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Abstract

Background: Non-small cell lung cancer (NSCLC) is characterized by a poor 5-year survival rate of 25%, primarily due to late-stage
diagnosis, treatment resistance, and metastasis. 5-hydroxytryptamine (5-HT, serotonin), which is partially synthesized by gut micro-
biota, plays a role in tumorigenesis; however, its specific influence on NSCLC metastasis is not clearly understood. This study aimed
to elucidate the mechanism through which 5-HT may promote NSCLC metastasis. Methods: Quantification of peripheral blood 5-
HT levels in NSCLC patients, categorized by the presence or absence of distant metastasis, was conducted using ELISA. Profiling of
gut microbiota was performed via metagenomics, with analyses conducted to explore correlations with 5-HT levels. Genome-wide se-
quencing, quantitative real-time polymerase chain reaction (qRT-PCR), Western blotting, Transwell, and scratch assays were utilized
to identify key molecules (Ribosomal protein L24, RPL24) and receptors (5-hydroxytryptamine receptor 3A, HTR3A) in NSCLC cell
lines (H1299, A549) and normal bronchial epithelial cell line BEAS-2B. Results: Significantly elevated peripheral blood 5-HT levels
were observed in patients with distant metastasis compared to those without. Additionally, those patients exhibited distinct gut microbial
profiles characterized by increased species richness and diversity, with a positive correlation noted between Clostridium spp. abundance
and 5-HT levels. RPL24 emerged as a critical downstream mediator. The silencing of RPL24 using siRNA markedly enhanced NSCLC
cell migration, invasion, and epithelial-mesenchymal transition (EMT), while overexpression yielded opposing effects, indicating that
RPL24 functions as a metastasis suppressor in NSCLC. HTR3A was highly expressed in NSCLC tissues and cell lines compared with
adjacent non-tumor tissues and normal bronchial epithelial cells. Co-treatment with 5-HT and 8 μM ondansetron (HTR3A antagonist)
restored RPL24 expression and significantly counteracted 5-HT-induced metastasis. Conclusions: The elevation of 5-HT, linked to gut
microbiota (Clostridium spp.), fosters a pro-migratory and pro-invasive phenotype in NSCLC cells via HTR3A, thereby activating the
EMT pathway. These findings highlight the potential of HTR3A and RPL24 as novel therapeutic targets for metastatic NSCLC.
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1. Introduction
Non-small cell lung cancer (NSCLC) constitutes over

80% of all lung cancer cases and ranks among the leading
causes of cancer-related mortality globally [1,2]. Despite
ongoing advancements in diagnostic techniques and treat-
ment strategies, the 5-year survival rate for patients remains
unsatisfactory due to the high propensity for metastasis and
the frequent occurrence of late-stage diagnoses. Therefore,
it is essential to decipher the molecular mechanisms that
underpin NSCLC metastasis to improve patient prognosis.

Recently, the involvement of neurotransmitters within
the tumor microenvironment has garnered significant in-
terest. As a key biogenic amine, 5-hydroxytryptamine (5-
HT, serotonin) extends its functionality beyond the classi-
cal scope of neural regulation [3]. Over 90% of 5-HT in the
human body is synthesized by enterochromaffin cells lo-
cated in the gastrointestinal tract, with gut microbiota play-
ing a pivotal regulatory role in this synthesis process [4].
Tryptophan hydroxylase 1 (TPH1) is the rate-limiting en-
zyme for peripheral 5-HT biosynthesis in intestinal ente-

rochromaffin cells. The microbiota can influence TPH1
expression through various metabolites (e.g., short-chain
fatty acids) and may even directly participate in tryptophan
metabolism, thereby modulating host systemic 5-HT levels
[5,6,7]. This “gut microbiota-5-HT” axis presents a novel
framework for understanding tumor progression.

Existing study indicates that 5-HT exerts pro-
tumorigenic effects across multiple cancer types via spe-
cific receptors, enhancing proliferation and migration while
inhibiting apoptosis [8]. Furthermore, ribosomal proteins
(RPs) have emerged as potential tumor regulators, with
their dysregulated expression linked to the progression of
various cancers [9], however, their specific roles in NSCLC
and the 5-HT signaling pathway remain largely unexplored.
Recent research has highlighted that dysbiosis of that gut
and airway microbiota contributes to the initiation and pro-
gression of lung cancer through mechanisms involving im-
mune modulation and metabolic reprogramming [10,11].
Nonetheless, the potential role of microbiota-driven 5-HT
signaling in NSCLC metastasis remains to be investigated.
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Preliminary studies have indicated that 5-HT fosters
migration, invasion, and proliferation in NSCLC cells.
Thus, this study examined the alterations in gut microbiota
and their correlation with peripheral blood 5-HT levels in
NSCLC patients exhibiting distant metastasis. Addition-
ally, the molecular mechanisms by which 5-HT facilitates
NSCLC metastasis were explored.

2. Materials and Methods
2.1 Patients and Sample Collection

This study received approval from the Ethics Com-
mittee (Ethical Approval No.: KY2024-027-01), with all
participants providing written informed consent. A total of
48 treatment-naive patients with primary NSCLC were en-
rolled and categorized into two groups according to TNM
staging: the distant metastasis group (Stage IV: Group
M) and the non-distant metastasis group (Stages IA-IIIC:
Group N). Inclusion and exclusion criteria are detailed in
the Supplementary Material.

2.2 Fecal and Blood Sample Collection
Fecal samples were collected prior to any therapeu-

tic intervention, immediately transported in liquid nitrogen,
and stored at−80 °C for subsequent analysis. Venous blood
samples were drawn into sterile centrifuge tubes and al-
lowed to clot at 37 °C for 1 hour. The clotted samples were
centrifuged successively at 3000 rpm and 12,000 rpm for 10
minutes each at room temperature (RT). The serum super-
natant was meticulously harvested and aliquoted for long-
term storage at −80 °C.

2.3 Cell Culture
The NSCLC cell lines H1299 (ATCC-CRL-5803)

and A549 (ATCC-CRM-CCL-185), along with the normal
bronchial epithelial cell line BEAS-2B (ATCC-CRL-3588),
were procured from the Chinese Academy of Medical Sci-
ences (Beijing, China). All cell lines used in this study
were validated by Short Tandem Repeat (STR) profiling
and tested negative for mycoplasma contamination. These
cells were routinely propagated in RPMI-1640 medium
(Cat. No. MA0010; Dalian Meilun Biotechnology Co.,
Ltd., Dalian, Liaoning, China) supplemented with 10% fe-
tal bovine serum, 100 U/mL penicillin, and 100 μg/mL
streptomycin, and were maintained at 37 °C in a humidi-
fied incubator with a 5% CO2 atmosphere. All experiments
were performed using cells at passages 5 to 15. For cry-
opreservation, logarithmic-phase cells were resuspended in
serum-free cell cryopreservation medium (Beijing Saiwen
Innovation Co., Ltd., Beijing, China) and stored at –80 °C.

2.4 Fecal Metagenomic Sequencing
Fecal metagenomic sequencing was conducted with

technical support from Beijing Biomarker Technologies
Co., Ltd. (Beijing, China). Genomic DNA was extracted
from fecal microbiota using the PowerSoil® DNA Isola-

tion Kit and quantified using a Qubit fluorometer. An ap-
propriate volume of genomic DNA was transferred to a 0.6
mL centrifuge tube, and 1× Tris-EDTA buffer (TE) buffer
was added on ice to adjust the final volume to 100 μL. The
DNA was sheared to the target fragment size, with frag-
ment size distribution verified by agarose gel electrophore-
sis. Following shearing, DNA underwent end repair, 3′-
end A-tailing, and PCR amplification. After adapter liga-
tion, products were subject to fragment size selection, pu-
rification, and stringent library quality control to yield qual-
ified sequencing libraries. The human reference genome
sequence was obtained from the NCBI database. Bowtie2
indices were constructed, and Bowtie2 alignment was per-
formed to remove human-derived reads, effectively elimi-
nating host contamination, enriching microbial sequences,
and enhancing the signal-to-noise ratio and computational
efficiency for subsequent analyses. MEGAHIT was uti-
lized for metagenomic assembly to generate contig se-
quences for each sample. Based on individual assembly
results, coding genes were predicted, and a non‑redundant
gene set was constructed for downstream analyses.

2.5 Enzyme-Linked Immunosorbent Assay (ELISA)

Serum 5-HT levels were quantified using a com-
mercial human 5-HT ELISA kit (Cat. No. MB-7061A,
Meibiao Biotechnology, Jiangsu, China), following the
manufacturer’s instructions. Samples and standards were
added to an antibody-precoated plate and incubated with
the horseradish peroxidase (HRP)-conjugated detection an-
tibody. After washing, the signal was developed using the
kit’s chromogen substrate (Chromogen A and B) and sub-
sequently stopped with the provided solution. Absorbance
was measured at 450 nm using a Microplate reader Spec-
traMax iD5 (Molecular Devices, San Jose, CA, USA), and
sample concentrations were determined based on the stan-
dard curve.

2.6 GEPIA2 Database Analysis and Whole Transcriptome
Sequencing

The Gene Expression Profiling Interactive Analysis
2 (GEPIA2) database (http://gepia2.cancer-pku.cn/#index)
was employed to investigate the expression patterns of
seven 5-HT receptors in NSCLC tissues, utilizing transcrip-
tome datasets from The Cancer Genome Atlas (TCGA)
and Genotype-Tissue Expression (GTEx). The differen-
tial expression of HTR3A across various clinical stages of
NSCLC, along with its correlation with patient survival
prognosis, was the primary focus of this analysis. For
whole transcriptome sequencing, total cellular RNA was
extracted using TRIzol Reagent. The concentration and pu-
rity of RNA sampleswere quantifiedwith aNanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA), while RNA integrity was evaluated using the
RNA Nano 6000 Assay Kit on an Agilent 2100 Bioana-
lyzer. Qualified RNA samples were used to construct tran-
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scriptome libraries in accordance with the manufacturer’s
standard protocols, and sequencing was performed on the
Illumina NovaSeq platform. Raw sequencing reads were
processed and analyzed through a specialized bioinformat-
ics analysis platform.

2.7 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Specific primers ((Thermo Fisher Scientific,
Waltham, MA, USA); sequences available in Supple-
mentary Table 1) were designed to target the genes of
interest. Total RNA was extracted from the cells, and
samples with an OD260/280 ratio between 1.8 and 2.2
were selected for reverse transcription. The 20 μL reverse
transcription system included 4 μL of 5× TransScript®
Uni All-in-One SuperMix, 1 μL of genomic DNA (gDNA)
Remover, an appropriate amount of RNA, and RNase-free
water. The reaction was conducted at 85 °C for 5 minutes
and 50 °C for 30 minutes, and the synthesized cDNA was
stored at –20 °C for future use. qRT-PCR was performed
in 20 μL reactions containing 0.4 μL of each primer, 2 μL
of cDNA template, 10 μL of 2× PerfectStart® Green qPCR
Supermix (Cat. No. AUQ-01, TransGen Biotech, Beijing,
China), and 7.2 μL of nuclease-free water. All samples
were run in triplicate using the following cycling program:
an initial step at 94 °C for 30 seconds, followed by 40–45
cycles of 94 °C for 5 seconds and 60 °C for 30 seconds.

2.8 Western Blotting

Cell lysis was conducted in RIPA (Radioimmunopre-
cipitation Assay) buffer supplemented with protease in-
hibitors, and protein concentrations were determined us-
ing a BCA (Bicinchoninic Acid) assay. Equal amounts
of protein were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 15%
gels and subsequently transferred to polyvinylidene diflu-
oride (PVDF) membranes. After blocking with 5% skim
milk, membranes were incubated overnight at 4 °C with
primary antibodies against RPL24 (Cat. No. 17082-1-AP,
dilution 1:2000, Proteintech, Wuhan, China), β-actin (Cat.
No. 58169, dilution 1:1000, Cell Signaling Technology,
Danvers, MA, USA), or epithelial-mesenchymal transition
(EMT) markers (Cat. No. 9782T, dilution 1:1000, Cell
Signaling Technology, Danvers, MA, USA). Following in-
cubation with HRP-conjugated secondary antibodies (Cat.
No. AS014, dilution 1:5000, ABclonal, Wuhan, China),
protein bands were visualized using an ECL chemilumines-
cence substrate (Beijing Saiwen Innovation) and captured
with a chemiluminescence imaging system.

2.9 Wound Healing and Transwell Assays

For wound healing assays, cells were cultured to con-
fluence in 6-well plates, and a scratch was inflicted using
a sterile pipette tip. After washing, cells were maintained
in serum-free medium, with wound closure monitored at 0,

24, and 48 hours. In Transwell migration assays, cells were
seeded into the upper chamber in serum-freemedium, while
the lower chamber contained medium with 20% FBS. Af-
ter 24 hours, migrated cells were fixed, stained with crystal
violet, and counted. For invasion assays, Transwell inserts
were pre-coated with Matrigel prior to cell seeding, with
subsequent steps mirroring those of the migration assay.

2.10 Cell Transfection
Cells were transfected with siRNAs or plasmids (se-

quences listed in Supplementary Table 2) using the jet-
PRIME reagent following the manufacturer’s protocol. In
brief, siRNA (final concentration of 20 μM) or plasmid (2
μg) wasmixedwith the jetPRIME reagent and subsequently
added to cells in 6-well plates. After 24 hours, the medium
was replaced, and cells were harvested formRNAor protein
analysis at 48 or 72 hours post-transfection, respectively.

2.11 Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism (Version 9.0.0, GraphPad Software, San Diego,
CA, USA; https://www.graphpad.com/scientific-software/
prism/), employing two-tailed statistical tests. Normality
of data distribution was assessed using the Shapiro-Wilk
test, while homogeneity of variances was determined with
Levene’s test. Comparisons between two groups were an-
alyzed using an unpaired Student’s t-test. For comparisons
involving three or more groups, one-way analysis of vari-
ance (ANOVA) was employed. Data are presented as mean
± standard deviation (SD). In vitro experiments were based
on at least three independent biological replicates. In the
clinical cohort analyses, sample sizes for each group are
specified in the figure legends. A p-value of less than 0.05
was considered statistically significant.

3. Results
3.1 Gut Microbiota Profiles and Peripheral Blood 5-HT
Levels Differ between NSCLC Patients with and without
Distant Metastasis

The gut microbiota of NSCLC patients with distant
metastasis displays greater species richness and diversity in
comparison to those without distant metastasis. Addition-
ally, a positive correlation exists between the abundance of
Clostridium spp. in the differential microbiota and the pe-
ripheral blood 5-HT levels in these patients.

A total of 28 NSCLC patients with distant metastases
(Group M, n = 28) and 20 NSCLC patients without dis-
tant metastases (Group N, n = 20) were enrolled for this
study, with all participants having received no prior phar-
macological treatment. The α-diversity of gut microbiota
in both groups was analyzed, revealing that the Simpson
index, Chaol index, Shannon index, and Abundance-based
Coverage Estimator (ACE) index in Group M were sig-
nificantly higher than those in Group N (p < 0.05) (Fig.
1A). β-diversity was assessed using partial least squares-
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discriminant analysis (PLS-DA), where the first principal
component accounted for 7.01% of the inter-group vari-
ance and the second principal component explained 6.13%.
The samples from the two groups exhibited a clear trend of
separation (Fig. 1B), indicating a distinct overall microbial
composition between the groups.

At the phylum level, analysis of gut microbiota struc-
ture demonstrated that the dominant phyla in both Group
M and Group N included Firmicutes, Bacteroidetes, and
Proteobacteria. Among the top 10 phyla by relative abun-
dance, Group M exhibited a higher relative abundance of
Firmicutes (62% vs. 52%) and Proteobacteria (10% vs.
8%) compared to Group N. Conversely, Group M showed
a lower relative abundance of Bacteroidetes (22% vs. 33%)
but a higher relative abundance of Actinobacteria (2% vs.
1%) compared to Group N. A Venn diagram illustrating the
number of shared and unique phyla indicated a greater num-
ber of phyla in Group M (Fig. 1C).

LEfSe analysis of the gut microbiota in both
groups identified ten differentially abundant taxa
(potential biomarker candidates) at an LDA thresh-
old of 4.0, assessed at multiple taxonomic lev-
els. Specifically, p_Bacteroidetes, c_Bacteroidia,
and o_Bacteroidales were enriched in Group N,
while f_Actinomycetaceae, o_Actinomycetales,
g_Subdoligranulum, f_Oscillospiraceae, p_Firmicutes,
c_Clostridia, and o_Eubacteriales, were enriched in Group
M (Fig. 1D,E). The genus Clostridium has been shown
to stimulate 5-HT production in the colon through the
extensive synthesis of aromatic amines [12], and other
research has indicated that Clostridium can enhance 5-HT
secretion in intestinal enterochromaffin cells [13]. A sub-
sequent correlation analysis between serum 5-HT levels
and gut microbiota revealed that 5-HT levels exhibited the
strongest positive correlation with Clostridium (Fig. 1G),
corroborating existing literature findings.

Bacteroidetes and Firmicutes are dominant taxa in
the human gut microbiota. An analysis of the Fir-
micutes/Bacteroidetes ratio in both groups revealed that
Group M had a higher Firmicutes/Bacteroidetes ratio com-
pared to Group N (Fig. 1F). Moreover, ELISA was em-
ployed to measure peripheral blood 5-HT levels in both
groups, indicating that NSCLC patients with distant metas-
tases exhibited significantly higher peripheral blood 5-HT
levels than those without distant metastases (p < 0.05, Fig.
1H).

3.2 5-HT Promotes Pro-Migratory and Pro-Invasive
Phenotypes of NSCLC Cells by Regulating RPL24

The NSCLC cell line H1299 was divided into two
groups: the negative control group (Group NC) and the 5-
HT treatment group (Group 5-HT). Group 5-HTwas treated
with 5-HT at a final concentration of 20 μM for 72 hours,
followed by RNA-seq analysis. Gene Ontology (GO) path-
way enrichment analysis of differentially expressed genes

(DEGs) revealed significant differential enrichment of RP-
associated pathways between the two groups (Fig. 2A, Ta-
ble 1). QRT-PCR assays were conducted to compare the
mRNA expression levels of RP-related DEGs between the
groups (Fig. 2B).

Table 1. Detailed information on ribosomal protein-related
DEGs between group 5-HT and group NC.

Gene ID Gene symbol log2 (5-HT / NC) Qvalue (5-HT / NC)

6152 RPL24 –0.25035 0.002889
6167 RPL37 –0.43938 8.84 × 10–7

6169 RPL38 –0.48541 1.84 × 10–7

6171 RPL41 –0.35726 0.001097

Previous literature indicates that RPL24 is associated
with well-documented extraribosomal functions in cell cy-
cle regulation and maintenance of the epithelial phenotype,
whereas RPL37, RPL38, and RPL41 primarily serve as
structural components of the ribosome with limited regula-
tory roles in tumor metastasis. Consequently, RPL24 was
prioritized as the primary candidate for functional valida-
tion. Preliminary exploratory assays further demonstrated
that RPL24 knockdown had the most pronounced effect
on the migratory capacity of NSCLC cells among the four
downregulated RPs, thereby reinforcing its selection for
further investigation. Subsequently, Western blot analysis
was conducted to ascertain the protein expression levels of
RPL24 in H1299 and A549 cells following treatment with
5-HT. Compared to the control group, a significant reduc-
tion in RPL24 protein expression was observed in NSCLC
cells following 5-HT treatment (Fig. 2C). Gene silencing
of RPL24 was achieved in the H1299 and A549 NSCLC
cell lines using RPL24 small interfering RNA (siRNA). The
silencing efficiency was confirmed through qRT-PCR and
Western blot experiments, demonstrating successful knock-
down of both mRNA and protein levels in the siRNA group
relative to the negative control (NC) group (Fig. 2D,E). In
subsequent experiments, a wound healing assay was per-
formed to evaluate the effects of transient RPL24 silencing
on cell migration in both H1299 and A549 cells. The re-
sults revealed that the siRNA group exhibited a significant
increase in cell migration at 24 and 48 hours post-scratching
compared to the control group (Fig. 2F,G). Additionally,
Transwell migration and invasion assays indicated that the
number of cells passing through the basement membrane
was significantly higher in the siRNA group than in the con-
trol group (Fig. 2H,I). These findings suggest that transient
silencing of RPL24 markedly enhances the migration and
invasion capabilities of H1299 and A549 cells.

RPL24 overexpression was successfully achieved in
NSCLC H1299 and A549 cells through transfection with
an RPL24-overexpressing plasmid. Both qRT-PCR and
Western blot analyses confirmed successful upregulation of
RPL24 at the mRNA and protein levels in the overexpres-
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Fig. 1. Gut microbiota characteristics and peripheral blood 5-HT levels in NSCLC patients in Group N and Group M. (A) α-
diversity of the gut microbiota. The Simpson, Shannon, Chao1, and ACE indices were significantly higher in Group M than in Group
N (all p < 0.05). (B) β-diversity analyzed by partial least squares discriminant analysis (PLS-DA). (C) Phylum-level composition of the
gut microbiota. (D,E) Linear discriminant analysis effect size (LEfSe) analysis (LDA threshold = 4.0). (D) LDA score plot identifying
ten differentially abundant taxa (potential biomarker candidates). (E) Cladogram showing the taxonomic distribution of differentially
abundant microbiota. (F) Firmicutes/Bacteroidetes (F/B) ratio of the gut microbiota in the two groups. (G) Heatmap showing the
correlation between serum 5-HT levels and the gut microbiota. (H) Peripheral blood 5-HT levels detected by ELISA. Comparisons
between two groups were conducted using Student’s t-test, with statistical significance defined as p < 0.05. Data are presented as mean
± standard deviation (*p < 0.05). 5-HT, 5-hydroxytryptamine; NSCLC, non-small cell lung cancer; ACE, Abundance-based Coverage
Estimator; LDA, Linear Discriminant Analysis.
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Fig. 2. 5-HT promotes migration and invasion of NSCLC cells by regulating RPL24. (A) GO Cellular Component enrichment
analysis of DEGs between Group 5-HT and Group NC. Bubble size indicates the number of candidate genes. (B) qRT-PCR analysis of
the mRNA expression levels of ribosomal protein-related DEGs in H1299 and A549 cells. (C) Western blot analysis of RPL24 protein
expression in H1299 and A549 cells in the 5-HT and NC groups. (D) qRT-PCR analysis of RPL24 mRNA silencing efficiency in H1299
and A549 cells transfected with RPL24 siRNAs (si1, si2) or negative control (NC). (E) Western blot analysis confirming RPL24 protein
silencing efficiency inH1299 andA549 cells transfectedwith si1, si2, or NC. (F,G)Wound healing assays assessing themigratory capacity
of H1299 (F) and A549 (G) cells transfected with si1, si2, or NC. Migration rates were quantified at 24 and 48 h after scratching. Original
magnification, 50×. Scale bar = 200 μm. (H,I) Transwell migration and invasion assays showing the numbers of migrated and invaded
H1299 (H) and A549 (I) cells transfected with si1, si2, or NC. Original magnification, 100×. Scale bar = 200 μm. Statistical comparisons
were made using Student’s t-test for two-group comparisons and one-way analysis of variance (ANOVA) for multi-group comparisons,
with statistical significance set at p < 0.05. All data are derived from at least three independent experiments and presented as mean ±
standard deviation (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). RPL24, Ribosomal Protein L24; GO, Gene Ontology; DEGs,
differentially expressed genes; 5-HT, 5-HT treatment group; NC, Negative control group; qRT-PCR, quantitative real-time polymerase
chain reaction.
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sion (OE) group compared to the empty vector control (Vec-
tor) group (Fig. 3A,B). Wound healing assays were con-
ducted to assess the impact of RPL24 overexpression on
cell migratory capacity. The results indicated that RPL24
overexpression significantly decreased the migratory area
of H1299 andA549 cells at 24 and 48 hours compared to the
Vector group (p < 0.05, Fig. 3C,D). Additionally, Transwell
migration and invasion assays demonstrated that RPL24
overexpression markedly reduced the number of cells pass-
ing through the basement membrane in both cell lines com-
pared to the Vector group (p < 0.05, Fig. 3E,F). These find-
ings suggest that RPL24 overexpression significantly in-
hibits the migratory and invasive abilities of NSCLC cells.

Following 24 hours of RPL24 overexpression,
NSCLC cells were treated with 5-HT (20 μM) for 72
hours (Group 5-HT + OE). Western blot analysis was
conducted to evaluate RPL24 protein expression in Group
NC, Group 5-HT, and Group 5-HT + OE. Results indicated
that RPL24 protein expression was significantly higher in
Group 5-HT + OE compared to Group 5-HT (p < 0.05,
Fig. 4A). Furthermore, wound healing assays revealed
that the migration rates of Group 5-HT + OE at 24 and
48 hours were significantly lower than those of Group
5-HT (p < 0.05, Fig. 4B,C). These findings suggest that
RPL24 overexpression partially reverses the 5-HT-induced
migration of NSCLC cells.

3.3 5-HT Promotes Pro-Migratory and Pro-Invasive
Phenotypes of NSCLC Cells by Downregulating RPL24
Through the 5-HT3A Receptor

To evaluate the expression of 5-HT receptors in pri-
mary NSCLC tissues and adjacent normal tissues, 5-HT
signaling-related receptors were initially predicted using
the GEPIA2 database. The results demonstrated a signifi-
cant upregulation ofHTR3A inNSCLC tissues compared to
adjacent normal tissues (Fig. 5A).When analyzing HTR3A
expression across different NSCLC stages via GEPIA2, no
statistically significant differenceswere observed (F = 1.06,
p = 0.364) (Fig. 5B). Additionally, online survival anal-
ysis using GEPIA2 showed that high HTR3A expression
was significantly associated with poorer overall survival
(OS, HR = 1.5, p = 0.017; Fig. 5C) and poorer recurrence-
free survival (RFS, HR = 1.5, p = 0.012) in NSCLC pa-
tients (Fig. 5D). Subsequent qRT-PCR analysis confirmed
that HTR3A mRNA expression was markedly elevated in
NSCLC cell lines (H1299 and A549) compared to normal
human bronchial epithelial BEAS-2B cells (Fig. 5E). These
findings suggest that HTR3A is a key 5-HT receptor in-
volved in the progression of NSCLC.

To ascertain whether 5-HT exerts its pro-metastatic ef-
fects specifically through the HTR3A receptor, A549 and
H1299 cells were treated with the HTR3A antagonist on-
dansetron (8 μM) in combination with 20 μM 5-HT for
72 hours. Western blot analysis was employed to detect
changes in RPL24 protein expression. The results indicated

that co-treatment with 8 μM ondansetron and 20 μM 5-HT
effectively reversed the 5-HT-induced decrease in RPL24
protein expression (Fig. 5F,G). Following this, Transwell
migration/invasion assays and wound healing assays were
performed on A549 and H1299 cells post-treatment. The
results demonstrated that 5-HT significantly enhanced the
migration and invasion of A549 and H1299 cells compared
to the blank control group; however, this effect was atten-
uated by the addition of ondansetron (Fig. 5H–K). These
findings indicate that 5-HT promotes a pro-migratory and
pro-invasive phenotype in NSCLC cells by activating the
HTR3A receptor to regulate RPL24.

4. Discussion
One major cause of mortality in NSCLC is its high

propensity for metastasis and recurrence, which also limits
the efficacy of current standard treatments [14,15]. Accu-
mulating evidence has elucidated the roles of 5-HT and its
metabolites in modulating multiple hallmarks of tumor pro-
gression [16]. Although 5-HT metabolic reprogramming
has been reported in various tumor types, existing study pri-
marily focuses on colorectal, pancreatic, and breast cancers,
with limited research addressingNSCLC and unclearmech-
anisms underlying 5-HT-induced metastasis in this context
[17]. In breast cancer, advanced stages of the disease are as-
sociated with significantly higher plasma 5-HT levels com-
pared to early-stage patients, suggesting a correlation with
malignant progression [18]. Furthermore, distinct 5-HT
levels have been observed in peripheral blood and tissues
of colorectal cancer patients in comparison to healthy con-
trols, highlighting its diagnostic potential [19]. Traditional
theories of tumor metastasis have predominantly empha-
sized “intrinsic drivers”, such as genemutations, copy num-
ber variations, and epigenetic alterations. However, a re-
cent study demonstrates that neurotransmitters can facil-
itate metastatic progression in the absence of substantial
genomic alterations, thereby challenging the conventional
“gene mutation-centric” paradigm [20]. This process, inde-
pendent of changes in DNA sequences, can be stably trans-
mitted to progeny cells, constituting a non-heritable mech-
anism that drives metastasis. Preliminary data indicate that
treatment-naive NSCLC patients with distant metastasis ex-
hibit higher peripheral blood 5-HT levels, suggesting that 5-
HT may serve as a candidate biomarker warranting further
investigation.

Most human 5-HT is synthesized in the gastroin-
testinal tract, with gut microbiota playing a pivotal reg-
ulatory role, a landmark study demonstrating that spore-
forming gut bacteria are critical regulators of host periph-
eral 5-HT homeostasis: these commensal bacteria promote
5-HT biosynthesis in colonic enterochromaffin cells via
microbial-derived metabolites, and consequently increase
5-HT levels in both the colonic lumen and circulating blood
[21,22]. Metagenomic analysis of the gut microbiota in
NSCLC has revealed differences in species abundance and
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Fig. 3. RPL24 overexpression inhibits the migration and invasion of NSCLC cells. (A) qRT-PCR analysis of RPL24 mRNA ex-
pression in Group Vector and Group OE. (B) Western blot analysis of RPL24 protein expression in Group Vector and Group OE. (C,D)
Wound healing assays assessing the migratory capacity of H1299 (C) and A549 (D) cells (Group Vector vs. Group OE). Migration
rates were quantified at 24 and 48 h after scratching. Original magnification, 50×. Scale bar = 200 μm. (E,F) Transwell migration and
invasion assays showing the numbers of migrated and invaded H1299 (E) and A549 (F) cells (Group Vector vs. Group OE). Original
magnification, 100×. Scale bar = 200 μm. Statistical comparisons were made using Student’s t-test for two-group comparisons, with
statistical significance defined as p < 0.05. All data are derived from at least three independent experiments and presented as mean ±
standard deviation (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). OE, overexpression.

diversity between metastatic and non-metastatic groups,
leading to the identification of ten differentially abundant
taxa that warrant further exploration as potential biomark-
ers. Notably, the abundance of Clostridium was positively
correlated with peripheral blood 5-HT levels. This finding
is consistent with previous reports indicating that Clostrid-
ium species can induce secretion of 5-HT from intestinal
enterochromaffin cells via aromatic amine metabolites and
modulation of tryptophan metabolism. Our correlation data
support a potential causal role for gutClostridium in elevat-
ing circulating 5-HT levels in metastatic NSCLC patients

[23,24]. At the phylum level, metastatic patients exhibited
an elevated Firmicutes/Bacteroidetes ratio, consistent with
a previous study showing that gut dysbiosis contributes to
lung cancer progression via immune and metabolic path-
ways, our findings further link metastasis-associated mi-
crobial alterations to circulating 5-HT levels [25]. Never-
theless, the current observational clinical data only demon-
strate a correlation; direct evidence for microbiota-driven
elevation of 5-HT in NSCLC necessitates further validation
through methodologies such as fecal microbiota transplan-
tation or germ-free animal models.
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Fig. 4. RPL24 overexpression partially reverses 5-HT-induced migration of NSCLC cells. (A) Western blot analysis of RPL24
protein expression in H1299 and A549 cells in Group NC, Group 5-HT, and Group 5-HT + OE. (B,C) Wound healing assays assessing
the migratory capacity of H1299 (B) and A549 (C) cells in Group NC, Group 5-HT, and Group 5-HT + OE. Migration rates were
quantified at 24 and 48 h after scratching. Original magnification, 50×. Scale bar = 200 μm. One-way ANOVAwas used for multi-group
comparisons, with statistical significance defined as p < 0.05. All data are derived from at least three independent experiments and
presented as mean ± standard deviation (**p < 0.01, ***p < 0.001, ****p < 0.0001).

Traditionally, RPs have been primarily regarded as ex-
ecutors of protein synthesis. However, recent studies have

gradually revealed that certain RPs also possess “extrari-
bosomal functions”, taking on more diverse roles in cellu-
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Fig. 5. HTR3A is a key 5-HT receptor mediating the 5-HT-induced pro-migratory and pro-invasive phenotype in NSCLC cells by
regulating RPL24. (A) GEPIA2 database analysis of 5-HT receptor expression in primary NSCLC tissues and adjacent normal tissues.
(B) GEPIA2-based analysis of HTR3A expression across different NSCLC stages (p = 0.364). (C,D) GEPIA2-based online survival
analysis showing the association of HTR3A expression with OS (p = 0.017) and RFS (p = 0.012) in NSCLC patients. (E) qRT-PCR
analysis of HTR3A mRNA expression in H1299, A549, and BEAS-2B cells. (F,G) Western blot analysis of RPL24 protein expression
in H1299 (F) and A549 (G) cells treated with 5-HT alone or in combination with ondansetron for 72 h. (H,I) Wound healing assays
assessing the migratory capacity of H1299 (H) and A549 (I) cells in the NC, 5-HT-treated, and 5-HT + ondansetron groups. Original
magnification, 50×. Scale bar = 200 μm. (J,K) Transwell migration and invasion assays showing the migratory and invasive capacities of
H1299 (J) and A549 (K) cells in the NC, 5-HT-treated, and 5-HT + ondansetron groups. Original magnification, 100×. Scale bar = 200
μm. Student’s t-test was used for two-group comparisons, and one-way ANOVA was used for multiple-group comparisons. Statistical
significance was defined as p < 0.05. All data are derived from at least three independent experiments and are presented as mean ±
standard deviation (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). HTR3A, 5-hydroxytryptamine receptor
3A; GEPIA2, Gene Expression Profiling Interactive Analysis 2; OS, overall survival; RFS, recurrence-free survival.
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lar activities [9,26]. RPL24, a member of the ribosomal
protein L24E family, is an essential component of the 60S
ribosomal subunit in eukaryotic cells. Accumulating evi-
dence indicates that RPs not only participate in ribosome
assembly and mediate protein biosynthesis but also exten-
sively regulate other cellular processes, with their roles
in tumorigenesis and progression attracting increasing at-
tention. For example, RPL24 depletion has been shown
to suppress colorectal tumorigenesis by inhibiting transla-
tion elongation [27], and RPL24 expression is associated
with prognosis in cervical cancer patients [9]. Neverthe-
less, the specific role of RPL24 in lung cancer progression
remains poorly understood. Through whole-transcriptome
sequencing screening, this study identified RPL24 as a po-
tential downstream target of 5-HT signaling regulation. A
previous study suggests that RPL24 depletion has min-
imal impact on the basic physiological functions of ri-
bosomes [28], prompting investigations into its functions
through RPL24 gene knockdown and overexpression ex-
periments in NSCLC cells. The results demonstrated that
transient silencing of RPL24 significantly enhanced, while
overexpression inhibited, the migration and invasion abil-
ities of NSCLC cells, indicating a tumor-suppressive role
of RPL24 in NSCLC metastasis. Importantly, the role of
RPL24 appears context-dependent across different cancer
types: whereas upregulation of RPL24 correlates with poor
prognosis in cervical cancer [9], the present data and recent
pan-cancer analyses suggest a metastasis-suppressive func-
tion in lung epithelial malignancies, potentially reflecting
tissue-specific translational regulatory networks. Collec-
tively, the data presented demonstrate that EMT is a core
downstream consequence of HTR3A/RPL24 axis activa-
tion by 5-HT [29]. While acknowledging that 5-HT may
also modulate EMT through additional parallel signaling
pathways (e.g., ERK or PI3K/Akt pathways) via other 5-
HT receptor subtypes, the near-complete reversal of 5-HT-
induced EMT and metastasis via RPL24 overexpression in-
dicates that the HTR3A-RPL24 cascade serves as the dom-
inant mediator in this experimental context. Additionally,
other RPs concurrently downregulated by 5-HT, such as
RPL37, RPL38, and RPL41, may also contribute to the pro-
metastatic phenotype, and their individual roles in NSCLC
progression warrant further investigation in future studies.

Notably, A549 and H1299 are NSCLC lines not de-
rived from metastatic lesions, yet ondansetron inhibited 5-
HT-induced RPL24 downregulation via HTR3A in both, in-
dicating this pathway is a general feature of NSCLC cells
rather than metastasis‑restricted. Its preferential relevance
to metastasis therefore remains inferential.

5-HT plays multiple roles in tumor biology through
receptor-mediated signal transduction. The known 5-HT
receptors are classified into seven families, further sub-
divided into at least 14 subtypes. By binding to these
specific receptors, 5-HT exerts significant effects on tu-
morigenesis, progression, and the regulation of the tumor

immune microenvironment. For example, in colorectal
cancer, 5-HT binds to receptors on cancer cells, driving
cell proliferation, migration, and invasion by activating the
Axin1/β-catenin/MMP-7 signaling axis [30]. In gastric ade-
nocarcinoma, the 5-HT receptor HTR2B is significantly
upregulated and promotes disease progression through the
PI3K/Akt/mTOR pathway [31]. Li et al. [32] demon-
strated that autocrine activation of serotonin receptors on
tumor-infiltrating CD8+ T cells enhances antitumor immu-
nity. Importantly, in lung adenocarcinoma, HTR3A expres-
sion correlates with poor histological prognosis, and its pro-
proliferative effects may be linked to ERK phosphorylation,
suggesting that HTR3A antagonists, such as ondansetron,
could serve as potential therapeutic strategies for this dis-
ease [33].

Findings from this study extend prior work by Tone
et al. [33], who demonstrated that HTR3A promotes pro-
liferation through ERK phosphorylation in lung adeno-
carcinoma, by identifying RPL24 as a novel downstream
mediator of 5-HT/HTR3A signaling and connecting this
pathway to the gut microbiota–5-HT axis. Recent stud-
ies have shown that dysbiosis of gut and airway micro-
biota contributes to lung cancer initiation and progression
through immune modulation and metabolic reprogramming
[34]; however, the role of microbiota-driven 5-HT signal-
ing in NSCLCmetastasis has not been previously explored,
highlighting the novelty of the proposed gut microbiota/5-
HT/HTR3A/RPL24/EMT axis.

Based on this background, bioinformatics analysis of
potential 5-HT receptor targets was performed using the
GEPIA2 database. The results indicated significant upreg-
ulation of HTR3A expression in NSCLC tissue samples
compared to non-cancerous lung tissues, with high expres-
sion closely associated with poor patient prognosis. To ver-
ify these findings, mRNA expression levels of 5-HT re-
ceptors were assessed in NSCLC cell lines (H1299 and
A549) through qRT-PCR, confirming that HTR3A expres-
sion in NSCLC cells was significantly higher than in nor-
mal bronchial epithelial BEAS-2B cells, in line with the
bioinformatics analysis. Functional rescue experiments re-
vealed that combined ondansetron administration at 8 μM
effectively antagonized the 5-HT-induced pro-metastatic
effect, significantly reducing cancer cell metastatic capac-
ity compared to 5-HT treatment alone. According to the
IUPHAR/BPS (International Union of Basic and Clinical
Pharmacology /the British Pharmacological Society) Guide
to Pharmacology, ondansetron has a pA2 value of 7.9–8.3
for the human homomeric HT3A receptor, corresponding to
nanomolar-range antagonist affinity [35]. The micromolar
concentration used in this study exceeds the receptor affin-
ity by three orders of magnitude, which ensures sustained
full receptor occupancy. Notably, the 8 μM concentration
used in in vitro assays falls within the clinically achievable
pharmacological range: peak plasma concentrations of on-
dansetron after standard clinical intravenous or oral dosing
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(8–32 mg/day) reach approximately 0.5–3 μM, with local
tissue concentrations in the tumormicroenvironment poten-
tially higher due to drug accumulation and tissue penetra-
tion [36]. This dose-dependent inhibitory effect supports
the translational potential of repurposing ondansetron as an
adjuvant anti-metastatic agent for NSCLC patients exhibit-
ing high circulating 5-HT levels. These results not only re-
inforce the critical role of HTR3A in NSCLC progression
but also provide experimental evidence for its potential as
a therapeutic target.

Our findings carry potential implications for the
clinical management of NSCLC patients undergoing im-
munotherapy. Specifically, we propose that circulat-
ing 5-HT levels and gut microbial signatures, particu-
larly Clostridium abundance, may serve as non-invasive
biomarkers to identify patients at heightened risk of metas-
tasis before or during immunotherapy. Moreover, exces-
sive 5-HT signaling may contribute to an immunosuppres-
sive tumor microenvironment, suggesting that HTR3A in-
hibition could enhance the efficacy of immune checkpoint
blockade. Given that ondansetron, an FDA-approved (U.S.
Food and Drug Administration) HTR3A antagonist, is al-
ready widely used clinically with a well-established safety
profile, repurposing this agent as an adjunct to immunother-
apy represents a viable translational strategy. This notion is
further supported by a preclinical study demonstrating the
feasibility of targeting 5-HT receptors in other cancer types,
such as breast cancer [37]. Future prospective clinical trials
are warranted to evaluate whether serum 5-HT and HTR3A
expression can predict immunotherapy response or guide
patient stratification.

Strategies aimed atmodulating gutmicrobiota, such as
targeted probiotics or dietary tryptophan modulation, may
serve as supportive interventions to reduce systemic 5-HT
levels and suppress metastatic progression. Establishing
a dynamic biomarker system based on the specific abun-
dance of fecal microbiota, peripheral blood 5-HT levels,
and tumoral RPL24 expression will facilitate more accurate
patient risk stratification, prediction of therapy response,
and real-time monitoring of therapeutic efficacy [38]. Ul-
timately, this interdisciplinary research pathway, which in-
tegrates microbiomics, neurotransmitter signaling, and tu-
mor biology, is expected not only to optimize the treatment
paradigm for metastatic NSCLC but also to advance the
emerging frontier of the Gut-Nerve-Tumor Axis, providing
a novel systematic framework for the prevention and treat-
ment of solid tumor metastasis.

5. Limitations
Several limitations of this study should be acknowl-

edged. First, the cross-sectional design comparing early-
stage (IA) with stage IV NSCLC cannot establish causality
between gut microbiota alterations and metastasis; the ob-
served differences may reflect, contribute to, or result from
themetastatic state. Longitudinal studies and interventional

approaches (e.g., fecal microbiota transplantation in animal
models) are necessary to establish causality. Second, the
clinical cohort was relatively small (n = 48), and poten-
tial confounders (diet, antibiotics, comorbidities, prior ther-
apies) were not systematically controlled; no independent
validation cohort or formal diagnostic performance assess-
ment was performed. Third, histological subtype informa-
tion (lung adenocarcinoma vs. squamous cell carcinoma)
was unavailable for stratified analysis, limiting generaliz-
ability given biological differences between Lung Adeno-
carcinoma (LUAD) and Lung Squamous Cell Carcinoma
(LUSC). Fourth, functional experiments were conducted in
established NSCLC cell lines (A549 and H1299) using in
vitro 2D assays (wound healing and Transwell) that cap-
ture only selected steps of the metastatic cascade; in vivo
metastasis models (e.g., tail vein injection or orthotopic
xenografts) are required to validate the pro-metastatic role
of the 5-HT/HTR3A/RPL24 axis in a physiological context.
Finally, the species-level taxonomic resolution of Clostrid-
ium spp. in metagenomic sequencing necessitates cautious
interpretation. Future studies with larger, prospectively re-
cruited multi-center cohorts incorporating histological sub-
type stratification, comprehensive metadata, and indepen-
dent validation are essential to confirm and extend these
findings.

6. Conclusion
In summary, our study demonstrates that elevated

circulating 5-HT is associated with metastatic NSCLC
and promotes pro-migratory and pro-invasive phenotypes
through activation of the HTR3A-RPL24 signaling axis.
These findings provide mechanistic insight into the gut
microbiota/5-HT/tumor interaction network and identify
HTR3A and RPL24 as potential therapeutic targets.
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