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Abstract: Chemotherapy-induced intestinal mucositis (IM) severely impacts cancer prognosis, yet effective therapies remain
limited due to unclear mechanisms. This study aimed to establish a 5-fluorouracil (5-FU)-induced IM model in Drosophila
melanogaster (flies). The results revealed that 5-FU caused systemic and intestinal damage in flies, including reduced survival
rate, starvation resistance, development, excretion, crop motility and intestinal length; disrupted acid-base homeostasis; and
increased enterocyte death. The combined analysis of transcriptomics, bioinformatics, and microbiomics demonstrated that
intestinal damage induced by 5-FU was associated with gut microbiota imbalance, ferroptosis, and innate immunity. 5-FU
consistently activated ferroptosis in flies, including increased reactive oxygen species (ROS), malondialdehyde (MDA), total
Fe*", lipid peroxidation, and the expression of key ferroptosis-related genes. Ferroptosis inhibitor improved survival rates and
intestinal damage in 5-FU-treated flies. Furthermore, antibiotic depletion of gut microbiota alleviated intestinal damage and
down-regulated innate immune and ferroptosis markers in 5-FU-induced flies. Conversely, fecal microbiota transplantation
(FMT) from 5-FU-induced flies was sufficient to recapitulate intestinal injury in healthy flies. 5-FU also consistently induced
intestinal damage and ferroptosis in mice, including increased ROS, ACSL4, and 4-HNE levels, and decreased GPX4. This
study implicates gut microbiota-driven ferroptosis and innate immunity in 5-FU-induced IM, establishing Drosophila
melanogaster as a powerful model for mechanistic discovery and drug screening.

Key words: Intestine mucositis; 5-Fluorouracil (5-FU); Gut microbiota; Ferroptosis; Drosophila melanogaster

1 Introduction

Chemotherapy is the primary clinical treatments for cancer, although it leads to a range of side effects,
such as gastrointestinal damage and bone marrow suppression (Elad et al., 2020). Patients receiving high-dose
chemotherapy frequently experience nausea, vomiting, diarrhea and pain, which is a sign of intestinal
mucositis (IM) (Elad, et al., 2020; Di Nardo et al., 2022; Jurica and Turjap, 2025). IM is a common side effect
of several chemotherapeutic agents and is characterized by mucositis, diarrhea, and constipation (Horowitz
and Chargaff, 1959; Elad, et al., 2020). 5-Fluorouracil (5-FU), an analog of uracil, is primarily used in the
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treatment of aerodigestive tract cancers and breast cancers, and is often accompanied by the development of
IM (Horowitz and Chargaff, 1959; Lenfers et al., 1999). The potential mechanisms of IM are complex and
remain unidentified. The condition involves oxidative stress, immune and inflammatory responses, and DNA
damage (Elad, et al., 2020; Mohammed et al., 2023a). Currently, due to the complexity of its mechanism, IM
is only managed using palliative coagents, including anti-inflammatories, biologic response modifiers, and
antifungals (Mohammed et al., 2023b). Therefore, it is necessary to construct an efficient and accurate model
to investigate the mechanisms of IM and related therapeutic agents.

Ferroptosis is a novel form of programmed cell death, distinct from apoptosis and necrosis, triggered by
the iron-mediated accumulation of lipid peroxides (Stockwell, 2022). It plays a significant role in various
intestinal diseases (Ru et al., 2024), such as chemotherapy-induced IM (Deng et al., 2021b; Ge et al., 2025),
intestinal ischemia/reperfusion injury (Li et al., 2019), radiation-induced intestinal damage (Kong et al., 2023),
and necrotizing enterocolitis (Teschke, 2024). The gut microbiota is a critical component of the intestinal
barrier (Shi et al., 2017), and its dysbiosis is closely associated with the development and progression of
chemotherapy-induced IM (Huang et al., 2022). Previous studies have indicated that the interaction between
ferroptosis and the gut microbiota and its derived metabolites plays an important role in intestinal health and
disease. For example, y-aminobutyric acid (GABA), a microbial metabolite produced by the gut microbiota
during metformin administration, alleviates liver ischemia/reperfusion injury by inhibiting ferroptosis (Wang
et al., 2024a). Ginsenosides mitigate high-fat diet-induced non-alcoholic fatty liver disease by modulating the
gut microbiota, reducing hepatic oxidative stress, lipid peroxidation, and ferroptosis (Liu et al., 2025).
However, the microbiota-mediated role of ferroptosis in chemotherapy-induced IM remains unexplored and
warrants further investigation.

While mice represent a classic model for studying chemotherapy-induced IM (Mohammed, et al., 2023a),
they are limited by factors such as long experimental cycles and substantial economic costs. In recent years,
Drosophila melanogaster has been widely used in intestinal disease research due to its structural and
functional similarities to the human gut and high genetic homology (Lemaitre and Miguel-Aliaga, 2013;
Wang et al., 2024b; Xiu et al., 2025). Structurally, the Drosophila melanogaster intestine consists of a
chitinous peritrophic matrix (PM) and an underlying monolayer epithelial structure (Lemaitre and
Miguel-Aliaga, 2013) that is similar to the physical protection provided by the mucus layer in the mammalian
intestinal epithelium. In terms of function, similar to mammals, Drosophila melanogaster maintains intestinal
homeostasis through the self-renewal and differentiation of intestinal stem cells (ISCs) (Lemaitre and
Miguel-Aliaga, 2013; Jasper, 2020). Notably, the signaling pathways related to cell death and tissue
regeneration are highly conserved between Drosophila melanogaster and humans (Bilak and Su, 2009;
Lemaitre and Miguel-Aliaga, 2013), making Drosophila melanogaster an ideal model for studying intestinal
diseases and hos-microbe interactions. Therefore, establishing a Drosophila melanogaster IM model can
effectively facilitate mechanistic studying and drug screening.

In this study, a model of 5-FU-induced IM in Drosophila melanogaster was established first by assessing
systemic toxicity, gastrointestinal tract dysfunction, intestinal damage, and epithelial cell death. Then, the
molecular mechanism of 5-FU-induced IM was analyzed using a combination of transcriptomic, bioinformatic,
and microbiome data. The significance of ferroptosis and gut microbiota was investigated using ferroptosis
inhibitors, antibiotics (Abs), and fecal microbiota transplantation (FMT), which were validated in a mouse IM
model. Overall, this study established a dual model of 5-FU-induced IM in flies, uncovered the crucial role of
ferroptosis and gut microbiota in mediating 5-FU-induced IM, and provided novel insights for developing gut
microbiota-based therapies against 5S-FU-induced IM.

2 Materials and methods
2.1 Chemicals
5-Fluorouracil (5-FU, CAS: 51-21-8, 98%, Shanghai Yuanye Biotechnology Co., Ltd, China) was
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dissolved in distilled water, and 1, 2.5, and 5 mmol/L of 5-FU were used in this study. Ferrostatin-1 (Fer-1,
CAS:347174-05-4, MW: 262.35, 99.25 % purity, APExXBIO, America) was dissolved in a 10 mmol/L stock
solution, and 2.5, 5, and 10 uM of Fer-1 were used. Metronidazole (CAS:443-48-1, Assay: 99.0~101.0%,
Sangon Biotech, China) and Carbenicillin (CAS:4800-94-6, Potency > 770 ng/mg, China) were dissolved in
15 mg/ml stock solutions stored at 4 °C, and 150 g/ml was used in the experiment. Tetracyclin (CAS: 64-75-5,
Potency >900 pg/mg, China) was dissolved in 7.5 mg/ml stock solutions stored at -20 °C, using 75 pg/mL.

2.2 Fly strains and rearing

Fly lines were as follows: w'//® (#5905) was obtained from the Bloomington Drosophila stock center
(BDSC; Indiana, USA); esg-Gal4, UAS-GFP UAS-GFP were provided by Dr. Lihua Jin, Northeast Forestry
University. MyolA-GAL4, UAS-GFP were supplied by Dr. Rongwen Xi, NIBS, Beijing, China. All fly strains
were nourished on standard agarose-cornmeal medium under conditions of 60% humidity at approximately 25
°C and a 12h light/12h dark cycle. For Abs treatment, female flies were fed with standard medium combined
with 2.5 mmol/L 5-FU and mixed antibiotics (150 pg/mL metronidazole, 150 pg/mL metronidazole, and 75
pg/mL tetracyclin) (Chen et al., 2022). For Fer-1 treatment, female flies were fed with standard medium
combining 2.5 mmol/L 5-FU and Fer-1 (2.5, 5, and 10 uM, respectively) (Xia et al., 2024b).

2.3 Development assay

The same number eggs of eggs of w!/!% flies were inserted into vials equipped with standard food and
5-FU at 0, 0.01, and 0.025 mmol/L, respectively. The times at which eggs became pupae, pupae became adult
flies, the number of pupae, and the percentage of eclosic flies were measured as described previously (He et
al., 2022a). Third-instar larvae were transferred to the center of an agarose plate, their crawling trajectories
were recorded for 1 minute, and their crawling velocity was calculated.

2.4 Survival rate assay

Two-to-four-day-old adult w//’® flies were separated by sex, with 20 females or males per vial. Fresh food
was substituted every 3 days, and the number of dead flies was noted daily. The log-rank (Mantel-Cox) test
was used to compare the difference in the survival curve.

2.5 Starvation resistance assay

Twenty adult males or females per vial were fed with 5-FU at 0, 1, 2.5, and 5 mmol/L, respectively, for
10 days, and were then transferred to vials containing 1% agarose. The number of dead flies was noted every
6 h until no live flies remained.

2.6 Fecundity and ovarian morphology experiments

Virgin females were collected from pinnipeds and allowed to mate overnight. They were then divided
into groups of 20, transferred to fresh vials containing standard food, and maintained for 24 h. After this
period, the number of eggs was recorded (Reiff et al., 2015). In addition, after being fed with 5-FU at 2.5
mmol/L for 2 days, ovaries were dissected in cold phosphate-buffered saline (PBS), and their morphology was
examined using a stereomicroscope.

2.7 Food intake assay

Females were starved in empty vials for 18 h and then fed with food containing 2% sodium bromophenol
blue for 4 h. Groups of 10 were scored based on the degree of abdominal coloration.

2.8 Excretion assay

Females were starved for 6 h and were then transferred in groups of 10 to 2 ml centrifuge tubes, where
they were fed for 18 h through small holes in the walls and caps stained with medium. Then, the inner tube
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wall was washed with PBS, and the mixed liquid was collected and measured at 625 nm using a microplate
reader.

2.9 Crop motility assay

Flies, 10 per vial, were starved for 4 hours and then transferred to new vials containing blue-dyed food
for an additional 4 hours. The flies’ bodies were washed gently in PBS until no blue dye remained. Then, the
intestines and crops were carefully separated and collected into two tubes containing PBS, respectively. The
crops and intestines were ground in tubes until the dye was dissolved in the PBS. The absorbance of the mixed
solution was measured at 625 nm using a microplate reader (Wei et al., 2020).

2.10 Intestine length assay

The flies’ intestines were dissected in PBS, and measured.
2.11 Smurf assay

Females were maintained for 18 h in a dye-containing medium formulated with 5% sucrose, 2%
Bromophenol blue sodium, and 1% agarose. Then, Smurf phenotypes were quantified. Specimens
demonstrating visible dye diffusion beyond the digestive tract lumen were classified as Smurf-positive
individuals (He et al., 2022a).

2.12 Intestinal acid-base homeostasis assay

Female flies were maintained for 4 h in the vial containing 1% agar and 1% Bromophenol blue sodium
(Sigma, B5525), and the intestines were dissected and immediately scored (Li et al., 2023).

2.13 Trypan blue exclusion assay

The dissected intestines were soaked in 0.1% trypan blue for 20 min, washed in PBS, and scored
immediately. The blue grade was detected from O (no color), 1 (baby blue), 2 (blue), to 3 (dark blue) (Wang, et
al., 2024b).

2.14 MDA level measurement

The dissected intestines were collected from each group, homogenized, and then their malondialdehyde
(MDA) levels were measured using the MDA Content Assay Kit (Cat: BC0025, Beijing Solarbio Science &
Technology Co., Ltd.). The absorbance of samples was detected using a microplate spectrophotometer at 532
and 600 nm.

2.15 GSH activity measurement

Glutathione (GSH) activity was measured using the Reduced GSH Content Assay Kit G (Cat: BC1175,
Beijing Solarbio Science & Technology Co., Ltd.). The absorbance of samples was detected using a
microplate spectrophotometer at 412 nm.

2.16 Fe?' level measurement

The Fe?* level was measured using the Ferrous Ion Content Assay Kit (Cat: BC5415, Beijing Solarbio
Science & Technology Co., Ltd.). The absorbance of samples was detected using a microplate
spectrophotometer at 593 nm.

2.17 Ultrastructure of the epithelial cells

The ultrastructure of epithelial cells was examined using transmission electron microscopy (TEM).
Briefly, the dissected midgut was postfixed, subjected to gradient ethanol dehydration, and then rinsed with
acetone. Following embedding and polymerization, the samples were sectioned into ultrathin slices, stained
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with lead citrate, and imaged using a TEM (Hitachi, HT7700).
2.18 Lipid peroxidation measurement

Lipid peroxidation was quantified using the BODIPY 581/591 C11 reagent (GLPBIO, #GC59145)
according to established methodology (Xia et al., 2024a). The intestines were exposed to a 5 puM
C11-BODIPY probe in darkness (37°C, 20 min), then washed three times with PBS prior to fluorescence
microscopy analysis. Reduced (Ex/Em 581/591 nm) and oxidized (Ex/Em 488/510 nm) states were
differentiated spectrometrically. Peroxidation indices were calculated using Image] by measuring the
fluorescence intensity ratios between oxidized and reduced forms.

2.19 Histopathologic examination

Jejunum specimens were harvested and fixed overnight in 4% paraformaldehyde (PFA). Subsequently,
the tissues were paraffin-embedded, sectioned at a thickness of 4 um, and subjected to hematoxylin and eosin
(H&E) staining

2.20 TImmunohistochemistry and intestinal cells number measurement

Transgenic Myola-GFP and esg-GFP flies were used to quantify intestinal epithelial cells (IECs) and
ISCs, respectively. Intestines were dissected in cold PBS, fixed in 4% PFA for 30 min, and washed with 0.3%
triton-X in 1X PBS (PBST). Nuclei were stained with 4' 6-diamidino-2-phenylindole (DAPI). Reactive
oxygen species (ROS) levels were assessed using Dihydroethidium (DHE) staining: dissected intestines were
incubated with 30 uM DHE for 20 min, washed, fixed, and imaged. For anti-phospho-Histone H3 (pH3)
staining, fixed midguts were incubated overnight with a rabbit anti-pH3 antibody, followed by 3 h with an
Alexa 594 anti-rabbit antibody, DAPI staining, and imaging. For 7-aminoactinomycin D (7-AAD) staining,
midguts were incubated with 30 uM 7-AAD for 15 min, washed, fixed, and imaged. Samples were mounted
and imaged using an Olympus FV1000 confocal microscope. Fluorescence and numbers were analyzed using
Image].

Formalin-fixed, paraffin-embedded (FFPE) jejunum samples were sectioned onto Superfrost slides
(Thermo Fisher Scientific), deparaffinized, and rehydrated following standard protocols. IHC was performed
using an Autostainer (Dako Omnis, Agilent Technologies) with the following antibodies: anti-ASCL4
(Affinity, #DF15820), anti-Nrf2 (Affinity, #BF8017), anti-4-HNE (Abcam, #ab48506), and anti-GPX4
(Affinity, #DF6701).

2.21 Transcriptome analysis

Total RNA was isolated using TRIzol reagent (Thermo Fisher, #15596018) according to the
manufacturer’s protocol. Correlation and principal component analysis (PCA) were conducted using the
princomp function in R (http://www.r-project.org/). Differential gene expression analysis was performed using
DESeq?2 for group comparisons and edgeR for sample comparisons. Genes with a false discovery rate (FDR)
< 0.05 and an absolute fold change = 2 were defined as differentially expressed. A functional enrichment
analysis of gene ontology (GO) terms and kyoto encyclopedia of genes and genomes (KEGG) pathways was
performed on the differentially expressed genes.

2.22 Bioinformatics and potential targets analysis

The GSE28873 dataset, obtained from the National Center for Biotechnology Information (NCBI),
comprises transcriptional profiles of three samples from mice with 5-FU-induced intestinal damage and six
healthy controls. Differential gene expression in the 5-FU-treated and control groups was compared using the
'GEOquery', 'limma', and 'umap' packages in R. A Venn diagram was used to identify overlapping genes
between GSE28873 and transcriptomic data. Functional annotation of these genes, including GO biological
processes and KEGG pathways, was performed using the DAVID online tool (https://david.ncifcrf.gov/).



6 | JZhejiang Univ-Sci B (Biomed & Biotechnol)  in press

Ferroptosis-related genes were identified from the intersected targets using the FerrDB database
(http://www.zhounan.org/ferrdb). Key pathways associated with hub genes were analyzed using KEGG
pathway analysis, and a protein-protein interaction (PPI) network of ferroptosis-related genes was constructed
using the GeneMANIA Web Server (https://genemania.org).

2.23 16S rRNA gene sequencing analysis

The raw sequencing data, in FASTQ format, underwent adapter trimming and quality control. Paired-end
reads were processed through DADA2 for quality filtering, error correction, read merging, and chimera
removal. Amplicon sequence variants (ASVs) were identified using QIIME 2, with representative sequences
taxonomically classified against the SILVA v138 (16S/18S rRNA) and UNITE (ITS) databases via the
q2-feature-classifier plugin. Alpha diversity was evaluated using Chaol richness and Shannon diversity
indices. Beta diversity was assessed using unweighted UniFrac distance-based principal coordinates analysis
(PCoA) and phylogenetic tree reconstruction. All 16S rRNA gene amplicon sequencing and bioinformatics
analyses were conducted by OE Biotech Co., Ltd (Shanghai, China).

2.24 RT-PCR analysis

Total RNA was isolated from dissected female guts using Trizol reagent (Invitrogen) and
reverse-transcribed into complementary DNA (cDNA) using Hieff® reverse transcriptase (YEASEN,
Shanghai, China). Reverse transcription-polymerase chain reaction (RT-PCR) was conducted using the GFX
96 Connect™ Optics Module (Bio-Rad Laboratories) according to the manufacturer’s protocol for Multiplex
PCR Master Mix (YEASEN, Shanghai, China). Primer sequences are listed in Table 1; mRNA levels were
normalized to the internal control RP49; and relative quantification was calculated using the 2"t method.

Tablel List of forward and reverse primers.

Genes Forward Reverse

Tsf1 CTATCGCGTGATCTCTGAGATCC CTTCAGGACGTGCGTGTTCTTCAG
FerlHCH CCCTGGCTGTTCCTGAGA TACTGGTAGGAGGCGTTGAT

Myl AAGACTGGGCGTGGTTACAG TCCACAGTATCCAACGTGGC
PGRP-SD ACTTGGATCGGTTTGCTCATC AGGGAGTTTCCATGCTGTCTAT
PGRP-LC AAACGATCCGTTGACTGGAC TACGCTTGGATTCCGTTTTC
PGRP-SA TCAATGCGGAGTTGAACTGGGAGA TAGAGTTTCAGTCCAGGGCTGCTT
Mtk GCAACTTAATCTTGGAGCGA CGGTCTTGGTTGGTTAGGAT

AntA ACAAGCATCCTAATCGTGGC TCAGATCCAAACGAGCATCAG

Dif ATGTTTGAGGAGGCTTTCGG GAACCGGCGGTGCGACCCTCGC
Def GTTCTTCGTTCTCGTGG CTTTGAACCCCTTGGC

Drs CGTGAGAACCTTTTCCAATAYGATG TCCCAGGACCAGCAT

Mco3 GCAACAAGAGCTCCCTGGCCG GCTCCTGAATATTGCGCAAATCG
DUOX GCCGAGGGAGCAGATAAATCA TCTTCATGACACTCGGCACC

HO ATGTCAGCGAGCGAAGAAACA TGGCTTTACGCAACTCCTTTG

cnc (Nrf2) GAGGTGGAAATCGGAGATGA CTGCTTGTAGAGCACCTCAGC
Keapl CAAGGAGTCGGAGATGTCG GTAGAGGATGCGTGACATGG

Sod GCGGCGTTATTGGCATTG ACTAACAGACCACAGGCTATG
gstdl TGATCAATCAGCGCCTGTACT GCAATGTCGGCTACGGTAAG
RP49 CTTCATCCGCCACCAGTC GCACCAGGAACTTCTTGAATC

T5f1, transferrin 1; Fer! HCH, ferritin 1 heavy chain homologue; Mv/, malvolio; PGRP-SD, peptidoglycan recognition protein SD; PGRP-LC,
peptidoglycan recognition protein LC; PGRP-SA4, peptidoglycan recognition protein SA; Mtk, metchnikowin; A#tA: attacin-A; Dif, dorsal-related
immunity factor; Def, defensin; Drs, drosomycin; Mco3, multicopper oxidase 3; DUOJX, dual oxidase; H0, heme oxygenase; cnc, cap-n-collar;
Keapl, kelch-like ECH-associated protein 1; sod, superoxide dismutase; gstd!, glutathione S transferase D1; RP49, ribosomal protein L32.

2.25 Mice and induction of chemotherapy-induced intestinal mucositis

The mouse protocols were approved by the Institutional Animal Care and Use Committee of Gansu
University of Chinese Medicine (approval number: SY2024-264), conducted in compliance with their
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guidelines and the GB/T 35892-2018 Guidelines for Ethical Review of Laboratory Animal Welfare.

Six-week-old C57BL/6 female mice were purchased from Sibeifu (Beijing) Biotechnology Ltd. All
animals were housed in a specific pathogen-free (SPF) facility at Gansu University of Chinese Medicine
under a 12 h light/dark cycle, with access to a standard chow diet and water ad libitum. Mice were randomly
and evenly allocated into control and model groups, with eight mice per group. Model mice were
intravenously injected with 5-FU (75 mg/kg/day) every 24 h from day 1 to day 4, and control mice received
intravenous physiological saline as the vehicle.

2.26 FMT experiment

FMT was performed using an established protocol (Wei et al., 2023). Flies fed 2.5 mmol/L 5-FU received
FMT from either control donors or 5-FU donors, and were designated 5-FU + FMT of the control groups and
5-FU + FMT of the 5-FU groups, respectively, while flies fed a standard diet received FMT from control or
5-FU donors and were designated 5-FU + FMT of the control groups and 5-FU + FMT of the 5-FU groups,
respectively. Here, FMT of 5-FU refers to culturing flies in fecal-conditioned medium derived from flies
treated with 5-FU for 10 d, and FMT of control refers to culturing flies in FMT derived from flies treated with
a standard diet for 10 d.

2.27 Statistical analysis

All experiments were conducted with a minimum of three replicates. Data are presented as means =+
standard error of the mean (SEM). The Log-rank test was applied to assess the statistical significance of
survival rates across groups. A one-way ANOVA was utilized for comparisons involving three or more groups,
while the unpaired Student’s t-test was employed for comparisons between two groups. Statistical analyses
were performed using GraphPad Prism version 8.0.2. Statistical significance levels are denoted by *p < 0.05,
**p <0.01, and ***p < 0.001.

3. Results
3.1 Exposure to 5-FU induces systemic side effects in flies

The survival rates and anti-starvation ability of flies fed with 5-FU at 0, 1, 2.5, and 5 mmol/L were
measured to determine whether 5-FU had side effects on adult flies. 5-FU administration considerably
shortened the survival rate in both females and males in a dose-dependent way (Figs. 1a and 1b). Furthermore,
supplementation of 5-FU decreased the survival rate under starvation in both females and males, indicating
that 5-FU led to a reduced capacity to tolerate stress (Figs. 1c and 1d). To assess the fertility side effect on
females, the number of eggs laid was calculated when females were treated with 5-FU at 0, 1, and 2.5 mmol/L
for 1, 2, and 3 days, respectively. Interestingly, the number of eggs laid in 24 h significantly diminished (Fig.
le). Specifically, administration of 5-FU at 2.5 mmol/L for 2 days could lead to significant atrophy of ovarian
morphology (Fig. 1f). To investigate the potential developmental toxicity of 5-FU on flies, the eggs were
treated with 5-FU at 0, 0.01, and 0.025 mmol/L. Intake of 5-FU delayed the duration from egg to pupa,
decreased the number of pupae and the area of pupa, and damaged the crawl ability of third instar larvae,
which was dose-dependent (Figs. 1g-1j). Furthermore, 0.01 mmol/L 5-FU supplementation remarkably
decreased the rate of eclosion and extended eclosion time (Figs. 1k and 11). Thus, these results indicated that
5-FU had a serious, systemic toxic effect in flies.
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Fig.1 Exposure to 5-FU induces systemic side effects in flies.

(a, b) Survival rate of females (n=115-125) and males (n=115-132). (c, d) Anti-starvation survival rate of females (n=88-97)
and males (n=113-136). (¢) Relative numbers of eggs laid number in 24 h for females fed with 5-FU at 1 and 2.5 mmol/L for
1, 2, and 3 d (n=9). (f) The morphology and relative area of the ovary in females fed with 5-FU at 2.5 mmol/L for 2 d (n=5).
(g) The relative median development time (n=10). (h) The relative total number of pupae (n=10). (i) The relative area of
pupae (n=28). (j) The relative climbing speed of larvae after flies’ eggs were treated with 5-FU (n=6). (k) The relative
eclosion rate (n=10). (1) Relative eclosion time (n=10). 5-FU, 5-fluorouracil. Data are presented as mean + SEM, two-sided
unpaired t-tests with Welch's correction; *p < 0.05 and ***p < 0.001.

3.2 Exposure to 5-FU induces gastrointestinal tract dysfunction in flies

To explore whether 5-FU had a side effect on the gastrointestinal tract of flies, the food intake, excretion,
crop motility, intestine length, “Smurf”, and intestinal acid-base homeostasis of females were measured.
Administration of 5-FU significantly increased the food intake and decreased the excretion in females in a
dose-dependent manner (Figs. 2a and 2b), indicating that the ingested food was not digested in time. To
further explore the reason for food accumulation in the gastrointestinal tract, a crop motility assay was carried
out. Interestingly, 2.5 mmol/L 5-FU increased the dye of the crop, decreased the dye of the intestine, and
induced an inverted “crop/intestine” dye ratio, indicating typical gastrointestinal tract dysfunction (Figs.
2c-2e). In addition, supplementation with 5-FU significantly shortened intestinal length and induced an
increased ratio of “Smurfs”, meaning increased intestinal permeability (Figs. 2f and 2g). Additionally, an
imbalanced gastrointestinal acid-based homeostasis was observed after treatment with 5-FU (Fig. 2h). Above
all, these results indicated typical gastrointestinal tract dysfunction in flies exposed to 5-FU.
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Fig.2. Exposure to 5-FU induces gastrointestinal tract dysfunction and intestinal damage in flies.
(a) Abdominal scoring criteria and food intake (n=64-66). (b) Excretion (n>18). (c, d) Food storage capacity of crop and
intestine (n=3). (¢) Ratio of food storage capacity between crop and intestine (n=3). (f) Intestine length (n=12-13). (g)
Typical images and percentage of “Smurfs” (n=3). (h) Typical images and quantification of intestine of females fed with the
pH indicator Bromophenol Blue, which has three types of gastrointestinal tract, including “Homeostasis”, “Perturbed A”, and
“Perturbed B” (n=4). Data are presented as mean + SEM, two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p <
0.01, ***p <0.001.

3.3 Exposure to 5-FU induces intestinal cell damage and decreases the proliferation of intestinal stem
cells in flies

To investigate whether 5-FU induces intestinal cell damage, the extent of intestinal cell death and
changes in intestinal epithelial substructure were detected. 5-FU administration significantly induced massive
cell damage in a dose-dependent manner (Fig. 3a and 3b). The 2.5 mmol/L 5-FU supplementation damaged
the ultrastructure of IECs, in which the microvilli were sparse, truncated, and caducous (Figs. 3¢-3d). IECs
were the most predominant type of intestinal cell, maintaining the intestinal functions of acting as a barrier
and facilitating nutrient absorption (Peterson and Artis, 2014). To detect epithelial cell impairment,
MyolA-GFP flies with specific labeling of IECs and 7-AAD staining were used. Administration of 5-FU at 2.5
mmol/L resulted in a significant decrease in the fluorescence intensity of GFP-positive cells and a remarkable
increase in 7-AAD-positive cells in the midgut (Figs. 3e-3g), indicating severe cell death in IECs. The ISCs’
proliferation ability was then assessed via the esg-GFP flies and a PH3 assay. Administration of 2.5 mmol/L
5-FU significantly decreased the number of GFP-positive cells in the midgut and noticeably reduced the
PH3-positive cells (Figs. 3e, 3h and 3i), indicating a significant reduction of ISCs’ proliferation. Thus, 5-FU

may induce intestinal cell damage and decrease ISC proliferation in adult flies.
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Fig.3 Exposure to 5-FU induces intestinal cell damage and decreases the proliferation of intestine stem cells in flies.
(a, b) Trypan Blue experiment scoring criteria and quantization (n=23-25). (c) Transmission electron microscopy of intestinal
epithelial cells. Intestinal epithelial cell with magnification: 1500%, 7000%, and 15000x. Nu, Mv, and M are abbreviations for
nucleus, micro villi, and mitochondria, respectively. (d) The relative length of microvilli of intestinal epithelial cells (n=3). (e)

The representative images of midguts from Myola-GFP, esg-GFP flies, and 7-aminoactinomycin D (7-AAD),

anti-phospho-Histone H3 (PH3) assay. (F) Quantification of the amounts of cells (Myola-GFP positive) in the experiment
(n=6). (g) Quantification of epithelial cell death via 7-AAD assay (n=6). (h) Quantification of the amounts of cells (esg-GFP
positive) in the experiment (n=6). (i) Quantification of proliferation of intestinal stem cells (ISCs) via PH3 assay (n=6). Data
are presented as mean + SEM, two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p < 0.01, ***p < 0.001.

3.4 The intestinal injury caused by 5-FU is associated with various signaling pathways

To explore the potential molecular networks of 5-FU-induced intestinal damage, total intestine RNA,
isolated from flies fed with 2.5 mmol/L 5-FU for 10 days, was sequenced. PCA revealed distinct clustering
between the two groups (Fig. 4a). A volcano plot demonstrated the differently expressed levels of 19,142
genes, including 1262 up-regulated genes and 1079 downregulated genes (Fig. 4b). A heat map was created to
exhibit the genes that most significantly differed between the control and model groups (Fig. 4c). To
determine the biological functions and signal pathways, GO and KEGG enrichment were carried out,
revealing that 12 significant pathway terms and correlated pathways were listed, including the fatty acid
metabolic process, fatty acid B-oxidation, and the immune response (Figs. 4d and 4f). To delve deeper into the
potential mechanisms of 5-FU-induced IM, a combined bioinformatics and transcriptomics analysis was
conducted. The gene expression profiles (GSE28873) were analyzed using the GEO2R tool, with no obvious
outlier samples (Fig. 4f). This analysis examined 29,922 genes, in which 311 were upregulated and 364 were
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downregulated (Fig. 4g). Then, a Venn analysis illustrated the overlap of 7803 differential genes identified via
bioinformatics and transcriptomics, which were key differential genes involved in the 5-FU-induced IM (Fig.
4h). Then, 447 significant GO terms and 65 KEGG terms were identified, pointing to various signal pathways,
including ferroptosis and the immune system (Figs. 41 and 4;).
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Fig.4 Bioinformatics combined with transcriptomics analysis of 5-FU-treated and control groups.
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(a) A PCA plot is used to cluster samples, revealing good repeatability. Each point represents one sample; percentages denote
contribution ratios. (b) A volcano plot of DEGs. Compared to genes in the control group, up-regulated and down-regulated genes
in 5-FU-treated samples are marked as red and blue points, respectively; while non-significant genes are shown in gray. (c) A
heatmap of the top significantly (p < 0.05) DEGs identified. (d) GO enrichment analysis of the 5-FU-treated and control groups.
(e) KEGG enrichment analysis of the 5-FU-treated and control groups. (f) Box plot of 5-FU-treated rat versus normal rat
gastrointestinal tissue analysis. (g) Volcanic map of all the genes in GSE28873. (h) DEGs Venn diagram from the bioinformatics
data mining and transcriptomics; 7803 represents the targets of 5-FU-induced intestinal injury. (i and j) KEGG and GO
functional enrichment analysis of hub DEGs. PCA, principal components analysis; DEGs, differentially expressed genes; GO,
gene ontology; KEGG, kyoto encyclopedia of genes and genomes.

3.5 5-FU induced gut microbiota dysbiosis is associated with ferroptosis in flies

To characterize the profile of gut microbiota after 5-FU exposure, the gut microbiota of flies fed with 2.5
mmol/L 5-FU for 10 d were sequenced. PCoA reflected a significant separation between two groups (Fig. 5a).
Furthermore, compared to the control group, the 5-FU group exhibited lower Shannon, Chaol, and Simpson
indices, indicating a significant decrease in species diversity post 5-FU exposure (Fig. 5b). In addition, at the
family level, 5-FU exposure markedly reduced the relative abundance of Orbaceae and Lactobacillacea, and
increased the relative abundance of Enterobacteriaceae and Acetobacteraceae (Fig. 5¢). At the genus level,
administration of 5-FU significantly reduced the relative abundance of Lactobacillus, and increased the
relative abundance of Acetobacter (Fig. 5d). For the spices level, 5-FU supplementation significantly reduced
the relative abundance of Lactobacillus, increased the relative abundance of Acetobacter pasteurianus, and
decreased the relative abundance of Lactobacillus plantarum (Fig. 5e). Linear discriminant analysis (LDA)
effect size (LEfSe) identified Proteobacteria as a biomarker that distinguished the 5-FU from the control (Fig.
51).

To clarify the correlation between gut microbiota and ferroptosis and immune response, a Spearman’s
correlation analysis was performed. The results showed that ferroptosis and immune response are positively
correlated with the abundance of Proteobacteria, and negatively correlated with the abundance of bacteria
belonging to the Firmicutes phylum and the Lactobacillacea family (Fig. 5g). Additionaly, the bacteria
included in Spearman’s correlation analysis were counted. Interestingly, 5-FU exposure increased the
abundance of pathogen-associated bacteria Proteobacteria; however, it decreased the abundance of Firmicutes,
Lachnospiraceae,  Sutterellaceae,  Orbaceae, Lachnospiraceae NK4A136 group, and  Alistipes,
[Eubacterium] coprostanoligenes group (Figs. 5h-51). Overall, these results suggested that 5-FU-induced gut
microbiota dysbiosis was associated with ferroptosis and innate immune response.
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Fig.5 Exposure to 5-FU-induced gut microbiota dysbiosis is associated with intestinal injury, ferroptosis, and immune

response.

Fecal microbiota composition was analyzed using 16S rRNA gene sequencing (n=6). (a) Principal co-ordinate analysis of
Bray distance (p-value from Anosim analysis is shown). (b) Shannon, chaol and Simpson index. (¢) Composition abundance
of the bacterial family. (d) Composition abundance of the bacterial genus. (¢) Composition abundance of the bacterial species.
(f) LEfSe showing the most differentially significant abundant taxa enriched in microbiota. (g) Spearman’s correlation among
the effects of 5-FU on gut microbiota, PH, intestine length, cell death and the mRNA expression of peptidoglycan recognition
protein SD (PGRP-SD), Ferritin 1 heavy chain homolog (Fer/HCH), and multicopper oxidase 3 (Mco3). (h) Relative
abundance of the 5-FU-induced bacterial phylum in the control and 5-FU groups. (i) Relative abundance of 5-FU-induced
bacteria families in the control and 5-FU groups. (i-k) Relative abundance of 5-FU-induced bacterial genus in the control and
5-FU groups. Data are presented as mean + SEM, two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p < 0.01,

**%p <0.001.
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3.6 Exposure to 5-FU induces intestinal injury via ferroptosis in the intestine of flies

To identify potential human gene targets involved in the impact of 5-FU on the intestine, the ferroptosis
pathway was detected. The FerrDB database and Venn analysis were used to identify genes involved in the
effects of 5-FU exposure-induced ferroptosis on the intestine. The analysis identified 205 potential
ferroptosis-related genes, including long-chain acyl-CoA synthetase 4 (4CSL4), kelch-like ECH-associated
protein 1 (Keapl), toll-like receptor 4 (TLR4), and solute carrier family 7 member 11 (SLC7A411) (Fig. 6a).
Then, KEGG enrichment of the 205 identified hub genes showed that ferroptosis and toll-like receptor signal
pathway were in the top 20 (Fig. 6b). The PPI network further highlighted the importance of ACSL4, Keapl,
TLR4, and SLC7A11 in the pathophysiology of 5-FU-induced IM (Fig. 6¢). These results indicated that
ferroptosis was engaged in 5-FU induced intestine injury.

To further elucidate the role of ferroptosis in 5-FU-induced intestinal injury, key ferroptosis markers,
including iron levels, ROS levels, and lipid peroxidation levels were assessed. Compared to the control, 5-FU
significantly increased the ROS level, MDA activity, total iron levels, and ox/non-ox ratio, while decreasing
GSH activity (Figs. 6d-6h). To understand the molecular mechanisms underlying ferroptosis in 5-FU-induced
injury, the expression of genes linked to iron metabolism and the oxidation-reduction system was examined.
The results showed that 5-FU exposure resulted in an abnormal increase of multicopper oxidase 3 (Mco3),
dual oxidase (DUQOX), and heme oxygenase (HO), which can cause a high level of ROS and peroxidized iron
in the intestine (Fig. 6i1). Furthermore, exposure to 5-FU increased the expression of Malvolio (Mv/), also
known as Divalent Metal Transporter-1 (DMT1), the primary iron importer (Orgad et al., 1998; Bettedi et al.,
2011) (Fig. 6j). Additionally, it promoted the expression of Ferritin 1 heavy chain homolog (Fer! HCH), which
exhibited the ferroxidase activity required for iron loading (Mandilaras et al., 2013) (Fig. 6j). However, the
expression of Tsf1, required for septate junction assembly in epithelial cells, was reduced (Fig. 6j), and the
expression of Nuclear factor erythroid 2-related factor 2 (Nrf2), Keapl, superoxide dismutase (sod), and
glutathione S transferase D1 (gstdl) was significantly decreased, suggesting an abnormal inhibition of the
Nrf2 signal pathway after 5-FU treatment (Fig. 6k). To further confirm the hypothesis, we assessed the
survival rate and intestinal length following Fer-1 treatment. Administration of Fer-1 showed a significant
increase in survival rate and intestinal length (Figs. 61-6m). Thus, our results showed that the inhibition of
ferroptosis alleviated 5-FU-induced IM, which was a novel therapy target.
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Fig.6 Exposure to 5-FU induces intestinal damage via activating ferroptosis in flies.

(a) A Venn diagram between the hub genes of bioinformatics data mining and transcriptomics, and ferroptosis-related targets.
(b) The KEGG enrichment analysis of the ferroptosis-related targets on 5-FU-induced intestinal injury. (c) The PPI analysis of
205 genes. (d) The ROS level (n=6). (e) The relative GSH activity (n=3). (f) The relative MDA activity (n=3). (g) The relative
Fe?* level (n=3). (h) Accumulation of lipid peroxides by using BODIPY C11 probe (n=6). (i) The relative mRNA expression
level of Mco3, DUOX and HO (n=3). (j) The relative mRNA expression level of Ferl! HCH, Mvl and Tsf-1 (n=3). (k) The
relative mRNA expression level of Nrf2, Keapl, sod and gstdl (n=3). (1) The survival rate of females fed without or with
Fer-1 (n=180). (m) The survival intestine length of females fed without or with Fer-1 (n=16). KEGG, kyoto encyclopedia of
genes and genomes; PPIL, protein-protein interaction; ROS, reactive oxygen species; GSH, glutathione; MDA,
malondialdehyde; 7sf1, transferrin 1; Ferl HCH, ferritin 1 heavy chain homologue; Mvi/, malvolio; Mco3, multicopper oxidase
3; DUOX, dual oxidase;, HO, heme oxygenase; Nrf2, Nuclear factor erythroid 2-related factor 2; Keapl, kelch-like
ECH-associated protein 1; sod, superoxide dismutase; gstd, glutathione S transferase D1. Data are presented as mean + SEM,
two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p <0.01, ***p < 0.001.
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3.7 Elimination of gut microbiota ameliorates 5-FU-induced IM, ferroptosis, and innate immune
response

To identify the role of gut microbiota-mediated ferroptosis and immune response in 5-FU-induced 1M,
Abs treatment was used to eliminate gut microbiota in 5-FU-fed flies (Fig. 7a). The gut microbiota
disorders-indiced activation of the innate immune response, and the relationship between gut microbiota and
innate immune response was depicted in Fig. 7b. Administration of Abs significantly increased the survival
rate, relieved intestinal length, and disturbed acid-based homeostasis in 5-FU treated flies (Figs. 7c-7e). Next,
we determined whether gut microbiota dysregulation promotes 5-FU-induced IM via activating the Toll and
IMD signal pathway. Compared to the 5-FU group, the mRNA expression of peptidoglycan recognition
protein SA (PGRP-SA), peptidoglycan recognition protein SD (PGRP-SD), and peptidoglycan recognition
protein LC (PGRP-LC), that bind to bacterial Lysine-type peptidoglycans (PGNs) and fungal B-(1,3)-glucan
and trigger Toll-NF-kB and IMD-NF-kB signaling (latsenko et al., 2016), was significantly decreased
following Abs administration (Fig. 7f). Subsequently, the mRNA levels of Def, Dif, and Drs (homologues of
NF-kB) showed a striking reduction when fed with Abs (Fig. 7g). In addition, supplementation with Abs
decreased the mRNA expression levels of antimicrobial peptides (AMPs) relative genes A#A and MK in
5-FU-treated flies (Fig. 7h). Furthermore, to investigate whether gut microbiota-induced intestinal damage
involves ferroptosis, the related ferroptosis indicators were examined. Administration of Abs reduced the
mRNA expression of Mco3, Ferl HCH, and Mvl, the relative activity of MDA, and the relative level of Fe?* in
5-FU-treated flies (Figs. 7i-7k). In addition, supplementation with Abs increased the relative activity of GSH
(Fig. 71). Taken together, these results indicated that Abs treatment can alleviate 5-FU induced IM by
inhibiting ferroptosis and the immune response.
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Fig.7 Elimination of gut microbiota ameliorates 5-FU-induced IM via inhibiting ferroptosis and the innate immune

response in flies.

(a) Schematic timeline for the model establishment of the control, 5-FU, and 5-FU+Abs group. Females were fed with a
standard diet, a standard diet combing 5-FU, and a standard diet combining 5-FU and antibiotics for 10 d. (b) Toll and IMD
signaling pathway. (c) The survival rate (n=180). (d) The intestine length (n=16). (¢) The PH score (n=3). (f) The mRNA
expression level of PGRP-SG, PGRP-LC, and PGRP-SA (n=3). (g) The mRNA expression level of Dif, Def, and Drs (n=3). (h)
The mRNA expression level of Mtk and A#A (n=3). (i) The mRNA expression level of Mco3, FerlHCH, and Mvl (n=3). (j) The
relative MDA activity (n=5). (k) The relative Fe?* activity (n=3). (1) The relative GSH activity (n=6). 5-FU, 5-fluorouracil; Abs,
antibiotics; PGRP-SD, peptidoglycan recognition protein SD; PGRP-LC, peptidoglycan recognition protein LC; PGRP-SA,
peptidoglycan recognition protein SA; Mtk, metchnikowin; Azt4, attacin-A; Dif, dorsal-related immunity factor; Def, defensin;
Drs, drosomycin. Data are presented as mean £ SEM, two-sided unpaired t-tests with Welch's correction;

**%p <0.001.

p < 0.05, *

*p <0.01,
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3.8 Gut microbiota dysbiosis contributes to 5-FU-induced intestinal damage in flies

To further elucidate the causal relationship between gut microbiota dysbiosis and 5-FU-induced IM, we
transplanted the fecal microbiota from control group flies and 5-FU-treated group flies into standard diet-fed
flies and 5-FU-fed flies, respectively (Fig. 8a). Compared to flies receiving microbiota from the 5-FU group,
transplantation of microbiota from the control group enhanced the survival rate, increased intestinal length,
and improved intestinal acid-base homeostasis in 5-FU-treated flies (Figs. 8b, 8d, and 8f). Conversely,
transplantation of microbiota from the 5-FU group into standard diet-fed flies reduced survival rate, shortened
intestinal length, and disrupted intestinal acid-base homeostasis (Figs. 8c, 8¢ and 8g). These results
demonstrated that gut microbiota dysbiosis contributes to 5-FU-induced intestinal damage in flies.
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Fig.8 Gut microbiota dysbiosis contributes to 5-FU-induced intestinal damage in flies.
(a) Schematic timeline for the model establishment of FMT. (b-c) Survival rate (n=153-158). (d-e) Intestinal length (n=16). (f-g)

PH score (n=3). Values are presented as mean+tSEM. FMT, fecal microbiota transplantation. Data are presented as mean + SEM,
two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p < 0.01, ***p < 0.001.

3.9 Exposure to 5-FU induces intestinal injury and ferroptosis in mice

To certify the damaging effects of 5-FU on the mouse intestine, mice were intraperitoneally injected with
5-FU for 4 days (Fig. 9a). Compared to the control, 5-FU supplementation decreased body weight, and
shortened the intestinal length (Figs. 9b-9d). Also, 5-FU treatment also decreased the length of villi and crypts,
increased the “villi length/crypt length” ratio, and induced inflammatory cell infiltration, villous edema, and
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vasodilation (Figs. 9e-9h), indicating that 5-FU treatment could induce serious intestinal injury. Furthermore,
to investigate whether ferroptosis is a conserved mechanism in 5-FU-induced intestinal injury, we measured
the protein levels of glutathione peroxidase 4 (GPX4), 4-hydroxynonenal (4-HNE), long-chain acyl-CoA
synthetase 4 (ASCL4), and Nrf2. The results showed that supplementation with 5-FU resulted in a decreased
GPX4 protein level (Figs. 9¢ and 91), which serves as the principal oxidoreductase utilizing glutathione as the
primary reducing cofactor to neutralize lipid peroxidation byproducts (Xie et al., 2023). Administration of
5-FU increased the reactive lipid mediator level of 4-HNE (Figs. 9¢ and 9j) and the protein level of ASCL4
(Figs. 9¢ and 9k), which has a marked preference for activating PUFAs (Lin et al., 2024). In addition, 5-Fu
treatment decreased the Nrf2 protein level and increased the ROS level (Figs. 91-90). Together, these results
certified that ferroptosis was a pivotally conserved mechanism of 5-FU-induced IM in mice. Overall, this
study established an in vivo model of 5-FU-induced IM in flies, uncovered a crucial role of gut
microbiota-mediated ferroptosis and immune response in 5-FU-induced IM.
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Fig.9. Exposure to 5-FU induces intestinal injury and ferroptosis in mice.

(a) Schematic timeline for the model establishment of 5-FU-induced IM. (b) Body weight (n=8). (c-d) The length of small
intestines (n=8). (¢) Representative microphotograph showing the histologic section of a longitudinally cut intestinal segment
of control and 5-FU groups. GPX4, 4-HNE, and ASCL4 immunostaining of the jejunum of control and 5-FU groups. (f) Villi
length (um) (n=6). (g) Crypt depth (um) (n=6). (h) Ratio of “villi length/crypt depth” (n=6). (i) The relative protein level of
GPX4 (n=3). (j) The relative protein level of 4-HNE (n=3). (k) The relative protein level of ASCL4 (n=3). (1)
Immunofluorescence of Nrf2. (m) Immunofluorescence of ROS. (n) The relative protein level of Nrf2 (n=3). (o) The ROS
level (n=3). 5-FU, S-fluorouracil; IM, intestinal mucositis; GPX4, glutathione peroxidase 4; 4-HNE, 4-Hydroxynonenal;
ASCLA4, long-chain acyl-CoA synthetase 4; Nrf2: Nuclear factor erythroid 2-related factor 2; ROS: reactive oxygen
species. Data are presented as mean + SEM, two-sided unpaired t-tests with Welch's correction; *p < 0.05, **p < 0.01, ***p <
0.001.
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4. Discussion

In the present study, we established a model of 5-FU induced-IM in Drosophila melanogaster, and
uncovered the essential roles of gut microbiota, ferroptosis, and innate immune in 5-FU-induced IM. The
results showed that exposure to 5-FU significantly induced systemic and intestinal damage, decreased the
survival rate, anti-starvation ability, and the numbers of eggs laid, delaying larval development, increasing
food intake and Smurf numbers, decreasing excretion and crop motility, shortening intestine length, and
inducing acid-base homeostasis imbalance, enterocyte death, and reduced ISCs’ capacity. Additionally, 5-FU
exposure induced the dysbiosis of gut microbiota, which enhanced ferroptosis and the innate immune
response, thereby inducing intestinal damage.

Chemotherapy can induce long-term and systemic toxicities, affecting a majority of cancer survivors,
significantly interfering with their quality of life (Di Nardo, et al., 2022). The survival rate in a starvation
environment reflects resistance to stress and detoxification (Rommelaere et al., 2024). We found that 5-FU
exposure decreased the survival rate of adult flies under normal and starvation condition, indicating an overall
damage. Ovarian toxicity is one of the most notable and prevalent side effects of chemotherapy in female
cancer patients (Cosgrove and Salani, 2019). Our results showed that 5-FU exposure induced a significant
fertility toxicity in female flies. Although prior research has demonstrated that chemotherapy compromises
ovarian function by inducing excessive ROS-mediated ferroptosis (Zhang et al., 2023b), the precise
mechanisms underlying chemotherapy-induced ovarian dysfunction remain unclear. In addition, we found that
5-FU induced developmental toxicity, especially damaging the crawl ability of larvae. Consistent with our
research findings, administration of a single dose of 5-FU to pregnant rats on the 12th gestational day can
induce malformations in the development of the fetal nervous system (Kumar et al., 2006). Overall, we
demonstrated that it is possible to evaluate the overall toxicology of 5-FU in adult flies.

IM represents one of the most debilitating adverse effects of chemotherapy (Di Nardo, et al., 2022). In a
previous randomized clinical trial, all patients who had received treatment with either 5-FU or gemcitabine
were symptomatic, presenting with pain, weight loss, and/or dyspepsia (Cascinu et al., 1999). Due to its
anatomical division into a crop that rhythmically constricts to pump ingested material into the midgut for
enzymatic processing—similar to the mammalian stomach—and a strongly acidic copper cell region (CCR,
pH<3), the quantitative assessment of the Drosophila melanogaster crop and CCR provides a functional model
for gastric evaluation (Strand and Micchelli, 2011; Cai et al., 2020). We found that 5-FU supplementation
decreased crop motility, and induced an imbalance in acid-base homeostasis of CCR, indicating a functional
disturbance of the gastrointestinal tract. ISCs drive the regenerative processes critical for maintaining the
function of the gastrointestinal epithelium and ensuring the health and survival of multicellular organisms
(Jasper, 2020). We found that exposure to 5-FU induced the death of intestinal cells, decreased the
proliferation of ISCs, and damage of IECs. Given the high similarity in intestinal function and structure
between flies and humans (Lemaitre and Miguel-Aliaga, 2013), the reduced survival rate, diminished
metabolic capacity, and gastrointestinal dysfunction induced by 5-FU feeding effectively model the
manifestations of chemotherapy-induced IM in humans (such as weight loss, maldigestion, diarrhea, and
reduced intestinal mucosal repair capacity). This indicates that Drosophila melanogaster can be a suitable in
vivo model for studying chemotherapy-induced IM.

The pathophysiologic mechanisms of 5-FU-induced IM are complicated. In this study, transcriptomics
combined with bioinformatics analysis revealed that 5-FU-induced IM involved multiple pathways, including
ferroptosis and immune response. Existing research indicates that alterations in gut microbiota homeostasis
promote the development of IM (Huang, et al., 2022); and therefore we also performed microbiome
sequencing. We found that 5-FU increased the abundance of Enterobacteriaceae and Acetobacteraceae, and
reduced the relative abundance of Orbaceae and Lactobacillaceae in flies. Acetobacter persici can accelerate
aging processes and reduce longevity in flies (Onuma et al., 2023). Furthermore, 5-FU administration reduced
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the relative abundance of spices Lactobacillus species, and increased the relative abundance of
Acetobacter_pasteurianus, and decreased the relative abundance of Lactobacillus plantarum. The
administration of Lactobacillus plantarum L168 ameliorated intestinal inflammation and colorectal cancer
growth (Zhang et al., 2023a). An increased prevalence of Proteobacteria was also regarded as a potential
diagnostic signature of dysbiosis and risk of disease (Shin et al., 2015). Notably, Spearman’s correlation
analysis showed that the intestinal injury, innate immunity, and ferroptosis are closely correlated with these
significantly different bacteria. Thus, we proposed that the disturbance of gut microbiota may increase
ferroptosis and innate immune response in intestinal tissue, which jointly contribute to 5-FU-induced IM.

Ferroptosis represents an autonomous, non-catalyzed chemical process driven by dysregulated iron
metabolism and an imbalance of oxidative stress, which plays a pivotal role in mediating cellular demise
(Stockwell, 2022). First, we explored whether ferroptosis was a key mechanism in 5-FU-induced IM. Our
findings suggested that 5-FU treatment elevated intestinal ROS levels and lipid peroxidation, while
simultaneously increasing the expression of ferroptosis-related genes in flies. The potent ferroptosis inhibitor
Fer-1 acts primarily by eliminating initiating lipid hydroperoxides in the presence of ferrous iron (Miotto et al.,
2020). Intake of Fer-1 significantly increased the survival rate and intestinal length of 5-FU-treated flies in
this study. Based on the above validation, ferroptosis can be considered a key mechanism in 5-FU-induced
IM.

The activation of the innate immune response is a direct response to a disordered gut microbiota in flies
(Leclerc and Reichhart, 2004; latsenko, et al., 2016; Chen, et al., 2022). The IMD-NF- k B signaling pathway
is activated in response to Gram-negative bacterial DAP-type peptidoglycans, which initiates the IMD cascade
and subsequent activation of the Relish (Rel) transcription factor (latsenko, et al., 2016). In contrast, the
Toll-NF-kB signaling is activated by Gram-positive bacterial Lysine-type peptidoglycans and fungal
B-(1,3)-glucan via binding to PGRP-SA and glucan-binding proteins, respectively, to cleave cytokine Spaetzle
and activate Toll receptor as well as the Dorsal-Dif transcriptional complex (Wang et al., 2006). Abs are
commonly used to eliminate microorganisms in Drosophila melanogaster, serving as a method for generating
gnotobiotic flies (Chen, et al., 2022). Here, Abs treatment significantly alleviated intestinal damage and
activated the immune response induced by 5-FU. Meanwhile, FMT from 5-FU-treated flies injected into
healthy flies caused intestinal damage in the recipient flies, whereas FMT from healthy flies injected into
5-FU-treated flies mitigated intestinal damage in the latter. These findings demonstrated that gut microbiota
dysbiosis exacerbated 5-FU-induced IM in flies, which may be mediated by an activated immune response.

Previous studies have demonstrated that the gut microbiota modulates ferroptosis via its microbial
constituents, functional activities, and metabolic products in several gastrointestinal disorders (Deng et al.,
2021a), including intestinal I/R injury (Wang, et al., 2024a), and colorectal cancer (Cui et al., 2024). Thus, it is
highly likely that gut microbiota-mediated ferroptosis is also a key mechanism in 5-FU-induced IM, yet the
relationship between the two in this intestinal disorder remains unexplored. This study found that after
antibiotic feeding eliminated the gut microbiota, the indicators of intestinal ferroptosis decreased in
5-FU-treated flies, indicating that gut microbiota-mediated ferroptosis was involved in the development of
5-FU-induced IM. However, this study did not investigate how chemotherapy-induced disruption of the
microbiota regulates ferroptosis, which subsequently leads to intestinal injury. Future research should consider
whether chemotherapy regulates ferroptosis by inducing specific bacteria or microbial metabolites, and
through which signaling pathways the gut microbiota mediates the occurrence of ferroptosis.

The mouse is the most commonly used model organism for studying chemotherapy- IM (Mohammed, et
al., 2023a). To validate the similarity between the Drosophila melanogaster IM model established in this
study and mammalian systems, we utilized a 5-FU-induced mouse IM model to analyze indicators related to
ferroptosis. The results showed that 5-FU treatment led to weight loss and intestinal shortening in mice, along
with the activation of an evolutionarily conserved ferroptosis pathway, as evidenced by increased levels of
ROS, ACSL4, and 4-HNE, and decreased GPX4 expression. Thus, the files can serve as a convenient and
efficient model for studying 5-FU-induced IM. However, although Drosophila melanogaster and mice share
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conservation in intestinal function, tissue structure, and core signaling pathways(Lemaitre and Miguel-Aliaga,
2013), certain species-specific differences remain. The gut microbiota of Drosophila melanogaster is
relatively simple (Lemaitre and Miguel-Aliaga, 2013), which facilitates germ-free operations and colonization
studies (Lemaitre and Miguel-Aliaga, 2013). Its immune system primarily relies on innate immunity, which is
dependent on the IMD and Toll pathways, and lacks adaptive immune components (Lemaitre and
Miguel-Aliaga, 2013). Therefore, while mechanistic studies in Drosophila melanogaster help reveal
evolutionarily conserved core regulatory mechanisms (e.g., the functions of GPX4 and ACSL families), its
relatively simple physiological structure creates some distance from the complexity of human disease

In conclusion, combining Drosophila melanogaster and mouse models holds significant potential for
future screening of therapeutic strategies against chemotherapy-induced IM. This integrated approach
leverages the strengths of both models: efficient preliminary screening in Drosophila melanogaster and
in-depth mechanistic validation in mice, offering the dual advantages of efficiency and depth.

5. Conclusion

The present study establishes a 5-FU-induced IM in Drosophila melanogaster; elucidating the role of
gut microbiota-dependent ferroptosis in 5-FU-induced IM. Regarding model construction, 5-FU exposure
induced systemic damage, fertility and developmental toxicity, and enterocyte damage, while also decreasing
the proliferation of ISCs. Mechanistically, 5-FU-induced disordered gut microbiota may induce IM by
activating innate immunity and ferroptosis. Overall, these findings establish a precise and efficient IM model
for potential future application in drug screening.
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