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Abstract 
Prior research has indicated that the gut-lung-axis can be influenced by the intestinal microbiota, thereby impacting lung 
immunity. Rifaximin is a broad-spectrum antibacterial drug that can maintain the homeostasis of intestinal microflora. In 
this study, we established an influenza A virus (IAV)-infected mice model with or without rifaximin supplementation to 
investigate whether rifaximin could ameliorate lung injury induced by IAV and explore the molecular mechanism involved. 
Our results showed that IAV caused significant weight loss and disrupted the structure of the lung and intestine. The analysis 
results of 16S rRNA and metabolomics indicated a notable reduction in the levels of probiotics Lachnoclostridium, Rumino-
coccaceae_UCG-013, and tryptophan metabolites in the fecal samples of mice infected with IAV. In contrast, supplementa-
tion with 50 mg/kg rifaximin reversed these changes, including promoting the repair of the lung barrier and increasing the 
abundance of Muribaculum, Papillibacter and tryptophan-related metabolites content in the feces. Additionally, rifaximin 
treatment increased ILC3 cell numbers, IL-22 level, and the expression of RORγ and STAT-3 protein in the lung. Further-
more, our findings demonstrated that the administration of rifaximin can mitigate damage to the intestinal barrier while 
enhancing the expression of AHR, IDO-1, and tight junction proteins in the small intestine. Overall, our results provided 
that rifaximin alleviated the imbalance in gut microbiota homeostasis induced by IAV infection and promoted the produc-
tion of tryptophan-related metabolites. Tryptophan functions as a signal to facilitate the activation and movement of ILC3 
cells from the intestine to the lung through the AHR/STAT3/IL-22 pathway, thereby aiding in the restoration of the barrier.

Key points
• Rifaximin ameliorated IAV infection-caused lung barrier injury and induced ILC3 cell activation.
• Rifaximin alleviated IAV-induced gut dysbiosis and recovered tryptophan metabolism.
• Tryptophan mediates rifaximin-induced ILC3 cell activation via the AHR/STAT3/IL-22 pathway.
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Introduction

The influenza virus is composed of four subtypes, namely type 
A, type B, type C, and type D (Hause et al. 2014). H1N1 is a 
type of influenza A virus from the Orthomyxoviridae family, 
best known for causing the 2009 global pandemic. The virus 
has two main surface proteins: hemagglutinin (HA) and neu-
raminidase (NA), with H1 and N1 being specific subtypes. 
H1N1 spreads mainly through respiratory droplets from 
coughs, sneezes, or talking, and can also spread by touching 
contaminated surfaces and then touching the mouth, nose, 
or eyes (Liu et al. 2023). At the same time, influenza virus 
infection also manifests intestinal diseases, such as diarrhea 
and vomiting. Previous studies have also found that influenza 
virus-infected animals exhibit disruption of gut microbial 
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community homeostasis (Lu et al. 2019). However, emerging 
evidence suggests dysbiosis of gut microbes may contribute 
to lung disease (Zhang et al. 2020). Therefore, microbiota 
may play an important role in IAV infection. The connection 
between the microbiota in the digestive system and the res-
piratory system, which impacts the lung immune system, is 
referred to as the gut-lung axis (Keely et al. 2012). Inflam-
mation in the lungs can lead to the transfer of inflammatory 
substances to the intestine via the lung-gut axis, resulting in 
disturbances in gut microbiota and homeostasis. Conversely, 
the lungs can also be affected by endotoxins, metabolites, 
chemokines, or hormones produced by intestinal bacteria 
through this axis, leading to lung tissue damage (Dumas 
et al. 2018). Based on the immunological interaction between 
microbiota and influenza virus, we are exploring interventions 
in gut microbiota to develop a new strategy for anti-influenza.

As a broad-spectrum antibacterial drug of rifamycin, 
rifaximin has antibacterial effects on most Gram-positive 
and some Gram-negative bacteria (Ojetti et  al. 2009). 
Additionally, it has the ability to support the proliferation 
and growth of beneficial bacteria like lactic acid bacteria, 
aiding in the establishment of a favorable environment for 
gut probiotics (Luo et al. 2023). Rifaximin has extremely 
low absorption, is highly safe and effective, and has been 
proven to effectively improve local and systemic inflamma-
tory responses, reduce the production of bacterial endotoxins 
and inflammatory cytokines, and maintain mucosal barrier 
function (DuPont 2016a). Medical clinics frequently utilize 
it for managing gastroenteropathy, including conditions like 
inflammatory bowel disease (DuPont 2016b) and irritable 
bowel syndrome (Gatta and Scarpignato 2017), among oth-
ers. Therefore, rifaximin, as an important clinical drug for 
the preventive treatment of intestinal flora imbalance and 
improving the immune function of the intestinal mucosa, 
might have great adjuvant therapeutic potential during influ-
enza infection.

The purpose of this study was to create a mouse model 
of influenza A virus infection with or without the addition 
of rifaximin in order to examine (a) the impact of influenza 
A virus infection on lung barrier damage and gut microbial 
dysbiosis; (b) the effect of rifaximin supplementation in 
improving lung barrier damage and microbial dysbiosis after 
exposure to influenza A virus infection; and (c) the mecha-
nisms by which rifaximin mitigates the effects of influenza 
A virus infection on lung and intestinal barrier dysfunction.

Materials and method

Animals and ethics statement

SPF BALB/c mice, aged 5–6 weeks and of the female gen-
der, were acquired from Xipuerbikai Experimental Animal 

Company located in Shanghai, China. All animal experi-
ments were conducted under anesthesia. In accordance with 
the Animal Ethics Procedures and Guidelines of the People’s 
Republic of China and the Institutional Animal Care and 
Use Committee of Nanjing Agricultural University [SYXK 
(Su) 2017–0007], the mice were treated with kindness and 
care. The H1N1 influenza virus used in this experiment was 
propagated and purified on MDCK cells, and subsequently 
stored at -80 °C for experimental use. In addition, the titer 
of the virus is determined by plaque assay.

Mice experiment design

Xipuerbikai Experimental Animal Company in Shanghai 
provided forty-eight BALB/c mice, all of which were female. 
The mice were divided into four groups in a random manner, 
and the treatment details for each group of mice can be found 
in Table S1. Each group of mice was housed in separate ven-
tilated enclosures and maintained at a consistent temperature 
(21 ± 1 °C) and humidity (50 ± 10%). The lighting schedule 
consisted of 14 h of light and 10 h of darkness, with the 
lights being turned on at 07:00. The day of influenza virus 
infection was set as day 0. From day 7 before virus infection, 
the mice were given 50 mg/kg rifaximin with 0.3% CMC 
turbid liquid or only 0.3% CMC solution via intragastric 
administration daily until the mice were sacrificed. The mice 
in the Flu group and Rif + Flu group were given anesthe-
sia using isoflurane on day 0, and then intranasally infected 
with H1N1 at a dosage equivalent to 2 times the MLD50. 
The weight of each group of mice was recorded daily until 
euthanasia. Four days post-infection, six mice from each 
group were euthanized randomly. Their lung, small intestine, 
colon tissue, and fecal content were collected for microbial 
sequencing. At 7 days post-infection, the remaining mice 
in each group were euthanized, and their collected organs 
were stored in − 80 °C for western blot and Q-PCR analysis.

Histopathology

After the left lung lobes and colon were recently extracted, 
they were promptly immersed in a 4% paraformaldehyde 
solution for 48 h. Subsequently, the tissues were embedded 
in paraffin and sectioned into 5-μm thick slices. The sections 
underwent conventional H&E staining to observe pathologi-
cal alterations and were captured using a microscope with a 
400 × objective lens, as previously described (Martinu et al. 
2019).

Detection of influenza virus infection by PCR

Total RNA was extracted from the lung and colon homoge-
nates of the mice using Total RNA Extraction Reagent 
(Vazyme, Nanjing, China) as per the instructions provided 
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by the manufacturer. Oligo (dT) was used to reverse tran-
scribe two micrograms of total RNA. PCR procedure was 
performed using primers designed according to the M gene 
of H1N1 virus. The forward primer sequence was 5’—GGA​
CTG​CAG​CGT​AGA​CGC​TT -3’ and the reverse primer 
sequence was 5’—CAT​CCT​GTT​GTA​TAT​GAG​GCC​CAT​ 
-3’. The PCR reaction system consisted of 25 μL, including 
10 μL of 2 × Taq Master Mix (Dye Plus) from Vazyme in 
Nanjing, China, 2 μL of both forward and reverse primers, 
2 μL of cDNA template, and 9 μL of double-distilled water. 
The PCR procedure was performed with the following pro-
tocol: one round at 95 °C for 5 min, succeeded by 35 rounds 
at 95 °C for 10 s, 58 °C for 30 s, and 72 °C for 60 s, and one 
last round at 72 °C for 2 min. PCR products were analyzed 
by 1.0% agarose gel electrophoresis.

qRT‑PCR

Gene expression analysis was conducted using a CFX Con-
nect Real-Time PCR Detection system (Bio-Rad, Berke-
ley, CA, USA) and AceQ qPCR SYBR Green Master Mix 
(Vazyme, Nanjing, China), following the manufacturer’s 
guidelines. Primers were synthesized by Generay Bio-
tech (Shanghai, China), and their sequences are listed in 
Table S2. The levels of gene transcripts were standardized 
against an internal reference (β-actin).

Western blot analysis

Western blot analysis was performed for protein expression 
using methods described previously (Chen et al. 2021) with 
primary antibodies (STAT3, Claudin-1, Occludin, and ZO-1 
at dilutions of 1:3000; RORγ, AHR, IDO1 at dilutions of 
1:1000; Proteintech). Subsequently, goat anti-mouse IgG-
HRP antibody and goat anti-rabbit IgG-HRP secondary 
antibodies (both at a dilution of 1:1000; Proteintech) were 
applied. The membranes were incubated with enhanced 
chemiluminescence (ECL) substrates (Vazyme, Nanjing, 
China), and signals were detected utilizing an Amersham™ 
chemiluminescent analyzer (GE Healthcare).

Enzyme‑linked immunosorbent assay (ELISA)

The levels of IL-22 protein expression in mouse tissues were 
assessed using ELISA kits (MMBIO, Jiangsu, China), fol-
lowing the manufacturer’s instructions.

Microbial genome DNA extraction

DNA from microbial genomes in mouse stool samples was 
extracted using HiPure Stool DNA Kits manufactured by 
Magen in Guangdong, China. The concentration of DNA 
was measured using a NanoDrop 2000 spectrophotometer. 

For additional examination, the collected DNA was pre-
served at a temperature of -20 °C.

Amplification of 16S rRNA genes and sequencing

The V3-V4 regions of the 16S rRNA genes were amplified 
for microbiota profiling analysis. The forward primer used 
was 515 F (5’-GTG​YCA​GCMGCC​GCG​GTAA-3’), and the 
reverse primer used was 806R (5’-GGA​CTA​CNVGGG​TWT​
CTAAT-3’). Thermal cycling included initial denaturation 
at 98 °C for 2 min, followed by 30 cycles of denaturation 
at 98 °C for 10 s, annealing at 55 °C for 30 s, and elonga-
tion at 68 °C for 30 s, with a final elongation step at 68 °C 
for 5 min. PCR products were purified using AMPure XP 
Beads, quantified with Qubit3.0, and assessed by electro-
phoresis on a 2% agarose gel. Quantification was confirmed 
using a Quant-It Pico Green kit and a Qubit Spectropho-
tometer (Thermo Fisher Scientific). Following a second 
round of amplification, AMPure XP Beads were used for 
product purification. Quantification was performed using 
the ABI OneStepPlus Real-Time PCR System from Life 
Technologies, USA. Sequencing was conducted using the 
PE250 mode on a Novaseq 6000 sequencer. Sequencing 
data were deposited in the NCBI Sequence Read Archive 
(SRA) under accession numbers from SAMN37928519 to 
SAMN37928534 in PRJNA1031154.

Targeted organic acid determination

The LC–ESI–MS analysis method was used to determine the 
critical components of the tryptophan metabolic pathway in 
the mice fecal samples.

Flow cytometry

The small bowel and respiratory organs were longitudinally 
sliced into 0.5 cm sections and rinsed in Hanks’ Balanced 
Salt Solution containing 2% FCS. The tissues were then 
incubated in HBSS with 2 mM EDTA at 37 °C for 20 min 
in a shaking incubator, and this process was repeated twice. 
Subsequently, the tissues were digested in complete RPMI 
with 1 mg / mL Collagenase VIII (Sigma-Aldrich) at 37 °C 
until complete tissue digestion occurred, approximately 
15 min. Peripheral blood underwent red blood cell lysis 
using lysing buffer (Beyotime, Shanghai, China). Lympho-
cyte separation was performed using the Percoll lymphocyte 
separation kit (Solarbio, Beijing, China). Flow cytometric 
analyses utilized antibodies (Abs) acquired from BD Bio-
sciences. Prior to staining, cells were pre-treated with Mouse 
BD Fc Block (BD Pharmingen, Franklin Lakes, NJ), then 
stained with FITC-conjugated anti-CD45 and PE-conjugated 
anti-RORγt antibodies following the manufacturer's guide-
lines. Relevant isotype controls were also included. Cell 
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frequencies were calculated by adding Spherotech Accu-
count blank particles. Flow cytometry was performed on 
a FACS Calibur analyzer using FACS Diva 6.2 software 
(BD Biosciences), and the data were analyzed with FlowJo 
software.

Statistical analysis

The mean ± standard error of the mean (SEM) was used 
to present the results for each group. Prior to statistical 
analysis, we assessed data normality using the Kolmogo-
rov–Smirnov test. Subsequently, one-way ANOVA was 
performed to analyze significant differences among the four 
treatment groups using SPSS 25.0 software (SPSS, Chicago, 
IL, USA).

Results

Establishment of influenza A virus infected 
and rifaximin treated mice model

We first established the mice model infected with influ-
enza A virus (H1N1) and treated with rifaximin. At 7 days 
after infection, both the Rif + Flu group (pre-treated with 
rifaximin and then infected with H1N1) and the Flu group 

(infected with H1N1 only) showed a significant decrease 
in body weight compared to the Con group (p < 0.001) and 
the Rif group (p < 0.001) (Fig. 1a), indicating that rifaxi-
min can mitigate influenza-induced weight loss. Analy-
sis of average food intake across the four groups of mice 
(Fig. 1b) revealed variations in food consumption. Notably, 
food intake consistently decreased in the Flu group and the 
Rif + Flu group, with rifaximin administration failing to alle-
viate this reduction.

Influenza virus infection affects not only the lungs but 
also other organs in the body. We compared the organ 
indices of the lungs, thymus, and spleen among mice in 
different treatment groups. Compared to the Con group, 
the lung index and spleen index showed slight decreases 
in Fig. S1a-S1b across all three treatment groups, with no 
notable distinction between the Flu group and the Rif + Flu 
group. However, the thymus index has no significantly 
difference between Con, Rif + Flu, Rif and Flu group 
(Fig. S1c). Similarly, the thymus index did not signifi-
cantly differ among the Con, Rif + Flu, Rif, and Flu groups 
(Fig. S1c). These findings suggest that rifaximin had no 
notable impact on organ weight alterations resulting from 
influenza infection. Histopathological examination on day 
4 post-influenza A virus infection (Fig. 1c) revealed no 
obvious histological changes in lung and intestine tissues 
of mice in the Con and Rif groups. However, mice in the 

Fig. 1   Rifaximin alleviated the apparent indicators of H1N1 virus 
infected mice. a Body weights of the mice in four groups were 
measured each day for 7 days following the primary challenge, b 
Changes in average food intake in rifaximin-treated and influenza 
infected mice, c Pathological analysis of the lung and colon sec-
tions of the different experimental mice groups. (Light microscopy 

200 ×), d Expression of influenza virus M gene in lung and colon 
tissues at day 7 post-infection. Con: Control group; Rif + Flu: Mice 
were treated with rifaximin after H1N1 infection.; Rif: Mice treated 
with rifaximin; Flu: Mice infected with H1N1. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. All replicates are biological
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Flu group exhibited significant damage characterized by 
vasodilation, congestion, thickening of the bronchial mus-
cle layer, rupture of the alveolar septum, and infiltration 
of inflammatory cells. The lung damage in the Rif + Flu 
group was minimal compared to the Flu group. In the 
colon tissues, the Con and Rif groups displayed distinct 
tissue organization without pathological abnormalities. 
In contrast, the Flu group showed shrinkage of colonic 
intestinal glands, altered crypt configuration, and detached 
mucosal epithelial cells. The Rif + Flu group exhibited 
reduced intestinal gland shrinkage and upward crypt shift. 
These results demonstrate that influenza A virus not only 
damages mouse lungs but also affects colon structure. 
Importantly, rifaximin effectively mitigated influenza-
induced lung and colon damage in mice.

RT-PCR results of day 7 post-infection tissue samples 
from influenza A virus showed efficient replication in the 
lungs of mice in the Flu group compared to the Rif + Flu 
group. However, no viral genome was detected in the colon 
of any group (Fig. 1d). These findings suggest that influ-
enza A virus-induced pathological damage to the colon 
may not result from direct colonization.

Effect of rifaximin on influenza A virus altered gut 
microbiota composition

Bacterial diversity  Four days after H1N1 influenza A virus 
infection, we conducted sterile isolation and collected 
feces from four groups of mice (n = 4) to analyze V3-V4 
16S rRNA gene profiles. Microbial diversity and richness 
analysis revealed that the Rif group exhibited a significant 
decrease in both the Ace index and Shannon index compared 
to the Con and Flu groups, respectively (Fig. 2 a-d, p < 0.05). 
However, no notable distinction was observed between the 
Con and Flu groups, suggesting that supplementation with 
rifaximin significantly enhances the diversity and abundance 
of microorganisms in mouse feces compared to the Con and 
Flu groups.

Community membership and structure  Next, to assess the 
similarity of microbial communities in the feces of the four 
groups of mice, we conducted a β-diversity assay. PCoA 
analysis, based on weight distance in the fecal samples, 
revealed distinct separation among the Con, Rif + Flu, 
Rif, and Flu groups (Fig. 2e-g). Significant differences in 

Fig. 2   Effects of influenza virus infection and rifaximin treatment on 
altered gut microbiota composition. a ACE index, b Chao1 index, 
c Shannon index, d Simpson index, e principal component analysis 
(PCA), (f) PCoA score plot, g nonmetric multidimensional scaling 
(NMDS) score plot based on the weight UniFrac score plot based 

on the OUT of the Con, Rif + Flu, Rif and Flu groups at day 4 post-
infection. Con: Control group; Rif + Flu: Mice were treated with 
rifaximin after H1N1 infection.; Rif: Mice treated with rifaximin; 
Flu: Mice infected with H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. All replicates are biological
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microbial community profiles among the four groups were 
confirmed by PERMANOVA (R = 0.412, p = 0.001). Fur-
thermore, UPGMA analysis showed that the Rif group 
exhibited significant dissimilarities compared to the other 
three groups in terms of fecal microbiota, consistent with 
the PCoA findings (Fig. S2a-S2b).

Abundance and significant difference between four groups 
at the phylum level  The most prevalent bacteria found 
in mice feces at the phylum level were Firmicutes (Con: 
51.91%, Rif + Flu: 59.77%, Rif: 38.92%, Flu: 59.07%), Bac-
teroidetes (Con: 38.16%, Rif + Flu: 33.45%, Rif: 53.66%, 
Flu: 35.16%), Proteobacteria (Con: 3.05%, Rif + Flu: 3.88%, 
Rif: 3.57%, Flu: 1.59%), and Patescibacteria (Con: 3.46%, 
Rif + Flu: 0.80%, Rif: 1.90%, Flu: 1.52%). Actinobacteria, 
Epsilonbacteraeota, and Cyanobacteria make up a smaller 
percentage in mice fecal microorganism (Fig. 3a-b). As 
shown in Fig. 3c, the Rif group had a lower relative abun-
dance of Firmicutes compared to the Con, Rif + Flu, and 
Flu groups (p = 0.012–0.029). Additionally, in the Rif group, 
the prevalence of Bacteroidetes was higher compared to the 
Con, Rif + Flu, and Flu groups (Fig. 3d, p = 0.004–0.022). 
The abundance of Actinobacteria (p = 0.001–0.002) was 
higher in both the Rif group and Con group compared to 
the Rif + Flu group (Fig. 3g) and the abundance of Patesci-
bacteria (p = 0.003–0.014) was higher in both the Rif + Flu 
group and Flu group compared to the Con group (Fig. 3f). 
In terms of Proteobateria abundance, there was no notable 
distinction observed among the four groups (Fig. 3e). The 
findings indicated that every group exhibited a distinct dis-
tribution pattern at the phylum level.

Abundance and significant difference between four groups 
at the genus level  The microbial genus level results were 
shown in Fig. 4. As shown in Fig. 4a-b, we found that the 
dominant bacteria in fefal contents were Lactobacillus 
(Con: 11.88%, Rif + Flu: 6.17%, Rif: 17.77% Flu: 21.63%) 
and Lachnospiraceae_NK4A136_group (Con: 9.86%, 
Rif + Flu: 14.81%, Rif: 1.80% Flu: 6.79%). Afterwards, 
we employed LEfSe analysis to detect distinctive dis-
parities in bacterial populations between the Flu and Con 
groups specifically at the genus level. As shown in Fig. 4c 
and Fig. S2c, the Caproiciproducens, Mucispirillum, was 
dominant in Flu group than in Con (Caproiciproducens, 
p = 0.02, LDA score = 3.12; Mucispirillum, p = 0.02, LDA 
score = 2.97). In the Con group, the prevalence of Rumi-
nococcaceae_UCG_013, Lachnoclostridium, Leucobacter, 
and Candidatus_Saccharimonas was higher compared to 
the Flu group (Ruminococcaceae_UCG_013, p = 0.02, LDA 
score = 4.3; Lachnoclostridium, p = 0.02, LDA score = 3.59; 
Leucobacter, p = 0.02, LDA score = 3.08; Candidatus_Sac-
charimonas, p = 0.02, LDA score = 4.00). According to 
the wilcox test, the Con group had a significantly higher 

relative abundance of Ruminococcaceae_UCG-013, Candi-
datus_Saccharimonas, and Lachnoclostridium compared to 
the Flu group (p = 0.03). In the Rif + Flu group, the relative 
abundance of Muribaculum, Erysipelatoclostridium, and 
Papillibacter was higher compared to the Flu group (Fig. 4d, 
Fig. S2d, p = 0.003).

Effect of rifaximin on influenza a virus on altered 
gut microbiota metabolite composition

Functional prediction analysis of fecal microbiota using 
PICRUSt was conducted (Fig.  S3a-S3b). The Rif + Flu 
group exhibited a higher predictive capacity for tryptophan 
metabolism in the KEGG level 3 pathway when compared 
to the Flu group. Additionally, “Tryptophan metabolism” 
was also increased in the Con group compared with the 
Rif group. These results suggested that the shifts of bacte-
rial metabolic functions are induced by influenza virus as 
well as rifaximin supplement may improve the function of 
tryptophan metabolism in intestinal microorganisms. To 
further determine the changes in tryptophan metabolites in 
each group, targeted analysis of organic acid content was 
performed in fecal samples at day 4 post-influenza A virus 
infection (Fig.  5). The tryptophan levels experienced a 
notable rise (Fig. 5a, p = 0.010–0.044), indole-3-lactic acid 
(Fig. 5b, p = 0.014–0.020), 3-indole acrylic acid (Fig. 5c, 
p = 0.008–0.011), and indole propionic acid (Fig.  5d, 
p = 0.001–0.030) in the Rif + Flu, and Con group compared 
to Flu group, respectively. However, the content of indole-
3-acetic acid, indole-3-carboxaldenhyde, and indole-3-gly-
oxylic acid in mouse feces showed no significant difference 
among the four treatment groups (Fig. 5e-g). According to 
the findings, the administration of rifaximin could mitigate 
the reduction in levels of tryptophan, indole-3-lactic acid, 
3-indole acrylic acid, and indole propionic acid metabolites 
induced by influenza infection.

The AHR/IL‑22/STAT‑3 signaling pathways are 
involved in tryptophan metabolites mediated 
rifaximin‑induced ILC3 activation

The analysis involved examining the distribution of lym-
phocytes and ILC3 cells in the lung, peripheral blood, and 
ileum based on the expression of particular transcription 
factors in ILC3 cells. As shown in Fig. 6a and Fig. S4a-
S4b, we found that the number of lung lymphocytes was 
significantly increased in the Flu group compared to the Con 
group at day 4 post-influenza A virus infection (Fig. 6b and 
Fig. S4c). However, the number of peripheral blood lym-
phocytes was significantly decreased in the Flu group com-
pared to the con group. Nevertheless, there was no notable 
distinction between the Con and Flu groups in terms of the 
quantity of lymphocytes in the ileum (Fig. 6c and Fig. S4d). 
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Fig. 3   Effects of influenza virus infection and rifaximin treatment on 
gut microbiota at the phylum level. a Relative contribution of the top 
10 phyla in fecal microbe of Con, Rif + Flu, Rif and Flu groups, b 
Heatmap of the redundancy analysis-identified key phyla that were 
significantly altered in the fecal microbe of the Con, Rif + Flu, Rif 
and Flu groups, c-g Taxonomic profiles of the notably significantly 

different bacteria at the phylum level in the fecal microbe of the 
Con, Rif + Flu, Rif and Flu groups at day 4 post-infection. Con: Con-
trol group; Rif + Flu: Mice were treated with rifaximin after H1N1 
infection.; Rif: Mice treated with rifaximin; Flu: Mice infected with 
H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All rep-
licates are biological



	 Applied Microbiology and Biotechnology (2024) 108:469469  Page 8 of 16

Furthermore, according to Fig. 6d-f, the percentage of lung 
ILC3 cells significantly increased in the Rif + Flu group 
compared to the other three groups. However, rifaximin 
supplementation did not show significant changes in ILC3 
cells in the intestine and peripheral blood. Moreover, IAV 
infection significantly decreased the quantity of ILC3 cells 
in the gastrointestinal tract. In contrast to the Flu group, the 
percentage of ILC3 cells in the peripheral blood of mice in 
the Flu + Rif group showed an increasing tendency, though 
no notable disparity was observed. Therefore, we speculate 
that rifaximin supplementation may promote the activation 
of ILC3 cells and facilitate their migration from the intestine 

to the lungs. Western blot was used to detect the presence of 
RORγ, a surface marker of ILC3 cells, in lung and intestine 
tissues. The findings were consistent with the outcomes of 
flow cytometry. The level of RORγ protein expression in the 
lung tissue of mice in the Rif + Flu group showed a notable 
increase compared to the Con group (Fig. 6g). In compari-
son to the Con group, there was also a noticeable rise in 
RORγ protein expression in the lungs of mice infected with 
influenza virus. However, there was no significant variation 
in the expression of RORγ protein in the intestine of mice 
across the four treatment groups (Fig. 6h). These results 
indicated that rifaximin supplementation can increase the 

Fig. 4   Effects of influenza virus infection and rifaximin treatment 
on gut microbiota at the genus level. a Relative contribution of the 
top 10 genera in fecal microbe of Con, Rif + Flu, Rif and Flu groups, 
b Circos diagram of genus species in the fecal microbe of the Con, 
Rif + Flu, Rif and Flu groups, c Taxonomic profiles of the notably 
significantly different bacteria at the genus level in the fecal microbe 
of the Con and Flu groups, d Taxonomic profiles of the notably sig-

nificantly different bacteria at the genus level in the fecal microbe 
of the Rif + Flu and Flu groups at day 4 post-infection. Con: Con-
trol group; Rif + Flu: Mice were treated with rifaximin after H1N1 
infection.; Rif: Mice treated with rifaximin; Flu: Mice infected with 
H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All rep-
licates are biological
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activation of ILC3 cells, potentially through its effects on 
tryptophan metabolites.

Next, we aimed to explore the signaling pathways through 
which tryptophan metabolites promote the activation of 
ILC3 cells. Tryptophan metabolites can be recognized by 
the AhR on the surface of ILC3 cells, enhancing mucosal 
immunity. Therefore, we examined the expression levels of 
AhR, the critical rate-limiting enzyme IDO-1 in tryptophan 
metabolism, and STAT-3 in the mouse ileum. Compared 
with the Flu group, the Rif + Flu group exhibited signifi-
cant up-regulation in the expression of AhR (Fig. 7a, d), 
IDO-1 (Fig. 7b, e), and STAT-3 (Fig. 7c, f) in the ileum. 
Additionally, IL-22 is a primary product of activated ILC3 
cells. Therefore, we assessed the mRNA expression of the 
chemokine CCL20 in ILC3 cells in the lungs. As shown in 
Fig. 7g-h, the mRNA levels and concentrations of CCL20 
in the lungs were significantly higher in both the Flu group 
and Rif + Flu group compared to the Con group. Conversely, 
the concentration of CCL20 in peripheral blood significantly 
decreased in the Flu group and Rif + Flu group compared to 
the Con group (Fig. 7i). These findings suggest that rifaxi-
min treatment can activate ILC3 cells by restoring trypto-
phan metabolism, leading to IL-22 production and enhanced 
resistance to IAV infection.

Effect of rifaximin on influenza A virus altered 
the barrier structure of the lung

As shown in Fig. 8a-d, the western blot results indicated a 
significant reduction in claudin-1 and zo-1 protein levels 
in the lung of the Flu group compared to the Con group 
(Fig. 8a-d). Furthermore, the Rif + Flu group exhibited 
notably elevated expression of zo-1 protein compared to the 
Flu group. However, there was no significant difference in 
the level of occludin protein among the four groups. These 
findings suggest that rifaximin treatment can alleviate lung 
barrier damage induced by IAV infection.

The qPCR findings indicated a significant increase in 
SP-B mRNA in the Flu group, while there was no notable 
distinction between the Con group and the Rif + Flu group 
(Fig. 8e). These results from the determination of tight junc-
tion protein-related gene showed a significant decrease in 
claudin-1 mRNA in the lungs of Rif + Flu and Flu groups. 
Furthermore, the expression of IGF-1 mRNA in the Rif + Flu 
group exhibited a significant increase compared to the other 
groups, as depicted in Fig. 8h. These findings suggested that 
infection with the H1N1 virus enhanced SP-B gene expres-
sion while suppressing proteins involved in tight junctions. 
After activating ILC3 cells and enhancing the expression 

Fig. 5   Effects of influenza virus infection and rifaximin treatment 
on altered gut microbiota tryptophan metabolite composition. a The 
relative abundance of tryptophan, b Indole-3-lactic acid, c 3-indolea-
crylic acid, d 3-indolepropionic acid, e Indole-3-acetic acid, f 
Indole-3-carboxaldehyde, and g Indole-3-glyoxylic acid in the Con, 

Rif + Flu, Rif and Flu groups in the feces microbiota at day 4 post-
infection. Con: Control group; Rif + Flu: Mice were treated with 
rifaximin after H1N1 infection.; Rif: Mice treated with rifaximin; 
Flu: Mice infected with H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. All replicates are biological
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Fig. 6   Effects of influenza virus infection and rifaximin treatment 
on the number of lymphocytes and ILC3s in the lung, peripheral 
blood and small intestine. a Comparison of lung lymphocyte counts 
between the four groups, b Comparison of peripheral blood lympho-
cyte counts between the four groups, c Comparison of small intestine 
lymphocyte counts, d The ratio of lung ILC3s to lymphocyte num-
bers, e The ratio of peripheral blood ILC3s to lymphocyte num-

bers, f The ratio of small intestine ILC3s to lymphocyte numbers, g 
Expression of RORγ protein in lung, h Expression of RORγ protein 
in intestine between the Con, Rif + Flu, Rif and Flu groups at day 4 
post-infection. Con: Control group; Rif + Flu: Mice were treated with 
rifaximin after H1N1 infection.; Rif: Mice treated with rifaximin; 
Flu: Mice infected with H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. All replicates are biological
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of genes related to damage repair, we analyzed the varia-
tions in IFN-γ, ISG-15, and viperin genes among distinct 
treatment groups. As shown in Fig. 8h-i, mRNA levels of 
IFN-γ, ISG-15, and viperin genes were markedly elevated 
in the Flu group and Rif + Flu group. Moreover, expression 
of IFN-γ and ISG-15 was notably higher in the Rif + Flu 
group compared to the Flu group. Additionally, the mRNA 
of the innate immune protein gene IFITM3 decreased in the 
Flu group but significantly increased in the Rif + Flu group 
(Fig. 8l). These findings suggest that the initial phase of 
influenza virus infection is significantly influenced by the 

innate immune response, and rifaximin exhibits a beneficial 
impact on innate immunity.

Discussion

When the influenza virus infects a host, large numbers of 
neutrophils accumulate in lung tissue, causing inflammation 
and damage to the lungs. Meanwhile, influenza viruses can 
metastasize to non-lung tissue via immune cells, leading 
to serious complications (Peteranderl et al. 2016). Hence, 

Fig. 7   Expression of genes and proteins related to ILC3 signaling 
pathway. a AHR mRNA level in the ileum, b IDO1 mRNA level in 
the ileum, c STAT3 mRNA level in the lung, d AHR protein expres-
sion in the ileum, e IDO1 protein expression in the ileum, f STAT3 
protein expression in the lung, g CCL20 mRNA level in the lung, h 
IL-22 concentrations in the lung, i IL-22 concentrations in the periph-

eral blood between the Con, Rif + Flu, Rif and Flu groups at day 4 
post-infection. Con: Control group; Rif + Flu: Mice were treated with 
rifaximin after H1N1 infection.; Rif: Mice treated with rifaximin; 
Flu: Mice infected with H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. All replicates are biological
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it is highly important to uphold the structural integrity of 
the lungs as a means to combat influenza virus transmis-
sion and decrease illness and death rates. Our results showed 
that influenza infection causes inflammation and exudation 
of lung tissue and increased lung mass. The analysis of the 
morphology revealed that during the initial phase of influ-
enza virus infection, there was a rupture in the alveolar 
septum, infiltration of inflammatory cells, and exudation 
of red blood cells. These findings suggest that the immune 
barrier in the lungs has been compromised (Merga et al. 
2014). Furthermore, our research discovered that the intes-
tinal lumen of the colon contracted and became congested 
in mice infected with the influenza virus. The H&E staining 
revealed that infection with the influenza virus resulted in 
structural damage to the colon and intestines, leading to a 
decrease in the length of intestinal glands, crypt atrophy, a 
decrease in goblet cells, epithelial cell necrosis, and infiltra-
tion of inflammatory cells. PCR detection results indicated 
that there was no viral RNA expression in colon tissue, sug-
gesting that colonic mucosal barrier damage is not directly 
related to influenza virus. The results of our research are 
additionally backed by prior studies which discovered that 
H9N2 IAV infection can disturb the ileal mucosal barrier 
in BALB/c mice, resulting in disruption of gut microbiota 

and ultimately leading to bacterial translocation (Lu et al. 
2019). However, the damaging effects of the influenza virus 
on the lungs and intestines were reversed by rifaximin sup-
plementation. The findings suggested that structural growth 
was considerably hindered in the respiratory system and gas-
trointestinal tract following infection with the IAV. However, 
the addition of rifaximin greatly improved this condition.

The homeostasis of intestinal commensal bacteria is 
increasingly affected by influenza virus infection, as evi-
denced by a growing number of clinical cases and mouse 
models. A previous study found that the relative abundance 
of Bacteroides in the small intestine of mice infected with 
H5N1 was significantly reduced while the probiotic Lacto-
bacillus was significantly increased (Groves et al. 2018). 
Consistent with prior research, our findings indicated that 
following infection with the influenza virus, the propor-
tion of Ruminococcaceae_UCG_013, Lachnoclostridium, 
Leucobacter, and Candidatus_Saccharimonas was notably 
reduced in comparison to the Con group. Nevertheless, fol-
lowing infection with the influenza virus and administration 
of rifaximin, mice exhibited enhanced levels of Muribacu-
lum, Erysipelatoclostridium and Papillibacter. Muribacu-
lum, is the first genus found in the Muribaculaceae and 
has been reported to be associated with a better response 

Fig. 8   Effect of rifaximin on influenza A virus altered the bar-
rier structure of the lung. a-d Claudin-1, occludin, and zo-1 protein 
expression, e SP-B mRNA level, f Claudin-1 mRNA level, g zo-1 
mRNA level, h IGF-1 mRNA level, i IFN-γ mRNA level, j ISG-15 
mRNA level, k Viperin mRNA level, l IFITM3 mRNA level in the 

Con, Rif + Flu, Rif and Flu groups at day 4 post-infection. Con: Con-
trol group; Rif + Flu: Mice were treated with rifaximin after H1N1 
infection.; Rif: Mice treated with rifaximin; Flu: Mice infected with 
H1N1. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All rep-
licates are biological
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to immunotherapy (Uribe-Herranz et al. 2018) and trypto-
phan metabolism (Huang et al. 2022). Notably, we observed 
a greater prevalence of genes associated with tryptophan 
metabolism that were enriched in the Rif + Flu group com-
pared to the Flu group. These results suggested that admin-
istering rifaximin following influenza virus infection may 
boost the tryptophan metabolic pathway and the production 
of tryptophan-related metabolites by intestinal microorgan-
isms. Zhang and his colleagues discovered in 2021 that the 
utilization of tryptophan metabolites can serve as signal-
ing molecules, triggering the innate immune response in 
the intestinal mucosa, thereby initiating inflammation at an 
early stage and safeguarding the balance of the intestinal 
microbiota (Zhang et al. 2021).

In order to further confirm our hypothesis, we employed 
LC–MS, a technique combining liquid chromatography and 
tandem mass spectrometry, to identify the metabolites asso-
ciated with the metabolic pathway of tryptophan. The results 
illustrated that the contents of tryptophan, indole-3-lactic 
acid, 3-indoleacrylic acid, and 3-indolepropionic acid in the 
feces of the Flu group were significantly decreased com-
pared with the Con group, indicating that influenza infection 
interfered with the normal intestinal flora and had a negative 
impact on the body's tryptophan metabolism. However, the 
treatment with rifaximin relieved the decrease of tryptophan, 
indole-3-lactic acid, 3-indoleacrylic acid, and 3-indolepropi-
onic acid metabolites caused by influenza infection. Indole-
3-lactic acid, a metabolite derived from tryptophan, plays 
a crucial role in maintaining intestinal immune balance 
by influencing the differentiation of T cells and activating 
natural immunity through the AHR signaling pathway (Cer-
vantes-Barragan et al. 2017). In addition, tryptophan (Kepert 
et al. 2017), 3-indoleacrylic acid (Wlodarska et al. 2017), 
and 3-indolepropionic acid (Venkatesh et al. 2014) all can 
enhance the activity of immune cells in the intestinal lamina 
propria and strengthen intestinal barrier function. The above 
studies indicated that rifaximin treatment can enhance the 
metabolism of tryptophan in intestinal microorganisms, but 
whether rifaximin can promote IL-22 secretion and thus 
regulate intestinal mucosal immunity by regulating AhR 
activation remains to be further explored. 

Lymphocytes play a crucial role in assessing the body's 
immune response in clinical evaluations. When pathogens 
infect the host, it will lead to systemic changes in the number 
of lymphocytes by activating the immune response of the 
body. Hence, the identification of immune cell categoriza-
tion and variations in lymphocyte subsets is crucial for diag-
nosing and distinguishing diseases, assessing the state, and 
predicting the outcome. Our results confirmed that H1N1 
virus infected mice showed an increase in lymphocyte in the 
lungs at the early stage (Fig. 6b), and a significant decrease 
in peripheral blood (Fig.  6c). There was no significant 
change in lymphocytes in the intestine, indicating that there 

was no immune response caused by the invasion of influenza 
virus in the intestine on the 4th day after infection. ILC3 
cells occupy an important function in innate immunity. The 
relationship between ILC3 cells and intestinal commensal 
bacteria is strongly connected (Mortha et al. 2014). By pro-
ducing cytokines, ILC3 cells play a crucial role in maintain-
ing immunity and homeostasis, while also contributing to 
the control of the overall immune response (Ardain et al. 
2019; Sonnenberg et al. 2011a, b). RORγ is a specific tran-
scription factor of ILC3 cells. Our results showed that ILC3 
cells in the mouse ileum increased significantly after influ-
enza infection (Fig. 6g), and the number of ILC3 cells in the 
lung and peripheral blood increased slightly (Fig. 6e-f). The 
percentage of ILC3 cells in the mouse lungs in the Rif + Flu 
group showed a significant increase, although it was lower 
compared to the increase observed in the intestinal region 
of the Flu group. This might be due to the response speed of 
microorganisms to ILC3 cells.

There are multiple pathways to activate ILC3 cells in 
the intestine. The tryptophan metabolite- indole organic 
acid can be directly activated by binding to AhR on ILC3 
cells (Gronke et al. 2019). By combining the findings from 
LC–MS analysis, the investigation determined the AhR 
pathway in ILC3 cells. Interestingly, a notable decrease in 
the expression of IDO1, a crucial enzyme that regulates 
AhR and tryptophan metabolism, was observed in the Flu 
group. These results suggested that influenza virus infection 
impacts the activation of ILC3 cells mediated by microor-
ganisms. However, this did not align with the rise in the 
quantity of ILC3 cells in the gut, necessitating further inves-
tigation into the activation mechanism of ILC3 cells during 
influenza infection. Rifaximin drug treatment maintained 
the expression of AhR and IDO1 proteins in the intestine, 
suggesting that the tryptophan metabolism pathway associ-
ated with intestinal microbes was stabilized to ensure the 
activity of ILCs in the intestine and resist pathogen invasion. 
ILC3 cells are the main source of IL-22 at the early stage of 
infection (Sonnenberg et al. 2011a, b). IL-22 is generated 
via the STAT3 signaling pathway following the activation 
of ILC3 cells, and this pathway is crucial for preserving the 
immune barrier. During the experiment, there was a notable 
rise in the IL-22 levels in the lung tissue of mice infected 
with influenza, while a significant decrease in IL-22 was 
observed in the peripheral blood. Following the adminis-
tration of rifaximin, there was an augmentation in IL-22 
release within the pulmonary tissue of mice, with the pre-
dominant presence of ILC3 cells observed in the intestinal 
lamina propria. The increase in the amount of ILC3 cells and 
IL-22 secretion in the lung tissue was suspected to be related 
to cell migration. LTi + ILC3 cells express CCR6, which is 
regulated by the chemokine CCL20 and has the ability to 
migrate. Measurement was conducted to determine the level 
of CCL20 gene expression in lung tissue, and the results 
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revealed a significant increase in CCL20 mRNA expression 
in the lungs of the Flu group, suggesting the migration of 
ILC3 cells. The Rif + Flu group exhibited a notably elevated 
expression of the CCL20 gene compared to the Flu group, 
aligning with the findings on the content of ILC3 cells in the 
lungs. This indicates that preserving the structure and func-
tion of intestinal microbes promotes the migratory response 
of ILC3 cells and sustains mucosal immunity in the lungs.

The host defense and tissue repair functions of ILC3 
cells are mainly mediated by IL-22. IL-22 is essential for 
maintaining lung structure and function after influenza 
infection, and it also helps prevent secondary bacterial 
pneumonia (Kudva et al. 2011). The detection of STAT3 
and crucial immune barrier genes in lung tissue confirmed 
that the Rif + Flu group, which had a high IL-22 expres-
sion, exhibited notably elevated STAT3 expression com-
pared to the Flu group. Consequently, STAT3 stimulated 
the upregulation of IGF-1 and SP-B genes, facilitating 
the recovery of lung damage. IL-22 helps promote the 
expression of tight junction proteins (Barthelemy et al. 
2018). This investigation verified that the elevated secre-
tion of IL-22 could mitigate the harm caused by influenza 
virus infection to the tight junction proteins Claudin-1 
and ZO-1. In addition, the high expression of IGF-1 and 
MUC2 mRNA verified that IL-22 enhances epithelial cell 
metabolism and guarantees mucin secretion. Prior research 
has discovered that IL-22 has a significant function in trig-
gering the antiviral innate immune reaction (Swaim et al. 
2020), inhibiting the replication of the influenza virus 
(Waheed and Freed 2007), and killing the target cells of 
viral infection (Kenney et al. 2019). Additionally, our 
research revealed that IL-22 can enhance the production 
of antiviral genes IFN-γ, ISG-15, viperin, and IFITM3 dur-
ing the initial phase of influenza virus infection, further 
confirming the previous perspective.

To summarize, rifaximin enhanced the activation of ILC3 
cells by stabilizing the composition of the gut microbiota, 
facilitating their migration to the lungs, and subsequently 
inducing the production of IL-22 through the tryptophan 
metabolic pathway of commensal bacteria residing in the 
intestines. IL-22 then aided in repairing the damage caused 
by influenza infection during the initial phase, contribut-
ing to the regulation of the innate immune response against 
viruses and defending against viral invasion. Therefore, 
rifaximin has the potential to become an adjuvant drug for 
the treatment of influenza through the intestinal symbiotic 
bacteria/tryptophan metabolic/ILC3 cells/AHR/STAT3 
pathway.
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