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Tandospirone augments cisplatin
treatment by lowering cholesterol and
managing distress in NSCLC patients
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Emotional distress (ED), including anxiety and depression, is highly prevalent in patients with non-
small cell lung cancer (NSCLC) and may compromise both quality of life and treatment outcomes. In
this study, we evaluated the mental health status of 1185 surgically treated NSCLC patients and
developed a predictive model integrating clinical and demographic factors. Adjuvant therapy after lung
cancer surgery was associated with an increased risk of ED, particularly chemotherapy. To address
safety concerns, we further examined commonly used anti-ED drugs in experimental models and
found no evidence of tumor-promoting effects. Importantly, tandospirone not only alleviates ED but
also enhances the therapeutic efficacy of cisplatin. These findings highlight the clinical importance of
systematic ED management in lung cancer care and suggest tandospirone as a promising candidate
that may simultaneously support psychological well-being and improve chemotherapy response,
offering a more comprehensive treatment strategy for NSCLC patients.

Lung cancer remains one of the most prevalent and deadly malignancies
worldwide, posing a severe threat to public health"”. Despite substantial
advancements in diagnosis and treatment, surgical resection remains the
primary therapeutic approach for early-stage non-small cell lung cancer
(NSCLC)’. However, postoperative patients often experience a range of
physical and psychological challenges’. Emotional distress (ED), commonly
manifesting as depression and/or anxiety, is a frequent psychological
complication following lung cancer surgery. The incidence of ED in lung
cancer patients is significantly higher than that in the general population,
adversely affecting their quality of life and potentially influencing treatment
outcomes and prognosis™*. Therefore, identifying effective interventions for
ED in postoperative lung cancer patients is of great clinical significance.
The underlying mechanisms of ED are complex and involve physio-
logical, psychological, and social factors. Postoperative pain, physical lim-
itations, fear of disease recurrence, and uncertainty about the future all
contribute to ED’*. Furthermore, many early-stage lung cancer patients
undergo adjuvant therapies such as chemotherapy, immunotherapy, and
targeted therapy post-surgery, which may exacerbate ED symptoms’™".
However, research on the interaction between anti-ED medications and
lung cancer treatment remains limited. Clinically, anti-ED drugs are widely

prescribed for various anxiety and depression disorders. However, for
postoperative lung cancer patients, especially those receiving adjuvant
therapy, their safety profile and potential impact on tumor growth remain
critical concerns. While some epidemiological studies have suggested that
anti-ED drugs may influence tumor progression through direct effects on
cancer cells or by modulating neurotransmitter levels and the immune
microenvironment'*™", their specific mechanisms and clinical implications
remain unclear. Therefore, effective ED management in postoperative lung
cancer patients requires not only psychological interventions but also a
thorough evaluation of pharmacological treatments’ feasibility and safety.
Given this context, we conducted a large-scale clinical survey involving
1185 patients undergoing lung cancer surgery. Our goal was to system-
atically evaluate postoperative mental health and examine the correlation
between ED and adjuvant therapies. Our findings revealed a significantly
higher incidence of anxiety and depression in patients receiving che-
motherapy than in other treatment groups, indicating that chemotherapy
may be a major risk factor for ED. To explore potential pharmacological
interventions, we systematically evaluated the effects of commonly used
anti-anxiety and anti-depressant drugs in combination with cisplatin che-
motherapy in both cell and animal models. Among these, tandospirone
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Fig. 1 | Flow chart of the selected population in this study.
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lowers cholesterol levels in tumor cells, thereby enhancing their suscept-
ibility to apoptosis. These findings suggest that tandospirone may serve a
dual function: alleviating ED symptoms and enhancing chemotherapy
efficacy, providing a novel avenue for integrative lung cancer treatment
strategies.

Results

NSCLC patients have a significantly increased risk of ED after
surgery

A total of 1500 NSCLC patients who underwent surgical resection and 220
healthy volunteers were recruited from our center for a comprehensive
questionnaire-based assessment. Patients with incomplete data, a history of
neoadjuvant therapy, other malignancies within the past 3 years, pre-
existing psychiatric disorders, or those currently receiving antidepressant or
anti-anxiety treatment were excluded from the study. The final analysis
included 1185 NSCLC patients and 192 healthy controls (Fig. 1). Demo-
graphic characteristics were similar between the healthy population and
postoperative patients (Table 1). However, the prevalence of ED among
healthy individuals was only 8.9%, whereas it was significantly higher in
postoperative NSCLC patients, reaching 32.2% (P < 0.001). These findings
underscore a markedly increased risk of ED following lung cancer surgery.

Chemotherapy is an independent risk factor for increased ED in
NSCLC patients after surgery

To identify key risk factors associated with ED, we stratified postoperative
NSCLC patients into ED and non-ED groups. Compared with the non-ED
group, patients in the ED group were older, had a higher proportion of
females, a greater prevalence of diabetes, a significantly higher prevalence of

hypertension, a lower education level, and a higher rate of lymph node
metastasis (P < 0.05). No statistically significant differences were observed in
smoking history or tumor T stage (Table 2). According to the type of
postoperative adjuvant therapy, 602 patients received no treatment, 80
patients received chemotherapy, 246 patients received chemotherapy
combined with other treatments (such as targeted therapy or immu-
notherapy), and 253 patients received other treatments without che-
motherapy (Fig. 2A). Further analysis of treatment modalities revealed a
significant association between chemotherapy and increased ED incidence
(Fig. 2B and Supplement Table 2).

To predict the risk of postoperative anxiety and depression in patients
with lung cancer, two supervised machine learning algorithms were applied.
In the test set, the Random Forest (RF) model achieved an AUC of 0.91 (Fig.
2C), outperforming the Support Vector Machine (SVM) model (Supple-
ment. Fig. 1), which yielded an AUC of 0.66. Model interpretation indicated
that postoperative treatment was the most influential factor associated with
the occurrence of emotional disorders after surgery (Fig. 2D). Multivariate
regression analysis confirmed chemotherapy as an independent risk factor
for ED (Supplement Table. 3 and Supplement Table. 4). These findings
suggest that patients undergoing chemotherapy after NSCLC surgery face
an elevated risk of psychological distress.

Common anti-ED drugs do not promote tumor cell progression

and may enhance chemotherapy effects in patients with ED

We systematically evaluated the impact of six commonly prescribed anti-
ED drugs on lung cancer cell proliferation and apoptosis. The selected
medications included paroxetine and sertraline in selective serotonin
reuptake inhibitors (SSRIs); bupropion in norepinephrine-dopamine
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Table 1 | Demographics and characteristics of patient

Variables Total (n =1377) Healthy (n = 192) Surgery (n =1185) P-value
Age, years (%) 0.908
<65 1196 (86.9) 168 (87.5) 1028 (86.8)
>65 181 (13.1) 24 (12.5) 157 (13.2)
Sex (male/female) 551/826 78/114 473/712 0.874
Smoking history (%) 369 (26.8) 49 (25.5) 320 (27.0) 0.726
Drinking history (%) 233 (16.9) 33(17.2) 200 (16.9) 0.917
Hypertension (%) 362 (26.3) 48 (25.0) 314 (26.5) 0.724
Diabetes (%) 106 (7.7) 13(6.8) 93(7.8) 0.770
BMI 0.534
<24 731 (53.1) 106 (55.2) 625 (52.7)
>24 646 (46.9) 86 (44.8) 560 (47.3)
Educational level (%) 0.148
<High school 1041 (75.6) 137 (71.4) 904 (76.3)
>High school 336 (24.4) 55 (28.6) 281 (23.7)
Emotional distress (%) 399 (29.0) 17 (8.9) 382 (32.2) <0.001*
“Statistically significant values.
Table 2 | Demographics and characteristics of ED in NSCLC patients
Variables Total (n =1185) ED (n =382) No ED (n =803) P-value
Age, years (%) 0.009*
<65 1028 (86.8) 316 (82.7) 712 (88.7)
>65 157 (13.2) 66 (17.3) 91 (11.3)
Sex (male/female) 473/712 131/251 342/461 0.006*
Smoking history (%) 320 (27.0) 93 (24.3) 227 (28.3) 0.162
Drinking history (%) 200 (16.9) 58 (15.2) 142 (17.7) 0.319
Hypertension (%) 314 (26.5) 122 (31.9) 192 (23.9) 0.004*
Diabetes (%) 93 (7.8) 41 (10.7) 52 (6.5) 0.001*
BMI 0.319
<24 625 (52.7) 193 (50.5) 432 (53.8)
>24 560 (47.3) 189 (49.5) 371 (46.2)
Educational level (%) 0.002*
<High school 904 (76.3) 313 (81.9) 591 (73.6)
>High school 281 (23.7) 69 (18.1) 212 (26.4)
Tumor stage (%) 0.232
I 946 (79.8) 294 (77.0) 652 (81.2)
Il 221 (18.7) 81(21.2) 140 (17.4)
1 18 (1.5) 7(1.8) 11 (1.4)
v 0 0 0
Lymph node metastasis (%) 0.024*
Negative 902 (76.1) 275 (72.0) 627 (78.1)
Positive 283 (23.9) 107 (28.0) 176 (21.9)
Distant metastasis (%) N/A
MO 1185 (100.0) 382 (100.0) 803 (100.0)
M1 0 0 0

“Statistically significant values.

reuptake inhibitor (NDRIs); amitriptyline in tricyclic antidepressants
(TcAs); and other drugs such as tandospirone and agomelatine (Fig. 3A).
First, we conducted CCK-8 assays to assess the effects of these drugs on the
proliferation of two NSCLC cell lines (A549 and H1299) across a con-
centration range of 0-200 pg/mL. None of the six medications significantly

promoted tumor cell proliferation. Instead, all displayed a mild inhibitory
effect on0 cell growth at higher concentrations (Fig. 3B, C). This result
suggests that these anti-ED drugs slightly inhibit lung cancer cell progres-
sion within the commonly used clinical dose range. To further explore their
influence on tumor cell survival, we standardized the drug concentration to
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Fig. 2 | Patients receiving chemotherapy have a significantly increased risk of ED.
A Waffle chart of statistics on postoperative adjuvant therapy for NSCLC patients.
B Statistics of ED patients and non-ED patients according to postoperative adjuvant
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include chemotherapy. C ROC curve of the Random Forest model for predicting
postoperative ED in patients with lung cancer. D Bar plot showing the relative
importance of key predictors for postoperative ED based on the final Random Forest
model. Postoperative treatment was identified as the most influential factor.

100 ug/mL and performed flow cytometry analysis to assess apoptosis
induction (Fig. 3D, E). All six drugs induced some degree of apoptosis in
A549 and H1299 cells, with tandospirone and sertraline exhibiting the most
pronounced effects (apoptosis rates of 7.2% and 9.9%, respectively).

We then examined the interactions between these anti-ED drugs and
cisplatin chemotherapy. None of the medications reduced the sensitivity of
A549 or H1299 cells to cisplatin; rather, they increased chemotherapy
efficacy to varying degrees (Fig. 3F, G). This suggests that these anti-ED
drugs do not reduce the chemotherapeutic effectiveness of cisplatin.
Notably, tandospirone exhibited a significant synergistic effect, markedly
increasing cisplatin-induced cytotoxicity in both cell lines. These results
indicate that tandospirone may have an unexpected function of enhancing
chemotherapy.

Tandospirone enhances the anti-tumor effects of cisplatin

Tandospirone is a non-benzodiazepine anxiolytic that alleviates anxiety and
depressive symptoms by modulating the serotonin (5-HT) system". It is
widely used for the long-term treatment of generalized anxiety disorder and
depression'’. However, its role in tumor biology remains unexplored. To
investigate the therapeutic potential of tandospirone in augmenting cis-
platin’s antitumor effects, we conducted a comprehensive evaluation using
both in vitro and in vivo models. The cloning sphere experiment revealed
that NSCLC cells treated with the tandospirone-cisplatin combination
exhibited significantly reduced clonogenic capacity compared with the

cisplatin monotherapy group. The number and size of tumor cell colonies
were significantly diminished, suggesting that the combination therapy
effectively impairs the self-renewal ability of cancer stem-like cells (Fig. 4A).
Furthermore, flow cytometry analysis demonstrated that the cell apoptosis
rate was significantly higher in cells treated with the tandospirone-cisplatin
combination than in those treated with cisplatin alone (Fig. 4B). These
results indicate that tandospirone enhances cisplatin-induced apoptosis,
thereby increasing tumor cell susceptibility to chemotherapy. To further
assess its impact on tumor progression, we conducted Transwell invasion
and scratch wound-healing assays. The combination treatment significantly
suppressed tumor cell migration and invasion, as evidenced by a substantial
reduction in both the number of transmembrane invasive cells and wound
closure rates (Fig. 4C, D) These findings suggest that tandospirone exerts a
synergistic effect in limiting tumor cell dissemination.

To validate these findings in an animal model, we established a
subcutaneous xenograft model and a lung metastasis model using A549
cells injected via the tail vein of nude mice (Fig. 4E). In the subcutaneous
tumor model, mice receiving the tandospirone-cisplatin combination
exhibited significantly slower tumor growth compared with those trea-
ted with cisplatin alone. Final tumor weight was also significantly lower
in the combination therapy group than in the cisplatin monotherapy
group, indicating that tandospirone enhances the inhibitory effect of
cisplatin (Fig. 4F-H and Supplementary Fig. 2). The lung metastasis
model further corroborated these results, showing a marked reduction in
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metastatic nodules in the combination treatment group compared with
the cisplatin monotherapy group, suggesting that tandospirone not only
inhibits primary tumor growth but also plays a crucial role in preventing
distant metastases (Fig. 41, J). To assess the impact of combined therapy

on tumor cell proliferation, we performed Ki67 IHC staining and
quantitative analysis on mouse tumor tissues. Quantitative analysis
revealed a significant decrease in Ki67-positive cells in the combination
treatment group compared with the cisplatin monotherapy group. This
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Fig. 4 | Tandospirone enhances the anti-tumor effect of cisplatin. A A colony
formation assay was performed to determine the effect of tandospirone (100 pg/mL)
on the proliferation of cisplatin (DDP)-treated A549 and H1299 cells. Quantitative
analysis is presented on the right (n = 3). B Flow cytometry was performed to
determine the effect of tandospirone on the apoptosis of DDP-treated A549 and
H1299 cells. Quantitative analysis is presented on the right (n = 3). C Migration and
invasion of A549 and H1299 cells treated with tandospirone combined with DDP.
Quantitative analysis is presented on the right (n = 3), Scale bar = 100 um. D The
wound healing assay revealed that tandospirone enhances DDP-induced inhibition

of A549 and H1299 cell migration. Quantitative analysis is presented on the right
(n =3). E Schematic diagram of in vitro experimental model. Drug treatments were
initiated 2 weeks after tumor establishment. F-H The effects of tandospirone
combined with cisplatin on tumor size, weight, and volume are assessed using the
mouse xenograft model (n =5). I, J HE staining and quantitative analysis of lung
metastatic nodules in xenograft tumors. K, LIHC staining and Ki67 quantification in
xenograft tumors, Scale bar =200 um. Data are expressed as the mean + SD,
**P<0.01, ***P < 0.001.
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Fig. 5 | Tandospirone decreases the cholesterol levels in tumor cells. A Heat map
display of the top 50 genes of A549 cells after tandospirone (100 pg/mL) treatment.
B Volcano plot depicting differentially expressed genes (|fold change | > 1.0, pad-
just < 0.05) in the TDS group vs. Ctrl group. C, D GO and KEGG pathway enrich-
ment analysis was conducted on differentially expressed genes. E GSEA of TDS and
Ctrl groups by using a cholesterol biosynthetic process signature. F, G The

cholesterol level in the cytoplasm or lipid rafts of A549 and H1299 cells. H, I The
levels of HMGCR and SREBP2 were determined by qRT-PCR analysis of A549 and
H1299 cells. J, K Western blotting revealed that the levels of HMGCR and SREBP2
are increased in A549 cells treated with TDS. Data are expressed as the mean + SD,
n=3,*P<0.05 **P<0.01, ***P <0.001.

reduction in proliferative activity provides further evidence of the
enhanced anti-tumor efficacy of tandospirone in combination with
cisplatin (Fig. 4K, I).

Tandospirone reduces cholesterol levels in tumor cells

To elucidate the molecular mechanism by which tandospirone enhances
cisplatin sensitivity, we conducted RNA-seq transcriptomic analysis on
A549 cells treated with tandospirone. The analysis identified 272 differ-
entially expressed genes (screening condition: |fold change | > 1.0, Pad-
just < 0.05) (Fig. 5A, B). Gene Ontology (GO) functional enrichment and

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses revealed a significant enrichment of cholesterol synthesis-related
pathways (Fig. 5C, D and Supplementary Fig. 3A). Additionally, Gene Set
Enrichment Analysis further confirmed that cholesterol biosynthesis
pathways and steroid biosynthesis were markedly altered in response to
tandospirone treatment (Fig. 5E and Supplementary Fig. 3B). These
findings suggest that tandospirone may exert its chemotherapy-
sensitizing effects by modulating cholesterol metabolism.

To validate this hypothesis, we measured intracellular cholesterol levels
in A549 and H1299 cells following tandospirone treatment. Compared with
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untreated controls, tandospirone significantly reduced both total intracel-
lular cholesterol and membrane-associated cholesterol (Fig. 5F, G). This
indicates that tandospirone effectively disrupts cholesterol homeostasis in
tumor cells. To further explore the regulatory mechanisms underlying this
cholesterol depletion, we examined key genes involved in cholesterol bio-
synthesis. qPCR and western blot analyses (Fig. 5H-K and Supplementary
Fig. 4A, B) demonstrated that tandospirone treatment led to a significant
upregulation of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the
rate-limiting enzyme in cholesterol synthesis"/, and sterol regulatory ele-
ment binding protein 2 (SREBP2), a key upstream transcription factor
regulating cholesterol metabolism'®. This suggests that tumor cells may have
initiated a feedback regulation mechanism because of the reduced choles-
terol levels. Tandospirone may consume cholesterol in tumor cells and
induce abnormal activation of the cholesterol synthesis pathway, thereby
modifying the cell metabolic state, affecting the cell’s survival and pro-
liferation, and improving cisplatin’s antitumor effect.

Reducing cholesterol levels in NSCLC cells can increase their
sensitivity to apoptosis

Building on our experimental results, we speculate that reducing cholesterol
levels may render tumor cells more susceptible to chemotherapy. To validate
this hypothesis, we conducted additional experiments to assess the role of
cholesterol depletion in tandospirone-induced cisplatin sensitization. We
first supplemented A549 and H1299 cells with exogenous cholesterol to
determine whether restoring cholesterol levels would counteract the sensi-
tizing effect of tandospirone (Fig. 6B). Although exogenous cholesterol
marginally promoted tumor cell proliferation (Fig. 6A), it significantly
attenuated the enhanced cytotoxicity of cisplatin observed in the presence of
tandospirone (Fig. 6B).

To further investigate whether cholesterol depletion alone could
enhance cisplatin’s antitumor effects, we treated A549 and H1299 cells with
methyl-B-cyclodextrin (MBCD), a cholesterol scavenger'”. Our results
revealed that cholesterol depletion significantly increased cell death, indi-
cating that reduced cholesterol levels independently contribute to enhanced
chemotherapy sensitivity (Fig. 6C, D). This finding was reinforced by clo-
nogenic assays, where MPCD-treated cells exhibited a significantly reduced
capacity for colony formation, an effect that was further amplified when
combined with cisplatin (Fig. 6E). Flow cytometry analysis confirmed these
observations, showing a substantial increase in apoptosis in cholesterol-
depleted cells, with an even more pronounced effect when co-administered
with cisplatin (Fig. 6F). Furthermore, Transwell invasion and scratch assays
demonstrated that cholesterol depletion also inhibited tumor cell migration
and invasion. Specifically, MPCD treatment significantly reduced the
number of cells crossing the membrane and slowed wound healing, with
these effects being further intensified when combined with cisplatin (Sup-
plementary Fig. 5A, B). These findings suggest that cholesterol depletion not
only enhances cisplatin-induced apoptosis but also impairs tumor cell
motility and metastatic potential.

To explore whether cholesterol depletion broadly sensitizes tumor cells
to other forms of cell death, we tested its effects in combination with various
chemotherapeutic drugs and targeted inhibitors, including cisplatin,
pemetrexed, docetaxel, bortezomib (a proteasome inhibitor)*, and ML162
(a GPX4 inhibitor)’". Remarkably, MBCD treatment significantly enhanced
the cytotoxicity of all tested agents, as evidenced by a pronounced decrease
in cell viability (Fig. 6G). Likewise, tandospirone also exhibited a strong
synergistic effect when combined with these apoptosis-inducing agents,
reinforcing the notion that cholesterol depletion serves as a metabolic vul-
nerability that can be exploited to enhance cancer therapy.

Discussion

In this study, we conducted a comprehensive analysis of ED in postoperative
lung cancer patients, investigating its prevalence, risk factors, and potential
therapeutic interventions. Additionally, we explored the impact of anti-ED
drugs on tumor biology and chemotherapy sensitivity, yielding significant
findings at multiple levels (Fig. 6H). Our results not only provide a scientific

foundation for clinical psychological interventions but also introduce a new
approach to tumor metabolic regulation that warrants further investigation.

Lung cancer remains one of the most aggressive malignancies
worldwide, with high morbidity and mortality rates>. Despite advances
in treatment, surgical resection remains the primary curative option for
early- and mid-stage lung cancer patients. However, postoperative
recovery extends beyond physical healing; patients frequently experience
the adverse side effects of chemotherapy, fear of disease recurrence, and a
decline in overall quality of life, all of which contribute to a high incidence
of ED>”. Our findings indicate that ED significantly increases following
lung cancer surgery and is strongly associated with adjuvant treatment,
identifying chemotherapy as an independent risk factor. While anti-ED
medications are commonly prescribed for patients experiencing anxiety
and depression concerns persist regarding their potential interference
with chemotherapy efficacy. To address this issue, we systematically
screened 6 widely used anti-ED drugs, assessing their effects on cell
proliferation, invasion, and migration in A549 and H1299 lung cancer cell
lines. Contrary to common concerns, our results demonstrated that these
drugs did not promote tumor progression. Instead, certain anti-ED
medications, particularly tandospirone, exhibited unexpected tumor-
suppressive effects. Notably, tandospirone not only failed to diminish the
cytotoxicity of cisplatin but significantly reduced its IC50, indicating a
pronounced chemosensitizing effect. Tandospirone, a well-established
anxiolytic that functions as a partial agonist of 5-HT1A receptors'®, has
not been previously studied for its impact on tumor metabolism.

Through RNA-seq analysis, we identified that tandospirone induces
significant alterations in cholesterol metabolism, particularly by activating
cholesterol synthesis pathways and significantly reducing intracellular
cholesterol levels. gPCR and western blot analyses confirmed the upregu-
lation of key cholesterol synthesis regulatory factors such as SREBP2 and
HMGCR, in response to tandospirone treatment. This metabolic pertur-
bation, characterized by “cholesterol depletion-feedback activation”, likely
disrupts tumor cell lipid homeostasis, rendering cancer cells more vulner-
able to cisplatin-induced apoptosis. Emerging evidence highlights the cru-
cial role of cholesterol in tumor progression and therapy resistance™”.
Cholesterol is not only a fundamental component of cell membranes but
also regulates key signaling pathways, membrane microdomains, and
apoptotic resistance mechanisms™. Studies have suggested that lung cancer
cells frequently upregulate cholesterol synthesis to evade chemotherapy-
induced cell death””. Cholesterol depletion may enhance apoptosis and
chemosensitivity by disrupting lipid rafts, which are cholesterol-enriched
membrane microdomains essential for pro-survival signaling. This dis-
ruption can impair pathways such as PI3K/AKT and MAPK/ERK, while
altered membrane fluidity and receptor distribution may further sensitize
tumor cells to chemotherapeutic agents. Our findings suggest that tandos-
pirone, by depleting cholesterol and inducing metabolic stress, sensitizes
tumor cells to chemotherapy. This effect was further corroborated by
experiments showing that cholesterol depletion, whether induced by tan-
dospirone or the cholesterol scavenger MPCD, enhanced the efficacy of
multiple chemotherapeutic agents such as cisplatin, docetaxel, pemetrexed,
bortezomib, and ML162. These results suggest that metabolic interventions
targeting cholesterol depletion may serve as a broadly applicable chemo-
sensitization strategy.

From a clinical perspective, this study holds dual significance. First, it
provides critical safety evidence supporting the use of anti-ED medications
in postoperative lung cancer patients, demonstrating that these drugs do not
compromise chemotherapy efficacy. Second, our findings introduce a novel
concept of “metabolic depletion-sensitization therapy,” where an anxiolytic
agent like tandospirone not only alleviates ED but also enhances che-
motherapy effectiveness. This positions tandospirone as a promising can-
didate for integrated cancer care, particularly for patients experiencing both
psychological distress and chemotherapy resistance.

This work has several limitations. This study found that chemotherapy
is an independent risk factor for ED, but potential confounding factors may
be associated with the results. Of note, other treatments can also increase
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Fig. 6 | Lowering cholesterol levels in NSCLC cells can enhance their apoptosis
sensitivity. A Cell viability values of A549 and H1299 cells after incubation with
different concentrations of cholesterol for 48 h. B Cell viability values showed the
effect of cholesterol (5 M) on the TDS effect of DDP. The x-axis values are
expressed as logio([DDP], uM). C Cell viability values of A549 and H1299 cells after
incubation with different concentrations of MBCD for 48 h. D Cell viability values
show the effect of MBCD (2.5 mM) on the efficacy of DDP. The x-axis values are
expressed as log,o([DDP], uM). E A colony formation assay was performed to
determine the effect of MBCD (2.5 mM) on the proliferation of DDP-treated A549
and H1299 cells. Quantitative analysis is presented on the right (n = 3). F Flow
cytometry was performed to determine the effect of MBCD (2.5 mM) on apoptosis of

DDP-treated A549 and H1299 cells. Quantitative analysis is presented on the right
(n=3). G A heat map illustrating cell viability values (A549) showing the impact of
cholesterol-depletion combined with various chemotherapeutic drugs and cell
death-inducing agents, such as cisplatin, pemetrexed, docetaxel, bortezomib, and
ML162. H The schematic diagram illustrates that chemotherapy increases the
probability of ED in NSCLC patients and that tandospirone can enhance the efficacy
of chemotherapy by regulating the cholesterol level (The figure was created with
BioRender.com). Data are expressed as the mean + SD, n = 3, *P < 0.05,
*¥*P<0.01, ***P < 0.001.

patients’ ED levels. Many studies have pointed out that ED affects the
immune system, and it is unclear how anti-ED drugs affect immunotherapy
in NSCLC patients. In addition, the machine learning-based risk prediction
model developed in this study is only a preliminary proof-of-concept and
was internally validated in a single center; multi-center external validation
and further refinement are needed to improve its robustness and clinical
applicability. Furthermore, as tandospirone is a clinically used anxiolytic, its
safety profile when combined with chemotherapy warrants further

investigation. In the future, a larger sample size and corresponding clinical
studies are warranted to further explore the safety and effectiveness of anti-
ED drugs in combination with other treatments.

In conclusion, our study revealed that the ED status of postoperative
lung cancer patients is closely related to adjuvant chemotherapy, and che-
motherapy is an independent risk factor for ED. In addition to improving
ED symptoms, common anti-ED drugs may improve lung cancer pro-
gression. Additional studies have found that tandospirone is safe and can
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significantly improve the antitumor effect of cisplatin and promote cell
apoptosis. Mechanistic exploration studies revealed that tandospirone
reduces cholesterol levels in tumor cells, activates cholesterol synthesis-
related genes such as SREBP2 and HMGCR, induces a “cholesterol
depletion-death stress” state, and thus augments the killing effect of cis-
platin. These findings offer a new scientific basis for the emotional man-
agement of postoperative lung cancer patients and lay a theoretical
foundation for the rational use of anti-ED drugs in tumor treatment.

Methods

Study design and ethics statement

This single-center, cross-sectional study was approved by the Ethics
Committee of the Shanghai Pulmonary Hospital affiliated with Tongji
University (K22-184Y). The study protocol was in accordance with the
relevant guidelines and regulations. This study followed the tenets of the
Declaration of Helsinki. This study was anonymous, and the questionnaire
used in the study did not collect any identifying information (e.g., name,
hospital number), and the data were used only for statistical analyses. The
Review Board and Ethics Committee of Shanghai Pulmonary Hospital
(Shanghai, China) waived off the requirement for obtaining informed
consent (ID: K22-184Y).

Study participants

This study involved 220 healthy volunteers and 1500 NSCLC patients who
underwent surgery at the Shanghai Pulmonary Hospital between June 2022
and January 2024. The patient exclusion criteria included a history of
neoadjuvant therapy, other malignancies within the past 3 years, psychiatric
disorders, and any current antidepressant or anti-anxiety treatment. ED was
assessed 6 month post-surgery. Ultimately, 192 volunteers and 1185 NSCLC
patients were included in the final analyses.

Clinical characteristics

Patient data were collected and analyzed, including demographics (age, sex),
medical history (hypertension, diabetes), lifestyle factors (smoking, drink-
ing), education level, BMI, and postoperative medications (chemotherapy,
targeted therapy, immunotherapy, etc.).

Evaluation of ED

ED generally refers to depression and/or anxiety symptoms. PHQ-9 and
GAD-7 were used to screen these symptoms in cancer patients, with
assessments conducted 6 months post-surgery””’. ED was defined as a
PHQ-9 or GAD-7 score of >5 based on clinical thresholds’.

Data preprocessing and model building

Clinical and demographic characteristics of the patients, including age,
gender, education level, and other relevant factors, were collected. The
outcome variable was whether ED after surgery. The dataset was randomly
divided into a training set and a test set in a 7:3 ratio. In the test set, model
performance was evaluated using metrics such as the area under the receiver
operating characteristic curve (AUC), accuracy, sensitivity, and specificity.
To predict the risk of ED in postoperative lung cancer patients, this study
employed two supervised machine learning algorithms: random forest (RF)
and support vector machine (SVM). All analyses were performed in Python
(version 3.9, Python Software Foundation), using scikit-learn for model
construction and evaluation.

Cell culture

Human NSCLC cell lines (A549 and H1299) were obtained from Procell
(Wuhan, China) and cultured in DMEM (BasalMedia, L110 K], China)
supplemented with 10% FBS (Gibco, USA) and 1% penicillin/streptomycin
(BasalMedia, S110JV) and incubated at 37 °C under a 5% CO, atmosphere.

Cell viability analysis
A549 and H1299 cells were seeded into 96-well plates and incubated
under standard culture conditions. Anti-ED drugs (paroxetine, HY-

122272, MedChemExpress; sertraline, HY-B0176 A, MedChemExpress;
bupropion, HY-B0403, MedChemExpress; amitriptyline, HY-B0527,
MedChemExpress; tandospirone, HY-14558, MedChemExpress; ago-
melatine, HY-17038, MedChemExpress), cholesterol (14606, Sigma-
Aldrich) or methyl-B-cyclodextrin (MBCD, 332615, Sigma-Aldrich) or/
and cisplatin, were added at varying concentrations based on the
experimental protocol and cultured for 48 h. Next, fresh medium mixed
with CCK-8 reagent (Beyotime, C0041) ata 10:1 ratio was added, and the
cells were incubated at 37 °C for another 2 h. Absorbance was measured
at 450 nm using a microplate reader (Infinite 200 PRO, Tecan). Cell
viability was determined based on the average optical density (OD)
values from at least three replicate wells.

Apoptosis analysis with flow cytometer

The experimental cells were plated into 12-well plates at a density of
3 x 10° cells/well and treated with anti-ED drugs, MPCD, and/or cis-
platin. After 48 h of incubation, apoptosis was evaluated using an
Annexin V-FITC/PI apoptosis detection kit (KeyGEN BioTECH,
KGA1102) according to the manufacturer’s protocol. Briefly, the cells
were collected, washed thrice with PBS, and resuspended in 500 uL of
binding buffer. Then, 5 pL of Annexin V-FITC and 5 pL of PI were
added, and the mixture was incubated in the dark at room temperature
for 15 min. Flow cytometry data were obtained using the CytoFLEX S
cytometer (Beckman, USA) and analyzed with FlowJo software
(version 10).

Colony formation assay

Cells (500-1000/well) were seeded into six-well plates and incubated at
37 °Cin ahumidified atmosphere with 5% CO,. Colonies were collected and
washed with phosphate-buffered saline, fixed in 4% paraformaldehyde for
20 min, and stained with 0.5% crystal violet for 30 min. Images were cap-
tured using the Pannoramic MIDI system.

Cell invasion, migration, and wound-healing assays

For the migration assay, A549 or H1299 (2 x 10*) cells were seeded in a
serum-free medium in the upper chamber (Corning Inc., Corning, NY,
USA). For the invasion assay, the upper chamber was pre-coated with
Matrigel (diluted 1:10; BD Biosciences, San Jose, CA, USA), and 5 x 10° cells
were seeded in serum-free medium. The cells that migrated or invaded
through the membrane were stained with 0.04% crystal violet and
enumerated.

Animal models

BALB/c nude mice (4-6weeks old) were obtained from Gem-
pharmatech Co., Ltd. (Nanjing, China) and maintained under specific
pathogen-free (SPF) conditions at Tongji University (Shanghai,
China). No sex-based selection was applied in animal allocation. All
animal procedures were conducted in accordance with the ARRIVE 2.0
guidelines and were approved by the Institutional Animal Care and
Use Committee of the Shanghai Pulmonary Hospital affiliated with
Tongji University. To assess in vivo tumor growth and metastatic
potential, both subcutaneous xenograft and lung metastasis models
were established. For the subcutaneous xenograft model, A549 cells
(1 x10° cells/injection) were inoculated into the left flank of mice.
Drug treatments were initiated 2 weeks after tumor establishment.
Tandospirone (20 mg/kg) and/or cisplatin (DDP, 2mg/kg) were
administered intraperitoneally every other day. Tumor size was mea-
sured weekly, and after 4 weeks, mice were euthanized by cervical
dislocation, tumors were harvested for volumetric analyses. For the
lung metastasis model, A549 cells (1 x 10° cells/dose) were injected via
the tail vein, and the same drug administration regimen (tandospirone
20 mg/kg and/or DDP 2 mg/kg, intraperitoneally every other day) was
applied. After 4 weeks, mice were euthanized by cervical dislocation,
and lung metastases were analyzed by hematoxylin and eosin (H&E)
staining.
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Immunohistochemistry

Immunohistochemical (IHC) staining for Ki67 was conducted on paraffin-
embedded tumor tissue sections in accordance with the experimental pro-
tocol. Images were captured using an inverted microscope (Olympus).

RNA sequencing

RNA high-throughput sequencing was performed using the Illumina HiSeq
platform (Shanghai, China). Total RNA was first depleted of rRNA with the
NEBNext rRNA Depletion Kit (New England Biolabs, Massachusetts, USA)
following the manufacturer’s instructions. RNA libraries were then con-
structed using the NEBNext® UltraTM II Directional RNA Library Prep Kit
(New England Biolabs) according to the provided protocol. Quality control
and library quantification were assessed using the BioAnalyzer 2100 (Agi-
lent Technologies, USA). Sequencing was conducted on the Illumina HiSeq
system with 150 bp paired-end reads.

Isolation of lipid rafts

The experimental cells were seeded, treated with specified drugs, and har-
vested. They were then lysed in a buffer containing 20 mM Tris-HCl (pH
7.5), 150 mM NaCl, and 0.5% Triton X-100 for 30 min. The lysates were
then centrifuged at 16,000 g at 4 °C for 30 min, and the supernatants were
collected as non-lipid raft fractions. The remaining insoluble pellets were
resuspended in 200 pL of buffer (0.5% SDS, 2 mM DTT) and incubated for
10 min. After another round of centrifugation under the same conditions,
the supernatants were transferred into separate tubes as lipid raft fractions.
The cholesterol levels were measured using the Amplex® Red Cholesterol
Assay Kit (A12216, Invitrogen, Carlsbad, CA, USA)™".

Total RNA extraction and real-time quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent, and 2 ug of RNA was used for
reverse transcription. RT-qPCR was conducted following the protocol pro-
vided in the UltraSYBR one-step RT-qPCR kit (CWBIO, Beijing, China). The
primers used for the analysis are detailed in Supplementary Table 1.

Western blotting

Proteins from A549 and H1299 cells were extracted by using a total protein
extraction kit. Protein concentrations were measured with a BCA protein
assay kit. Proteins were separated via SDS-PAGE and transferred onto
0.45 um polyvinylidene fluoride (PVDF) membranes (MilliporeSigma).
The membranes were blocked with 5% non-fat dry milk for 1h, then
incubated overnight at 4 °C with primary antibodies targeting HMGCR
(ab242315, Abcam), SREBP2 (ab30682, Abcam), and GAPDH (60004-1-1g,
Proteintech). The next day, membranes were incubated with the appro-
priate secondary antibody for 60 min at room temperature.

Statistical analysis

Continuous variables were expressed as the mean + standard deviation.
The X test was performed for the categorical comparison of demo-
graphic variables between different groups, whereas the Student’s ¢-test
and/or non-parametric test were applied for a continuous comparison.
Skewness continuous variables were analyzed using median and inter-
quartile range (IQR) and compared using the Mann-Whitney U-test. A
logistic regression model was applied to evaluate factors affecting the
occurrence of ED. The a-value <0.05 on both sides was considered
statistically significant. All statistical analyses were performed using
SPSS 25.0 (SPSS, Inc., Chicago, IL, USA).

Data availability

No datasets were generated or analysed during the current study.

Code availability

The corresponding code for data preprocessing and model development is
available from the corresponding author (xiedong@tongji.edu.cn) upon
reasonable request for research purposes.
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