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a b s t r a c t

Ursodeoxycholic acid (UDCA) is a naturally occurring, low-toxicity, and hydrophilic bile acid (BA) in the
human body that is converted by intestinal flora using primary BA. Solute carrier family 7 member 11
(SLC7A11) functions to uptake extracellular cystine in exchange for glutamate, and is highly expressed in a
variety of human cancers. Retroperitoneal liposarcoma (RLPS) refers to liposarcoma originating from the
retroperitoneal area. Lipidomics analysis revealed that UDCA was one of the most significantly down-
regulated metabolites in sera of RLPS patients compared with healthy subjects. The augmentation of UDCA
concentration (�25 mg/mL) demonstrated a suppressive effect on the proliferation of liposarcoma cells.
[15N2]-cystine and [13C5]-glutamine isotope tracing revealed that UDCA impairs cystine uptake and
glutathione (GSH) synthesis. Mechanistically, UDCA binds to the cystine transporter SLC7A11 to inhibit
cystine uptake and impair GSH de novo synthesis, leading to reactive oxygen species (ROS) accumulation
and mitochondrial oxidative damage. Furthermore, UDCA can promote the anti-cancer effects of ferroptosis
inducers (Erastin, RSL3), the murine double minute 2 (MDM2) inhibitors (Nutlin 3a, RG7112), cyclin
dependent kinase 4 (CDK4) inhibitor (Abemaciclib), and glutaminase inhibitor (CB839). Together, UDCA
functions as a cystine exchange factor that binds to SLC7A11 for antitumor activity, and SLC7A11 is not only
a new transporter for BA but also a clinically applicable target for UDCA. More importantly, in combination
with other antitumor chemotherapy or physiotherapy treatments, UDCA may provide effective and
promising treatment strategies for RLPS or other types of tumors in a ROS-dependent manner.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Primary bile acids (BAs) are primarily produced by liver cells.
These primary BAs undergo transformations facilitated by the in-
testinal flora, resulting in the production of various forms of sec-
ondary BAs. This process is mainly carried out in the intestinal tract
by Clostridium mucricum, Clostridium inharmonious, Clostridium
pasteuri, andMaltophilomonas, accounting for 3%e4% of the total BA
in the human body. The secondary BAs are predominantly conju-
gated with sodium and potassium salts, as well as taurine and
glycine [1]. Ursodeoxycholic acid (UDCA), one of the most hydro-
philic and least toxic BAs, has been widely used at a dosage of
10 mg/kg/day for treating gallstones [2], 22 mg/kg/day for primary
biliary cholangitis [3], and as a preventive measure against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
at dosages of 15 mg/kg/day for humans, 416 mg/kg/day for ham-
sters, and 1% w/w/day for mice [4]. In recent years, studies have
reported that UDCA induces tumor cell death in several cancers,
such as oral squamous carcinoma cells (400 mg/mL) [5], hepato-
cellular carcinoma cells (1.2 mM) [6], and gastric carcinoma cells
(1 mM) [7]. The main molecular pathways and signal molecules
implicated in the anticancer effects of UDCA involve signal trans-
ducer and activator of transcription 3 (STAT3), nuclear factor kappa-
B (NFkB), extracellular signal-regulated kinase (ERK), p53, and
reactive oxygen species (ROS) mediated by membrane receptors
DR4/5 and Takeda G-protein-coupled receptor 5 (TGR5). Apoptosis
was found to be the main type of cancer cell death induced by
UDCA [8].

Cysteine serves as the precursor for glutathione (GSH), which is
widely recognized as the predominant antioxidant in cells [9].
Cysteine is primarily derived from cystine, which is transported
extracellularly by the cystine/glutamate antiporter system (system
Xc-) [10]. In addition to extracellular uptake, mammalian cells can
synthesize new cysteine through sulfurization using intracellular
glucose and methionine [11]. Most cancer cells rely on the system
Xc- to import cystine, which is then converted to cysteine through
an nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH)-dependent reaction. The system Xc-functions as an
electrically neutral and non-Naþ-dependent amino acid trans-
porter, consisting of the 12-stage transmembrane transporter
SLC7A11 and the single-stage transmembrane regulatory protein
SLC3A2. The transport function of the system Xc- is mainly carried
out by SLC7A11 [12]. SLC7A11 has close associations with various
clinical diseases including acute organ injury, and age-related
macular degeneration, and it has been found to be highly
expressed in a variety of malignant tumors. Cystine reduction in the
cytoplasm or inhibition of SLC7A11 can inhibit tumor cell prolif-
eration and enhance their sensitivity to chemo-radiotherapy [13].
Many drugs are involved in regulating the SLC7A11 signaling
pathway. HG106 [14], erastin, imidazole ketone erastin [15], sulfa-
salazine [16], and sorafenib [17] have been identified as SLC7A11
inhibitors that block cystine uptake. It is a pity that imidazole ke-
tone erastin and HG106 have not yet progressed to clinical trials
stage, except for sulfasalazine and sorafenib which are currently
being used for arthritis treatment and human cancer treatment
respectively after receiving approval from the U.S. Food and Drug
Administration (FDA). Despite preclinical studies targeting SLC7A11
in cancer therapy, there is still an urgent need to further explore
potent and specific inhibitors of SLC7A11, understand their under-
lying mechanisms, and eventually apply them in clinical studies.

Sarcomas represent a class of rare and highly heterogeneous
malignant tumors of mesenchymal origin that can occur at any
histological site [18]. There are over 100 different histological
subtypes, mainly divided into three categories: soft tissue sarcoma,
visceral sarcoma, and bone sarcoma. Retroperitoneal soft tissue
2

sarcoma (RPS) accounts for 12%e15% of all soft tissue sarcoma (STS)
[19], with liposarcoma being the most common pathological type.
RPS is more likely to form large tumors and invade multiple adja-
cent organs. For patients with unresectable or metastatic de-
differentiated liposarcoma (DDLPS), anthracycline-based doxoru-
bicin or doxorubicin in combination with ifosfamide is recom-
mended as first-line chemotherapy [20]. Gemcitabine, either alone
or in combination with docetaxel, vinorelbine, or dacarbazine, is
often recommended for subsequent lines of chemotherapy [21].
However, after with complete resection, retroperitoneal sarcomas
have a poor prognosis, with a recurrence rate of over 50% [22].
Therefore, it becomes imperative to develop novel potential ther-
apeutics as alternative approaches to surgery for RPS.

In this study, we conducted mass spectrometry-based lip-
idomics and identified UDCA as one of the most downregulated
metabolites in the sera of retroperitoneal liposarcoma (RLPS) pa-
tients compared to healthy subjects. We assumed that UDCA could
be absorbed by large liposarcoma tissue volumes. Further investi-
gation revealed whether and how UDCA can be utilized for RLPS
treatment, highlighting its therapeutic value and implications for
treating RLPS or other types of tumors with UDCA beyond surgery.

2. Methods and materials

2.1. Clinical samples and animals

We collected matched pairs of frozen and fixed samples from
both normal and tumor tissues of 89 patients with DDLPS or well-
differentiated liposarcoma (WDLPS). We also obtained serum
samples from patients and healthy volunteers. All the samples were
collected from Xiang'an Hospital of Xiamen University and Peking
University International Hospital. Fixed samples were transferred
to Shanghai Outdo Biotech Co., Ltd. for tissuemicroarray assays. The
frozen tissue samples and serum samples were prepared for
metabolomics analysis, while tissues were used for Western blot
assays. The protocols were reviewed and approved by the ethics
committees of all participating institutions, including Xiang'an
Hospital of Xiamen University (Approval numbers: XAHLL2021024,
and XAHLL2023004) and Peking University International Hospital
(Approval number: WA2020RW29). All participants were enrolled
and anonymized after approval by the institutional review board.
Written informed consent was obtained from all participants,
except those who could not be contacted due to a lack of follow-up.
In these cases, permission was granted by the institutional review
boards at each participating institution to use existing tissue sam-
ples for research purposes. None of the samples used in this study
came from patients who had opted out of participation.

Moreover, we also collected postoperative serum samples, tu-
mor tissue, and normal adjacent adipose tissue from patients with
RLPS. The cohort consisted of a total of 69 retroperitoneal DDLPS
patients, 20 retroperitoneal WDLPS patients, and 89 healthy sub-
jects. The clinical characteristics of the sample sets are presented in
Table S1.

The 4e6 weeks old male athymic nude mice and C57BL/6 mice
were obtained from the Laboratory Animal Center of Xiamen Uni-
versity. The animals were regularly checked by a certified veteri-
narian who was responsible for health monitoring, animal welfare
supervision, and experimental protocols. All experimental pro-
cedures involving animals were conducted in accordance with the
animal protocols approved by the Laboratory Animal Center of
Xiamen University and the Ethics Committee of Xiamen University
(Approval number: XMULAC20190114). The RLPS orthotopic
xenograft mouse model was established by injecting 0.1 mL of a
tumor cell suspension containing 1 � 107 SW872 cells into the
subcutaneous space. UDCA, cystine, and CB839 were administered
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through intraperitoneal injection. Tumor growth was measured
once every two days, and tumor volume (V) was calculated using
the following equation: V ¼ (L � W2) � 0.52, where L is the length
and W is the width of the xenograft. Once the length reaching a
palpable size (2 cm), mice were euthanized under ether anesthesia,
tumors were excised and weighed, and xenografted mice were
divided into four groups: control group, UDCA (250 mg/kg daily)
group, cystine (1 mmol/kg daily) group, and UDCA (250 mg/kg
daily) plus cystine (1 mmol/kg daily) group. Each experimental
group consisted of either five or seven mice. For in situ xenograft
mouse model, we transplanted the liposarcoma cell line SW872
into the perirenal space of athymic nude mice to establish a mouse
model of retroperitoneal sarcoma.

2.2. Cell lines and regents

SW872 (HTB-92), 93T449 (CRL-3043), 94T778 (CRL-3044),
HT1080 (CCL-121), and MCF7 (HTB-22) cell lines were purchased
from ATCC (Rockville, MD, USA). A549 (IM-H113), HCT116 (IM-
H098), QBC939 (IM-H226), HUH7 (IM-H040), KYSE30 (IM-H311),
MC38 (IM-M006) cell lines and basic mediumwere purchased from
Xiamen Immocell Biotechnology Co., Ltd (Xiamen, Fujian, China).
XMU-RC-1 and XMU-RC-2 cell lines were obtained from the Xia-
men University Research Center of the Retroperitoneal Tumor
Committee of the Oncology Society of the Chinese Medical Asso-
ciation (Xiamen, Fujian, China). SW872, XMU-RC-1, and XMU-RC-
2 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; SH30022.01, HyClone, Logan City, UT, USA) containing
penicillin, streptomycin (SV30010, HyClone), and 10% fetal bovine
serum (FBS; P30-3302, PAN, Edenbach, Baggolia State, Germany).
93T449 and 94T778 cells were cultured in RPMI-1640 medium
(SH30255.01, HyClone) containing penicillin, streptomycin
(SV30010, HyClone), and 10% FBS. UDCA (700199P) and dichloro-
acetic acid (DCA; 30960) were purchased from Sigma (Darmstadt,
Germany). Tauroursodeoxycholic acid (TDCA) (HY-19696), RSL3
(HY-100218A), erastin (HY-15763), RG7112 (HY-10959), nutlin-3a
(HY-10029), abemaciclib (HY-16297A), and CB839 (HY-12248)
were purchased from MedChemExpress (Monmouth Junction, NJ,
USA). Antibodies were purchased from the following sources: CD36
(10752-RP02, SinoBiological, Beijing, China), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; TA-08, ZSGB-BIO, Beijing,
China), GPX4 (ab125066, Abcam, Cambridge, UK), SLC7A11
(ab37185, Abcam), MDM2 (ab259265, Abcam), and P53 (2524S, Cell
Signaling Technology, Danvers, MA, USA). LentiCRISPR v2-
sgSLC7A11/xCT-2 (#161819) and Plenti6-SLC7A11/xCT-V5
(#170427) were purchased from Addgene (Cambridge, MA, USA).
Cell counting kit-8 kit (RM02823) and C11 BODIPY 581/591 kit
(RM02821) were purchased from Abclonal (Wuhan, China). Intra-
cellular ROS production assay kit (DCFH-DA)) kit (S0033S) was
purchased from Beyotine (Shanghai, China). Malondialdehyde
(MDA) kit (ab118970) was purchased from Abcam(ab118970,
Cambridge, UK).

2.3. Quantification and statistical analysis

Metabolomic data were imported into the online software
MetaboAnalyst (https://www.metaboanalyst.ca/) for multivariate
statistical analysis. For the metabolic flux data, the natural abun-
dance correction of 15N and 13C for tracer experiments was per-
formed with AccuCor (https://github.com/XiaoyangSu/AccuCor).
Unless otherwise noted, statistically significant differences were
assessed by a two-tailed Student's t-test. Graphs were prepared
using GraphPad Prism 7.0. Datawere presented as mean ± standard
error of the mean (SEM). A P-value＜ 0.05 was considered statis-
tically significant. The pan-cancer analysis is conducted using
3

online software (http://www.sangerbox.com/home.html), where
genes are entered into the search bar and the results of the pan-
cancer analysis are automatically generated.

2.4. Cell counting kit-8 (CCK-8) assay and cell viability assay

The proliferation of cells was detected using a cell counting kit-8
(RM02823, Abclonal, Wuhan, China) assay following the manu-
facturer's instructions. 1,000 cells were inoculated in a 96-well
plate and cultured at 37 �C and 5% CO2. Then, 10 mL of CCK8 solu-
tion was added to each well and the plate was incubated for 1e4 h
every two days. Finally, the absorbance at 450 nm was measured
using a Microplate reader (Tecan spark, Mannedorf, Switzerland).

2.5. Reactive oxygen species assay kit (DCFH-DA)

5 � 104 cells were inoculated in 96-well plates and treated with
UDCA and dimethyl sulfoxide (DMSO) for 6 h respectively. 2',7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was diluted in
serum-free medium at a final concentration of 10 mM by a dilution
ratio of 1:1000. The culture mediumwas removed, and then 100 mL
of the diluted DCFH-DA was added. The cells were incubated at
37 �C for 20 min in the cell incubator. After that, the cells were
washed three times with serum-free medium. Finally, the fluores-
cence intensity was detected using a fluorescence microplate
reader (Varioskan Flash, Thermo Fisher Scientific, Waltham, MA,
USA) under an excitation wavelength of 488 nm and an emission
wavelength of 525 nm.

2.6. Lipid peroxidation assay (MDA)

The lipid peroxidation assay kit (ab118970, Abcam) was used to
measure forms of reactive aldehydes such as MDA. Approximately
1 � 107 cells were harvested for each assay by washing with a cold
phosphate buffered saline (PBS) solution. A lysis solution consisting
of 300 mLMDA lysis buffer and 3 mL butylated hydroxytoluene (BHT)
stock was mixed using a homogenizer on ice. The samples were
then sonicated and centrifuged at 13,000 g for 10 min to collect the
supernatant. To analyze the samples, 200 mL standard and 200 mL
sample were added into vials or wells, followed by adding 600 mL
developer VII/TBA reagent. After incubating at 95 �C for 60 min and
cooling down, a reaction mix of 200 mL was transferred into a 96-
well microplate for analysis. The absorbance at OD532 nm was
immediately measured for colorimetric assay.

2.7. Lipid ROS assay (C11 BODIPY 581/591)

2� 106 cells were inoculated into 6-well plates and treated with
UDCA and DMSO for 6 h, respectively. The cells were then resus-
pended in 500 mL of PBS containing 20 mM C11-BODIPY 581/591
and incubated at 37 �C in a cell culture incubator for 1 h. The signals
from both non-oxidized C11 (wavelength > 580 nm) and oxidized
C11 (wavelength range: 505e550 nm) were monitored by flow
cytometer (Cytoflex LX, Beckman Coulter, Pasadena, California,
USA). The data were normalized to the control samples as indicated
by relative lipid peroxidation.

2.8. Seahorse analysis

Oxygen consumption rates (OCR) were investigated using a
Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technologies,
Boston, MA, USA). SW872 cells were washed and resuspended in
OCR medium (Seahorse XF DMEM with 10 mM glucose, 2 mM
glutamine, and 1 mM sodium pyruvate). A total of 2 � 104 cells
were seeded in unbuffered culture medium in XFe96 Cell Culture

https://www.metaboanalyst.ca/
https://github.com/XiaoyangSu/AccuCor
http://www.sangerbox.com/home.html
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Microplates (101085-004, Agilent). After the initial assessment of
basal OCR rates, modulators of mitochondrial function were
sequentially injected at optimized concentrations using a standard
mitochondrial stress test paradigm. For measurements of mito-
chondrial respiration rate, oligomycin A was added at a concen-
tration of 1 mM followed by carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) at a concentration of
1 mM and rotenone (Rot)/antimycin A (AA) at a concentration of
1 mM.

2.9. Plasma sample preparation for metabolomics and lipidomics

For large-scale targeted metabolomics, the sera of 10 patient
samples and 10 healthy samples were analyzed. 200 mL of aceto-
nitrile was added to each 100 mL of serum sample and mixed with
internal standard ([Ring-D5]-phenylalanine solution), vortexed for
15 min at 4 �C, and stored at 4 �C for 2 h. After centrifugation at
14,000 g for 15 min at 4 �C, the supernatant was removed to a new
tube and evaporated to dryness using a Labconco CentriVap (Lab-
conco, Kansas, MO, USA). Metabolites were reconstituted in 100 mL
of acetonitrile: water (1:1, v/v) with 0.1% formic acid, vortexed and
centrifuged at 14,000 g for 15 min at 4 �C. The supernatant was
subjected into liquid chromatography tandem mass spectrometry
(LC-MS/MS. A quality control sample was generated by pooling all
20 sera samples and injecting it every 8e15 sample injections to
monitor the consistency of the retention time and the signal
intensity.

For lipidomics analysis, sera were thawed on ice, vortexed for
approximately 10 s, and then centrifuged it at 3,000 rpm at 4 �C for
5 min. Serum (50 mL) was treated with 20 vol (1,000 mL) of solvent
mixture (MTBE: methanol (3:1 v/v)) with internal standards (12:0
Lyso PC, Cer (d18:1/4:0) and PC (13:0/13:0)). After vortexing the
mixture for 15 min, 200 mL of water was added and vortexed for
1 min, and the mixture was centrifuged at 12,000 rpm at 4 �C for
10 min. Then, 500 mL of the supernatant was evaporated under
nitrogen to dryness. The dry extracts were reconstituted in 200 mL
acetonitrile/isopropanol (1:9, v/v) with 0.1% formic acid and 10 mM
ammonium formate before analysis. A quality control sample was
generated by pooling all 20 plasma samples and injecting it every
8e15 sample injections to monitor the consistency of the retention
time and the signal intensity.

The quantitative analysis of UDCA involved the classification of
samples into two groups. Group 1 consisted of 53 patient samples
and 53 normal samples. Group 2 included preoperative samples
and corresponding postoperative samples from 16 patients. Serum
(100 mL) was treated with 4 vol (400 mL) of methanol solvent with
internal standards (D4-chenodeoxycholic acid), vortexed for 5 min,
and incubated at 4 �C for 1 h to allow for protein precipitation. After
centrifugation at 14,000 g for 15 min at 4 �C, the supernatant was
pelleted by centrifugation at 4 �C, and the supernatant containing
UDCA was collected and evaporated to dryness using a Labconco
CentriVap. Metabolites were reconstituted in 50 mL of methanol:-
water (4:1, v/v), vortexed, and centrifuged to remove insoluble
material before analysis. To monitor the consistency of the reten-
tion time and the signal intensity, a quality control sample was
generated by pooling all plasma samples and injecting it every
8e15 sample injections. To absolutely quantify the concentration of
UDCA in serum, a UDCA standard curve was plotted. The UDCA
standards were diluted to 0.1, 0.2, 0.5, 1, 5, 10, 20, 50, and 100 ppb
separately.

2.10. Cells for metabolomics

Freshly enriched SW872 and XMU-RC1 cells were resuspended
in cell culture medium RMPI 1640 medium containing 10% (v/v)
4

56 �C heat-inactivated fetal bovine serum and 1% (v/v) pen-
icillinestreptomycin. A total of 1 � 106 cells were cultured in a flat-
bottomed 6-well plate. Cells were cultured in a cell incubator at
37 �C with 5% CO2. Following cell adherence, 400 mg/mL UDCA was
added. After 6 h, the mediumwas removed, and cells were washed
with room-temperature PBS twice to obtain cell pellets. A pre-
cooled 80% methanol solution was added to the cell pellets for
metabolite extraction.

2.11. Cells for stable isotope tracing analysis

Freshly enriched SW872 cells were resuspended in medium as
described above. After cell adherence, the medium was removed
and washed with room-temperature PBS twice to obtain cell pel-
lets. For [15N]-cystine metabolic flux analysis, medium (RMPI 1640
medium (Shanghai Basal Media Technologies Co., Ltd., Shanghai,
China; Customized, without cystine) containing 10% (v/v) 56 �C
heat-inactivated dialyzed fetal bovine serum, 1% (v/v) pen-
icillinestreptomycin, 0.21mM [15N2]-cystine] and 400 mg/mL UDCA
were added. Cell samples were collected at 3, 6, 12, and 24 h. For
[Ue13C]-glutamine metabolic flux analysis, medium (RMPI 1640
medium (Shanghai Basal Media Technologies Co., Ltd.; Customized,
without glucose or glutamine) containing 10% (v/v) 56 �C heat-
inactivated dialyzed fetal bovine serum, 1% (v/v) pen-
icillinestreptomycin, 2 mM [Ue13C]-glutamine, and 11.1 mM label-
free glucose) and 400 mg/mL UDCA were added. Cell samples were
collected at 1 h, 3 h, and 6 h. Precooled 80% methanol was added to
the cell pellets for metabolite extraction.

2.12. LC-MS/MS for targeted metabolomics

LC-MS was performed using an Exion LC system (AB SCIEX,
Boston, MA, USA) with a ZIC-pHILIC column (100 mm � 2.1 mm;
Millipore, Bedford, MA, USA) connected to QTRAP-5500 mass
spectrometer (AB SCIEX). For LC conditions, 2 mL samples were
injected and analyzed. The flow rate was 0.2 mL/min. The column
and tray temperature were set at 40 �C and 4 �C, respectively. The
mobile phase A contained 15 mM ammonium acetate and 3 mL/L
ammonium hydrate (>28%) in water, while mobile phase B was a
90% acetonitrile aqueous solution. The gradient elution was set as
follows: the initial concentration of B was maintained at 95% for
1 min; decreased to 45% over 14 min and held at this level for
2 min; increased to 95% over 0.5 min and held at this level for
4.5 min. The electrospray ionization (ESI) voltagewas set to 4,500 V
in negative ion multiple reaction monitoring mode, and ion tem-
perature and curtain gas were set at 500 �C and 35 mL/min. LC-MS/
MS conditions were controlled by Analyst 1.7.1 software and the
final data were processed by Mutiquant 3.0.3 software. To track
GSH biosynthesis metabolic flux, [15N2]-cystine was used in cell
culture. The metabolite isotopologs were measured by LC-MS/MS
analysis. Multiple reaction monitoring data of 15N-labeled metab-
olite isotopologs were also acquired using Analyst software
(version 1.6.3, AB SCIEX).

2.13. LC-MS/MS for lipid metabolomics

The supernatant was injected into a Thermo AccucoreTMC30
(2.1 mm � 100 mm, 2.6 mm; Thermo Fisher Scientific) column. The
column temperature, flow rate, and injection volume were set to
45 �C, 0.35 mL/min, and 2 mL, respectively. The mobile phase con-
sisted of acetonitrile:water (6:4, v/v) containing 0.1% formic acid
and 10 mM ammonium formate (A) and acetonitrile:isopropanol
(1:9, v/v) containing 0.1% formic acid and 10 mM ammonium
formate (B). The gradient program was A:B (8:2, v/v) at 0 min, A:B
(7:3, v/v) at 2 min, A:B (4:6, v/v) at 4 min, A:B (15:85, v/v) at 9 min,
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A:B (1:9, v/v) at 14 min, A:B (5:95, v/v) at 15.5 min, held for
1.8 min and returned to A:B ( 80:20, v/v) at 20 min. Mass spectra
were acquired on a SCIEX triple quadrupole-linear ion trap mass
spectrometer (QTRAP) 6500þ LC-MS/MS system, equipped with an
ESI Turbo ion spray interface, operating in positive and negative ion
modes and controlled by Analyst 1.6.3 software (AB SCIEX). The ESI
source temperature and ion spray voltage were set at 500 �C and
5,500 V (positive) and �4,500 V (negative), respectively. The ion
source gas I, gas II, and curtain gas were set at 45, 55, and 35 psi,
respectively.

2.14. PrecipitationeLC-MS/MS assay

For the interaction of UDCA-SLC7A11 and cystine-SLC7A11,
the cell lysate of SW872 cells was divided into eight groups
(1 mg/mL, 1 mL/group). These groups underwent various treat-
ments, including the blank control group, cystine treatment
group, UDCA treatment group, UDCA-cystine co-treatment
group, UDCA pretreatment (PTM) plus cystine group, and cystine
PTM plus UDCA group. Immunoprecipitation was performed
using an SLC7A11 antibody. Cell lysates were precipitated using
Protein A/G Magnetic Beads (HY-K0202, MCE, Monmouth Junc-
tion, NJ, USA). After extensive washing, the precipitates were
subjected to three rapid freeze-thaw cycles and cooled at 4 �C for
1 h. The samples were vortexed and centrifuged for 15 min at
14,000 g at 4 �C. The supernatants containing aqueous metabo-
lites were collected by centrifugation at 4 �C and evaporated to
dryness using a Labconco centriVap. Metabolites were recon-
stituted in 60 mL of acetonitrile:water (1:1, v/v) with 0.1% formic
acid; then they were vortexed and centrifuged to remove insol-
uble material. LC-MS analysis was performed to analyze UDCA
and cystine.

2.15. Precipitation assay

The cells were first lysed with a lysis buffer to assess the inter-
action of UDCA-EA-Biotin with SLC7A11. Then, the cell lysates were
treated with an SLC7A11 antibody, control immunoglobulin, and
UDCA-EA-biotin. Subsequently, the lysates were precipitated using
Protein A/G Magnetic Beads (HY-K0202, MCE) and Streptavidin
Magnetic Beads (HY-K0208, MCE). After extensive washing, the
precipitates were analyzed by Western blotting analysis.

2.16. Immunohistochemical staining

Tissue sections underwent a dewaxing process using xylene,
followed by a hydrated process using graded alcohol solutions
and distilled water. Routine hematoxylin and eosin staining was
carried out. Immunohistochemical staining was performed using
antibodies against the proto-oncogene MDM2, which is
commonly expressed in RLPS, the adipose tissue biomarker CD36,
and SLC7A11, according to the manufacturers' recommendations.
Sepia staining was considered positive staining. Tissue points
were observed throughout the entire field, subsequently leading
to the selection of three distinct fields exhibiting different
staining intensity for interpretation. If the marker located in the
cell nucleus, 100 cells were randomly recorded in each field, and
the percentage of positive cells in 100 cells was recorded as X1%.
Similarly, the percentage of positive cells in the other two fields
was recorded as X2% and X3%, respectively; then an average of
these positive staining rates at this tissue location was taken. If
the marker is located in cytoplasm or membrane, we also
selected three different fields with varying staining intensities to
estimate their respective positive rates and took their average
value.
5

2.17. Western blotting detection

Liposarcoma cell lines and liposarcoma tissue from patients
were lysed in radio immunoprecipitation assay lysis buffer (RIPA;
P0013B, Beyotime, Shanghai, China), and the proteins were quan-
tified using BCA assays (A55864, Thermo Fisher Scientific). Equal
amounts of proteins were loaded onto 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and trans-
ferred to polyvinylidene difluoride membranes, followed by
immunoblotting with a specific antibody. The Western blots were
analyzed using a Tanon Imager (Tanon 5200, Shanghai Tanon Sci-
ence & Technology Co., Ltd., Shanghai, China).

2.18. Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted using TRIzol regent (9109, Osaka, Japan)
and underwent reverse transcription into cDNA using a cDNA syn-
thesis kit (RR047, Takara, Osaka, Japan), according to the manufac-
turer's instructions. qPCR was conducted using SYBR GREEN (RR420,
Takara). The primer sequences were as follows: h-b-actin-F-
TCTTCCAGCCTTCCTTCCT, h-b-actin-R-AGCACTGTGTTGGCGTACAG;
h-GLS1-F-AGGGTCTGTTACCTAGCTTGG, h-GLS1-R-ACGTTCGCAATCC
TGTAGATTT; h-GLS2-F-GAAATTCGGAACAAGACTGTG, h-GLS2-R-
AACTTCGATGTGTCCTTCAG.

2.19. Metabolite flux analysis

2.19.1. Labeling extent LE) calculation
LE represents the labeling enrichment of one metabolite:

LE¼1�M0

LM0 is the labeled fraction of M0

2.19.2. Labeling kinetic flux profiling
We fitted the tracing kinetics of the isotopically labeled me-

tabolites using the general first-order exponential equation for
quantitation of the labeling rates of key metabolites.

LE¼m� eð�ktÞ �m ðm < 0Þ;

In this formula, k is the first-order rate constant, indicating the
incorporation rate of the tracer to a metabolite target, and k and m
were fitted using the R package “nls” from the LE values.

2.19.3. Metabolic flux analysis
Our lab made a mathematical model for calculation of metabolic

flux in INCA software (Available at https://mfa.vueinnovations.
com). In INCA environment, we use EMU, optimization, and
Monte Carlo algorithms in solving fluxes.

3. Results

3.1. Decreased UDCA is observed in the sera of RLPS patients

To delineate the metabolic signature of RLPS, we enrolled RLPS
patients to analyze their serum metabolome compared with sex-
and age-matched healthy subjects without abnormal biochemical
values or a history of tumors. We first measured serum lipid al-
terations between 10 DDLPS patients (5 males, 5 females; mean
age ¼ 48.2 ± 3.818) and 10 healthy individuals (5 males, 5 females;
mean age ¼ 41.7 ± 3.197) randomly using lipidomic analysis. The
partial least squares-discriminant analysis (PLS-DA) mapping
showed a clear separation between DDLPS patient samples and
healthy control samples (Fig. 1A). A total of 756 lipids were

https://mfa.vueinnovations.com
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Fig. 1. Lipidomic analysis of serum samples from retroperitoneal liposarcoma (RLPS) patients and healthy donors. (A) Partial least squares discrimination analysis performed on the
lipidomic data in both the healthy cohort and patients. n ¼ 10 per group. N: normal healthy individuals; T: retroperitoneal dedifferentiated liposarcoma patients. (B) Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of the lipid levels. n ¼ 10 per group. (C)The volcano plot of the relative abundance of lipids, where
differentially expressed lipids are labeled in red (upregulated) and blue (downregulated). Decreased UDCA is observed in the sera of RLPS patients. n ¼ 10 per group. NSD: no
significant difference. (D) Absolute quantification of UDCA concentrations measured in both patients and healthy individuals using internal standards (D4-chenodeoxycholic acid). n
¼ 53 per group. Data are presented as mean ± SEM. ***P<0.0001. (E) The concentration of UDCA in the pre-operation period and the post-operation period, determined by
measuring it against internal standards (D4-chenodeoxycholic acid). n ¼ 10. (F) Relative quantification of UDCA concentrations measured in liposarcoma-bearing mice after
treatment with UDCA (200 mg/kg) for 24 h (Ctrl: no liposarcoma inoculation; Rp: liposarcoma was inoculated retroperitoneally; Sub: liposarcoma inoculated subcutaneously; Sub-
Sur: liposarcoma inoculated subcutaneously and sarcoma removed by surgery). n ¼ 3. Data are mean ± SEM. ***P<0.001; ns: not significance. Data were analyzed using two-tailed
Student’s t-tests.
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identified using reference standards and LC/MS fragmentation by
searching against our in-house database (Fig. S1, and Table S2).
Next, we conducted pathway enrichment analysis using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database and identi-
fied the significantly enriched pathways. Metabolite set enrichment
analysis highlighted glycerophosphoethanolamines, fatty esters,
glycerophosphocholines, BAs, and octadecanoids in the comparison
of serum samples between RLPS patients and healthy subjects
(Fig. 1B). Intriguingly, we found that UDCA was one of the most
significantly decreased metabolites in the sera of patients with
retroperitoneal DDLPS compared with healthy controls (Fig. 1C). By
further analyzing serum BAs, we found that chenodeoxycholic acid
(CDCA), a precursor of UDCA, was also significantly decreased in
RLPS patients compared with healthy subjects (Fig. S2).

To confirm the changes of UDCA in sera, we conducted absolute
quantification of UDCA in a larger cohort of RLPS patients (n ¼ 53).
As shown in Fig. 1D, a decreased UDCA concentrationwas observed
in the sera of RLPS patients compared with healthy controls. We
further asked whether surgery impacted the UDCA level in sera.
Interestingly, we found that the UDCA concentration in the sera of
postoperative patients was markedly higher than in the preoper-
ative retroperitoneal DDLPS samples (n¼ 10 per group) (Fig. 1E). To
verified the decreased UDCA in mice model, we inoculated nude
mice with liposarcoma cells (SW872) subcutaneously and retro-
peritoneally. The mice were divided into four groups: no lip-
osarcoma inoculation (Ctrl), liposarcoma inoculated
subcutaneously (Sub), liposarcoma inoculated retroperitoneally
6

(Rp), and liposarcoma inoculated subcutaneously with subsequent
sarcoma removal by surgery (Sub-Sur). After intraperitoneal in-
jection of UDCA at a dose of 200 mg/kg, the results showed that
UDCA levels in serum were lower in the Rp group and Sub group
compared to the Ctrl group. However, the UDCA level in the Sub-Sur
group was higher than that in the Sub group (Fig. 1F), supporting
our notion that there is a negative correlation between UDCA and
liposarcomas as well as their development. Furthermore, it was
observed that the location where the liposarcoma cells were
transplanted on the mouse did not affect this correlation.

3.2. UDCA exhibits different functions depending on the
concentrations

Based on the above results, we believe that UDCA is directly
related to liposarcoma cells, so we wanted to understand the
function of UDCA and why it decreases in the serum of RLPS pa-
tients. Previous studies have shown that UDCA has different effects
at various concentrations: tumor cell studies in vitro (19.6e400 mg/
mL) [23], clinical treatment of primary biliary cholangitis and
cholestatic liver disease (10e20 mg/kg daily) [24,25], and the
normal physiological concentration of UDCA in sera
(0.0047e0.264 mg/mL) [26]. Therefore, we treated SW872 and
93T449 cells with varying concentrations of UDCA for 7 days (400,
200, 100, 50, 25, 6.25, 1.5625, 0.39063, 0.09766, 0.02441, 0.00610,
0.00153, 0.00038, 0 mg/mL). We observed that cell proliferationwas
inhibited by UDCA at concentrations greater than 25 mg/mL (Figs.
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2A and B). Consequently, we focused more on the clinical value and
targets of UDCA in anti-cancer therapy. We found that at concen-
trations greater than 400 mg/mL for 24 h, UDCA significantly
induced cell death; however, at concentrations less than 200 mg/mL
for 24 h, UDCA did not affect the viability of any tested cells (Fig. S3).
BAs are amphipathic molecules. To rule out the possibility that this
is a common characteristic of BAs, we administered DCA and TDCA
at an equivalent concentration to treat SW872 cells and
93T449 cells. The results showed that the lethality of UDCA
(400 mg/mL) was significantly higher than that of DCA (400 mg/mL)
or TDCA (400 mg/mL) (Fig. S4). To verify the effect of UDCA on lip-
osarcoma cell proliferation, colony formation assays were con-
ducted, which found that UDCA (200 mg/mL) significantly inhibited
cell proliferation rates compared to the vehicle groups (Figs. 2CeF
and S5A and B). Transmission electron microscope (TEM) obser-
vations revealed notable changes in liposarcoma cells treated with
UDCA: cytoplasmic dilatation was observed; the cytoplasmic
membrane remained intact; the cytoplasmic vacuoles increased in
size; the nuclear membrane appeared intact but electron-lucent;
cristae in mitochondria reduced in number or even disappeared
(Figs. 2G and H, and S5C, movies S1 and S2). Therefore, we sus-
pected that UDCA-induced cell death was associated with oxidative
stress and mitochondrial dysfunction. Next, ROS measurement
using DCFH-DA revealed a substantial increase in ROS levels upon
treatment with UDCA. Lipid peroxidation analysis using BODIPY
showed an enrichment of lipid peroxidation in these cells. MDA
levels were significantly increased in both SW872 and 93T449 cells
when treated with UDCA at 400 mg/mL for 12 h (Fig. 2IeK, MeO).
The morphology of SW872, 93T449, and XMU-RC-1 cells by TEM
after stimulation with UDCA differed from typical apoptosis, ne-
crosis, autophagy, ferroptosis, or pyroptosis patterns. Considering
multiple studies reporting that UDCA regulates apoptosis, we
examined changes in P53 after treatment with UDCA but found it to
be downregulated in SW872, 93T449, and 94T778 cells (Fig. S6).
Interestingly, RSL3 (1 mM) and erastin (10 mM) treatment induced
more ferroptosis in both SW872 and 93T449 cells upon UDCA
exposure (Figs. 2L and P, and S7).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jpha.2024.101068

3.3. UDCA treatment reprograms cellular metabolism and impairs
GSH synthesis

To further elucidate the underlying targets and mechanisms of
UDCA-mediated cell death, we performed targeted metabolomics
analysis on both SW872 and XMU-RC-1 cells treated with UDCA
(400 mg/mL, 6 h). The PLS-DA model clearly separated the vehicle
and UDCA groups (Figs. 3A, and S8A). In the identified metabolites,
amino acids, fatty acids, organic acids, carbohydrates, and other
metabolites were included (Tables S3 and S4). Volcano plots and
heatmaps showed downregulation of cysteine and GSH in all
SW872 and XMU-RC-1 cells treated with UDCA (Figs. 3B and E, S8B
and E, and S9). Alanine aspartate glutamate metabolism pathways
were significantly altered in both cell lines (Figs. 3C, S8C, and S9).
Additionally, metabolic pathway enrichment analysis using the
KEGG database revealed significantly downregulated cystine and
methionine metabolism pathways for both SW872 and XMU-RC-
1 cells (Figs. 3D and S8D).

To gain a more comprehensive understanding of gene expres-
sion changes induced by UDCA-induced cell death, transcriptomics
were performed to globally survey RNA level alterations upon
UDCA treatment. We observed significant downregulation of
cysteine and methionine metabolism in both SW872 and
93T449 cells (Fig. S10, and Table S5 and S6). These findings align
with the targeted metabolomics analysis mentioned above.
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To verify the metabolic reprogramming linked to cysteine and
methionine metabolism in cells following UDCA treatment, we
utilized [15N2]-cystine and [13C5]-glutamine, respectively, as tracers
for stable isotope tracing respectively. Quantitative analysis of
metabolic flux analysis of nitrogen incorporation in the intracel-
lular 15N-labeled cystine isotopomers [M2], GSH isotopomers [M1],
and glutathione disulfide (GSSG) isotopomers [M2] showed that
UDCA significantly reduced 15N-enrichment in GSH biosynthesis
(Figs. 4AeD). Additionally, the assessment of GSH labeling rate
demonstrated a significant decrease in GSH synthesis after UDCA
treatment (Figs. 4E and F). The levels of cystine in the culture me-
dium decreased over time, however, the addition of UDCA did not
affect cystine level in the culture medium (Fig. 4G).

Similarly, the fraction of GSH isotopomers [M5] and GSSG iso-
topomers [M10] derived from [13C5]-glutamine also decreased with
UDCA treatment (Figs. 4HeL). It is worth noting that the glutamate
isotopomer [M5] and the ratio of glutamate to glutamine increased
after UDCA treatment (Fig. 4M), indicating an increase in endoge-
nous glutamate levels in cells. We further demonstrated significant
upregulation of GLS2 rather than GLS1 (Fig. S11). Additionally, we
detected an increase in glutamate levels in the culture medium
over time, which was significantly enhanced by the addition of
UDCA compared to control conditions (Fig. 4N). Using [13C5]-
glutamine as a tracer, we observed a significant decrease in citrate
isotopomers [M4] and isocitrate isotopomers [M4] through oxida-
tive metabolism following UDCA treatment, while citrate iso-
topomers [M5] and isocitrate isotopomers [M5] via reductive
carboxylation were markedly increased (Figs. 4O and P). To further
validate these findings and explore metabolic characteristics after
UDCA-induced mitochondrial dysfunction, we investigated glucose
metabolism using [1,2-13C2]-glucose as a tracer. As a result, we
observed a significant decrease in citrate isotopomers [M2], iso-
citrate isotopomers [M2], a-KG [M2], succinate [M2], fumarate
[M2], and malate [M2] through oxidative metabolism after UDCA
treatment (Figs. 4Q and R). It should be noted that GSH can also be
generated from GSSG using NADPH produced in the oxidative
branch of the pentose phosphate pathway (oxPPP). After UDCA
treatment, we observed a significant decrease in the isotopomers
ribulose 5-phosphate (Ru5P) [M1] and ribose 5-phosphate (R5P)
[M1] through oxPPP. Additionally, the ratio of ribose 5-phosphate
[M1] to glucose 6-phosphate [M2] also decreased significantly,
indicating a notable reduction in NADPH production via oxPPP
(Fig. 4S and T), which corresponds to the depletion of GSH trans-
formation from GSSG. Metabolic flux analysis was conducted using
INCA [27], based on tracing with based on tracing with [1,2-13C2]-
glucose isotope. The quantified metabolic fluxes revealed that the
conversion rate of citrate to a-KG through oxidative metabolism
was significantly higher in the DMSO group (V4¼101.48) compared
to the UDCA group (V4 ¼ 42.48). However, the conversion rate of
glutamate to a-KG was significantly lower in the DMSO group
(V7 ¼ 229.22) compared to the UDCA group (V7 ¼ 370.88) (Figs. 4U
and V). Collectively, these findings support that UDCA treatment
impairs de novo synthesis of GSH, leading to increased oxidative
stress and mitochondrial dysfunction in liposarcoma cells.

3.4. Cystine partially rescues UDCA-induced cell death, while CB-
839 sensitizes liposarcoma cells to UDCA-induced cell death

Considering that UDCA exposure rearranges cellular metabolic
networks to inhibit GSH de novo synthesis, we further investigated
whether cystine can effectively rescue UDCA-induced cell death in
both DDLPS andWDLPS. We treated different liposarcoma cell lines
with UDCA (400 mg/mL) combined with varying concentrations of
cystine. Our data indicated that cystine (10 mM) significantly
rescued cell death in the tested cells (SW872, XMU-RC-1, 93T449,
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Fig. 2. UDCA suppresses the proliferation of liposarcoma cells and increases their sensitivity to ferroptosis. (A, B) Cell viability analyzed after treatment with different concen-
trations of UDCA (400, 200, 100, 50, 25, 6.25, 1.5625, 0.39063, 0.09766, 0.02441, 0.00610, 0.00153, 0.00038, 0 mg/mL) in SW872 (A) and 93T449 (B) cells. n ¼ 5. (CeF) Treatment with
UDCA (200 mg/mL) leading to reduced clone formation in SW872 (C, D) and 93T449 (E, F) cells. n ¼ 3. Data are mean ± standard deviation (SD). ***P <0.001. Ctrl: DMSO. (G, H)
Representative images obtained by microscopy of SW872 cells treated with UDCA at a concentration of 400 mg/mL for 12 h, and representative Transmission electron microscope
(TEM) images of SW872 cells treated with UDCA at concentrations of 200 mg/mL and 400 mg/mL for 12 h (G). The same applies to 93T449 cells (H). N: nucleus. (I, M) Reactive oxygen
species (ROS) (DCFH-DA) levels measured in SW872 and 93T449 cells after treatment with UDCA (400 mg/mL). n ¼ 3. Data are mean ± SD. *P <0.05, **P <0.01. (J, N) Flow cytometry of
C11-BODIPY fluorescence in SW872 (J) and 93T449 (N) cells after treatment with UDCA for 6 h (400 mg/mL). (K, O) Malondialdehyde (MDA) levels in SW872 (K) and 93T449 (O) cells
with UDCA treatment (400 mg/mL). n ¼ 3. Data are mean ± SD. **P <0.01. (L, P) Cell viability of SW872 (L) and 93T449 (P) cells analyzed after treatment with UDCA alone or in
combination with RSL3 (1 mM) and erastin (10 mM). n ¼ 3. Data are mean ± SD. ***P <0.001. Data were analyzed using two-tailed Student’s t-tests.
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Fig. 3. Metabolome analysis of SW872 cells after treatment with UDCA. (A) Partial least squares discrimination analysis performed on the metabolome data. n ¼ 3 per group. Ctrl:
DMSO. (B) Volcano plots depict the relative abundance of differential metabolites in control and UDCA-treated cells where upregulated metabolites are labeled in red and
downregulated ones in blue. n ¼ 3 per group. NSD: no significant difference. (C, D). Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis conducted on
the differential metabolites in UDCA-treated SW872 cells. n ¼ 3 per group. (E) A heatmap of the differential metabolites in UDCA-treated SW872 cells. n ¼ 3 per group. Ctrl: control.
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and 94T778) (Figs. 5AeD and S12AeD). Additionally, co-treatment
with UDCA and cystine led to a significant increase in the level of
GSH compared to the group treated with only UDCA in SW872 and
93T449 (Figs. 5E and F).

The above results indicate that cystine can rescue UDCA-
mediated cell death, and previous study has also shown that al-
bumin can chelate UDCA to reduce the concentration of free UDCA
9

[28]. In this way, the presence of cystine and albumin in serum
needs to be considered at both the cellular level and animal level.
To imitate the physiological conditions under which cystine rescues
UDCA-mediated cell death, we first cultured SW872 cells with
different percentages of serum (0%, 5%, 10%, 20%, 30%, 40%, 50%, and
60%) in medium containing UDCA (400 mg/mL). It was found that
UDCA significantly induced cell death when the serum
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concentration was less than 30%. However, when serum concen-
trations were between 40% and 60%, UDCA could no longermediate
significant cell death (Figs. 5G and S12E). Second, to exclude the
possibility that albumin's adsorption of UDCA blocked its mediated
cell death, we analyzedwhether dialyzed FBSwithout cystine could
block UDCA-mediated cell death. We found that the cell viability in
medium containing 30% FBS was significantly higher than in me-
dium containing only 10% FBS after treatment with UDCA but not in
dialyzed FBS (Figs. 5H and S12F). Thirdly, to further verify the effect
of increasing cystine on rescuing UDCA-mediated cell death based
on an increasing percentage of sera in the medium, and to verify
that the same mechanism was used when the UDCA concentration
decreased, we performed cystine rescue assays in the medium
containing dialyzed serum. The results showed that additional
cystine in medium containing dialyzed serum rescued UDCA
mediated cell death (Fig. 5I).

Because UDCA-induced mitochondrial abnormalities may
disrupt the balance of mitochondrial oxidative phosphorylation, we
examined mitochondrial activity in cells treated with UDCA. We
observed a significant inhibition of maximal respiratory rate, spare
respiratory capacity, ATP production, and non-mitochondrial
respiration measured as OCR upon UDCA treatment. However,
this inhibition was rescued by cystine in SW872 cells (Figs. 5J
and S13A). To further validate these findings in vivo, we initially
assessed the toxicity of UDCA in mice. The results demonstrated
that at a dose of 50 mg/kg/day, UDCA had no significant effects on
blood routine examination, hepatic and renal function or body
weight; however, at a dose of 250mg/kg day therewas a significant
decrease in body weight (Fig. S14). Additionally, to evaluate the
effect of UDCAwith or without cystine on tumor growth in vivo, we
compared their efficacy using a xenograft model where
SW872 cells were subcutaneously injected into nude mice. Our
results showed that while UDCA significantly retarded tumor
growth alone (Fig. 5K), cystine partially rescued xenograft tumor
growth (Figs. 5L and S15A).

As mentioned earlier, exposure to UDCA significantly increased
the glutamate-to-glutamine ratio, indicating that UDCA promoted
glutaminase activity. High levels of extracellular and intracellular
glutamate inhibit the xCT system in cells, leading to impaired
cystine uptake, reduced GSH synthesis, and increased ROS [29,30].
Glutaminase (GLS1 and GLS2) catalyzes the conversion of gluta-
mine to glutamate. Additionally, P53 can activate GLS2 to upre-
gulate glycolysis instead of oxidative phosphorylation, resulting in
ferroptosis [31]. We further investigated the combination of UDCA
and a glutaminase inhibitor for regulating cell death. Therefore,
we performed CCK-8 assays, lipid peroxidation (MDA) assays, and
Seahorse assays to assess the synergy between UDCA and CB-839
(telaglenastat), a glutaminase 1 inhibitor (50 nM in vitro; 250 mg/
Fig. 4. Stable isotope tracing of SW872 cells after treatment with UDCA. (A) The schematic
(GSH) synthesis pathway. (B) The ratio of intracellular labeled cystine (M2) measured at 3, 6,
n ¼ 3. Data are mean ± SEM. *P <0.05. (C, D) The labeled and unlabeled GSH and GSSG levels
treated with UDCA and DMSO for 3, 6, 12, and 24 h. n ¼ 3. Data are mean ± SEM. **P <0.01, ***

in each time point) in the UDCA group (E) and control group (F); Black dots represent the med
medium determined after culturing SW872 cells with UDCA and DMSO for 6 and 12 h. *P <0
GSH synthesis pathway and tricarboxylic acid (TCA) cycle by [13C5]-Glutamine. (IeN) The lab
cells cultured in the medium containing [13C5]-glutamine was measured when treated with U
<0.001. The ratio of intracellular labeled glutamate [M5] to glutamine [M5] measured at 3, 6
n ¼ 3. Data are mean ± SEM. **P <0.01, ***P <0.001 (M). Relative intensity of glutamate in me
and unlabeled citrate (O) and isocitrate (P) level in SW872 cells treated with UDCA and DM
<0.05; **P <0.01; ***P <0.001. (Q) Schematic of [13C2] (yellow cycle) incorporation from glucos
with UDCA and DMSO, cultured in medium containing [13C2]-glucose. n ¼ 3. Data are mean
produce nicotinamide adenine dinucleotide phosphate hydrogen (NADPH). (T) Ratio of ribu
<0.001. (U, V) Glycolysis and TCA cycle fluxes. Arrow represents the direction of net relative
at steady state by INCA software. After the cells were treated with UDCA, the metabolic flux o
alpha-ketoglutarate; Cit: citrate; Isocit: isocitrate; Pyr: pyruvate; Glc: glucose; Fum: fumara
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kg daily, in vivo), in liposarcoma cells. The results showed that
exposure to UDCA combined with CB-839 treatment sensitized
both SW872 and 93T449 cells to UDCA-induced cell death (Figs.
5MeP) and increased MDA levels (Figs. 5Q and R). However, the
OCR results showed no significant difference between UDCA alone
and UDCA combined with CB-839 (Figs. 5S and S13B). This in-
dicates that increased glutamate does not enter the oxidation
pathway of the tricarboxylic acid cycle (TCA) cycle to produce
energy after stimulation with UDCA. The function of combining
UDCA with CB-839 has also been verified in vivo (Figs. 5T and
U and S15B). Taken together, the levels of glutamate in cancer cells
are not contributed to mitochondrial oxidative phosphorylation
upon UDCA treatment.
3.5. UDCA binds to SLC7A11 as an exchange factor of cystine

Previous reports have shown that SLC7A11-mediated cystine
uptake regulates not only GSH synthesis but also the expression of
GPX4 [32]. Our previous results suggested that UDCA stimulation
led to the downregulation of intracellular cystine and GSH. There-
fore, we first explored whether UDCA regulates the expression of
SLC7A11. Interestingly, we observed that both UDCA alone and in
combination with cystine downregulated GPX4 rather than
SLC7A11 (Figs. 6A and S16), suggesting that the function of UDCA in
inhibiting cystine transport and de novo synthesis of GSH was
dispensable at the protein level of SLC7A11.

As mentioned above, UDCA inhibits intracellular GSH synthesis
but not through downregulation of SLC7A11. Therefore, we
wondered if UDCA could bind to SLC7A11 to prevent cystine
binding or transport. Next, we investigated whether UDCA bound
to SLC7A11 to hinder cystine uptake. The results from a precipita-
tion-LC-MS/MS assay showed that the amount of UDCA pulled
down by SLC7A11 in both the group pretreated with cystine plus
post-treated with UDCA and the group co-treated with UDCA-
cystine was significantly lower than the amount pulled down by
the group treated only with UDCA (Fig. 6B). Furthermore, the
amount of cystine pulled down by SLC7A11 in both the group
pretreated with UDCA plus post-treated with cystine and by the
group co-treated with UDCA-cystine was significantly lower than
the amount pulled down by the cystine treatment group (Fig. 6C).

Therefore, we further investigated whether UDCA is transported
into cells through SLC7A11. Firstly, we employed a molecular
modeling approach and performed docking using Schrodinger-
2018 software [33]. In our model, the amino acid residues I64,
K67, L144, R148, E162, I165, K166, S300, N301, L385 and D386
formed a pocket for binding UDCA or cystine. Among them, I64,
K67, R148, E162, and N301were involved in hydrogen bondingwith
UDCA (Fig. 6D). To further confirm the binding of UDCA to SLC7A11
illustrates the incorporation of 15N (yellow triangle) from cystine into the glutathione
12, and 24 h after treatment with UDCA or DMSO in medium containing [15N2]-cystine.
in SW872 cells cultured in the medium containing [15N2]-cystine was measured when
P <0.001. (E, F) GSH levels used to calculate the labeling rate ( n ¼3 biological replicates
ian labeling extent, while whiskers represent ± SEM. (G) Relative intensity of cystine in
.05, ***P <0.001. (H) Schematic of 13C (yellow cycle) incorporation of glutamine into the
eled and unlabeled glutamine (I), glutamate (J), GSH (K), and GSSG (L) levels in SW872
DCA and DMSO for 3, 6, and 12h. n ¼ 3. Data are mean ± SEM. *P <0.05; **P <0.01; ***P

, and 12 h after treatment with UDCA or DMSO in medium containing [13C5]-glutamine.
dium after culturing SW872 cells with UDCA and DMSO for 6 and 12 h (N). The labeled
SO, cultured in medium containing [13C5]-glutamine. n ¼ 3. Data are mean ± SEM. *P
e into the TCA cycle. (R) Labeled and unlabeled metabolites level in SW872 cells treated
± SEM. ***P <0.001. (S) Schematic of [13C2] (yellow cycle) incorporation from glucose to
lose-5-phosphate (Ru5P)/lucose-6-phosphate (G6P). n ¼ 3. Data are mean ± SEM. ***P
fluxes; number represents net relative flux. We fixed the glucose intake flux at 100 (V1)
f glutamine entering the TCA cycle increased (V7). Glu: glutamate; Cys: cysteine; a-KG:
te; PEP: phosphoenol pyruvate; AcCoA: acetyl-CoA; Mal: malate; Suc: succinate.



Fig. 5. Effect of cystine and CB839 on UDCA-mediated cell death. (AeD) Cell viability analyzed after treatment with UDCA (400 mg/mL) alone, cystine (10 mM) alone, and their
combination for 12 h in SW872 (A, B) and 93T449 (C, D) cells. n ¼ 5. Data are mean ± standard deviation (SD). ***P <0.001. Ctrl: dimethyl sulfoxide (DMSO). (E, F) Glutathione (GSH)
levels analyzed after treatment with UDCA (400 mg/mL) alone, cystine (10 mM) alone, and their combination for 12 h in SW872 (E) and 93T449 (F) cells. n ¼ 5. Data are mean ± SD.
***P <0.001. (G) Cell viability analysis of SW872 cells conducted after treatment with UDCA (400 mg/mL) in medium containing different percentages of serum. n ¼ 4. Data are mean
± SD. *P <0.05, **P <0.01, ***P <0.001; ns: not significant. (H) Cell viability analysis of SW872 cells conducted after treatment with UDCA (400 mg/mL) in medium with fetal bovine
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or its complex formation, a biotin-labeled molecule called UDCA-
EA-Biotin was synthesized by attaching an ethyleneamine biotin
group to the carboxyl terminus of UDCA (Fig. 6E). Co-
immunoprecipitation assays were performed to detect the inter-
action between UDCA and SLC7A11 (Figs. 6F and G). The colocali-
zation of UDCA-EA-Biotin with SLC7A11 was observed in SW872
and 93T449 cells. Furthermore, lentiviruses carrying control vec-
tors (wild type), SLC7A11 overexpression vectors (SLC7A11 OV) and
SLC7A11 knockdown vectors (SLC7A11 KD) were used to establish
stable cell lines expressing these constructs (Fig. 6H). Silencing of
SLC7A11 impaired the uptake of UDCA. On the contrary, the
transport of UDCA into cells was significantly enhanced when
SLC7A11 was overexpressed (Figs. 6I and J). Moreover, the effect of
UDCA on cell death in these three cell lines was examined (Fig. 6K).
After treatment with UDCA (400 mg/mL) for 24 h, SLC711 knock-
down cells showed resistance to UDCA-mediated cell death.
However, SLC711 over expressing cells exhibited sensitivity to
UDCA-mediated cell death, supporting our hypothesis that UDCA
was transported into cells through SLC711.

To determinewhether the reduction of intracellular transport of
cystine is caused by UDCA transport, we first detected intracellular
and extracellular levels of UDCA, glutamate, and cystine after UDCA
treatment (Figs. 6LeN). The results showed that as intracellular
UDCA increased, intracellular cystine and extracellular UDCA
decreased. This confirmed once again that the inhibition of intra-
cellular cystine transport was accompanied by the transport of
UDCA into cells. Next, when the glutaminase inhibitor CB-839 was
combined with UDCA, both intracellular and extracellular levels of
glutamate significantly decreased while intracellular UDCA also
decreased (Figs. 6OeR). Furthermore, compared to using only
UDCA alone, the combination of UDCA and CB-839 significantly
reduced intracellular cystine levels (Figs. 6S and T). These results
indicated that SLC7A11 bound to and transported UDCA into cells in
the presence of glutamate while preventing cystine from being
transported into cells through SLC7A11. At the same time, these
results also explainwhy there is a decrease in serum levels of UDCA
in RLPS patients. Based on these findings, we hypothesized that the
abundance of SLC7A11 is related to sensitivity towards cell death
induced by UDCA treatment. We selected human umbilical vein
endothelial cells (HUVECs), human bronchial epithelial cells (Beas-
2B), human embryonic kidney cells (293T), human dedifferentiated
liposarcoma cells (SW872), human well-differentiated liposarcoma
cells (93T449, 94T778), and human primary retroperitoneal
dedifferentiated liposarcoma cells (XMU-RC-1, XMU-RC-2) to
examine expression of SLC7A11. Notably, SLC7A11 was highly
expressed in RLPS. By investigating the other six cell lines treated
with UDCA (400 mg/mL) for 24 h, we observed that the upregulation
of SLC7A11 expression corresponded to increased sensitivity of the
cells to UDCA-induced cell death (Fig. S17).

3.6. UDCA sensitizes cells to MDM2 inhibitor-mediated antitumor
therapy in multiple types of tumor cells

Given that UDCA binds to SLC7A11 to suppress cystine uptake
and amplification of the mdm2 is a diagnostic marker for RLPS, we
serum (FBS) and dialyzed FBS. n ¼ 3. Data are mean ± SD. *P <0.05, ***P <0.001; ns: not signi
concentrations of UDCA and cystine in medium supplemented with FBS or dialyzed FBS. n
investigated after treatment with UDCA (400 mg/mL) and cystine (10 mM) alone and in comb
of the effects of UDCA (250 mg/kg per day) and cystine (1 mmol/kg per day) alone and in com
SD. *p<0.05. (MeP) Cell viability analyzed after treatment with UDCA (400 mg/mL) and CB83
5. Data are mean ± SD. *P <0.05, **P<0.01, ***P<0.0001. (Q, R) Malondialdehyde (MDA) levels
12 h in SW872 (Q) and 93T449 (R) cells. n ¼ 3. Data are mean ± SD. *P <0.05, **P <0.01, ***P <
mL) and CB839 (50 nM) alone and jointly for 12 h in SW872 cells. n ¼ 3. Data are mean ± SEM
day) alone and in combination on the subcutaneous tumorigenic ability of SW872 cells. n¼5
4-(trifluoromethoxy)phenylhydrazone; Rot/AA: rotenone/antimycin.
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further examined the protein levels of SLC7A11, MDM2, and CD36
(an adipose tissue biomarker). Immunohistochemistry (IHC) as-
says showed significant downregulation of CD36 in 50 RLPS tis-
sues compared with normal adipose tissues, while both SLC7A11
and MDM2 were upregulated. Western blot assays of 17 human
RLPS tissues also yielded similar results (Figs. 7A and B). The
correlation between SLC7A11 and MDM2 exhibited good linearity
(R2 ¼ 0.618) (Fig. S18). Moreover, we also measured the inter-
mediate metabolites in methionine and cystine metabolism using
LC-MS/MS in clinical tissues and found that cystine levels were
significantly higher in liposarcoma tissue than in adjacent adipose
tissue, while serine and methionine levels were significantly lower
(Figs. S19). This indicated that in liposarcoma tissue, exogenous
and endogenous cystine were required for the synthesis of
cysteine. Interestingly, we found that both serine and methionine
were significantly downregulated after UDCA treatment (Figs. 3
and S9). Moreover, MDM2-mediated serine metabolism was
required for liposarcoma growth through a P53-independent
metabolic pathway, which explained the poor clinical efficacy of
inhibitors targeting the MDM2-P53 interaction [34]. We also
found that UDCA mediated more cell death when MDM2 was
knocked down (Fig. S20). Several drugs have been developed to
target MDM2. However, many preclinical studies showed negative
effects of these drugs on lymphoid organs and the gastrointestinal
tract. We further performed a pan-cancer analysis of MDM2 and
SLC7A11. Among the selected types of tumors, MDM2 and
SLC7A11 levels in tumors were significantly higher than those in
adjacent tissues (Figs. 7C and D). As the key molecule of the
MDM2-P53 signaling axis, MDM2 is one of the most important
targets for screening antitumor drugs, such as nutlin-3a, RG7112,
and SAR405838. Of note, nutlin-3a is a potent inhibitor of MDM2
that inhibits MDM2-P53 interactions and stabilizes the P53 pro-
tein, whereas RG7112 is the first clinically available, orally avail-
able, blood-brain barrier permeable, and potent MDM2-P53
inhibitor. Herein, we further asked whether the combination of
UDCA and an MDM2 inhibitor could provide a promising effect for
liposarcomas or other types of tumors. We performed a cell
viability assay, and surprisingly, the synergistic effect of UDCA
combined with an MDM2 inhibitor, either nutlin-3a or RG7112,
showed that the combined strategy promoted severe cell death
compared to MDM2 inhibitor alone (Figs. 7EeL).

We know that a lower concentration of UDCA is preferred for
the clinical application of anti-cancer therapy. In Figs. 2A and B,
we observed that UDCA at concentrations of 50 mg/mL and 25 mg/
mL can inhibit the proliferation of liposarcoma cell lines. To
determine whether these concentrations can promote an anti-
cancer effect, cytotoxicity tests were performed using lip-
osarcoma (SW872), colorectal cancer (HCT116), and chol-
angiocarcinoma (QBC939) cell lines. The results showed that
UDCA at a concentration of 50 mg/mL can enhance the anti-cancer
effects of CB-839, Nutlin3a, Abemaciclib (a clinically used
chemotherapeutic drug for retroperitoneal sarcoma targeting
CDK4), and RSL3 (Fig. S21). Additionally, UDCA at a concentration
of 25 mg/mL for 24 h can enhance the anti-cancer effects of Nut-
lin3a and Abemaciclib.
ficant. (I) Cell viability analysis of SW872 cells conducted after treatment with different
¼ 4. Data are mean ± SD. **P <0.01, ***P <0.001. (J) Oxygen consumption rates (OCR)
ination for 12 h in SW872 and 93T449 cells. n ¼ 3. Data are mean ±SEM. (K, L) Analysis
bination on the subcutaneous tumorigenic ability of SW872 cells. n¼7. Data are mean ±
9 (50 nM) alone or in combination for 12 h in SW872 (M, N) and 93T449 (O, P) cells. n ¼
tested after treatment with UDCA (400 mg/mL) and CB839 (50 nM) alone or jointly for
0.001; ns: not significant. (S) The OCR investigated after treatment with UDCA (400 mg/
. (T, U) Analysis of the effects of UDCA (250 mg/kg per day) and CB839 (200 mg/kg per
. Data are mean ± SD. **P <0.01, ***P <0.001. Oligo: oligomycin; FCCP: carbonyl cyanide



Fig. 6. Analysis of UDCA binding and transportation based on SLC7A11. (A) Western blot analysis conducted to examine GPX4 and SLC7A11 cells after treatment with UDCA and
cystine alone and jointly in SW872 cells for 12 h. n ¼ 3. Data are mean ± standard deviation (SD). (B, C) Binding inhibition analysis of UDCA (B) and cystine (C) to SLC7A11. n ¼ 3.
Data are mean ± SEM. *P <0.05, **P <0.01, ***P <0.001; ns: not significant. (D) Molecular modeling and docking analysis performed by Schrodinger 2018 software, with wild-type
SLC7A11 and the predicted binding sites. (E) Chemical structure of UDCA and ethylenediamine biotin (EA-Biotin ) conjugated compound (UDCA-Biotin). (F, G) Co-immunopre-
cipitation analysis of the interaction between UDCA-Biotin and SLC7A11 in 93T449 (F) and SW872 (G) cells. (H) Western blot analysis of SLC7A11 wild-type (empty vector), SLC7A11
knockdown (SLC7A11 KD) and SLC7A11 overexpression (SLC7A11 OV) SW872 cell lines. (I, J) Relative abundance of UDCA in cell (I) and culture medium (J) after treating with UDCA
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4. Discussions

Our study found that UDCA has a dual effect on promoting and
suppressing liposarcoma development depending on the dosage.
Further studies are needed to determine the mechanism by which
UDCA promotes RLPS. This study mainly focused on cancer sup-
pression, providing a theoretical basis for UDCA-assisted cancer
treatment through targeting SLC7A11 and impairing GSH synthesis,
eventually leading to uncleared ROS, mitochondrial oxidative
damage, and cell death. Our findings differ from previous reports
that suggest UDCA can up-regulate cell ROS levels and lead to
apoptosis [8]. Here we have shown that ROS accumulation may be
due to impaired GSH synthesis, resulting in an inability to effec-
tively eliminate ROS. This provides a new perspective and mecha-
nism for UDCA-mediated cell death. The submicroscopic structure
of liposarcoma cells treated with UDCA differed from classic
apoptosis, necrosis, autophagy, pyroptosis, and ferroptosis;
although some altered metabolite and protein levels and pathways
were closely associated with ferroptosis and apoptosis (Figs. 2G and
H, 3, S5, and S8eS10). We hypothesized that the observed phe-
nomenon may be attributed to the activation of multiple types of
cell death caused by decreased GSH and increased ROS. The
detailed mechanism may be related to the concentrations and
exposure times of UDCA, cystine, glutamate, serine, and methio-
nine, as well as the expression abundance of SLC7A11, P53, GLS2 or
other unidentified proteins.

As a group of adipocytic tumors originating from mesenchymal
cells [35], both DDLPSs and WDLPSs are different from adipocytes.
Recent progress in the last decade using targeted sequencing, RNA
sequencing, whole-exome sequencing or whole-genome
sequencing have identified amplifications of MDM2, CDK4,
HMGA2, TSPAN31, CPM, YEATS4, FRS2 and PTPRB in RDDLPS and
RWDLPS [36]. Multi-omics joint analysis of RWDLPS/RDDLPS has
revealed the metabolic profile of retroperitoneal liposarcoma [37].
Despite these above enhancing our understanding of the genetic
basis driving the development of RWDLPS and RDDLPS, however,
the characteristics of RLPS patient's serum remain unclear. In this
study, we identified a total of 756 lipids using with reference
standards and LC/MS fragmentation by searching against our
home-made database (Figs. 1 and S1, and Table S2). Intriguingly, we
found that UDCA was one of the most significantly decreased me-
tabolites in the sera of patients with RLPS compared to healthy
controls (Fig. 1C). UDCA is a secondary bile acid in the body that can
be transformed from (cheno) deoxycholic acid by intestinal bacte-
ria. It plays in a key role in lipid metabolism, and exhibits both pro-
and anti-apoptotic properties, depending on the cell type [8]. Ab-
solute quantification of UDCA in a larger cohort of RLPS patients
showed a decreased concentration of UDCA in the sera compared to
healthy controls (Fig. 1D). Interestingly, we found that the con-
centration of UDCA in postoperative patients' sera was significantly
higher than in preoperative retroperitoneal DDLPS samples, which
was also verified in a mouse model (Figs. 1E and F). Overall, our
findings suggest for the first time a significant decrease of UDCA
levels in serum among patients with RLPS. The decline of UDCA
indicates that it may serve as a potential diagnostic marker for
retroperitoneal liposarcoma; however, further studies are needed
to determine its specificity and sensitivity. Additionally, what could
be causing this decline? Do gut flora or sarcoma tissue play
in wild type, SLC7A11 KD and SLC7A11 OV cell lines. n ¼ 3. Data are mean ± SD. *P <0.05, **

SLC7A11 OV cell lines assessed after treatment with UDCA for 12 h. n ¼ 5. Data are mean ±
cystine (N) in the culture medium. n ¼ 3. Data are mean ± SEM. **P <0.01, ***P <0.001; ns: no
T) in cells and mediumwhen treated with UDCA and CB839 (1 mM). Data are mean ± SEM. *P
streptavidin; Xct: Xct antibody.
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regulatory roles? Does UDCA play any role in the occurrence and
development of retroperitoneal sarcoma, immune regulation,
chemotherapy resistance, etc.? Our study provides a foundation for
further research on the function and mechanism of UDCA in RLPS.

Liposarcoma, a rare type of cancer, tends to grow rapidly to a
large size and appears to be insensitive to chemotherapy [38].
Anthracycline-based therapy and targeted therapy targetingMDM2
and CDK4 have been used for the treatment of liposarcoma [39].
However, there remains a lack of effective treatments for advanced
and metastatic liposarcomas. Surgery is still the most efficient
approach in treating liposarcoma; however, the relapse rate after
surgery exceeds 50%. Therefore, alternative approaches to surgery
and potential synergistic strategies are needed. We discovered that
UDCA impairs GSH de novo synthesis in cells, leading to intracel-
lular ROS accumulation and oxidative damage. This observation is
crucial for cancer treatment since UDCA can assist with therapeutic
strategies that generate high levels of ROS such as hyperthermic
chemotherapy, photothermal and photodynamic therapy, hyper-
thermia radiotherapy, as well as various chemotherapeutic drugs
including platinum compounds, gemcitabine, MMD2 inhibitors
(rg7112, nutlin3a), and l-Ascorbic acid. The anticancer effects could
be significantly enhanced if UDCA were combined with these
chemotherapeutic drugs. In this study, we verified that UDCA can
enhance the anti-cancer effects of the ferroptosis inducers (erastin
and RSL3) (Figs. 2L and P, and S7), the MDM2 inhibitor (Nutlin 3a,
and RG7112) (Figs. 2EeL), the CDK4 inhibitor (abemaciclib)
(Fig. S21), and the glutaminase inhibitor (CB839) (Figs. 5MeR).
Ferroptosis is a non-apoptotic form of cell death that has not been
previously described in liposarcoma. It can potentially be utilized to
eliminate cancer cells by inducing metabolic imbalance-induced
cell death. The balance between amino acid and lipid metabolism
plays a critical role in ferroptosis regulation. There are five main
pathways involved in governing ferroptosis: GSH/GPX4 pathway,
FSP1/DHODH/CoQ10 pathway, GCH1/BH4 pathway, iron meta-
bolism pathway, and lipid metabolism pathway [40]. Erastin in-
hibits voltage-dependent anion channels (VDAC2/VDAC3) and
accelerates oxidation, leading to endogenous ROS accumulation
which causes mitochondrial damage through NADH-dependent
ROS production [41]. RSL3 is an inhibitor of GPX4, independent of
VDAC, which binds and inactivates GPX4, resulting in GPX4 being
unable to use GSH to clear ROS [41]. Glutamine can also generate
aspartate, which serves as the carbon source for pyrimidine
biosynthesis, and glutathione to maintain redox balance. Depletion
of pyrimidines and increased ROS were observed with glutaminase
inhibitors [42]. Telaglenastat (CB-839) is a selective, reversible, and
orally active glutaminase inhibitor that induces apoptosis through
ROS [43]. WDLPS and DDLPS account for 60 % of all liposarcomas,
reflecting the heterogeneity of this type of sarcoma. Genetically,
both types of liposarcomas are characterized by amplification of
MDM2 and CDK4 genes, indicating an important molecular event
with diagnostic and therapeutic relevance [38].

The tumor suppressor protein p53 is a redox-active transcription
factor that organizes and directs cellular responses in the face of
various stresses leading to genomic instability. Reactive oxygen
species (ROS), generated by cells as products or by-products, can
functioneither as signalingmoleculesoras cellular toxicants. Cellular
generation of ROS is central to redox signaling. Recent studies have
revealed that each cellular concentration and distribution of p53 has
P <0.01, ***P <0.001; ns: not significant. (K) Cell viability of wild type, SLC7A11 KD and
SEM. *P <0.05, ***P <0.001. (LeN) Relative abundances of UDCA (L), glutamate (M), and
t significant. (OeT) Relative abundances of glutamate (O, P), UDCA (Q, R), and cystine (S,
<0.05, **P <0.01, ***P <0.001; ns: not significant. Ctrl: DMSO; PTM: pre-treatment; SA:



Fig. 7. Expression of SLC7A11 in clinical tissue samples of retroperitoneal liposarcoma (RLPS) and UDCA sensitizes cells to reactive oxygen species (ROS) induced inhibitor-mediated
antitumor therapy in multiple types of tumor cells. (A) Immunohistochemistry (IHC) staining of RLPS tissue and adjacent adipose tissue microarrays with the indicated antibodies. n
¼ 50. Data are mean ± standard deviation (SD). ***P <0.001. (B) MDM2, CD36, and SLC7A11 in RLPS and adjacent adipose tissue lysates from patients suffering from retroperitoneal
dedifferentiated liposarcoma and well-differentiated liposarcoma detected by Western blot assay with the indicated antibodies. n ¼ 17. (C, D) Pan-cancer analysis of MDM2 (C) and
SLC7A11 (D) (http://www.sangerbox.com/home.html). (EeL) Cell viability analyzed after treatment with UDCA (400 mg/mL), nutlin3a (10 mM), and RG7112 (5 mM) either alone or in
combination for 24 h in DDLPS (SW872) (E), fibrosarcoma (HT1080) (F), colorectal cancer (HCT116) (G), breast cancer (MDA-MB-231) (H), liver cancer (HUH7) (I),
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Fig. 8. Schematic model for the mechanism UDCA suppresses SLC7A11-based cystine uptake and impairs glutathione (GSH) de novo synthesis. UDCA inhibits the intracellular
transport of cystine, leading to decreased levels of intracellular cystine, cysteine, and GSH. This subsequently results in mitochondrial damage and disorder in the tricarboxylic acid
cycle (TCA) cycle.
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a distinct cellular function and that ROS act as both an upstream
signal that triggers p53 activation and a downstream factor that
mediates apoptosis [44]. RG7112 is a potent, selective, first clinical,
orally active and blood-brain barrier crossed MDM2-p53 inhibitor
[45]. Nutlin-3a (Rebemadlin), is a potent murine double minute
(MDM2) inhibitor. RG7112 and Nutlin-3a can inhibit MDM2-p53
interactions and stabilizes the p53 protein, and induces cell auto-
phagy and apoptosis [46]. Abemaciclib (LY2835219) is a selective
CDK4/6 inhibitor. Abemaciclib considerably inhibited the growth of
PC cells in a dose-dependent manner (P < 0.01) and caused signifi-
cant apoptotic cell death through the suppressionof CDK4/6-CyclinD
complex, ROS generation and depolarization of mitochondria
membrane potential [47]. Cotargeting CDK4/6 and BRD4 Promotes
Senescence and Ferroptosis Sensitivity in Cancer [48]. Thus, the
exploration of methodologies for the reduction of drug concentra-
tions and the development of combination strategies will constitute
significant avenues of research in the future. Consequently, our study
calls for further exploration of UDCA in combination with other
drugs.

In addition to system Xct-mediated exogenous cystine transport
into cells for cysteine production, cellular cysteine can also be
cholangiocarcinoma (QBC939) (J), esophageal cancer (KYSE30) (K), and lung cancer (A549) (L
acid transporter, highly expressed in fat tissue; MDM2: nuclear-localized E3 ubiquitin ligase,
retroperitoneal liposarcoma; N: adjacent normal adipose tissue; GBM: glioblastoma multif
metrial carcinoma; BRCA: breast invasive carcinoma; CESC: cervical squamous cell carcinom
carcinoma; STES: stomach and esophageal carcinoma; KIRP: kidney renal papillary cell car
adenocarcinoma; PRAD: prostate adenocarcinoma; STAD: stomach adenocarcinoma; HNSC:
lung squamous cell carcinoma; LIHC: liver hepatocellular carcinoma; WT: high-risk Wilms
thyroid carcinoma; READ: rectum adenocarcinoma; OV: ovarian serous cystadenocarcinom
carcinosarcoma; ALL: acute lymphoblastic leukemia; LAML: acute myeloid leukemia; PCPG:
chromophobe; CHOL: cholangiocarcinoma.
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synthesized from serine and methionine through the trans-
sulfuration pathway [49], which is an alternative process for pro-
ducing GSH to eliminate ROS. In clinical samples, we observed that
the levels of cystine in liposarcoma tissue were significantly higher
than those in adjacent adipose tissue, while the levels of serine and
methionine were significantly lower (Figs. S19 AeC). This suggests
that in liposarcoma tissue, the synthesis of cysteine requires not only
a large substantial of exogenous cystine but also endogenous
cysteine derived from serine andmethionine via the transsulfuration
pathway. Interestingly, we found that both serine and methionine
were significantly downregulated after UDCA treatment (Figs. 3 and
S8). Furthermore, MDM2-mediated serine metabolismwas essential
for liposarcoma growth through a P53-independent metabolic
pathway mechanism. A previous study explained why inhibitors
targeting MDM2-P53 interaction had poor clinical efficacy [34]. We
also found that UDCA mediated more cell death when MDM2 was
knocked down (Fig. S20). Additionally, clinical verification revealed a
positive correlation between SLC7A11 and MDM2 in RLPS tissue. In
the current study, the combination of UDCA with the MDM2 in-
hibitors RG7112 or nutlin-3a also demonstrated a more effective
intervention in multiple types of tumors, including liposarcoma,
), cells. n¼5. Data are mean ± SD. **P <0.01, ***P <0.001; ns: not significant. CD36: fatty
a biomarker for retroperitoneal dedifferentiated and well-differentiated liposarcoma; T:
orme; GBMLGG: glioma; LGG: brain lower grade glioma; UCEC: uterine corpus endo-
a and endocervical adenocarcinoma; LUAD: lung adenocarcinoma; ESCA: esophageal

cinoma; KIPAN: pan-kidney cohort; COAD: colon adenocarcinoma; COADREAD: colon
head and neck squamous cell carcinoma; KIRC: kidney renal clear cell carcinoma; LUSC:
tumor; SKCM: skin cutaneous melanoma; BLCA: bladder urothelial carcinoma; THCA:
a; PAAD: pancreatic adenocarcinoma; TGCT: testicular germ cell tumors; UCS: uterine
pheochromocytoma and paraganglioma; ACC: adrenocortical carcinoma; KICH: kidney
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fibrosarcoma, lung cancer, liver cancer, breast cancer, chol-
angiocarcinoma, and colorectal cancer (Figs. 7EeL and S21). These
results indicate that UDCA enhances the pharmacological inhibition
of the MDM2-P53 interaction. We found that SLC7A11 can act as a
transporter for UDCA. RLPS cells with high expression of SLC7A11
have a high absorption capacity for UDCA (Fig. 6I). Moreover, RLPS
often tends to form large sizes, which explains the decrease in UDCA
levels in the serum of RLPS patients (Fig. 1). This hypothesis seems to
contradict the notion that UDCA would induce liposarcoma cell
death if it were absorbed by liposarcoma cells. However, our results
showed that both UDCA and cystine compete to bind with SLC7A11
(Figs. 6B and C). High concentrations of cystine rescued UDCA-
mediated cell death, leading to impaired GSH synthesis
(Figs. 5AeL and S12). According to clinical studies, the normal
physiological concentration of UDCA in sera ranges from 4.7 to
264 mg/L (0.016 mMe0.88 mM) [26], while the concentration of
cystine is between 80 mg/L and 110 mg/L (0.33 mMe0.45 mM) [50].
These studies suggest that reducing cystine concentration in sera is
necessary when using UDCA-based therapy since its concentration is
almost a thousand times higher than that of UDCA under normal
physiological conditions; thus making it difficult for UDCA to exhibit
an antitumor effect at normal physiological concentrations alone
requires controlling cystine levels in serum during tumor treatment
utilizing UCDA therapy effectively even more so for patients with
homocysteinemia may not be effective this regimen also indicates
early administration or post-surgery use may yield better results
combining other drugs lowering the concentration of UCDA coupling
chemotherapy drugs at carboxyl end.

There are several limitations to the present study. First, due to
retroperitoneal sarcoma being a rare malignancy sarcoma origi-
nating from mesenchymal tissue in the retroperitoneal space,
which encompasses over 50 pathological types, it is only found that
UDCA decreases in retroperitoneal differentiated liposarcoma and
retroperitoneal well-differentiated liposarcoma in this study.
However, further investigation is needed to determine if UDCA also
decreases in other types of RPS. Second, there is a lack of clinical
trial support for UDCA and UDCA-assisted anti-tumor treatment
strategies with other drugs. More research is required to elucidate
the mechanisms and side effects involved. Thirdly, the intracellular
interaction mechanism of UDCA when transported into cells needs
further exploration; for example, how does UDCA regulate gluta-
mate metabolism? Fourthly, more regulatory mechanisms of UDCA
in RLPS patients need to be researched further. Additionally, the
specificity and accuracy of using UDCA as a diagnostic and prog-
nostic marker for RLPS should be studied on larger cohorts.
5. Conclusions

In conclusion, we conducted a lipidomic analysis of serum from
patients with RLPS and observed a significant decrease in UDCA
levels followed by rebound after surgery. The functions and
mechanisms of UDCA varied among different cancer cells
depending on treatment duration, dose, and combinations with
other drugs. Importantly, contrary to previous reports suggesting
that UDCA upregulates P53 to induce apoptosis through ROS pro-
duction, our study revealed that UDCA inhibited SLC7A11-mediated
cystine transport into cells, resulting in impaired synthesis of GSH
and increased sensitivity to ROS (Fig. 8). This study not only pro-
vides new insights into themechanism and transporter of bile acids
in tumors but also establishes a theoretical foundation for further
research on anti-tumor strategies involving UDCA. These findings
encourage us to investigate the relationship between tumorigen-
esis and other bile acids such as EDCA, which also exhibit a notable
decrease in the serum of liposarcoma patients.
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