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Abstract

Diarrhea is the most prevalent side effect of afatinib as an EGFR tyrosine kinase inhibitor. The current study is to investigate
the potential protective mechanisms of crofelemer or loperamide in an animal model of afatinib-induced diarrhea. Rats were
randomized as the control, afatinib (50 mg/kg), afatinib plus loperamide (50 mg/kg) or afatinib plus crofelemer (50 mg/kg)
group. Rats received drugs or saline through oral gavage daily for consecutive 7 days. Diarrhea, weight, serum biomarkers,
gut histology or ultrastructure and multiomic changes were analyzed daily or at day 8. Afatinib induced significant diarrhea,
weight loss, elevated serum levels of endotoxin, IL-6, IL-1β and TNF-α in rats. Mucosal damage was most prominent in distal

ileum, showing edema, inflammatory infiltration, epithelial villus atrophy or fusion and loss of tight junction. Both loperamide

and crofelemer conferred protection against afatinib-induced diarrhea and gut damage. Transcriptomic enrichment analysis

showed that PPAR and IL-17 signaling pathway are among the top modified pathways in the ileum and colon of the afatinib

group, respectively. Metabolomic profiling identified 318 differently abundant metabolites when comparing the afatinib and the

control groups, with the most prominent enriched metabolic pathways being metabolism of xenobiotics by cytochrome P450,

retinol metabolism and lysine degradation. Afatinib significantly decreased microbial diversity, which is not fully restored

by administration of crofelemer or loperamide. Correlation analysis showed that cecal microbiota were significantly correlated

with metabolite profiles. Loperamide and crofelemer attenuate afatinib-induced diarrhea and intestinal damage in rats, possibly

through regulating microbiota-metabolic axis.
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Diarrhea is the most prevalent side effect of afatinib as an EGFR tyrosine kinase inhibitor. The current
study is to investigate the potential protective mechanisms of crofelemer or loperamide in an animal model
of afatinib-induced diarrhea. Rats were randomized as the control, afatinib (50 mg/kg), afatinib plus lop-
eramide (50 mg/kg) or afatinib plus crofelemer (50 mg/kg) group. Rats received drugs or saline through
oral gavage daily for consecutive 7 days. Diarrhea, weight, serum biomarkers, gut histology or ultrastructure
and multiomic changes were analyzed daily or at day 8. Afatinib induced significant diarrhea, weight loss,
elevated serum levels of endotoxin, IL-6, IL-1β and TNF-α in rats. Mucosal damage was most prominent in
distal ileum, showing edema, inflammatory infiltration, epithelial villus atrophy or fusion and loss of tight
junction. Both loperamide and crofelemer conferred protection against afatinib-induced diarrhea and gut
damage. Transcriptomic enrichment analysis showed that PPAR and IL-17 signaling pathway are among
the top modified pathways in the ileum and colon of the afatinib group, respectively. Metabolomic profiling
identified 318 differently abundant metabolites when comparing the afatinib and the control groups, with the
most prominent enriched metabolic pathways being metabolism of xenobiotics by cytochrome P450, retinol
metabolism and lysine degradation. Afatinib significantly decreased microbial diversity, which is not fully
restored by administration of crofelemer or loperamide. Correlation analysis showed that cecal microbiota
were significantly correlated with metabolite profiles. Loperamide and crofelemer attenuate afatinib-induced
diarrhea and intestinal damage in rats, possibly through regulating microbiota-metabolic axis.

Significance Statement: Diarrhea may influence patients’ compliance and antitumor efficacy of tyro-
sine kinase inhibitors (TKIs). It’s still unknown the exact mechanisms and optimal therapeutic strategy
of TKI-induced diarrhea. In this manuscript, metabolomic, transcriptomic and microbiome changes were
investigated in a model of afatinib-induced diarrhea. Diarrhea and epithelial damage are associated more
with changes of metabolite and microbiome profiles than with that of transcriptomics. Key regulators are
identified by multiomic integration analyses as candidates for mechanism and drug target development.
The current research shows the underlying protective mechanisms of antidiarrheal agents in TKI-induced
diarrhea.

Keywords: tyrosine kinase inhibitors, afatinib, diarrhea, intestine, lung cancer, transcriptomics,
metabolomics, microbiome

Article type: original research

Introduction

Currently, lung cancer is responsible for highest occurrence and most death among all hematological and
solid organ malignancies (Siegel et al., 2024). Molecular targeted therapy opens a new era of long-standing
survival for lung cancer, and has become one of the fundamental treatment regime. In non-small cell lung
cancer (NSCLC), epidermal growth factor receptor (EGFR) mutations are most prevalent among all driver
gene alterations, accounting for 50-60% of all in lung adenocarcinoma (Harada et al., 2023; Hendriks et al.,
2023). EGFR tyrosine kinase inhibitors (EGFR-TKIs) non-selectively targets EGFR by competing with the
intracellular ATP binding site, thereof inhibiting subsequent oncogenic signaling transduction and tumor
development (Hendriks et al., 2023). EGFR mutated NSCLC patients receiving EGFR-TKIs are able to
survive over 3 years on average. The usage of EGFR-TKIs in lung cancer has further been expanded from
single use to adjuvant or neoadjuvant therapy, with or without combination with chemotherapy, immunother-
apy or antiangiogenic agents. As a second-generation EGFR-TKI, afatinib has been widely accepted in the
treatment of NSCLC. Several large randomized controlled trials and real world studies support the use of
afatinib in unresectable late stage or metastatic lung cancer. Except for NSCLC patients harboring common
or rare EGFR mutations, afatinib has also shown potential efficacy in treating those with NRG1 fusions (Lu
et al., 2021; Jiang et al., 2023; Laskin et al., 2020).

Diarrhea has been a common adverse effect in multiple clinical trials for afatinib. According to the LUX-
Lung 3 trial in EGFR-mutated NSCLC, the prevalence of diarrhea in the afatinib and the control arm were

2
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95.2% and 15.3% ([?] grade 3: 14.4% vs 0), respectively (Sequist et al., 2013). These data are consistent with
subsequent trials, cohorts or real world data, which show a occurrence rate of 70% or more (Barron et al.,
2016). A network meta-analysis shows that afatinib is associated with higher risk of diarrhea as compared
with other EGFR-TKIs (Zhao et al., 2021). Diarrhea with afatinib tend to occur more frequently in the first
month of treatment, with a reduction in frequency thereafter (Shyam Sunder et al., 2023). Current diarrhea
management guidelines advise closely surveillance, prophylactic or therapeutic use of loperamide, otherwise
dose reduction (eg. from 40 mg/d to 30 mg/d for afatinib). Data are inconsistent regarding the impact of
dose reduction in treatment efficacy (Wang et al., 2021). Some studies advocate that reduced dose dose not
impair the treatment efficacy of afatinib in EGFR-mutated NSCLC, while others raise concern that response
rate and progression-free survival (PFS) decrease with dose reduction (Kim et al., 2019; Wei et al., 2019;
Tan et al., 2018; Wang et al., 2018).

Despite several hypotheses proposed and tested, the nature and exact mechanism of EGFR-TKI-associated
diarrhea are not fully understood. These hypotheses include secretory mechanisms controlling chloride and
water transportation, epithelial leakage, drug efflux dysregulation and accumulation, endoplasmic reticulum
stress-induced barrier dysfunction, mucosal inflammation, abnormal metabolism or gut microbiota abnor-
malities ( Secombe et al., 2021; Lysyy et al., 2019; Duan et al., 2019; Kim et al., 2020; Rugo et al., 2019;
Secombe et al., 2019; Cárdenas-Fernández et al., 2023; Tao et al., 2022; Van Sebille et al., 2017; Hashimoto et
al., 2023). Crofelemer is an anti-secretory anti-diarrheal agent that has been approved for treating secretory
diarrhea (Cottreau et al., 2012). Preclinical experiment results are inconsistent regarding crofelemer in TKI-
induced diarrhea, with some showing promising protective effect, while others showing little or detrimental
effects (Van Sebille et al., 2018). Individual cases support its use in TKI-induced diarrhea (Greene et al.,
2021). However, limited effect of crofelemer was shown than was previously anticipated in recently published
trials regarding neratinib-induced diarrhea in breast cancer patients (Pohlmann et al., 2022; Jacob et al.,
2023; Guy et al., 2024). For sure, elucidation of the diarrhea mechanism may contribute to prophylaxis and
management of TKI-associated diarrhea by maximizing the therapeutic effect and reducing toxicity without
need of dose interruption.

In the current study, afatinib would be orally administered in rats to develop the diarrhea model. Changes in
histology, ultrastructure, genetic transcription will be analyzed in jejunum and colon tissue samples. Distal
colon contents are also collected for microbiome and metabolomic analysis. Loperamide or crofelemer are
used as antidiarrheal agents in separate experimental groups to analyze their impact on TKI-induced diarrhea
and potential protective mechanisms.

Materials and methods

2.1. Chemicals

Afatinib (439081-18-2) and loperamide (53179-11-6) was purchased from Aladdin Biotechnology (Shanghai,
China). Crofelemer (4852-22-6) was purchased from Macklin Inc. (Shanghai, China).

2.2. Animals and ethics

Seven-week old Sprague-Dawley rats were purchased and raised at the Laboratory Animal Center of Zhengz-
hou University. The environment was maintained with a temperature of 21-23°C and relative humidity of
45-55%, with a 12 h light/ dark cycle. Food and water were given ad libitum. Rats were allowed to accom-
modate to living conditions for 7 days prior to grouping. This study was approved by the Ethics Committee
of the Henan Provincial People’s Hospital (approval number: 2018-53) and animal experimental policy of
Zhengzhou University (protocol code 2022-023).

2.3. Experimental design

Rats were randomized to four groups, the control, afatinib, crofelemer or loperamide group. Chemicals were
dissolved in 2 ml of PBS solution. Rats received daily chemical [or phosphate buffered saline (PBS) solution]

3
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exposure for consecutive 7 days through a gavage tube. Doses were 60, 1 and 250, mg/kg/d, for afatinib,
loperamide or crofelemer, respectively. Doses of each rat were adjusted daily according to newest measured
body weight.

All rats were anesthetized with intraperitoneal injection of sodium pentobarbital and sacrificed at day 8.
The whole intestinal duct were resected, removed and then flushed with sterile PBS and weighed. The cecal
content samples were collected freshly for microbiome and metabolomic analysis (n=8 in each group).

Survival and body weight was documented daily. Diarrhea severity was evaluated daily by at least two
observers according to a grading system as follows: grade 0, no diarrhea; grade 1, mild (soft unformed
stools); grade 2, moderate (perianal staining and loose stools); grade 3, severe (watery stools and staining
over legs and abdomen).

2.4. Histological and ultrastructure evaluation

Fresh samples of duodenum, jejunum, ileum and colon were collected and stored, or were fixed in 10% formalin
for further preparation of paraffin wax block and sections. Hematoxylin and eosin (H&E) or periodic acid-
Schiff (PAS) staining were performed following standardized protocols. An experienced pathologist evaluated
the pathological alterations. Criteria were villus fusion, villus atrophy, disruption of brush border and surface
enterocytes, crypt losses/architectural disruption, disruption of crypt cells, infiltration of polymorphonuclear
cells and lymphocytes, dilation of lymphatics and capillaries and edema. The latter six criteria were examined
in the colon. Each criterion was scored as present = 1 or absent = 0.

Utrastructure of the intestine was evaluated under transmission electron microscopy (TEM). Freshly isolated
ileum and colon tissue samples were fixed in glutaraldehyde, re-fixed in osmic acid, then dehydrated and
embedded, stained using lead citrate. Ultrathin sections (approximately 50 nm in thickness) were prepared
and observed using a JEM-2100F transmitting electron microcopy (Hitachi, Hitachi, Japan).

2.5. Serum cytokine and entotoxin assay

Whole blood samples were collected through cardiac puncture. Serum samples were prepared by centrifuga-
tion of blood samples by 3000 rpm for 5 min, and stored at -80 until analyzed. Serum levels of IL-6, IL-1β
and TNF-α were measured using enzyme linked immunosorbent assay (ELISA) kits (Neobioscience Biotech-
nique Co. Ltd., Shenzhen, China) following the instructions. Serum levels of endotoxin were detected using
PyroGene Endotoxin Detection Assay kit (Lonza, Switzerland) with an accuracy of 0.005 EU/mL.

2.6. Microbial diversity analysis

Microbial DNA was extracted using the HiPure Stool DNA Kits (Magen, Guangzhou, China) according to
manufacturer’s protocols. The full length16S rDNA target region of the ribosomal RNA gene were amplified
by PCR. Amplicons were extracted from 2% agarose gels, purified and quantified using commercially available
kits according to the manufacturer’s instructions. Purified amplicons were pooled in equimolar and paired-
end sequenced on an Illumina platform according to the standard protocols. The V3-V4 region of the
bacterial 16S rRNA gene was amplified using using primers 341F: CCTACGGGNGGCWGCAG; 806R:
GGACTACHVGGGTATCTAAT. The usearch R package implements a complete pipeline to turn paired-
end fastq files from the sequencer into merged, denoised, chimera-free, inferred sample sequences. The
representative OTU sequences were classified into organisms by a naive Bayesian model using RDP classifier
based on SILVA database, with the confidence threshold value of 0.8.

The raw data were subjected to a series of preprocessing steps, including merging, filtering, dereplication,
denoising, and chimera removal, using the DADA2 R package (version 1.14). Following these procedures, the
resulting clean tags were utilized to output the ASVs. The representative ASV sequences were classified into
bacterial taxonomy using the RDP classifier (version 2.2) with reference to the SILVA database. After ASV
annotation, the abundance statistics of each taxonomy were visualized using Krona (version 2.6). Alpha
indices, including Chao1, Shannon, and Simpson, were calculated using the QIIME software (version 1.9.1),
and the difference in these indices between the NC and 0.8 g/kg Pro groups was assessed by the Wilcoxon

4
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rank test. Principal coordinates analysis (PCoA) based on weighted Unifrac distances was plotted in R
project, and the Anosim test was conducted using the Vegan package (version 2.5.3).

2.7. Transcriptomic analysis

Total RNA was extracted using Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA). The mRNA was enriched by Oligo(dT) beads and fragmented, then reverse transcribed
into cDNA with random primers. Second-strand cDNA was synthesized, purified, end repaired, poly(A)
added, amplified and sequenced. Reads obtained from the sequencing machines were included filtered by
fastp (version 0.18.0), and only high quality reads are allowed for further analysis.

Transcriptome de novo assembly was carried out with Trinity short reads assembling program. Basic anno-
tation of unigenes were performed using BLASTx program with an E-value threshold of 1×10-5 to NCBI
non-redundant protein (Nr) database, the Swiss-Prot protein database, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, and the COG/KOG database. For each transcription region, a FPKM
(fragment per kilobase of transcript per million mapped reads) value was calculated to quantify its expressi-
on abundance and variations, using RSEM software. RNAs differential expression analysis was performed by
DESeq2 software between two different groups (and by edgeR between two samples). The genes with the pa-
rameter of false discovery rate (FDR) below 0.05 and absolute fold change [?]2 were considered differentially
expressed genes (DEGs). Functional and pathway enrichment analyses were performed with Gene Ontology
(GO) or KEGG tools with a P value threshold of 0.05 (corrected through FDR correction). Protein-Protein
interaction network was identified using String v10, while the interactions of hub gene within the network
were visualized using Cytoscape software.

2.8. Non-targeted metabolomic analysis

The cecal content samples were thawed and subjected to LC-MS/MS analysis using an UHPLC coupled to
a quadrupole time-of-flight. Raw data were converted to MzXML files for subsequent multivariate analysis.
Quality control was based on principle component analysis (PCA) as well as positive ion mode (POS) and
negative ion mode (NEG) analysis. PCA and OPLS-DA analysis were performed to identify metabolic
discrepancies between each two groups. A variable importance in projection (VIP) score of [?] 1.0 and P
< 0.05 (t test) was applied to identify the metabolites that best distinguished between two groups. KEGG
annotations and enrichment analysis of differential expressed metabolites was further performed taking FDR
[?] 0.05 as a threshold.. Heatmap and network was used to show the correlation between microbiome,
transcriptomic and metabolomic data within colon content samples of each group.

2.9. Statistical analysis

Data were analyzed through Graphpad Prism software version 8.3.0 (GraphPad Software, CA, USA), R
software version 4.0.5 (https://www.r-project.org/) or SPSS package version 26.0 (IBM Inc., NY, USA).
Normally distributed or proportional data were expressed as mean +- standard deviation (SD), and statistical
differences were determined by Student’s t-test, χ2 test or one-way ANOVA, followed by post-hoc SNK test.
In case of non-normally distributed data, Kruskal-Wallis rank sum test or Freidman’s test was used for
independent data or repeated measures respectively. P values less than 0.05 were considered statistically
significant.

Results

Diarrhea and weight loss

Diarrhea was induced by afatinib, and attenuated by use of loperamide or crofelemer. The incidence and
score of diarrhea increased gradually during the experiments in the afatinib, loperamide and crofelemer
group. Whereas the rats of the control group had weight gain, rats of the afatinib group exhibited weight
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loss, while loperamide or crofelemer attenuated weight loss induced by afatinib. There was 2 and 1 death in
the afatinib and the crofelemer group, respectively.
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FIGURE 1 . Crofelemer or loperamide attenuates afatinib-induced diarrhea, weight loss and systemic
inflammation. (A) Percent of diarrhea at each day. Groups A-D represent the control, afatinib, crofelemer
and loperamide group, respectively. (B) Change of body weight relative to day 1. *: P<0.05 compared with
the crofelemer group. **: P<0.05 compared with the other three groups. (C) Serum levels of endotoxin.
(D) Serum levels of IL-1β. (E) Serum levels of IL-6. (F) Serum levels of TNF-α.

Histopathology and ultrastructure changes

Rats treated with afatinib showed villi loss, mucosal damage and inflammatory cell infiltration in the ileum
and colon. Epithelial mucosal damage and villi loss was also shown under TEM. With the addition of
crofelemer or loperamide, such histopathological changes minimally decreased, as no statistically significant
differences in histopathological scoring among the four groups both in the ileum and in the colon.

7
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FIGURE 2 . Crofelemer or loperamide attenuates afatinib-induced gut epithelial injury, vilum loss and
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pathological score. (A) pathology of the ileum. (B) pathological score of the ileum. (C) pathology of the
colon. (D) pathological score of the colon. H&E and Masson’ trichrome images are shown as ×100 magnified.
The scale bars represent 1 μm in the transmission electron microscopy (TEM) images.

Transcriptomic analysis of the colon

DEGs in each group of colon tissue were assessed (n=5 each). Although hundreds of DEGs are also identified
when comparing the control group and the other three groups, the number of DEGs between the afatinib
group, the loperamide and afatinib group are significant less. When comparing the afatinib to the control
group, there are 2751 DEGs (2471 up- and 280 down-regulated). Defense response, response to external
stimulus and immune response are top three processed enriched in the afatinib group. KEGG enrichment
identified IL-17 signaling pathway, complement and coagulation cascades, viral protein interaction with cy-
tokine and cytokine receptor, cytokine-cytokine receptor interaction and TNF signaling pathway as most
prominently enriched pathways in the afatinib group. KEGG-enriched metabolic pathways in the afatinib
group include amino acids (arginine and proline), lipid (steroid hormone biosynthesis, biosynthesis of un-
saturated fatty acids, linoleic acid, arachidonic acid, alpha-linolenic acid), cofactors and vitamins (retinol),
xenobiotics biodegradation and metabolism (drug metabolism - other enzymes).

To explore the candidate core genes that may be regulated by crofelemer or loperamide, the DEG profiles
were compared between groups A vs B and groups B vs C, or groups A vs B and groups B vs D, respectively.
Thirteen genes are shown to be candidate core effector genes of crofelemer, including Egr1, Foxp3, Pim1,
Stat4, Ccl4, AC112568.1, Nfkbie, Irf7, Gfi1, Nfkb1, Tap2, RT1-S3. Afatinib-associated four core genes
include Oas1i, Fbl, Hspa5 and Polr1b.

FIGURE 3 . Effects of afatinib on colon transcriptomics. (A) Scatter plot of differently expressed genes

9
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(DEGs) in colon samples. (B) Differential gene intersection analysis of groups A vs B and groups B vs C.
(C) Differential gene intersection analysis of groups A vs B and groups B vs D. (D) The PPI analysis of the
256 differential genes in Fig B. (E) The PPI analysis of the 414 differential genes in Fig C. (F-G) Heatmap
distribution of the core differential genes. (H-I) KEGG enrichment analysis for differential genes.

Metabolomic analysis

Differently expressed metabolites of each group (n=8) were accessed through untargeted metabolomics.
Compared with the control group, 453, 116 and 156 differentially expressed metabolites (DEMs) were iden-
tified in the afatinib, crofelemer or loperamide groups, respectively. The administration of crofelemer or
loperamide resulted in 33 and 73 DEMs when comparing with the afatinib group. The most prominent
enriched metabolic pathways were metabolism of xenobiotics by cytochrome P450, retinol metabolism and
lysine degradation when comparing the control and the afatinib groups. When comparing the afatinib and the
crofelemer group, the most prominent enriched metabolic pathways were ascorbate and aldarate metabolism,
ovarian steroidogenesis and chemical carcinogenesis - DNA adducts. When comparing the afatinib and the
loperamide group, the most prominent enriched metabolic pathways were vitamin B6 metabolism, microbial
metabolism in diverse environments, and ABC transporters. The crofelemer and the loperamide groups
differ in circadian entrainment, pathways in cancer, endocrine resistance, axon regeneration, breast cancer,
synaptic vesicle cycle, prostate cancer, butanoate metabolism, gap junction, estrogen signaling pathway and
GnRH secretion.

10
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FIGURE 4 . Effects of afatinib on metabolites. (A) Scatter plot of differently expressed metabolites
(DEMs) in cecal samples. (B,C) Venn diagrams of DEG intersection analysis. (D,E) Heatmap of DEMs
of different groups. (F) KEGG enrichment of metabolomic pathways in groups A, B and C. (G) KEGG
enrichment of metabolomic pathways in groups A, B and D.

Gut microbiome changes

Afatinib and antidiarrheal agents-induced cecal microbial changes were assessed and compared. Measured by
Shannon’s diversity index, the microbial diversity was decreased in other three groups compared to the control
group (P <0.0001 each). However, there was no difference in microbial diversity when comparing between the
afatinib, crofelemer or loperamide groups (all P >0.05). Principal coordinate analysis (PCoA) showed that
these four groups clustered differently, which was confirmed with pairwise anosim and adonis comparisons
(P =0.0001). Compared with the genera of the control group, the afatinib group was most abundant
withEscherichia shigella and Rombuotsia, and lower abundant with allobaculum, lactobacillus and so on.
As compared with the control group, the afatinib, crofelemer or loperamide groups had significantly higher
relative abundance of Enterobacteriaceae (P =0.00087) and Erysipelotrichaceae (P =0.00017), and lower
abundance of Lactobacillaceae families (P =0.03225). At the species level, the control group has significantly
less abundance of Escherichia shigella as compared with the other three groups (allP <0.011). The crofelemer
and loperamide groups were different most in the abundance of Lactobacillaceae and Enterobacteriaceae
families (both P <0.05), as well asLactobacillus murinus and Lactobacillus johnsonii species (both P <0.05).

The afatinib group was more active than those of the control group in Xenobiotics biodegradation and
metabolism (P =0.02542), as well as membrane transport (P =0.00748). Biological pathways estimated to
be significantly altered by microbiome are shown in Figure 3 and further multiomic analyses.

FIGURE 5 . Gut microbiota composition profiles in each group. (A) α-diversity shown by the ACE score
(B) α-diversity shown by the Shannon score. (C) α-diversity shown by the Chao1 score. (D) α-diversity
shown by the Sob score. (E) β-diversity shown by the PCoA analysis. (F) Stacked relative abundances at
the genus level. (G) Differences of relative abundance of representative genus among each group.

Multiomic correlation analyses

3.6.1 Transcriptome and metabolite association analysis

11
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The correlation of relative expression abundance of core different expressed genes (DEGs) and metabolites
(DEMs) was analyzed. As shown in Figure 6, the core DEG-DEM correlation network maps were illustrated
basing on groups A, B and C, or groups A, B and D, which shows possible crofelemer or loperamide regulat-
ing network respectively. As for the crofelemer regulatory network, the abundance of Helz2 gene is positively
correlated with 4-bromoguaiacol, deoxyadenosine, pronamide, ricinine, costunolide, etc. The abundance of
4-bromoguaiacol is positively correlated with abundance of Foxp3, Pim1, Stat4, Ccl4, AC112568.1, Nfk-
bie, Irf7, Gfi1, Nfkb1, Tap2 and RT1-S3, while L-Alanine is negatively correlated with these genes. As
for the loperamide regulatory network, the abundance of Stat4 is positively correlated with ricinine, pron-
amide, hirsutine, eplerenone, etc. Crofelemer and loperamide share common DEG-DEM correlations, such
as Helz2/Nfkbie/Oas1i with pronamide/ricinine.

FIGURE 6 . Correlation analysis of different expressed genes (DEGs) and metabolites (DEMs). (A)
Correlation network of groups A, B and C. (B) Correlation network of groups A, B and D. (C) Common
transcriptomic and metabolic pathways in groups A, B and C. (D) Common transcriptomic and metabolic
pathways in groups A, B and D.

3.6.2 Metabolome and microbiome association analysis

We analyzed the correlations between DEMs and different genera of different groups. As is shown in Figure
7, the abundance of E. shigella was positively correlated with that of ricinine, nonanoic acid, costunolide,
pronamide, etc. The abundance of Lactobacilluswas negatively correlated with that of ricinine, nonanoic
acid, costunolide, pronamide, etc.

12
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FIGURE 7 . Correlation analysis of different expressed metabolites (DEMs) and microbiome between the
control and the afatinib groups. (A) Correlation of DEMs and microbiome that are regulted by crofelemer.
(B) Correlation of DEMs and microbiome that are regulted by loperamide.

3.7 Transcriptomics of the ileum and correlation with the colon transcriptomics

In the ileum, we identified 448 DEGs (108 up- and 340 down-regulated) in the afatinib group compared
to the control group. GO enrichment pointed out top 30 significantly different functional GOs between
healthy and diarrhea rats. Lipid metabolic process, muscle contraction and blood circulation are top three
processed enriched in the afatinib group. KEGG enrichment identified PPAR signaling pathway, hyper-
trophic cardiomyopathy, vascular smooth muscle contraction, dilated cardiomyopathy, arrhythmogenic right
ventricular cardiomyopathy as most prominently enriched pathways in the afatinib group. Similarly, 674
(290 up- and 384 down-regulated) and 1703 (839 up- and 864 down-regulated) DEGs are identified respec-
tively between the crofelemer or loperamide group and the control group. When comparing the crofelemer
and afatinib group, the loperamide and afatinib group, or the crofelemer and group, 1295 (789 up- and 506
down-regulated), 1872 (1464 up- and 408 down-regulated) and 1159 (778 up- and 381 down-regulated) DEGs
are identified, respectively. KEGG-enriched metabolic pathways in the afatinib group include amino acids
(tryptophan), lipid (alpha-linolenic acid, Ether lipid, arachidonic acid, Biosynthesis of unsaturated fatty
acids, Linoleic acid), cofactors and vitamins (retinol, nicotinate and nicotinamide), other amino acids (Tau-
rine and hypotaurine), xenobiotics biodegradation and metabolism (Drug metabolism - cytochrome P450,
drug metabolism - other enzymes).

Hub genes of the ileum and the colon were compared. As shown in Figure 8-D, 13 genes were identified as
common hub genes in crofelemer-treated ileum and colon. Similarly, Figure 8-E shows 13 common hub genes

13
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in loperamide-treated ileum and colon. The expression of Cdo1, Adipoq, Fabp4, cfd, Usp18, Oaslk, Trarg1
and Thrsp was regulated in response to both crofelemer and loperamide in the ileum and in the colon.

FIGURE 8. Transcriptomics of the ileum and correlation with the colon transcriptomics. (A) Differently
expressed genes (DEGs) in the ileum of each group. (B) Venn diagram shows crofelemer-regulated ileum
DEGs. (C) Venn diagram shows loperamide-regulated ileum DEGs. (D) Crofelemer-regulated hub genes
both in the ileum and in the colon. (E)Loperamide-regulated hub genes both in the ileum and in the colon.
Eight of these hub genes are identical to those of crofelermer-regulated common hub genes.

DiscussionIn the current study, we investigated the pathological and multiomic changes in afatinib-treated
rat intestine. Similar to previous studies using afatinib or other TKIs, afatinib induces diarrhea and mucosal
damage here. Multiomic data showed altered gut transcriptomic, microbiota and metabolic phenotype as well
as functioning. Crofelemer or loperamide protects from afatinib-induced diarrhea. Such protective effects
are associated with discrete but at least some similar changes in transcriptomic, microbiota and metabolic
profiles of gut tissue and/or content. Previous studies using afatinib to induce diarrhea with a dose of 16-50
mg/kg and a duration of 6-14 days (Zhang et al., 2023). Consistent with previous studies, afatinib as an
EGFR-TKI induces diarrhea, mucosal damage, villi loss and inflammatory infiltration in both the ileum and
the colon. The pathological alterations are most prominent in the ileum than those in the colon. These
results support the inflammatory hypothesis in TKI-induced diarrhea, as EGFR inhibition attenuates the
growth, proliferation and repair process of the epithelial mucosal layer (Cárdenas-Fernández et al., 2023).
Some studies also observe relatively more severe pathology in the ileum than in the colon (Secombe et al.,
2021; Duan et al., 2019; Van Sebille et al., 2017; Rasmussen et al., 2010; Secombe et al., 2022). In other
studies using TKIs to induce diarrhea however, pathological damage is more severe in the colon (Bowen
et al., 2012, Bowen et al., 2014, Mayo et al., 2020). Similarly, in contrast to previous studies that showed
significant decrease in the average body weight, in our study and another one, the body weight decreases
after afatinib exposure. These inconsistent results may attribute to drug type, dose and duration of expos-
ure, site difference in the absorption, efflux mechanisms and concentration of the drugs, mucosal or systemic
inflammation status, or in the protective signaling pathways. A previous study shows that afatinib-protein
conjugation is most strongly and extensively stained in the ileum, followed by the colon, which shows speci-
fically stain with the epithelial cells and Auerbach’s plexus (Yamamoto et al., 2019). In contrast, only slight
staining is observed in the duodenum and jejunum. The afatinib concentration in the intestine corresponds
well to these sites of EGFR expression. These results are in line with those of a previous study, which also
shown that EGFR/ERBB1 is expressed at a relatively higher level in the ileum compared to the rest of
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the gastrointestinal tract (Van Sebille et al., 2017). Moreover, it’s suggested that spacial differences in mi-
croenvironment and metabolome between the ileum and the colon may also contribute to such discrepancy
(Secombe et al., 2022). In the current study, both loperamide and crofelemer attenuate afatinib-induced di-
arrhea in rats. Loperamide is suggested by several guidelines as one of the major treatments in TKI-induced
diarrhea. Crofelemer as an anti-secretary agent has been approved for secretary diarrhea, and is supposed to
be promising in managing anticancer drugs-induced diarrhea. Preliminary studies disclosed that dacomiti-
nib (another second-generation EGFR-TKI) -induced diarrhea in rats is associated with hyperpermeability
and ileal histological damage (Van Sebille et al., 2017). A further study showed that crofelemer attenu-
ated dacomitinib-induced chloride hypersecretion in T84 cells in vitro, but worsens dacomitinib-induced
diarrhea without attenuation of barrier dysfunction and ileal damage in vivo (Van Sebille et al., 2018). A
latest study showed that crofelemer prophylaxis reduced the incidence or severity of neratinib-associated
diarrhea in female beagle dogs (Guy et al., 2024). Recent exploratory clinical trials have investigated the
efficacy of crofelemer in TKI, chemotherapy or targeted treatment-associated diarrhea. Although limited in
enrollment and power, crofelemer did show preventive and treatment potentials, especially for watery or
refractory diarrhea (Greene et al., 2021; Pohlmann et al., 2022; Jacob et al., 2023). In addition, antibiotics,
antidiabetic, anti-inflammatory or natural products have been tested in preclinical studies, and may provide
novel treatment regimens for TKI-induced diarrhea (Cárdenas-Fernández et al., 2023). Next, biochemistry
and multiomic analyses were performed to investigate the potential mechanism of afatinib-induced diarrhea
and protective mechanism of loperamide and crofelemer. Afatinib induces statistically significant elevation
of serum levels of endotoxin, IL-6, IL-1β or TNF-α. Among these indices, only IL-6 release is inhibited with
the administration of loperamide or crofelemer. In addition, transcriptomic data show that afatinib induces
expression of IL-6, IL-1β or TNF-α mRNA only in the colon other than in the ileum tissue. Loperamide,
but not crofelemer, attenuates afatinib-induced expression of IL-1βmRNA and TNF-αmRNA. These results
imply that crofelemer exerts less antiinflammatory activities than loperamide both in the gut and in the
circulation. However, previous studies reveal that antitumor drug-induced diarrhea could be attenuated
by inhibition of the proinflammatory and provocation of antiinflammatory signals (Khan et al., 2018). In
addition, our model does show the intestinal and systemic inflammatory nature, which allow for the poten-
tial effects of antiinflammatory agents. Differentially expressed genes and pathway enrichment was assessed
both in the colon and in the ileum of each groups. The colon and the ileum share part of similar DEGs
and pathways in response to afatinib, specifically proinflammatory pathways. This may partly attribute to
elevation of levels of the systemic inflammatory biomarkers. These results are supported by previous studies
that colitis are associated with activation of inflammatory pathways. However, similarly to the discrepancies
in the extent of pathological injury, the numbers of DEGs induced by afatinib are less of the colon than of
the ileum. Enriched pathways of the ileum and the colon are also different in response to afatinib. Previous
studies suggest inhibition of EGFR signaling may suppress TKI-induced diarrhea (Secombe et al., 2019).
But we did not identify aberrant EGFR signaling in the ileum or in the colon, although the relative ex-
pression of EGFR was slightly increased in the colon by use of afatinib. Rather, Cdo1, Adipoq, Fabp4, cfd,
Usp18, Oaslk, Trarg1 and Thrsp are genes that are commonly regulated by both crofelemer and loperamide.
FABP4 and Adipoq are fatty acid regulating genes that are suggested to take a role in intestinal disorders
and/or diarrhea (Mosińska et al., 2020; Mosińska et al., 2020). Such genes may regulate the process of TKI-
induced diarrhea and are worthy of further investigations. In this study, cecal microbiome were analyzed
and compared in each groups. Compared with that in the control group, alpha diversity significantly de-
creased while proportions of Proteobacteria (phylum) and Escherichia shigella (species) increased in all the
three other groups. Simultaneously, rats of the other three groups exhibited significantly lower proportions
of Romboutsia ilealis, Actinobacteriota, Patescibacteria and Verrucomicrobiota. Glycosylphosphatidylinos-
itol (GPI)-anchor biosynthesis, Pathogenic Escherichia coli infection, steroid biosynthesis are top enriched
pathogenic pathways in the other three groups as compared with the control group. The Proteobacteria
consists of many Gram negative bacteria that might be opportunistic pathogenic. This corresponds to an in-
crease in E. shigella abundance, and further an enrichment of pathogenic E. shigella infection pathway, cecal
metabolomic dysregulation and elevated serum endotoxin and cytokine level. On the contrary, Lactobacillus
as a well recongnized intestinal probiotics is shown to reverse the metabolomic dysregulation in the current
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study. Previous pre-clinical studies have shown increases in abundance of gram-negative bacteria in anti-
cancer drugs-induced diarrhea. These gram-negative species produce endotoxin/lipopolysaccharide (LPS) to
initiate the key inflammatory mediators. Blautia has been suggested to be abundantly reside in the intestine
of neratinib-induced diarrhea rat model (Secombe et al., 2022). A retrospective clinical study by Chung et
al showed that the use of first-generation EGFR-TKI increases the risk ofClostridioides difficile infection
and diarrhea (Chung et al., 2022). Moreover, both loperamide and crofelemer group showed a significant
increase in the abundance of Parasutterella as compared with that of the afatinib group. Recent studies
reveal the association of Parasutterella abundance with the activation of fatty acid biosynthesis and body
weight gain (Henneke et al., 2022). In this scenario, microbiome mechanisms and microbiome-regulating
strategies might play an important role in cancer treatment-associated digestive adverse effects (Maddern et
al., 2023). It remains controversy in TKI-induced diarrhea whether diarrhea changes microbiome originally,
or microbiome changes induce diarrhea. Animal and clinical evidences are accumulating to show that micro-
biome changes happen prior to the onset of diarrhea (Secombe et al., 2022). Our data show that group-group
cecal microbial differences are smaller between the loperamide and crofelemer group than these two groups
with the control or the afatinib group. These data together may indicate that loperamide and crofelemer
modifies gut microbial constituents, presuming that the animals have similar microbiota background prior to
the initiation of afatinib. However, there are also studies that show the impact of gut microbial background
on TKI-induced diarrhea, as pre-treatment gut microbial composition may also determine or predict diarrhea
severity (Conti et al., 2022; D’Amico et al., 2022). Afatinib-induced cecal metabolomic changes are further
analyzed in each groups. Again, group-group cecal metabolic differences are smaller between the loperamide
and crofelemer group than these two groups with the control or the afatinib group. Compared to the control
group, three metabolomic pathways are different in the afatinib group, including metabolism of xenobiotics
by cytochrome P450, retinol metabolism and lysine degradation. Previous studies have revealed that di-
etary retinol or vitamine A or lysine is responsible for maintenance of gut mucosa health and prevention of
diarrhea (Li et al., 2022; Cao et al., 2022; Wang et al., 2022). The altered metabolic pathways and their
components may serve as potential biomarkers and therapeutic targets. Further Pearson correlation analysis
shows that the abundance of some microorganisms is associated with that of DEM and metabolic pathways.
The abundance of E. shigella was negatively correlated with that of xanthine, valine, thymine, uracil, etc.,
and positively correlated with that of taurine and reduced L-glutathine, etc. These results are in line with
previous studies, which show that bacteria abundance are associated with metabolites that may contribute
to the drug-induced inflammation and diarrhea, inflammatory bowel disease, obesity, diabetes and fatty liver
disease.

ConclusionsAfatinib-induced diarrhea in rats is associated with more severe mucosal damage in ileum than
in colon. Crofelemer or loperamide protects from afatinib-induced mucosal damage, diarrhea and weight loss.
Such protective effects are associated with changes in gut transcriptomic, microbiota and metabolic pathways
of gut tissue and/or content. It’s suggested to be feasible to eliminate the malregulated metabolomic and
microbial profiles and supply with beneficial microorganisms for treating TKI-induced diarrhea. Further
studies are needed to verify the clinical utility of these antidiarrheal agents and related mechanisms.
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