increased in U251 cells treated with SIN and TCDCA 
together, compared with TCDCA treatment alone 
(Fig. 4B–E). Taken together, these results suggested that 
TCDCA performed anti-GBM effects through upregulat-
ing the expression of HMGCS1 and HMGCR. Western 
blot analysis was performed to validate the wound heal-
ing assay results. We then tested epithelial-mesenchymal 
transition-related indicators, and the results showed that 
the expression of related proteins in GL261 cells was 
decreased after TCDCA (Fig. 4F–J).

TCDCA suppressed GBM cells by inducing ferroptosis
Although we have found the effective targets of 
TCDCA, the exact pathway through which TCDCA 
achieves its anti-GBM effect remains to be clarified. 
We reanalyzed the sequencing results and found that 
many differentially expressed genes associated with 
ferroptosis [55], such as CHAC1, ATF3 and DDIT3 
(Fig.  3B) were upregulated significantly after TCDCA 

(See figure on next page.)
Fig. 4 TCDCA suppressed GBM cells through HMGCS1/HMGCR pathway. A The cell viability of U251 cells treated with different concentrations 
of 200 μM TCDCA and SIN detected by CCK-8 assays (n = 4/group, two-way ANOVA, Sidak’s test was performed for the multiple comparison). 
B Representative images of U251 cells treated with 200 μM TCDCA and 0.5 μM SIN for 24 h in Transwell migration assay. Scale bar, 100 µm. 
C Quantitative analysis of the numbers of migrated U251 cells (n = 15/group, two-way ANOVA, Sidak’s test was performed for the multiple 
comparison) and cells counted in representative high-power fields per Transwell plate. D Representative images of U251 cells treated with 200 μM 
TCDCA and 0.5 μM SIN in wound healing assays. Phase-contrast images were acquired at 0 h, 24 h after scratching and representative images 
of three independent experiments were shown. Scale bars, 200 µm. E Quantitative analysis of the numbers of migrated U251 cells (n = 15/
group, two-way ANOVA, Sidak’s test was performed for the multiple comparison) and cells counted in representative high-power fields 
per Transwell plate. F The expression of FAK, p-FAK, Vimentin and N-cadherin in GL261 cells was detected after treated with 200 μM TCDCA for 24 h 
by western blot. G–J Quantification analysis of the relative FAK (G), p-FAK (H), Vimentin (I), N-cadherin (J) level as shown in (F) (normalized to control, 
n = 3/group, t-test). Data were mean + SEM. *P < 0.05, **P < 0.01 

http://gliovis.bioinfo.cnio.es/
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treatment. It is reasonable to speculate that TCDCA 
may inhibit the proliferation and migration of GBM 
cells by inducing ferroptosis. To test our hypothesis, we 
first examined protein levels of GPX4, a typical marker 
of ferroptosis that ferroptosis will be induced when it 

is inhibited [56]. As expected, we found that TCDCA 
treatment resulted in downregulation of GPX4 (Fig. 5A, 
B). Ferroptosis is characterized by intracellular accu-
mulation of lipid reactive oxygen species (ROS) in an 
iron-dependent manner [57, 58]. To clarify the impact 

Fig. 4 (See legend on previous page.)
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of TCDCA on ROS, we then detected the production of 
ROS after TCDCA treatment. Consistently, the results 
showed that treating U251 cells with TCDCA indeed 
remarkably induced the production of ROS (Fig.  5C, 
D). We further confirmed the role of TCDCA in induc-
ing ferroptosis by adding ferrostatin-1 (FER-1, a classic 
ferroptosis inhibitor) in GBM cells. Firstly, U251 cells 
were treated with different concentrations of FER-1 
by CCK-8 assay, and the cell viability curve analysis 
showed that 1.25 μM of FER-1 could exert the greatest 
inhibitory effect on ferroptosis (Fig.  5E). Treatment of 
U251 cells with TCDCA and FER-1 together signifi-
cantly reversed the inhibitory effect of TCDCA on cell 
proliferation. Furthermore, migration-related assays 
showed that the treatment with ferroptosis inhibitor 
could partially rescue the TCDCA’s inhibitory effect on 
the migration of U251 cells (Fig.  5F–I). These results 
suggested that TCDCA induced ferroptosis in GBM 
cells by affecting GPX4 levels and ROS accumulation.

TCDCA induced ferroptosis in GBM cells 
through HMGCS1‑HMGCR‑GPX4 pathway
However, it is still unclear whether drugs can inhibit 
GBM progression by regulating the expression of 
HMGCS1 and HMGCR to induce ferroptosis directly. 
To address this question, we then examined the changes 
of ferroptosis-related markers after inhibiting HMGCS1 
and HMGCR. First, western blot analysis showed that 
co-treatment of SIN and TCDCA partially abolished 
the ferroptosis in U251 cells induced by TCDCA treat-
ment alone (Fig.  6A–D). Next, we detected the amount 
of intracellular ROS production after inhibiting the 
expression of HMGCS1 and HMGCR. As expected, the 
results showed that treatment with SIN together could 
effectively reduce the accumulation of ROS caused by 
TCDCA (Fig.  6E, F). GSH is the most important anti-
oxidant to repair the damage in cell membrane caused 
by lipid hydroperoxides and clean the ROS [59]. The 
result of GSH detection was consistent with expectation, 
and the inhibitory effect of TCDCA on GSH could be 

reversed by SIN (Fig.  6G). Taken together, these results 
strongly suggested that TCDCA induced ferroptosis in 
GBM cells through HMGCS1-HMGCR-GPX4 pathway.

TCDCA inhibited the growth of GBM in vivo
Given in vitro experiments showing TCDCA’s significant 
anti-GBM activities, we next examined whether TCDCA 
also had anti-tumor effects in  vivo. We examined the 
effect of TCDCA in an orthotopic transplantation model 
of GBM cells in C57BL/6 mice. Firstly, we injected GL261 
cells (a mice GBM cell line) with the luciferase reporter 
gene into the striatum of C57BL/6 mice by using a brain 
stereotaxic apparatus. Seven days after modeling, we ran-
domly divided the mice into two experimental groups: 
the control group (0.9% saline) and the TCDCA group 
(30 mg/kg), and both groups received an intraperitoneal 
injection for 14 days (Fig. 7A). By recording and analyz-
ing the weight data of mice during the administration, 
we found that there was no significant difference in the 
weight changes of mice (Fig. 7B). Tumor formation was 
observed by small animal 3D bioluminescence imaging 
system, and it was found that TCDCA treatment sig-
nificantly inhibited GBM volume (Fig.  7C, D). Hema-
toxylin–eosin (HE) and Ki67 staining were performed on 
frozen slices of mouse brain tissue, and the results further 
showed anti-GBM of TCDCA in  vivo (Fig.  7E–H) and 
TCDCA is not toxic to the heart, liver, spleen, lung and 
kidney of mice (Supplementary Fig.  3). In addition, the 
expression of HMGCS1 and HMGCR was upregulation 
while GPX4 was downregulation in orthotopic model 
mice (Fig. 7I–L), demonstrating that TCDCA also inhib-
ited the growth of GBM cells dependent on HMGCS1/
HMGCR/GPX4 signaling in  vivo. Taken together, these 
results suggested that TCDCA inhibited GBM growth 
in vivo effectively.

Discussion
Our studies have revealed the inhibitory effects of 
TCDCA on GBM cell proliferation and migration. We 
have shown that TCDCA achieves these effects through 

Fig. 5 TCDCA suppressed GBM cells through inducing ferroptosis. A Western blot detected the expression of GPX4 in U251 cells treated 
with 200 μM TCDCA. B Quantification of the relative level of GPX4 as shown in (A) (n = 4 per group, t-test). C Representative results of ROS analysis 
in U251 cells after 200 μM TCDCA treatment. D Quantitative analysis of ROS in U251 cells as shown in (C) (n = 3/group, t-test). E The cell viability 
of U251 cells treated with different concentrations of FER-1 and 200 μM TCDCA detected by CCK-8 assays (n = 4/group, two-way ANOVA, Sidak’s 
test was performed for the multiple comparison). F Representative images of U251 cells treated with 200 μM TCDCA and 1.25 μM FER-1 in wound 
healing assays. Phase-contrast images were acquired at 0 h, 24 h after scratching and representative images of three independent experiments 
were shown. Scale bars, 200 µm. G Quantitative analysis of the numbers of migrated U251 cells (n = 15/group, two-way ANOVA, Sidak’s test 
was performed for the multiple comparison) and cells counted in representative high-power fields per Transwell plate. H Representative images 
of U251 cells treated with 200 μM TCDCA and 1.25 μM FER-1 for 24 h in Transwell migration assay. Scale bar, 100 µm. I Quantitative analysis 
of the numbers of migrated U251 cells and cells counted in representative high-power fields per Transwell plate (n = 15/group, two-way ANOVA, 
Sidak’s test was performed for the multiple comparison). Data were mean + SEM. *P < 0.05, **P < 0.01 

(See figure on next page.)
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the modulation of the HMGCS1-HMGCR-GPX4 sign-
aling pathway in vivo and in vitro (Fig. 8). These results 
provide the potential of TCDCA as an efficacious thera-
peutic agent for alleviating GBM.

Extensive researches, over the past decades, has eluci-
dated metabolic reprogramming in glioma and the thera-
peutic relevance of metabolic dependence [60], including 
the identification of potential metabolic biomarkers and 

Fig. 5 (See legend on previous page.)
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therapeutic targets. Lipids, constituting vital components 
of brain structure and function [61], possess the second-
highest content in the brain following adipose tissue [62]. 
Notably, almost all brain cholesterol is synthesized by 
astrocytes, as systemic cholesterol in lipoproteins faces 
significant BBB permeability challenges [63]. Cholesterol 
levels are regulated by various factors, including metabo-
lites and bile acids [64]. Ursodeoxycholic acid (UDCA), a 
hydrophilic bile acid, has been studied for its application 
in cancer [65]. Ursodeoxycholic acid is the trans-isomer 
of chenodeoxycholic acid. TCDCA, the taurine-conju-
gated form of chenodeoxycholic acid [66], emerges as an 
integral derivative with reduced toxicity and enhanced 
solubility. Studies have shown through in  vitro and 
in  vivo experiments that TCDCA can inhibit the pro-
gression of gastric cancer [42]. While prior investigations 
have focused primarily on TCDCA’s pro-apoptotic, anti-
inflammatory and immunomodulatory effects, its phar-
macological effect on GBM remains largely unexplored. 
Similar to previous studies, in this study, we found that 
TCDCA significantly inhibited the progression of GBM 
in vitro and in vivo.

As a non-apoptotic form of cell death, ferroptosis is a 
result of an imbalance in cellular metabolism and redox 
homeostasis [67]. Meanwhile, accumulating evidence 
suggests that there is a potential physiological role of 
ferroptosis in anti-tumor therapy [68]. Both GSH deple-
tion and GPX4 inactivation induce ferroptosis. However, 
it remains unknown whether TCDCA has anti-GBM 
effects via inducing ferroptosis. Cholesterol metabo-
lism assumes a pivotal role in orchestration of ferrop-
tosis [69], with evidence showcasing the involvement of 
that 7-dehydrocholesterol reductase, an enzyme gov-
erning cholesterol biosynthesis, in ferroptosis induction 
[70]. Statin treatment has been correlated with elevated 
levels of cellular lipid peroxidation [71]. Studies have 
shown that GBM cells are resistant to statin target-
ing HMGCR, and promoting cholesterol synthesis can 
inhibit the development of glioma [36]. In this study, we 
explored whether TCDCA induced significant alterations 
in HMGCS1, HMGCR, directly impacting ferroptosis-
related targets and effectively impeded GBM progres-
sion. Although this study verified the inhibitory effect 
of TCDCA on GBM in vivo and in vitro, the mechanism 
of TCDCA’s action was only studied in  vitro, and there 
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is a lack of rescue experiments in  vivo to confirm that 
TCDCA played a role by regulating HMGC1-HMGCR-
GPX4 pathway.

While implanting GL261 cells in the mouse brain is 
a widely used method for constructing GBM models in 
neuro-oncology research, it has several limitations that 
need to be considered. The GBM model in our study 
was generated through cell line implantation, which 
did not replicate the natural progression of tumors 
from early gene mutations to malignant transforma-
tion. This method may result in significant differences 
in the tumor microenvironment compared to human 
GBM, which typically has a highly immunosuppres-
sive TME [72]. Human GBM is characterized by high 
intratumoral heterogeneity, including the coexistence 
of different subclones. In contrast, the GL261 cell line, 
derived from a monoclonal source, lacks this heteroge-
neity, potentially leading to underestimation of the risk 
of drug resistance during drug screening. Long-term 

in vitro subculturing of GL261 cells may also result in 
the loss of the original tumor’s heterogeneity. Addition-
ally, variability in the implantation site may impact the 
reproducibility of experimental results. Despite these 
limitations, the GL261 in  situ glioma model remains 
valuable for its cost-effectiveness, ease of operation, 
and suitability for high-throughput screening. It con-
tinues to play an important role in immune research 
and drug screening.

Although this study confirmed the key role of the 
HMGCS1/HMGCR/GPX4 pathway in GBM, several 
limitations remain. It is not clear whether TCDCA reg-
ulates these targets directly or indirectly, for example, 
through nuclear receptors such as FXR or PXR, or via 
the membrane receptor TGR5. Additionally, the involve-
ment of other lipid metabolism or oxidative stress-related 
pathways (such as SREBP or NRF2) cannot be ruled 
out. While our study has preliminarily demonstrated 
the feasibility of using TCDCA to inhibit GBM via the 
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HMGCS1/HMGCR/GPX4 pathway, further research is 
needed to elucidate the underlying mechanisms, validate 
the clinical relevance of the model, and develop effec-
tive translational strategies. In the future, TCDCA holds 
potential for clinical application through multi-dimen-
sional mechanistic analysis, precise modeling, and the 
development of intelligent drug delivery technologies. 
These efforts will be crucial for advancing our under-
standing and treatment of GBM.

In a study, serum levels of TCDCA were significantly 
lower in patients with hepatitis B virus (HBV)-related 
hepatocellular carcinoma (HCC) and closely correlated 
with tumor progression [73]. Additionally, research has 
shown that TCDCA significantly inhibits the viability 
and invasive capacity of gastric cancer cells while induc-
ing apoptosis. This anticancer effect is mediated through 
the downregulation of key genes such as REG4, EGFR, 
and AKT1 [74].

In summary, the present study has substantiated the 
profound anti-GBM effects exerted by TCDCA via 
HMGCS1-HMGCR-GPX4 pathway both in  vitro and 
in vivo. Our study further confirms that targeted choles-
terol metabolism may be a useful anti-GBM therapy and 
provides a potential anti-GBM drug. The action value of 
the traditional Chinese medicine extract is further devel-
oped, which not only has clinical treatment potential but 
also can bring certain social and economic benefits.
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