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Abstract

Background: Pentadecanoic acid (PEA), an odd-chain fatty acid derived from diet by the gut
microbiome, has garnered increasing attention for its systemic health-promoting properties.
Its potential role in bladder cancer (BC) occurrence and invasion, however, remains unclear.
Methods: Large-scale cohorts’ analyses were performed to assess the association between
dietary PEA and BC occurrence and invasion. /n vitro and in vivo experiments, including EJ
and T24 BC cell assays and a BBN-induced mouse model, were conducted to experimentally
assess the impact of PEA on BC. Serum proteomics, gut microbiome, and targeted fecal
lipidomics analyses were employed to explore the underlying mechanisms.

Results: Dietary PEA was negatively associated with BC occurrence and invasion in cohort
analyses. PEA suppressed EJ and T24 BC cell migration, invasion, and proliferation, while
inhibiting BC development in a BBN-induced mouse model. /n vivo serum proteomics
identified differentially expressed lipid-related proteins (e.g., Apoe and Apob) following PEA
treatment, implicating its modulation of lipid metabolism pathways. Considering the essential
role of the gut-bladder axis, the gut microbiome analysis exhibited that PEA markedly altered
bacteria (e.g., g Alistipes) and fungi (e.g., o_Erysiphales, g_Teberdinia, and g_Gibberella),
with concomitant lipid metabolism changes. Furthermore, targeted fecal lipidomics
demonstrated the shifts in key lipids, such as phosphatidylethanolamines (PE) involved in
essential lipid clusters, suggesting regulation by gut microbiome linked to BC development.
Conclusions: Collectively, our findings demonstrate that PEA mitigates BC by reshaping the
gut microbiome and modulating lipid metabolism, providing new insights into its molecular

and therapeutic potential.
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Background

Pentadecanoic acid (PEA), an odd-chain fatty acid (OCFA), has been progressively
emphasized for its potential benefits to human health (1). PEA is predominantly found in
dairy and ruminant meat rather than being synthesized endogenously, comprising
approximately 0.89% of total fatty acids (2), and is widely recognized as a biomarker of dairy
fat intake (1, 3). Accumulating evidence has demonstrated that dietary PEA is linked to a
lower risk of various diseases (4-15), including certain cancers (16-18). Notably, a daily
intake of 200 to 300 mg of PEA is considered potentially beneficial, further highlighting its

relevance to human health (1, 19). However, current evidence regarding its anti-cancer effects

remains limited.

Bladder cancer (BC), one of the most common malignancies, has been reported to be
influenced by dietary factors, given that circulating dietary compounds—such as OCFAs—
come into direct contact with the bladder epithelium (20). A prior study has reported that
higher circulating levels of OCFAs (specifically, PEA and heptadecanoic acid) associated
with a lower risk of BC (18). In line with this, we also identified that OCFAs (specifically,
PEA and nonanoic acid) negatively associated with BC invasion (21). However, those
findings were population-based, while the underlying mechanisms remain largely
unexplored.

PEA has been reported to exert anti-inflammatory, anti-fibrotic, and anti-cancer effects,
potentially through the activation of AMPK and PPAR-a/d pathways, and the inhibition of
mTOR, JAK-STAT, and HDACG6 signaling (22-27). In addition, its anti-microbial properties
may modulate the composition and diversity of the gut microbiome, including both bacterial
and fungal communities, which could further contribute to its biological effects (28, 29).
According to Wei ef al., gut microbiome-derived short-chain fatty acids (SCFAs) exhibit anti-

inflammatory properties, and that inulin supplementation enriches PEA-related gut bacteria,



thereby restoring intestinal barrier integrity and alleviating diet-induced nonalcoholic
steatohepatitis (NASH) in mice (15).

The gut microbiome, comprising diverse bacterial and fungal communities, plays a pivotal
role in regulating host metabolism, immune responses, and inflammation—key processes in
cancer development (30-33). Given PEA’s potential to modulate the microbiome, it may
enhance the production of beneficial metabolites that mediate its anti-cancer effects (34).
However, the role of the gut microbiome—including both bacteria and fungi—and its
crosstalk with extraintestinal diseases such as BC remains poorly understood, particularly in
the context of the gut-bladder axis, which has long been overlooked (35). Therefore,
elucidating how dietary PEA shapes the gut microbiome is critical for understanding its
systemic effects on cancer.

Hence, in this study, we aimed to investigate the effect of PEA and its potential mechanisms,
focusing on gut-to-bladder regulation by integrating population investigation coupled with in

vitro and in vivo experiments, in protecting against BC.

Methods

Population-level Study Design

Study population

This study is reported as per the STROBE guideline (refer to Additional file 1: STROBE
checklist). We leveraged data from two cohorts, i.e., UK Biobank and Bladder Cancer
Prognosis Programme (BCPP), to investigate the association of dietary PEA with BC
occurrence and invasion, respectively.

A detailed description of the UK Biobank cohort, including study populations and data
collection, has been previously described elsewhere (36). The UK Biobank database for this

project initially included 502,505 participants under Application #55889. Exclusion criteria



included the withdrawal of informed consent (n=12), incomplete information prevalent BC
cases at baseline (n=2,420), and missingness on smoking status (n=2,049). To balance the
disparity between BC cases and non-BC controls in the UK Biobank, an exact 1:1 matching
method was used. Each BC case was matched with a non-BC control based on age, sex, and
smoking status. Finally, 3,858 individuals (including 1,929 BC cases) were eligible for the
current analyses.

The BCPP is a multicenter epidemiological prospective cohort study with 1,550 participants
recruited from 10 different hospitals in the West Midlands. Details of the cohort have been
published previously (37). The aim of the BCPP is to gather information on the determinants
of BC and its prognosis. Participants were eligible for cystoscopy findings that were
suggestive of BC. Case report forms contained data on tumor characteristics, initial treatment,
and event data, including recurrences. The study protocol was approved by the Nottingham
Research Ethics Committee (06/MRE04/65), and written informed consent was obtained
from all participants. Exclusion criteria included the withdrawal of informed consent (n=20),
missing stage data (n=249), and missingness on smoking status (n=122). In addition, TX
(primary tumor cannot be assessed) and TO (no evidence of primary tumor) cases (n=10)
were excluded due to lack of histopathological confirmation, as they represented either
unassessable primary tumors or benign lesions that had spontaneously regressed.
Furthermore, Tis (n=14) were also excluded due to the limited sample size. Finally, 1,135
individuals were eligible for the current analyses.

Occurrence and Invasion of BC Ascertainment

In the UK Biobank, the definitions for BC cases were restricted with an International
Classification of Diseases (ICD) codes of C67.0, C67.1, C67.2, C67.3, C67.4, C67.5, C67.6,
C67.7, C67.8, C67.9, D09.0 (ICD10) and 1880, 1881, 1882, 1883, 1884, 1885, 1886, 1887,

1888, 1889, 2337 (ICD9Y); and self-report/doctor-diagnosis (code 1035 in field 20001). To



prevent bias from analyzing heterogeneous molecular BC subtypes, histology was limited to
the following ICD Oncology codes: 8000 (Neoplasm), 8001 (Tumor cells), 8010
(Carcinoma), 8020 (Carcinoma, undifferentiated), 8050 (Papillary carcinoma), 8120
(Transitional cell carcinoma), and 8130 (Papillary transitional cell carcinoma).

In the BCPP, BC invasion was defined based on the UICC staging system, specifically using
the T category, which describes the extent of tumor invasion into the bladder wall (37). The
staging system categorizes BC with classifications ranging from TX (primary tumor cannot
be assessed) and TO (no evidence of primary tumor) to Ta (non-invasive papillary carcinoma),
Tis (carcinoma in situ), T1 (tumor invades the subepithelial connective tissue), T2 (tumor
invades the muscle layer), T3 (tumor invades the perivesical fatty tissue), and T4 (tumor
invades surrounding structures like the prostate, uterus, vagina, pelvic wall, or abdominal
wall).

Dietary PEA Assessment

In the UK Biobank, the initial 502,505 participants were invited to provide information on
their food intake in the past year through a touch questionnaire at the assessment centers (36).
The food frequency questionnaire (FFQ) (Category 100052), which contains data from the
touchscreen questionnaire on the reported frequency of intake of a range of common food and
drink items, was used to calculate the intake of PEA from dietary. In the BCPP, all data were
collected prospectively. Baseline data collection was done using a semi-structured
questionnaire administered by research nurses before initial treatment for BC. This
questionnaire collected information concerning sociodemographic data, medical history,
environmental exposures, use of medications, diet, smoking behavior, health-related quality
of life, and social support. Since the main sources of PEA are dairy products and animal fats
(38), the milk intake from the FFQ outside the food questionnaire was also included in the

analysis. Participants were asked “how often on average you have eaten each of the food



types that are listed during the past year (never or less than once per month,1-3 per month,
once per week, 2—4 per week, 5—6 per week, and at least once per day)”.

The food intake (g/week) was extracted as the representative intake by multiplying the daily
intake portions with the consumed amounts according to the Maff Handbook (39). The PEA
content for each food (i.e., the amount of PEA per 100g of food) is the average value of the
PEA content for that type of food recorded in the Composition of Foods Integrated Dataset
(CoFID) (40). Then, the intake of PEA from dietary (g/week) was calculated based on the
amount of PEA per 100g of food (refer to Additional file 2: Table S1). Before the analysis,
dietary PEA was standardized to facilitate better interpretation of the results.

Covariates Ascertainment and Statistical Analysis

A set of covariates, i.e., age (years; continuous), sex (males or females), smoking status
(never, former, and current), body mass index (BMI; kg/m?; continuous), ethnicity (white,
non-white, or prefer not to answer), household income (average total household income
before tax; categorical), and educational qualification (categorical) was selected based on
their potential confounding effect as indicated in the literature concerning the association
with both the exposure (i.e., PEA) and outcome (i.e., BC occurrence and invasion). These
covariates were derived from the baseline general questionnaire.

Descriptive statistics are presented as mean [standard deviation (SD); normally distributed
continuous variables] or median (interquartile range; skewed distribution) for continuous
variables and frequency (percentage, %) for categorical variables. The participants were
categorized into 2 groups according to the BC occurrence (i.e., BC case and non-BC control)
in the UK Biobank and categorized into 3 groups according to the BC invasion (i.e., Ta, T1
and >T2) in BCPP. The differences in characteristics of participants in the groups were tested
using an ANOVA test for continuous variables and a chi-square (y*) test for categorical

variables. The mean intake (g/week) of PEA was depicted across the groups.



The assessment of dietary PEA and BC was conducted separately for the UK Biobank and the
BCPP. To assess the association between dietary PEA and BC occurrence in the UK Biobank,
binomial logistic regression analysis was performed. The associations were assessed using
three models; model 1: without covariate adjustment, as the data had already been fully
matched for age, sex, and smoking status; model 2: adjusted for body mass index; model 3:
additionally adjusted for qualification, household income, and ethnicity. For evaluating the
association between dietary PEA and BC invasion in the BCPP, ordered multinomial logistic
regression analysis was used, assuming proportionality. The associations were assessed
applying three models; model 1: crude model without adjustment; model 2: adjusted for sex,
age, and smoking status; model 3: additionally adjusted for ethnicity. We also conducted a
sensitivity analysis by categorizing BC into non-muscle invasive BC (NMIBC, including Ta,
T1) and muscle-invasive BC (MIBC, including T2 and above) to analyze the association with
dietary PEA using binomial logistic regression. The results were also presented as ORs with
95% Cls.

The statistical analyses were performed using STATA version 14 SE (Stata Corporation, TX,
USA), and R software (version 4.1.1, free software, see https://www.r-
project.org/foundation/). A two-tailed p < 0.05 was considered significant.

In Vitro Experiments Design

The human BC cells EJ (EJ-1) (provided by Zhongda Hospital affiliated with Southeast
University) and T24 (purchased from Guangzhou Kinlogix Biotechnology Co., Ltd.) were

used in study. EJ BC cell were cultured in Roswell Park Memorial Institute 1640 Medium

(RPMI 1640) supplemented with 10% fetal bovine serum (FBS), while T24 cell were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS.
Treatment PEA was purchased from MedChemExpress (MCE). Cells were treated with PEA

at 200 umol/L, dissolved in Dimethyl Sulfoxide (DMSO). Cells in control group were treated



with an equivalent volume of DMSO. To evaluate the effects of PEA on BC cell proliferation
and migration, wound healing, transwell, and Cell Counting Kit-8 (CCK-8) assays were
performed. The wound healing assay and transwell assay were conducted with reference to a
previous study (41).

Wound Healing Assay

EJ and T24 BC cells were seeded in six-well plates at a density of 5x10° cells/well and
incubated for 24h. Following washing with PBS, sterile pipette tips were used to make a
straight scratch, removing the cells from the scratched area. Then, the remaining cells were
treated with PEA, with DMSO serving as the control. Images were captured at 0 h, 24 h, 48
h, and 72 h using an inverted microscope, and the width of the scratch was measured. The
migration closure was calculated by subtracting the scratch width at each time point from the
initial scratch width, dividing by the initial width, and multiplying by 100.

Transwell Assay

EJ and T24 BC cells were seeded in the upper chamber of a 6-well transwell plate at a density
of 2x10° cells/well. 1.5 mL of serum-free medium was added to the upper chamber, and 2 mL
of complete medium containing 10% FBS was placed in the lower chamber. PEA was added
to the upper chamber, with DMSO serving as the control. The plates were then incubated for
48 h at 37 °C, 5% CO?. After rinsing with PBS, the cells on the membrane were fixed with
paraformaldehyde and then stained with 0.1% crystal violet. Non-migrated cells on the upper
side of the membrane were gently wiped off with a cotton swab. After washing the membrane
three times with PBS, the migrated cells were observed under the microscope. Random fields
were taken for counting, and the average number of migrated cells was quantified to assess
cell migration.

CCK-8 Assay



EJ and T24 BC cells were seeded in 96-well plates at a density of 2 x 10° cells/well, and each
group had 5 replicates. After culturing the cells in the incubator for 24 h, 48 h, and 72 h, the
old medium was discarded, and 10 pL of CCK-8 reagent was added to each well, followed by
100 puL of complete medium. The cells were then incubated for an additional 1 h. The
absorbance at 450 nm was measured using an ELISA reader. Cell viability was used as an
indicator of cell proliferation. The viability of the control group was defined as 100%, and the
relative viability of each group was calculated using the formula: (ODaso of treatment group /
ODaso of control group) % 100.

In Vivo Experiments Design

This study is reported as per the ARRIVE guideline (refer to Additional file 3: ARRIVE
checklist). The animal experimental protocols were approved by the Animal Ethical Council
of Southeast University and were executed in compliance with the National Guidelines for
Experimental Animal Welfare. All efforts were made to minimize the suffering of animals.
Male C57BL/6 mice, aged 4-5 weeks, were obtained from a certified animal breeding
facility. All mice were housed in a controlled environment with a 12 h light/dark cycle,
constant temperature (22 + 2 °C), and humidity (55 + 5%). They were provided with standard
laboratory chow and water ad libitum. All experimental procedures were conducted in
accordance with institutional guidelines and approved by the Animal Care and Use
Committee. To induce BC, N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) was administered
by oral gavage (in 0.2 mL of 20% ethanol) to each mouse every other day for 12 weeks. A
total of 80 mice was randomly allocated and divided into 4 groups comprising 20 mice for
each: control group, BC model group, low-dose PEA-treated group with BBN-induced group
(BC PEAL), and high-dose PEA-treated group with BBN-induced group (BC PEAH).
Randomization was performed using R software, with animals stratified by body weight to

ensure balanced allocation across experimental groups. The sample size calculation was



performed using online software (https://select-statistics.co.uk/calculators/), with the power
set to 80%, requiring 7 mice per group, and 10 mice per group were set to account for
potential losses. Throughout the study, mice were monitored for body weight changes every 2
weeks, and for their overall health status. Except for one mouse in the control group at the
invasion stage, which was excluded due to poor health, all other groups consisted of 10 mice
each.

PEA Administration

Groups included BC PEAL and BC PEAH started receiving PEA via daily oral gavage 1
week before BBN administration. The administration of PEA was maintained throughout the
entire experimental period, with BC PEAL receiving 35 mg/kg and BC PEAH receiving 350
mg/kg.

Specimen Collection

At week 15, 10 mice from each group were euthanized to observe the onset of BC. At week
23, an additional 10 mice from each group were euthanized to observe the invasion of BC
simultaneously. Tissue samples, fecal samples, blood, and other relevant specimens were
collected from all mice for subsequent analysis.

Histological, proteomics, gut microbiome, and targeted lipidomic analyses were performed to
evaluate tissue characteristics and molecular alterations in vivo.

Histological Analysis

Tissue samples from the bladder were fixed in neutral buffered formalin, embedded in
paraffin, and sectioned for histological examination. Following embedding, sections were
baked at 80—90 °C for 20 min before undergoing hematoxylin and eosin (H&E) staining.
Deparaffinization and hydration of the paraffin sections were performed, followed by
hematoxylin staining for 5-10 min, rinsing in running water for 5 min, differentiation in

hydrochloric acid-ethanol for 3 s, and bluing in running water for 30 min. Eosin staining was



then performed for 1-2 min, followed by rinsing to remove excess stain. Sections were
dehydrated through a graded ethanol series, cleared in xylene, and mounted with neutral
resin.

Additionally, immunohistochemical staining for Ki-67 was conducted to assess cell
proliferation, providing critical information regarding tumor growth and invasion. The
sections were deparaffinized with xylene and hydrated through a graded ethanol series to
water. Antigen retrieval was performed using a 50-fold concentrated citrate buffer in a
microwave at 800 W for 15 min, followed by cooling to room temperature and rinsing with
distilled water twice. Sections were then incubated in a solution containing 3% H,O, for 10
min to eliminate endogenous peroxidase activity. After washing, the area of interest was
circled using an immunohistochemical pen. The primary antibody (1:200) was diluted in PBS
and incubated overnight at 4 °C. After three washes with PBS, the secondary antibody
(1:1000) was diluted in PBS and incubated at 37 °C for 35 min, followed by three additional
washes with PBS. The sections were developed with DAB for 2 min, counterstained with
hematoxylin for 30 s, rinsed twice in running water, differentiated for 2 s, and then rinsed
again twice in running water. Finally, the sections were treated with warm water for 10 min to
achieve bluing, completing the dehydration, clearing, and mounting processes.

All sections were analyzed using a blind method by experienced researchers and specially
trained pathologists to ensure objectivity and accuracy in the results.

Proteomics Analysis

Serum proteins were extracted from blood samples using the TioMagnTM Plus serum/plasma
low-abundance enrichment kit, which employs functionalized nanoparticles to form protein
coronas and thereby enrich circulating proteins. For protein extraction, 100 puL of serum was
mixed with 400 pL of incubation buffer I and 40 pL of magnetic beads, followed by

incubation at room temperature for 1 h. After magnetic separation, the supernatant was



discarded, and the beads were washed twice using washing buffer. Proteins on the
nanoparticles were then subjected to enzymatic digestion with a digestion buffer at 37 °C for
12-16 h. After digestion, the sample was processed through several washing and desalting
steps before being concentrated, freeze-dried, and resuspended in a loading buffer for Mass
Spectrometry analysis.

The peptides were separated using the Easy-nL.C 1200 chromatography system, followed by
analysis using Data-Independent Acquisition Mass Spectrometry (DIA-MS). For sample
preparation, lyophilized peptides were reconstituted with 0.1% formic acid, and 500 ng of
peptides were loaded for chromatographic separation. Following separation, peptides were
analyzed on a QE HF-X Mass Spectrometer, the flow rate is 300 nL/min, the linear gradient
i1s 53 min, the gradient range is 8%—40% B, and the washing gradients is 7 min (liquid A:
0.1% formic acid aqueous solution; liquid B: 80% acetonitrile/0.1% formic acid). The Mass
Spectrometry setup included a parent ion scan range of 400—-1200 m/z in positive ion mode,
with primary Mass Spectrometry (MS1) resolution set to 60,000 and secondary Mass
Spectrometry (MS2) resolution at 15,000. The Thermo raw data was processed by
Spectronaut™ software 18 (Biognosys, Schlieren, Switzerland). The analysis was conducted
using the version of the human UniProt database downloaded on November 2, 2024. For the
Direct-DIA search, trypsin was used as the enzyme with a specificity of P, allowing up to 3
missed cleavages. Carbamoylmethylation (+57.02 Da) was set as the fixed modification,
while methionine oxidation (+15.99 Da) and acetylation (+42.01 Da) were set as variable
modifications. The false discovery rate (FDR) for both proteins and peptides were set to 1%.
Gut Microbiome Analysis

The fecal samples were preserved at -80 °C until microbial DNA extraction. DNA was
extracted using the CTAB, following the manufacturer’s protocol. For the blank control,

nuclear-free water was used, and the total DNA was eluted in 50 puL of Elution buffer. The



V3-V4 region of the bacterial 16S rRNA gene was amplified using the Universal primers
341F (5'-CCTACGGGNGGCWGCAG-3") and 805R (5'-GACTACHVGGGTATCTAATCC-
3"). For the fungal internal transcribed spacer (ITS) region, primers ITSIFI2 (5'-
GTGARTCATCGAATCTTTG-3") and ITS2 (5-TCCTCCGCTTATTGATATGC-3") were
applied. PCR products were assessed by 2% agarose gel electrophoresis, purified using
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA), and quantified with
Qubit (Invitrogen, USA). The amplicon pools were prepared for sequencing, with the library
size and quantity determined on Agilent 2100 Bioanalyzer (Agilent, USA) and quantified
using the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA).
Sequencing was carried out on an Illumina NovaSeq platform as per the manufacturer’s
instructions. Paired-end reads were assigned to samples using a unique barcode, followed by
removal of the barcode and primer sequences. The 16S data were merged using FLASH and
ITS data with Pear. Raw reads were subjected to quality filtering with fqtrim (v0.94) to obtain
high-quality clean tags. Chimeric sequences were removed using Vsearch (v2.3.4). After
dereplication via DADA2, feature tables and feature sequences were generated. For 16S
rRNA sequencing, the number of reads per sample ranged from 63,564 to 81,180 (median
75,974). For ITS sequencing, reads per sample ranged from 40,809 to 113,622 (median
81,285). Rarefaction was performed to the depth of the sample with the fewest reads.
Analyses were based on rarefied data and relative abundances without compositional bias
correction. For 16S data, feature abundance was normalized to the relative abundance for
each sample, and the SILVA classifier (release 138) was used for taxonomic assignment. For
fungal ITS data, the relative abundance was calculated by determining the fungal count as a
fraction of the total count. Alpha diversity and beta diversity were calculated using QIIME2,
and sequences were normalized by random sampling to the smallest sample size. Sequence

alignment for 16S was performed with BLAST and the SILVA database, while ITS sequences



were classified using the RDP and Unite databases through the QIIME2 feature-classifier
plugin (42).

Targeted Lipidomic Analysis

The 50 pL of the sample was mixed with 150 pL of water, followed by the addition of 800 pL
of extract solution (MTBE: MeOH = 5:1) containing internal standards. After vortexing for
60 s, the samples were subjected to 10 min of sonication in an ice-water bath. The samples
were then centrifuged at 3,000 rpm for 15 min at 4 °C, and 500 pL of the resulting
supernatant was transferred into a fresh tube. The supernatant was evaporated under vacuum
concentration at 37 °C. After drying, the residue was reconstituted in 150 pL of resuspension
buffer (DCM: MeOH: H,O = 60:30:4.5), vortexed for 30 s, and sonicated for 10 min in an
ice-water bath. The constitution was centrifuged at 12,000 rpm for 15 min at 4 °C, and 70 pL
of supernatant was carefully collected into a fresh glass vial for subsequent LC/MS analysis.
A quality control (QC) sample was generated by pooling equal volumes of the supernatants
from all of the samples.

UHPLC analysis was performed using a Nexera LC-40 series UHPLC System. The mobile
phase A consisted of 40% water, 60% acetonitrile, 10 mmol/L ammonium acetate, and 0.1%
acetic acid, while mobile phase B comprised 10% acetonitrile, 90% isopropanol, 10 mmol/L
ammonium acetate, and 0.1% acetic acid. The column was maintained at a temperature of 45
°C, and the auto-sampler temperature was set to 6 °C. The injection volume was 2 pL. Mass
Spectrometer was conducted using a SCIEX Triple Quad™ 7500, with typical ion source
parameters as follows: IonSpray Voltage: +5500/-4500 V, Curtain Gas: 50 psi, Temperature:
450 °C, Ion Source Gas 1:35 psi, lon Source Gas 2:50 psi. Quantification of the target
compounds was performed using SCIEX Analyst Work Station Software (Version 1.6.3) and
DATA DRIVEN FLOW (Version 2.0.3.11). The absolute lipid content for each lipid class was

calculated based on the peak area relative to the corresponding internal standard (43).



Statistical Analysis

Statistical analyses were performed using R software (version 4.1.1, free software, see
https://www.r-project.org/foundation/) and GraphPad Prism 10.3.0 (GraphPad Software Inc.).
For datasets with normal distribution, multiple comparisons were performed using one-way
ANOVA with Dunnett’s or Tukey’s post hoc analysis. The parametric Student’s t test was
used to compare two data groups with normal distribution. Fisher’s exact test was employed
for categorical data analysis in cases where the Chi-square test assumptions were violated,
ensuring robust statistical evaluation. Data are presented as the mean values and SD unless
stated otherwise. For omics data, quality control was performed. Missing values were
imputed using a random sampling method based on the distribution of low-abundance signals
within each experimental run. In proteomics, differential proteins between groups were
identified using the t-test. Pathway enrichment analysis was conducted using the KEGG/GO
database. For gut microbiome analysis, alpha diversity was assessed using the Chaol and
Shannon indices, reflecting species richness and diversity, respectively. Beta diversity was
evaluated using Bray-Curtis ‘distances and visualized by Principal Coordinates Analysis
(PCoA). Group differences in beta diversity were analyzed using t-tests or ANOVA, followed
by Tukey’s or Dunnett’s post hoc tests where appropriate. Linear Discriminant Analysis
Effect Size (LEfSe) was applied to identify microbial taxa with significant differences
between groups. Functional profiling of fungi was performed using FUNGuild (44),
considering only highly probable and probable predictions. Taxa at higher taxonomic levels
were excluded due to high functional uncertainty. Predicted trophic modes and functional
groups were analyzed. For fecal lipidomics, Principal component analysis (PCA) was used to
visualize overall lipid distribution differences between groups. Differential lipids were
identified using t-tests and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-

DA). Pathway mapping was performed using Lipid Ontology and KEGG pathways. K-means



clustering was used to identify nine distinct lipid patterns, revealing abundance variation
across groups. Spearman’s rank correlation was used to evaluate relationships among omics
datasets. Sparse Canonical Correlation Analysis (sSCCA) was performed using the mixOmics
R package to integrate gut microbiota and lipidomics profiles. Both relative abundances of
microbiome and lipids were log-transformed and standardized. Optimal sparsity parameters
were determined via cross-validation, and canonical variates with loading scores were
obtained. Mediation analyses were performed using the mediation R package to examine
whether PEA effects on BC were mediated by microbiome or lipids, considering both single-

and combined-mediator models. Statistical significance was defined as a p < 0.05.

Results

PEA Negatively Associated with BC Occurrence and Invasion in Human Populations
The baseline characteristics of the study participants are summarized in Additional file 2:
Table S2. The study cohorts comprised 3,858 individuals from the UK Biobank (1,929
diagnosed with BC) (36) and 1,135 participants from the BCPP (37), all of whom met the
eligibility criteria for inclusion. Regarding the UK Biobank, after exact matching, no
significant differences were observed between BC cases and non-BC controls in terms of key
demographic and lifestyle factors such as age, sex, and smoking status. The mean age at
baseline was 62.38 years for both BC cases and non-BC controls. Among the participants,
1,430 (74.13%) were males. The average weekly intake of dietary PEA was 0.91 g in BC
cases, compared to 0.95 g in non-BC controls (p < 0.001).

Regarding the BCPP cohort, 1,135 BC patients were included, with disease stages as follows:
596 (52.51%) at the Ta stage, 302 (26.61%) at the T1 stage, and 237 (20.88%) at the >T2
stage. Participants diagnosed with the lowest BC stage (Ta) had a mean age of 68.85 years,

while those in the most advanced BC stage (>T2) had a mean age of 72.67 years (p = 0.206).



The median weekly dietary PEA was higher among individuals with the lowest BC stage (Ta)
at 1.84 g, whereas those with the most advanced stage (>T2) had a lower weekly dietary PEA
at the median of 1.68 g (p = 0.036).

The association between dietary PEA and BC occurrence was examined using data from the
UK Biobank (Table 1). After exact matching, per standard deviation (SD) increase in dietary
PEA associated with a lower risk of BC (OR = 0.93, 95% CI: 0.87-0.99, p = 0.028) adjusted
for BMI, qualification, household income and ethnicity.

We further assessed the associations of PEA with BC invasion in the BCPP. Specifically, per
SD increase in dietary PEA associated with 13% lower risk of being diagnosed with higher
BC stage (OR = 0.87, 95% CI: 0.77-0.97, p = 0.015) in the adjusted model. In sensitivity
analysis comparing NMIBC vs. MIBC, per SD increase in dietary PEA associated with a 17%
lower risk of development of muscle-invasive disease (OR = 0.83, 95% CI: 0.71-0.97, p =
0.022) with adjustments for sex, age, smoking status and ethnicity. These findings were

consistent across both the UK Biobank and the BCPP cohorts, suggesting that dietary PEA

overall negatively associated with both the occurrence and invasion of BC by population-
based data.

PEA Inhibits the Migration, Invasion, and Proliferation of EJ and T24 BC Cells

To further explore the effects of PEA on BC, we performed a series of in vitro experiments
using EJ and T24 BC cells with and without PEA treatment. We utilized wound healing
assays and transwell assays to assess the impact of PEA on the migration and invasion
abilities of EJ and T24 BC cells. Additionally, CCK-8 assays were conducted to evaluate the
effect of PEA on BC cell proliferation.

The wound healing assay results revealed that PEA significantly inhibited the migration
ability of EJ BC cells (Figure 1H & 1I). In the transwell assay, PEA treatment markedly

suppressed the invasion ability of EJ BC cells compared to control group (p < 0.0001)



(Figure 1J & 1K). In the CCK-8 assay with or without PEA treatment, we measured cell
proliferation at 24 h, 48 h, and 72 h. At all-time points, the cell viability for PEA-treated
group was consistently lower than that for control group, which was set at 100%, indicating a

significant reduction in cell proliferation (p = 0.0036) (Figure 1L). Similar results were

observed in T24 BC cells (Additional file 2: Figure S1). These in vitro findings demonstrate
that PEA effectively inhibits EJ and T24 BC cells’ migration, invasion, and proliferation,
highlighting its potential benefits in BC.

PEA Protects Against the Occurrence and Invasion of BC in a N-butyl-N-(4-
hydroxybutyl) nitrosamine (BBN)-Induced Mouse Model

We assessed the effect of PEA on BC in a BBN-induced mouse model, where mice were
treated with daily gavage of two different doses of PEA. Mice were euthanized at designated
time points to comprehensively evaluate the occurrence and invasion of BC. As described in
the Methods section, mice were divided into 4 groups: control group, BC model group, low-
dose PEA-treated with BBN-induced group (BC PEAL), and high-dose PEA-treated with
BBN-induced group (BC PEAH) at each stage. Throughout both the occurrence and invasion
stages, PEA-treated mice demonstrated significantly lower weight gain compared to BC
model group and control group (p < 0.05) (Figure 1B).

BC development was assessed based on the presence or absence of tumors, histopathological
analysis (including normal tissue, reactive atypia, dysplasia, carcinoma in situ (CIS), early
invasion, and invasion), as well as the Ki-67 positive cell index in bladder tissue sections. To
examine the impact of PEA on BC occurrence, mice were euthanized at week 15 (Figure
1A). Histopathological examination and Ki-67 quantification revealed a marked increase in
BC occurrence in BC model and PEA-treated groups compared to control group. Specifically,
histological analysis showed that mice in BC PEAH group exhibited significantly fewer

pathological changes compared to BC model group (p = 0.015). Additionally, Ki-67 positive



cells in bladder tissue were significantly reduced in both BC PEAH (p = 0.008) and BC
PEAL (p = 0.035) groups compared to BC model group, suggesting a potential inhibitory
effect of PEA on the occurrence of BC model (Figure 1C-1G).

For the invasion stage, mice were euthanized at week 23 (Figure 1A). While a trend
suggesting a protective effect of PEA on BC invasion was observed, the results did not reach
statistical significance (Figure 1C-1G).

Collectively, these findings indicate that PEA has a potential inhibitory effect on both the
occurrence and invasion of BC in the BBN-induced mouse model, particularly in the early
stages of cancer development.

PEA Modulates Lipid Metabolism-Related Pathways in BC Mice Through Proteomic
Analysis

To investigate the impact of PEA on protein profiles, we conducted a comprehensive
proteomic analysis of serum samples from mice using DIA-MS. A total of 1,368 proteins
were detected across all groups, with missing values imputed using random sampling from a
distribution of low-abundance signals within each run.

We performed differential analysis on serum proteins between PEA-treated groups (i.e., BC
PEAL and BC PEAH) and BC model group at both the occurrence and invasion stages. At the
occurrence stage, 33 proteins (8 upregulated and 25 downregulated) were differentially
expressed (p < 0.05) in BC PEAL group compared to BC model group, and 25 proteins (11
upregulated and 14 downregulated) were differentially expressed (p < 0.05) in BC PEAH
group compared to BC model group (Figure 2A; Additional file 4: Table S3). Pooled data
from both comparisons identified 53 unique proteins, with five proteins—Efcab3, Prss59,
Pcbpl, Tryl0O, and Prss3b—showing overlapped in both comparison groups (Figure 2B).
Efcab3 and Prss59 are proposed to be involved in calcium signaling and proteolytic processes

respectively, while Try10, a serine protease, may contribute to tumor-related protease activity,



highlighting their potential roles in cancer (45). Notably, Pcbpl, an RNA-binding protein, has
been shown to play a dual role in cancer immunity: it supports effector T-cell functions that
help suppress tumor growth, but when dysregulated, it may contribute to the creation of an
immunosuppressive environment that facilitates tumor progression (46). Furthermore, the
human ortholog of Prss3b has been associated with cancer progression and metastasis, with
its expression levels correlating with tumor aggressiveness and poor prognosis (47-49).

At the invasion stage, the differential analysis identified 52 proteins (14 upregulated and 38
downregulated) in BC PEAL group, while 34 proteins (11 upregulated and 23
downregulated) in BC PEAH group, both compared to BC model group (p < 0.05) (Figure
2A; Additional file 4: Table S3). Pooled results revealed 76 unique proteins, with 10
overlapped proteins between the two groups: i.e., Apoe, Ighg3, Igkv4-57, Manla, Apob,
Gpx3, Tgfbi, Asl, Psma6, and Psma7. Among these, Apoe and Apob, key apolipoproteins
involved in lipid metabolism, are enriched in cholesterol metabolism pathways and are also
implicated in cancer through their effects on the tumor microenvironment (50). Moreover,
Ighg3 regulates tumor cell proliferation, invasion, metastasis, and immune
microenvironment, while Gpx3 influences tumor cell proliferation, migration, and invasion
by scavenging reactive oxygen species, both of which are closely linked to cancer
progression (51, 52).

The 5 overlapped proteins from the occurrence stage and the 10 overlapped proteins from the
invasion stage were categorized as PEA-differentially expressed protein (PEA-DEP). Among
these 15 PEA-DEPs, only Efcab3 was upregulated in PEA-treated groups, while the

remaining 14 proteins were downregulated compared to BC model group (Figure 2C).

When pooling the differentially expressed proteins (DEPs) from all comparison groups (BC
PEAL vs. BC model and BC PEAH vs. BC model) at both the occurrence and invasion

stages, a total of 122 unique proteins were identified (p < 0.05). We then performed KEGG



and GO pathway enrichment analyses on these proteins (Figure 2D; Additional file 2:
Figure S2). The results revealed several enriched pathways related to metabolism and
organismal systems, including pathways potentially linked to gut microbiome, such as
cholesterol metabolism, amino acid biosynthesis, carbon metabolism, pyruvate metabolism,
and tight junctions (Figure 2D). Gut microbiome influences cholesterol metabolism by
converting cholesterol to coprostanol, incorporating it into bacterial membranes, and
metabolizing bile acids, which in turn affect host cholesterol absorption, synthesis, and
excretion (53). By fermenting dietary fibers and carbohydrates, gut microbiome produces
metabolites like fatty acids and tryptophan metabolites, which modulate host carbon and
pyruvate metabolism, as well as amino acid biosynthesis, all of which are critical in
regulating host physiology and disease progression (15, 54, 55). Tight junctions in the
intestinal epithelium are regulated by gut microbiome, which modulates the expression of
tight junction proteins, helping to maintain intestinal barrier integrity and influencing gut
health.

Among the proteins enriched in these pathways, three of the 15 PEA-DEPs—i.e., Apoe,
Apob, and Asl—were identified as potentially linked to gut microbiome-related pathways
(Figure 2E). Both Apoe and Apob, essential regulators of lipid metabolism, interact with the
gut microbiome to modulate lipid metabolism (56). Asl, which plays a key role in arginine
metabolism by converting argininosuccinate to arginine and fumarate, influences energy
metabolism and potentially regulates lipid metabolism. As the biologically active form of
arginine, L-arginine is also crucial in host-microbe interactions and has been linked to
regulating lipid metabolism (57).

Overall, the differential proteins induced by PEA and their enriched pathways suggest that
gut microbiome may play a regulatory role in modulating these pathways, thereby affecting

the occurrence and invasion of BC.



PEA Induces Distinct and Beneficial Modulation of Gut Bacteria and Fungi

To identify specific microbiota that may be dysregulated in PEA-treated groups with potential
protective effects against BC occurrence and invasion, we sequenced the 16S rRNA for
bacterial communities and the ITS for fungal communities from fecal samples collected at
both the occurrence and invasion stages across all groups.

PEA Enhances Gut Bacterial Diversity and Modulates Key Taxa in BC

At the phylum level, p Firmicutes and p_Bacteroidota were identified as the dominant
bacterial phyla across groups. p_Verrucomicrobiota was notably more abundant in PEA-
treated and control groups than in BC model group, while p_Desulfobacterota was more
abundant in BC model group than in PEA-treated and control groups. The genus-level
abundance analysis also reflected these trends, with g Akkermansia (belonging to
p_Verrucomicrobiota) and g_Desulfovibrio (belonging to p_Desulfobacterota) exhibiting the
same patterns, suggesting that PEA may promote the growth of p Verrucomicrobiota while
inhibiting p_Desulfobacterota (Additional file 2: Figure S3 & S4).

At the occurrence stage, the PCoA plot did not show a clear separation between groups, with
considerable overlap. However, variations in microbial composition were detectable across
groups using the Bray-Curtis metric, which assesses the dissimilarity between microbial
communities (Figure 3A & 3B). In contrast, at the invasion stage, both alpha diversity
indices (i.e., Chaol and Shannon) and the beta diversity metrics (i.e., Bray-Curtis) revealed
significant differences between PEA-treated groups and BC model group (Figure 3A & 3C).
These results suggest that PEA intervention increases the gut microbial diversity in BC mice.
To further investigate the specific bacterial changes associated with PEA, we compared the
microbiome profiles between BC PEAL group and BC model group, and between BC PEAH
group and BC model group, at both the occurrence and invasion stages using LEfSe. At the

occurrence stage, 206 bacterial taxa were differentially expressed between BC PEAL group



and BC model group. In comparison, 82 taxa showed significant differences between BC
PEAH and BC model groups. Among these, 22 bacterial taxa overlapped between the two
comparisons (p < 0.05, LDA > 2). At the invasion stage, 97 bacterial taxa were differentially
expressed between BC PEAL group and BC model group, and 200 taxa were differentially
expressed between BC PEAH group and BC model group. Of these, 51 bacterial taxa
overlapped between the two comparisons (p < 0.05, LDA > 2) (Figure 3D & 3E; Additional
file 4: Table S4).

In total, 62 unique bacterial taxa were identified from both stages, with 11 taxa shared
between the occurrence and invasion stages. These overlapped taxa were categorized as PEA-
differentially enriched bacterium (PEA-DEB) (Figure 3F).

PFEA Influences Gut Fungal Taxa, specifically in BC invasion

In fungi, the taxonomic composition at both the occurrence and invasion stages revealed
similar patterns. At the phylum level, p_4scomycota was the dominant group. At the genus
level, g Kazachstania (belonging to p_ Ascomycota) predominated across all groups
(Additional file 2: Figure S5). Consistently, neither alpha diversity indices (i.e., Chaol and
Shannon) nor beta diversity (i.e., Bray-Curtis) revealed significant differences across groups
at both the occurrence and invasion stages (Figure 4A—4C).

To further investigate the fungal changes associated with PEA, we compared BC PEAL and
BC model groups, as well as BC PEAH and BC model groups, at both the occurrence and
invasion stages using LEfSe. At the occurrence stage, 15 fungal taxa were differentially
expressed between BC PEAL group and BC model group, while only four taxa showed
significant differences between BC PEAH group and BC model group. Notably, no
overlapped taxa were found between the two comparisons (p < 0.05, LDA > 1.5). At the
invasion stage, 17 fungal taxa were differentially expressed between BC PEAL group and BC

model group, while 18 taxa exhibited differential expression between BC PEAH group and



BC model groups (p < 0.05, LDA > 1.5) (Figure 4D & 4E; Additional file 4: Table S5).
Among these, 7 fungal taxa overlapped between the two comparisons, which were
categorized as PEA-differentially enriched fungus (PEA-DEF) (Figure 4F). To explore the
potential functional implications of the observed PEA-induced fungal changes, FUNGuild
analysis was performed by pooling the differentially expressed fungus (DEF) from all
comparison groups at both occurrence and invasion stages. The results revealed that PEA
intervention increased the proportion of saprotrophic fungi and decreased potential pathogens
compared to the model group (Additional file 4: Table S6 & Additional file 2: Figure S6).
PEA Modulates Lipid Metabolism through Gut Microbiome at BC Occurrence and
Invasion

We explored potential connections between the bacteria (11 PEA-DEBs), fungi (7 PEA-
DEFs), and proteins (15 PEA-DEPs) changes induced by PEA based on Spearman correlation
(Figure 5A; Additional file 4: Table S7 & S8). The two apolipoproteins, which are enriched
in the cholesterol metabolism pathway—i.e., Apoe and Apob—showed significant
correlations with the gut microbiome. Apob was positively correlated with all 7 PEA-DEFs
(p < 0.05), while Apoe exhibited significant negative correlations with three specific PEA-
DEBs: g_Alistipes, s_Alistipes_unclassified, and s_uncultured Alistipes_sp (p < 0.05). These
findings suggest a potential modulation of lipid metabolism through gut microbiome by PEA,
which could contribute to its protective effects against BC.

To elucidate the role of lipid metabolism in the effect of PEA on BC, we performed a fecal-
targeted lipidomic analysis, identifying a total of 950 lipids classified into five major classes
and 23 subclasses. Triacylglycerols (TAG) dominated the composition (31.37 %, comprising
298 lipids), followed by phosphatidylethanolamines (PE) with 103 lipids (10.84%) and
phosphatidylglycerol (PG) with 88 lipids (9.26%) (Additional file 2: Figure S7). PCA

revealed that lipidomic profiles among groups were not distinctly separated, necessitating



further statistical analysis to identify key discriminatory lipids (Additional file 2: Figure

S8). Differential lipid analysis, based on both Student’s t test (p < 0.05) and OPLS-DA with
Variable Importance in Projection (VIP) > 1, identified 78 significant lipids in BC PEAH
group compared to BC model group at the stage of occurrence and invasion, including 59
upregulated and 19 downregulated lipids. In comparison, 47 significant lipids were found in
BC PEAL group compared to BC model group at the stage of occurrence and invasion, with
38 upregulated and 9 downregulated lipids (Figure 6A; Additional file 4: Table S9).
Amongst, 11 lipids overlapped between the above comparison groups and were categorized
as PEA-differentially expressed lipids (PEA-DELs) (Figure 6B). Pathway mapping analysis
of the PEA-DELs identified pathways including lipid metabolism (i.e., glycerophospholipid
metabolism, arachidonic acid metabolism, linoleic acid metabolism), membrane structure and

signaling (i.e., glycosylphosphatidylinositol (GPI)-anchor biosynthesis, endocannabinoid

signaling), autophagy, one-carbon metabolism and cancer-related metabolic pathways
involving choline and folate metabolism (Additional file 4: Table S10). Collectively, these
pathways may underlie potential mechanisms linking PEA-DELs to BC. Z-score
normalization further demonstrated that most of these 11 PEA-DELs were upregulated in
PEA-treated groups compared with the BC model group, except for TG(58:7) FA(22:5), a
triacylglycerol with a total of 58 carbon atoms and 7 double bonds, with one fatty acid chain
consisting of 22 carbon atoms and 5 double bonds, and HexCer(18:0/24:1), a
hexosylceramide with an 18-carbon saturated fatty acid and a 24-carbon monounsaturated
fatty acid, which were downregulated (Figure 6C).

To explore the potential interactions between lipid metabolism and the gut microbiome, we
performed Spearman correlation analysis of these 11 PEA-DELs with 11 PEA-DEBs and 7
PEA-DEFs. Most lipids showed a significant negative correlation with o FEggerthellales,

f Eggerthellaceae, g Enterorhabdus and s Enterorhabdus sp, while HexCer(18:0/24:1)



exhibited a significant positive correlation with these bacteria; additionally, PE(18:0 _20:1), a
phosphatidylethanolamine consisting of an 18-carbon saturated fatty acid and a 20-carbon
monounsaturated fatty acid, was negatively correlated with ¢ Leotiomycetes (p < 0.05)
(Figure 6D; Additional file 4: Table S11). However, the identified lipid metabolism-
associated gut microbiota, including g Alistipes, s_Alistipes unclassified,
s_uncultured Alistipes sp, and all PEA-DEFs did not show significant correlations with any
of these PEA-DELs.

Further investigation using K-means clustering to examine the relative abundance patterns of
all DELs across groups identified 9 distinct clusters, each exhibiting unique trends. Notably,
Clusters 5, 7, and 8 showed consistent directional changes in BC model groups of both the
occurrence and invasion stages compared to PEA-treated groups, indicating their potential
involvement in BC (Figure 6E; Additional file 4: Table S12). Further correlation analysis of
these clusters with PEA-DEBs and PEA-DEFs revealed that Cluster 8 significantly
negatively  correlated with g Alistipes, including s Alistipes unclassified, and
s_uncultured Alistipes sp (Figure 6F; Additional file 4: Table S13). Importantly, Cluster 8
contained two of the PEA-DELs, PE(18:0 20:1) and PE(O-18:0_20:1), both of which are
phosphatidylethanolamines consisting of an 18-carbon saturated fatty acid and a 20-carbon
monounsaturated fatty acid, with or without an alkyl ether substituent (Figure 6G). Sparse
Canonical Correlation Analysis (sCCA) and mediation analyses were performed to further
investigate the co-varying patterns among PEA-DEBs, PEA-DEFs and PEA-DELs as well as
their potential mediating role in the relationship between PEA and BC. Accordingly, sCCA
identified two significant canonical variates (r = 0.918 and r = 0.735), both showing high
loadings for  Alistipes taxa (g_Alistipes, s_Alistipes unclassified, and
s_uncultured Alistipes sp), and phosphatidylethanolamines [PE(18:0 20:1) and PE(O-

18:0 20:1)] (Additional file 2: Figure S9). In mediation analyses, direct effects of PEA were



generally negative and in combined-mediator models including s uncultured Alistipes_sp.
and PE(18:0 20:1), as well as in models additionally including PE(O-18:0 20:1), both direct
and indirect effects were negative but non-significant (Additional file 4: Table S14).
Additionally, an association analysis of 11 DELs and 15 DEPs, which confirmed that Apoe
and Asl were indeed associated with PE(18:0 20:1) and PE(O-18:0 20:1) (p < 0.05),
confirming the results (Additional file 2: Figure S10; Additional file 4: Table S15).
Collectively, these findings suggest that Alistipes taxa may influence lipid metabolism,
particularly through regulating lipid PE in Cluster 8, which could impact membrane
remodeling, autophagy, one-carbon metabolism, and cancer-related metabolic pathways such

as choline and folate metabolism, thereby playing a role in BC.

Discussion

Growing evidence suggests that OCFAs, such as PEA, which is abundant in dairy products
and ruminant meat, confer various health benefits, potentially mediated in part by their
prebiotic effects on the gut microbiome (1, 19). However, the impact of PEA on gut
microbiome composition and function in humans remains poorly understood. To elucidate the
underlying mechanisms linking the gut and bladder, we conducted an integrative study
combining population-based analysis with in vitro and in vivo experiments. Our findings
provide evidence that PEA exerts its protective effects against BC via the gut-bladder axis,
primarily through the modulation of lipid metabolism, which is consistent with the
perspective put forward by Shuai et al. (58), highlighting the close interplay between the gut
microbiome and host metabolism. This offers new insights into BC prevention and
intervention strategies.

Although associations between PEA and BC have been scarcely reported, our study is the

first to demonstrate that higher intake of dietary PEA is significantly associated with lower



risk of BC occurrence and invasion. This observation is further supported by our in vitro
experiments, which revealed that PEA exhibits anti-cancer effects in EJ and T24 BC cells.
Specifically, PEA inhibited cell migration and invasion, suggesting its potential to disrupt
signaling pathways involved in cancer cell motility and metastasis. Moreover, its suppression
of cell proliferation indicates a possible role in interfering with cell cycle progression or
inducing apoptosis. These findings align with those of To et al. (24), who reported that PEA
can inhibit the migratory and invasive capabilities of cancer stem-like cells by targeting the
JAK?2/STAT3 signaling pathway.

Consistent with our population-based and in vitro findings, we validated the protective effects
of PEA in a BBN-induced BC mouse model, where PEA administration significantly reduced
both BC occurrence and invasion. To further elucidate the underlying mechanisms, we
conducted proteomic analysis and found that PEA modulated key pathways involved in lipid
metabolism—processes increasingly recognized as critical in cancer biology. As reported by
Feng et al. (59) and Shen et al. (60), lipid metabolism not only supports tumor growth and
metastasis but also shapes the tumor microenvironment. Our analysis identified
apolipoproteins such as Apoe and Apob, which are enriched in cholesterol metabolism
pathways and serve as central regulators of lipid metabolism, mediating cholesterol and
phospholipid transport and systemic lipid availability. Apoe is primarily involved in
cholesterol and phospholipid redistribution, facilitating lipid transport between tissues and
modulating cellular lipid homeostasis, thereby influencing membrane composition, signaling
pathways, and metabolic balance within cells (61). Apob serves as the main structural
component of low-density lipoproteins (LDL) and is essential for lipoprotein assembly and
systemic lipid transport, determining the availability of lipids for energy production and
membrane biosynthesis (62). As such, dysregulation of Apoe and Apob can lead to altered

lipid metabolism, and potentially impacting cellular functions relevant to cancer



development, including proliferation, migration, and survival (63). Specifically, it has been
demonstrated that dysregulated lipid metabolism has been linked to BC, with elevated
triglycerides and LDL, and reduced high-density lipoprotein (HDL) levels associated with
increased BC risk (64). In our study, PEA altered levels of several PEs and
Phosphatidylcholines (PCs), which are involved in lipid metabolism pathways, pathways
related to membrane structure and signaling, autophagy, one-carbon metabolism, as well as
cancer-related metabolic pathways involving choline and folate. These findings, in line with
the work of Ping et al. (65), suggest that PEA may influence multiple aspects of BC biology
by modulating membrane dynamics, lipid-mediated signaling, and metabolic reprogramming,
which could in turn affect tumor proliferation, and immune regulation (66). Autophagy plays
a vital role in BC (67), as demonstrated by Li et al. (68), who found that starvation-induced
autophagy enhances glycolytic activity and promotes tumor progression in BC cells.
Dysregulated choline metabolism—which is essential for membrane biosynthesis and cellular
signaling—has also been implicated in BC. Notably, aberrant choline metabolism is more
frequently observed in advanced or invasive stages, further supporting its contribution to
tumor development and progression (69, 70). Furthermore, gut microbiome-mediated
regulation of lipid metabolism has been shown to promote lipid absorption and remodeling
by repressing long non-coding RNA expression (56). In light of these findings, our study

suggests that PEA may exert its anti-BC effects by modulating lipid-associated metabolic

processes and pathways, potentially through interactions with gut microbiome.

The gut microbiome has been increasingly recognized for its regulatory role in host
metabolism, immune function, and inflammation, all of which are key contributors to cancer
development (71, 72). In our study, PEA significantly altered the composition of gut bacterial
communities at both the occurrence and invasion stages of BC. In contrast, significant

changes in fungal communities were observed only during the invasion stage, suggesting that



fungi may exert a more prominent influence on BC invasion than on its occurrence. This
observation aligns with findings from other cancer types, such as colorectal, pancreatic, and
breast cancers, where fungi have been shown to play a more pronounced role in tumor growth
and immune evasion during advanced stages (73).

Specifically, PEA enhanced gut bacterial diversity and modulated the abundance of specific
taxa. At the occurrence stage of BC, PEA treatment led to an increased abundance of
g Akkermansia, a genus within the p_Verrucomicrobiota, which has been implicated in
promoting anti-cancer effects through modulation of the immune microenvironment (74).
Notably, s Akkermansia muciniphila has been shown to enhance the efficacy of
chemotherapy agents such as cisplatin by regulating host immune responses (75). Conversely,
we observed a decreased abundance of p_Desulfobacterota in PEA-treated groups, a phylum
known for producing harmful metabolites like hydrogen sulfide, particularly g Desulfovibrio,
which may contribute to disease progression (76). In terms of fungi, PEA increased the
proportion of saprotrophic fungi while reduced pathogens. In ecological studies, saprotrophic
fungi are known as decomposers that maintain community balance and recycle nutrients (77,
78). While most studies on saprotrophic fungi were related with soil and environmental
systems, these findings provide conceptual insight that in the gut, saprotrophic fungi may
similarly contribute to maintaining a balanced mycobiome, preventing overgrowth of
opportunistic pathogens, and supporting overall intestinal homeostasis (79). By promoting
these beneficial fungi and limiting pathogenic fungi, PEA may help stabilize the gut fungal
community, reduce inflammation, and support overall intestinal homeostasis. In contrast, the

model group was enriched in pathogenic fungi, which under dysbiotic conditions may

contribute to intestinal barrier dysfunction and immune activation (80, 81). These alterations
in gut microbiome composition suggest that PEA may influence BC through microbiome

modulation, exerting both protective and risk-modifying effects on host health.



In exploring the potential interplay among PEA-modulated bacteria, fungi, and host proteins,
we found that Apoe and Apob were significantly correlated with PEA-affected microbial
taxa. Notably, Apob showed a positive correlation with several fungi, including
o_Erysiphales, g_Teberdinia, and g_Gibberella, indicating a possible contribution of fungal
communities to lipid metabolic processes. Conversely, Apoe negatively correlated with
g Alistipes, a genus previously implicated in lipid metabolism regulation. This is supported
by Yin et al. (82), who reported that g Alistipes modulates lipid metabolism via the
production of acetic acid. Additionally, Yang et al. (83) linked g Alistipes enrichment to
dysregulated lipid metabolism, elevated oncogenic metabolites such as lysophosphatidic acid,
and compromised gut barrier integrity—factors that may contribute to cancer development.
Although no significant associations between bacteria and fungi were observed overall,
further studies are needed to clarify the role of their interactions in mediating PEA’s effects
on gut microbiome and BC.

The observed significantly correlations between specific PEs, including PE(18:0 20:1) and
PE(O-18:0 20:1), and Alistipes taxa point toward a potential microbiome-lipid crosstalk,
suggesting a mechanistic pathway through which PEA may exert its modulatory effects in
BC. Consistently, together with the sCCA findings, these mediation analyses hinted at
potential microbiota-lipid pathways, especially involving Alistipes taxa and PEs, that may
partially link PEA to BC. Although the effects did not reach statistical significance, likely due
to the limited sample size, these exploratory results provide a rationale for further validation
in larger cohort.

Collectively, these results support a mechanistic hypothesis whereby PEA modulates Alistipes
taxa, alters in PE(18:0 20:1) and PE(O-18:0 20:1), thereby impacting pathways, including
lipid metabolism, membrane dynamics, autophagy, one-carbon metabolism, as well as

cancer-related metabolic pathways such as choline and folate metabolism, and potentially



exerting effects on BC. Future studies with larger cohorts and functional experiments are
warranted to confirm causality and to explore whether targeting this microbiome-lipid
interplay could offer a novel preventive or therapeutic strategy for BC.

There are several limitations that need to be acknowledged in our study. First, estimating PEA
from diet is inherently prone to some unavoidable inaccuracies due to limitations of food
assessment methods. Second, although promising results were observed in vitro and in vivo
models, the underlying mechanisms of PEA’s effects are not fully understood, and further

clinical validation in humans is needed to confirm its therapeutic potential.

Conclusions

In summary, our findings suggest that PEA, through modulating lipid metabolism mediated
by gut microbiome, plays a protective role in BC occurrence and invasion. By influencing
key proteins involved in lipid metabolism and altering the gut microbial community, PEA
appears to exert both direct and indirect effects on BC. These results highlight the complex
interplay between diet, microbiome, and cancer biology, supporting the idea that dietary
interventions, such as increasing PEA intake, may offer novel strategies for BC prevention
and management. Further studies are needed to explore the precise mechanisms by which
PEA modulates microbiome composition and function and to validate its potential as a

therapeutic agent in BC care.
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bladder axis in BC.
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Figure 1 PEA inhibits BC tumorigenesis in-vitro and in-vivo model. (A) Flowchart of animal
experiment design (n = 10/group) (B) Body weight gain in groups (BC model, BC PEAL, BC
PEAH, and control) over time. (C-G) PEA protects against BC occurrence and invasion in a
BBN-induced mouse model, including (C) Representative pictures of bladder tissue; (D)
Representative images of H&E-stained bladder tissue. Scale bar is 100 um; (E) Percentage of
mice in each group showing normal tissue, reactive atypia, dysplasia, CIS, early invasion, and
invasion at BC occurrence stage (left) and BC invasion stage (right); (F) Representative
images of Ki-67 staining. Scale bar is 100 pm; (G)Percentage of Ki-67 positive cells in
groups at BC occurrence stage (left) and BC invasion stage (right). (H-L) PEA inhibits the
migration, invasion, and proliferation of EJ BC cells, including (H) Images of the wound
healing assay indicating migration abilities of EJ BC cells treated with or without PEA at
different time points; (I) Migration closure of cells treated with or without PEA; (J) Images of
transwell assay of EJ BC cells treated with or without PEA; (K) Invasion cells numbers of EJ
BC cells treated with or without PEA; (L) CCK-8 assay showing the proliferation of EJ BC

cells treated with or without PEA at 24 h, 48 h and 72 h. Statistical significance is indicated

by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).

Abbreviations: PEA, pentadecanoic acid; BC, bladder cancer; BC PEAL, low-dose PEA-

treated group; BC PEAH, high-dose PEA-treated group.
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Figure 2 PEA modulates lipid metabolism-related pathways in BC mice through proteomic
analysis. (A) Differential analysis comparing PEA-treated groups (i.e., BC PEAL and BC
PEAH) with the BC model at BC occurrence and invasion stages. Orange represents
downregulated proteins, while dark red indicates upregulated proteins. (B) Venn diagram
showing differentially expressed proteins across comparison groups at BC occurrence and
invasion stages. (C) Log,FC and p-values of 15 PEA-DEPs across different comparison
groups (BC PEAL and BC PEAH vs. BC model) at BC occurrence and invasion stages. Light
green and green indicate comparison groups at the BC occurrence stage, while khaki and
brown indicate comparison groups at the BC invasion stage. Statistical significance is
indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). (D) KEGG pathway enrichment
analysis of the identified proteins, with the x-axis showing the protein gene count enriched in

each pathway. (E) The chord plot showed 20 significant KEGG and GO pathways related to



metabolism and organismal systems, with proteins enriched in these pathways. Deep red
highlights the PEA-DEPs. Pathways include mmu04979: Cholesterol metabolism;
mmu01230: Biosynthesis of amino acids mmu01200: Carbon metabolism; mmu00620:
Pyruvate metabolism; mmu04530: Tight junction; GO:1901605: Alpha-amino acid metabolic
process; GO:0009064: Glutamine family amino acid metabolic process; GO:0006520: Amino
acid metabolic process; GO:0019216: Regulation of lipid metabolic process; GO:1901890:
Positive regulation of cell junction assembly; GO:0006575: Cellular modified amino acid
metabolic process; GO:0072350: Tricarboxylic acid metabolic process; GO:0055089: Fatty
acid homeostasis; GO:0046890: Regulation of lipid biosynthetic process; GO:0006090:
Pyruvate metabolic process; GO:0033344: Cholesterol efflux; GO:0008652: Amino acid
biosynthetic process; GO:0006085: Acetyl-CoA biosynthetic process; GO:0043691: Reverse
cholesterol transport; GO:0045540: Regulation of cholesterol biosynthetic process.

Abbreviations: PEA, pentadecanoic acid; BC, bladder cancer; FC, fold change; PEA-DEP,
PEA-differentially expressed protein; BC PEAL, low-dose PEA-treated group; BC PEAH,

high-dose PEA-treated group.
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Figure 3 PEA enhances gut bacterial diversity and modulates key taxa in BC. (A) Alpha-
diversity analysis using the Chaol and Shannon index at BC occurrence and invasion stage.

(B & () Beta-diversity analysis, including PCoA and Bray-Curtis distance, with



PERMANOVA testing for differences between groups at BC occurrence and invasion stage.
(D) LEfSe analysis identifying differentially abundant taxa between PEA-treated (i.e., BC
PEAL and BC PEAH) and BC model at BC occurrence and invasion stages, presenting the
top 30 taxa with p < 0.05 and LDA > 3. (E) Venn diagram showing the differential bacterial
taxa across comparison groups at BC occurrence and invasion stages (p < 0.05, LDA > 2). (F)
Identification of marker bacterial taxa differentiating PEA-treated groups and BC model (p <
0.05, LDA > 2), with taxa in red indicating PEA-DEBs. Statistical significance is indicated
by asterisks (*p < 0.05, **p < 0.01, ***p <0.001).

Abbreviations: PEA, pentadecanoic acid; BC, bladder cancer; PCoA, principal coordinates

analysis; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis;

PEA-DEB, PEA-differentially enriched bacterium.
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Figure 4 PEA influences gut fungal taxa, specifically in BC invasion. (A) Alpha-diversity
analysis using the Chaol and Shannon index at BC occurrence and invasion stage. (B & C)

Beta-diversity analysis, including PCoA and Bray-Curtis distance, with PERMANOVA



testing for differences between groups at BC occurrence and invasion stage. (D) LEfSe
analysis identifying differentially abundant taxa between PEA-treated groups (i.e., BC PEAL
and BC PEAH) and BC model at BC occurrence and invasion stages (p < 0.05, LDA > 1.5).
(E) Venn diagram showing the differential fungal taxa across comparison groups at BC
occurrence and invasion stages (p < 0.05, LDA > 1.5). (F) Identification of marker fungal
taxa differentiating PEA-treated groups and BC model (p < 0.05, LDA > 1.5), with taxa in red
indicating PEA-DEFs. Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01,
*x%p <0.001).

Abbreviations: PEA, pentadecanoic acid; BC, bladder cancer; PCoA, principal coordinates

analysis; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis;

PEA-DEF, PEA-differentially enriched fungus.
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Figure 5 Spearman correlation analysis exploring potential interactions between PEA-
induced changes in bacterial, fungal, and protein profiles. The heatmap depicts correlations
among 11 PEA-DEBs (red boxes) and 7 PEA-DEFs (blue boxes). Correlation strength is
indicated by the color of the squares in the heatmap, with red representing higher correlations

and blue representing lower ones. Statistical significance is indicated by asterisks (*p < 0.05,



*tp < 0.01, ***p < 0.001), with the size of the squares reflecting the p-values (smaller p-

values are represented by larger squares). The connecting line represents correlations between

both PEA-DEBs and PEA-DEFs and 15 PEA-DEPs. The thickness of the lines indicates the

correlation strength, with solid lines representing positive correlations and dashed lines

representing negative correlations.

Abbreviations: PEA, pentadecanoic acid; PEA-DEP, PEA-differentially expressed protein;

PEA-DEB, PEA-differentially enriched bacterium; PEA-DEF, PEA-differentially enriched

fungus.
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Figure 6 PEA modulates
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lipid metabolism through gut microbiome at BC occurrence and

invasion. (A) Differential analysis comparing PEA-treated groups (i.e., BC PEAL and BC

PEAH) with BC model. Orange represents downregulated lipids, while dark red indicates

upregulated lipids (p < 0.05, VIP > 1). BC PEAL groups, BC PEAL groups, and BC model

groups in differential analysis of lipids include the groups at BC occurrence and invasion. (B)



Venn diagram showing differentially expressed lipids across comparison groups (i.e., BC
PEAL vs. BC model and BC PEAH vs. BC model). (C) The Z-score plot of the 11 PEA-
DELs. The Z-scores were calculated to normalize the differential lipids across different
samples. The x-axis represents the Z-score values, and the y-axis represents the differential
lipids. Points in different colors represent samples from different groups (i.e., BC PEAL, BC
PEAH, and BC model). (D) Spearman correlation analysis between 11 PEA-DELSs and PEA-
DEBs, 11 PEA-DELs and PEA-DEFs. Correlation strength and direction are indicated by the
color of the circles in the heatmap, with blue representing negative correlations and red
representing positive correlations. The size of the circles reflects the absolute value of the
correlation coefficient, with larger circles indicating stronger correlations. Asterisks indicate
statistical significance (*p < 0.05). (E) K-means clustering analysis of differential lipids
across all comparison groups. The x-axis represents the sample group names (BC1 represents
the samples at the stage of BC occurrence, while BC2 represents the samples at the stage of
BC invasion), and the y-axis shows the standardized relative abundance of lipids. Each
cluster represents lipids with similar trends of variation, with *metabolite(s) indicating the
number of lipids in each cluster. (F) Spearman correlation analysis between 9 lipid clusters
and PEA-DEBs, 19 lipid clusters, and PEA-DEFs. Correlation strength and direction are
indicated by the color of the circles in the heatmap, with blue representing negative
correlations and red representing positive correlations. The size of the circles reflects the
absolute value of the correlation coefficient, with larger circles indicating stronger
correlations. Asterisks indicate statistical significance (*p < 0.05). (G) Donut plot
representing the distribution of lipids included in cluster 8 across subclasses. Lipids

highlighted with a red border belong to the PEA-DELs.



Abbreviations: PEA, pentadecanoic acid; BC, bladder cancer; VIP, variable importance in
projection; PEA-DEL, PEA-differentially enriched lipid; PEA-DEB, PEA-differentially

enriched bacterium; PEA-DEF, PEA-differentially enriched fungus.

Additional File Legend

Additional File 1: STROBE-checklist

Additional File 2: Table S1 & S2; Figure S1-S10

Table S1: Description of food and PEA intake in the UK Biobank and the BCPP; Table S2:
Baseline characteristics of the participants from the UK Biobank and the BCPP; Figure S1:
PEA inhibits the migration, invasion, and proliferation of T24 BC cells; Figure S2: GO
pathway enrichment analyses of 122 unique proteins identified; Figure S3: Venn analysis
between groups of gut bacteria at BC occurrence and invasion stages; Figure S4: Phylum-
and genus-level of relative abundance composition of gut bacteria at BC occurrence and
invasion stages; Figure S5: Phylum- and genus-level of relative abundance composition of
gut fungi at BC occurrence and invasion stages; Figure S6: Functional profiling of PEA-
DEFs based on FUNGuild analysis; Figure S7: Relative abundance composition of fecal lipid
species in the samples at BC occurrence and invasion stages; Figure S8: Principal component
analysis (PCA) of fecal lipidomics in different groups; Figure S9: Sparse Canonical
Correlation Analysis (sCCA) of PEA-DELs, PEA-DEBs, and PEA-DEFs; Figure S10:
Spearman correlation analysis between 11 PEA-DELs and PEA-DEPs.

Additional File 3: ARRIVE-checklist

Additional File 4: Table S3 & S15

Table S3: Differential analysis on serum proteomics between BC model and PEA-treated
groups (i.e., BC PEAL and BC PEAH) at both occurrence and invasion stages respectively;

Table S4: LEfSe on fecal bacteria between BC model and PEA-treated groups (i.e., BC PEAL



and BC PEAH) at both occurrence and invasion stages respectively; Table S5: LEfSe on fecal
fungi between BC model and PEA-treated groups (i.e., BC PEAL and BC PEAH) at both
occurrence and invasion stages respectively; Table S6: Functional profiling of PEA-DEFs
using FUNGuild; Table S7: Spearman correlation between PEA-DEPs and PEA-DEBs, and
between PEA-DEPs and PEA-DEFs; Table S8: Spearman correlation between PEA-DEBs
and PEA-DEFs; Table S9: Differential lipid analysis between BC model and PEA-treated
groups (i.e., BC PEAL and BC PEAH); Table S10: Pathway-level lipid metabolism analysis
based on Lipid Ontology and KEGG pathways; Table S11: Spearman correlation between
PEA-DELs and PEA-DEBs, and between PEA-DELs and PEA-DEFs; Table S12: K-Means
clustering analysis of differential lipid abundance in different groups; Table S13: Spearman
correlation between lipid clusters and PEA-DEBs, and between lipid clusters and PEA-DEFs;
Table S14: Mediation analysis of PEA effects on BC via microbiota and lipidomic; Table

S15: Spearman correlation between PEA-DELs and PEA-DEPs.



