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A B S T R A C T

Background: The extensive community of gut microbiota significantly influences various biolog
ical functions throughout the body, making its characterization a focal point in biomedicine 
research. Over the past few decades, studies have revealed a potential link between specific gut 
bacteria, their associated metabolic pathways, and influenza. Bacterial metabolites can commu
nicate directly or indirectly with organs beyond the gut via the intestinal barrier, thereby 
impacting the physiological functions of the host. As the microbiota increasingly emerges as a ‘gut 
signature’ in influenza, gaining a deeper understanding of its role may offer new insights into its 
pathophysiological relevance and open avenues for novel therapeutic targets. In this Review, we 
explore the differences in gut microbiota between healthy individuals and those with influenza, 
the relationship between gut microbiota metabolites and influenza, and potential strategies for 
preventing and treating influenza through the regulation of gut microbiota and its metabolites, 
including fecal microbiota transplantation and microecological preparations.
Methods: We utilized PubMed and Web of Science as our search databases, employing keywords 
such as “influenza,” “gut microbiota,” “traditional Chinese medicine,” “metabolites,” “prebiotics,” 
“probiotics,” and “machine learning” to retrieve studies examining the potential therapeutic 
connections between the modulation of gut microbiota and its metabolites in the treatment of 
influenza. The search encompassed literature from the inception of the databases up to December 
2023.
Results: Fecal microbiota transplantation (FMT), microbial preparations (probiotics and pre
biotics), and traditional Chinese medicine have unique advantages in regulating intestinal 
microbiota and its metabolites to improve influenza outcomes. The primary mechanism involves 
increasing beneficial intestinal bacteria such as Bacteroidetes and Bifidobacterium while reducing 
harmful bacteria such as Proteobacteria. These interventions act directly or indirectly on metab
olites such as short-chain fatty acids (SCFAs), amino acids (AAs), bile acids, and monoamines to 
alleviate lung inflammation, reduce viral load, and exert anti-influenza virus effects.
Conclusion: The gut microbiota and its metabolites have direct or indirect therapeutic effects on 
influenza, presenting broad research potential for providing new directions in influenza research 
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and offering references for clinical prevention and treatment. Future research should focus on 
identifying key strains, specific metabolites, and immune regulation mechanisms within the gut 
microbiota to accurately target microbiota interventions and prevent respiratory viral infections 
such as influenza.

1. Introduction

Influenza viruses are single-stranded, negative-sense RNA viruses from the Orthomyxoviridae family [1]. They are typically round 
or filamentous and are classified into A [2], B [3], C [4], and D [5] according to their different nuclear proteins, but only A, B, and C are 
known to infect humans, with influenza A and B viruses are the most common [6]. Influenza is one of the common respiratory in
fectious diseases that causes seasonal epidemics and unpredictable pandemics around the world every year, mainly during winter and 
spring [7,8]. According to the World Health Organization, there are approximately 4 million influenza cases and about 500,000 deaths 
annually [9]. Current prevention and treatment methods include effective vaccines and specific antiviral drugs [1]. However, these are 
only effective in the early stages of infection, have side effects, and face some challenges like drug resistance and viral mutations, 
making the search for new prevention and treatment strategies crucial.

There are approximately 100 trillion symbiotic microorganisms in the human body, which are ten times larger than human cells 
and mainly located in the gastrointestinal tract, known as the gut microbiota [10]. They play an important role in maintaining human 
health, such as promoting mucosal development, helping the body to metabolize nutrients, providing resistance to intestinal in
fections, and maintaining intestinal barrier function [11,12]. In addition, beyond local effects, the gut microbiota also has systemic 
impacts outside the gastrointestinal tract, producing short-chain fatty acids (SCFAs) and other metabolites that play significant 
anti-inflammatory roles and influence neurotransmitter synthesis and transport [13–15]. Recent studies have highlighted the gut 
microbiota’s impact on distant organs like brain, lungs, and liver, leading to concepts such as the gut-brain [16], gut-lung [17], and 
gut-liver axis [18], with the gut-lung axis receiving particular attention. The gut microbiota is involved in a variety of acute/chronic 
respiratory diseases, including chronic obstructive pulmonary disease, acute lung injury, and lung cancer [19–21]. While diet pri
marily influences the gastrointestinal microbiota, respiratory viral infections, broad-spectrum antibiotic use, and chronic inflamma
tion can also cause changes. Research indicates that these changes result from gut inflammation due to the lung’s inflammatory 
response rather than direct viral action [22]. Broad-spectrum antibiotics, used before influenza season, can alter the gut microbiome, 
increasing inflammation and dendritic cell activation, disrupting metabolism, and weakening the immune response to influenza 
vaccination. This underscores the critical role of gut microbes in regulating immunity [23]. Furthermore, germ-free mice lacking gut 
microbiota showed significantly reduced antimicrobial peptide expression, reduced effector B cells, and inadequate T cell function, 
making them susceptible to influenza virus infection [24,25]. Therefore, the gut microbiota has a potential link with influenza virus 
infection and may be a therapeutic target. In the case of viral respiratory infections caused by influenza viruses, treatment with an
tibiotics can also have an impact on the gut microbiota, thereby weakening the host’s innate and adaptive defenses [26–29]. The 
composition and homeostasis of the gut microbiota are crucial for maintaining the health of the host. Based on the above evidence, 
regulating the gut microbiota to prevent and treat the influenza virus is a promising research direction.

2. Methods

We utilized PubMed and Web of Science as our search databases, employing keywords such as “influenza,” “gut microbiota,” 
“traditional Chinese medicine,” “metabolites,” “prebiotics,” “probiotics,” and “machine learning” to retrieve studies examining the 
potential therapeutic connections between the modulation of gut microbiota and its metabolites in the treatment of influenza. The 
search encompassed literature from the inception of the databases up to December 2023.

3. Potential association of gut microbiota and its metabolites with influenza

3.1. Differences in intestinal flora between healthy people and influenza people

The human gut hosts approximately 40 trillion microorganisms, including around 1000 different types of bacteria, with pop
ulations reaching magnitudes of 1013~1014. Among these, about 30–40 types are commonly found [30]. The total mass of gut 
microbiota is roughly 1 kg, comparable to the weight of the human brain, earning it the nicknames “second gene pool” or “second 
brain,” due to its significant influence on host health [31,32]. In healthy individuals, gut microbiota colonizes the intestines in a 
balanced and stable manner, working alongside the intestinal mucosal barrier and bacteriostatic substances to maintain intestinal 
microecology. The gut environment predominantly supports six bacterial groups: Firmicutes, Bacteroidetes, Actinobacteria, Proteobac
teria, Verrucomicrob, and Fusobacteria [33], Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria constitute 99％ of the intestinal 
bacteria in the four phylum [32]; At the genus level, Bifidobacterium, Bacteroides, Blautia and Faecalibacterium are the most abundant 
[34,35]. Over time, the gut microbiota has evolved through the host’s self-adaptation and natural selection, maintaining a dynamic 
balance among the flora of different species, the flora and the host, and the flora and the host and the environment. This balance forms 
an interdependent system crucial for systemic metabolic homeostasis and overall host health.

Existing studies have demonstrated that in sepsis patients, the gut microbiota often becomes the source of bacteria in the lungs post- 
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sepsis. This suggests that microorganisms colonizing the respiratory and digestive tracts form the basis for the lung-gut axis’s bidi
rectional interaction, directly influencing tissue function and disease progression or recovery [36]. In an experiment on the rela
tionship between influenza virus and gut microbiota, results indicated that compared with the normal control group, the mice infected 
with influenza virus showed an increased abundance of Proteobacteria and Elusimicrobia increased at the phylum level and a decreased 
abundance of Bacteroidetes decreased. At the genera level, though the intestinal microbiota of different genera showed different re
sponses to influenza virus infection, they conjectured that Lachnospiraceae_NK4A136_group, Parasutterella, Lactobacillus, and Bifido
bacterium may have the most prominent has the most. Furthermore, this test has also proved the anti-influenza effect of Bifidobacterium 
animalis. Hosts could enhance their resistance to influenza by increasing Bifidobacterium animalis in their intestines, suggesting its 
potential use in influenza prevention and as a prognostic indicator [37]. Additional studies confirmed that influenza viruses further 
increase the abundance of Proteobacteria and Salmonella by inducing the expression of type I interferon in the lungs [38]. In the mice 
model of respiratory syncytial virus and influenza virus infection, it was found that the abundance of Bacteroidetes increased and 
Firmicutes decreased in the intestinal tract compared with the normal group [39]. A significant increase in Escherichia coil was also 
found in avian influenza infected chicken models, while Lactobacillus, Enterococcus, and other probiotic organisms were significantly 
reduced [40]. Under normal circumstances, we found that Bacteroidetes in the intestine induced the production of IFN-β by the 
dendritic cells of the colon through the TLR4-TRIF signaling pathway to regulate the IFN-I response and enhance the anti-influenza 
virus effect [41]. Lipocalin 2 (LCN2)− /− mice exhibited inhibited dendritic cell function, leading to overactive CD8+T cells during 
influenza infection, higher mortality, and a more pronounced immune response. This demonstrates that LCN2 modulates dendritic cell 
activity and antiviral immune responses in a microbiome-dependent manner [42]. The effects of influenza A (H1N1) virus on the 
respiratory tract and gastrointestinal tract microbial structure and function of German Landrace Pigs were analyzed by a multi-omics 
method, and the richness and diversity of the respiratory tract and gastrointestinal tract microorganisms in German Landrace Pigs were 
significantly changed. Compared with the normal group, the abundance of Prevotellaceae increased, and the abundance of Clos
tridiaceae and Lachnospiraceae decreased [43].

These findings indicate that influenza virus has a significant impact on the gut microbiota. The changes in gut microbiota structure 
and quantity caused by different virus types or even different strains of the same virus are not the same. However, the overall 
manifestation is that compared with uninfected individuals, the number and abundance of probiotics in the gut microbiota of influenza 
infected individuals decrease, while the number and abundance of bacteria increase.

3.2. The association of metabolites of gut microbiota with influenza

The gut microbiota can metabolize nutrients into beneficial products, such as SCFAs, amino acids (AAs), tryptophan (TRP), bile 
acids, monoamines, and cannabinoids. These metabolites act as communication mediums between the microbiota and the host, 
playing a crucial role in maintaining host physiology. They can directly or indirectly interact with organs outside the gut, including the 
lungs, influencing the host’s physiological functions. Notably, there are significant links between gut microbiota metabolites and 
influenza (Fig. 1).

Fig. 1. Effects of gut microbiota and its metabolites on influenza in normal and influenza patients.
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3.2.1. SCFAs and influenza
SCFAs, one of the important metabolites of intestinal microorganisms, are mainly composed of acetate, propionate, and butyrate. It 

plays a key role in regulating host metabolism, immune system, and preventing excessive inflammation [44,45]. Influenza virus 
infection reduces SCFAs production and impairs intestinal barrier function, increasing susceptibility to secondary intestinal bacterial 
infections. Supplementing SCFAs during influenza can mitigate the translocation of enteric pathogens like Salmonella Typhimurium 
and improve survival rates from co-infections [46]. Additionally, the concentrations of SCFAs in the cecum and colon contents of 
influenza virus-infected mice were reduced in a time-dependent manner, suggesting that intestinal SCFAs could be used as an 
important marker for predicting influenza [47]. It is well known that dietary fiber is digested in the intestines, but it is worth noting 
that dietary fiber is not digested by host digestive enzymes at the front end of the intestine. These fermentation products influence the 
host’s immune response, extending beyond the gut to enhance lung immune capacity and reduce inflammation in both the gut and 
lungs [44]. It has been found that Bifidobacterium pseudopodium NjM1, isolated from the intestinal flora of NLRP3− /− mice, can protect 
normal mice from IAV infection. The mechanism is that NjM1 can metabolize acetate and then act on GPR43 receptor, and NLRP3 
Bridges GPR43 and MAVS. Through NLRP3 signaling pathway, MAVS oligomerization and signal transduction are promoted, and IFN-I 
synthesis is enhanced, thus achieving an anti-IAV infection effect [48]. The experiment demonstrated that the 
acetate-GPR43-NLRP3-MAVS-IFN-I signaling axis could be used as a potential target against respiratory influenza infection. Influenza 
mice fed a high-fiber diet (HFD) considerably increased in the proportion of Bacteroidaceae together with a reduction in the numbers of 
operational taxonomic units (OTUs) belonging to the Firmicutes phylum, and also stimulated the growth of the Bifidobacterium and 
Bacteroides. Simultaneously, this diet shaped Ly6c-patrolling monocytes leading to an increase in numbers of alternatively activated 
macrophages, a decrease in CXCL1 levels and airway neutrophils levels, and activation and alteration of CD8+T cells, enhancing 
adaptive immunity, thus achieving an antiviral effect [49]. Through gut microbiota and proteomic analysis, Flammulina velutipes 
polysaccharide can lead to an increase in SCFAs, as well as an increase in the relative abundance of SCFAs-producing Bacteroides and 
Alloprevotella, while the abundance of Lachnospiraceae_NK4A136_group and f_Lachnospiraceae_Unclassified decreased. This indicates 
that Flammulina velutipes polysaccharide regulates intestinal microbiota structure and improves flora balance, thereby regulating the 
immune-related proteins Transferrin receptor protein 1 (TFRC) and Radical S-adenylyl methionine domain-containing protein 2 
(RSAD2), achieving the purpose of anti-influenza virus [50]. This proves that dietary fiber and SCFAs can prevent influenza by 
reducing tissue injury and enhancing adaptive immunity.

SCFAs can resist influenza virus by adjusting the intestinal flora structure of the host infected by influenza virus, such as increasing 
the number of beneficial bacteria such as Bifidobacterium and Bacteroides, and enhancing immune adaptability.

3.2.2. Amino acids and influenza
Branched-chain amino acids (BCAAs) are essential nutrients that link the gut and lungs. They are essential AAs that cannot be 

synthesized by themselves and can only be obtained from food, including leucine, isoleucine, and valine [51]. After the body eats a diet 
rich in protein (such as milk, meat, dairy products, etc.), the circulating BCAAs level can be increased by 2–3 times and can be reduced 
to the baseline level within 3 h [52]. BCAAs degradation is mainly carried out in the liver, heart, and skeletal muscle, and the stability 
of BCAAs level in vivo is finely regulated by many factors. Leucine, isoleucine, and valine are each reversibly generated into their 
corresponding branched chains via BCAAs aminotransferase (BCAT) catalysis α Ketoacid (BCKA) [53]. BCAAs are considered to be 
“potential biomarkers” of body health and play an important role in protein synthesis, secretion, and release of hormones such as 
insulin and growth hormone [54]. Studies have shown that intestinal microbiota disorder induced high levels of BCAAs in influenza 
mice after gentamicin treatment, thereby inhibiting the development of CD11b + Ly6G + cells and increasing the level of CD8+T cells, 
resulting in an increased degree of influenza virus infection [55]. Conversely, CD11b + Ly6G + cell transplantation has a protective 
effect on influenza virus infection, suggesting that high levels of BCAAs disrupt the body’s immune balance, thereby increasing the 
body’s susceptibility to influenza viruses. In addition, the AAs aspartate 605 and valine 606 are involved in the transcription and 
replication of influenza viruses by interacting with nucleoproteins (NP), and this interaction is disrupted when they are replaced [56]. 
In a mouse study of the H7N9 influenza virus, survival was increased and weight loss was enhanced by oral administration of valine or 
intraperitoneal injection of coenzyme A. Oral administration of isoleucine had little or no significant effect. However, in in vitro 
experiments, valine had no anti-influenza virus effect, which demonstrated that its anti-influenza effect may be indirect. Further 
experiments demonstrated that oral administration of valine or intraperitoneal injection of coenzyme A reduced the titer of H7N9 
influenza virus and decreased the expression of inflammatory factors like IL-1β, IL-6, and IL-10, suggesting that the anti-influenza 
effect of valine may be attributed to its immunomodulatory properties after influenza infection, and that, on the other hand, the 
anti-influenza effect of coenzyme A may be due to its stimulation of the innate immune response in advance [37]. Another study found 
that intestinal microbiome-associated metabolite desaminotyrosine (DAT) protects against influenza by enhancing type I IFN signaling 
and reducing lung immunopathology, and confirmed in further experiments that intestinal Clostridium orbiscindens produced DAT to 
protect mice infected with influenza [51].

TRP is an amino acid necessary for the protein synthesis process in humans and animals and must be obtained from the diet. Its 
deficiency can impair gut immunity and alter the gut microbiome [57]. TRP can be directly absorbed by bacteria in the gut, mainly 
including three metabolic pathways: (1) Kynuridine pathway, about 95 % of human tryptophan is metabolized by indoleamine 2, 
3-dioxygenase (IDO) and tryptophan 2, 3-dioxygenase to produce kynuridine [58]; (2) In the 5-HT pathway, 1 %–2 % of tryptophan in 
the body produces 5-HTP under the action of TPH1 and TPH2, and 5-HTP finally decarboxylates to produce 5-HT [59]; (3) Microbial 
pathway: Under the coordinated action of intestinal symbiotic microorganisms, tryptophan can be directly transformed by bacterial 
enzymes into indole derivatives, such as indole-acetic acid, indole-3-aldehyde and skatine [60]. By examining the metabolites present 
in human plasma, TRP metabolism was identified as an important metabolic pathway in response to influenza. In a mouse model of 
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influenza infection, kynurenine was found to decrease in the elderly lung in an IDO1-dependent manner, due to age-related mito
chondrial dysfunction leading to IDO1 expression and kynurenine pathway-mediated changes in TRP metabolism. The use of mito
quinol, a mitochondria-targeting antioxidant, improved mitochondrial dysfunction, and IDO1-mediated TRP to kynuridine 
metabolism in the lungs of elderly mice, thereby improving the host innate immune response and reducing morbidity and mortality 
during influenza [61]. In addition, influenza virus infection can increase IDO activity, resulting in a decrease in TRP, an increase in 
kynurenine, and an increase in the expression of inflammatory mediators, and inhibiting IDO activity or supplementing TRP may be a 
good therapeutic strategy to prevent influenza virus [62].

Overall, AAs like leucine, valine, and tryptophan play significant roles in combating influenza by enhancing the host’s innate 
immune response. While current studies do not show a similar role for isoleucine, these findings highlight the importance of gut 
microbiota metabolites in influenza prevention and treatment. They primarily reduce the titer of the influenza virus by improving the 
innate immune response of the host.

3.2.3. Bile acids and influenza
Bile acids are metabolites produced in the liver through complex enzymatic reactions of cholesterol substances and secreted into 

the intestine, mainly including cholic acid (CA) and chenodeoxycholic acid, whose function is to emulsify, digest, and absorb lipids and 
fat-soluble vitamins [63]. When secreted bile acids pass through the intestine, they are reabsorbed in the ileum and returned to the 
liver via the portal vein. This entero-hepatic cycle is essential for maintaining the stability of bile acids and cholesterol. About 95 % of 
the primary bile acids are reabsorbed into the liver through the entero-hepatic cycle, and only 5 % of the primary bile acids are 
structurally modified by the microbiota in the intestine, a small fraction of uncoupled secondary bile acids are enriched in the 
enterohepatic circulation and may act as signaling molecules in the host to alter the structure of the gut microbiota [64]. Studies have 
shown that high-temperature exposed mice raise their basal body temperature to more than 38 ◦C, prompting the gut microbiota to 
produce more bile acids. Intestinal microbiota-derived deoxycholic acid (DCA) and its plasma membrane-binding receptor Takeda G 
protein-coupled Receptor 5 (TGR5) signaling increase host resistance to influenza virus infection by inhibiting viral replication and 
neutrophil-dependent tissue damage [65]. Taurocholic acid is a kind of bile acid. Sodium taurocholate hydrate (STH) inhibits influenza 
virus replication, reduces influenza virus RNA, complementary RNA, and mRNA levels, and exhibits broad-spectrum antiviral activity 
against a variety of influenza viral strains (H5N6, H5N1, H1N1, H3N2). Moreover, STH reduced the expression of inflammatory factors 
(TNF-α, IL-1β, IL-6) in influenza virus-infected mice, attenuated their clinical symptoms, inhibited weight loss, and reduced their 
mortality, which was attributed to STH’s role in influenza resistance through the inhibition of the activation of the NF-B pathway [66].

Chenodeoxycholic acid has been shown to inhibit rotavirus [67], hepatitis B virus, and hepatitis D virus [68]. Whether it also has 
inhibitory effects on influenza viruses has also been discussed, and it is now clear that chenodeoxycholic acid has an inhibitory effect 
on influenza A viruses (H5N1, H9N2, and H1N1), and that it is able to inhibit the replication of influenza A viruses by blocking the 
nuclear export of the virus RNA complex as a result of a reliable cellular assay [69]. Therefore, chenodeoxycholic acid can be used as a 
new strategy to treat influenza. In addition, data from an elderly influenza vaccination suggests that the immune response of vacci
nation may be regulated by differences in bile acid metabolism, and its mechanism lies in their downstream capacity to induce genes 
associated with B-cell function and the ER stress pathway. This suggests that bile acid measurement may be a potential proxy for the 
efficacy of trivalent inactivated influenza vaccine (TIV) in the elderly [70].

The antiviral activity of bile acids should not be ignored, and they may have broad-spectrum antiviral activity. Existing studies have 
shown that they inhibit the replication of influenza virus mainly by blocking the output of viral RNA, and bile acids may also affect the 
immune response to vaccination, and its specific mechanism is worthy of further study.

3.2.4. Monoamine neurotransmitters and influenza
Neurotransmitters are chemical messengers responsible for transmitting information in the nervous system, including cholines, 

monoamines, AAs, and neuropeptides. 5-hydroxytryptamine (5-HT), dopamine, and norepinephrine (NE) are the three most common 
monoamine neurotransmitters, which play essential roles in maintaining homeostasis and improving mood disorders. 5-HT is an 
inhibitory neurotransmitter widely present in the cerebral cortex and synapses, which is converted by tryptophan catalyzed by 
tryptophan hydroxylase II (TPH2). The gut flora can regulate 5-HT levels in the brain through various mechanisms [71,72]. For 
instance, infection of mother mice with influenza virus(H1N1) can lead to an increase in the expression level of 5-HT2A receptors in 
offspring adult mice, and some highly pathogenic influenza viruses may replicate in the lungs and extrapulmonary tissues of offspring 
mice [73]. It has been proved that compared with oseltamivir alone, the combination of selective serotonin Reuptake inhibitor (SSRI) 
sertraline and oseltamivir reduces H1N1 virus-induced lung inflammation and mortality [74]. Dopamine is the most abundant 
catecholamine neurotransmitter in the brain, which is involved in the regulation of many neurophysiological functions. It has been 
shown that the disturbance of gut flora can significantly increase the amount of dopamine in the brain [75–77]. Oseltamivir affects 
dopamine D levels by regulating gut microbiota, thereby causing hypothermia in influenza mice [78]. In addition, the combination of 
neuraminidase inhibitors zanamivir with celecoxib and mesalazine improved the survival of mice infected with highly pathogenic 
influenza A H5N1 virus strains [79]. After deprivation of NE acting on lymphocytes through β-adrenoceptor influences antibody 
response, find that Propranolol decreased the total quadrivalent inactivated influenza vaccine (QIV) antigen-specific IgG titer in mice 
infected with influenza virus [80]. Severe influenza virus infection can cause elevated NE and promote psychological symptoms of 
infection [81].

Further exploration is needed to determine whether monoamine neurotransmitters have anti-influenza virus effects, and the 
mechanism between their antiviral effects and gut microbiota is not yet clear. Changes in gut microbiota structure may affect 
neurotransmitter changes, thereby exerting indirect antiviral effects.
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4. Regulate gut microbiota and its metabolites to treat influenza

4.1. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a new measure to transplant the intestinal flora in the stool of healthy people into the 
intestine of patients in a certain way, restore the microbial diversity by changing the recipient microflora, and then correct the 
imbalance of the intestinal flora of patients, so as to treat or assist the treatment of diseases [82]. Fecal microflora can be transported 
into the digestive tract not only by oral administration and enema but also through nasogastric tube, nasoduodenal tube, endoscopic 
intestinal tube grafting, or colonoscopy. Studies have shown that IAV mainly disrupts the airway epithelial tight junction, resulting in 
acute respiratory distress syndrome, and that gastrointestinal symptoms often co-occur with IAV infection, suggesting that the gut-lung 
axis is involved in the host response to IAV. A significant reduction in SCFAs, especially acetate, was found in IAV-infected patients and 
mice. At the phylum level, the relative abundance of Actinomycetes decreased, while that of Proteobacteria increased. At the genus level, 
the relative abundance of Bacteroides, Bifidobacterium, and Ackermannia was low. In mice after FMT, these conditions were reversed, 
reducing lung inflammatory damage and confirming that acetate may be an important mediator of the gut-lung axis. Further ex
periments demonstrated that acetate activated GPR43, restored some IAV-induced airway epithelial barrier function, and reduced 
TNF-α, IL-6, and IL-1β levels [83]. FMT was able to effectively regulate the antibiotic-induced structural disorder of the intestinal 
microbiota in influenza-infected mice. Jie Gao et al. [84]found that in antibiotic-treated and IAV-infected mice, intestinal microbiota 
was disrupted, with the relative abundance of Enterobacteriaceae increasing while that of other flora such as Akkermansiaceae and 
Muribaculaceae decreasing. After treatment with probiotics and FMT, Enterobacteriaceae declined and Bacteroidaceae and other bacteria 
groups recovered. Furthermore, TLR7, MyD88 and NF-κB p65 mRNA were significantly expressed in antibiotic-treated and 
IAV-infected mice, and all three proteins were down-regulated in the probiotic and FMT groups. However, in TLR7− /− mice, there was 
no significant difference in expression among antibiotic treatment and IAV-infected mice, probiotics, and FMT groups, which also 
demonstrated that probiotics and FMT could regulate Th1/Th2 and Th17/Treg imbalances. This suggests that probiotics and FMT 
regulate the TLR7/NF-κB signaling pathway to regulate the balance of Th1/Th2 and Th17/Treg by restoring the imbalance of intestinal 
microbiota caused by influenza virus, alleviating intestinal and lung inflammation. Previous studies have found that the activation 
level of immune cells in mice with humanized microbiota is poor. Therefore, a Gnotobiotic Pig Model was selected to colonize the gut 
microbiota of obese and healthy children, infected with zoonotic influenza virus strains at 2, 3, and 5 weeks after transplantation. 
Researchers have found that Gnotobiotic pigs infected with the gut microbiota of obese children have lower levels of Firmicutes 
(Lactococcus, Lactobacillus, Turicibacter, and Streptococcus) and Actinobacteria (Bifidobacterium), and higher levels of Proteobacteria 
(Klebsiella), Bacteroidetes, and Verrucomicia (Akkermansia) compared to Gnotobiotic pigs infected with the gut microbiota of healthy 
children. Further investigation revealed that the Gnotobiotic Pig, which infects the gut microbiota of obese children, promotes immune 
maturation and activates the expression levels of IL-6, IL-12, TNF-α, and IFN-γ pro-inflammatory factors mediated by influenza virus, 
particularly in the fifth week. However, the viral load of the two groups of Gnotobiotic Pigs was comparable [85]. In addition, 
transplanting of bat gut microbiota into H1N1-infected mice, we can see that it regulates the gut microbiota by increasing the richness 
of Proteobacteria, Lactococcus, Enterobacteriaceae, and Enterococcusin, but interestingly, The richness of Enterobacteriaceae and 
Enterococcus decreased gradually over time. CD3+ and NK cells can also be activated, and also disappear over time to reduce tissue 
damage and reduce viral titers. This may be related to the presence of high levels of flavonoid and isoflavonoid metabolites in the bat 
gut flora, which enhance viral tolerance and exert antiviral effects in virus-infected individuals [86].

In viral infections, it is important to mention type I interferons (IFNs), which are key modulators between pathogens and hosts. IFN 
as the first line of defense against viral infection, by using IAV-infected mouse models, IFN-κb was found to be one of the first type I 
IFNs to respond to H9N2 infection, and IFN-κb was shown to effectively inhibit the replication of multiple influenza viruses in cultured 
human lung cells. Therefore, inhibition of the IFN-κ-specific pathway of IAV can be used as evidence for the prevention and treatment 
of IAV [87]. At the same time, we found that fine-tuning of the IFNs pathway attenuates immune or pathological damage to the host 
while exerting antiviral protection, such as down-regulation of IFNAR1 prevents early replication of influenza viruses [88]. IFN-I 
induces transcription of mainly interferon-stimulated genes (ISGs). ISGs encode proteins with multiple antiviral functions. The 
decrease in interstitial lung cell ISGs induced by antibiotic use increases susceptibility to influenza virus [89]. However, FMT reverses 
this and increases the IFNs signaling pathway and IFN-driven antiviral status in the interstitium of the lung, thereby enhancing 
protection against influenza virus infection [90].

4.2. Microecological preparation

4.2.1. Probiotics
Probiotics, serving as a common gut microbial regulator, affect the gut microbial diversity, structure, and composition. Probiotic 

treatment is able to alter the metabolic activity of gut microbiota and the metabolites including SCFAs, are closely associated with the 
host immune response [91,92]. Clinically commonly used probiotics include Bifidobacterium, yeast, bacillus, and Lactobacillus [93]. 
Upon entering the intestine, probiotics help balance intestinal microorganisms, enhance the barrier function of intestinal epithelial 
cells, inhibit the growth and adhesion of pathogenic microbes, regulate the immune system, and promote the host’s health and growth 
[94–96]. For instance, Lactobacillus gasseri SBT2055 (LG2055) is a probiotic lactic acid bacterium known for its bile tolerance and 
ability to improve the intestinal environment. LG2055 can inhibit viral replication by upregulating Mx1 expression in macrophages 
and inducing antiviral genes Mx1 and Oas1a in lung tissues, thereby reducing viral titers and inflammation in the lungs, which is 
beneficial for treating influenza [97]. Similarly, the oral Lactobacillus pentosus b240 strain also has the effect of resistance to influenza 
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virus, which is achieved by increasing the secretory immunoglobulin A and immunoglobulin G in the body to enhance immunity [98]. 
Lactiplantibacillus plantarum 0111 is a natural strain from the mouse intestine that restores the reduction of Lactobacillus and Faeca
libaculum induced by H9N2 infection and maintains the balance of the intestinal flora. It can stimulate the elevated expression of IFN-β, 
ISGs, and IgA, enhance the gut microbiota-mediated innate and acquired immune responses, and improve the protection against 
influenza viruses, and it is very promising to become a probiotic for the prevention and treatment of influenza viruses [99]. In the study 
of avian influenza viruses, especially in chickens, there is also an inevitable link between changes in gut microbiota and influenza 
viruses. After infection with H9N2 subtype avian influenza virus, the expression of IgG titer and interferon-γ in spleen cells treated with 
FMT was significantly increased compared with that of chicken treated with antibiotics alone, and the number of Firmicutes, Bacter
oides, Lactobacillus, and Alphaproteobacteria were also significantly increased. This may explain, in part, that changes in the immune 
response after influenza virus vaccination may be related to the composition of the gut microbiota [100]. A similar conclusion was 
reached in another study, Lactobacillus probiotics can increase the expression of interferon-γ gene in chicken spleen cells and enhance 
the immunogenicity of H9N2 influenza virus inactivated vaccine [101]. The mechanism varies with different probiotic strains on 
alleviating influenza virus infection. Studies have found that Lactobacillus mucosae 1025 significantly reduced the loss of body weight, 
pathological symptoms, and viral loading and restored the relative abundance of Firmicutes and Deferribacter. Bifidobacterium breve 
CCFM1026 significantly reduced the proportion of neutrophils and increased lymphocytes, the expressions of TLR7, MyD88, TRAF6, 
and TNF-α, and increased Bacteroidetes, decreased Firmicutes to restore the immune disorders. However, their mixture of MIX decreased 
viral loading and increased the antiviral protein MxA expression, which was closely associated with the increased butyrate production 
resulting from gut microbial alteration [102].

4.2.2. Prebiotics
Prebiotics are defined as “non-digestible food ingredients that beneficially affect the host by selectively stimulating the growth 

and/or activity of one or a limited number of bacteria in the colon” [103], it does not have a direct effect but can promote the growth of 
probiotics. Prebiotics, which include inulin, fructo-oligosaccharides (FOS), and galacto-oligosaccharides (GOS), have been shown to 
increase the number of beneficial bacteria such as Bifidobacterium and Lactobacillus in animal and human gut microbes and improve the 
immune effect of influenza vaccines [104–106]. GOS/FOS increased the proportion of Bifidobacterium and Lactobacillus in a murine 
influenza vaccination model feces in a dose-dependent manner. Dietary intervention with the prebiotic FOS oligofructose mixture has 
been demonstrated for the first time to enhance the systemic adaptive immune response [107]. Short-chain galacto-oligosacchar
ides/long-chain fructo-oligosaccharides/2′-fucosyllactose improved influenza vaccine-specific humoral immunity in an early-life di
etary intervention in mice and demonstrated that this may be associated with beneficial modulation of the gut microbiota, which 
provides useful information for the future use of prebiotics in combination for influenza intervention. It is noteworthy that the 
intervened female mice produced more antibodies than males, and this sex difference may be related to plasma cell differentiation 
[108]. At the same time, this sex-specific result also provokes us to think about whether there are unknown differences in the intestinal 
flora of men and women? Is it necessary to consider gender differences in the study design of vaccines? It is worthwhile to carry out 
further research. Nagafuchi et al. [109] found that elderly people over 60 years old who received enteral nutrition therapy were treated 
with Bifidobacterium growth-stimulating hormone and galactose oligosaccharide for 14 weeks on the basis of their standard enteral 
nutrition formula treatment, and were vaccinated with trivalent seasonal influenza vaccine (A/H1N1, A/H3N2 and B) at the 4th week 
after treatment. Antibody titers were measured at week 0, 4, 6, 8 and 12. The results showed that there was no difference in vaccine 
immune response rate between the two groups, but the number of Bifidobacterium in the intestinal tract of the experimental group was 
significantly higher than that of the control group, and the A/H1N1 antibody titer in the experimental group was maintained longer 
than that of the control group. It suggests that prebiotics may increase the number of probiotics in the gut, thereby maintaining 
antibody titers. Similarly, Akatsu et al. [110] conducted a similar trial in elderly Japanese people receiving intestinal nutrition therapy 
and concluded that prebiotics can affect the gut microbiota and maintain antibody titers. Van den Elsen et al. [108] found that adult 
mice inoculated with TIV and supplemented with a mixture of lactose oligosaccharide, fucose lactose, galactose, and long-chain 
fructooligosaccharide could observe an increase in the abundance of Actinobacteria, a decrease in Verrucomicrobia, Firmicutes, and 
Proteobacteria, as well as an increase in vaccine-specific antibody response, such as specific Th cell response and B cell activation in 
mesenteric lymph nodes, serum levels of IgG, IgG1 and IgG2a were increased.

4.3. Traditional Chinese medicine

Traditional Chinese medicine dosage forms mostly enter the gastrointestinal tract by oral way to prevent and treat diseases [111,
112]. Therefore, intestinal flora also affects the efficacy and adverse reactions of traditional Chinese medicine to a certain extent. 
Intestinal flora can change the structure of the active ingredients of traditional Chinese medicine through hydrolysis reaction, redox 
reaction, deacetylation, and other ways to affect the role of traditional Chinese medicine [113]. For example, saponins in ginseng can 
be reduced to ginsenosides by intestinal flora, thereby improving the efficacy of ginseng [114]. On the one hand, Chinese medicine can 
prevent and treat diseases by regulating the structure of intestinal flora in disorder under disease conditions, such as increasing the 
relative abundance of probiotics, and/or reducing the relative abundance of potentially pathogenic bacteria; On the other hand, 
traditional Chinese medicine can also change the production of metabolites of intestinal flora by affecting the metabolic process of 
certain specific flora, improve and/or reduce the physiological and pathological process mediated by specific metabolites, such as by 
increasing the content of SCFAs to regulate host immunity and then play the role of anti-inflammatory and anti-cancer. Therefore, 
more and more studies on the efficacy of traditional Chinese medicine regard intestinal flora as an important target. Through studying 
the interaction between traditional Chinese medicine and intestinal flora and its influence on host immune homeostasis, the 
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mechanism of the efficacy of traditional Chinese medicine is explained.
Flavonoids are a group of natural substances with different phenolic structures, which are widely found in fruits, vegetables, wine, 

flowers, and tea [115]. It has been reported that flavonoids affect viral adsorption, entry, replication viral protein translation, the 
formation of some viral envelope glycoprotein complexes, and the release of viruses [116–119]. Flavonoids have immunomodulatory 
effects [120]. In addition, human gut microbes can produce DAT from flavonoid and amino acid metabolism [121–123]. It has been 
confirmed that Clostridium orbiscindens can effectively degrade flavonoid compounds and convert them to DAT, thereby preventing 
influenza through type I IFN signaling [120]. Houttuynia cordata polysaccharides (HCP) could improve the disturbance of intestinal 
flora caused by swine flu virus infection, increase Bacteroidetes, f_Muribaculaceae, Akkermansiaceaemetabolize, reduce Proteobacteria 
more acetate content, and regulate Th17/Treg rebalancing, thus reducing pulmonary and intestinal injury [124]. This provides a new 
idea for the targeted regulation of intestinal flora by macromolecular polysaccharides in the treatment of influenza. Molecular 
Mechanisms of FMT, Microbial Preparation, and Traditional Chinese Medicine on Influenza (Table 1).

5. Application of machine learning in influenza

In recent years, with the rapid development of artificial intelligence, its application in the medical field has attracted much 
attention and gradually increased. Machine learning, a core part of artificial intelligence, is an algorithm that trains models by utilizing 
large data sets, adjusts algorithm parameters to optimize models, and predicts unknown data based on these models [125]. Therefore, 
the application of machine learning to influenza provides a powerful aid for disease monitoring and prediction, diagnosis and clas
sification, vaccine development, and personalized treatment [126,127]. Machine learning can use historical flu data and other relevant 
variables to predict the time and location of future flu outbreaks. By using 2008–2014 influenza data, developing four machine 
learning models, and using an integrated approach to integrate predictions, all models were found to provide accurate, real-time 
predictions of influenza-like illness within four weeks, helping the public sector to take preventive and control measures in 
advance [128]. In addition, clinical data, metabolomics, laboratory test results, and imaging data can also be analyzed to predict the 
positive rate of influenza patients and the most prevalent types of influenza viruses in the season, thereby improving the accuracy of 
the clinician’s diagnosis of influenza [129,130]. Getting vaccinated against influenza is an important method for preventing the 
occurrence of influenza, reducing the severity of the disease, and limiting its related serious complications. A study has found that 
using machine learning models to analyze the human H3N2 sequences of all hemagglutinin and neuraminidase from 1980 to 2020 can 

Table 1 
Molecular mechanisms of FMT, microbial preparation, and traditional Chinese medicine on influenza.

Therapy method Models Molecular mechanisms Refs.

FMT Human bronchial epithelial 
cells and Male C57BL/6 J 
mice

SCFAs↓, acetate↓, TNF-α↓, L-6↓, IL-1β↓, Viral load↓, TJ↑, Actinomycetes↓, 
Proteobacteria↑, Bacteroides↓, Bifidobacterium↓, Ackermannia↓

[83]

FMT and Probiotics（Bifidobacterium and 
Lactobacillus triple live bacteria 
tablets）

Female C57BL/6 wild-type 
and Tlr7− /− mice

Lung indexes↓, Viral load↓, Enterobacteriaceae↓, Bacteroidaceae↑, TLR7↓, 
MyD88↓, NF-κB p65↓, Th1/Th2↑, Th17/Treg↑

[84]

FMT Gnotobiotic Pig and MDCK 
cells

Viral load↓, IL-6↑, IL-12↑, TNF-α↑, IFN-γ↑, Firmicutes (Lactococcus, 
Lactobacillus, Turicibacter, Streptococcus) ↓, Actinobacteria 
(Bifidobacterium) ↓, Proteobacteria (Klebsiella) ↑, Bacteroidetes↑, 
Verrucomicia (Akkermansia) ↑

[85]

FMT Female C57BL/6 mice Proteobacteria↑, Lactococcus↑, Enterobacteriaceae↑, Enterococcus↑, 
CD3+ cells↑, NK cells↑, Viral load↓, CXCL10↑, IFN-α↑, IFN-β↑, IL-10↑, IL- 
12p70↑, TNF-α↑

[86]

Probiotics (Lactobacillus gasseri SBT2055) Male C57BL/6N mice, MDCK 
cells and RAW264.7 cells

PR8 Viral load↓, IL-6↓, LDH↓, IFN-β↑, Mx1↑ [97]

Probiotics (Lactobacillus pentosus b240) MDCK cells and Female 
BALB/c/Cr Slc mice

Viral load↓, IgA↑, IgG↑, CTLL-2↑ [98]

Probiotics (Lactiplantibacillus plantarum 
0111)

MDCK cells and Female 
C57B/6 mice

IL-6↓, TNF-α↓, Lactobacillus↑, Faecalibaculum↑ IFN-β↑, CD3+ T cells↑, 
CD4+ T cells↑, IgA↑

[99]

FMT and Probiotics (Lactobacilli) Specific pathogen free layer 
chickens and MDCK cells

Firmicutes↑, Bacteriodetes↑, Alphaproteobacteria↑, Lactobacillus↑, IgG↑, 
IgM↑, IFN-γ↑, Hemagglutination inhibition↑, Virus neutralization 
antibody titers↑

[100]

Probiotics (Lactobacilli s) Specific pathogen free layer 
chickens

Hemagglutination inhibition↑, Virus neutralization antibody titers↑, 
IgM↑, Igγ↑

[101]

Probiotics (Lactobacillus mucosae 1025, 
Bifidobacterium breve CCFM1026)

Female ICR mice Viral load↓, TLR7↑, MyD88↑, TRAF6↑, TNF-α↑, Firmicutes↑, 
Deferribacteres↑, Butyrate↑

[102]

Prebiotics (scGOS, lcFOS and the human 
milk specific oligosaccharide 2′-FL)

BALB/c mice IgG↑, IgG1↑, IgG2a↑, Actinobacteria↑, Verrucomicrobia↓, Firmicutes↓, 
Proteobacteria↓, CD138+↑

[108]

Prebiotics (BGS and GOS) Elderly patients Bifidobacterium↑, Hemagglutination inhibition↑ [109]
Prebiotics (BGS and GOS) Elderly patients Prealbumin↑, Bacteroides↑, Clostridium coccoides↑, Lactobacillus↑, 

Antibody titers↑
[110]

FMT and Houttuynia cordata 
polysaccharides

Male BALB/c mice Th17↑, Treg↑, Bacteroidetes↑, f_Muribaculaceae↑, Akkermansiaceae↑, 
Proteobacteria↓, Acetate↑

[124]

↑: Indicates upward adjustment; ↓:Indicates downward adjustment or reduction.
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predict upcoming influenza viruses and guide the confirmation of candidate vaccines for seasonal influenza viruses next year [131]. At 
present, with the continuous improvement of data acquisition and processing capabilities, the application of machine learning in 
influenza has broad prospects, which can help us to monitor influenza, diagnose influenza, select vaccine strains, and manage public 
health, and is worthy of further research. We can strengthen the following aspects: (1) Build a more comprehensive and accurate 
influenza prediction model by combining genomic data, clinical data, and environmental data, and realize multi-modal data fusion and 
analysis; (2) Use machine learning algorithms to dynamically update influenza transmission models to provide real-time influenza risk 
assessment and early warning services; Strengthen interdisciplinary cooperation in the fields of computer science, epidemiology, 
public health and clinical medicine to jointly promote the application and development of machine learning in influenza disease.

6. Conclusions

The gut microbiota, a complex and extensive community, significantly influences various biological systems, including the immune 
system and metabolic functions. Recent studies increasingly highlight a potential link between the gut microbiome and influenza, 
suggesting that the gut microbiota may impact the pathogenicity of influenza viruses, presenting a novel therapeutic target. This paper 
systematically reviews the effects of gut microbiota and its metabolites on the treatment and intervention of influenza. The protective 
effects of the intestinal flora and its metabolites against influenza suggest that FMT, microbiological preparations, and traditional 
Chinese medicine could play crucial roles in the adjunctive treatment of influenza and other severe respiratory infections. However, 
current research is limited. The concept of a ‘normal’ intestinal flora requires quantitative indicators, the relationships within the 
microbiota remain unclear, the specific roles of individual strains need clarification, and the underlying mechanisms of the “micro
biota-gut-lung axis” demand a deeper investigation. Additionally, the overuse of antibiotics disrupts the gut microbiota and weakens 
mucosal immunity, posing challenges in balancing these factors, which necessitates further scholarly exploration.

In conclusion, the gut microbiota exhibits therapeutic potential for influenza, which can be addressed by regulating the intestinal 
microecology. Future studies should focus on identifying key strains, specific metabolites, and immune regulation mechanisms within 
the gut microbiota to precisely target microbiota interventions for preventing and treating influenza and other respiratory viral 
infections.
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