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Recent studies have indicated that gut microbiota-mediated oxidative stress
is significantly associated with intestinal diseases such as colorectal cancer,
ulcerative colitis, and Crohn’'s disease. The level of reactive oxygen species
(ROS) has been reported to increase when the gut microbiota is dysregulated,
especially when several gut bacterial metabolites are present. Although healthy
gut microbiota plays a vital role in defending against excessive oxidative stress,
intestinal disease is significantly influenced by excessive ROS, and this process is
controlled by gut microbiota-mediated immunological responses, DNA damage,
and intestinal inflammation. In this review, we discuss the relationship between
gut microbiota and intestinal disease from an oxidative stress perspective. In
addition, we also provide a summary of the most recent therapeutic approaches
for preventing or treating intestinal diseases by modifying gut microbiota.
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1 Introduction

Intestinal diseases can be broadly classified into several main categories: colorectal cancer
(CRQ), irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD), which
encompasses Crohn’s disease (CD) and ulcerative colitis (UC) (Chang, 2020; Marotto et al.,
2020). The association between the occurrence of intestinal diseases and the instability of the
genome induced by oxidative stress has been established (Yuan et al., 2022). Oxidative stress,
a characteristic feature of intestinal diseases, including both IBD and CRC, can be initiated by
dysbiosis of the gut microbiota (Bourgonje et al., 2020; Li et al., 2023; Teng et al., 2023). The
human body harbors an equivalent quantity of microbial cells to that of human cells, with the
preponderance of these cells primarily localized within the gastrointestinal tract (Sender and
Milo, 2021; Litichevskiy and Thaiss, 2022; Sassone-Corsi et al., 2022). The term “microbiota”
encompasses the entirety of commensal microbial organisms, comprising bacteria, archaea,
viruses, and fungi. The significance of the gut microbiome in relation to human health and
disease, specifically intestinal disease, is widely acknowledged in the current literature (Zmora
etal., 2019; Fan and Pedersen, 2021; Wilmes et al., 2022). The gut microbiota comprises the
assemblage of microbial species present within the gastrointestinal tract, including Bacteroides,
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Eubacterium, Peptococcaceae, Bifidobacterium, Escherichia coli,
Streptococci, Staphylococci, Lactobacillus, and Clostridium perfringens
(Borrelli et al., 2018; Xue et al., 2020). In addition, virions are also
constituents of the gut microbiota (Sarkar et al., 2021). These
organisms play a crucial role in the process of food digestion, synthesis
of vitamins, and modulation of immune responses (Zhang and Chen,
2019; Li et al., 2022).

Oxidative stress, characterized by an imbalance between the
generation and elimination of ROS, not only occurs in the inflamed
intestinal mucosa but also extends into the deeper layers of the
intestinal wall (Luceri et al., 2019; Jakubczyk et al., 2020). Numerous
studies have demonstrated that the gut microbiota could modulate
cellular ROS concentrations (Burgueno et al., 2021; van der Post et al.,
2021; Scarano et al., 2023). Lactobacillus and Bifidobacterium residing
in the gastrointestinal tract possess the capacity to enzymatically
convert nitrate and nitrites into nitric oxide (NO), thereby endowing
the gut epithelia with a substantial reservoir of NO (Das and Ganesh,
2023). Similarly, the production of NO can be observed in Streptococcus
and bacillus through the utilization of L-arginine (Luca et al., 2019). In
the context of nanomolar concentrations, NO is commonly recognized
as having a protective effect. At higher concentrations, it elicits
deleterious effects through the production of ROS, including
superoxide (O,-) and hydrogen peroxide (H,0,), which subsequently
give rise to highly reactive hydroxyl radicals (Lundberg et al., 2008;
Kapil et al., 2020). This process has been implicated in the pathogenesis
of IBD and CRC (Vona et al., 2021; Pan et al., 2022). On the other hand,
the reduction in ROS is facilitated by the influence of gut bacteria-
generated beneficial metabolites, specifically short-chain fatty acids
(SCFAs), which are considered metabolic byproducts produced by
certain bacterial species (Martins et al., 2022; Dey and Ray Chaudhuri,
2023). These SCFAs can serve as an energy source for other bacterial
species through a phenomenon referred to as cross-feeding (Evans
et al., 2020). Furthermore, SCFAs can directly modify the cells of the
host’s intestinal tract. For example, butyrate, a prominent SCFA, is
widely recognized for its role as a major energy provider for colonocytes
and its contribution to the restoration of intestinal epithelial cells
(Hodgkinson et al., 2023). Several research groups have reached the
consensus that the microbiota residing in the small intestine exhibit the
capability to metabolize glycine, an indispensable amino acid crucial
for the synthesis of glutathione, participating in the redox balance
(Enright et al., 2018; Kastl et al., 2020).

The dysbiosis of gut microbiota has been found to be associated
with the generation of ROS, which specifically interact with cysteine
redox switches present in proteins (Yardeni et al., 2019; Ballard and
Towarnicki, 2020; Wang et al., 2022a). This phenomenon induces
modifications in immune responses, resulting in DNA impairment
and provoking inflammation within the gastrointestinal tract (Ballard
and Towarnicki, 2020). The precise mechanisms by which bacteria
may influence the progression of disease remain incompletely
understood, despite the identification of certain members of the gut
microbiota that have been implicated as causative agents in intestinal
disorders (Haran and McCormick, 2021; Chakaroun et al., 2023;
Ortega et al.,, 2023). This review provides a comprehensive analysis of
the association between gut microbiota and intestinal diseases. A
crucial aspect of this relationship pertains to the role of gut microbiota-
mediated oxidative stress in the pathogenesis of intestinal diseases.
Furthermore, we place significant emphasis on the medicinal
methodologies employed to modulate the gut microbiota for the
purpose of managing intestinal ailments.
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2 The crosstalk between gut
microbiota and oxidative stress

There has been a demonstrated correlation between the gut
microbiota and oxidative stress in both directions over the past few
decades (Shandilya et al., 2022). The gut microbiota has an impact on
oxidative stress by means of metabolite synthesis, regulation of
antioxidant enzymes, and maintenance of gut homeostasis (Ballard
and Towarnicki, 2020; Sui et al., 2020; Pan et al., 2022). In contrast,
oxidative stress has the potential to influence the gut microbiota by
promoting dysbiosis (Brunt et al., 2019; Fang et al, 2023). A
comprehensive comprehension of the interplay between the gut
microbiota and oxidative stress is of paramount importance in
elucidating the role of the gut microbiota in intestinal disorders and
devising strategies to enhance gut well-being and mitigate pathologies
arising from oxidative stress.

Multiple studies have demonstrated that the gut microbiota has
the potential to influence the body’s oxidative stress levels through
various mechanisms. The gut microbiota comprises trillions of
microorganisms that actively metabolize and ferment dietary
components, producing various metabolites, such as SCFAs (Kim,
2021; Nakkarach et al., 2021). Acetate, propionate, and butyrate are
SCFAs that are synthesized through the process of bacterial
fermentation of dietary fibers within the gastrointestinal tract (Lavelle
and Sokol, 2020; Nogal et al, 2021). The observed antioxidant
properties of these metabolites indicate their potential to mitigate
oxidative stress in both the gastric region and systemic physiology
(Michaudel and Sokol, 2020). Moreover, the modulation of antioxidant
enzyme production and activity by gut bacteria enables them to
regulate oxidative stress within the host (Zhou et al., 2022). For
example, specific strains of bacteria, such as Bifidobacterium longum
CCEM752, Lactobacillus plantarum CCFMI0, and L. plantarum
CCFM1149 can induce the production of crucial antioxidant defense
enzymes such as glutathione peroxidase (Guo et al., 2022), catalase
(Chen et al., 2021), and superoxide dismutase (SOD) (Wang et al.,
2020). The normal gut microbiota can enhance the body’s ability to
scavenge ROS and maintain redox homeostasis by promoting the
synthesis of these enzymes (Yardeni et al., 2019; Zhang Y. et al., 2022).
A balanced gut microbiota is essential for maintaining a healthy gut
environment. The initiation and sustenance of microbial variety in the
gastrointestinal tract have been associated with several factors,
including early exposure to microorganisms, dietary patterns, age,
geographical location, and exposure to antibiotics (Yatsunenko et al.,
2012; Fassarella et al., 2021; Querdasi et al., 2023). The unhealthy
conditions of the gut microbiota are identified by substantial changes
in the composition and/or functionality of the microbiome, leading to
a notable reduction in variety (Tran et al., 2019; Ghosh et al., 2020).
This reduction may result in a decline in beneficial bacteria associated
with human health, such as commensal E. coli (Sassone-Corsi et al.,
2016), while simultaneously promoting the growth of harmful
microorganisms, including Salmonella enterica serovar Typhimurium
and Proteobacteria (Rivera-Chavez et al., 2016; Litvak et al., 2017).
When the gut microbial balance is disrupted, deregulated bacteria can
produce more ROS and impair gut barrier function (Jackson and
Theiss, 2020). This disruption allows harmful substances and antigens
to pass through the gut lining, further triggering oxidative stress
(Singh et al., 2023).

The potential contribution of this imbalance to the development
of oxidative stress-related diseases and chronic inflammation has been
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demonstrated. In addition, the gut microbiota can exhibit a reciprocal
response to oxidative stress (Mitrea et al., 2022). Excessive generation
of ROS can lead to dysbiosis, a condition characterized by an
imbalance in the structure and functioning of the gut microbiota.
Excessive ROS levels have been shown to cause dysbiosis of the gut
microbiota by changing microbial composition, damaging epithelial
barrier function and disrupting metabolic pathways (Li T. et al., 2021;
Mossad et al., 2022; Collins et al., 2023). The cellular presence of ROS
can exert diverse effects, encompassing the stimulation of cellular
proliferation and differentiation, the release of cytokines, the induction
of apoptosis-mediated cell death, and the regulation of the innate
immune response (Koren and Fuchs, 2021; Morana et al., 2022).
Oxidative stress can affect the balance of gut microbiota (Martens
etal,, 2018). For instance, it has been shown that oxidative stress may
favor the growth of certain pathogenic or proinflammatory bacteria
while reducing the populations of beneficial or commensal bacteria
(Morais et al., 2021; Mitra et al., 2022). Excessive ROS could inflict
direct damage upon the DNA and membrane structures of bacteria,
resulting in cell death or a diminished ability to establish and thrive
within the gastrointestinal tract (Honda and Kubes, 2018). Oxidative
stress can also compromise the integrity of the gut epithelial barrier,
which plays a crucial role in maintaining gut health by preventing
harmful substances from entering the bloodstream (Chelakkot et al.,
2018). For instance, alcohol-induced oxidative stress can disrupt the
gut barrier and promote gut dysbiosis (Chen et al., 2015). Disruption
of the barrier can lead to increased permeability, allowing potentially
harmful bacteria and their products to cross into the bloodstream and
trigger inflammation (Parker et al., 2020; Rogers et al., 2023).
Furthermore, the gut microbiota plays a significant role in host
metabolism, and oxidative stress can influence this interaction (Li
T.etal., 2021). Dysbiosis resulting from oxidative stress might disrupt
metabolic pathways in the gut, potentially leading to conditions such
as obesity, diabetes, and metabolic syndrome (Tilg et al., 2020). SCFAs
are metabolites produced by certain gut bacteria during the
fermentation of dietary fibers. These compounds have anti-
inflammatory and protective effects on the gut barrier. Oxidative stress
might affect the production of SCFAs by altering the activity of
bacteria responsible for their synthesis (Macia et al., 2015; Zhao
etal., 2018).

Overall, it is important to note that the relationship between
oxidative stress and the gut microbiota is complex and bidirectional.
While oxidative stress can influence the gut microbiota, the gut
microbiota also has the capacity to impact oxidative stress levels in the
body. Maintaining a balanced and diverse gut microbiota through a
healthy diet, regular exercise, and other lifestyle factors can help
mitigate the effects of oxidative stress on gut health. Additionally,
antioxidant-rich foods and supplements may also contribute to
reducing oxidative stress and supporting gut health (Figure 1).

3 Gut microbiota-mediated oxidative
stress and bowel disease

The composition of the gut microbiota has been observed to
influence the responsiveness of CRC to treatment (Gopalakrishnan
et al, 2018; Wong and Yu, 2019). Additionally, a mounting body
of evidence indicates a close association between the gut
microbiota and the initiation and progression of various intestinal
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disorders (Imhann et al., 2018; Khan et al., 2019; Vona et al., 2021;
Underhill and Braun, 2022; Chen X. et al., 2023). NADPH oxidase
gene inactivating mutations diminish ROS generation in Crohn’s
disease (Denson et al., 2018). Conversely, ulcerative colitis is
linked to increased ROS generation due to elevated oxidases or
mitochondrial activity (Aviello and Knaus, 2018). Maintaining a
redox balance is crucial for preserving gut homeostasis, as an
abnormal composition of gut microbiota has the potential to
induce intestinal diseases (Aviello and Knaus, 2017). The persistent
existence of ROS within the intestinal environment is a key factor
in the progression of disease, as it plays a role in the initiation of
chronic inflammation, immune responses and DNA damage
(Wang L. et al., 2022).

3.1 Microbiota-mediated oxidative stress in
intestinal inflammation

Extensive research has yielded compelling evidence supporting
the notion that the gut microbiota plays a central role in inducing
inflammation within the intestinal tract (Jackson and Theiss, 2020; Li
B.etal, 2021; Chen X. et al., 2023). For instance, it has been reported
that gut microorganisms including Lactobacillus reuteri and OTU0002
strain, a newly isolated bacterium of the Erysipelotrichaceae family,
can act together to exacerbate inflammation (Miyauchi et al., 2020).
Chronic inflammation begins as a defense against tissue imbalance.
Due to its extended existence, it is engaged in numerous intestinal
disease stages (Goguyer-Deschaumes et al., 2022). It has been
demonstrated that the presence of a persistent inflammatory state in
tissues is associated with an elevated risk of developing various
cancers, including CRC (Ananthakrishnan et al., 2014). There exists a
potential association between gut microbiota-induced inflammation
and the subsequent modulation of innate and adaptive immune
responses, which may be implicated in the initiation, progression, and
advancement of intestinal disorders such as IBD and CRC
(Ananthakrishnan et al., 2016; Cai J. et al., 2022). One illustrative
instance involves segmented filamentous bacteria, which are believed
to share the closest evolutionary relationship with type I Clostridia in
vertebrates (Aguilera et al., 2015). These bacteria influence the
activation of T helper 17 cells in the intestinal tract, thereby fostering
an inflammatory milieu (Lecuyer et al, 2014). The association
between cytoplasmic pattern recognition receptor nucleotide-binding
oligomerization domain 2 (NOD2) and the pathogenesis of intestinal
diseases has been established (Watanabe et al., 2006; Schwerd et al.,
2017; Ferrand et al., 2019; De Salvo et al., 2021). Animal studies have
shown a correlation between the absence of NOD2 and the occurrence
of CRC (Gao et al., 2023). Garo et al. found that miR-146a binds
Receptor-interacting protein kinase 2 (RIPK2), a NOD2 signaling
intermediary, to inhibit myeloid cell-derived IL-17-inducing cytokines
and colonic IL-17, inhibiting colonic inflammation and carcinogenesis
(Garo etal., 2021). The presence of an abnormal microbiota, resulting
from a deficiency in NOD2, has been observed to facilitate
inflammation and the development of cancer (Zhou et al., 2021).
Furthermore, it has been demonstrated that intestinal diseases can
be transmitted to healthy mice by means of gut microorganisms, and
the existence of an altered microbiota in patients with NOD2
deficiency has been found to promote the process (Couturier-Maillard
etal., 2013).
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The complex and bidirectional relationship between oxidative stress and gut microbiota. The gut microbiota exerts influence on oxidative stress
through regulating the production of metabolite and antioxidant enzymes. On the other hand, oxidative stress has an impact on the gut microbiota by
promoting dysbiosis. Maintaining a balanced gut microbiota through a healthy diet, regular exercise, and other lifestyle factors can help mitigate the
harmful effects of excessive ROS on gut health. ROS, reactive oxygen species; SOD, superoxide dismutase; CAT, catalase; GPX, gluta-thione
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Lipopolysaccharide (LPS), also known as endotoxin, is an
additional inflammatory mediator (Muendlein et al., 2022; Park et al.,
2023). Gram-negative bacteria, predominantly located in the
gastrointestinal tract and oral cavity, contain this particular constituent
(Simpson and Trent, 2019; Stephens and von der Weid, 2020). Recent
studies have provided evidence indicating that LPS could initiate the
TLR4 pathway, leading to the development of endothelial dysfunction
and vascular inflammation (Wu et al., 2022). The activation of this
pathway occurs in response to the initiation of vascular oxidative
stress by LPS (Wang Y. T. et al., 2022; Yoon et al., 2022).

3.2 Microbiota-mediated oxidative stress in
immune responses

The microbial composition of the gastrointestinal tract exerts a
substantial influence on the maintenance of immune system
equilibrium within the intestinal region (Erttmann et al., 2022). One
of the primary functions of the gut microbiota is to safeguard the
body against colonization by pathogens and the proliferation of
indigenous pathobionts, which may arise due to disruptions in the
equilibrium of the healthy microbial community (Shi et al., 2017;
Kitamoto et al., 2020). The mechanisms underlying the ability of the
microbiota to suppress the proliferation of pathogenic
microorganisms are intricate. The mechanisms encompass
competitive metabolic interactions, the localization of microbes
within specific intestinal niches, and the elicitation of immunological
responses by the host (Fung et al., 2019; Osbelt et al., 2021; Lyu et al.,
2022). The phenomenon of oxidative stress possesses the capacity to
exert substantial effects on immune cells, encompassing their
activation and regulation (Datta et al., 2017).

Frontiers in Microbiology

The gut microbiota can exert various effects on oxidative stress.
Gut Lactobacillus, Bifidobacterium, Salmonella, E. coli and
Streptococcus are involved in the production of ROS. In addition,
B. longum CCFM752, L. plantarum CCEMI10, and L. plantarum
CCFM1149 are reported to play a role in neutralization of ROS by
upregulating the production of antioxidant enzymes. Moreover, it is
important to note that dysbiosis can induce a disruption in the
integrity of the gastrointestinal barrier (Chopyk and Grakoui, 2020;
Bai et al.,, 2022). This disruption can subsequently result in an elevation
of intestinal permeability, allowing microbial components to enter the
systemic circulation (Cox et al., 2022). Microbial compounds, such as
LPS, possess the capacity to stimulate immune cells, thereby inducing
oxidative stress and facilitating the production of ROS (Grosheva
etal, 2020; Zhang B. et al., 2022).

Previous studies have provided evidence to support the notion
that the immune system’s responses can be affected by oxidative stress,
which is modulated by the microbial community residing in the
gastrointestinal tract (Grosheva et al., 2020; Liu et al., 2021; Metta
et al., 2022). It has been demonstrated that the composition of the
gastrointestinal microbiota can influence antitumor immune
responses and modulate the efficacy of cancer immunotherapies,
specifically immune checkpoint inhibitors (ICIs) (McCulloch et al.,
2022; Mirji et al., 2022). Metabolites play a crucial role in modulating
antitumor immunity through their interactions with the gut
microbiota (Wang and Zhao, 2018). Metabolites are small molecules
that can migrate from their original location within the gastrointestinal
tract to various regions of the body (Jabot et al, 2016). Once
disseminated, these metabolites can influence both the localized and
systemic antitumor immune response, thereby augmenting the
efficacy of ICIs (Hayase and Jeng, 2021). Moreover, empirical evidence
suggests that the gut microbiota may contribute to the body’s defense
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against the deleterious consequences of oxidative stress (Mazenc et al.,
2022). Gut commensals produce significant quantities of hydrogen
sulfide (H,S), which subsequently undergoes conversion by the
epithelium into thiosulfate (S,0,>7) (Walsh et al., 2022). This
conversion process serves to safeguard host cells against the
detrimental effects associated with H,S (Ran et al., 2022). The presence
of Salmonella infection triggers the recruitment of neutrophils, which
subsequently induces the generation of ROS (Schurmann et al., 2017).
Consequently, the S,05> compound undergoes conversion into
tetrathionate (S,04>") (Rogers et al., 2021). Salmonella, in contrast to
commensal microorganisms, harbors the operon ttrSR ttrBCA, which
confers the ability to metabolize S,0,*~ (Kamada et al., 2013; Sato
etal, 2021). In an inflammatory environment, Salmonella is able to
gain a growth advantage over commensal bacteria (Ali et al., 2014).
Furthermore, the compound S,04>~ has been observed to facilitate the
growth and proliferation of Salmonella bacteria under anaerobic
conditions when supplemented with ethanolamine (Goes et al., 2022).

In summary, the intricate interplay among gut microbiota,
oxidative stress, and immunological responses exerts a substantial
influence on the pathogenesis of intestinal disorders (Jones and Neish,
2021; de Vos et al., 2022). Various factors can contribute to the onset
of these diseases. Dysbiosis-induced oxidative stress disrupts the
intricate equilibrium of gut homeostasis, leading to an increased
degree of immunological dysregulation (Pellon et al., 2021). The
identification of fresh therapeutic targets for the treatment and
prevention of intestinal illnesses may be possible if a comprehensive
understanding of the underlying processes governing this interaction
is achieved. In subsequent investigations, it is reccommended that
scholarly focus be directed toward the elucidation of intricate
molecular pathways implicated in the regulation of gut microbiota and
redox equilibrium. Furthermore, diverse methodologies should
be explored to effectively manipulate these pathways, with the ultimate
objective of reinstating intestinal homeostasis and impeding the
progression of pathological conditions.

3.3 Microbiota-mediated oxidative stress in
DNA damage

The occurrence of DNA damage plays a pivotal role in the
advancement of various gastrointestinal conditions, such as IBD and
CRC (Pellon et al., 2021). The etiology of this condition encompasses
a diverse range of factors, such as oxidative stress, genotoxic agents,
and infectious pathogens, among other etiological contributors
(Bednarski and Sleckman, 2019; Hopfner and Hornung, 2020; Xu
et al,, 2023). The dysbiotic gut microbiota can generate an excessive
amount of ROS, which can directly target DNA and cause various
forms of damage, including single-strand breaks, double-strand
breaks, and modifications to DNA base sequences (Li Q. et al., 2021;
Barnes et al., 2022; Ray et al, 2022; Wang et al,, 2022b). The
accumulation of DNA damage may be further intensified due to the
potential impact of oxidative stress on the efficiency of DNA repair
mechanisms (Srivastava et al., 2020). commensal bacteria-induced
oxidative stress that results in age-dependent decline in DNA damage
repair and Germ-free mice showed improvement in age-related DNA
damage. There exists a potential association between the occurrence
of CRC and specific constituents of the gut microbiota, owing to their
capacity to produce a substantial quantity of genotoxic substances

Frontiers in Microbiology

10.3389/fmicb.2024.1328324

(Janney et al., 2020; Cao et al.,, 2022). As an illustration, it has been
determined that Enterococcus faecalis is capable of generating hydroxyl
radicals (-OH) (Huycke and Moore, 2002; Bianco et al., 2017). The
gram-positive bacterium under consideration is accountable for the
production of substantial quantities of extracellular oxygen, resulting
in the formation of hydrogen peroxide (H,0,) and -OH (Caianelo
et al,, 2017). In instances of colorectal adenocarcinoma (CAC),
alterations affecting the Wnt/p-catenin signaling pathway manifest
exclusively during advanced disease stages, subsequent to the
occurrence of mutations in the TP53 and K-Ras genes (Intarajak et al.,
2019). The accumulation of DNA damage over a period of time can
have significant implications for cellular function and play a role in
the development and advancement of intestinal disorders (Hu et al.,
2016). These effects can arise due to various factors. The gut microbiota
is responsible for the production of a wide array of compounds, each
possessing the capacity to induce DNA damage either through direct
or indirect mechanisms (Pleguezuelos-Manzano et al., 2020). For
example, certain bacterial metabolites, including secondary bile acids,
possess the capacity to induce genotoxicity and inflict harm upon
DNA (Cai Y. etal., 2022). Furthermore, previous studies have provided
evidence indicating that SCFAs possess the ability to alter the
functionality of enzymes responsible for DNA repair (Singh et al.,
2018; Lipska et al., 2020). This suggests that SCFAs have the potential
to impact the cellular response to DNA damage. In addition,
colibactin, the canonical microbiota-derived genotoxin produced by
commensal E. coli strains, and small-molecule genotoxins indolimines
produced by multiple Morganella morganii strains have been reported
to directly damage DNA (Cao et al., 2022).

Conversely, the gut-residing microbiota can generate metabolites
endowed with antioxidant properties (Lin et al., 2022). The metabolites
possess the ability to effectively scavenge ROS and thereby mitigate
the extent of DNA damage resulting from oxidative stress (Woodby
et al, 2020). The aforementioned discoveries offer valuable
understanding regarding the complex interplay between gut
microbiota, microbial metabolites, and DNA damage (Puschhof and
Sears, 2022). In general, the dysbiotic gut microbiota significantly
disrupts the intricate equilibrium between the generation of ROS and
the process of detoxification, thereby contributing to both DNA
damage and the development of intestinal diseases (Figure 2).

4 Gut microbiota-modulating
therapeutic approaches for bowel
disease

Gut dysbiosis is a prevalent characteristic in the pathophysiology
of various intestinal disorders. Recent research has generated
substantial evidence illustrating the protective role of the gut
microbiota in the human body (Schuijt et al., 2016; Wieczorska et al.,
2020). Various factors, including variable variables such as food and
medications, as well as host factors such as age and genetics, have the
potential to induce alterations in the composition of gut microbiota
(Schupack et al., 2022). Moreover, these factors can also elicit changes
in the signaling activity of gut microbiota (Cao et al., 2023). The
hypothesis posits that manipulating the human gut, which is involved
in a wide range of physiological processes, may have the potential to
prevent or treat disorders linked to these functions (Tripathi et al.,
2018; Bajaj et al., 2019; Shin et al., 2019). Hence, the manipulation of
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The composition of the gut microbiota influence the initiation and progression of intestinal diseases. The persistent existence of ROS within the
intestinal environment is a key factor in the progression of disease, which plays an essential role in the initiation of chronic inflammation, immune
responses and DNA damage. The gut-residing microbiota can generate metabolites endowed with antioxidant properties, thereby mitigating the
extent of DNA damage resulting from oxidative stress. The dysbiotic gut microbiota significantly disrupt the intricate equilibrium between the
generation of ROS and the process of detoxification, contributing to the development of intestinal diseases. SSB, single strand break; DSB double

the gut microbiota composition via prebiotics, probiotics, fecal
microbiota transplantation (FMT), and antibiotics exhibits potential
as a therapeutic approach for reestablishing redox equilibrium and
mitigating immunological dysregulation (Figure 3).

4.1 Probiotics

Probiotics refer to living microorganisms that, when consumed in
adequate amounts, can confer advantageous effects on an individual’s
well-being (Hill et al., 2014; Mitrea et al., 2023). Saccharomyces
cerevisiae boulardii, the gram-negative E. coli strain Nissle 1917, a
number of lactic-acid-producing lactobacilli strains, and various
bifidobacterial strains are the primary microorganisms classified as
probiotic agents (Hill et al., 2014). These beneficial microorganisms
possess the capacity to reinstate the equilibrium of microorganisms in
the gastrointestinal tract, enhance the functionality of the intestinal
barrier, and modify immunological reactions (Ziemons et al., 2021).
Several studies have been conducted to investigate the potential
impact of probiotics on the management of gastrointestinal disorders,
including IBS, IBD, necrotizing enterocolitis, and diarrhea
(Goldenberg et al., 2017; Gracie et al., 2019; Mei et al., 2022;
Nabavi-Rad et al., 2022). The utility of probiotics extends beyond their
nutritional value, as they play a crucial role in enhancing and fortifying
the existing gut microbiota (Darwish et al., 2022). Indeed, it is possible
for them to modify the composition of the indigenous gut microbiota,
resulting in a subsequent modification of the gut lumen that promotes
a more advantageous anti—inﬂammatory environment (Suez et al.,
2018). As a consequence, there is a decrease in the production of
bacterial products that promote inflammation and an enhancement
in the integrity of the gastrointestinal barrier (Leta et al., 2021). It has

Frontiers in Microbiology

06

been demonstrated that certain strains of probiotics, namely, those
belonging to the Lactobacillus and Bifidobacterium species, can
diminish disease activity, mitigate symptoms, and enhance overall
quality of life (Ashraf and Shah, 2014). For instance, previous studies
have provided evidence that the administration of Lactobacillus
rhamnosus GG could potentially restore the balance of dysbiotic
microbiota, leading to various beneficial effects on intestinal
functionality (Moens et al., 2019). Furthermore, it has been reported
that LGG possesses the ability to mitigate oxidative stress within the
gastrointestinal tract (Hou et al,, 2019; Li J. et al,, 2021; Ma K. et al.,
2022). Daily consumption of LGG affected intestinal oxidative stress
and the severity of steatohepatitis in a rat model that simulated
alcohol-induced leaky gut 2011).
demonstrated that regular administration of LGG therapy resulted in

(Wang et al, Researchers
the restoration of intestinal barrier function, reduction in markers of
oxidative stress and inflammation in the intestines, and significant
mitigation of the severity of alcohol-induced intestinal permeability
(Wang et al., 2011; Chen L. et al., 2023).

There is potential for probiotic-derived compounds, such as
surface-layer proteins and bacteriocins, to exhibit advantageous effects
beyond their interaction with living organisms (Kirk et al., 2017;
Butorac et al., 2020; Chandla et al., 2021). For instance, pretreatment
with Bifidobacterium longum subspecies infantis conditioned medium
(BiCM) prevented the inflammatory cytokines IFN-y and TNF-a
induced ROS damage and the drop in transepithelial electrical
resistance (TER), suggesting that this particular organism is capable
2014).
Furthermore, the utilization of probiotic DNA therapy derived from

of secreting a bioactive substance (Lomasney et al,
the probiotic combination VSL#3 probiotic mixture has demonstrated

the capacity to decrease both the overall disease activity and
inflammation in the colon of IL-10~"~ animals (Cruz et al., 2020).
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4.2 Prebiotics

Prebiotics refer to a category of dietary fiber that, despite being
indigestible, possesses the capacity to selectively enhance the growth
and functionality of advantageous bacteria within the gastrointestinal
tract (Sanders et al., 2019). For instance, silver fir (Abies alba) bark
extract showed antioxidant activity and acted as a prebiotic for
Lactobacillus species bacteria including: L. paracasei, L. acidophilus,
L. rhamnosus, L. gasseri, L. crispatus and L. bulgaricus (Stojanov et al.,
2021). Prebiotics function by serving as a substrate for the growth of
specific microorganisms, thereby stimulating the production of SCFAs
and other compounds with anti-inflammatory properties (Dalile et al.,
2019; Pujo et al., 2021). These substances play a crucial role in the
regulation of immunological responses, the preservation of gut
integrity, and the reinstatement of microbial diversity (Quigley, 2019).
The utilization of prebiotic supplements has exhibited potential as a
strategy for alleviating the symptoms of gastrointestinal disorders and
improving their clinical outcomes (Ford et al., 2018). Considerable
research has been dedicated to investigating the impact of inulin, a
type of fructan-based prebiotic, on the gut microbiota (Nicolucci
etal.,, 2017). Clinical studies have demonstrated that the administration
of an inulin supplement in individuals diagnosed with IBD and IBS
promotes the proliferation of Bifidobacterium and Lactobacillus
species (Vandeputte et al., 2017). This microbial modulation leads to
a favorable shift in the balance of beneficial and pathogenic bacteria,
thereby enhancing the overall composition of the gut microbiota.
Previous studies have provided evidence to support the notion that
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fructo-oligosaccharides (FOS), a type of prebiotic, have the potential
to effectively regulate the composition of gut microbiota (Burokas
etal, 2017). It has been demonstrated that the consumption of FOS
supplements leads to an increase in the abundance of beneficial
bacteria associated with gastrointestinal well-being, such as
Bifidobacterium and Faecalibacterium prausnitzii (Chi et al., 2020).
Galacto-oligosaccharides (GOS) are another type of prebiotic derived
from lactose and are known to exert beneficial effects on the gut
microbiota (Arnold et al., 2021). After the administration of GOS,
clinical studies have observed an increase in the populations of
Bifidobacterium and Lactobacillus (Monteagudo-Mera et al., 2016).
The variability of individual responses to prebiotics underscores the
necessity for personalized strategies and a more comprehensive
comprehension of the interplay between the gut microbiota and the
host (Bedu-Ferrari et al., 2022). While there is evidence linking
modulation of the gut microbiota to decreased disease activity and
improved gastrointestinal symptoms in individuals with intestinal
diseases, it is important to note that the response to prebiotics can vary
among individuals.

4.3 Fecal microbiota transplantation

The utilization of fecal microbiota transplantation (FMT) is
experiencing a significant surge in recognition as a therapeutic
intervention with the potential to influence the progression of various
chronic conditions, particularly those affecting the gastrointestinal

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1328324
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://BioRender.com

Sunetal.

system (Gupta and Khanna, 2017; Costello et al., 2019). Furthermore,
it has contributed to the elucidation of the function of the gut
microbiome (Ooijevaar et al., 2019). Although FMT techniques have
yielded valuable mechanistic insights, the practical implementation of
these techniques in clinical settings may encounter limitations arising
from various challenges associated with metabolic disorders (Parker
etal., 2022). In certain cases, the afore mentioned phenomenon may
lead to the development of recurrent pseudomembranous colitis, a
condition characterized by the excessive proliferation of the bacterium
Clostridioides difficile infection. It is hypothesized that the
transplantation of fecal microbiota from a healthy donor can
effectively restore the gut microbiome and prevent the further
dissemination of C. difficile infection (Guery et al, 2019). It is
challenging, subsequent to the culmination of several clinical trials
that have illustrated the effectiveness of FMT as a therapeutic
intervention for this particular ailment. The utilization of FMT has
been explored in the context of various chronic conditions, such as
gastrointestinal disorders and ulcerative colitis, alongside various
other medical conditions (Costello et al., 2019). It is important to note
that the reliability and validity of the findings obtained from these
investigations are subject to significant variation, which can
be attributed to factors such as the study’s methodology and the
sample size of participants. It is worth noting that fecal transplants
encompass more than solely the microbiota or microbiome (Dsouza
et al,, 2022). This issue is considered to be of utmost importance
within the context of FMT. Moreover, clinical trials involving FMT are
often conducted on patient subgroups who exhibit a high degree of
resistance to conventional treatments, such as individuals afflicted
with refractory CD (Langdon et al., 2021). FMT has emerged as a
pivotal approach in examining the causal role of the microbiome in
various chronic diseases. Despite its inherent limitations, it remains a
significant tool in this field. To progress beyond its utilization as a final
option treatment in clinical settings for recurrent C. difficile, it is
imperative to prioritize the implementation of additional measures to
standardize FMT procedures.

4.4 Antibiotics

Antibiotics are commonly employed as a conventional therapeutic
approach for the management of infectious diarrhea, a condition that
can arise due to diverse bacterial infections, such as Salmonella,
Shigella, and Campylobacter (Maier et al., 2021). Antimicrobial agents
that specifically target pathogenic microorganisms associated with the
illness have the capacity to eliminate these microorganisms, thereby
alleviating symptoms and mitigating potential complications
(McDonnell et al., 2021). Antibiotic kill bacteria in part by inducing
oxidative damage. For instance, streptomycin can stimulate the Fenton
reaction and effectively contribute to cell killing in E. coli, which could
be prevented by overexpressing a ROS scavenger (Lv et al., 2023).
Antibiotics are commonly employed for the purpose of eradicating
pathogenic bacteria; however, they also possess the capacity to modify
the composition of the gut microbiota (Ma P. et al., 2022). Antibiotics
may alleviate dysbiosis by inhibiting the proliferation of pathogenic
bacteria that are associated with the progression of gastrointestinal
disorders (Yin et al., 2018). The administration of antibiotics such as
metronidazole, ciprofloxacin, and rifaximin has been demonstrated
to effectively reduce disease exacerbations and modulate the
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composition of the intestinal microbiota in the management of IBD
and CD (Limketkai et al., 2020; Strati et al., 2021). These antibiotics
could modify the composition and diversity of the gut microbiota,
potentially leading to a reduction in the occurrence of certain harmful
species and promoting a more advantageous microbial balance
(Stevens et al., 2022). Nevertheless, the prolonged and indiscriminate
use of antibiotics may disrupt the intricate microbial equilibrium
within the gastrointestinal tract, potentially leading to antibiotic-
associated diarrhea and the emergence of drug-resistant bacterial
strains (Schwartz et al., 2020). Therefore, customized approaches are
necessary in the selection of antibiotics for the management of bowel
diseases owing to variations in the gut microbiota and disease
characteristics among individuals. To optimize treatment outcomes,
it is imperative to carefully consider the potential benefits of antibiotics
alongside the risks associated with dysbiosis, harm to commensal
bacteria, and long-term effects.

5 Conclusion and perspective

The microbial population residing in the gastrointestinal tract is
approximately comparable in size to the population of human cells
distributed throughout the entirety of the body. The gut microbiota
possesses the capacity to perceive, regulate, and disseminate an
extensive array of chemical signals originating from the surrounding
milieu. This phenomenon significantly affects the well-being of
individuals. The regulation of redox balance in the intestinal tract is
influenced by the presence of gut bacteria, either through direct or
indirect mechanisms. A microbiome in a state of equilibrium exhibits
a propensity for maintaining redox balance, whereas dysbiosis
disrupts this state of equilibrium. The aggregation of preclinical
evidence has indicated that the manipulation of gut microbiota holds
promise as a therapeutic approach for the prevention and treatment
of intestinal diseases. This review discusses the correlation between
gut microbiota and oxidative stress, as well as the potential role of gut
bacteria in modulating the susceptibility of the intestine to oxidative
stress. The extent to which the gut microbiota contributes to intestinal
diseases can be inferred to a limited degree by examining the presence
or absence of specific bacterial species. The alteration of viromes and
fungal microbiota has been associated with CRC, implying a potential
interaction between these microorganisms and gut bacteria that could
potentially influence patients’ responses to cancer therapy. The
investigation of the causal connections between bacteria and intestinal
disorders, as well as the underlying mechanisms involved, has been
the focus of extensive scholarly research. The gut microbiota plays a
crucial role in the synthesis of various metabolites, which subsequently
influence numerous biological processes, including the modulation of
the immune system. In the future, it is anticipated that significant
advancements will be made in the field of medical research,
particularly in relation to the discovery of bacteria-derived metabolites
and enzymes that may contribute to the onset or progression of
intestinal disorders. These forthcoming findings are expected to exert
a substantial influence on the approach employed for the treatment of
such ailments. Furthermore, due to the significant role of oxidative
stress in the pathogenesis of intestinal disorders, the manipulation of
gut microbiota through the administration of antioxidants can
be considered a potential strategy for the prevention of
intestinal diseases.
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