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ABSTRACT

The pregnane-X-receptor (PXR) is  master gene  overseeing   detoxification of  

wide number of xenobiotics and is critical for maintenance of intestinal integrity.  

The intestinal  expression of genes involved in cellular detoxification is down-

regulated in patients with inflammatory bowel diseases (IBD).  Rifaximin,  is a non 

absorbable antibiotic endowed with a  PXR  agonistic activity.  In the present study 

we have investigated  whether rifaximin activates PXR in  primary human colon  

epithelial cells and human colon biopsies and assessed whether this antibiotic 

antagonizes  the effect of  Tumor necrosis factor (TNF)-α  on  expression of PXR and 

PXR-related genes. Present results demonstrate that primary colon epithelial cells 

express  PXR and that their exposure to rifaximin induces the expression of  genes 

involved in cellular detoxification.  Exposure to TNFα  reduces the expression of PXR 

mRNA as well as   expression of its   target genes. This  inhibitory effect  was 

prevented by that co-treatment with rifaximin.  Knocking down the expression of 

PXR in colon epithelial cells by an  anti-PXR  siRNA, abrogated the counter-

regulatory effects exerted by rifaximin on cell exposed to TNFα.  Finally, ex vivo

exposure of  colon biopsies obtained from ulcerative colitis patients to  rifaximin  

increased the  expression of  genes involved  in  xenobiotics metabolism.  In 

aggregate, these data illustrate that rifaximin   increases the expression of PXR and 

PXR-regulated genes involved in the metabolism and excretion of xenobiotics and 

antagonized the effects of TNFα in intertsinal epithelial cells and colon biopsies. 

These non-antibiotic effects of  rifaximin could contribute to the maintenance of 

the intestinal barrier integrity against xenobiotics and products generated by 

luminal  bacteria.

Keywords: pregnane-X-receptor (PXR), rifaximin, inflammatory bowel diseases 

(IBD), colon epithelial cells, detoxification system 
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1. INTRODUCTION

The pathophysiology of inflammatory bowel disease (IBD), Crohn’s disease (CD) 

and ulcerative colitis (UC), is not yet completely understood [1-5]. In recent years, it 

has become clear that genetic, immunological, environmental and microbial 

factors contribute to the aetiology of IBD [1-5].  The  epithelial cells, the first line of 

defence against potentially harmful  luminal antigens, are  remarkably similar to 

hepatocytes in their ability to carry out detoxification and bio-transformation of 

luminal agents  of dietary, bacterial or fermentative origin.  In the last  decade  

results from animal models   as well as studies of  IBD patients  have shown that 

colonic epithelial cells might become unable to detoxify toxic metabolites  in  

inflammation [6-11].  Despite the pathogenesis of this epithelial dysfunction is 

multifactorial and somewhat elusive, the concept of a multilevel alteration of the 

intestinal detoxification system is recognized as pathogenetic mechanism in IBD 

[6,12]. 

 The steroid and xenobiotic receptor (SXR), also known as pregnane X 

receptor (PXR), is a nuclear hormone receptor activated by a diverse array of 

endogenous hormones, dietary steroids, pharmaceutical agents  and xenobiotics 

[13-15]. PXR has an  highly flexible, hydrophobic, ligand binding domain (LBD) 

which  accommodates a wide array of ligands conferring  to the receptor a 

remarkably divergent array of  activities across mammalian species.  PXR is  master 

gene  overseeing   detoxification of  wide number of xenobiotics and is critical for 

maintenance of intestinal integrity.  Gene expression studies have shown that a 

down-regulation of xenobiotic metabolism and a dysregulation of PXR 

transcriptional activity in the gut is strongly associated with the development of IBD 
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[16].  In the dextran sulfate sodium (DSS)-induced colitis, a widely used    mouse 

model for IBD,  administration of pregnenolone 16-carbonitrile (PCN), a rodent-

specific PXR ligand,  attenuates development of colitis and protects against 

immune dysfunction [17]. 

A major regulator of inflammation is the transcription factor NF-kB  which 

regulates the expression of a diverse array of genes associated with both innate 

and adaptive immunity (including many cytokines, chemokines, adhesion proteins 

and stress response genes) [18].  Recently, it has been shown that the p65 sub-unit 

of NF-kB interacts with the PXR partner RXRα, and this interaction prevents the 

binding of  PXR to  the promoters of target genes [19]. This interaction may 

account for the inhibition of liver drug metabolism observed in inflammatory states  

[20].  Conversely, interaction of NF-kB with  PXR leads to inhibition of  NF-kB activity 

[20].  Confirming the reciprocal regulation, an increased expression of NF-kB target 

genes occurs in PXR null mice [20].   

ATP binding cassette (ABC) transporters are ATP-dependent membrane 

proteins predominantly expressed in excretory organs, such as the liver, intestine 

and kidney [21].  ABC transporters have an important role in tissue defense through 

the excretion of toxic compounds and their metabolites. The expression of these 

transporters is tightly regulated, emphasizing their importance in organ protection 

[21].  Many of these genes are specific targets for PXR.  A growing body of data  

demonstrates that  a reciprocal regulation exists between  genes that  mediate 

detoxification  and inflammation [21]. The role of  these  genes in regulating  the 

inflammatory signaling is made evident from studies on MDR-1α [22]. Thus, mice

deficient in the mdr1a gene which encodes for P-glycoprotein, a membrane efflux 
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pump, expressed, among others, by intestinal epithelial cells, develop a 

spontaneous colitis presumably due to an intestinal epithelial "barrier" defect [22].  

Further, MDR1a polymorphisms    increase the  susceptibility to IBD [23,24].   These 

data highlight the fact that  the intestinal detoxification system   serves a dual role 

during inflammation, both sending out inflammatory signals as well as protecting

the intestinal epithelium. A previous study has shown that rifaximin, a non 

absorbable antibiotic,  is a gut-specific human PXR agonist [25].

In the   present study we have investigated whether  rifaximin regulates  the 

expression of genes  involved in detoxification   in human intestinal epithelial cells 

and colon biopsies from IBD patients.   The results of this study support the notion 

that rifaximin is a  ligand for human PXR  and that,  under rifaximin binding,  PXR  

robustly  counter-regulates pro-inflammatory  effects  of TNFα in colon epithelial  

cells.   
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2. MATERIAL and  METHODS

2.1. Material

Rifaximin, polymorph-α   (Alfa Wassermann, Bologna, Italy),  batch number 

2008.8001312, was dissolved in DMSO  at the final concentration  of  10 mM and 

subsequently serial dilutions were made  daily in complete   F12 medium. The final  

concentration of    DMSO was  0.5%.  TNFα was from Invitrogen (Milan, Italy) while 

all other reagents were from Sigma-Aldrich (Milan, Italy).

2.2. Cells treatment

CRL-1790 cells, a human epithelial cell line, (ATCC, Manassas, VA) were used for 

this study.  CRL-1790 cells  were grown in F-12 medium enriched with the following 

components:  0.02 mg/ml insulin, 0.01 mg/ml transferrin, 25 nM sodium selenite, 50 

nM hydrocortisone, 1 ng/ml epidermal growth factor, 0.01 mM ethanolamine, 0.01 

mM phosphorylethanolamine, 100 pM triiodothyronine, 0.5% (w/v) bovine serum 

albumin, 10 mM HEPES, 0.5 mM sodium pyruvate, extra 2mM L-glutamine (final 

concentration 4.5 mM).  Cell density was maintained at approximately 100,000 

cells per milliliter of medium.  Cells were  then plated in fibronectin- and collagen 

type I- coated T-25 flasks. The cells were incubated at 37 °C in  5 %  CO2 and 95%  

O2  atmosphere and underwent cell passage at ≈70% confluence.  Rifaximin and 

TNFα were added  20 hours before mRNA extraction. In co-treatment experiments 

rifaximin was added 3 h before TNFα and  cells incubated for 20  h.

2.3. Cellular modulation of PXR expression by small interfering (si) RNA.

CRL-1790 cells were suspended to a final concentration of 100,000 cells per 

milliliter in complete F12 medium and incubated at 37°C.  The lipid-based 
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transfection agent was used for transfection with PXR  siRNA (Origene, Rockville; 

MD) in accordance to the manufacturer’s indication. The  cells were incubated  

for at least 72 h at 37°C  in 5% CO2 after transfection with the anti-PXR siRNA before 

their use.  

2.4. RNA extraction, reverse transcriptase and polymerase chain reaction

Quantification of the expression of PXR and  genes involved in cellular 

detoxification was performed by quantitative real-time polymerase chain reaction 

(RT-PCR) using sense and antisense primers as indicated in  Table I.  All PCR primers 

were designed using PRIMER3-OUTPUT software using published sequence data 

from the NCBI database.  Total RNA was isolated from biopsies specimens by TRIzol 

reagent (Invitrogen srl, Milan, Italy) . One microgram of purified RNA was treated 

with Dnase I for 15 minutes at room temperature, followed by incubation at 95°C 

for 5 minutes in the presence of 2.5 mmol/L EDTA.  The RNAs  were reverse 

transcribed with Superscript II (Invitrogen srl, Milan, Italy) in a 20 μL reaction volume 

using random primers.  For quantitative RT-PCR,  50-100 ng of template were 

dissolved in a 25 μL solution  containing 0.2 μmol/L of each primer and 12.5 μL of 

SYBR GreenER qPCR SuperMix for iCycler (Invitrogen srl, Milan, Italy).  All reactions 

were performed in triplicate, and the thermal cycling conditions were as follows: 2 

minutes at 50°C, 10 minutes at 95°C, followed by 50 cycles of 95°C for 15 seconds 

and 60°C for 60 seconds in an iCycler iQ instrument (Bio-Rad, Hercules, CA).  The 

mean value of the replicates for each sample was calculated and expressed as 

the cycle threshold (CT; cycle number at which each PCR reaction reaches a 

predetermined fluorescent threshold, set within the linear range of all reactions).  
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The amount of expression  of each gene was then calculated as the difference 

(dCT) between the CT value of the sample for the target gene and the mean CT 

value of that sample for the endogenous control (GAPDH). Relative expression was 

calculated as the difference (ddCT) between dCT values of the test control 

sample for each target gene. The relative expression level was expressed as 2-

ddCT.

2.5. Culture of colon biopsies   

Colon biopsies were obtained  from 6  patients   (5 men, mean age 36.3 ± 4.5 

years) undergoing colonscopy for clinical staging of their disease.  All patients 

were affected by   Crohn’s disease with a colonic localization. Two of them  had 

also ileal involvement. All subjects were  taking active drugs:  budesonide  (4 

patients ) and   azathioprine (2 patients). None of  the patients  had previous 

surgery.    Each patient had an active disease at the  macroscopic examination. 

Samples were taken from inflamed mucosa for histo-pathology analysis, as a part 

of standard diagnostic assessment.   Written consent was obtained from each 

patient.  Biopsies  were  maintained in  cold (4°C) culture medium, gently washed, 

three times in RPMI with 3% of penicillin/streptomycin and cultured on 40 uM mesh 

filters over a culture dish in 24 well tissue culture plates in complete RPMI medium.  

They were cultured in the presence or absence of rifaximin (100 μM) and 

incubated at 37°C with 5% CO2. After 18h, culture supernatants was removed, 

while biopsies were processed for RNA extraction. For each  subject   4-6 biopsies 

were obtained.  Each colon biopsy was plated individually.  Half of the biopsies 

were used as a control (i.e. not treated with rifaximin) and half were exposed to 
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rifaximin.  The effect of  rifaximin  was  compared in each   subject with control  

(i.e. untreated) biopsies.

2.7. Data analysis

All values are express as mean ± SE of  “n” experiments. The statistical analysis was 

done by GraphPad Prism software.  The variation between data sets was tested by 

Student t test for unpaired samples, when we compared two groups. Comparisons 

of more than 2 groups were made with a 1-way analysis of variance with post hoc 

Tukey tests. Differences were considered statistically significant if P was <0.05.
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3. RESULTS

3.1. Rifaximin  modulates  the expression of PXR and PXR-regulated genes in 

intestinal epithelial cells   

To investigate whether PXR directly regulates the expression of genes involved in 

the gut detoxification, we have first evaluated the expression of PXR in CRL-1790 

cells, a normal human colon epithelial cell line,   and  compared it to  HepG2 cells, 

an  hepatocarcinoma cell line   that express high levels of PXR.  Results  shown in 

Figure 1, demonstrates that  colon epithelial  cells  express  PXR  mRNA   even if  the 

expression was lower than that of HepG2 cells    (p < 0.05 versus HepG-2 n=3).   

We have then examined whether rifaximin (50 μM) modulates the expression of 

genes involved in intestinal detoxification.  Cytochrome P450 (CYP) genes encode 

for phase I monooxygenases which catalyze  essential reactions in drug 

metabolism and synthesis of cholesterol, steroids and other lipids [26].   Exposure of  

CRL-1790 cells  to rifaximin   induced  a 2-3 fold  increase in the expression of   CYP-

3A4, CYP-2C9 and  CYP-3A7 mRNAs (Figure 2 A; p < 0.05 versus  control cells; n=5).  

The glutathione S-transferase is a phase II enzyme that functions in the 

detoxification of electrophilic compounds, including carcinogens, therapeutic 

drugs, environmental toxins and products of oxidative stress, by conjugation with 

glutathione [27]. Eight distinct classes of the soluble cytoplasmic mammalian 

glutathione S-transferases have been identified: alpha, kappa, mu, omega, pi, 

sigma, theta and zeta [27].  Exposure  of  CRL-1790 to rifaximin induced GST-A1  

mRNA by 2-3 folds (Figure 2 B; p < 0.05 versus control cells; n=5)  but failed to 

change  the expression  of GST-M4 and GST-T1 mRNA. 
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The sulfotransferases are phase II enzymes  that transfer a sulfonyl moiety from the 

cofactor 3′-phosphoadenosine-5′-phosphosulfate to hydroxyl, amino, sulfhydryl 

and N-oxide groups of their substrates [28]. Exposure of CRL-1790 cells  to rifaximin 

induced SULT1A1  mRNA expression and SULT2A1 by 10 fold  (Figure 2 B; p < 0.05 

versus control cells; n=5).   Further on, rifaximin,  was a potent inducer of  UGT-1A3 

an enzyme involved in glucuronidation pathway that transforms small lipophilic 

molecules, such as steroids, bilirubin, hormones, and drugs, into water-soluble, 

excretable metabolites (Figure 2 B; p < 0.05 versus control  cells n=5). 

The  superfamily  of ABC  transporters  are   phase III proteins  that translocate a 

wide variety of substrates across extra- and intracellular membranes, including 

metabolic products, lipids and sterols,  drugs  and environmental agents [21]. 

Exposure  of  CRL-1790 cells to rifaximin induced ABC-B1,  ABC-C2 and ABC-C3  by  

≈2 folds   (Figure 2 C; p < 0.05 versus  control  cells; n=5).  Finally,  exposure  to 

rifaximin   increased PXR mRNA level  by ≈2 folds (Figure 2 C; p < 0.05 versus control 

cells; n=5).

3.2. Rifaximin reverts the repression of  PXR and PXR-regulated genes  caused by 

TNFα.    

Previous studies have shown that   inflammation-driven  NF-κB activation  

antagonizes PXR signalling in  liver cells of human and mouse origin   causing a 

robust reduction of CYP genes [21,29] .  Because it is unknown whether  a similar 

effect occurs in normal intestinal epithelial cells  we  investigated whether  TNFα  

regulates  the expression of PXR and  PXR-regulated genes in intestinal epithelial 

cells.   As   shown in Figure 3, exposure of CRL-1790 cells  to TNFα  (100 ng/ml) for 20 

hours caused a robust reduction in  the expression of PXR    and  all   but GPX-1, 
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CES-2 and GST-T1, PXR-regulated genes  (panel A-C; P < 0.05 versus control cells; 

n=5).  These effects were  prevented by treating the cells with rifaximin. Thus,  

rifaximin  effectively enhanced the expression of PXR and PXR-regulated genes in   

CRL-1790 cells exposed to TNF α (P<0.05 versus TNFα alone).

3.3 Effects of rifaximin of detoxification genes is abrogated by PXR silencing.

To explore the mechanistic involvement  of    PXR in the effect exerted by 

rifaximin,   PXR gene expression was silenced by anti-PXR siRNA.  As  illustrated in 

Figure 4, the treatment of CRL-1790 cells with an anti-PXR siRNA  almost completely  

abrogated the expression of  PXR (p<0.05 versus non transfected cells).   With few  

exception,  we found that exposure of  CRL-1790 cells that were made deficient in  

PXR expression  by anti-PXR siRNA  completely abrogated the  ability of rifaximin to 

counteract the effects of TNFα  (Figure 5 A-C; P< 0.05 versus TNFα treated cells; 

n=3).  

3.4. Rifaximin  regulates  the  expression  of detoxification genes in human colon 

biopsies. 

To investigate whether the effect of rifaximin  is maintained  in a complex 

cellular system, colon biopsies obtained from macroscopically inflamed areas of   

colons of patients with ulcerative colitis were cultured ex-vivo with rifaximin.   

Results from  these experiments (Figure 6 A; p < 0.05 versus untreated biopsies;  

n=16 and n=17, respectively)  demonstrated that  PXR is expressed in colon human 

biopsies and that  rifaximin (100 μM)  effectively increased the   expression of  CYP-

3A7 and CYP-2C9  by 2  folds,  sulfotransferases and glucuronosyltransferases, with 
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the exception of SUL-1A3,   by 2  folds (Figure 6 B; p < 0.05 versus untreated  

biopsies; n=10), and  ABC-B1 and ABC-C3   by 2-3 folds (Figure 6 C; p < 0.05 versus 

untreated biopsies; n=12-15).  
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4. DISCUSSION

A single layer of intestinal epithelial cells make up the barrier between the host and 

the luminal content of the intestine. The cells of the mucosal immune system are 

protected against the luminal antigen load by this   layer of epithelial cells. 

Disturbance of the integrity of the epithelial cell barrier contributes to the 

development of mucosal inflammation exposing the intestinal immune system to 

bacteria products and  toxins [12].   Protective mechanisms that maintain intestinal 

barrier function include detoxification and biotransformation of luminal 

substances. The ability of intestinal epithelial cells to handle luminal antigens and 

xenobiotics   is dependent on the activity of  a large group of genes.   Phase I  

reactions are largely  dependent on the activity of     proteins  encoded by the  

cytochrome P450 (CYP) superfamily   [7,8].  The phase I metabolites can either be 

eliminated directly from the body or  could subject to further biotransformation by 

phase II enzymes. The primary organ of drug metabolism is the liver, but   the 

intestine is involved, as reflected by the expression of CYP enzymes in this tissue 

[9,10].  In addition, transporters, sometimes called phase III proteins, can determine 

foreign compound bioavailability, distribution, and elimination. The genes involved 

in drug metabolism provide an adaptive response to environmental challenge, 

and as a consequence, their expression is tightly regulated by foreign compounds 

themselves [11]. The  ABCB1 (MDR1) and additional ABC transporters with a high 

expression in the gut such as ABCC1–3 (MRP1–3) are critically involved in the 

maintenance of the intestinal barrier by excluding drugs, nutrients, or bacterial 

compounds back into the gut lumen [22, 30-32]. Furthermore, the association of 

MDR1 gene polymorphisms  with susceptibility for IBD [23,24] implies that genetic 
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variations or dysregulation of ABC transporters   contribute to the development of 

IBD.  Moreover it has been found that a down-regulation of detoxification genes, 

specifically  sulfotransferases and glucuronosyltransferase  and ABC transporters, 

occurs in the colon of patients with IBD [16].  This dysregulation is accompanied by 

a nearly complete loss of the transcriptional regulator PXR.  This finding might have 

a pathogenetic relevance   for IBD   either because PXR is essential for regulation 

of detoxification pathways and  for its anti-inflammatory activity and NF-KB 

modulating activity  [16,19].   

Rifaximin is a poorly absorbed oral antimicrobial agent that is concentrated 

in the gastrointestinal tract [33-35].  Rifaximin has a broad-spectrum of activity 

against gram-positive and gram-negative aerobic and anaerobic enteric bacteria  

[36-38].  In addition to its anti- bacterial activity rifaximin exerts  anti-inflammatory 

and immunomodulatory  effects [38] in human tissues and in vivo.   Despite the 

compound is poorly absorbed there is evidence that it penetrates intestinal  cells. 

This was, among other, shown recently by the fact that administration of rifaximin 

to  mice harbouring a human PXR gene results in  induction of PXR  and PXR 

regulated genes in the intestine [25].  

  In the present study we have demonstrated that    exposure of  primary 

epithelial colon cells to rifaximin  modulates the  expression of genes involved in 

cellular detoxification  and that this effect requires PXR.   Thus, exposure to  

rifaximin effectively increased the  expression of  CYP3-A4, CYP-3A7, CYP-2C9, GST-

A1, SULT-1A1, SULT-1A3, SULT-2A1, UGT-1A3 and phase III  transporters in naïve cells.  

In addition, rifaximin effectively counter-regulated the inhibitory effects caused by 

exposure of human epithelial cells to TNFα.  Indeed,  while  TNFα reduced the 
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expression of PXR and its target genes,  with the exception of GPX-1 and CES-2  

and GST-T,   this effect was antagonized by incubating the cells with rifaximin.    The 

effects exerted by rifaximin on the expression of  genes involved in intestinal 

epithelial detoxification was mediated by PXR. This contention is supported by the 

following observations. First, all genes  that are modified by exposure to rifaximin 

were modulated by PXR and specific PXR  binding motifs, either as direct repeat 

(DR) or everted repeat (ER),   ER6, DR4 and DR3 [21], were reported to be 

expressed in their promoter regions (Table 1).  In addition,  results  from experiments 

where the expression of PXR was knocked down by specific anti-PXR siRNA,  

demonstrate that the regulatory effect  of rifaximin  was lost in cells lacking the 

nuclear receptor.  More specifically we  have found  that PXR is required by 

rifaximin in order to modulate the expression of CYP-3A4, CYP-3A7,  GST-A1, SULT-

1A1, SULT-1A3, SULT-2A1, UGT-1A3  and   ABC-B1 (see Table 2).  

Beside its effect on human cultured  epithelial cells, rifaximin modulates  

detoxification pathways in  colon  biopsies obtained from IBD patients.  In these ex 

vivo studies we   found that exposure to rifaximin effectively increased   the 

expression of   CYP-3A7, CYP-2C9, SULT-1A1, SULT-2A1, UGT-1A3, ABC-B1 and ABC-

C3 in colon biopsies obtained from a macroscopically inflamed tissue.  This 

observation  might have a  clinical readout.   Indeed,   since  TNFα negatively 

regulates the expression of genes involved in intestinal detoxification in vitro and  

the activities of  detoxification pathways is highly compromised in IBD patients, as  

a part  of the intestinal inflammatory syndrome, it appears that counter-regulation 

of inhibitory activities of TNFα  on detoxification genes might  contribute to the    

beneficial effects of   rifaximin in IBDs.
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In contrast to normal  intestinal epithelial cells   rifaximin  was unable to 

induce PXR expression  in  CRL1790  cells exposed to TNFα (Figure 3 panel C).  

Similar results were obtained in colon biopsies  (Figure 6).  Thus it appears  that 

during inflammation  rifaximin induces PXR activity but not its expression.  Support 

to this notion comes from the observation  that the mutual regulation of   NF-kB 

and PXR did not involve  modulation of their expression but is rather mediated by 

changes in  transcriptional activity [20,29].

In  conclusions,  present results demonstrate that rifaximin  a non absorbable  

antibiotic  has a direct effects on intestinal epithelial cells.  Rifaximin   increases the 

expression of PXR in intestinal epithelial cells and  modulates the expression of  

genes involved in  intestinal detoxification in a PXR-dependent manner [39,40].   A 

PXR-mediated effects is required by rifaximin to counter-regulate  the inhibitory 

effects of TNFα  on genes involved  metabolism and excretion of xenobiotics in 

intestinal cells.  Collectively, these data establish that, in addition to its antibiotic 

activities,  rifaximin   regulates  the expression of genes essential to the  intestinal 

detoxification of xenobiotic and luminal antigens  in a PXR-dependent manner.
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Figure Legends

Figure 1.  The nuclear receptor PXR  is expressed  by   normal  human colon

epithelial cells.  (A,B) qualitative and quantitative PCR   showing expression of  PXR 

mRNA by normal human colon cells (CRL1790). Hep-G2 cells, an  human hepatic  

carcinoma cell line, was used as a positive control. (*p < 0.05 versus HepG2; n=3).

Figure 2. Rifaximin  modulates  the expression of  genes involved in xenobiotic 

detoxification  in normal colon epithelial cells.

Exposure of  human colon epithelial cells to rifaximin (50 µM) for 20 hours,  increases 

the expression of   genes  involved in cellular detoxification. Panel A)  shows the 

expression of phase I genes, (Panel B) phase II genes and (Panel C) phase III genes 

and PXR mRNA. (*p<0.05 versus untreated cells;  n=5). 

Figure 3. TNFα  is a negative modulator  of  genes  involved   in xenobiotic

detoxification  in normal colon epithelial cells.  

Exposure to TNFα (100 ng/ml) decreases the expression of  genes  involved in 

cellular detoxification.  Pre-treating  CRL1790  cells with rifaximin (50 µM)

antagonized the effects of TNFα. (Panel A)  shows the expression of phase I genes, 

(Panel B) phase II genes, and (Panel C) phase III genes and PXR mRNA. (*p < 0.05 

versus naive cells and #p < 0.05 versus TNFα treated cells; N=3-5)

Figure 4. PXR silencing   in normal colon epithelial cells.
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Assessment of PXR mRNA expression  in cells transfected with anti-PXR siRNA. A) 

qualitative RT-PCR of PXR mRNA; B) quantitative RT-PCR of PXR mRNA in CRL1790  

cells.

Figure 5.  Counter-regulation of   TNFα activities exerted  by rifaximin  in normal 

intestinal epithelial  cells requires PXR.  

Human colon epithelial cells (CRL1790 cells) transfected with anti-PXR siRNAs  were 

treated with TNFα (100 ng/ml) alone or in combination with rifaximin  (50 µM).  

Expression of  tested genes was compared with  their expression in  wild type cells 

treated with TNFα alone .  Panel A) expression of phase I genes; Panel B) phase II 

genes and Panel C) phase III  gene and PXR. (#p < 0.05 versus wild type TNFα

treated cells; n=3) 

Figure 6:  Rifaximin  modulates   the expression of genes involved in epithelial   

detoxification    in  colon biopsies from IBD patients.

Rifaximin (100  µM)   increased the expression  of  genes  involved in cellular 

detoxification in ex vivo experiments.  Results of culturing colon biopsies obtained 

from  areas of macroscopically inflamed colon  of IBD  patients  with rifaximin are 

shown.   Panel A) expression of phase I genes; Panel B) phase II genes and Panel 

C) phase III  genes and PXR mRNA. (*p < 0.05 versus untreated biopsies. n=10-15). 
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 Table I: List of primers used for real-time PCR and the PXR responsive elements 

(PXR-RE) expressed in the promoter of  each gene. 

Gene and relative 
PXR -RE

Primer sense Primer antisense

Phase I
CYP-3A4  (ER6) CAAGACCCCTTTGTGGAAAA CGAGGCGACTTTCTTTCATC
CYP-2C9  (DR4) AATTTTGGGATGGGGAAGAG AAGTGGGATCACAGGGTGAG
CYP-3A7 (ER6) CAAGACCCCTTTGTGGAAAA TGTCTCTTTGAGGCGACCTT
CES-2  (DR3) CTGGGGAGTCTTGTCCATGT CCCTCACACCACTCCAAGAT
GXP-1 (DR3) CCAAGCTCACCTGGTCT TCGATGTCAATGGTCTGGAA
Phase II
GST-A1 (DR3) ATCGCTACTTCCCTGCCTTT CTTCTTCACTGTGGGCAGGT
GST-M4 (ER6) TTTCCTCGCCTATGATGTCC CAGACAGCCACCCTTGTGTA
GST-T1 (DR3) GCCAAGAAGAACGACATTCC CCTTATATTTGCGCGTCAGG
SULT-1A1 (DR3) CATGGTCGGAGAAGTGTCCT GAATCTCCCTTTTCGGGTTC
SULT-1A3 (DR3) CACGTCGTTCAAGGAGATGA GCCATCTTCTCCGCATAGTC
SULT-2A1 (DR4) GATCCAATCTGTGCCCATCT TAAATCACCTTGGCCTTGGA
UGT-1A3 (DR3) TAAGTGGCTACCCCAAAACG GCTTTGCATTGTCCATCTGA
Phase III
ABC-B1 (DR4) CTTATGCTCTGGCCTTCTGG GGAGATGCCTGTCCAACACT
ABC-C2 (DR3) AGAGCTGGCCCTTGTACTCA AGGGACAGGAACCAGGAGTT
ABC-C3 (DR4) TTCTGGGACTCCAACCTGTC ACACCCAGGACCATCTTGAG
 PXR CTGGAGGTGAGACCCAAAGA CACATACACGGCAGATTTGG

ER= Everted repeat. DR= Direct repeat
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Table 2. Summary of the effects  exerted by rifaximin   and TNF α on the expression 

of detoxification  genes.

Primary human colon epithelial cells  were exposed to TNFα  alone or to a 

combination of TNFα  plus rifaximin  (50 µM) and the expression of genes encoding 

for  enzymes involved in detoxification assessed by RT-PCR.     The list of genes that 

were induced by rifaximin, in a PXR-dependent  manner is shown in green and 

includes:   phase I: cytochrome P450 family CYP3-A4 and CYP-3A7; phase II: GST-

A1, Sulfotransferases family SULT-1A1, SULT-1A3, SULT-2A1 and UDP 

glucuronosyltransferase UGT-1A3.; and phase III: ATP-binding cassette ABC-B1.   

Genes whose expression was induced by exposure of  either  primary epithelial 

cells and human colon biopsies to rifaximin is shown in orange.

Gene Effect of 
rifaximin in 
naïve cells

Effect of TNFα
in naïve cells

Effects of Rifaximin 
mediated by PXR 

(abrogated by  
anti-PXR siRNA)

Effect of rifaximin  
in IBD biopsies

Phase I

CYP-3A4 Increased Decreased YES No effect
CYP-2C9 Increased Decreased NO Increased
CYP-3A7 Increased Decreased YES Increased
CES-2 No effect No effect NO No effect
GXP-1 No effect No effect NO No effect
Phase II

GST-A1 Increased Decreased YES No effect
GST-M4 No effect Decreased NO No effect
GST-T1 No effect No effect YES No effect
SULT-1A1 Increased Decreased YES Increased
SULT-1A3 Increased Decreased YES No effect
SULT-2A1 Increased Decreased YES Increased
UGT-1A3 Increased Decreased YES Increased
Phase III

ABC-B1 Increased Decreased YES Increased
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ABC-C2 Increased Decreased YES No effect
ABC-C3 Increased Decreased NO Increased

PXR Increased Decreased No effect
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Figure Legends 

  

Figure 1.  The nuclear receptor PXR  is expressed  by   normal  human colon 

epithelial cells.  (A,B) qualitative and quantitative PCR   showing expression of  PXR 

mRNA by normal human colon cells (CRL1790). Hep-G2 cells, an  human hepatic  

carcinoma cell line, was used as a positive control. (*p < 0.05 versus HepG2; n=3). 

 

Figure 2. Rifaximin  modulates  the expression of  genes involved in xenobiotic 

detoxification  in normal colon epithelial cells. 

Exposure of  human colon epithelial cells to rifaximin (50 µM) for 20 hours,  increases the 

expression of   genes  involved in cellular detoxification. Panel A)  shows the expression 

of phase I genes, (Panel B) phase II genes and (Panel C) phase III genes and PXR mRNA. 

(*p<0.05 versus untreated cells;  n=5).  

 

Figure 3. TNFα  is a negative modulator  of  genes  involved   in xenobiotic 

detoxification  in normal colon epithelial cells.   

Exposure to TNFα (100 ng/ml) decreases the expression of  genes  involved in cellular 

detoxification.  Pre-treating  CRL1790  cells with rifaximin (50 µM) antagonized the 



Page 33 of 44

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Mencarelli A. et  al. Rifaximin regulates intestinal  PXR 
 

33 
 

effects of TNFα. (Panel A)  shows the expression of phase I genes, (Panel B) phase II 

genes, and (Panel C) phase III genes and PXR mRNA. (*p < 0.05 versus naive cells and 

#p < 0.05 versus TNFα treated cells; N=3-5) 

 

Figure 4.  PXR silencing   in normal colon epithelial cells. 

Assessment of PXR mRNA expression  in cells transfected with anti-PXR siRNA. A) 

qualitative RT-PCR of PXR mRNA; B) quantitative RT-PCR of PXR mRNA in CRL1790  

cells. 

 

Figure 5.  Counter-regulation of   TNFα activities exerted  by rifaximin  in normal 

intestinal epithelial  cells requires PXR.   

Human colon epithelial cells (CRL1790 cells) transfected with anti-PXR siRNAs  were 

treated with TNFα (100 ng/ml) alone or in combination with rifaximin  (50 µM).  

Expression of  tested genes was compared with  their expression in  wild type cells treated 

with TNFα alone .  Panel A) expression of phase I genes; Panel B) phase II genes and 

Panel C) phase III  gene and PXR. (#p < 0.05 versus wild type TNFα treated cells; n=3)  
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Figure 6:  Rifaximin  modulates   the expression of genes involved in epithelial   

detoxification    in  colon biopsies from IBD patients. 

Rifaximin (100  µM)   increased the expression  of  genes  involved in cellular 

detoxification in ex vivo experiments.  Results of culturing colon biopsies obtained from  

areas of macroscopically inflamed colon  of IBD  patients  with rifaximin are shown.   

Panel A) expression of phase I genes; Panel B) phase II genes and Panel C) phase III  genes 

and PXR mRNA. (*p < 0.05 versus untreated biopsies. n=10-15).  
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 Table I: List of primers used for real-time PCR and the PXR responsive elements (PXR-

RE) expressed in the promoter of  each gene.  

 

 

Gene and relative  

PXR -RE 

Primer sense Primer antisense 

Phase I     

CYP-3A4  (ER6) CAAGACCCCTTTGTGGAAAA CGAGGCGACTTTCTTTCATC 

CYP-2C9  (DR4) AATTTTGGGATGGGGAAGAG AAGTGGGATCACAGGGTGAG 

CYP-3A7 (ER6) CAAGACCCCTTTGTGGAAAA TGTCTCTTTGAGGCGACCTT 

CES-2  (DR3) CTGGGGAGTCTTGTCCATGT CCCTCACACCACTCCAAGAT 

GXP-1 (DR3) CCAAGCTCACCTGGTCT TCGATGTCAATGGTCTGGAA 

Phase II     

GST-A1 (DR3)  ATCGCTACTTCCCTGCCTTT CTTCTTCACTGTGGGCAGGT 

GST-M4 (ER6) TTTCCTCGCCTATGATGTCC CAGACAGCCACCCTTGTGTA 

GST-T1 (DR3) GCCAAGAAGAACGACATTCC CCTTATATTTGCGCGTCAGG 

SULT-1A1 (DR3) CATGGTCGGAGAAGTGTCCT GAATCTCCCTTTTCGGGTTC 

SULT-1A3 (DR3) CACGTCGTTCAAGGAGATGA GCCATCTTCTCCGCATAGTC 

SULT-2A1 (DR4) GATCCAATCTGTGCCCATCT TAAATCACCTTGGCCTTGGA 

UGT-1A3 (DR3) TAAGTGGCTACCCCAAAACG GCTTTGCATTGTCCATCTGA 

Phase III   

ABC-B1 (DR4) CTTATGCTCTGGCCTTCTGG GGAGATGCCTGTCCAACACT 

ABC-C2 (DR3) AGAGCTGGCCCTTGTACTCA AGGGACAGGAACCAGGAGTT 

ABC-C3 (DR4) TTCTGGGACTCCAACCTGTC ACACCCAGGACCATCTTGAG 

 PXR CTGGAGGTGAGACCCAAAGA CACATACACGGCAGATTTGG 

 

ER= Everted repeat. DR= Direct repeat 

 



Page 36 of 44

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Mencarelli A. et  al. Rifaximin regulates intestinal  PXR 
 

36 
 

 

 

 

 

 

 

 

 

Table 2. Summary of the effects  exerted by rifaximin   and TNF α on the expression 

of detoxification  genes. 

Primary human colon epithelial cells  were exposed to TNFα  alone or to a combination of 

TNFα  plus rifaximin  (50 µM) and the expression of genes encoding for  enzymes 

involved in detoxification assessed by RT-PCR.     The list of genes that were induced by 

rifaximin, in a PXR-dependent  manner is shown in green and includes:   phase I: 

cytochrome P450 family CYP3-A4 and CYP-3A7; phase II: GST-A1, Sulfotransferases 

family SULT-1A1, SULT-1A3, SULT-2A1 and UDP glucuronosyltransferase UGT-1A3.; and 

phase III: ATP-binding cassette ABC-B1.   Genes whose expression was induced by 
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exposure of  either  primary epithelial cells and human colon biopsies to rifaximin is 

shown in orange. 

Gene Effect of 

rifaximin in 

naïve cells 

Effect of TNFα  

in naïve cells 

Effects of 

Rifaximin 

mediated by PXR  

(abrogated by  

anti-PXR siRNA) 

Effect of rifaximin  

in IBD biopsies 

Phase I     

CYP-3A4 Increased Decreased YES No effect 

CYP-2C9 Increased Decreased NO Increased 

CYP-3A7 Increased Decreased YES Increased 

CES-2 No effect No effect NO No effect 

GXP-1 No effect No effect NO No effect 

Phase II     

GST-A1 Increased Decreased YES No effect 

GST-M4 No effect Decreased NO No effect 

GST-T1 No effect No effect YES No effect 

SULT-1A1 Increased Decreased YES Increased 

SULT-1A3 Increased Decreased YES No effect 

SULT-2A1 Increased Decreased YES Increased 

UGT-1A3 Increased Decreased YES Increased 

Phase III     

ABC-B1 Increased Decreased YES Increased 

ABC-C2 Increased Decreased YES No effect 

ABC-C3 Increased Decreased NO Increased 

     

 PXR Increased Decreased   No effect 
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