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Clostridioides difficile is a major causative pathogen of nosocomial antibiotic-

associated diarrhea and severe colitis. Despite the use of vancomycin and 

fidaxomicin as standard drugs for the treatment of C. difficile infection (CDI), 

clinical relapse rates remain high. Therefore, new alternative therapeutics to 

treat CDI are urgently required. The nuclear receptor, peroxisome proliferator-

activated receptor-γ (PPAR-γ), is mainly expressed in the adipose tissue and 

modulates lipid metabolism and insulin sensitization. Previous studies have 

shown that PPAR-γ is highly expressed in colonic tissues and regulates tight 

junction function in epithelial cells. However, the role of PPAR-γ in CDI 

pathogenesis remains unclear. In this study, we used a mouse model of CDI 

and found that both expression levels of PPAR-γ and the tight junction protein, 

occludin, were decreased in colonic tissues. Furthermore, to investigate the 

role of PPAR-γ in CDI, we used PPAR-γ defective mice and found that intestinal 

permeability and bacterial dissemination in these mice were significantly 

higher than those in wild-type mice during CDI. Administration of the PPAR-γ 

agonist, pioglitazone, to activate PPAR-γ activity improved the phenotypes of 

CDI, including bodyweight loss, inflammation, and intestinal integrity. Taken 

together, these results demonstrate that PPAR-γ is a potential therapeutic 

target in CDI, as it modulates colonic inflammation and integrity.
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Introduction

Clostridioides difficile is a spore-forming Gram-positive 
anaerobic bacterium. Clostridioides difficile infection (CDI) may 
be asymptomatic or result in diarrhea, pseudomembranous colitis, 
and toxic megacolon; it can even lead to death (Gil et al., 2018). 
Toxins A and B, encoded by the genes tcdA and tcdB, respectively, 
are the main virulent factors in C. difficile that cause disease (Di 
Bella et al., 2016; Mileto et al., 2019). After ingestion, C. difficile 
spores germinate into vegetative cells in small intestine. 
Clostridioides difficile can colonize the colon when the intestinal 
microbiota is disrupted by antimicrobial therapy (Kelly and 
LaMont, 2008; Paredes-Sabja et al., 2014). Toxigenic C. difficile 
strains, which produce toxin A, B, or both, impair the epithelial 
barrier and alter the cytoskeletal structure by glucosylating Rho 
family proteins (Kelly and LaMont, 2008; Chen et al., 2015), thus 
stimulating colonic inflammation and triggering cytokine release 
(Gerhard et al., 2011; Cowardin et al., 2016). The disruption of gut 
epithelial barrier is essential for CDI.

Impaired host immunity resulting from different factors, such 
as advanced age, presence of comorbidity with functional 
impairment including inflammasome activation (Liu et al., 2018), 
or gene polymorphisms (such as Toll-like receptor 2/4, interleukin 
IL-8), is associated with increased risk of CDI and disease 
recurrence (Garey et al., 2010; Ryan et al., 2011; Lai et al., 2021; 
Simpson et al., 2022). Despite these findings, the main factor in 
protective immunity against CDI remains unclear. Current 
antibiotic therapies, including treatments with vancomycin and 
fidaxomicin, may alleviate the disease (Khanna et al., 2016; Cho 
et  al., 2020). However, the emergence of antibiotic-resistant 
C. difficile strains and the risk of recurrent CDI (rCDI) after 
antibiotic treatment are major public health concerns (Cornely 
et al., 2012; Sholeh et al., 2020; Tsigrelis, 2020; Dilnessa et al., 
2022). Although fecal microbiota transplantation is effective in 
treating rCDI, the efficacy, safety, and stability of this method need 
to be considered and discussed (Weingarden et al., 2015; Colleen 
et al., 2016; Youngster et al., 2016; Chiu et al., 2021).

Peroxisome proliferator-activated receptor-γ (PPAR-γ), 
mainly expressed in adipose tissues, belongs to the nuclear 
receptor family and is a transcription factor that controls gene 
expression in lipid metabolism, glucose homeostasis, and immune 
modulation (Dubuquoy et al., 2006; Straus and Glass, 2007; Mirza 
et al., 2019; Chen et al., 2021; Yang et al., 2021). In addition to 
adipose tissues, PPAR-γ is expressed in colonic tissues, where it is 
distributed in epithelial cells (ECs) and, to a lesser degree, in 
macrophages and lymphocytes (Dubuquoy et al., 2002; Shah et al., 
2007; Su et al., 2007; Mohapatra et al., 2010). PPAR-γ expression 
is markedly reduced in colonic ECs in patients with ulcerative 
colitis (UC), a bowel inflammation disease (Dubuquoy et al., 2003; 
Dou et al., 2015). In a mouse model of dextran sodium sulfate-
induced colitis, treatment with a thiazolidinedione, which is a 
PPAR-γ agonist, reduced colonic inflammation via NFκB-
dependent (Takaki et al., 2006; Simeoli et al., 2016) and myosin 
light-chain kinase-dependent mechanisms (Zhao et al., 2018). A 

previous study has reported a link between PPAR-γ and colonic 
inflammation in CDI by establishing an animal model of CDI 
using wild-type (WT) mice and T cell-specific PPAR-γ null mice, 
and showed that the loss of PPAR-γ in T cells increased disease 
severity and colonic inflammation in the mice with CDI 
(Viladomiu et al., 2012). However, the role of stromal PPAR-γ in 
CDI remains unclear.

During CDI, there is loss of integrity of gut epithelial cells and 
damage to gut tissue. Therefore, therapeutic interventions capable 
of restoring the intestinal epithelial barrier are imperative and 
warrant further investigations. Growing evidence suggest PPAR-γ 
controls not only the inflammatory response but also the barrier 
function of epithelial and endothelial cells (Ogasawara et al., 2010). 
Activation of PPAR-γ enhances the barrier function and 
upregulates tight junction protein expression in intestinal ECs, 
urothelial cells, nasal ECs, brain endothelial cells, and pulmonary 
endothelial cells (Varley et al., 2006; Huang et al., 2009; Ogasawara 
et al., 2010; Li et al., 2014). Nevertheless, there is a lack of evidence 
supporting the relationship of PPAR-γ and tight junction proteins 
in the cases or animals of CDI. In this study, we utilized a murine 
model of CDI to investigate the mechanism by which C. difficile 
impairs the intestinal epithelial barrier and elucidate the molecular 
pathway that regulates the expression of tight junction proteins. In 
summary, we elucidate a mechanism underlying PPAR-γ-mediated 
repair of tight junctions, wherein increased PPAR-γ activity 
improves intestinal integrity and alleviates pathogenic effects.

Materials and methods

Bacterial strains

Clostridioides difficile JIK 8284 (tcdA+, tcdB+) and the isogenic 
mutant strain DLL 3121 (tcdA−, tcdB−) used in this study were 
kindly provided by Prof. Dena Lyras in Monash University, 
Australia. Clostridioides difficile strains were cultured anaerobically 
at 37°C on blood agar (BD Life Science, San Diego, CA) or in 
brain heart infusion broth (BHIS, BD Life Science, San Diego, 
CA.), supplemented with 5 mg/ml yeast extract (MO BIO 
Laboratories San Diego biotech corridor CA.) and 0.1% L-cysteine 
(AMRESCO®, Solon, United States). Isogenic mutant strains were 
maintained on CDC plates or in BHIS broth containing 
erythromycin (20 μg/ml) and lincomycin (20 μg/ml).

Clostridioides difficile infection mouse 
model

Wild-type C57BL/6JNarl mice were obtained from the 
National Laboratory Animal Center in Tainan. Seven to eight-
week-old (20–25 g) B6 mice were given a mixture of antibiotics 
(kanamycin, 0.4 mg/ml; gentamycin, 0.035 mg/ml; colistin, 
0.057 mg/ml; metronidazole, 0.215 mg/ml; and vancomycin, 
0.045 mg/ml) in the drinking water daily for 5 days before infection 

https://doi.org/10.3389/fmicb.2022.986457
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Lai et al. 10.3389/fmicb.2022.986457

Frontiers in Microbiology 03 frontiersin.org

with C. difficile (i.e., from day −5 to −1). On the day before 
infection, mice were given esomeprazole (Nexium®, 40 mg/kg/day) 
by oral gavage. On day 0, mice were injected intraperitoneally with 
clindamycin (4 mg/kg) and then challenged orally with 3.5 × 107 
colony forming units (CFUs) of vegetative C. difficile cells (JIK 
8284; tcdA+, tcdB+). The vehicle group was challenged with 
phosphate-buffered saline (PBS) instead of C. difficile. Mice were 
weighed and symptoms of CDI were recorded daily, until they were 
sacrificed at 48 h post-infection. Mice were bred and housed in the 
animal facility of National Cheng Kung University. All animal 
studies were performed according to the protocols approved by the 
Institutional Animal Care and Use Committee of National Cheng 
Kung University (IACUC no.:105183, 105,181).

Peroxisome proliferator-activated 
receptor-γ defective mice

A lack of PPAR-γ is lethal to embryonic mice. PPAR-γ 
defective (PpargC/−) mice were utilized to examine the effect of 
PPAR-γ deficiency on clostridial colitis. The modification of gene 
locus carried by PpargC/− mice has been described previously (Tsai 
et al., 2004). With the insertion of the AU-rich elements (ARE) in 
the 3′-untranslated region of c-fos transcripts into Pparg gene 
locus, we had generated a PpargC/+mice with basal Pparg mRNA 
levels to 75% normal level. After breeding PpargC/+ mice with 
Pparg+/− mice, PpargC/− pups were produced. The expression of 
Pparg mRNA in PpargC/− mice was decreased to ~25% normal 
level, here PpargC/− mice represented a hypomorphic PPAR-γ 
mouse model (Tsai et al., 2004; Liu et al., 2016).

Phenotypic analysis of Clostridioides 
difficile infection

Reported signs of colitis in mice included weight loss, 
diarrhea, and death. Disease severity was scored by stool 
consistency and death, as follows: “0” indicates well-formed 
pellets; “1” indicates semiformed stools that did not adhere to the 
anus; “2” indicates semiformed stools that adhere to the anus; “3” 
indicates liquid stools; “4” indicates severe for perianal soiling, 
rectal bleeding, and diarrhea; and “5” indicates death. Thus, the 
changes in body weight, stool consistency, gross view of gut, and 
cecal weight were selected to estimate the severity of CDI in mice.

Luminescent reporter mouse model

FVB/JNarl background NF-κB-RE-Luc reporter mice have 
been demonstrated in the CDI murine model previously (Hung 
et  al., 2015). Eight to twelve-week-old (>25 g) luminescent 
reporter mice were administrated as previously described for the 
C57BL/6JNarl mouse model for 2 days before CDI. On the day of 
C. difficile challenge, mice were injected with clindamycin (4 mg/kg) 

intraperitoneally and then orogastrically challenged with 3.5 × 107 
CFUs of C. difficile vegetative bacteria. Mice in the experimental 
group were fed with different doses of pioglitazone (20, 40, or 
70 mg/kg/day) for five days before C. difficile to sacrifice. Body 
weight and signs of CDI were recorded daily until mice were 
sacrificed 48 h after CDI.

In vivo imaging system

NF-κB-dependent reporter mice were used to address the 
inflammatory extent based on the spatial and temporal pattern in 
vivo. Luciferin was injected intraperitoneally at 150 mg/kg body 
weight 10 min before imaging. Mice were anesthetized with 
isoflurane/oxygen, and images were collected for 5 min by IVIS® 
Spectrum Imaging System (Xenogen Corp, Alameda, CA).

Dextran-FITC translocation assay

Mice were challenged with dextran-fluorescein isothiocyanate 
(FITC; 500 mg/kg body weight, Sigma-Aldrich) by oral gavage 
after CDI and were fed nothing by mouth for 3 h thereafter. The 
amount of dextran-FITC in the serum collected via heart puncture 
was measured with a Modulus™ II Microplate Multimode Reader 
(Turner Biosystems, Sunnyvale, CA).

Bacterial dissemination

After mice were sacrificed, liver, spleen, and kidney were 
excised, weighed, and homogenized with a homogenizer (MagNA 
Lyser Instrument, Roche Applied Science) aseptically. The 
suspension of homogenized tissues was plated on BAPs (blood 
agar plates) and anaerobic blood agar plates. These plates were 
incubated at 37°C in aerobic and anaerobic conditions to obtain 
bacterial counts. Bacterial dissemination incidence was calculated 
as a percentage of mice with bacterial-infected organs to total 
number of mice in the experiment.

In vitro cell line infection

Human colorectal adenocarcinoma cell line (HT-29 cell) was 
used as an in vitro infection model. The cells were infected with a 
multiplicity of CDI (MOI 50) for 4 h under the condition of 37°C 
and 5% CO2. To estimate the effect of pioglitazone, cells were 
pre-treated with 20 or 40 μM pioglitazone for 24 h.

xCELLigence system

The xCELLigence system (Roche Applied Science, Germany), 
known as the Real-Time Cell Analyzer (RTCA), has three 
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components: an analyzer, a device station, and a 96-well E-plate. 
To evaluate the temporal change of cell tight junction function, 
50 μl of the culture medium was added to the 96-well E-plate to 
obtain background readings. A volume of 200 μl of HT-29 cell 
suspension was added afterward. The E-plate containing 2 × 105 
cells was incubated overnight at 37°C, 5% CO2 in the incubator, 
and 20 μM pioglitazone or dimethyl sulfoxide (DMSO) was given 
1 h before the addition of C. difficile. Impedance reflected by the 
cell index (CI) was recorded continuously. The final CI was 
compared to that before infection.

Quantification of gene expression

RNA of HT-29 cells and mouse colonic tissues was extracted 
by combined REzol (Protech Technology, Taiwan) and total RNA 
mini kit (Geneaid Biotech Ltd., Taipei, Taiwan), according to the 
manufacturer’s instructions. Gene expression of PPAR-γ, occludin, 
Nrf1, and Tfam, was evaluated by real-time PCR.

Immunoblotting

Homogenized mouse tissues and cultured HT-29 were 
collected and lysed with RIPA lysis buffer (50 mM Tris-base, 
0.25% Sodium deoxycholate, 1% NP-40, 150 mM Sodium 
chloride, 1 mM EDTA). Proteins were determined by standard 
Bradford assay (Bio-Rad). Equivalent amounts of protein were 
loaded and separated by sodium dodecyl sulfate-polyacrylamide 
(SDS-PAGE) gel electrophoresis, then transferred onto 
polyvinylidene fluoride (PVDF) membranes (Pall Gelman 
Laboratory). After incubation with 5% non-fat milk or bovine 
serum albumin (BSA) in Tris-buffered saline with Tween 20 
(TBST:10 mM Tris pH 8.0, 150 mM NaCl, and 1% Tween 20) for 
1 h, membranes were washed three times with TBST and 
incubated overnight at 4°C with appropriate dilution of primary 
antibodies against PPAR-γ, occludin (Cell Signaling/ Invitrogen), 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), or ß-actin 
(Sigma-Aldrich). Membranes were washed and incubated for 1 h 
at room temperature with appropriate dilution of anti-rabbit (for 
PPAR-γ/occludin; Calbiochem) or anti-mouse (for GAPDH/ß-
actin; Calbiochem) secondary antibody. Blots were washed and 
developed with the Enhanced Chemiluminescent (ECL) detection 
reagent (GE Healthcare), according to the manufacturer’s protocols.

Immunofluorescence staining

Colonic tissues were collected and embedded in paraffin, 
sectioned (5 μm), deparaffinized, and rehydration. After antigen 
unmasking by boiling slides in sodium citrate solution, sections 
were blocked with StartingBlock™ blocking buffer T20 (PBS; 
Thermo Scientific™, United States). After overnight incubation at 
4°C with rabbit anti-mouse occludin (Invitrogen) or PPAR-γ (Cell 

signaling) antibody, slides were washed with PBS-Tween 20 and 
incubated with goat Alexa-Fluor 488 anti-rabbit IgG (1:300, 
Invitrogen) for 1 h at room temperature. Nuclei were also stained 
with Hoechst (1:5,000) at room temperature for 5 min. Finally, 
sections were washed and examined with an Olympus microscope 
(Olympus® DP73). Images were captured by the CellSens software 
(Olympus®). Images were analyzed using the TissueQuest 
software (TissueGnostics, Vienna, Austria). Using the gating 
feature of the TissueQuest software, nuclei were detected by 
dissection algorithms in the DAPI channel. Analysis was restricted 
to nuclear signals to obtain cell-based immunofluorescence 
results. The signals were plotted against the nuclear DAPI signals 
to create FACS-like scattergrams. Fluorescence intensity was 
analyzed as the percentage of the intensity using ImageJ software.

Electron microscopic images

After mice were sacrificed, fresh colonic tissues were fixed 
with glutaraldehyde for 24 h (pH = 7.4, 4°C) and then dehydrated 
in ethanol. Thereafter, tissues were embedded in resin and further 
used on an ultramicrotome (Leica EM UC7, Leica Microsystems, 
Belgium) to prepare high-quality ultra-sections. Images of colonic 
tissues were viewed and imaged with transmission electron 
microscope (Hitachi HT-7700, Japan) in an acceleration potential 
of 120KeV.

Statistical analyses

The data were calculated using the unpaired Student’s t-test. 
Statistical analysis and graphing were analyzed using GraphPad 
Prism version 6.0. Multiple group comparisons were accomplished 
by one-way ANOVA. Statistical significance was set at p-values 
of <0.05.

Results

Peroxisome proliferator-activated 
receptor-γ and tight junction proteins 
decreased in colonic tissues from mice 
Clostridioides difficile infection

Since PPAR-γ is highly expressed in colonic tissues and 
negatively regulates intestinal inflammation, we  would like to 
determine whether this colonic transcriptional factor plays a role 
in CDI (Dubuquoy et al., 2006). To understand the role of PPAR 
family in intestinal inflammation associated with CDI, we initially 
examined transcriptional levels of PPAR family in colonic tissues 
from mice infected with C. difficile strain JIK 8284 (A+B+), based 
on our previously established animal model (Hung et al., 2015). 
Notably, we found that only PPAR-γ mRNA expression decreased 
after 48 h of CDI in colonic tissues (Figure  1A). Moreover, 
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C. difficile induced a decrease in PPAR-γ protein level in colonic 
tissues after 48 h of infection (Figure 1B). Since we have previously 
reported the intestinal permeability of C. difficile-infected mice is 
higher than that of WT mice, as measured by dextran (molecular 
weight: 3 kDa) labeled with fluorescein isothiocyanate (FITC) and 
lipopolysaccharide levels in the serum, gut epithelial integrity was 
damaged during C. difficile infection. Consistently, the mRNA and 
protein expression of occludin, a tight junction protein, decreased 
in the colonic tissues of mice with CDI compared to that in 
non-infected mice (Figures 1A,B). Further, electron micrographs 
revealed a loss of tight junction providing contact between cells 
and a larger cell gap in the colon after 48 h of C. difficile challenge 
(Figure  1C). These findings suggested that the impairment of 
intestinal epithelial barriers persists in the mice with CDI and is 
correlated with PPAR-γ expression. To further investigate the 
changes of PPAR-γ and occludin expression in the mice with CDI, 
we  performed immunofluorescent staining to show their 
distribution in C. difficile-infected colonic tissues and found that 
PPAR-γ was mainly expressed in the ECs of colonic tissues, while 
occludin was expressed at the lateral side of the adjacent ECs 
(Figure  1D). Notably, immunofluorescent analysis showed 
decreased expression of PPAR-γ and occludin (Figures 1D,E). The 
decline of PPAR-γ protein and mRNA levels was associated with 
decreased occludin, indicating that PPAR-γ might contribute to 
the colonic epithelial integrity in C. difficile-infected mice.

Toxigenic Clostridioides difficile 
decreases peroxisome 
proliferator-activated receptor-γ and 
tight junction proteins

Clostridioides difficile produces two exotoxins, toxins A and B, 
which are recognized as the virulent factors that influence the 
distribution of tight junction proteins, occludin and ZO-1 (Kuehne 
et  al., 2010; Buccigrossi et  al., 2019; Han et  al., 2019). Here, 
we attempted to study the relationship of PPAR-γ and occludin that 
affected by these toxins. HT-29 epithelial cells were infected with 
toxigenic strain, JIK 8284 (A+B+),and the isogenic mutant, 
DLL3121 (A−B−), respectively, we  found that the expression of 
occludin decreased in toxigenic strain-infected cells in a time-
dependent manner (Figure 2B), but not in cells infected by the 
isogenic mutant (Figure  2A). Importantly, the protein level of 
PPAR-γ and occludin decreased (Figure  2A), whereas the 
transcriptional level of PPAR-γ increased in cells infected with the 
toxigenic strain (Figure  2C). These results suggested that the 
downregulation of both PPAR-γ and occludin protein levels was 
related to clostridial toxins. Moreover, we examined the temporal 
effect of toxin-induced epithelial barrier disruption with dynamic 
monitoring by the impedance-based xCELLigence system (real-time 
cell analyzer). Epithelial resistance analysis revealed a disrupted 
epithelial barrier in the presence of clostridial toxins, whereas 
non-infected cells or cells infected with the isogenic non-toxigenic 
mutant remained intact (Figure 2D), further supporting the notion 

that toxigenic C. difficile-induced impairment of intestinal epithelial 
barriers can be attributable to toxin production.

Hypomorphic peroxisome 
proliferator-activated receptor-γ mice 
exhibit severe colitis due to 
Clostridioides difficile infection

To elucidate the role of PPAR-γ in regulating intestinal 
barriers during CDI, we  utilized PpargC/− mice, hypomorphic 
PPAR-γ mice, with genetic modification in PPAR-γ expression 
(Tsai et  al., 2004). PPAR-γ expression in colonic tissues from 
PpargC/− mice significantly decreased with 25% of PPAR-γ levels 
in colonic tissues from Pparg+/+ mice (Figure 3A). No detectable 
changes were observed in cecum and body weights, colon length, 
and histology between PPAR-γ-deficient and WT mice 
(Figures 3B–E), indicating that this genetic deficiency did not 
affect normal physiology of mice. Consistent with the physiological 
manifestation, mRNA and protein expression levels of occludin 
were not significantly different in hypomorphic PPAR-γ and WT 
mice (Figures 3F,G). However, hypomorphic PPAR-γ mice showed 
a prominent phenotype of CDI colitis, including body and cecum 
weight loss, decreased colon length, and markedly damaged 
colonic epithelia in histologic images (Figures 4A–E). To further 
confirm that PPAR-γ plays a role in the colonic integrity, 
we assessed intestinal permeability by assessing the leakage of 
dextran-FITC into the serum and bacterial dissemination to the 
liver, spleen, and kidney. Higher concentration of dextran-FITC 
(Figure 4F) and percentage of bacterial dissemination (Figure 4G) 
were observed in PpargC/− mice than those in Pparg+/+ mice with 
CDI. Moreover, both PPAR-γ and occludin protein expressions 
were markedly decreased in PpargC/− mice compared with Pparg+/+ 
mice after CDI (Figure 4H). These findings indicate that PPAR-γ 
deficiency leads to more severe CDI by promoting the disruption 
of intestinal integrity.

The peroxisome proliferator-activated 
receptor-γ agonist reverses gut integrity 
dysfunction

To investigate the possibility that PPAR-γ activation may 
contribute to the maintenance of intestinal barrier, we utilized an 
in vitro system to evaluate whether PPAR-γ activation by the 
PPAR-γ agonist, pioglitazone, reverses CDI-driven tight junction 
breakage. According to an earlier report, pioglitazone was used to 
activate PPAR-γ by promoting mitochondrial biogenesis (Ghosh 
et  al., 2007). As expected, the administration of pioglitazone 
increased the mRNA expression of occludin during CDI. The 
expression of occludin increased with pioglitazone and was 
significantly higher at 40 μM pioglitazone compared to DMSO 
(Figure 5A). We also tested whether occludin were reversed by 
pioglitazone treatment through PPAR-γ activation. Western 
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FIGURE 1

Downregulation of PPAR-γ and occludin in colonic tissue after CDI in C57BL/6JNarl mice. Seven to eight-week-old C57BL/6JNarl mice were 
orally inoculated with Clostridioides difficile for 48 h. (A) Real-time PCR of mRNA expression of PPAR family and occludin in colonic tissue. 
(B) Western blot analysis of PPAR-γ and occludin protein levels in CDI colon tissues. (C) Representative images of colonic tissue infected with C. 
difficile from mice via a transmission electron microscope. White arrows indicate the position of the tight junction (TJ) and adherens junction (AJ) 
on the microscopic images. Scale bars stand for 1 μm and 500 nm. (D) Immunofluorescent staining of PPAR-γ (green), occludin (green), and 
Hoechst (blue) in colonic tissue of non-infected and C. difficile-infected mice. Scale bars stand for 20 μm. (E) The percentage of the cells stained 
with PPAR-γ and occludin relative to the total number of Hoechst+ cells were quantified with TissueQuest Analysis software, respectively. The 
immunofluorescent staining was quantified by five fields of views. Values are expressed as mean ± SEM (**, p < 0.01; ***, p < 0.001 relative to control 
group). All data are representative of three independent experiments.
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blotting analysis clearly showed both PPAR-γ and occludin 
protein levels were decreased during CDI, whereas both were 
reversed by administering 40 μM pioglitazone (Figure  5B), 
demonstrating that activation of PPAR-γ might participate in the 
regulation of occludin protein expression. Further examination of 
epithelial integrity using an impedance-based xCELLigence 
system showed that CDI-induced barrier dysfunction was 
reversed following pioglitazone administration in HT-29 cells 
compared to that in C. difficile-infected cells treated with DMSO 
solvent (Figure 5C), highlighting the causal link between PPAR-γ 
and tight junctions in the gut.

The peroxisome proliferator-activated 
receptor-γ agonist ameliorates 
Clostridioides difficile infection severity

After we demonstrated that activation of PPAR-γ regulates 
occludin expression during CDI, we would like to assess whether 
the activation of PPAR-γ repairs the gut barrier during CDI in 
vivo. Since Nuclear factor-κB (NF-κB) serves as transcription 
factor that regulates genes involved in complex and diverse 
processes in immunity and inflammation response (Liu et al., 
2017), we  utilized FVB/JNarl background NF-κB-RE-Luc 

reporter mice to observe CDI-induced colon inflammation. 
We had used this NF-κB-RE-Luc reporter mice to elucidate the 
disease progression of CDI in previous studies (Hung et al., 2015; 
Lee et al., 2017). Pioglitazone has been used in mice with a wide 
range of doses for studying PPAR-γ-associated disease (Niho 
et  al., 2003; Bogacka et  al., 2005; Kawasaki et  al., 2005; 
Masciopinto et  al., 2012; Garcia-Ruiz et  al., 2013). Based on 
previous animal studies, we  treated mice with 70 mg/kg 
pioglitazone for 5 days before CDI. Changes in body weight and 
loss of cecum weight induced by CDI were improved in the group 
which was treated with pioglitazone (data not shown). The 
luminescent signal which represented NF-κB activation in the 
intestinal tract was reversed in CDI mice treated with pioglitazone 
compared to non-treated mice (Figures 6A,B). Moreover, mice 
treated with pioglitazone showed improved body and cecum 
weight loss, and shortened colon length (Figures  6C–F). In 
addition, pioglitazone administration further decreases the 
leakage of dextran-FITC into serum. Similarly, almost no 
bacterial dissemination was observed in C. difficile-infected mice 
treated with pioglitazone compared to those non-treated mice 
(Figures 6G,H). Moreover, TEM images also clearly showed a 
reduced gap width between cells and tight junction in 
pioglitazone treated mice, compared with CDI mice (Figure 6I). 
To confirm PPAR-γ was activated after administration of 
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FIGURE 2

Downregulation of PPAR-γ and occludin associated with loss of cell integrity in C. difficile-infected HT-29 cells. Expression of occludin was 
changed in control and C. difficile JIK 8284 (wild type) and isogenic toxin mutant strain DLL 3121 (A−B−)-infected HT-29 cells. (A) Western blot of 
PPAR-γ and occludin in HT-29 after 4 h postinfection. (B) Real-time PCR of occludin expression at the indicated time points. (C) Real-time PCR of 
PPAR-γ expression at the indicated time points. (D) Dynamic impedance-based monitoring of CDI-induced epithelial barrier dysfunction in HT-29 
cells, which were infected with or without C. difficile. All values are normalized to the value of untreated cells and expressed as mean ± SEM (*, 
p < 0.05; **, p < 0.01; ***, p < 0.001 relative to control group). All data are representative of three independent experiments.
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pioglitazone, the expressions of PPAR-γ downstream genes, 
including nuclear respiratory factor 1 (NRF1) and mitochondrial 
transcription factor A (mtTFA), were measured. Results from 
real-time PCR analysis showed that the expressions of NRF1 and 
mtTFAM in colon tissue of CDI mice were reduced to around 
50% expression levels of non-infected mice, whereas both genes 
were markedly reversed by pioglitazone treatment, compared to 
non-infected mice (Figure  6J). These findings illustrated that 
PPAR-γ activation by pioglitazone alleviated symptoms through 
not only the anti-inflammatory effect but also the improvement 
of intestinal integrity. Collectively, these findings suggest that 
PPAR-γ can regulate tight junctions, which exert a profound 
influence on CDI severity.

Discussion

Clostridioides difficile infection is a major nosocomial 
infection with a high recurrence rate worldwide (Kassam 
et al., 2016). To date, different strains of C. difficile have caused 
several outbreaks and lead to ~29,000 deaths each year in the 
United  States (Lessa et  al., 2015). Metronidazole and 
vancomycin are the primary drugs used to treat CDI (Crobach 
et al., 2016). However, the use of these drugs may facilitate 
vancomycin-resistant enterococci colonization (Gerding, 
1997) and high recurrence rate (Gerding et al., 2008; DuPont, 
2011). The use of new drugs, such as ramoplanin, rifamycin, 
nitazoxanide, and fidaxomicin, or conventional drugs, such as 
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FIGURE 3

Differences in colonic physiology between wild-type (Pparg+/+) and PPAR-γ deficient (PpargC/−) mice. (A) Real-time PCR of PPAR-γ expression in 
colonic tissue. (B) Change of cecum weight divided by body weight. (C) Gross view of the colon. (D) Quantification of colon length of Pparg+/+ 
and PpargC/− mice without CDI. (E) Normal histological pattern and staining for hematoxylin and eosin (H&E) of paraffin-embedded colon tissue 
prepared from Pparg+/+ and PpargC/− mice. (F) Real-time PCR of occludin expression in colonic tissue. (G) Western blot analysis of PPAR-γ and 
occludin expression in colonic tissue of Pparg+/+ and PpargC/− mice. Values are expressed as mean ± SEM (***, p < 0.001 relatives to control group). 
All data are representative of three independent experiments.
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fusidic acid, teicoplanin, and rifampin, to treat CDI is either 
still under investigation or not currently available in Taiwan 
(Hedge et al., 2008). In our study, we found that C. difficile 
downregulated PPAR-γ expression in colonic epithelial cells 
associated with decreased expression of tight junction proteins 
and disruption of gut integrity, which were restored by the 
administration of a PPAR-γ agonist (Figures  5A–C). The 
PPAR-γ agonist, pioglitazone, was initially used as an anti-
diabetes medication; however, it has recently been used for 

treating inflammatory bowel disease, such as UC (Lewis et al., 
2001, 2008). Our results suggest that the PPAR-γ agonist 
might serve as an alternative or combination antimicrobial 
regimen for the treatment of CDI, based on in vitro or in 
vivo evidence.

Our study showed that gut epithelium integrity as a natural 
barrier is important for protection against C. difficile infection. 
Clostridioides difficile toxin A has been found to induce the 
disruption of epithelial integrity, including severe hemorrhagic 
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FIGURE 4

Comparison of pathologic severity and intestinal permeability during CDI between wild-type (Pparg+/+) mice and PPAR-γ deficient 
(PpargC/−) mice. C. difficile were orally gavage to C57BL/6JNarl mice for 48 h. (A) Change in body weight after C. difficile challenge. 
(B) Change of cecum weight divided by body weight. (C) Gross view of the colon. (D) Quantification of colon length of Pparg+/+ and 
Ppargc/− mice after CDI. (E) Histological changes of colon tisues were examined by H&E stain from Pparg+/+ and PpargC/− mice. 
(F) Translocation of dextran-FITC in mice compared with wild-type mice (N  = 9–14/group). (G) Percentage of bacterial dissemination to 
other organs in PPAR-γ deficient mice compared with wild-type mice. (H) Western blot analysis of PPAR-γ and occludin expression in 
colonic tissue of Pparg+/+ and PpargC/− mice after CDI. Values are expressed as mean ± SEM (*, p  < 0.05; **, p  < 0.01; ***, p  < 0.001 relative to 
control group). All data are representative of three independent experiments.
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and inflammatory fluid secretion at 6–8 h postinfection in rabbit 
ileal segments (Lima et al., 2008). The recombinant repetitive 
domain of C. difficile toxin B obtained from two different strains, 
rec-TcdB3 (10463) and rec-TcdB3 (8864), on model intestinal 
epithelial cells caused intestinal epithelial cell damages, including 
decreased transepithelial electrical resistance, and induced the 
translocation of zonula occludens-1 from tight junction proteins 
(Zemljic et al., 2010). The gut epithelial barrier might serve as an 
important therapeutic intervention target for CDI. Indeed, our 
results demonstrated that both mRNA and protein expression of 
occludin, a tight junction protein, was decreased during CDI in 
vitro (Figures  1A,B) and that gut barrier permeability was 
increased after CDI, as evidenced by the increased levels of FITC-
labeled dextran (Figure 6F) in vivo.

The role of PPAR-γ in the regulation of intestinal barrier 
during CDI was explored for the first time in the present study, in 
contrast to investigation of the anti-inflammatory effects of PPAR-γ 
on the gut in previous studies. PPAR-γ ligands have been shown to 
attenuate inflammatory cytokine production (e.g., IL-8 and tumor 
necrosis factor-α; Krentz and Bailey, 2005; Wang et  al., 2017), 
inflammatory cell proliferation, and expression of selected 
adhesion molecules. Furthermore, treatment with PPAR-γ ligands 
reduces colonic inflammation in several murine models of colitis 
(Su et al., 1999; Dubuquoy et al., 2006). Viladomiu et al. found that 
the colonic expression of IL-17 was upregulated, while that of IL-10 
was downregulated in T cell-specific PPAR-γ null mice. Moreover, 
the loss of PPAR-γ in T cells increased disease severity and colonic 
inflammation in CDI (Viladomiu et  al., 2012). Notably, PPAR 
hypomorphic mice used in this study not only have an impact on 
tight junction expression levels but also have decreased T-helper 
17 cell counts, as demonstrated previously (Liu et al., 2016). Our 
study demonstrated that the expression of colonic PPAR-γ in CDI, 

independent of the anti-inflammatory pathway, had a role in 
maintaining the integrity of the gut barrier, as evidenced by 
occludin expression, xCELLigence system, bacterial dissemination, 
and dextran-FITC translocation analysis.

Nevertheless, there are some drawbacks to our study. First, 
we only investigated the role of PPAR-γ in colon barrier instead 
of its anti-inflammatory effect, which has been investigated in 
previous studies (Yang et  al., 2021). Inflammation in the gut 
might have a role in colonic barrier protection, but this needs 
further investigation. Second, although the PPAR-γ agonist has 
been used clinically for many years, we did not know whether it 
solely affects the intestinal epithelial cells; this warrants further 
study before the PPAR-γ agonist can be  used to treat CDI 
clinically. Third, metronidazole and vancomycin were the drug 
choices for treating CDI, further combination treatment of 
PPAR-γ agonist with metronidazole and vancomycin need to 
be explored. Nevertheless, to the best of our knowledge, this is the 
first study to reveal the effect of the PPAR-γ agonist on colonic 
barrier integrity and CDI severity.

Our findings demonstrated that C. difficile-induced PPAR-γ 
downregulation in colonic epithelial cells, which associated with the 
decreased tight junction proteins and disruption of gut integrity, can 
be  reversed by administering the PPAR-γ agonist. Our results 
indicate that activation of PPAR-γ rescues the disruption of tight 
junctions, and provides a new therapeutic strategy.

Data availability statement

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding authors.
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FIGURE 5

Pioglitazone ameliorated CDI-induced barrier dysfunction in C. difficile-infected HT-29 cells. Different dosages of pioglitazone are administered 
to HT-29 cells 24 h before infection with C. difficile. (A) The mRNA expression levels of occludin in HT-29 cells were measured by real-time PCR 
under C. difficile infection with or without pioglitazone administration. (B) Western blot analysis of occludin and PPAR-γ protein levels in HT-29 
cells with or without C. difficile infection and with or without pioglitazone administration. (C) Using RTCA to measure the cell contact ability 
altered by C. difficile infection with or without pioglitazone administration. HT-29 cells were treated with 20 μM pioglitazone or dimethyl sulfoxide 
(DMSO) 1 h before CDI. Pioglitazone was dissolved in DMSO, and the same concentration of DMSO was used in the control group. Values are 
expressed as mean ± SEM (*, p < 0.05; ***, p < 0.001 relative to control group). All data are representative of three independent experiments.
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FIGURE 6

Pioglitazone attenuated C. difficile-induced inflammation and barrier dysfunction in NF-κB-RE-Luc reporter mice. NF-κB-RE-Luc reporter mice 
were either left untreated or treated with pioglitazone orally for 5 days and then challenged with C. difficile for 48 h. (A) Activation of NF-κB in the 
cecum and colon was monitored by using in vivo bioluminescence imaging. (B) Quantification of luminescence levels in the gut from CDI mice 
with or without pioglitazone treatment. (C–F) Change in body weight, change of cecum weight divided by body weight, gross view of cecum and 
colon, and colon length were assessed 2 days after infection. (G) Translocation of dextran-FITC from CDI mice with or without pioglitazone 
treatment. (H) Percentage of bacterial dissemination to other organs in mice with or without pioglitazone. (I) Transmission electron micrograph of 
colon tissues from CDI mice with or without administration of pioglitazone. White arrows indicate the position of the tight junction on the 
microscopic images of CDI with pioglitazone treatment. Scale bars stand for 1 μm and 500 nm. (J) PPAR-γ activation triggered by pioglitazone was 
monitored by PPAR-γ downstream genes. RT-qPCR analysis of the expression of indicated genes in colon tissue of C. difficile infection with or 
without pioglitazone treatment on day 2 after infection. Values are expressed as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001 relative to control 
group). All data are representative of five independent experiments.
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