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Abstract

Rifaximin is a non-systemic, broad-spectrum antibiotic that acts against gram-positive, gram-

negative, and anaerobic bacteria. Clinical studies indicate that rifaximin is beneficial in treating 

irritable bowel syndrome (IBS). The mechanism responsible for the beneficial effects of rifaximin 

is not clear. In a recent study, we reported that rifaximin alters the bacterial population in the ileum 

of rats, leading to a relative abundance of Lactobacillus species. These changes prevent gut 

inflammation and visceral hyperalgesia caused by chronic stress. To more closely mirror human 

clinical studies in which rifaximin is used to treat IBS symptoms, we performed additional studies 

and showed that rifaximin reversed mucosal inflammation and barrier dysfunction evoked by 

chronic stress. These beneficial effects were accompanied by a striking increase in the abundance 

of Lactobacillaceae and a marked reduction in the number of segmented filamentous bacteria after 

rifaximin treatment. These microbial changes may contribute to the antiinflammatory effects of 

rifaximin on the intestinal mucosa.
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Irritable bowel syndrome (IBS) is a common gastrointestinal disorder affecting 10–15% of 

the population in the Western world. The pathophysiology of IBS is not well understood.1–3 

Many IBS patients have motility abnormalities and/ or visceral hypersensitivity. Recent 

studies indicate that IBS may be associated with subclinical mucosal inflammation in the 

ileum and colon, which is characterized by cellular infiltration of CD3 and CD25 

lymphocytes and mast cells.4–8 These inflammatory changes are accompanied by increased 

cytokines in the mucosa or peripheral circulation.9,10 There is accumulating evidence that 

patients with IBS also have increased intestinal permeability.11,12 These patients with 

impaired barrier function have an increased functional bowel disorder severity index 

(FBDSI) score and are hypersensitive to painful stimuli.12 It is conceivable that sustained 

enhancement of paracellular permeability may facilitate the passage of luminal bacteria or 

their metabolic products through the barrier, leading to mucosal inflammation and visceral 

hypersensitivity.
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Alteration of the gut microbiota may play an important role in the pathogenesis of IBS 

symptoms. Up to 20–25% of patients develop IBS symptoms following an episode of enteric 

infection.7,13 Epidemiological studies suggest that frequent antibiotic use may be a risk 

factor for IBS.14 Furthermore, IBS patients frequently have intestinal bacterial overgrowth.15 

Considered together, these observations suggest that gut dysbiosis may play an important 

role in IBS. In fact, deep molecular sequencing studies of fecal samples show significant 

alteration of the microbial community in IBS.16–19 These changes may contribute to both the 

pathogenesis and the generation of symptoms in IBS.20,21 Administration of probiotics has 

proven to be effective in improving IBS symptoms22–24 and preventing stress-induced 

intestinal abnormalities and visceral hypersensitivity.25,26 Hence, treatments aimed at 

altering or modifying the gut microbiota are an attractive strategy in the treatment of IBS.

Rifaximin is a semisynthetic derivative of rifamycin with an additional benzimidazole ring 

that prevents its absorption from the gastrointestinal tract.27,28 The drug has in vitro activity 

against gram-positive, gram-negative, and anaerobic bacteria. Besides being approved by the 

Food and Drug Administration for traveler’s diarrhea and mild hepatic encephalopathy, 

rifaximin has been reported to be beneficial in treating IBS.29–31 Meta-analysis has shown 

rifaximin to be more efficacious than placebo for IBS symptom improvement, with a 

therapeutic gain of 9.9% and a number needed to treat (NNT) of 10.2.31 The mechanism 

responsible for its beneficial effects is not clear.

Levels of chronic life stress predict clinical outcome in IBS.32 A clinical study demonstrated 

that psychological factors most clearly predict the development of IBS symptoms after 

gastroenteritis.33 These patients often show mucosal inflammation and impaired barrier 

function.9,11,12,34 Abdominal pain and discomfort, which are common IBS symptoms, are 

believed to reflect visceral hypersensitivity, which can be induced by chronic psychological 

stress. Similar to IBS patients, in rodent models of visceral hypersensitivity, psychological 

stress has also been related to alteration of the gut microbiota, mucosa inflammation and gut 

barrier function.35–37

Recognizing there is no perfect animal model for IBS, we believe it is reasonable to use an 

animal model of visceral hyperalgesia induced by chronic water avoidance stress (WAS) to 

determine if rifaximin alters gut microbiota, prevents intestinal inflammation, and improves 

gut barrier function. Our studies provide evidence that rifaximin reduces mucosal 

inflammation and improves gut barrier function in rats subjected to water avoidance or 

repeat restraint stress. These effects are accompanied by normalization of visceral 

hypersensitivity.38 A summary of our original study38 is as follows: We used 2 rat models of 

chronic stress to examine the effects of rifaximin on gut microbiota and mucosal 

inflammation. Repeated exposure to water avoidance stress for 10 d or repeated restraint 

stress for 7 d each induced mucosal inflammation characterized by an increase in IL-17, 

IL-6, and TNFα gene expression in the distal ileal tissue and a marked increase in gut 

permeability. This was accompanied by a reduction in gene and protein expression of the 

tight junction protein occludin, indicating impairment of tight junction integrity. Behavioral 

pain studies showed marked enhancement of vasomotor response induced by colorectal 

distention in rats subjected to both forms of stress. These changes were accompanied by a 

significant reduction of several less abundant groups of bacteria including 
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Erysipelotrichaceae and Clostridiaceae, contributing to a lower within community diversity 

(α-diversity). Concurrent oral administration of rifaximin altered the composition of 

bacterial communities in the ileum, leading to a relative abundance of Lactobacillus. These 

changes were associated with amelioration of mucosal inflammation and normalization of 

visceral hypersensitivity. The beneficial effects of rifaximin to ameliorate mucosal 

inflammation evoked by chronic stress are unlikely to be nonspecific effects due to the 

reduction of ileal bacteria load. As a control, we examined the effects of neomycin, another 

nonsystemic, broad-spectrum antibiotic. Although both oral rifaximin and neomycin in WAS 

rats reduced the ileal bacteria content and altered the microbial community, neomycin 

caused an increase in the relative abundance of Proteobacteria attributed to 

Enterobacteriaceae and Enterococcacceae, whereas rifaximin evoked a marked increase in 

Lactobacillus spp. In contrast to rifaximin, repeated oral gavage of neomycin was ineffective 

in preventing mucosal inflammation, barrier dysfunction, and the development of visceral 

hypersensitivity induced by WAS.

Our observations38 extend previous findings that psychological stressors can alter bacterial 

community structure leading to reduced species richness and diversity.35,39,40 Other studies 

indicate that commensal bacteria can influence the expression of host genes whose products 

regulate the mucosal barrier function, nutrient absorption, xenobiotic metabolism, and 

angiogenesis.41 Hence it appears that disruption of the delicate and mutually beneficial 

relationship between the intestinal microbiota and the host may contribute to mucosal 

inflammation and barrier dysfunction.41

In our original study,38 we reported that oral administration of rifaximin prevented mucosal 

inflammation, barrier impairment, and visceral hyperalgesia in chronically stress rats. To 

more closely mirror human clinical studies in which rifaximin was used to treat IBS 

symptoms, we performed additional unpublished studies to determine if rifaximin could 

reverse mucosal inflammation and barrier dysfunction evoked by chronic stress. 

Experiments were performed on adult Wistar rats (200–225 g). The rats were housed in 

plastic cages, 3 per cage, and maintained on a 12 h light:12 h dark cycle. All experimental 

procedures were performed in accordance with the National Institutes of Health guidelines 

and were approved by the University Committee on Use and Care of Animals at the 

University of Michigan. Repeated exposure of rats to WAS was conducted as described 

previously.38 The rats were placed on a block in the middle of a Plexiglass tank filled with 

sterile water (25 °C) to 1 cm below the platform height. The rats were maintained on the 

block for 1 h daily for 10 consecutive days. Sham WAS rats which served as controls were 

placed similarly in a tank but without water for 1 h daily for 10 d. On day 11, the WAS rats 

were treated with an oral gavage of either rifaximin (150 mg/kg) or water twice daily, 6 h 

apart, for 10 consecutive days. We examined the gene expression levels of five inflammatory 

cytokines involved with mucosal inflammation in distal ileal tissues: interleukin (IL)-17, 

IL-6, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and IL-1β. Quantitative reverse 

transcription PCR showed a significant increase in IL-17, IL-6, IL-1β, TNFα, and INFγ in 

the ileal tissue of WAS-treated rats compared with sham WAS–treated rats on day 20 (10 d 

after WAS) (Fig. 1A) (n = 6, P < 0.05). Rifaximin treatment given 10 d after stress treatment 

reversed and normalized IL-17, IL-1β, TNFα, and INFγ (Fig. 1A) (n = 6, P < 0.05). This 

was accompanied by normalization of the gene expression of occludin, which is a tight 
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junction protein frequently used as a marker of mucosal integrity42 (Fig. 1B, 1-way 

ANOVA/ Bonferroni posttest, P < 0.05).

Quantitative polymerase chain reaction (PCR) and 454 pyrosequencing were used to analyze 

bacterial 16S rRNA in ileal contents from the rats. The sequencing methods were detailed in 

the supplementary methods of the original article.38 The open-source, platform-independent, 

community supported software program, Mothur (http://www.mothur.org) was used to bin 

16S rRNA gene sequences into operational taxonomic units (OTUs) and phylotypes 

following the Schloss standard operating procedure (http://www.mothur.org/wiki/

Schloss_sop). Phylotypes were assigned at the level of the phylum and family. Within 

community diversity (α-diversity) was calculated using the Shannon diversity index applied 

to the normalized phylotype data. Statistical analyses (Conover-Inman post hoc test for 

multiple comparisons) were performed using Systat 13. In control (Sham-treated) rats, the 

three major phyla in the ileal bacterial community are Bacteroidetes, Firmicutes and 

Proteobacteria with Firmicutes being the most abundant. At the family level, 

Peptostreptococcaceae, Lactobacillaceae, and unclassified Clostridiales are the most 

abundant. WAS did not alter the bacterial community composition at the phylum level; 

however, there was an obvious reduction of several less abundant family groups including 

Erysipelotrichaceae and Clostridiaceae.

Rifaximin treatment decreased the total bacterial number of 16S copies, resulting in an 84% 

reduction in the total bacterial load. Although there were no changes in the phylum level, 

changes were obvious at the family level. There was a relative reduction of the abundance of 

Clostridiaceae, Erysipelotrichaceae, and Peptostreptococcaceae. This was accompanied by a 

striking increase in abundance of Lactobacillaceae (identified as Lactobacillus spp.) and a 

marked reduction in the number of segmented filamentous bacteria after rifaximin treatment 

of WAS rats (Fig. 2). These changes in microbial communities may contribute to the anti-

inflammatory effects of rifaximin on the intestinal mucosa. Lactobacillus helveticus has 

been shown to prevent bacterial translocation and improve gut barrier function in rats 

following chronic psychological stress.43 Other studies show that Lactobacillus paracasei 
and its products generated during fermentation restore normal mucosa permeability and 

reduce stress-induced visceral pain in rodents.25 Furthermore, Lactobacillus spp. also have 

been reported to downregulate proinflammatory cytokines IL-6 and TNFα in Crohn’s 

disease.44,45 Recent studies report that Lactobacillus reuteri is able to convert dietary L-

histidine into an immunoregulatory signal, histamine, which suppresses proinflammatory 

TNF production via modulation of PKA and ERK signaling. This provides a mechanism to 

explain the antiinflammatory property of Lactobacillus spp.46

The reduction in the number of segmented filamentous bacteria (SFB) by rifaximin may also 

contribute to the antiinflammatory action of rifaximin. Colonization of the small intestine of 

mice with SFB has been shown to be sufficient to reduce the appearance of CD4+ T helper 

cells that produce IL-17 and IL-22 (Th 17 cells) in the lamina propria.47 This was correlated 

with increased expression of genes associated with inflammation. Other studies show that 

SFB are able to stimulate germinal center reactions leading to a specific IgA antibody 

response.48 These mechanisms may act in concert to promote intestinal inflammation. 
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Suppression of SFB by rifaximin may contribute to the reduced inflammation observed in 

our studies.

Rectal sensitivity to colorectal distension (CRD) was used to evaluate visceral hyperalgesia. 

The protocol for measuring visceromotor response (VMR) to CRD is detailed in our original 

article.38 The effects of stress and/or rifaximin treatment on the VMR to CRD were analyzed 

by comparing post-stress or post-treatment measurements with baseline values at each 

distension pressure using 2-way repeated measures analysis of variance (ANOVA), followed 

by Bonferroni post-test comparisons. As shown in Figure 3, both control and WAS rats 

showed pressure-dependent increases in VMR to CRD on day 0 and day 21, chronic WAS 

induced greater increase in VMR to CRD compared with sham WAS rats. Repeated oral 

gavage of rifaixmin significantly attenuated the increased VMR to CRD induced by WAS at 

40 and 60 mmHg (P < 0.05, n = 6–8). Therefore our studies show that rifaximin not only 

alters bacterial population in the ileum and reverses intestinal inflammation, but it also 

normalizes visceral sensory abnormalities. This is not surprising as a cause-and-effect 

relationship between mucosal barrier alterations and visceral hypersensitivity has been 

described in a rodent model and in which chemical blockade of enhanced stress-induced 

paracellular permeability was accompanied by reduced sensitivity to colonic distension.49 

The nature of the mediators released from the gut mucosa remains to be identified.

In summary, we demonstrated for the first time that rifaximin reduces ileal bacteria load, and 

alters microbial communities, resulting in a dominance of Lactobacillus spp. and 

suppression of SFB in WAS rats. These bacterial changes are accompanied by amelioration 

of mucosal inflammation and normalization of visceral hypersensitivity. Our data suggest 

that rifaximin may be beneficial in treating the symptomatic patient with IBS, but also imply 

that rifaximin prophylaxis may be beneficial in preventing a stress-induced flare. These 

findings may explain the benefits of rifaximin in the treatment of IBS.
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Figure 1. 
Treatment with rifaximin (150 mg/kg, twice daily, oral gavage) reversed increased 

expression of inflammatory cytokines and abnormal tight junction protein in the ileal tissues 

evoked by chronic WAS. mRNA levels of cytokines and occludin were measured with real-

time quantitative RT-PCR. Data are presented as fold change in each target mRNA level 

relative to expression in control samples after normalization of GAPDH. Compared with 

chronic treatment with vehicle, ten days of oral gavage of rifaximin decreased the IL-17, 

IL-1β, Interferon-γ and TNF-α mRNA levels and increased the occludin mRNA level in rats 

previously subjected to chronic WAS. (n = 6 in each group, *P < 0.05 WAS compared with 

control; #P < 0.05 rifaximin compared with vehicle treated rats subjected to WAS)
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Figure 2. 
Relative abundance of selected phylotypes identified from bacterial communities in the 

terminal ileum. Error bars represent SEM; WAS = water avoidance stress, N.D. = not 

detected. * is significantly different than sham WAS; # is significantly different than WAS 

(Conover–Inman post hoc test for multiple comparisons, P < 0.05).
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Figure 3. 
Effects of chronic stress and antibiotics on VMR to CRD. EMG amplitude expressed as 

mean change from baseline (sham WAS) after WAS. Rifaximin (150 mg/kg, twice daily, oral 

gavage) markedly attenuated the increased VMR to CRD induced by WAS at 40 and 60 

mmHg (n = 6 in each group, *P < 0.05 compared with the sham WAS, #P < 0.05 compared 

with WAS).
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