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Abstract
Although the mutualistic relationship between the intestinal microbiota and the 
human host is crucial for maintaining health, the underlying mechanisms of this 
relationship remain unclear. In the present study, aiming to elucidate the regu-
latory mechanisms governing the Cyp2c55 expression, which is predominantly 
observed in colonic tissues, germ-free, antibiotic-administered and colitic mice, 
as well as mouse colonoids, were used as experimental models. RNA sequencing 
showed comparable decreases in the colonic Cyp2c55 expression in germ-free 
and antibiotic-administered mice, when compared with that in specific pathogen-
free mice. Furthermore, administration of dextran sulfate sodium decreased 
the Cyp2c55 expression in colitic mice. For these mice, a Pearson correlation 
analysis also showed a positive correlation between the Cyp2c55 expression and 
unconjugated bile acids (BAs), including chenodeoxycholic, muricholic, deoxy-
cholic, lithocholic, and ursodeoxycholic acids, as well as taurine (T)-conjugated 
secondary BAs, including deoxycholic acid. Moreover, bacterial genera, such as 
Muribaculaceae and unclassified Lachnospiraceae, also exhibited a positive cor-
relation with these BAs. While administration of an agonist of the pregnane X 
receptor (PXR) increased the Cyp2c55 expression in mouse colonoids, inflam-
matory cytokines decreased it. In conclusion, Cyp2c55 was highly expressed 
in the colonic epithelial cells of mice in a microbiota-dependent manner. The 

Abbreviations: ASVs, amplicon sequence variants; BA, bile acid; BSH, bile salt hydrolase; CA, cholic acid; CAR, constitutive androstane receptor; 
CDCA, chenodeoxy cholic acid; Cyp2c, cytochrome P450 2C; DCA, deoxycholic acid; DSS, dextran sulfate sodium; FXR, farnesoid X receptor; Gapdh, 
glyceraldehyde-3-phosphate dehydrogenase; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; HETE, hydroxyeicosatetraenoic acid; IBD, 
inflammatory bowel disease; LCA, lithocholic acid; MCA, muricholic acid; Oaz1, ornithine decarboxylase antizyme 1; OTU, operational Taxonomic 
Unit; PBAs, primary BAs; PCN, pregnenolone 16α-carbonitrile; PCoA, Principal coordinates analysis; PXR, pregnane X receptor; QIIME, Quantitative 
Insights into Microbial Ecology; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; Rps28, ribosomal protein S28; SBAs, 
secondary bile acids; SEPP, SATé-enabled phylogenetic placement; SPF, specific pathogen-free; TPM, transcripts per million; UDCA, ursodeoxycholic 
acid; VDR, vitamin D receptor.

https://doi.org/10.1096/fj.202401807R
www.wileyonlinelibrary.com/journal/fsb2
https://orcid.org/0000-0002-5441-9099
https://orcid.org/0000-0002-2963-2568
https://orcid.org/0000-0003-1736-4428
https://orcid.org/0000-0003-4130-2964
https://orcid.org/0000-0002-7233-366X
mailto:takuya@hiroshima-u.ac.jp
https://orcid.org/0000-0003-3709-543X
http://creativecommons.org/licenses/by-nc/4.0/
mailto:takuya@hiroshima-u.ac.jp


2 of 18  |      HILMAN et al.

1   |   INTRODUCTION

The mutualistic relationship between the intestinal mi-
crobiota and the human host is crucial for maintaining 
health and avoiding disease development.1 The intes-
tinal microbiota is involved in processes such as the 
digestion of complex carbohydrates and the synthesis 
of essential vitamins. It also protects the host against 
pathogens and modulates the immune system. This mu-
tualistic relationship is sustained by adaptive changes 
in the intestinal gene expression, which promotes an 
optimal environment for both the microbial and the 
host's functions.2 Abnormal changes in the intestinal 
gene expression can disrupt this relationship, resulting 
in dysbiosis. Accumulating evidence demonstrates that 
dysbiosis is closely linked to intestinal diseases such as 
the inflammatory bowel diseases (IBDs) and the irrita-
ble bowel syndrome, metabolic disorders such as obe-
sity and diabetes, and mental health issues involving 
the gut–brain axis.3,4 Therefore, an understanding of 
the molecular mechanisms underlying the mutualistic 
relationship between the intestinal microbiota and the 
human host may result in potential therapeutic avenues 
for the treatment of various diseases.

The intestinal microbiota influences the gene ex-
pression in intestinal tissues through various molecular 
mechanisms. One significant mechanism involves the sec-
ondary bile acids (SBAs) produced by the intestinal micro-
biota.5 To facilitate lipid digestion and absorption, primary 
BAs (PBAs) such as the taurine (T)-conjugated cholic acid 
(CA) and the chenodeoxycholic acid (CDCA) are synthe-
sized in the hepatocytes and released into the duodenum. 
Small portions of PBAs (~5%) escape into the colon, where 
the microbiota converts them to SBAs, such as the deoxy-
cholic acid (DCA) and the lithocholic acid (LCA).6 These 
SBAs interact with nuclear receptors including the preg-
nane X receptor (PXR), the constitutive androstane recep-
tor (CAR), the vitamin D receptor (VDR), the Farnesoid X 
receptor (FXR), and other signaling pathways in the host. 
These interactions lead to changes in the gene expression 
that can affect the intestinal homeostasis and the immune 
response.7 For example, the SBAs, including the isoDCA, 
are involved in the homeostasis of regulatory T cells via 

FXR, which are essential for maintaining immune toler-
ance and preventing excessive inflammatory responses.8 
However, the physiological roles of the intestinal microbi-
ota and the BAs are not fully understood.

The cytochrome P450 2C (Cyp2c) family, a part of the 
Cyp superfamily, plays crucial roles in the metabolism of 
both endogenous and exogenous compounds. These en-
zymes are largely involved in the oxidative metabolism 
of approximately 20% of clinically used drugs, including 
nonsteroidal anti-inflammatory drugs, anti-convulsants, 
and anti-hypertensive agents.9 Polyunsaturated fatty acids 
such as the arachidonic and the linoleic acids, which 
are present in cell membranes, also undergo NADH-
dependent oxidation by certain Cyp2c enzymes. For 
example, in an in  vitro assay, it was reported that that 
mouse Cyp2c55, a homolog of human Cyp2c18, me-
tabolized arachidonic acid mainly to an eicosanoid, the 
19-hydroxyeicosatetraenoic acid (HETE).10 Previous stud-
ies showed that the HETEs are involved in the regulation 
of several physiological functions, such as the vascular 
tone, the ion transport, the intestinal barrier, and the in-
flammatory reaction.11,12

The tissue expression patterns of the Cyp2c members 
exhibit considerable variation among isoforms. This vari-
ation is closely related to the bioactivity and the regula-
tion of the expression of each isoform. A previous study 
demonstrated that Cyp2c55 is highly expressed in the 
mouse intestinal tissues, particularly the large intestine, 
where a large number of microorganisms inhabit.13 This 
information suggests that Cyp2c55 may be important for 
regulating intestinal functions and maintaining the mutu-
alistic relationship between the intestinal microbiota and 
the host. Furthermore, it has been reported that, in mice, 
the hepatic Cyp2c55 expression is regulated by nuclear re-
ceptors CAR and PXR.14 However, the physiological roles 
of Cyp2c55 and the mechanisms regulating its expression 
in the intestine remain largely uncharacterized.

The present study aimed to investigate the molecular 
mechanisms of the mutualistic relationship between the 
intestinal microbiota and the host. In particular, we fo-
cused on the regulation of the colonic Cyp2c55 expression, 
because a whole transcriptome analysis by RNA sequenc-
ing showed that the Cyp2c55 expression was depleted in 

underlying mechanism seemed to involve a BA-mediated PXR activation. In ad-
dition, the colonic expression of Cyp2c55 was regulated by the inflammatory 
response. Although the physiological function of Cyp2c55 remains largely uni-
dentified, our findings suggested that Cyp2c55 may play a role in the mutualistic 
interaction between the intestinal microbiota and the intestinal homeostasis.
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the colons of germ-free mice, but not in specific pathogen-
free (SPF) mice. In addition, the regulation of Cyp2c55 ex-
pression was examined in antibiotic-treated and dextran 
sulfate sodium (DSS)-induced colitic mice, as well as in 
mouse colonoids.

2   |   MATERIALS AND METHODS

2.1  |  Mice

All animal studies were pre-approved by the Animal 
Care Committee of the Hiroshima University (approval 
no. C22-44-2). Mice were maintained in accordance 
with the Guidelines for the Care and Use of Laboratory 
Animals at Hiroshima University, the National Research 
Council's Guide for the Care and Use of Laboratory 
Animals, and the ARRIVE guidelines. Seven-week-old 
male ICR germ-free and SPF mice were purchased from 
SLC Japan (Hamamatsu, Japan). Seven-week-old male 
C57BL/6J mice were purchased from Charles River 
Laboratories Japan (Yokohama, Japan). Mice were 
housed under the following conditions throughout the 
experiment: controlled temperature (22 ± 2°C), relative 
humidity (40–60%), and lighting (lights on 8:00–20:00). 
Mice were allowed to acclimate to the laboratory en-
vironment and had free access to an AIN-93G formula 
diet and tap water for at least a week. At the end of the 
experiments, mice were euthanized via exsanguination 
under isoflurane anesthesia.

2.2  |  Experimental design

Four studies (Experiments 1–4) were conducted to inves-
tigate the regulation of the intestinal Cyp2c55 expression.

In Experiment 1, the gene expression profiles in the co-
lons of germ-free and SPF mice were examined. Total RNA 
was extracted from colonic tissues of the germ-free and 
SPF mice by NucleoSpin RNA (Macherey-Nagel, Düren, 
Germany), according to the manufacturer's instructions, 
and subjected to whole transcriptome and quantitative 
reverse transcription-polymerase chain reaction (qRT-
PCR) analyses, as described below. Colonic tissues were 
also subjected to immunoblot and immunofluorescence 
analyses. Cecal contents were subjected to BA analysis. 
Total RNA extracted from different intestinal segments 
(duodena, jejuna, ilea, ceca, proximal colons, and distal 
colons) and livers of SPF mice were subjected to qRT-PCR 
analysis.

In Experiment 2, the Cyp2c55 expression was ex-
amined in the colons of mice administered with an-
tibiotics with different antibacterial spectra. After 

acclimatization, mice (n = 35) were randomly allocated 
to (1) control, (2) cocktail, (3) vancomycin, (4) polymyxin 
B, and (5) neomycin groups. The cocktail group was ad-
ministered via drinking water a cocktail of 3 antibiotics 
[250 mg/L vancomycin sulfate, 100 mg/L polymyxin B 
sulfate, and 250 mg/L neomycin sulfate (Fujifilm Wako 
Pure Chemical)]. The doses of the antibiotics were based 
on preliminary experiments carried out at these prem-
ises. Mice in the vancomycin, polymyxin B, and neomy-
cin groups were administered the respective antibiotics. 
The control group was administered ultrapure water. All 
treatments were administered for 21 days. All mice were 
fed the AIN-93G formula diet throughout the experi-
mental period. Colonic tissues were subjected to qRT-
PCR, immunoblot, and HETEs analyses as described 
below. Cecal samples were collected and subjected to BA 
and microflora analyses as described below.

In Experiment 3, the Cyp2c55 expression was examined 
in the colons of DSS-induced colitic mice. Mice (n = 28) 
were randomly allocated to (1) control, (2) DSS_5d, (3) 
DSS_7d, and (4) DSS_9d groups. The DSS_5d, DSS_7d, 
and DSS_9d groups were administered via drinking water 
2% (w/v) DSS (MP Biomedicals, Santa Ana, CA, USA) for 
5, 7, and 9 days, respectively, and were euthanized. The 
control group was administered ultrapure water for 9 days. 
The body weights of mice were measured daily. To evalu-
ate the severity of colitis, the clinical score was evaluated 
daily using a standard scoring system15 (Table S1). After 
measuring the length of the colons of mice, the colonic 
tissues were subjected to qRT-PCR and immunoblot anal-
yses as described below. Fecal samples were collected one 
day prior to dissection and subjected to BA and microflora 
analyses.

In Experiment 4, the Cyp2c55 expression in mouse 
colonoids was examined. Mouse colonoids were gen-
erated as previously described,16 with slight modifica-
tions. Crypts were isolated by collagenase dissociation 
and Percoll separation, embedded in Matrigel (Corning, 
Corning, NY, USA), and overlaid with growth media 
[advanced Dulbecco's modified Eagle medium/F12 
supplemented with 10% R-spondin conditioned me-
dium (Merck, Rahway, NJ, USA), 5% Noggin condi-
tioned medium, 2% NS supplement (Fujifilm Wako 
Pure Chemical), 1% N2 supplement (Fujifilm Wako 
Pure Chemical), 1 mM N-acetyl-L-cysteine, 0.5 nM Wnt 
Surrogate-Fc fusion recombinant protein (Thermo 
Fisher Scientific, Waltham, MA, USA), 50 ng/mL mu-
rine EGF (PeproTech, Cranbury, NJ, USA), and 10 μM 
Y-27632 (Selleck Chemicals, Houston, TX, USA)]. 
Noggin-expressing 293 T cells were kindly provided 
by Dr. Hans Clevers (Hubrecht Institute, Utrecht, 
Netherlands). Cultures were depleted with Y-27632 two 
days post-seeding and passaged every 7–10 days. Media 



4 of 18  |      HILMAN et al.

was changed every two days. For the experiments, the 
colonoids were differentiated in growth media with-
out Y-27632 or Wnt protein for four days from the third 
day post-seeding. Mouse colonoids were treated with 
agonists of PXR (pregnenolone 16α-carbonitrile; PCN; 
Cayman, Ann Arbor, MI, USA), CAR (1, 4-bis[2-(3, 
5-dichloropyridyloxy)]benzene; TCPOBOP, Cayman), 
and VDR (calcitriol, Fujifilm Wako Pure Chemical) for 
24 h, and a cytokine mix (TNF-α, IFN-γ, and IL-1β) for 
48 h.

2.3  |  Whole transcriptome analysis of the 
mouse colon (Experiment 1)

Total RNA was extracted from the colonic tissues of germ-
free and SPF mice using NucleoSpin RNA (Macherey-
Nagel, Düren, Germany), according to the manufacturer's 
instructions. Six samples of each group were pooled and 
processed as previously described.17 The mapped read 
counts were normalized to transcripts per million (TPM). 
After adding 1, the TPM values were Log2 transformed 
and used to generate a scatter plot and calculate the fold 
change.

2.4  |  qRT-PCR analysis (Experiments 
1–4)

Total RNA was extracted from mouse tissues and colo-
noids using NucleoSpin RNA and Sepasol®-RNA I Super 
G (Nacalai Tesque, Kyoto, Japan) and reverse-transcribed 
to cDNA using a ReverTra Ace qPCR RT kit (TOYOBO, 
Osaka, Japan), according to the manufacturer's instruc-
tions. The qRT-PCR analysis was conducted using the 
2× Brilliant III Ultra-Fast SYBR Green QPCR Master 
Mix (Agilent Technologies, Santa Clara, CA, USA) 
in a StepOne Real-Time PCR System (Thermo Fisher 
Scientific). The primer sequences are shown in Table S2. 
The mRNA expression of target genes was calculated by 
the 2−ΔΔCt method with ribosomal protein S28 (Rps28), 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and 
ornithine decarboxylase antizyme 1 (Oaz1) as the refer-
ence genes.

2.5  |  Immunoblot analysis (Experiments 
1–4)

Using a Polytron homogenizer (KINEMATICA, Luzern, 
Switzerland), mouse colonic tissues and colonoids were 
homogenized in 400 and 80 μL, respectively, of a lysis 
buffer [1% (w/v) SDS, 1% (v/v) Triton X-100, and 1% 

(w/v) sodium deoxycholate in 30 mM Tris with protease 
and phosphatase inhibitors (pH 7.4)]. Protein concentra-
tions were then determined using a Protein Assay BCA kit 
(Nacalai Tesque). Next, the protein extracts were mixed 
with half a volume of Laemmli sample buffer [6% (w/v) 
SDS, 30% (v/v) glycerol, 15% (v/v) β-mercaptoethanol, and 
0.02% (w/v) bromophenol blue in 188 mM Tris, (pH 6.8)] 
and heated to 95°C for 10 min. Proteins (20 μg) were sepa-
rated by SDS-PAGE and transferred to polyvinylidene 
fluoride membranes. After visualizing the total protein 
content using Ponceau S staining, the membranes were 
blocked with skim milk and incubated first with the cor-
responding primary antibodies and then with peroxidase-
conjugated anti-rabbit and anti-mouse IgGs. Detailed 
information on the antibodies used in the experiments is 
shown in Table  S3. The blots were developed by an en-
hanced chemiluminescence method (Western Lightning 
Plus-ECL, PerkinElmer, Waltham, MA, USA) using an 
Amersham Imager 680 apparatus (Cytiva, Marlborough, 
MA, USA).

2.6  |  Immunofluorescence (Experiment 
1)

The colonic tissues of germ-free and SPF mice were em-
bedded in an Optimal Cutting Temperature compound 
(Sakura Finetek, Tokyo, Japan). The cryosections (8 μm 
thickness) prepared on slide glasses were blocked with 5% 
normal goat serum and incubated with rabbit anti-Cyp2c55 
at 4°C for 16 h. Afterward, the samples were incubated for 
1 h with Alexa Fluor 488-conjugated anti-rabbit IgG and 
DAPI. Detailed information on the antibodies used in the 
experiment is shown in Table  S3. The specimens were 
preserved in a mounting fluid, and the fluorescence was 
visualized with a Leica FW4000 fluorescence microscope 
(Leica Microsystems, Wetzlar, Germany).

2.7  |  Cecal and fecal BA analysis 
(Experiments 2 and 3)

CA, CDCA, α-muricholic acid (MCA), β-MCA, ω-MCA, 
hyocholic acid (HCA), hyodeoxycholic acid (HDCA), 
LCA, ursodeoxycholic acid (UDCA), and taurine (T)-
conjugated secondary forms in mouse ceca (Experiment 
2) and feces (Experiment 3) were quantified as previ-
ously described with minor modifications.18 Briefly, the 
cecal contents and feces were freeze-dried and the BAs 
were extracted using methanol. Nordeoxycholic acid was 
used as the internal standard. BAs present in the extracts 
were analyzed by ultraperformance liquid chromatogra-
phy–mass spectrometry (Waters, Milford, MA, USA).
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2.8  |  HETE analysis (Experiments 2  
and 3)

The HETEs (5-, 12-, 15-, 19-, and 20-HETEs) in the 
mouse colonic tissues were quantified as previously de-
scribed with minor modifications.19 Briefly, the colonic 
tissues (30 mg) were homogenized in 10 volumes of PBS 
using a Polytron homogenizer (KINEMATICA). The 
HETEs present in the homogenates were extracted with 
ethyl acetate, dried under a continuous nitrogen gas 
flow, and reconstituted with isopropanol. The HETEs 
in the resultant samples were analyzed by ultraper-
formance liquid chromatography–mass spectrometry 
(Waters).

2.9  |  Metagenomic analysis of 16S 
rRNA genes in the intestinal microbiota 
(Experiments 2 and 3)

Bacterial DNA in the mouse cecal contents (Experiment 
2) and feces (Experiment 3) was isolated with a 
Quickgene QuickGene SP kit (KURABO, Osaka, Japan) 
and a NucleoSpin DNA Stool kit (Macherey-Nagel), 
according to the manufacturer's instructions. Library 
preparation for analysis using an Illumina MiSeq Next 
Generation Sequencer (Illumina, San Diego, CA, USA) 
was carried out as previously described.20 PCR ampli-
fication of the 16S rRNA V3-V4 regions (460 bp) was 
conducted using primers 314F and 805R.21 Sequence 
data were analyzed using Quantitative Insights into 
Microbial Ecology (QIIME) 2 (ver. 2021.11 and 2023.2), 
with denoising using the DADA2 plugin. Amplicon se-
quence variants (ASVs) were defined, and their taxon-
omy was classified by the sklearn-classifier against the 
SILVA database (138; 99% Operational Taxonomic Units 
(OTUs), full-length sequences). In the present study, we 
removed singletons and ASVs assigned to mitochondria 
and chloroplasts. Subsequently, a phylogenetic tree was 
generated using the SATé-enabled phylogenetic place-
ment (SEPP).

2.10  |  Statistical analysis

Data are shown as the mean ± the SEM. Statistical 
analyses were carried out using JMP Pro 16.2.0 (SAS 
Institute Inc., Cary, NC, USA). The two-tailed un-
paired Student's t-test was used for comparison of two 
groups (Experiment 1). Tukey–Kramer post hoc and 
Steel–Dwass tests were used for comparisons of multi-
ple groups (Experiments 1–4). Values were considered 
statistically significant if p < .05.

3   |   RESULTS

3.1  |  Dependence of the Cyp2c55 
expression on the presence of intestinal 
microbiota

We hypothesized that certain genes, which are upregu-
lated by the presence of the intestinal microbiota, played 
important roles in the mutualistic relationship between 
the intestinal microbiota and the host. In Experiment 1, 
to find such genes, a whole transcriptome analysis of the 
colonic tissues of germ-free and SPF mice was conducted. 
Of the total 17 598 genes detected in germ-free and SPF 
mice, 480 were upregulated and 1342 were downregulated 
greater than 2-fold in germ-free mice, when compared with 
those in SPF mice (Figure 1A). Among the downregulated 
genes, 8 genes (Amn, Ang4, Cyp2c55, Hp, Nr1h5, Mettl7a2, 
Mettl7a3, and Slc30a10) were abundantly expressed in 
SPF mice (TPM >10) and obviously reduced in germ-free 
mice (fold change <0.2) (Table S4). Due to the informa-
tion on the physiological roles of Cyp2c55 is scarce when 
compared with other genes, and the TPM of Cyp2c55 was 
the highest among the 8 genes, we focused on Cyp2c55. 
Moreover, among 15 members of the Cyp2c subfamily, 
only Cyp2c55 was clearly downregulated in the colons of 
germ-free mice (Figure 1B), suggesting a possible crucial 
role in the mutualistic relationship between the intestinal 
microbiotas and the hosts. The qRT-PCR and immunoblot 
analyses also confirmed the drastic downregulation of the 
Cyp2c55 expression in germ-free mice (Figure 1C,D). In 
the lower segments of the intestines of SPF mice, such as 
ceca and colons, which are densely colonized by intestinal 
microorganisms, Cyp2c55 expression was higher than in 
the upper intestinal segments, such as duodena, jejuna, 
and ilea (Figure  1E). Interestingly, the hepatic Cyp2c55 
expression was much lower than that observed in all in-
testinal segments. Immunofluorescence demonstrated 
that Cy2c55 was highly expressed in the luminal surface 
of the epithelial cells (Figure 1F). These results indicated 
that the intestinal Cyp2c55 expression greatly depended 
on the presence of the intestinal microbiota and that it 
possibly has an important role in the maintenance of the 
intestinal homeostasis.

3.2  |  Involvement of the BA metabolism 
in the colonic Cyp2c55 expression

A previous study showed that the colonic Cyp2c55 ex-
pression was possibly regulated by LCA.22 Therefore, 
in the present work, the cecal BAs in germ-free and 
SPF mice were determined by mass spectrometry. The 
taurine (T)-conjugated PBAs produced in the liver are 
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deconjugated and converted to SBAs by intestinal micro-
organisms. Accordingly, BAs present in the ceca of SPF 
mice were mostly deconjugated (Figure 2A,B). All decon-
jugated BAs measured in the ceca of SPF mice, includ-
ing PBAs and SBAs, were higher than in germ-free mice. 
In contrast, except for T-DCA, T-HDCA, and T-LCA, 

taurine-conjugated BAs were higher in germ-free mice 
than those in SPF mice. A Spearman's rank correlation 
analysis showed that all unconjugated BAs and T-DCA 
positively correlated with the mRNA and protein levels of 
Cyp2c55 (Figure S1). These results also showed that the 
colonic Cyp2c55 expression depended on the presence of 

F I G U R E  1   Dependence of the Cyp2c55 expression on the intestinal microbiota. (A–C) Total RNA from the colon of germ-free (GF) and 
specific pathogen-free (SPF) mice was subjected to RNA sequencing (A, B) and qRT-PCR (C) analyses. Data (transcripts per million, TPM) 
were Log2 transformed after adding 1 to the TPMs, and a scatter plot was generated (A). The plots colored red and blue indicate genes with 
upregulation and downregulation greater than 2-fold, respectively. TPMs and fold changes of Cyp2c subfamily members are shown (B). 
(D) The Cyp2c55 protein expression in the colon of germ-free and SPF mice was determined by an immunoblot analysis. (E) The Cyp2c55 
mRNA expression in the different intestinal segments and liver was determined by qRT-PCR analysis. (F) The Cyp2c55 protein in the colon 
of SPF mice was visualized by an immunofluorescence analysis. Data are shown as the mean ± the SEM; n = 6. Asterisks indicate significant 
differences when compared with SPF mice (p < .05).

F I G U R E  2   Effect of the intestinal microbiota on the cecal composition of bile acids. (A, B) The concentrations of unconjugated (A) and 
taurine (T)-conjugated (B) bile acids in ceca of germ-free (GF) and specific pathogen-free (SPF) mice were measured using ultraperformance 
liquid chromatography–mass spectrometry. Data are presented as the mean ± the SEM; n = 6. Asterisks indicate significant differences when 
compared with the SPF mice (p < .05).
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the intestinal microbiota and may be involved in the BA 
metabolism.

3.3  |  Involvement of 
vancomycin-sensitive  
bacteria in the Cyp2c55 expression

In Experiment 2, to further examine the involvement of 
the intestinal microflora and the BA metabolism in the 
colonic Cyp2c55 expression, mice were administered 
with antibiotics with different antibacterial spectra. 
Cyp2c55 mRNA and protein are naturally expressed at 
low levels in the colons of germ-free mice. The admin-
istration of the antibiotic cocktail (vancomycin, poly-
myxin B, and neomycin) also caused reductions in the 
Cyp2c55 mRNA and protein expressions in the colons 
of mice (Figure 3A,B). Vancomycin alone, but not poly-
myxin B or neomycin, also reduced the Cyp2c55 mRNA 
and protein expressions. The BA analysis showed that 
the antibiotic cocktail and vancomycin reduced all un-
conjugated PBAs and SBAs, although the reduction in 
CA was not statistically significant. Interestingly, neo-
mycin, which did not affect the Cyp2c55 expression, 
reduced the SBAs, but not CA, α-MCA, or β-MCA. The 
T-CA and T-MCAs (α/β/ω) were higher in antibiotic-
cocktail-administered and vancomycin-administered 
mice than in control mice. A Spearman's rank correla-
tion analysis showed that all unconjugated BAs, T-DCA, 
and THDCA positively correlated with the mRNA and 
protein levels of colonic Cyp2c55. These results sug-
gested that the reduction of Cyp2c55 expression by the 
antibiotic cocktail and vancomycin occurred by de-
pletion of both PBAs and SBAs, whereas the Cyp2c55 
expression in the neomycin-administered mice was 
maintained by unconjugated PBAs such as CA, α-MCA, 
and β-MCA.

3.4  |  Antibiotics treatment affected the 
microflora profiles

In Experiment 2, antibiotics vancomycin, polymyxin 
B, and neomycin, which have different antimicrobial 
spectra, were employed. Vancomycin and polymyxin 
B generally target Gram-positive and Gram-negative 
bacteria, respectively. Neomycin, in contrast, exhibits 
a broad spectrum of activity against a variety of bacte-
ria. The microflora analysis based on 16S rRNA genes 
showed that the antibiotic cocktail, vancomycin, and 
neomycin, but not polymyxin B, significantly reduced 
the α-diversity in the observed species and the Chao1 
and the Shannon indices of the microbial community 

(Figure  4A–C). Principal coordinates analysis (PCoA) 
based on the Bray–Curtis, the weighted UniFrac, and 
the unweighted UniFrac distances showed that the ad-
ministration of the antibiotic cocktail, vancomycin, and 
neomycin had a negative impact on the β-diversity of 
the microflora (Figure  4D–F). The clustering observed 
in these three groups was independent of that observed 
in the control group and the groups differed from each 
other. Figure 4G shows the effect of treatments on the 
relative abundances of observed phyla. While the an-
tibiotic cocktail reduced Bacteroidota (one of the most 
dominant phyla) and Verrucomicrobiota, it increased 
Proteobacteria and Actinobacteriota. Vancomycin 
dramatically increased three phyla, Proteobacteria, 
Verrucomicrobiota, and Deferribacterota. Polymyxin 
B decreased Verrucomicrobiota. Neomycin reduced 
Firmicutes and increased Bacteroidota. At the genus level, 
229 taxa were detected, and we initially extracted genera 
that had a relative abundance greater than 0.1% in the 
control group. For a better visualization, observed gen-
era were grouped according to their relative abundances 
and divided as shown in Figure 4H,I. Figure 4H,I shows 
bacterial genera with relative abundances greater than 
3% and 1%, respectively. Administration of the antibiotic 
cocktail resulted in a reduction of the majority of genera, 
with the exception of Lactobacillus and Brevibacterium, 
which remarkably increased. Vancomycin administra-
tion also decreased numerous genera, especially Gram-
positive bacteria such as unclassified Lachnospiraceae, 
Lachnospiraceae_NK4A136_group, Colidextribacter, 
Blautia, unclassified Oscilospiraceae, unclassified 
Peptococcaceae, Clostridia_UCG-014, Anaerotrunus, 
Intestinimonas, Acetatifactor, Dubosiella, and uncultured 
Lachnospiraceae. While Gram-negative bacteria such as 
Muribaculaceae, Bacteroides, Alistipes, and Oscillibacter 
also decreased after the administration of vancomycin, 
some others such as Akkermansia and Parasutterella 
increased. Although the dose of polymyxin B used in 
the present study only caused moderate effects, it still 
decreased Akkermansia. Neomycin administration 
decreased several genera, such as Lachnospiraceae_
NK4A136_group, Blautia, Parasutterella, Lactobacillus, 
uncultured Peptococcaceae, Clostridia_UCG-014, 
Anaerotruncus, Intestinimonas, Acetatifactor, and un-
cultured Lachnospiraceae. Figure  S3 illustrates the re-
maining genera, many of which exhibited a decrease in 
abundance following the administration of the antibi-
otic cocktail, vancomycin, and neomycin. With the ex-
ception of Akkermansia, Parasutterella, Brevibacterium, 
Clostridia_vadinBB60_group, and Lactobacillus, a 
Spearman's rank correlation analysis showed that the 
mRNA and the protein expressions of Cyp2c55 positively 
correlated with several bacterial genera (Figure S4).
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3.5  |  Effect of antibiotics on the HETE 
production in the colonic tissues

Although the physiological role of Cyp2c55 is largely un-
known, our in vitro study demonstrated that Cyp2c55 mainly 

metabolized arachidonic acid to the 19-HETE. However, the 
19-HETE levels in the colonic tissues of mice with and with-
out antibiotics were under the detection limit (Figure  S5). 
The other HETEs including the 5-, 12-, and 15-HETE were 
detected, but no differences were found between groups.

F I G U R E  3   Effect of the antibiotic treatments on the colonic Cyp2c55 expression and the fecal composition of bile acids. (A, B) The 
mRNA and the protein expressions of Cyp2c55 in the colon of mice administered with antibiotics cocktail and individual antibiotics 
(vancomycin, polymyxin B, and neomycin) were assessed by qRT-PCR (A) and immunoblot (B) analyses, respectively. (C, D) The 
concentrations of unconjugated (C) and taurine (T)-conjugated (D) bile acids (BAs) in feces of mice administered with an antibiotic cocktail 
and individually antibiotics were measured using ultraperformance liquid chromatography–mass spectrometry. Data are presented as the 
mean ± the SEM; n = 7. Mean values without a common letter are significantly different (p < .05).
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3.6  |  Downregulation of Cyp2c55 in 
colitic mice

The DSS-induced colitic mouse model has been exten-
sively validated as a reliable representation of human 
ulcerative colitis. As expected, in Experiment 3, DSS ad-
ministration resulted in the induction of colitis, which was 
evidenced by the observed increase in the clinical score 
and the colon shortening (Figure 5A,B). As with previous 
studies,15,23 DSS administration resulted in the upregula-
tion of the mRNA expression of inflammatory cytokines 
and chemokines, including Tnf, Il1b, Il6, Cxcl1, and Cxcl5. 
The mRNA levels of these cytokines in mice administered 
DSS for 5, 7, and 9 days were observed to be higher than 
those in control mice (Figure 5C–G). In contrast, follow-
ing the commencement of DSS administration, the mRNA 
and protein expressions of Cyp2c55 exhibited a down-
ward trend after 7 and 9 days, respectively (Figure 5H,I). 
In addition, the administration of DSS resulted in re-
ductions of unconjugated PBAs and SBAs, as well as 
taurine-conjugated SBAs, which in turn led to increases 
in conjugated PBAs (Figure 6A,B). In mice administered 
DSS for 9 days, the levels of all unconjugated BAs (with the 
exception of CA) and taurine-conjugated SBAs (with the 
exception of T-LCA and T-UDCA) were found to be lower 
than those observed in control mice. With the exception of 
T-CDCA, taurine-conjugated PBAs exhibited higher levels 
in the DSS_9d group, when compared with control mice. 
Similar trends were observed in the DSS_5d and DSS_7d 
groups, although the changes in the levels of some BAs 
were non-statistically significant. A Spearman's rank cor-
relation analysis demonstrated that, except for CA, all un-
conjugated BAs, as well as some taurine-conjugated BAs 
(e.g., T-CDCA, T-DCA, and T-HDCA), exhibited a positive 
correlation with either or both the mRNA and the protein 
expressions of Cyp2c55 (Figure S6).

3.7  |  DSS administration affected the 
intestinal microbiota composition

The administration of DSS for 5, 7, and 9 days decreased 
the α-diversity of the fecal microbiota, as indicated by the 

reductions found in the observed species and the Chao1 
and Shannon indices. However, reductions in the Chao1 
index in the DSS_7d and DSS_9d groups were non-
statistically significant (Figure 7A–C). PCoA based on the 
Bray–Curtis, the weighted UniFrac, and the unweighted 
UniFrac distances showed that DSS administration af-
fected the β-diversity of the microbiota, as indicated by the 
distinct clustering of the three DSS groups and the control 
group (Figure  7D–F). Based on the Bray–Curtis and the 
weighted UniFrac distances, distances between the three 
DSS groups and the control cluster were observed to be 
greater in the plots for the longer periods of DSS adminis-
tration, suggesting a period-dependent alteration. At the 
phylum level, while DSS administration decreased the rel-
ative abundance of Firmicutes, it increased Proteobacteria, 
although a statistical difference was observed only 9 days 
post-administration (Figure  7G). At the genus level, 112 
taxa were detected, and we initially extracted genera 
that had a relative abundance greater than 0.1% in the 
control group. For a better visualization, observed gen-
era were grouped according to their relative abundances 
and divided as shown in Figure 7H,I. Figure 7H,I shows 
genera with relative abundances higher than 4 and 1%, 
respectively. While DSS administration for 5, 7, and 
9 days decreased Muribaculaceae, unclassified and un-
cultured Lachnospiraceae, Lachnospiraceae_NK4A136_
group, uncultured Oscillospiraceae, Lachnoclostridium, 
and [Eubacterium]_coprostanoligenes_group, it increased 
Bacteroides, Escherichia_Shigella, Erysipelatoclostridium, 
and Enterococcus, although some changes were non-
statistically significant. The Parabacteroides genus was 
higher in the DSS_5d group than in the other groups. 
Figure S7 shows genera with a relative abundance lower 
than 1% in all groups. While DSS administration decreased 
some genera such as uncultured Ruminococcaceae, 
Roseburia, Incertae_Sedis, and [Eubacterium]_brachy_
group, it increased genera ASF356 and unclassified 
Oscillospirales, although some changes were not statisti-
cally significant. A Spearman's rank correlation analysis 
showed that some genera including Muribaculacea, un-
classified Lachnospiraceae, Blautia, Lachnoclostridium, 
and Roseburia correlated with both the mRNA and the 
protein expression of Cyp2c55 (Figure S8).

F I G U R E  4   Effect of antibiotic administration on the fecal microbiota composition. (A–I) The cecal microbiota of mice administered 
with an antibiotic cocktail and individual antibiotics (vancomycin, polymyxin B, and neomycin) were analyzed by 16S rRNA gene 
sequencing. The number of observed species (A), the Chao1 index (B), and the Shannon evenness (C) in the microbiota was calculated. 
Principal coordinate analysis plots of the fecal microbiotas were generated based on the Bray–Curtis (D), the weighted UniFrac (E), and the 
unweighted UniFrac (F) distances using QIIME2. The mean abundances of fecal microbiotas at the phylum level are shown (G). For a better 
visualization, genera were grouped and divided in those with abundances greater than 3% and 1%, respectively (H, I). Data are presented as 
the mean ± the SEM; n = 7. Mean values without a common letter are significantly different (p < .05).
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F I G U R E  5   Downregulation of the Cyp2c55 expression in colitic mice. (A–I) Mice were administered with dextran sulfate sodium (DSS) 
for 9 days, and the clinical scores were evaluated every day (A). Colonic tissues were collected 5, 7, and 9 days after the start of the DSS 
administration, and length of colons was measured (B). The mRNA expression of Tnf (C), Il1b (D), Il6 (E), Cxcl1 (F), and Cxcl5 (G) in the 
colonic tissues was analyzed by qRT-PCR analysis. The mRNA (H) and the protein expressions (I) of Cyp2c55 in the colonic tissues were 
analyzed by qRT-PCR and immunoblot analyses. Data are presented as the mean ± the SEM; n = 8. Asterisks indicate significant differences 
compared with the control mice (p < .05). Mean values without a common letter are significantly different (p < .05).
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3.8  |  Effect of DSS administration on the 
HETE production in the colonic tissues

The 12-HETE was higher in the colonic tissues of the 
DSS_5d and DSS_7d groups than in the control group 
(Figure  S9). The 15-HETE was higher in the DSS_7d 
group than in the control group. The 5-HETE was unaf-
fected by DSS administration, and neither the 19- nor the 
20-HETEs were detected in any group.

3.9  |  Regulation of the cyp2c55  
expression by PXR agonist and  
inflammatory cytokines in mouse 
colonoids

Some BAs regulate gene expression through the activa-
tion of nuclear receptors such as PXR, CAR, and VDR.5 
In addition, the inflammatory response affects the ex-
pression of various genes. To investigate the roles of the 
nuclear receptors and the inflammatory cytokines in the 

regulation of the Cyp2c55 expression, mouse colonoids 
were used in Experiment 4. Among the agonists of three 
nuclear receptors, PXR, CAR, and VDR, the PXR agonist 
PCN greatly upregulated the mRNA and the protein ex-
pressions of Cyp2c55 in mouse colonoids (Figure 8A,B). 
In contrast, the inflammatory cytokine mix downregu-
lated the Cyp2c55 expression (Figure 8C,D).

4   |   DISCUSSION

To establish the mutualistic relationship between the 
intestinal microbiota and the human host, the intestinal 
cells must be able to dynamically regulate the gene ex-
pression.24 A deeper comprehension of the underlying 
molecular mechanisms may potentially pave the way for 
the development of a novel approach to promote human 
health. However, the precise nature of these mechanisms 
remains elusive. In light of the observed downregulation 
of the Cyp2c55 expression in the colons of germ-free, 
antibiotics-treated, and DSS-induced colitic mice, we 

F I G U R E  6   Effect of colitis on the fecal bile acid composition. (A, B) Mice were administered with dextran sulfate sodium (DSS) for 
9 days, and feces were collected on days 4, 6, and 8 (one day prior to dissection). The concentrations of unconjugated (A) and taurine 
(T)-conjugated (B) bile acids (BAs) in feces of control and DSS-administered mice were measured using ultraperformance liquid 
chromatography–mass spectrometry. Data are presented as the mean ± the SEM; n = 8. Asterisks indicate significant differences compared 
with the control mice (p < .05).
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postulate that the colonic Cyp2c55 expression is a crucial 
determinant of the mutualistic relationship between the 
intestinal microbiota and the intestinal homeostasis. Our 
findings also indicated that the metabolism of BAs by the 
intestinal microbiota and the inflammatory response are 
involved in the colonic expression of Cyp2c55. While the 

physiological function of Cyp2c55 remains largely unchar-
acterized, our results suggested that Cyp2c55 may repre-
sent a novel target for the promotion of intestinal health.

Our findings indicated that the colonic Cyp2c55 ex-
pression was significantly reduced at both the mRNA and 
the protein levels in germ-free and antibiotic-treated mice. 

F I G U R E  7   Effect of colitis on the fecal microbiota composition. (A–I) Mice were administered with dextran sulfate sodium (DSS) for 
9 days, and feces were collected on days 4, 6, and 8 (one day prior to dissection). The fecal microbiotas of control and DSS-administered mice 
were analyzed by 16S rRNA gene sequencing. The number of observed species (A), the Chao1 index (B), and the Shannon evenness (C) in 
the microbiotas was calculated. A principal coordinate analysis plot of the cecal microbiota was generated based on the Bray–Curtis (D), 
the weighted UniFrac (E), and the unweighted UniFrac (F) distances using QIIME2. Mean abundances of cecal microbiotas at the phylum 
level are shown (G). For a better visualization, genera were grouped and divided in those with relative abundances greater than 4% and 
1%, respectively (H, I). Data are presented as the mean ± the SEM; n = 8. Mean values without a common letter are significantly different 
(p < .05).

F I G U R E  8   Regulation of the cyp2c55 expression by PXR agonist and inflammatory cytokines in mouse colonoids. (A, B) Mouse 
colonoids were treated with agonists of PXR [pregnenolone 16α-carbonitrile (PCN)], CAR (TCPOBOP)), and VDR (calcitriol) for 24 h. The 
mRNA (A) and the protein (B) expressions of CYP2C55 were analyzed by qRT-PCR and immunoblot. (C, D) Mouse colonoids were treated 
with a cytokine mix (TNF-α, IFN-γ, and IL-1β) for 48 h. The mRNA (C) and the protein (D) expressions of Cyp2c55 were assessed by qRT-
PCR and immunoblot analyses. Data are presented as the mean ± the SEM; n = 4. Asterisks indicate significant differences compared with 
the control treatment (p < .05).
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These findings suggested that the Cyp2c55 expression was 
largely dependent on the intestinal microbiota. This ob-
servation was corroborated by the finding that Cyp2c55 
was highly expressed in the cecum and the colon, where 
the intestinal microbiota is densely populated by bacteria, 
and in contrast with the Cyp2c55 expression in the duode-
num and the small intestine, where the bacterial popula-
tion is sparse. The results of Experiment 2 suggested that 
vancomycin-sensitive bacteria may play a role in regulat-
ing the Cyp2c55 expression. Furthermore, DSS administra-
tion induced dysbiosis, which is consistent with previous 
studies,25,26 and reduced the colonic Cyp2c55 expression. 
Due to some genera including Muribaculaceae, unclas-
sified Lachnospiraceae, Blautia, Lachnoclostridium, and 
Roseburia showed positive correlations with the mRNA 
and the protein expressions of Cyp2c55 in Experiments 2 
and 3, it can be theorized that these genera may have a 
potential involvement in the Cyp2c55 expression.

Our results suggested that one of the possible mech-
anisms underlying the intestinal microbiota-dependent 
Cyp2c55 expression is the BA-mediated PXR activation. 
A previous study reported that the hepatic Cyp2c55 
expression is induced by the activation of PXR and 
CAR.14 Nonetheless, in the present work, an increase 
in Cyp2c55 in mouse colonoids was induced only by 
the PXR agonist. Some BAs such as LCA, DCA, and CA 
are known to be ligands of PXR, which regulate cellu-
lar functions.27,28 Together with the results of the cor-
relation analyses carried out in the present study, this 
evidence indicated that these three BAs, at least in part, 
contributed to the colonic Cyp2c55 expression. Taurine-
conjugated PBAs secreted from liver into the duode-
num are predominantly reabsorbed in the terminal 
ileum. Any small portion of taurine-conjugated PBAs 
(~5%) that escapes from reabsorption is deconjugated 
by the bacterial bile salt hydrolase (BSH) activity and 
transformed to SBA by the bacterial 7α-dehydroxylase 
activity. DCA and LCA positively correlated with 
Muribaculaceae, unclassified Lachnospiraceae, Blautia, 
Lachnoclostridium, and Roseburia (Figures S10 and S11). 
Furthermore, it has been reported that Muribaculaceae, 
some genera of the Lachnospiraceae family, and 
Lachnoclostridium possess the BSH and that some gen-
era of the Lachnosiraceae family and Lachnoclostridium 
possess 7α-dehydroxylase.29,30 Therefore, it is likely that 
these BSH- and 7α-dehydroxylase-possessing bacterial 
genera are involved in the production of unconjugated 
DCA and LCA, resulting in the upregulation of colonic 
Cyp2c55.

It was hypothesized that the inflammatory signal-
ing as well as the BA metabolism may contribute to the 
downregulation of the colonic Cyp2c55 expression in 
DSS-induced colitic mice. This hypothesis seems to have 

been corroborated by the present study, as it was shown 
that the inflammatory cytokines reduced the Cyp2c55 
expression in mouse colonoids. Previous work indicated 
that inflammatory cytokines can affect the expression of 
numerous genes that are crucial for maintaining the in-
testinal homeostasis, ultimately leading to tissue destruc-
tion. For instance, the inflammatory signaling initiated by 
TNFα, IFNγ, IL-1β, and IL-6 has been shown to impair the 
structural integrity of tight junctions and the production 
of mucins.31,32 Further investigation is necessary to fully 
elucidate the precise mechanism by which cytokines re-
duce the Cyp2c55 expression.

The findings of the present study indicated that 
the colonic Cyp2c55 expression was associated with 
the BA metabolism and the inflammatory conditions. 
However, it is worth noting that the present work had 
some limitations. Although an in vitro study has char-
acterized Cyp2c55 as an enzyme that catalyzes the 19-
HETE synthesis,10 in the present work, the 19-HETE 
was not detected in the mouse colon, where Cyp2c55 
is highly expressed. However, it should be noted that, 
to date, no study has reported the presence of the 19-
HETE in the intestinal tissues. Nonetheless, in accor-
dance with the findings of previous studies,33,34 we 
were able to successfully detect the presence of the 5-, 
12-, and 15-HETEs in the colon. Further research is re-
quired to elucidate the physiological role of Cyp2c55. 
It is possible, however, that other microbial metabo-
lites, in addition to BAs, may be involved in the colonic 
expression of Cyp2c55. For example, the tryptophan-
derived microbial metabolites indole 3-propionic and 
3-acetic acids have been identified as agonists of PXR.35 
It is foreseeable that the precise mechanisms underly-
ing the microbiota-dependent expression of Cyp2c55 
will be elucidated in future studies.

The present study demonstrated that Cyp2c55 is 
highly expressed in the colonic epithelial cells of mice 
in a microbiota-dependent manner. The underlying 
mechanism seems to involve a BA-mediated PXR acti-
vation. Furthermore, the colonic expression of Cyp2c55 
is also subject to regulation by the inflammatory re-
sponse. While the physiological function of Cyp2c55 re-
mains largely unidentified, our findings suggested that 
Cyp2c55 may play a role in the mutualistic interaction 
between the intestinal microbiota and the intestinal 
homeostasis.
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