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Abstract

BACKGROUND

Colorectal cancer (CRC) has a high incidence and mortality. Recent studies have
shown that indole derivatives involved in gut microbiota metabolism can impact
the tumorigenesis, progression, and metastasis of CRC.

AIM
To investigate the effect of indole-3-acetaldehyde (IAAD) on CRC.

METHODS

The effect of IAAD was evaluated in a syngeneic mouse model of CRC and CRC
cell lines (HCT116 and DLD-1). Cell proliferation was assessed by Ki-67 fluo-
rescence staining and cytotoxicity tests. Cell apoptosis was analysed by flow
cytometry after staining with Annexin V-fluorescein isothiocyanate and propi-
dium iodide. Invasiveness was investigated using the transwell assay. Western
blotting and real-time fluorescence quantitative polymerase chain reaction were
performed to evaluate the expression of epithelial-mesenchymal transition related
genes and aryl hydrocarbon receptor (AhR) downstream genes. The PharmMap-
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per, SEA, and SWISS databases were used to screen for potential target proteins of IAAD, and the core proteins
were identified through the String database.

RESULTS

TAAD reduced tumorigenesis in a syngeneic mouse model. In CRC cell lines HCT116 and DLD1, IAAD exhibited
cytotoxicity starting at 24 h of treatment, while it reduced Ki67 expression in the nucleus. The results of flow
cytometry showed that IAAD induced apoptosis in HCT116 cells but had no effect on DLD1 cells, which may be
related to the activation of AhR. JAAD can also increase the invasiveness and epithelial-mesenchymal transition of
HCT116 and DLD1 cells. At low concentrations (< 12.5 pumol/L), IAAD only exhibited cytotoxic effects without
promoting cell invasion. In addition, predictions based on online databases, protein-protein interaction analysis,
and molecular docking showed that IAAD can bind to matrix metalloproteinase-9 (MMP9), angiotensin converting
enzyme (ACE), poly(ADP-ribose) polymerase-1 (PARP1), matrix metalloproteinase-2 (MMP2), and myeloper-
oxidase (MPO).

CONCLUSION

Indole-3-aldehyde can induce cell apoptosis and inhibit cell proliferation to prevent the occurrence of CRC;
however, at high concentrations (= 25 pmol/L), it can also promote epithelial-mesenchymal transition and invasion
in CRC cells. IAAD activates AhR and directly binds MMP9, ACE, PARP1, MMP2, and MPO, which partly reveals
why it has a bidirectional effect.

Key Words: Indole-3-acetaldehyde; Colorectal cancer; Tryptophan metabolism; Apoptosis; Epithelial-mesenchymal transition
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Core Tip: In this study, we investigated the effect of an indole derivative of the gut microbiota, indole-3-acetaldehyde
(IAAD), on colorectal cancer (CRC). The growth of tumors in a syngeneic mouse model, as well as the proliferation,
apoptosis, invasion, and epithelial-mesenchymal transition of the HCT116 and DLD-1 cell lines, were observed. At low
concentrations (< 12.5 pmol/L), IAAD can inhibit cell proliferation and induce cell apoptosis, but at high concentrations (>
25 umol/L), it has a dual role of cytotoxicity and promotion of tumor cell invasiveness. Our results contribute to existing
knowledge regarding the complex role of the gut microbiota in the occurrence and development of CRC.
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INTRODUCTION

Tumors are among the most important diseases threatening human health. In 2020, there were approximately 19.3 million
new cancer cases and nearly 10 million cancer deaths worldwide. These conditions impose considerable burdens on
human health and socioeconomic factors. Among these cases, colorectal cancer (CRC) ranks third in terms of the
incidence of new tumors (10%) and is also the second leading cause of tumor-related deaths (9.4%)[1]. Although the
prevalence of CRC has generally shown a decreasing trend in recent years, there has been a clear trend toward its
resurgence. Unfortunately, the overall efficacy of advanced treatment is poor, and early diagnosis of CRC is challenging
[2]. It has been established that a variety of factors, including genetic factors, smoking, and excessive alcohol intake, as
well as red meat intake and weight gain, are involved in its development[3]. Recent studies revealed that the intestinal
flora also plays a pivotal role in the carcinogenesis and progression of CRC[4].

The gut microbiota associated with CRC showed a decreased abundance of potentially protective taxa (e.g., Roseburia)
and an increased abundance of pro-oncogenic taxa (e.g., Bacteroides, Escherichia, Fusobacterium, and Porphyromonas)[5-7].
These bacteria can act on tumors through related derived metabolites. For example, butyrate, which is a short-chain fatty
acid, can downregulate proinflammatory cytokines[8], induce tumor cell apoptosis[9], and regulate intestinal regulatory
T cells to improve the tumor immune microenvironment[10]. In addition, deoxycholic acid, which is a bile acid, has been
demonstrated to have an in vitro effect of inducing oxidative damage to DNA[11], as well as a tumor-promoting effect
[12].

Indole created during the metabolism of tryptophan (Trp) is also an important metabolite of the mammalian gut
microbiota. In the colon, approximately 4%-6% of Trp is decomposed into indole[13]. From there, indole can be converted
into indole-3-pyruvic acid, indole-3-acetaldehyde (IAAD)[14], indole acetic acid (IAA)[15], indole-3 aldehyde, 3- methyl-
indole, the fecal odorant indole-3-lactic acid, indoleacrylic acid (ILA), and indole-3-propionic acid, among other
molecules[14]. Several of these metabolic compounds have been shown to mediate antitumor effects[16-20], and their
mechanism mainly involves direct effects on tumor cells and immune regulation. However, the role of many indole
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derivatives has yet to be identified.

In this study, we evaluated the effect of IAAD, an unstudied intermediate in Trp metabolism, on CRC. The effects of
IAAD on tumor proliferation, invasion, and apoptosis were evaluated in vitro. The results indicate that IAAD has a
bidirectional effect. On the one hand, it can inhibit tumor cell proliferation and induce cell apoptosis; on the other hand, it
promotes the invasiveness and epithelial-mesenchymal transition (EMT) of tumor cells.

MATERIALS AND METHODS

Animal modeling and intervention

BALB/c mice (male) were purchased from Jicui Pharmachem Biotechnology Co., Ltd. (Jiangsu, China) and then raised in
a specific pathogen free barrier environment at the Experimental Animal Center of Ningbo University (Zhejiang, China).
After one week of adaptive feeding, mice were inoculated with 2 x 10° CT-26 murine CRC cells in the posterior axilla to
establish a syngeneic mouse model of CRC. The day after tumor implantation, mice in the IAAD treated group (1 = 5)
were given 200 uL of IAAD solution (40 mg/kg per mouse, dissolved in corn oil) by gavage once a day for 2 wk, and the
control group (n = 5) was given the same volume of corn oil.

Cell culture and treatment

The human CRC cell lines DLD-1 and HCT116 were cultured in RPMI 1640 and McCoy’s 5A medium (containing 10%
fetal bovine serum and 1% penicillin/streptomycin), respectively, at 37 °C under 5% CO,. While carrying out pharmaco-
logical intervention, the medium was changed to serum free medium. For better cell delivery, IAAD was dissolved in
dimethyl sulfoxide (DMSO). The final concentration of DMSO was controlled at 0.1% in all the groups.

Cell viability assay

After treatment with different concentrations of IAAD, the culture media of the HCT116 and DLD-1 cells were aspirated.
The culture wells were rinsed twice with phosphate buffered saline (PBS), 100 pL of basal medium and 10 pL of cell
counting kit 8 solution (C6005, New Cell and Molecular Biotech, Suzhou, China) were added, and the plates were
incubated for 2 h at 37 °C. The absorbance was measured at 450 nm by using a Multiskan SkyHigh full-wavelength
microplate reader (A51119500C, Thermo Scientific™, United States). Cell viability was calculated as follows: [(As-Ab)/
(Ac-Ab)] x 100%, where “As” is the absorbance of the drug-treated group, “Ac” is the absorbance of the control group,
and “Ab” is the absorbance of the blank well.

Transwell invasion assay

Matrigel (356234, Corning, United States) was thawed at 4 °C and diluted with basal medium at a ratio of 1:8. One
hundred microliters of diluted Matrigel was added to the transwell chambers (3422, Corning, United States) and
incubated at 37 °C for 1 h to solidify. After the matrix was formed, the remaining liquid was removed, and 100 pL of basal
medium was added for 30 min for hydration. In the lower chamber, 500 pL of complete medium (containing 20% fetal
bovine serum) was added. Then, HCT116/DLD-1 cells (5 x 10° cells) treated with drugs or control cells were seeded into
the upper chamber. After 48 h of culture, the cells that invaded the lower chamber were fixed with 4% paraformaldehyde
and stained with crystal violet to evaluate the invasiveness of the cells.

Apoptosis detection

Annexin V-fluorescein isothiocyanate (Annexin V-FITC)/propidium iodide (PI) Apoptosis Kits were purchased from
Elabscience (E-CK-A211, Wuhan, China). HCT116 and DLD-1 cells were digested with trypsin (0.25%, without ethylene
diamine tetraacetic acid) and washed twice with PBS. Subsequently, Annexin V-FITC and PI were added to the cells
resuspended in binding buffer for fluorescence staining. After incubating for 10 min in the dark, the fluorescence on cells
was observed with a flow cytometer (CytoFlex S, BECKMAN, United States). The flow rate was controlled at approx-
imately 500 cells/s, and the data from a total of 1.5 x 10* cells were collected. Finally, the exported Xit file was analyzed
with Flow]Jo 10.8.1 software.

Immunofiuorescence

HCT116 and DLD-1 cells were fixed with 4% paraformaldehyde, incubated with 0.2% Triton X-100, subjected to antigen
retrieval with sodium citrate solution, and blocked with goat serum (B900780, Proteintech, United States). Then, the
sections were incubated with primary antibodies [cadherin 2 (CDH2), 66219-1-1g Proteintech, United States; cadherin 1
(CDH1), 20874-1-AP, Proteintech, United States] and Ki-67-488 fluorescent labeled coupled antibodies (CL488-27309,
Proteintech, United States) overnight at 4 °C. The next day, after washing three times with PBS-T (0.2%), the sections were
incubated with fluorescently labeled secondary antibodies (SA00013-2, SA00013-3, Proteintech, United States) corres-
ponding to the species for 2 h at room temperature. Finally, the nuclei were stained with DAPI (C0060, Solarbio, Beijing,
China) and imaged under a confocal microscope (TCS SP8 X, Leica, German).

Western blot analysis

Total proteins were extracted from HCT116 and DLD-1 cells using RIPA lysis buffer (WB310, NCM Biotech, Suzhou,
China). The protein homogenate from the previous step was supplemented with 5 x loading buffer (WB2001, NCM
Biotech, Suzhou, China) and then heated at 95 °C for 5 min to denature the proteins. The electrophoresis conditions
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included the following parameters: 80 V for 30 min and a switch to 120 V for 60 min. The membrane transfer conditions
involved 400 mA for 90 min. Moreover, skim milk was used for blocking at room temperature for 2 h, after which
primary antibodies were added to the sample. Antibodies (CDH2, 66219-1-1g, Proteintech, United States; CDH1, 20874-1-
AP, Proteintech, United States) were incubated overnight at 4 °C. On the following day, the polyvinylidene fluoride
membrane with adsorbed proteins was washed three times with TBS-T (0.1%) for 10 min each time, followed by
incubation at room temperature with HRP-coupled secondary antibodies [anti-rabbit IgG, HRP-linked antibody, 7074,
Cell Signaling Technology, United States; goat anti-mouse IgG (H + L) HRP, S0002, Affinity, United States]. The
membrane was washed again with TBS-T (0.1%). Finally, the bands were visualized in an ultrasensitive chemilumin-
escence system (5300 M, TANAN, Shanghai, China).

Real-time fluorescence quantitative polymerase chain reaction

Total intracellular mRNA in HCT116 and DLD-1 cells was extracted by using a Sparkjade Cellular RNA Extraction Kit
(ACO0205, Shandong, China), followed by reverse transcription and real-time fluorescence quantification by using RT mix
(R2020L United States Everbright® Inc, Suzhou, China) and SYBR Green qPCR Supermix (S2024L, Everbright® Inc,
Suzhou, China), respectively. Real-time fluorescence quantification was performed on a Technology Fluorescence
Quantitative Polymerase Chain Reaction Detection System (FQD-96A, Bioer, Hangzhou, China), and the amplification
program was set to 95 °C for 120 s, followed by 45 extension cycles (95 °C, 5 s; 60 °C, 30 s). The sequences of primers used
are shown in Table 1.

Prediction of targets of IAAD therapy in CRC

The PubChem database (https://pubchem.ncbi.nlm.nih.gov) was used to obtain standard SMILES and 3D structures of
IAAD sequences, which were further imported into the PharmMapper database (http://www.lilab-ecust.cn/
pharmmapper), SEA database (https://sea.bkslab.org), and SWISS database (http://www.swisstargetprediction.ch) to
predict targets. The term “CRC” was used as a keyword in the GeneCards database (https://www.genecards.org) to
retrieve the disease-related genes linked to CRC with a relevance score > 1. The CRC gene set and IAAD gene set were
intersected to obtain the common targets.

Protein functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed with
the DAVID database (https://david.ncifcrf.gov/). Potential targets of IAAD in the treatment of CRC were imported into
the String database (https://string-db.org), and the species was defined as “Homo sapiens” to construct the protein-
protein interaction (PPI) network. PPI networks were analyzed with Cytoscape 3.9.1 and its cytoHubba and MCODE
plug-ins.

Molecular docking

IAAD was molecularly docked with the core target. The 3D structure of the protein corresponding to the key target gene
was downloaded from the PDB database (http://www.rcsb.org/), and molecular docking was performed by using
AutoDock Vina visual analysis software. The docking possibility was evaluated by the spatial sites and binding energy
after docking.

Statistical analysis

All data are shown as the mean + SD. The Shapiro-wilk test was used to verify the normal distribution. Student’s t test or
one-way analysis of variance (ANOVA) were employed to decide significant differences between two or multiple groups
where appropriate. F test and Brown-Forsythe test were further used to verify the homogeneity of variance, and Student’s
t test with Welch’s correction and Welch’s ANOVA were used when necessary. For measurement data that didnot
conform to a normal distribution, Mann-Whitney test or Kruskal-Wallis test was employed to decide significant
differences between two or multiple groups. Dunn’s multiple comparisons test was used to further calibrate the P value.
All calculations were conducted with GraphPad Prism (La Jolla, CA, United States). A P value of 0.05 or lower was
considered significant.

RESULTS

IAAD inhibits tumor growth in vivo

To determine the role of IAAD in CRC, a syngeneic mouse model of CRC was generated by subcutaneous implantation of
CT26 (a mouse-derived CRC cell line). The experimental design is shown in Figure 1A (n = 5). There was no significant
difference in mouse weight change between the IAAD treatment group and the control group, and no mice died during
the experimental period (Figure 1B). Tumor nodules were palpable in the posterior axilla 6 d after subcutaneous
inoculation of CT26 cells. Compared with the control group, the IAAD intervention group had a slower rate of volume
increase (P < 0.05) (Figure 1B). The volume (566.80 g + 169.60 g vs 1096.00 g + 352.70 g, P = 0.0165) and weight (0.84 g
0.24 gvs1.24 g £0.23 g, P = 0.0277) of the tumors in the IAAD treatment group were significantly lower than those of the
control group (Figure 1C-E). These findings suggest that IAAD could inhibit the colonization and growth of CRC cells.
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Table 1 List of primers

Primer sequence
Gene

Forward (5’ to 3’) Reverse (5’ to 3')
VIM GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
SNAI1 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
OCLN ACAAGCGGTTTTATCCAGAGTC GTCATCCACAGGCGAAGTTAAT
CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
CDH2 TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG
CYP1A1 TCGGCCACGGAGTTTCTTC GGTCAGCATGTGCCCAATCA
CYP1B1 TGAGTGCCGTGTGTTTCGG GTTGCTGAAGTTGCGGTTGAG

VIM: Vimentin; SNAI1: Snail family transcriptional repressor 1; OCLN: Occludin; CDH1: Cadherin 1; CDH2: Cadherin 2; CYP1A1: Cytochrome P450 family
1 subfamily A member 1; CYP1B1: Cytochrome P450 family 1 subfamily B member 1.

A N

IAAD dosing interval = 1 day

4

e

L1 1 1 1
DO D1 D3 D5 .. D4

Sacrifice

Cells inoculation

B 30 —e— NC

IIN||IIIIPIII|IHI‘IIIiIlIIIIIIIIIIII||I|||||IN|III||||II|IIII‘IIIIIIHI‘II|IllllllllllllllI’fﬂ‘llll'llllll||I||1l|||III|HII
ot e U SR )

== JAAD

25 f

Body weight (g)

15 4
0 2 4
- —e— 2.0 i 4 120
D 2000 NC E mmm  Tumor weight
Tumor inhibition rate
—a— IAAD R 4100 ~
_ 1.6 X
o 1500 - <
E 2 480 £
e 2 12}F a =
S o 5
5 1000 | g 160 =
°© 2
> 5 08} =
S £ dio =
1S 2 9]
Bos0or 0.4} g
’ 420 F
Q =i 0.0 0
0 2 NC IAAD

Days

Figure 1 Anti-tumor effect of indole-3-acetaldehyde in vivo. A: Flowchart of the experiment; B: Changes in body weight; C: Macroscopic view of the
subcutaneous tumor; D: Changes in tumor volume; E: Subcutaneous tumor weight and tumor inhibition rate. 2P < 0.05 vs control group; °P < 0.01 vs control group.
IAAD: Group of mice receiving indole-3-acetaldehyde (dissolved in corn oil); NC: Group of mice receiving corn oil.
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IAAD inhibits proliferation and induce apoptosis of CRC cells in vitro

IAAD can be metabolized in vivo to other indole derivatives, which have been proven to inhibit CRC[16]. To rule out this
possibility, further experiments were performed with the human colorectal carcinoma cell lines HCT116 and DLD-1. The
results of the cytotoxicity tests suggested that IAAD at high doses (50 pmol/L and 100 pmol/L) had an inhibitory effect
on cell proliferation after 24 h of treatment (Figure 2A and B). After being treated with different concentrations of IAAD
for 48 h, the viability of HCT116 (82.82% * 4.06% vs 100.00% * 4.39%, 100 pmol/L, P < 0.001) and DLD-1 (78.66% * 7.68%
v5 101.50% =+ 5.88%, 100 pmol/L, P < 0.001) cells significantly decreased compared with the control group (Figure 2C and
D), and it is worth noting that the inhibitory effect became more pronounced with increasing concentration. Direct
immunofluorescence staining demonstrated that IAAD intervention dose-dependently induced a decrease of Ki-67
expression in the nuclei of HCT116 and DLD-1 cells (Figure 2E and F). These findings suggest that IAAD inhibits CRC
cell proliferation in vitro.

Moreover, flow cytometry results revealed that the proportions of total apoptotic cells (50 pmol/L: 19.08% + 2.17% vs
4.38% +1.02%, P < 0.001; 100 pmol/L: 24.63% * 0.75% vs 4.38% +1.02%, P < 0.001) were significantly increased in HCT116
cells treated with IAAD (Figure 3A and B), but no similar effect was observed in DLD-1 cells (50 pmol/L: 0.23% + 0.04%
v5 0.26% % 0.05%, P = 0.5934; 100 pmol/L: 0.18% * 0.09% vs 0.26% + 0.05%, P > 0.999) (Figure 3C and D). Various indole
derivatives exert their functions on tumor cells by activating the aryl hydrocarbon receptor (AhR)[18,21]. Cytochrome
P450 family 1 subfamily A member 1 (CYP1A1) and cytochrome P450 family 1 subfamily B member 1 (CYP1B1) are
downstream target genes of the AhR signaling pathway and can prompt its activation. After treatment with IAAD for 48
h, the mRNA abundance (fold change) of CYP1A1 (50 pmol/L: 2.297 + 0.315 vs 1.000 + 0.104, P = 0.0021; 100 pmol/L:
2.331 + 0.338 vs 1.000 + 0.104, P = 0.0018) and CYP1B1 (50 pmol/L: 3.553 % 0.475 vs 1.000 + 0.092, P < 0.001; 100 pmol/L:
4.207 £ 0.612 vs 1.000 + 0.092, P < 0.001) in HCT116 cells significantly increased compared to the control group (Figure 3E).
Meanwhile, although the mRNA expression levels of CYPIA1 (50 pmol/L: 1.226 + 0.153 vs 1.000 + 0.036, P = 0.0542; 100
pmol/L: 1.583 + 0.126 vs 1.000 + 0.036, P = 0.0015) and CYP1B1 (50 pmol/L: 1.727 + 0.203 vs 1.000 = 0.098, P = 0.0080; 100
pmol/L: 1.889 + 0.266 vs 1.000 + 0.098, P = 0.003) in DLD-1 have also increased (Figure 3F), the magnitude of the increase
was relatively small. This may be the reason why the proportion of apoptosis in DLD-1 cells remained unchanged. These
results suggest that IAAD, like other indole derivatives, may induce cytotoxicity in cancer cells via activation of AhR.

IAAD promotes invasiveness and EMT of CRC cells in vitro

The effect of IAAD on the invasiveness of CRC cell lines was evaluated by a transwell assay. After 48 h of treatment with
IAAD, the number of HCT116 (50 pmol/L: 130.80 + 32.90 vs 36.25 + 14.06, P = 0.0039; 100 pmol/L: 253.50 + 21.76 vs 36.25
+14.06, P < 0.001) and DLD-1 (50 pmol/L: 163.00 + 13.44 vs 70.50 + 15.50, P < 0.001; 100 pmol/L: 230.00 £ 49.16 vs 70.50 +
15.50, P = 0.0063) cells with the ability to penetrate the matrix gel significantly increased compared to the control group
(Figure 4A and B).

Changes in tumor invasiveness are related to the process of EMT[22]. The mRNA expression levels of EMT-related
genes including CDH1, CDH2, vimentin (VIM), occludin (OCLN), and snail family transcriptional repressor 1 (SNAIT)
were determined. In the DLD1 cell line, the mRNA expression levels (fold change) of OCLN (50 pmol/L: 0.600 + 0.004 vs
1.000 £ 0.012, P < 0.001; 100 pmol/L: 0.423 + 0.010 vs 1.000 + 0.012, P < 0.001) and SNAII (50 pmol/L: 0.760 + 0.066 vs 1.000
+ 0.077, P = 0.0115; 100 pmol/L: 0.639 + 0.074 vs 1.000 + 0.077, P = 0.0016) were downregulated, while the mRNA
expression of VIM (50 pmol/L: 1.360 + 0.284 vs 1.000 + 0.217, P = 0.1931; 100 pmol/L: 1.583 + 0.175 vs 1.000 + 0.217, P =
0.0406) was increased. In contrast, the mRNA expression levels of SNAI1 (50 pmol/L: 0.883 + 0.105 vs 1.000 = 0.129, P =
0.3324; 100 pmol/L: 0.902 £ 0.081 vs 1.000 £ 0.129, P = 0.4323) and CDH1 (50 pmol/L: 0.846 + 0.258 vs 1.000 + 0.205, P =
0.563; 100 pmol/L: 0.731 * 0.169 vs 1.000 + 0.205, P = 0.2573) were decreased, while that of CDH2 (50 pmol/L: 2.481 *
0.845 vs 1.000 + 0.049, P = 0.3594; 100 ppmol/L: 4.006 £ 0.728 vs 1.000 + 0.049, P = 0.0146) was increased in the HCT116 cells
(Figure 4C). In addition, immunofluorescence and Western blot analysis showed an increase in protein expression levels
of CDH2 in both HCT116 and DLD-1 cells, whereas the protein expression level of CDH1 decreased in HCT116 cells, but
did not show significant changes in DLD-1 cells (Figure 4D and E). The abovementioned results suggest that IAAD
promotes EMT in CRC cell lines.

Low concentrations of cytotoxic IAAD does not promote tumor cell invasion

At high concentrations (= 50 pmol/L), the cytotoxicity, EMT induction, and pro-invasive effects of IAAD in CRC are
positively correlated with its concentrations. However, it is not yet clear whether the bidirectional effects still exist at low
concentrations. Therefore, we preliminarily observed the effect of IAAD on CRC at low concentrations based on cell
viability and the mRNA expression level of CDH2. Among the two CRC cell lines, we chose the HCT116 cell line for
subsequent experiments because of its favorable phenotype. When the concentration of IAAD was lower than 12.5 pmol/
L, there was no significant difference in the mRNA expression level (fold change) of CDH2 (12.5 pmol/L: 1.175 + 0.296 vs
1.000 £ 0.305, P = 0.9968; 25 pmol/L: 1.798 + 0.684 vs 1.000 + 0.305, P = 0.2980; 50 pmol/L: 2.792 + 0.614 vs 1.000 = 0.305 P =
0.0030) (Figure 5A), but the cytotoxicity of IAAD in this concentration range still existed (Figure 1C). Further experiments
also revealed that HCT116 cells were induced to undergo apoptosis (12.5 pmol/L: 18.940% + 2.282% vs 9.277% + 0.313%, P
=0.0031; 25 pmol/L: 23.13% + 3.037% vs 9.277% + 0.313%, P < 0.001) and inhibited from proliferation under IAAD at 12.5
pmol/L (Figure 5B-D). Moreover, the invasiveness of HCT116 cells did not change under treatment with IAAD at 12.5
pmol/L (26.75 + 4.922 vs 22.00 + 3.651, P = 0.3166), but increased under treatment with IAAD at 25 pmol/L (63.00 + 18.87
v522.00 £ 3.651, P = 0.0309) (Figure 5E and F).

Network analysis of proteins that can be directly bound by IAAD

A total of 99 common targets of IAAD were obtained. GO and KEGG analyses were performed based on the abovemen-
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Figure 2 Indole-3-acetaldehyde inhibits proliferation of colorectal cancer cells in vitro. A and B: Growth curves of HCT116 and DLD-1 cells treated
with IAAD; C and D: Vitality of HCT116 and DLD-1 cells treated with different concentrations of indole-3-acetaldehyde after 48 h, compared with the control group; E
and F: The expression of Ki-67 in the nucleus was determined by immunofluorescence. 2P < 0.05, 50 umol/L indole-3-acetaldehyde treatment group vs control group;
®P < 0.01, 50 umol/L indole-3-acetaldehyde treatment group vs control group; %P < 0.01, 100 umol/L indole-3-acetaldehyde treatment group vs control group. DAPI:
4’ 6-diamidino-2-phenylindole.

tioned targets. The enrichment functions of these proteins were as follows: (1) Biological process: The cellular response to
collagen catabolic process and response to xenobiotic stimulus in biological processes; (2) molecular function: Sodium
symporter activity and cysteine-type peptidase activity; and (3) cellular component: Integral component of the plasma
membrane and neuron projection region (Figure 6A). The genes associated with the top 20 pathways (P < 0.05) were
associated with neuroactive ligand-receptor interactions, dopaminergic synapses, and alcoholism, among other factors
Figure 6B).

( %he PPI)networks were analyzed using Cytoscape 3.9.1, and the cytoHubba and MCODE plug-ins were used to screen
the core targets (Figure 6C-F). Seven core targets were identified, including matrix metalloproteinase-9 (MMP9),
angiotensin converting enzyme (ACE), poly ADP-ribose polymerase-1 (PARP1), histone deacetylase-2, matrix metallopro-
teinase-2 (MMP2), myeloperoxidase (MPO), and nuclear receptor corepressor-1. Afterward, molecular docking of these
targets and IAAD was performed. The results showed that IAAD could bind effectively to MMP9, ACE, PARP1, MMP2,
and MPO via H-bonds, with a binding energy of less than -5.0 k]/m? (Table 2 and Figure 7).

DISCUSSION

Although Trp is the least abundant amino acid in proteins and cells, it is an important biosynthetic precursor for a large
number of microbial and host metabolites[23]. Trp can be further metabolized via three metabolic pathways: (1) The
indole pathway[24]; (2) the kynurenine (Kyn) pathway[25]; and (3) the tryptamine pathway[26]. Approximately 90%-95%
of Trp[27] is converted to Kyn and its downstream metabolites, including canavanine, 3-hydroxykynurine, and quinolinic
acid. Many Kyn-related intermediate metabolites or enzymes are associated with the development of CRC[28-35].
Moreover, 4%-6% of unabsorbed Trp subsequently moves through the gastrointestinal tract and is metabolized by
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Figure 4 Indole-3-acetaldehyde promotes invasiveness and epithelial-mesenchymal transition of colorectal cancer cell lines. A: Crystal violet
staining image of cells in the lower chamber (100 x); B: Quantitative analysis of cell numbers in the lower chamber; C: Changes in the mRNA expression levels of
cadherin 1, cadherin 2, occludin, snail family transcriptional repressor 1, and vimentin in the HCT116 and DLD-1 cells; D: Western blotting was used to detect the
expression of intracellular cadherin; E: The expression and subcellular localization of cadherin were determined by immunofluorescence. 2P < 0.05 vs control group; °P
< 0.01 vs control group. DAPI: 4’,6-diamidino-2-phenylindole; CDH1: Cadherin 1; CDH2: Cadherin 2; OCLN: Occludin; SNA/1: Snail family transcriptional repressor 1;
VIM: Vimentin.

microorganisms into indoles and indole-like compounds[13]. Interestingly, indole levels are decreased in the intestines of
patients with CRC, and several new studies have been conducted to elucidate how indole derivatives inhibit CRC[36,37].
In vivo and in vitro cellular experiments have clearly demonstrated that indole-3-carbaldehyde[38] and indolelactate
dehydrogenase can inhibit the proliferation and invasion ability of tumor cells. In the present study, the tumor
suppressive effect of IAAD was also preliminarily observed in a syngeneic mouse model of CRC. To exclude the
possibility that IAAD was metabolized by the bacterial colony into other indole derivatives with tumor-suppressive
functions in mice, further experiments based on CRC cell lines were performed. Cytotoxicity assays and Ki-67 immuno-
fluorescence staining confirmed the direct inhibitory effect of IAAD on the proliferation of CRC tumor cells.

There are many mechanisms by which indole derivatives inhibit colon cancer, and apoptosis induction is one of the
key mechanisms. For example, the anticancer mechanism of indole-3-methanol (IC) mainly involves the upregulation of
the tumor suppressor protein p53 and the activation of apoptotic factors to induce the apoptosis of tumor cells[18,39];
moreover, the combination of dietary IC and Synthroid increases the transcription level of Rafl and reduces tumor
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Figure 5 Indole-3-acetaldehyde at a concentration of 12.5 ymol/L is only cytotoxic and does not promote invasiveness. A: Relative mRNA
expression levels of Cadherin 2 in HCT116 cells; B: The expression of Ki-67 in the nucleus was determined via immunofluorescence; C and D: Apoptosis of HCT116
cells was observed by annexin V-fluorescein isothiocyanate/propidium iodide co-staining E: Crystal violet staining image of HCT116 cells in the lower chamber (100
x); F: Quantitative analysis of HCT116 cell numbers in the lower chamber. 2P < 0.05 vs control group; °P < 0.01 vs control group. CDH2: Cadherin 2; DAPI: 4',6-
diamidino-2-phenylindole.

progression and invasiveness associated with the Cdhl and Appll genes[40]. ILA promotes apoptosis in human CRC cell
lines (HCT-116 and LoVo) without affecting normal colonic epithelial cells[41]. Additionally, IAA inhibits CRC cell prolif-
eration through the activation of TLR4-mediated JNK[42]. 3,3’-Diindolylmethane, which is the main condensation
product of IC in vivo, can induce the apoptosis of human CRC cells by stimulating the expression of ATF3 through the
ATF4-mediated pathway[43]. Another study screened the tumor-suppressive effects of 10 indole derivatives, among
which the K-453 compound promoted apoptosis in CRC cell lines in vitro by downregulating the NF-xB1 (p50) and RelA
(p65) proteins[44]. Additionally, synthetic isatin-indole couplings (7A-E and 9A-E) are also used as potential anticancer
agents. Bcl-2 and Bcl-xL are inhibitors that induce apoptosis in tumor cells[45]. The present study also showed that IAAD
increased the proportion of early and late apoptotic HCT116 cells but had no apoptosis-promoting effect on the DLD-1
cell line. Thus, there may be multiple pathways and mechanisms by which IAAD leads to programmed cell death in CRC
cells.

The AhR can be activated by many indole derivatives, such as indole-3-aldehyde, indole-3-acid-acetic acid, indole-3-
propionic acid, ILA, and IAAD[46,47], which are partly responsible for the induction of tumor cell apoptosis[48]. Studies
have shown that in a colitis-related colorectal tumor mouse model, the number of colorectal tumors increased after AhR
was knocked out[49]. Additionally, the cytotoxic and pro-apoptotic effects of I3C on CRC cells have been demonstrated in
vivo and in vitro, and these therapeutic effects can be reversed by AhR gene inhibition[18,22]. In the present study, we
examined AhR signaling activation in CRC cell lines and found that IAAD increased the mRNA abundance of two AhR
target genes, CYPIAI and CYP1B1. These results suggested that IAAD, like other indole derivatives, may induce
apoptosis in CRC cells by activating AhR. Notably, AhR activation in the HCT116 cell line was much greater than that in
the DLD-1 cell line, which may explain why apoptosis can only be observed in HCT116 cells.

Subsequently, we observed the effect of IAAD on tumor cell invasiveness. Unexpectedly, the results of the transwell
assay showed that IAAD promoted the invasiveness of HCT116 and DLD-1 cells, and the changes in mRNA expression
levels of VIM, SNAI1, and OCLN genes along with changes in protein and mRNA expression levels of CDH1 and CDH2
genes indicated that IAAD promoted the EMT of tumor cells at concentrations of 50 pmol/L and 100 pmol/L. Further
studies suggested that low concentrations of IAAD (< 12.5 pmol/L) no longer had the aforementioned effects but still
exhibited cytotoxicity. These results indicate that the role of gut microbiota metabolites in CRC is complex and that
simply increasing the abundance of one metabolite in the intestine may not have a good tumor prevention effect.

To further explore the possible downstream targets of IAAD, the PharmMapper, SEA, and SWISS public databases
were used to search for molecular targets of proteins that may interact with IAAD. A total of 99 possible predicted targets
were identified, and their functions were enriched in the following aspects: (1) Biological process: Collagen catabolic
process and response to xenobiotic stimulus; (2) molecular function: Sodium symporter activity and cysteine-type
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Figure 6 Target protein function prediction and core protein mining of indole-3-acetaldehyde. A: Analysis based on Gene Ontology database; B:
Analysis based on Kyoto Encyclopedia of Genes and Genome database; C and D: Results of the cytoHubba plug-in analysis; E and F: Results of the MCODE plug-in
analysis. ACE: Angiotensin converting enzyme; CTSB: Cathepsin B; MPO: Myeloperoxidase; MMP: Matrix Metallopeptidase; CTSS: Cathepsin S; PARP: Poly (ADP-
Ribose) Polymerase; HDAC: Histone deacetylase; CSF1R: Colony stimulating factor 1 receptor; TYR: Tyrosinase; CDK: Cyclin dependent kinase; MAPK: Mitogen-
activated protein kinase; HMOX: Heme oxygenase 1; TNFRSF1A: TNF receptor superfamily member 1A; NCOR: Nuclear receptor corepressor; GSK3B: Glycogen
synthase kinase 3 beta; AKT: AKT serine/threonine kinase; NR3C1: Nuclear receptor subfamily 3 group ¢ member 1; DRD2: Dopamine receptor D2; MAOA:
Monoamine oxidase A; MAOB: Monoamine oxidase B; SLC6A3: Solute carrier family 6 member 3.
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Figure 7 Molecular docking model of the predicted targets and indole-3-acetaldehyde. A: Matrix metalloproteinase-9-indole-3-acetaldehyde (IAAD);
B: Angiotensin converting enzyme-IAAD; C: Poly ADP-ribose polymerase-1-IAAD; D: Matrix metalloproteinase-2-IAAD; E: Myeloperoxidase-IAAD. PHE:
Phenylalanine; SER: Serine; THR: Threonine; VAL: Valine; ALA: Alanine; TYR: Tyrosine; LEU: Leucine; ILE: Isoleucine; ARG: Arginine.
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Table 2 Dock details of target proteins and indole-3-acetaldehyde

Term Binding energy (kcal/mol) Mode of action Target point (s)
6ESM-IAAD -6.21 H bond Phe221
1UZE-IAAD -6.49 H bond Alal49, Val350
2RIQ-TAAD 552 H bond Phe304
7XJO-IAAD -5.62 H bond ILE21, Arg53
4CIM-IAAD 541 H bond Arg8

TAAD: Indole-3-acetaldehyde; Phe: Phenylalanine; Val: Valine; Ala: Alanine; Ile: Isoleucine; Arg: Arginine; 6ESM: Identity marker of matrix
metalloproteinase-9 protein crystal structures in Protein Data Bank databases (https:/ /www.rcsb.org/); 1TUZE: Angiotensin converting enzyme; 2RIQ: Poly
ADP-ribose polymerase-1; 7X]JO: Matrix metalloproteinase-2; 4C1M: Myeloperoxidase.

peptidase activity; and (3) cellular component: Integral component of the plasma membrane and neuron projection
region. The core proteins, which included MMP2, MMP9, MPO, ACE, and PARP1, were identified via protein interaction
analysis. JAAD can bind to Ile21 and Arg53 in MMP2, Phe221 in MMP9, Arg8 in MPO, Ala149 and Val350 in ACE, and
Phe304 in PARP1 via hydrogen bonding. MMPs are reportedly associated with the metastasis of CRC. They can induce
tumor angiogenesis and hydrolytically activate the transforming growth factor beta protein to promote EMT[50,51].
MMP2 and MMP?9 are considered potential biomarkers of tumorigenesis, as are key effectors of EMT and important
potential targets for antitumor therapies. Additionally, MPO is a major contributor to the development of multiple local
inflammatory mediators of tissue damage in inflammatory diseases. Analysis of the The Cancer Genome Atlas cohort
showed that MPO expression was upregulated in CRC tissues and significantly correlated with malignant progression in
CRC patients[52]. Notably, activation of MPO can increase the expression of MMPs[53]. The binding of IAAD to the
abovementioned proteins may be the key mechanism by which IAAD promotes invasive metastasis in CRC. However,
additional in vitro experiments are needed to clarify this phenomenon.

CONCLUSION

In conclusion, the results of the present study demonstrate that the effect of IAAD on CRC is complex and bidirectional.
At low concentrations (< 12.5 pmol/L), IAAD can inhibit tumor cell proliferation and induce tumor cell apoptosis.
However, it induces both cytotoxicity and invasion at high concentrations (= 25 pmol/L). The numerous targets of IAAD
may explain why it has a bidirectional effect. It can activate the AhR signaling pathway and directly interact with the key
proteins MMP9, ACE, PARP1, MMP2, and MPO.
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