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Background: Ulcerative colitis (UC) is a chronic intestinal inflammation that is prone to relapse and is difficult to fully recover;
therefore, there is a need for safer alternative treatments. Caffeic acid (CA) is a natural polyphenolic compound that has antioxidant
and anti-inflammatory properties. However, the beneficial effects and mechanisms of action of CA in UC remain unclear.

Purpose: This study evaluated the protective effect of CA against dextran sulfate sodium (DSS)-induced intestinal injury in
Drosophila melanogaster model.

Results: Oral administration of CA significantly reduced body damage in UC flies, improved their survival rate, restored damaged digestion,
and improved locomotion. CA supplementation significantly alleviated intestinal damage in UC flies by restoring excretion balance, repairing
intestinal atrophy, improving acid-base balance imbalance, inhibiting intestinal structural destruction, inhibiting intestinal epithelial cell death
and intestinal stem cell (ISC) excessive proliferation, and reducing the number of harmful bacteria. Mechanistic studies found that CA
significantly reduced the expression of Toll and Imd pathway genes (including Myd88, Dif, PGRP-LC, Imd, Rel, and Dpt), reduced ROS
levels and the expression of apoptosis-related genes (Debcl, Cyt-c-p, DrICE, Dronc, and Dark), and increased ATP and MFN2 levels.
Conclusion: CA alleviated intestinal damage mainly by inhibiting the Toll and Imd signaling pathways and inhibiting apoptosis
mediated by mitochondrial damage. These findings suggest that CA holds promise as a potential therapeutic for UC treatment.
Keywords: ulcerative colitis, caffeic acid, toll and Imd pathways, apoptosis, Drosophila melanogaster

Introduction
Ulcerative Colitis (UC) is a chronic non-specific inflammatory bowel disease characterized by inflammatory lesions of the
colorectal mucosa and its underlying mucous purulent and bloody stools, and absorption disorder." Along with the westernization
of lifestyle, the incidence of UC in developing countries is increasing.”” Drugs for the treatment of UC usually include
aminosalicylic acid, glucocorticoids, and immunosuppressants, but they have disadvantages such as high cost, limited long-
term efficacy, and significant side effects.*” Therefore, it is critical to search for safe and effective drugs for UC treatment.
UC involves multiple genetic targets and is primarily associated with intestinal immune dysfunction and mitochondrial
apoptosis.®” Some studies have indicated that abnormal immune responses contribute to the pathogenesis of UC.* This
process is regulated by many molecular signaling pathways, including JAK/STAT, PI3K/Akt, NF-«B, Toll, and Imd.'% '
These related components of cell signaling pathways have the potential to be potential therapeutic targets. In addition,

excessive apoptosis and insufficient proliferation of intestinal epithelial cells are important mechanisms of intestinal mucosal
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injury in UC."? Studies have confirmed that Bcl-2 and Bax are common marker proteins for apoptosis and may be involved in
regulating apoptosis in the mitochondrial pathway, thereby attenuating UC colon injury.'*'> Therefore, modulation of host
immune homeostasis and blocking the necrotic apoptotic pathway of epithelial cells are essential for the treatment of UC.

Caffeic acid (CA) is a natural polyphenolic compound derived from plants, which possesses various pharmacological
activities, such as antioxidant, anti-inflammatory, antibacterial, and antiviral.'™'® For example, CA supplementation
attenuated the age-associated hyperproliferation of intestinal stem cells (ISCs) by suppressing oxidative stress-associated
JNK signaling in flies.'” In Alzheimer’s disease rodent models, administration of CA improved cognitive skills and redox
state by lowering GSK3p levels and reducing the formation of amyloid-like plaques.”® Although CA has demonstrated
antioxidant effects in aging and neurodegenerative diseases, its role in intestinal inflammation and immune modulation,
particularly through the Toll andlmd pathways, remains unexplored. Drosophila melanogaster has the advantages of
excellent genetic tools, short lifespan, easy handling, and remarkable phenotype, and its intestinal function is similar to
that of mammals, which makes it a classical in vivo model for studying intestinal physiology and immunity.*"**> Many
studies have shown that Drosophila can be used to screen plant extracts for potential applications in many chemical-induced
intestinal disorders.”> %> Moreover, compared to rodent models, Drosophila offers a genetically tractable and cost-effective
platform for studying intestinal physiology and immune responses, which are highly conserved across species.

In summary, this study aimed to investigate the potential protective effects of CA against dextran sodium sulfate
(DSS)-induced intestinal injury by utilizing a Drosophila model. Through this exploration, we attempted to elucidate the
underlying mechanisms by which CA may help protect against intestinal injury, thereby gaining insight into its potential
for application in the treatment of UC.

Methods and Materials

Drosophila Strains and Culture
All fruit flies were reared on common corn agar medium at 25 °C under a relative humidity (65%) and a 12 h light/dark

cycle. The fly strains used in this study were as follows: w'//® (#5905) that got from the Bloomington Drosophila Stock
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Center (BDSC); Esg-Gal4, UAS-GFP was generously provided by Dr. Lihua Jin, Northeast Forestry University; and
MyolA-GAL4, UAS-GFP was kindly given by Dr. Rongwen Xi, NIBS, Beijing, China.

Reagents

CA (#B206220, >98%) was purchased from Yuanye Biotechnology Co. (Shanghai, China). DSS was obtained from MP
Biomedicals LLC (USA). Sucrose, Erioglaucine disodium salt (SHBN8755), bromophenol blue (SHBN7603), and
dihydroethidium (088M2512V) were purchased from Sigma-Aldrich (USA).

Induction of Ulcerative Colitis

2-4d aged adult fruit flies were fed 4% DSS to establish an UC model. The experiment was divided into control, model,
0.5 and 1 mm CA groups. After feeding with culture medium or culture medium containing different concentrations of
CA for seven days, flies were transferred to vials containing filter paper soaked in different solutions (control group: 5%
sucrose; model group: 5% sucrose and 4% DSS; treatment groups: different concentrations of CA, 5% sucrose, and 4%
DSS) for further research (Supplementary Figure 1).The above methods refer to previous studies.?

Survival Rate

20 males or females per vial were transferred into vials containing five layers of filter paper infiltrated with 4% DSS and
5% sucrose solution or 0.6% SDS and 5% sucrose solution, with or without CA (0.5 and 1 mm), respectively. Filter
papers were changed every three days, and the number of dead flies was recorded until all flies died. 6 vials replicates
were used for each treatment group.

Climbing Ability

Different groups of female flies (20/vial) were transferred to plastic tubes (12%2 cm) for acclimatization for 5 min.
Afterwards, the bottom of the test tube was gently tapped every 2 min, and crawling time and distance were recorded
using a video camera. Each treatment group was repeated 6 vials. Climbing indices were calculated according to
a previously described method with minor modifications.*

Food Intake

Different groups of female flies (20 flies/vial) were transferred to plastic tubes (12x2 cm) for acclimatization for 5 min.
Each treatment group was repeated 6 vials.Food consumption was performed as previously described with minor
modifications.”® Briefly, female flies were starved for 18 h, and then were fed with food containing 5% sucrose and
2% Bromophenol blue for 4 h. Fly abdomen colour was observed under a microscope and scored. Abdomen scores range
from 0 to 3, with a colorless abdomen indicated as 0, less than 1/3 of the length of the abdomen as 1, between 1/3 and 1/2
as 2, and greater than 1/2 of the length of the abdomen as 3.

Excretion

Different groups of female flies (20/vial) were transferred to plastic tubes (12x2 cm) for acclimatization for 5 min.Each
treatment group was repeated 6 vials. Female flies were starved for 6 h and cultured in dyed medium for 12 h. The
staining medium was prepared as previously described.?® Then, the cells were washed with PBS, and the absorbance of
the mixed solution was measured at 625 nm.

Intestinal Length

Female flies were transferred to vials containing filter paper moistened with 5% sucrose, 4% DSS, and 1 mm CA, and
stressed for 72 h. Randomly select 12 female flies from each group of 20 for dissection in paraformaldehyde. Measure
intestinal length using a vernier caliper.
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“Smurf” Assay

Different groups of female flies (20/vial) were transferred to plastic tubes (12 x 2 cm) for acclimatization for 5 min.Each
treatment group was repeated 6 vials.The “Smurf” assay can be used to analyze the integrity of the intestinal barrier in
Drosophila.> Briefly, adult females were placed in a tube with filter paper saturated in 5% sucrose with or without 4%
DSS for 72 h. After starvation for 4 h, the flies were transferred to vials containing food with blue dye (2.5% w/v) for
18 h. The number of “Smurfs” was observed under a microscope.

Intestinal Acid-Base Homeostasis

Different groups of female flies (20/vial) were transferred to plastic tubes (12 x 2 cm) for acclimatization for 5 min.Each
treatment group was repeated 6 vials. Intestinal acid-base homeostasis was evaluated by observing the Drosophila copper
cell region(CCR).?” Briefly, Female flies were starved for 6h, and cultured on dyed medium for 4 h. The intestines were
dissected to observe the CCR and immediately photographed. The staining medium was prepared as previously
described.”® Each set of experiments was repeated three times.

Trypan Blue Assay

The methodology and scoring rules for Trypan blue were performed as previously described.”® Briefly, randomly select
12 female fruit flies from each group, the intestines of females fed with or without DSS for 72 h were dissected, washed
in cold PBS, and stained with trypan blue for 20 min. After washing with PBST, blue staining of the midgut was
performed under a microscope.

Ultrastructure of the Epithelial Cells

The ultrastructure of the fly gut was detected using transmission electron microscopy (TEM).?® Female fly midguts were
dissected in pre-cooled PBS, fixed in 2.5% glutaraldehyde at 4 °C overnight, and washed with PBS. The ethanol gradient
was then dehydrated and rinsed with acetone. Subsequently, the samples were transferred to embedding plates by adding
100% Spon812 resin and heating at 60 °C for 24 h. Ultrathin sections (100 nm) were cut, transferred to silicon, stained
with drops of 1% lead citrate, and rinsed. The samples were then observed using a transmission electron microscope
(Hitachi HT7700).

Immunohistochemistry

The dissected intestines of transgenic MyolA-GAL4; UAS-mCDS8::GFP and Esg-GAL4; UAS-mCDS::GFP females were
exposed to 5% sucrose with or without 4% DSS for 48 h, fixed with 4% paraformaldehyde for 30 min, and washed with
PBST. Subsequently, the samples were observed under an Olympus FV1000 confocal laser scanning microscope
(Olympus, Japan). Randomly select 6 flies from each group of 20.The fluorescence of GFP * cells was measured
using the ImagelJ software.

Tunnel Staining

To detect DSS-induced apoptosis in intestinal cells, a tunnel assay was performed as previously described with minor
modification.”’ Briefly, 5 intestines per group were dissected in cold PBS, the isolated guts were fixed with 4%
paraformaldehyde for 20 min, and washed in PBS. The guts were permeabilized with 0.1% Sodium Citrate buffer
and 0.1% Triton X-100 in PBS for 30 min and washed briefly with PBS. Afterwards, the guts were incubated in a Tunnel
reaction mix at 37 °C for 1 h and rinsed with PBS. Finally, the samples were stained with 4’6-diamidino-2-phenylindole
(DAPI) for 10 min and observed under a fluorescence confocal microscope.

DHE Staining

6 flies in each group were dissected for their intestines in cold PBS, incubated with 30 uM DHE for 15 min, washed with
PBST, and fixed with paraformaldehyde in a dark environment. Subsequently, the images were visualized using
a confocal laser scanning microscope and processed using the ImageJ software.
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ATP and MFN2 Analysis

9 vials in each group with 20 flies in each vial were homogenized in the pyrolysis liquid and centrifuged at 3000 rpm for
10 min at 4°C. ATP content and MFN2 (mitofusin 2) content were determined using the ELISA kit (Enzyme-linked
Biotechnology Co., Ltd, Shanghai, China). The ATP and MFN2 concentrations were determined using a SpectrARax i3x
Microplate reader.>

Transcriptome Analysis

According to the manufacturer’s instructions, total RNA was extracted from the intestines of 180 flies in each vial using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), with 3 vials replicates per group. RNA purity and quantification were
measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA integrity was analyzed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were constructed using the VAHTS
Universal V6 RNA-seq Library Prep Kit, according to the manufacturer’s instructions. Transcriptome sequencing and
analysis were conducted by OE Biotech Co. Ltd. (Shanghai, China). The samples were further screened and analyzed for
differential gene expression, enrichment, and cluster analysis. DEG screening was performed using universal parameter
thresholds, specifically ¢ value < 0.05, fold change >1.5, or fold change < 0.5. All functional and enrichment analyses of
the DEGs were performed using R (v. 3.2.0) and ChiPlot (http://www.chiplot.online).

RT-gPCR Analysis

Total RNA was extracted from 90 female guts per vial using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions, with 9 vials replicates per group. Total RNA was reverse-transcribed into cDNAusing
Hieff"™ reverse transcriptase (Shanghai YEASEN, China) and quantified by real-time PCR using SYBR Green (Shanghai
YEASEN, China). Rp49 was used as the reference gene, and calculations were performed using the 2—AACt method. The
primer sequences are shown in Table 1.

Molecular Docking

Molecular docking was used to predict the binding affinity and conformation of the CA and its core targets. The sdf
format files of CA and receptor protein structures were downloaded from PubChem and RCSB PDB databases,
respectively. The CA and protein structures were processed using PyMOL software and AutoDock Tools 1.5.6.
Molecular docking of compound targets was performed using Autodock Vina 1.1.2, and visualized using Discovery
Studio software. Ligand binding was considered stable if the ligand-receptor binding energy was less than —5.0 kcal/mol.

Table | List of Forward and Reverse Primers

Genes Forward Reverse

Bcl-2 CTGATCGACAACGGCGGATGG ACAGCAGCGAATACAGTTGACCTC
Cyt-c-p CTGAAGTCGGCGACCAAGTA GCCGGACTGTGACTGAACAC
Caspase-3 | GATTCGATGTACGCACCTTCG ATCCTCCCGAGCAACCTCTT

Dronc CCTTTATCTCGCTAAACGAACGG AGCTTGCTAACGCAGGGTC

Apaf-1 GAGCATTCGGGATGGTCTGG TATGTGGGCTGATGGAGGGA
PGRP-LC AAACGATCCGTTGACTGGAC TACGCTTGGATTCCGTTTTC

IMD TTCGGCTCCGTCTACAACTT GTGATCGATTATGGCCTGGT

Relish ACAGCTACAGGAACTGCATCAGGAA | TCATCCTCCTCGAAGAACCTCACT
Myd88 GGCTCGTTCCCTACACGATC GAATGCTGGGAGTGGTCACC

Dif ATGTTTGAGGAGGCTTTCGG GAACCGGCGGTGCGACCCTCGC
PGRP-SCla | CATCGACGAGGGCTGTAAAT CCCGACTGCCTAATAAACCA

ND42 CGTTTCGATGTCCCGGAGCT GTCTGCATTGTAGCCAGGAC

SDHC TGACCGCCCTCAAGTTTATC GCCAAGATAGCGGATAGCAC

RP49 CTTCATCCGCCACCAGTC GCACCAGGAACTTCTTGAATC
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Statistical Analysis

Data are expressed as the mean + standard error of the mean (S.E.M). Statistical analyses were performed using
GraphPad Prism, version 9.3.0. The survival rates of the groups were compared using the log-rank (Mantel-Cox) test
for significance. The two trial groups were analyzed using unpaired Student’s ¢-test. Differences between three or more
groups were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. The
significance levels were *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
CA Has a Strongly Anti-Inflammative Effect

To determine the protective effect of CA against inflammation, adult female and male mice were treated orally with SDS.
SDS can interfere with the normal function of the intestinal barrier, and stimulate local and systemic inflammation.>'
After exposure to SDS, administration of CA at 0.5 and 1 mm significantly improved the survival rate of female or male
flies in a dose-dependent manner (Figure 1A and B). To further determine the rescue effect of CA on UC, survival rates
of female and male flies under DSS stimulation were measured. DSS can destroy the integrity of the intestinal mucosal
barrier, increase the permeability of the colonic epithelium, and aggravate intestinal bleeding.>* 0.5 and 1 mm CA
supplementation remarkably increased the survival rate of male or female flies under DSS stimulation in a dose-
dependent manner (Figure 1C and D). These findings suggest that CA plays an important role in flies.

CA Improves Motility and Digestion in UC Flies

To determine the rescue effect of CA on UC flies, ImM CA was used to assess climbing ability, food intake, and
excretion. The climbing ability of adult flies was significantly reduced in the model group, and 1mM CA supplementation
restored the reduced locomotion ability of UC flies (Figure 2A). Administration of CA at 1 mm significantly increased
food consumption and excretion in UC flies (Figure 2B-D). These results suggest that CA plays a role in restoring the
physiological status of flies with UC.
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Figure | Effect of CA on the survival rate of adult flies under SDS or DSS stimulation. Oral administration of CA at 0.5 mm and | mm significantly elevates the decreased survival rate
of female flies (A) (n =6 vials) and male flies (B) (n =6 vials) exposed to 0.6% SDS. Both 0.5 mm and | mm CA supplementation elevates the decreased survival rate of female flies (C)
(n =6 vials) and male flies (D) (n =6 vials) flies exposed to 4% DSS. The p-value represents the significance of each group compared to the model group. *p < 0.05 and ***p < 0.001.
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Figure 2 Effect of CA on climbing ability, feeding score and excretion in flies treated with DSS. (A) | mm CA supplementation improves the locomotor activities of female
flies fed with DSS (n=6 vials). (B) Food intake is quantified by uptake of the blue dye. CA supplementation increases the food intake (C) (n=6 vials) and the excretion (D)
(n=6 vials) of female flies under DSS stimulation. The p-value represents the significance of each group compared to the model group. *p < 0.05, **p < 0.01, and ***p < 0.001.

CA Protects Intestinal Morphological Integrity and Intestinal Homeostasis in UC Flies
To investigate whether CA has a protective effect against morphological damage in UC flies, intestinal permeability and
length were measured. Intestinal permeability was assessed using the “Smurf” test (Figure 3A).>* The results showed that
the proportion of “Smurf” in flies treated with DSS was significantly higher than control flies, and ImM CA supple-
mentation could significantly reduce the proportion of “Smurfs” in UC flies (Figure 3B). Administration of 1 mm can
markedly increased the intestinal length of UC flies (Figure 3C). These results suggest that CA has a protective effect
against damage to the intestinal morphology in UC flies. In addition, intestinal homeostasis was determined by measuring
the intestinal acid-base balance (Figure 3D).'"” In UC flies, administration of CA at 1 mm dramatically increased the
percentage of the female homeostatic phenotype and decreased the percentage of perturbed A (Figure 3E). These results
suggest that CA plays an important role in alleviating intestinal damage.

CA Rescues the Intestinal Cell Damage in UC Flies

To determine whether CA supplementation could alleviate intestinal cell death in UC flies, the trypan blue staining
scoring method was used to assess intestinal cell death.*® Specifically, the intestinal color was quantitatively scored as
follows: 1 point for similarity to Figure 4A, 2 points for similarity to Figure 4B, and 3 points for similarity to Figure 4C.
The results showed that DSS treatment could increase the intestinal staining score in adult flies, while administration of
CA significantly reduced the intestinal staining score (Figure 4D). In addition, the fluorescence intensity of intestinal
epithelial cells was measured using the transgenic fly strain Myol A>GFP.>* Compared with the control group, DSS-
treated flies had significantly weakened fluorescence intensity of intestinal epithelial cells (Figure 4E and F), while 1 mm
CA supplementation caused an increase in epithelial cell fluorescence intensity (Figure 4G and H). These results
indicated that CA significantly reduced intestinal cell death. Next, ISC proliferation was determined by using the
transgenic fly strain Esg-GAL4; UAS-mCD8::GFP.** The number of GFP-positive cells was significantly increased in
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Figure 3 CA ameliorates the intestinal morphological disruption in female flies under DSS stimulation. (A) Intestinal barrier function by using “Smurfs” experiments; Left
panel, the intestines were normal; right panel, the intestines were damaged and become “Smurf”. (B) | mm CA supplementation significantly reduces the percentage of
Smurf in female flies (n=6 vials). (C) oral administration of CA at | mm relieves the intestinal shortening (n=12 flies). (D) Homeostasis represents intestinal acid-base
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p-value represents the significance of each group compared to the model group. *p < 0.05, **p < 0.01, and ***p < 0.001.

the intestine of the flies treated with DSS, and CA supplementation could restore the number of GFP-positive cells in UC
flies (Figure 4I-L). Taken together, these results indicate that CA has a protective effect against intestinal epithelial cell
death and ISC over-proliferation in flies.

CA Alleviates the Damage of Intestinal Microstructure in UC Flies

To explore whether CA has a protective effect on the intestinal contents and walls of UC flies, transmission electron
microscopy (TEM) at 0.3 a magnification of used. The results showed that the intestinal wall of flies treated with DSS
was narrowed and cell apoptosis occurred compared with the control flies (Figure 5A), whereas no apoptosis was
observed after the administration of 1 mm CA (Figure 5A). These results suggested that CA alleviated apoptosis. In
addition, a large number of microorganisms were present in the intestinal contents of flies treated with DSS (Figure 5A).
According to the results of further magnification at 1.0 k (Figure 5B), cocci and bacilli were identified, whereas the
contents of the CA group were consistent with the results of the control group (Figure 5B). This result indicates that CA
can effectively inhibit the increase in harmful bacteria in flies with UC. TEM at 8.0 k magnification allowed the
ultrastructure of the mid-hindgut to be dissected. As shown in Figure 5C, the microvilli of UC flies were sparse or even
fell off and were damaged. However, ImM CA supplementation remarkably restored the sparse microvilli in UC flies
without causing shedding damage (Figure 5C). In addition, the mitochondrial and endoplasmic reticulum morphology in
UC flies changed significantly, manifested by mitochondrial vacuolization and mitochondrial ridge fragmentation, as well
as atrophy and reduction of the endoplasmic reticulum (Figure 5D). In contrast, CA supplementation improved
mitochondrial and ER-related damage (Figure 5D). In summary, CA reduced harmful bacteria in the intestines of UC

flies and alleviated damage to the intestinal microstructure.
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CA Inhibits Mitochondrial Damage-Mediated Apoptosis in UC Flies

To further determine whether CA could alleviate intestinal damage by inhibiting cell apoptosis, TUNEL staining was
performed. The results showed that 1 mm CA supplementation significantly reduced the expression of TUNEL
fluorescence in UC flies, which was similar to the results in control flies (Figure 6A—D). In addition, ROS intensity
was remarkably increased in UC flies (Figure 6E-H), whereas administration of CA at 1 mm significantly reduced the
content of ROS in UC flies. Mitochondria are necessary for cellular energy metabolism and the production of ROS, and
they control the life and death of cells and produce ATP to drive the life activities of cells.” To further verify whether CA
could treat UC by inhibiting apoptosis mediated by mitochondrial dysfunction, the levels of mitochondrial function
indicators ATP and MFN2 were detected. The results showed that the gene expression levels of ATP and MFN2 were
significantly downregulated in UC flies and rescued after treated with 1mM CA (Figure 6I). Mitochondrial dysfunction
may be related to the Bcl-2 family (Debcl and Buffy) on the outer membrane of the mitochondria, which regulates cell
apoptosis. Debcl In flies, Debcl can promote the release of cytochrome C (cyt-c-p), activate the caspase pathway, and lead
to cell apoptosis, whereas Buffy can directly inhibit this process. To verify whether CA regulates apoptosis through Bcl-
2, the mRNA levels of Buffy, Debcl, Cyt-c-p, DrICE, Dronc, and Dark were measured. UC flies had a higher expression
of these genes than control flies, and CA supplementation rescued the mRNA levels of these genes (Figure 6J). Taken
together, CA alleviated intestinal damage mainly by inhibiting cell apoptosis mediated by mitochondrial damage.
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Control

Model

CA

Figure 5 CA protects against DSS-induced intestinal morphological damage. (A) Electron microscopic images of representative intestinal cross-sections from each group
are analyzed (1.0k). (B) Both control and CA are shown to have normal intestinal contents, while Model’s intestinal contents are shown to have microflora (3.0k). (C) CA
supplementation significantly improved intestinal villus length and intestinal barrier function (8.0k), Blue arrows indicate intestinal villus breakage. (D) CA supplementation is
shown to significantly ameliorate mitochondrial and endoplasmic reticulum apoptosis in intestinal cells (8.0k). Red arrows indicate mitochondria, while yellow arrows
indicate endoplasmic reticulum.

CA Restores Excessive Immune Response in UC Flies

To further explore the potential mechanism of CA in UC treatment, transcriptome analysis was performed to analyze the
gene expression profile in the fly intestine (Figure 7A and B). There were 1581 differentially expressed genes between
control flies and UC flies, including 732 upregulated and 849 downregulated genes. There were 106 differentially
expressed genes between UC flies and UC flies fed 1 mm CA, which included 92 upregulated genes and 14 down-
regulated genes (Figure 7A). Among these, 15 genes with significantly differential co-expression were screened using
Venn diagram analysis and visualized using a heat map (Figure 7B). To investigate the signaling pathways that were
enriched in DEGs, KEGG enrichment analysis was performed. The results showed that three pathways were significantly
enriched: immune-related, rhythmic, and metabolic (Figure 7B). Among them, the immune regulatory pathways (Toll
and Imd signaling pathways) showed significant changes. To verify whether CA could also alleviate UC by regulating the
immune response, RT-qPCR was used to detect the gene expression of the Toll signaling pathway (Myd88, Dif) and the
Imd signaling pathway (PGRP-LC, Imd, Rel, Dpt). The mRNA levels of MydS88, Dif, PGRP-LC, Imd, Rel, and Dpt in the
intestines of UC flies were significantly enhanced compared to those in control flies, while ImM CA supplementation
significantly restored the expression of these genes (Figure 7C). Therefore, CA might alleviate UC fly associated immune
overactivation in the intestine.

Molecular Docking Confirms the Mechanism of Action of CA in Treating UC Flies

Figure 8A shows the chemical structure of CA.To further confirm the potential therapeutic mechanism of CA, molecular
docking was performed using Bcl-2 (PDB ID: 4LXD) (Figure 8B), Myd88 (PDB ID: 4DOM) (Figure 8C), and RIPK1
(PDB ID: 41TJ) (Figure 8D). The results showed that the binding affinity between CA and the core targets was less than —5.0
kcal/mol, and all were hydrogen-bonded. This indicates that a stable structure can be formed between caffeic acid and its
targets. These results confirm that CA alleviates intestinal injury by intervening in apoptosis and the Toll and Imd pathways.
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Figure 6 CA improves DSS-induced mitochondrial dysfunction in intestine of adult flies. (A-C) Tunel staining of flies intestines. (E-G) DHE staining of flies intestines. Oral
administration of CA at | mm significantly declines the fluorescence intensity of Tunel (D) (n=5 flies) and ROS levels in the intestine (H) (n=6 flies). (I) CA supplementation
significantly increases the relative ATP and MFN2 levels (n=9 vials). (J) CA supplementation reduces the relative mRNA level regarding apoptosis (n=9 vials). The p-value
represents the significance of each group compared to the model group. *p < 0.05, **p < 0.01, and ***p < 0.001.

Discussion
UC is a chronic intestinal inflammation that is difficult to cure and is prone to relapse.>® Natural molecular compounds
show great potential in treating UC."®*” CA is a hydroxycinnamic acid found in many plants.*® Fly has been reported as
a well-established UC model in many previous studies.”>*” Therefore, this study investigated the efficacy and potential
mechanism of CA in the treatment of UC using a fly model. The results showed that CA supplementation improved the
survival rate of UC flies, restored their motility and digestive abilities, protected their intestinal morphology and
homeostasis, and reduced intestinal cell damage in UC flies. In particular, oral administration of CA reduced harmful
bacteria in the intestine and alleviated the damage to the intestinal microstructure of UC flies. In addition, CA alleviated
intestinal disruption in UC flies by inhibiting apoptosis mediated by intestinal epithelial mitochondrial damage and by
alleviating UC-related immune overactivation in the intestine.

The survival rate of flies intuitively reflects the effectiveness of the drug. SDS can cause local and systemic
inflammation in model animals, while DSS stimulation is usually used to construct US models in rodents and flies.*
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Figure 7 CA alleviates DSS-induced intestinal injury by inhibiting Toll and IMD signaling pathways. (A) Bar graphs showing the number of differential expressed genes
between control and model, as well as between model and CA groups (n=3 vials). (B) Venn plot and heatmap indicated the screening of differentially regulated genes in DSS
model after CA intervention. Enriched relevant pathways after CA intervention based on GO and KEGG databases (n=3 vials); (C) CA supplementation decreases the
expression of genes related to Toll and IMD pathways in the intestine (n=9 vials). The p-value represents the significance of each group compared to the model group. *p <
0.05, *p < 0.01, and ***p < 0.001.

Here, we found CA supplementation could remarkably extend the survival rate in flies under SDS stimulation or DSS
stimulation, which suggests that CA has great potential in alleviating UC. In addition, a fly’s climbing ability, food
intake, and excretion volume can indicate its athletic ability and digestive status. Previous studies have shown that
climbing ability, food intake, and excretion of flies were significantly reduced after DSS treatment,> which is consistent
with our results. Administration of CA significantly rescued the climbing ability, food intake, and excretion in UC flies,
indicating that CA alleviates the weakening of the climbing and digestive abilities of UC flies.

Integrity of the intestinal barrier and intestinal acid-base homeostasis play an important role in maintaining intestinal
homeostasis.”®** Here, we found CA supplementation dramatically reduced the “Smurf” ratio, increased the intestinal
length, and alleviated the intestinal acid-base homeostasis imbalance in UC flies, indicating that CA can protect against
intestinal damage in UC flies. In addition, Studies have confirmed that excessive death of intestinal epithelial cells and
excessive proliferation of intestinal stem cells are closely related to the occurrence of intestinal inflammation.*® This
study found that the number of intestinal epithelial cells was decreased and the number of intestinal stem cells increased
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Figure 8 CA forms a stable binding structure with the core targets. (A) Basic information of CA; (B) CA -Bcl-2 complex, binding energy: —5.8 kcal/mol; (C) CA -Myd88
complex, binding energy: —5.4 kcal/mol; (D) CA -RIPK| complex, binding energy: —6.6 kcal/mol.

in UC flies, which is consistent with the previous studies.”> CA supplementation could significantly enhance the number
of intestinal epithelial cells and inhibit the excessive proliferation of intestinal stem cells, indicating that CA plays an
important role in maintaining the intestinal epithelial barrier.

Imaging results showed that UC flies supplemented with CA showed alleviated intestinal cell apoptosis and improved
damage to the mitochondria and endoplasmic reticulum in intestinal cells. Mitochondrial damage leads to cell
apoptosis.*’ Mitochondria are the main site of ROS generation in cells,** and ROS production increases significantly
when mitochondria are damaged.”> Here, CA supplementation restored the intestinal ROS levels in UC flies.
Mitochondria are also the site of ATP production.** The significant decrease in ATP in the model group indicates that
the intestinal mitochondria of UC flies were damaged, thus limiting the production of ATP. CA supplementation restored
ATP levels. MFN2 is essential for maintaining mitochondrial morphology and function.*> Under stress conditions, MFN2
function may be inhibited, leading to mitochondrial fragmentation and makes cells more susceptible to apoptosis.*® In
this study, the expression of MFN2 was inhibited in the model group but restored in the CA group. Bc/-2 is a gene family
that regulates apoptosis and is located in the outer membrane of the mitochondria. In flies, Buffy gene is an anti-apoptotic
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gene homologous to Bcl-2 in mammals and can prevent the release of cyt-c-p during cell apoptosis; Debcl is a pro-
apoptotic gene homologous to the mammalian Bel-2 family that induces the release of cyt-c-p.*” This release triggers an
apoptotic cascade involving Apaf-1, caspase-9, and caspase-3, ultimately leading to cell death. Here, CA supplementa-
tion rescued the downregulated expression of Buffy and upregulated the expression of Debcl, Cyt-c-p (a cytochrome
¢ homolog), Dark (an Apaf-1 homolog), Dronc (a caspase-9 homolog), and DriCE (a caspase-3 homolog), suggesting
that the specific mechanism by which CA inhibits mitochondrial damage-mediated cell apoptosis is to promote the
expression of the Buffy gene while inhibiting the expression of pro-apoptotic genes (Debcl) and proteins (Cyt-c-p, Dark,
Dronc, DrICE). Taken together, our results suggest that CA may alleviate intestinal damage mainly by repairing
mitochondrial damage and inhibiting cell apoptosis.

CA effectively inhibited the increase in bacilli and cocci in the UC fly model, suggesting that CA can repair the
imbalance in intestinal microorganisms. Previous study has found that CA supplementation changed the composition of
the intestinal microbiome of UC mice and reduced the relative abundance of Bacteroides and Turicibacter in the
intestines of UC mice.'® Bacteroides belongs to bacilli and Turicibacter belongs to cocci, which is consistent with the
results of this study. Although this study demonstrated a reduction in harmful bacteria, further characterization of the
microbiota composition (eg, by sequencing) will enhance the understanding of the role of CA in regulating the gut
microbiota. In addition, transcriptome analysis and RT-PCR results showed that CA supplementation could downregulate
the innate immune pathways (Toll and IMD pathways) in UC flies. These two signaling pathways are activated under
intestinal stress.***’ Intestinal stress may cause intestinal hyperimmunity, and an excessive immune response can
aggravate intestinal inflammation.’®>" This suggests that CA can alleviate intestinal damage by regulating Toll and
IMD signaling pathways. Furthermore, the Toll and Imd pathways are highly conserved, and their modulation by CA
suggests potential therapeutic implications beyond UC, such as in other inflammatory or immune diseases.

As a molecular compound with anti-inflammatory activity, CA was confirmed to be effective in alleviating UC
using a UC fly model. First, CA can alleviate UC by inhibiting apoptosis mediated by mitochondrial damage in the
intestinal cells. Second, CA can alleviate UC by alleviating excessive intestinal immunity caused by UC. However,
although the results found in Drosophila are reliable and mechanistically insightful, preclinical validation in mamma-
lian models is necessary to evaluate the therapeutic potential of CA in humans. This study effectively evaluated the
short-term results of CA treatment for UC. Future studies evaluating the long-term effects of CA on intestinal damage,
mitochondrial function, and immune regulation will provide more comprehensive insights into the specific mechanisms
of CA treatment for UC. In conclusion, the data of this study provide sufficient guidance for future preclinical studies
of CA in the treatment of UC and provide ideas for studying the role of other bioactive compounds in the treatment of

human diseases.
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