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Abstract: Diquat (DQ) is extensively utilized as a herbicide in farming, and its intake can
result in serious systemic toxicity due to its induction of oxidative stress (OS) and disrup-
tion of intestinal homeostasis. The gastrointestinal tract is one of the first systems exposed
to DQ, and damage to this system can influence the general health of the host. Our review
summarizes the toxic effects of DQ on the intestinal barrier integrity, gut microbiome, and
microbial metabolites (e.g., short-chain fatty acids [SCFAs], bile acids). By elucidating the
mechanisms linking DQ-induced OS to gut dysbiosis, mitochondrial dysfunction, and
inflammation, our work provides critical insights into novel therapeutic strategies, includ-
ing probiotics, antioxidants (e.g., hydroxytyrosol, curcumin), and selenium nanoparticles.
These findings address a pressing gap in understanding environmental toxin-related gut
pathology and offer potential interventions to mitigate systemic oxidative damage.

Keywords: diquat; oxidative stress; inflammation; mitophagy; intestinal microbiome;
metabolic products; antioxidants

1. Introduction
Pesticides are the primary reason for toxicosis-associated accidental deaths in China,

which is the leading producer of pesticides, with the United States (US) and Argentina
following. As paraquat (PQ) ingestion has a particularly high mortality, its sale and use
have already been limited in many countries. Consequently, diquat (DQ) has become a
widely used substitute for PQ [1]. DQ was first produced in 1955 by the Imperial Chemical
Industries (ICI), a British company, which afterwards realized its value as a herbicide and
introduced it to the market in 1958 [2–4]. DQ possesses a high binding appetency to soil
and other organic substances and exhibits a high solubility in water [5]. Hence, DQ enters
aquatic ecosystems easily through direct discharge from factories and agriculture, and
does harm to humans, ducks, fish and other aquatic animals [6]. Its exposure approaches
include the digestive tract, the respiratory tract, the eyes, and the skin [3,7], resulting in
dysfunction of many organs such as the kidneys, brain, heart, and liver [1,8]. In recent
years, the increasing cases of DQ toxicoses have attracted global attention, and DQ was
classified as a potential carcinogen by the US Environmental Protection Agency (EPA) [9].
Until now, there is no specific antidote for DQ poisoning [10]. Existing studies show that
DQ poisoning may be related to oxidative stress (OS), inflammatory response, and the
induction of apoptosis [11,12]. Nevertheless, the specific mechanisms of DQ-induced injury
are largely unclear.

Antioxidants 2025, 14, 721 https://doi.org/10.3390/antiox14060721

https://doi.org/10.3390/antiox14060721
https://doi.org/10.3390/antiox14060721
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-8664-4015
https://orcid.org/0000-0003-1164-7427
https://doi.org/10.3390/antiox14060721
https://www.mdpi.com/article/10.3390/antiox14060721?type=check_update&version=1


Antioxidants 2025, 14, 721 2 of 28

As everyone knows, the main approach of pesticide exposure is the digestive
tract [13,14]. Recently, the research emphasis has turned to how pesticide exposure affects
the host intestinal flora, and evidence supports the possibility that DQ could disrupt the
structure and function of the gut microbiome, resulting in host metabolic disorders [15,16].
The human gut, being the largest barrier organ by surface area, has a complicated barrier
structure that serves as a selectively permeable shield, responsible not only for nutri-
ent absorption but also for protection against detrimental external factors [17,18]. It is
composed of four major layers: the microbiome in the intestinal lumen, responsible for
decolonizing pathogenic bacteria from the gut (a biological barrier); the unstirred water
layer, comprising digestive fluid and other substances released by the intestinal epithelial
cells (IECs) to inhibit bacterial attachment (a chemical barrier); the mucosal layer (including
antimicrobial substances generated by IECs and Paneth cells); and lined IECs (a mechanical
barrier) that act as the main constituent of the intestinal wall linked through tight junctions
(TJs) [17,19–21]. TJs (claudin, ZO-1 and occludin) are intercellular adhesion complexes that
serve as gatekeepers of the paracellular space [22].

The gut microbiota, a varied ecosystem, lives within the digestive tract and contains
at least 1013–1014 microbial cells and more than 2000 diverse species, involving bacteria,
viruses, fungi and parasites [23,24]. The primary function of gut microbiota is to regulate
the host metabolism as a ‘central metabolic organ’ and defend against harmful stimuli
and pathogens [25]. The gut microbiota is crucial for preserving the integrity of IECs
and beneficial for maintaining the host’s defense system homeostasis through generating
antimicrobial compounds, facilitating mucus secretion, and inhibiting the colonization
of pathogens [26]. A dynamic but relatively stable gut microbiota contributes to human
health, while dysbiosis may lead to inflammatory responses and various diseases such
as colon cancers, obesity, and diabetes [27,28]. Figuring out the relationship between DQ
and the functionality of the intestinal microbiota can provide a better understanding of
DQ-induced toxicity and new therapeutic strategies in DQ-related damage.

This review summarizes the potential detrimental effect that DQ has on the intestine,
with special attention paid to the intestinal microbiota. Firstly, we expound on impact of
DQ’s inherent toxicity on the gut. Next, we discuss its effect on the intestinal microbiome
and its metabolites.

2. Toxic Effects of DQ on the Intestine and the Gut Barrier
DQ crosses the cell membrane primarily through diffusion and, to a lesser degree,

by active transport through cation pumps [3]. DQ presents a direct toxic effect on the
IECs and firstly makes contact with the intestinal mucosa, resulting in extensive damage.
Meanwhile, the release of a large number of inflammatory factors can directly or indirectly
lead to intestinal damage, impairing the intestinal barrier, consequently accelerating DQ
absorption. The TJ between IECs is one of the essential structural bases for preserving the
integrity of the gut barrier [29]. Accumulating evidence has demonstrated that OS destroys
the TJs in many ways, leading to intestinal epithelial barrier dysfunction [30,31]. According
to research by Tian et al. (2023), OS induced by DQ results in morphological abnormalities
and functional damage in the small intestine [32].

2.1. Oxidative Stress and Inflammation

A survey of existing studies on pesticides showed that all pesticides can cause OS [33],
which involves an imbalance between the production of reactive oxygen species (ROS) and
the capability of the defense system to eliminate the superfluous ROS [34–36]. Normally,
there is an actional equilibrium between the oxidants and antioxidants in biological sys-
tems [37]. Excessive ROS can damage cellular proteins, DNA, and lipids, causing fatal
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cellular injury [38]. The gut sits at the interface between the organism and its lumen envi-
ronment [39], serving as a barrier against invading intestinal pathogens, and thus is more
susceptible to oxidative injury [40–44]. The gut barrier consists of monolayer cells and is
the main site of OS response [45,46]. OS mainly injures intestinal health by inducing cell
injury, inflammation and gut dysfunction [47,48]. Some studies have demonstrated that
the overproduction of ROS in the intestine can disrupt the epithelium function, increase
the permeability of the gut, damage IECs and disturb nutrient absorption [44,49,50]. For
example, studies have reported that some oxidants augment the permeability of the gut
barrier through disturbing TJs, accompanied by the disruption of the nuclear factor kappa-B
(NF-κB) signal pathway and inflammation [46,51]. It has been reported that OS interacts
with inflammation, ROS contributes to inflammation, and in turn, inflammation contributes
to the production of ROS [52–55]. Studies have found that OS can activate the NF-κB signal
pathway, which in turn facilitates the release of proinflammatory cytokines [56,57]. In
addition, extensive studies have shown that OS can disrupt the natural structure of the
small gut, involving increasing crypt depth (CD) and decreasing villus height (VH) and
the ratio of VH to CD (V/C), which can be regarded as an indicator of the absorption
ability [58–60]. Integrating these results, we speculate that therapy to reduce oxidative
injury and inflammatory response may be beneficial in maintaining the function of the
epithelial barrier, as well as intestinal and host health.

Moreover, OS is regarded as a key factor in disturbing the balance of the intestinal
microbiome and notably reducing the microbiota diversity [61,62]. Recently, OS has been
reported to influence the structure as well as the functionality of the gut microbiota [63] and
change the metabolites [64]. Furthermore, the metabolites of the microbiome are also crucial
for intestinal microbiome-mediated redox adjustment [65,66]. Some metabolites, including
short-chain fatty acids (SCFAs), polyphenolic and tryptophan derivatives, lipopolysaccha-
rides (LPS), and trimethylamine-N-oxide (TMAO), were found to modulate OS [67–70].
Research has found that ingesting probiotics alone or dietary supplementation with probi-
otics could alleviate OS and change the activities of pivotal antioxidant enzymes [71]. These
findings can offer novel insights and strategies for the therapy of intestinal OS illnesses.

2.2. The Role of OS and Inflammation in DQ-Induced Intestinal Injury

DQ can produce superoxide anion radicals by the molecular oxygen, which breaks the
redox equilibrium of the gut, leading to OS and inflammation [72–75]. The ability to induce
OS is greater than that of other herbicides due to DQ’s high value of redox potential [76].
Extensive studies have shown that OS ruins the structure of the gut and results in apoptosis
in enterocytes [77,78]. It was also reported that OS can induce essential mitochondrial
channel opening and activate the apoptosis pathway, which depends on mitochondria,
causing cell death [79,80].

The main antioxidant defense machineries for humans consist of antioxidants and an-
tioxidant enzymes, involving superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSH-Px) [81]. DQ was reported to elevate the content of malondialdehyde
(MDA) and reduce CAT, SOD and GSH-Px in jejunal mucosa [82–85]. In addition, studies
have found that SOD can effectively boost antioxidant ability, maintain mucosal barrier
integrity, and inhibit pro-inflammatory responses [86,87]. Li et al. obtained a novel SOD
gene from the Hydrogenobacter thermophilus strain (Ht), and their study demonstrated that
HtSOD mitigates OS and intestinal injury by decreasing total ROS in DQ-treated mice [42].

Extensive evidence has revealed that the nuclear factor erythroid 2-related factor 2
(Nrf2) signal pathway and mitophagy can mitigate OS. It was reported that Nrf2 primarily
adjusts the transcription of antioxidant genes, including CAT, SOD, and heme oxygenase-1
(HO-1), by regulating the antioxidant defense system [88–90]. Mechanistic research in
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IPEC-J2 cells exposed to DQ demonstrated that hydroxytyrosol (HT) alleviated intesti-
nal oxidative impairment through activating the Nrf2 signal pathway and facilitating
mitophagy. HT, a natural polyphenolic substance, mainly exists in olives and presents
potent antioxidant capacity [91]. DQ induced OS and damaged intestinal barrier function,
whereas HT mitigated these adverse phenomena. This research showed that targeting the
Nrf2 signaling pathway and mitophagy may become a hopeful tactic for curing OS-related
damage induced by DQ [92]. For instance, recent advances in selenium research revealed
that dietary selenium nanoparticles (SeNPs) triggered the Nrf2 pathway to suppress the ac-
tivation of inflammasome caused by OS in mice treated with DQ, consequently alleviating
OS-related intestinal barrier dysfunction [81,93].

KEGG analysis of an original research showed that differentially expressed genes
(DEGs) in mice after exposure to DQ were primarily enriched in the NF-κB signaling
pathway [81]. Evidence supported that Nrf2 can inhibit the activation of NLRP3 inflam-
masomes, which are crucial for the processing and release of inflammatory cytokines,
including IL-6, IL-18, IL-1β and TNF-α [94]. Qiao et al. (2022) demonstrated that DQ
exposure increased the level of the NLRP3 inflammasome and subsequently caused an
increase in IL-18 and IL-1β in mice [95]. Another study has shown that the concentration
of IL-6 and TNF-α is significantly elevated in the piglet model of DQ-induced OS [96].
TNF-α, a proinflammatory cytokine, plays an important role in systemic inflammation.
The collected data confirmed that TNF-α can result in an increase in intestinal epithelial TJ
permeability [97,98].

As mentioned before, due to its characteristic biological structure and functional
location, the gut is especially vulnerable to DQ, which causes severe OS. Thus, regulating
OS has become a significant means to ameliorate the damage induced by DQ. Measures
such as developing antioxidants and understanding their mechanisms and pathways can
help alleviate OS induced by DQ and reduce the risk of intestinal damage.

2.3. Mitophagy

DQ is also identified as leading to mitochondrial damage. Studies have revealed
that mitochondrial dysfunction is involved in DQ poisoning [12,82,99]. IECs contain
abundant mitochondria, which are the main production place and the primary target
of ROS [82,100–102]. Once exposed to external noxious stimuli, the impaired mitochon-
dria produce excessive ROS, which further worsens oxidative damage [103–105]. Chen
et al. (2021) [106] found that DQ exposure led to ROS accumulation, which destroyed
mitochondrial DNA (mtDNA) and mitochondrial enzymes and caused mitochondrial
dysfunction in the jejunum of weanling piglets. Such damaged mitochondrial function, in
turn, exacerbated the production of mtROS, creating a vicious cycle. Moreover, research
has shown that the accumulation of mtROS reduces the microbial diversity of the gut as
well as antimicrobial defenses [107,108]. In this regard, alleviating mitochondrial disorders
may be a promising strategy for the improvement of OS-related damage caused by DQ.

Previous investigations have demonstrated that OS can trigger mitophagy in DQ-
induced intestinal damage [109]. It has been reported that DQ-induced OS could impair the
function of the epithelium in piglets, with the mitochondrial disorder of the jejunal mucosa
and mitophagy [83,110]. Mitophagy can eliminate excess ROS through phagocytosing
impaired mitochondria and degrading them [111–113]. It was reported that OS can trigger
mitophagy through the PINK1-Parkin signaling pathway [114,115]. In existing studies,
researchers found that DQ exposure induces the production of autophagic vesicles and
augments mitophagy-associated proteins, indicating that the mitophagy pathway has been
initiated [92]. Recent studies have indicated that mitophagy plays a protective role in
preventing cellular death triggered by OS in DQ-treated piglets. This process involves
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the selective engulfment of impaired mitochondria by autophagosomes, followed by their
subsequent breakdown within lysosomes. Such cellular machinery not only maintains
intestinal epithelial function but also decreases additional oxidative injury [82].

Recently, a growing body of studies have indicated that metabolites derived from
gut microbiota play a significant role in modulating OS through microbial activity in the
intestinal environment. SCFAs, especially acetate, propionate, and butyrate, are metabolic
byproducts generated by beneficial gut microbiota during the breakdown and fermenta-
tion of dietary fiber [116–118]. These SCFAs serve as crucial energy substrates for IECs,
facilitating their growth and differentiation. Additionally, they play a significant role in
modulating gut functionality, immune responses, and preserving the homeostasis of micro-
bial communities. In addition, SCFAs have been confirmed to possess antioxidant abilities,
and among them, butyrate has received particular attention [119]. Extensive studies con-
ducted both in animal models and cell cultures have verified that butyrate possesses the
ability to effectively alleviate OS within the intestinal environment [120–124]. A study has
shown that butyrate serves as a signal molecule safeguarding the liver from OS through
stimulating the Nrf2 signal pathway in rats [124]. Furthermore, butyrate also possesses
numerous functions, involving providing the major energy for intestinal cells, promoting
TJ protein formation [119,125], suppressing the proliferation of pathogens, contributing
to the growth of enterocytes, and restraining the intestinal inflammation [126–128]. In
addition, some researchers indicated that butyrate has the capacity to restore mitochondrial
energy deficiencies [129]. Data from Wang et al. (2019) [55] indicated that DQ injection
caused serious intestinal OS in pigs, while butyrate relieved intestinal OS and inflammation
and improved mitochondrial function through selectively inducing mitophagy. Wang’s
research revealed that butyrate notably elevated protein levels of PINK1 and Parkin in
mitochondria. Moreover, Lee et al. (2012) found that butyrate increased the survival of
hamster ovary cells through recruiting Parkin and inducing mitophagy to eliminate dam-
aged mitochondria [130]. Furthermore, previous studies have demonstrated that elevated
butyrate concentrations upregulated mitophagy-related genes in cell lines from autistic
boys under OS [131].

As previously mentioned, Nrf2 reduces OS through regulating the transcription of
genes involved in antioxidant defense mechanisms, whereas mitophagy eliminates im-
paired mitochondria at the source. The synergistic effect of these two processes contributes
to preserving cellular stability and improving the impairments induced by OS. Neverthe-
less, the precise interplay between Nrf2 and mitophagy is not yet entirely clear and needs
further investigation.

The molecular mechanisms mentioned above are outlined in Figure 1.

2.4. Impact of DQ on Intestinal Barrier Integrity

It is generally acknowledged that the gut barrier, as the main shield against the harsh
conditions within the lumen of the intestine, is critical for safeguarding the organism against
toxins, antigens, and pathogens [132–134]. The intestinal epithelium comprises enterocytes,
Paneth cells, and goblet cells, collectively constituting the principal cellular constituents of
the intestinal barrier system that orchestrates mucosal defense mechanisms [135]. Goblet
cells, a significant component of IECs, are the primary source of mucin secretion. In
the gut, mucin 2 (MUC2) is the predominant mucin secreted by goblet cells [136] and
serves as a key regulatory gene for the intestinal mucus layer, playing a significant role
in maintaining intestinal barrier integrity [137]. Research has found that DQ exposure
decreases the number of goblet cells, thereby diminishing MUC2 secretion. The deficiency
of MUC2 compromises the integrity of the inner mucus layer, permitting pathogenic
bacterial–epithelial interactions that trigger innate immune activation and chronic mucosal
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inflammation [138]. Animal studies have revealed that MUC2-deficient mice have chronic
colonic inflammation [139].

 

Figure 1. Schematic overview illustrating the multiple pathways through which diquat triggers ROS
production, inflammatory factor release, and the activation of mitophagy and apoptosis in IECs.
(1) SCFAs (e.g., butyrate) and TUDCA derived from intestinal homeostasis activate Nrf2 signaling to
upregulate antioxidant enzymes (HO-1/CAT/SOD/GSH-PX), constituting a critical defense against
oxidative injury. (2) DQ elicits OS through dual mechanisms: the direct induction of ROS generation
and the indirect disruption of redox homeostasis via dysbiosis. (3) Pro-inflammatory signaling:
NF-κB/NLRP3 activation upregulates cytokines (IL-6, IL-1β, IL-18, TNF-α). (4) Mitochondrial–
lysosomal axis dysfunction: ROS accumulation induces PINK1-Parkin-dependent mitophagy, and
lysosomal activity mediates the clearance of damaged mitochondria. (5) OS triggers mitochondrial-
mediated apoptosis (caspase-9/caspase-3 cascade activation). SCFA: Short-chain fatty acid; TUDCA:
Tauroursodeoxycholic acid; Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-
1; CAT: Catalase; SOD: Superoxide dismutase; GSH-PX: Glutathione peroxidase; ROS: Reactive
oxygen species; NF-kB: Nuclear factor kappa-B; NLRP3: NLR family pyrin domain containing 3.

Studies have demonstrated that DQ impaired the integrity of the gut barrier in mice,
leading to fragmented brush borders and a disarrayed epithelium [83]. The excessive ROS
in the intestinal epithelium can elevate intestinal permeability, enabling the translocation
of detrimental luminal components into the bloodstream (as described in Figure 2) and
elevating the likelihood of systemic inflammatory responses [140]. Gut integrity plays
a significant role in evaluating gut health and could be quantified by various measur-
able parameters, such as diamine oxidase (DAO), D-lactate (DLA), VH, and CD [141].
DAO, an enzyme found within cells, is primarily produced and distributed in the in-
testinal epithelium [142]. DLA is a special byproduct generated by microbial metabolic
processes. Increased serum concentrations of DAO and DLA commonly suggest gut barrier
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injury [143,144]. Chen et al. (2022) demonstrated that DQ-treated pigs showed elevated
serum DAO and DLA levels, verifying the impairment of gut barrier integrity [145].

 

Figure 2. DQ compromises the intestinal barrier and increases intestinal permeability. (1) Tight
junction (TJ) disruption: the downregulation of claudin, ZO-1, and occludin compromises epithelial
barrier integrity. (2) Reduced MUC2 secretion from goblet cells exacerbates mucosal vulnerability.
(3) DQ elevates serum DAO and DLA levels, verifying the impairment of gut barrier integrity. (4) DQ
enhances tryptophan metabolism, thereby augmenting the production of IS, a uremic toxin associated
with renal pathophysiology. ↑: upregulation; ↓: downregulation; TJ: Tight junction; ZO-1: Zonula
occludens-1; MUC2: Mucin 2; DLA: D-lactate; DAO: Diamine oxidase; IS: Indoxyl sulfate.

VH and CD serve as direct morphological parameters for assessing the structural
integrity of the gut mucosa [146]. TJs form the fundamental building blocks of the gut
barrier, with occludin being the earliest discovered TJ protein, while ZO-1 and claudin play
critical roles in maintaining the physiological and structural integrity of the paracellular
barrier [147]. It has been reported that claudins are crucial components of TJs and determine
their barrier properties and paracellular permeability [148]. Both animal and cell culture
studies showed that DQ-related OS compromises the integrity of IECs, evidenced by the
disruption of TJs and the reduced viability of IECs, ultimately leading to the dysfunction of
the nutrient metabolism [149–151]. Additionally, Wen et al. (2020) found that DQ negatively
impacted the morphological development of the small intestine, decreasing VH and the
V/C ratio, while also downregulating the expression of ZO-1 and occludin proteins in
piglet intestinal tissue [152].

Furthermore, research has found that the atrophy of intestinal villi and barrier dys-
function caused by OS were partially related to the programmed cell death of IECs [153]. It
was found that the impairment of the gut barrier is always accompanied by the apopto-
sis of IECs [154–156]. As everyone knows, apoptosis is modulated by various molecular
mechanisms, with significant involvement from the Bcl-2 and caspase protein families [157].
Chen et al. (2022) revealed that DQ exposure obviously increased the expression levels
of caspase-9, caspase-3, and Bax in the mucosal layers of the duodenum and jejunum,
indicating that DQ induced apoptosis of IECs [145]. Furthermore, studies showed that DQ
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exposure led to atrophied intestinal villi, featuring fragmented intestinal brush borders and
disordered epithelial layers, resulting from the apoptosis and shedding of IECs [21,158].

3. Effects of DQ on the Composition and Function of the
Intestinal Microbiome

Increasing evidence has confirmed the crucial function of the intestinal microbiome
in the physiological and pathological states of the body. Studies have revealed that the
intestinal microbiome helps repair intestinal mucosal barrier injury [159] and also plays
vital roles in modulating host OS and inflammation [160–162]. It has been reported that
DQ reduced gut microbiota diversity, whereas HtSOD alleviated the decrease in microbial
diversity caused by DQ and contributed to the growth of beneficial microbiota [42]. The
distinct gut microbial profiles between DQ-exposed animals and the normal group have
been exhibited in several studies.

Yuan et al. (2024) [81] found altered ileal mucosal microbiota composition in DQ-
treated piglets. In comparison with normal piglets, DQ exposure reduced Acidobacteria
populations while elevating the levels of Clostridium and Turicibacter. Clostridium genera are
Gram-positive obligate anaerobic bacteria and are usually deemed as pathogenic microor-
ganisms [163], while Turicibacter might influence gut health and contribute to the develop-
ment of multiple disorders, such as diabetes and inflammation [164]. The elevated levels of
Clostridium and Turicibacter showed exacerbated ileal inflammation resulting from DQ expo-
sure. 16S rRNA analyses in the study by Wu et al. (2022) suggested that DQ administration
disrupted the microbial balance in rats, markedly reducing Firmicutes and Lactobacillus pop-
ulations while augmenting Proteobacteria abundance [165]. This is an inconsistent result to
that of Yuan et al., which we hypothesize may be due to interspecies differences. Firmicutes,
a Gram-positive bacterial phylum, constitutes the predominant microbial group in healthy
human gut microbiota [17,166]. It encompasses various beneficial bacterial species capable
of metabolizing SCFA salts, including acetate and lactate, thus influencing the balance of
symbiotic microorganisms in the intestine, alleviating gut inflammation, and maintaining
immune homeostasis [167–169]. Proteobacteria phylum contains the majority of conditional
pathogens, such as Helicobacter, Vibrio, Salmonella and Escherichia [170]. There is a broad
consensus that numerous bacterial species within the Proteobacteria phylum can induce
persistent gut inflammation and tissue damage in piglets [171,172]. STAMP analyses in
this study showed notably elevated levels of conditional pathogens Escherichia coli and
Proteobacteria, alongside reduced populations of potentially beneficial microbes, including
Firmicutes, Lactobacillus, and Akkermansia, in DQ-treated rats. Pearson’s correlation analy-
sis revealed that beneficial microorganisms, including Butyricicoccus and Faecalibacterium,
showed inverse relationships with MDA levels, further verifying the link between microbial
community changes and DQ-induced OS [165]. Han et al. (2023) demonstrated that DQ
exposure decreased Firmicutes populations, consistent with previous research findings,
while simultaneously increasing Bacteroidetes levels in mice [173]. Recent research has
indicated that the Firmicutes/Bacteroidetes (F/B) ratio is positively related to the antioxidant
ability in piglets [174] and is recognized as a significant indicator of the health of the gut
microbiota [175]. Furthermore, an article reported that DQ exposure increased Parabac-
teroides populations in mice, consistent with another study exhibiting a positive correlation
between Parabacteroides abundance and OS markers in murine models [176]. The collected
data confirmed that Parabacteroides is a core member of the intestinal microbiome and is
related to the development of OS and inflammation [177]. Yang et al. (2024) found that DQ
markedly decreased Lactobacillus and Alistipes populations in broilers [178]. Alistipes serves
as a key contributor to SCFAs production, including acetate and propionate [179]. Research
has indicated that Alistipes potentially exerts protective influences against certain patholog-
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ical conditions, involving colitis, cardiovascular diseases, and tumor immunotherapy [180].
This further verifies that DQ can reduce the populations of advantageous microbial species,
thus impairing gut homeostasis. The results of Fu et al. (2021) indicated that DQ exposure
increased the populations of Ruminococcaceae UCG-005 and Eubacterium coprostanoligenes in
weaned piglets [171]. A previous study demonstrated that Ruminococcaceae UCG-005 is a
stable constituent of the intestinal microbiome in piglets [181]. Research has revealed that
Ruminococcaceae UCG-005 is positively related to metabolic diseases and chronic inflamma-
tion in weaned piglets [182]. Furthermore, another study has indicated that the increase
in Ruminococcaceae UCG-005 in piglets exposed to DQ implies the exacerbation of the gut
milieu because the population levels of Ruminococcus within the gastrointestinal system
significantly influence the occurrence of diarrhea [183,184]. Eubacterium coprostanoligenes
is widely recognized for its capacity to transform cholesterol into coprostanol, thereby
decreasing circulating cholesterol levels. Some findings have suggested that Eubacterium
coprostanoligenes populations are elevated in correlation with rising serum cholesterol con-
centrations in piglets exposed to thermal stress [185]. Based on the data acquired, we
hypothesize that OS induced an elevation in circulating cholesterol levels, subsequently
elevating the abundance of Eubacterium coprostanoligenes.

Recent studies have indicated that there exists a connection between mitochondria
and the intestinal microbiome. On the one hand, the intestinal microbiome has been
found to modulate pivotal transcriptional factors that play crucial roles in the process
of mitochondrial biogenesis. In addition, the intestinal microbiome and its byproducts,
including SCFAs and secondary bile acids, also play a stimulative role in energy genera-
tion, OS, and inflammation reduction through diminishing TNF-α-driven responses and
inflammasomes like NLRP3 [95]. Furthermore, mitochondrial events, especially mtROS
generation, are crucial for modulating the intestinal microbiome through regulating the
functionality of the gut barrier [186,187]. One study has shown that selenium deprivation
disrupted redox homeostasis and altered the intestinal microbiome composition, which
is more vulnerable to gut barrier impairment upon DQ exposure. This effect is mediated
via the Nrf2-dependent regulation of NLRP3 inflammasome signaling in murine models
subjected to DQ stimulation. Nutritional intervention using biologically synthesized SeNPs
produced by Lactobacillus casei ATCC 393 significantly improved the impairment of the gut
barrier through increasing the antioxidative ability, ameliorating mitochondrial integrity
and functionality, and preserving intestinal ecological balance through the Nrf2-regulated
NLRP3 signal cascade [95].

This field would be worth investigating further, as although there is information
available sketching the effects of DQ on the composition and functionality of intestinal
microbiota, the exact mechanisms remain challenging to completely characterize owing
to interspecies and individual differences, necessitating further comprehensive research.
Various lifestyle determinants contribute to the unique composition of individual intestinal
microbiota, including dietary habits, probiotic consumption, age, environmental exposures,
and exercise regimens [188,189].

In conclusion, DQ exerts toxic effects on intestinal microbial communities through
modifying their compositional profile and functional characteristics. These microbial
changes may provide valuable biomarker potential for evaluating DQ-induced toxicity.

4. Impact of DQ on Metabolites
Microbial-derived metabolites, including SCFAs, tryptophan metabolites, and bile

acids (BAs), have been demonstrated to significantly influence gut homeostasis [190].
These metabolites from different microorganisms have been shown to regulate intestinal
physiology and influence metabolic processes across multiple organ systems, including



Antioxidants 2025, 14, 721 10 of 28

the liver, muscle, and brain [191–193]. They possess dual regulatory capabilities, facil-
itating the development and activity of immunoregulatory cells while simultaneously
restraining pro-inflammatory pathways, thereby preserving both intestinal and systemic
physiological balance in the host [194]. BAs are synthesized through cholesterol catabolism,
undergoing hepatic conversion to primary forms (PBAs) before intestinal transit, where
microbial biotransformation generates secondary metabolites (SBAs), preserving physi-
ological balance via enterohepatic recirculation [195]. Studies in humans and mice have
indicated that BAs are involved in modulating intestinal inflammation, tumorigenesis,
and immune function [196,197]. SBAs undergo microbial-mediated conversion to generate
TUDCA, a bioactive compound shown to stimulate Nrf2 signaling, increase antioxidative
enzyme expression, and exert antioxidative effects [195,198]. Thereby, the regulation of
intestinal microbial communities and their metabolic byproducts emerges as a promising
therapeutic approach for ameliorating OS in the gastrointestinal tract. It was reported that
polyphenolic substances exert beneficial effects on microbial ecosystem stability and normal
metabolism [199,200]. As previously mentioned, HT is a natural polyphenolic compound
and possesses potent antioxidant ability [201]. Wen et al. (2024) [137] reported that DQ
caused disorders in BA metabolism, including lower levels of PBAs, hyocholic acid (HCA),
hyodeoxycholic acid (HDCA), and TUDCA, while treatment with HT partially reversed
these alterations. This study also revealed a positive association among the expression
levels of HCA, Nrf2, and CAT, suggesting that HCA may possess antioxidant properties.
Furthermore, HDCA was found to enhance the activity of antioxidative enzymes and then
alleviate oxidative damage and inflammation. Moreover, some studies have revealed that
HDCA has the potential to serve as an intrinsic regulator that inhibits inflammatory signal-
ing mechanisms [202]. Accumulating evidence has demonstrated that TUDCA is capable of
modulating the activity of antioxidative enzymes, which helps reduce OS [203–205]. This
perspective was further supported by a positive association observed among the expression
levels of TUDCA, Nrf2 and CAT. It is widely recognized that butyrate-producing bacteria
are predominantly classified within the Firmicutes phylum, among which Faecalibacterium
prausnitzii and Roseburia are acknowledged as the most potent butyrate producers. Notably,
Faecalibacterium prausnitzii serves as a principal contributor to colonic butyrate levels due to
its high relative abundance and efficient butyrogenic pathways [206]. In another study that
also used HT as an intervention, researchers reported that HT administration counteracts
the DQ-induced decrease in the relative abundance of Firmicutes and butyrate levels in mice,
implying a potential connection between butyrate and the antioxidant ability enhanced by
HT [173].

Studies have revealed that DQ decreases the production of microbial tryptophan,
thereby decreasing its availability in the host [207]. Tryptophan and its metabolites are
recognized for their function as signaling molecules that facilitate communication between
the intestinal microbiome and host cells [208]. Research has found that OS triggered by
DQ may increase tryptophan metabolism in pigs [84,207], and this metabolic shift drives
indoxyl sulfate (IS) overproduction. IS, a uremic toxin, builds up in plasma as kidney func-
tion declines, accelerating the progression of chronic kidney disease (CKD) [209]. In some
situations, IS can be beneficial to the host, most markedly by inhibiting inflammation [210]
and enhancing gut barrier function [211]. Nevertheless, in patients with CKD, impaired
kidney function results in a significant elevation of IS levels in the plasma, inducing detri-
mental effects [212]. Tryptophanases produced by gut bacteria transform tryptophan into
indole, which is subsequently absorbed and transformed by the host into IS. TDO, the
hepatic rate-limiting enzyme governing systemic tryptophan catabolism, mediates the
oxidative cleavage of tryptophan into kynurenine pathway metabolites [213,214]. Previous
studies have demonstrated that DQ exposure can elevate the TDO mRNA level in the liver
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of piglets [84]. Researchers speculated that the observed decrease in circulating tryptophan
levels may be mechanistically linked to the DQ-induced upregulation of hepatic TDO
activity [207]. The collected data confirmed that Bacteroides species predominantly harbor
the most abundant tryptophanases in the intestines of most individuals. Research has
found that DQ exposure increased the abundance of Bacteroides [63]. Researchers identified
a widely distributed family of tryptophanases in gut-commensal Bacteroides and found
that the targeted ablation of this gene eliminated the generation of indole in vitro [209].
This gives us some new insights: modulating the gut microbiota to reduce the indole
concentration, thus decreasing IS in the circulation, may offer a novel strategy to lower
the detrimental effects of kidney injury caused by DQ (the gut–kidney axis). Studies
have revealed that most human-related bacterial species capable of generating indole are
typically low-abundance colonizers of the intestine or pathogens [215,216]. This infor-
mation may help us better comprehend, forecast, and reprogram IS levels in vivo. For
instance, researchers demonstrated that through deleting or changing a single gene and its
orthologs, they could clear or obviously decrease the content of urinary IS. In addition, it
was also observed that rationally the changing diet could contribute to the proliferation of a
tryptophanase-negative Bacteroides species into a model intestinal community, proving the
feasibility of utilizing dietary interventions to reduce the microbiota’s ability to generate
indole [209].

In the research by Fu et al. (2021) [171], the effects of DQ on the intestinal metabolic
profiles was investigated. 3-methyldioxyindole is an oxidative metabolite of 3-methylindole,
generated by colonic bacteria, and it plays a role in tryptophan metabolism. In Fu’s
results, a notable reduction in 3-methyldioxyindole was found in DQ-treated weaned
piglets. Correlation analysis helped identify several bacterial genera that may play a role
in host metabolism. The levels of Acidaminobacter showed a negative relationship with
two metabolites and a positive relationship with eight metabolites, while Terrisporobacter
exhibited a positive relationship with one metabolite and a negative relationship with
six metabolites. Integrating these results, researchers suggested that the destruction of
intestinal microbial structure and metabolic balance is likely the primary factor contributing
to the reduction in the antioxidative ability of DQ-exposed piglets.

Studies have found that the intestinal microbiome also affects host health by influ-
encing the host metabolome [217,218]. Modifications in the structure of the intestinal
microbiome can alleviate host OS through altering serum metabolomics. It was reported
that HT administration increased the levels of multiple serum metabolites that help mitigate
OS [173]. As an example, 20-carboxy arachidonic acid undergoes metabolism through
cytochrome P450 omega-oxidase, generating 20-hydroxyeicosatetraenoic acid, a metabo-
lite with demonstrated antioxidative and anti-inflammatory activities [219]. Likewise,
3-hydroxytetradecanoyl carnitine plays a role in mitochondrial activity and oxidation [220].
Malic acid serves as a crucial intermediate metabolite of the tricarboxylic acid cycle (TCA).
Evidence has demonstrated that it increased the antioxidative ability in the liver of fish [221].

5. Several Therapies to Alleviate the Toxic Effects of DQ
Out of the current treatment strategies, probiotics have obtained the most atten-

tion [222]. Studies have revealed that probiotics can exhibit the antioxidative capacity via
diverse approaches, including upregulating the antioxidases in the host and modulating
intestinal microbiota [223]. As is well-known to all, lactic acid bacteria (LAB) possess antiox-
idative and immunoregulatory abilities and are regarded as ideal probiotics [224]. It was
reported that LAB could be utilized as a supplement to regulate Nrf2 and NF-κB signal
pathways, and ameliorate intestinal inflammation [225]. The dominant genus among LAB
is Lactobacillus [189]. It was reported that the genus Lactobacillus is positively related to
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serum total antioxidant [63,226] and can suppress ROS generation through restraining
the activities of critical enzymes like NADPH oxidase and increase the ROS elimination
capacity of the antioxidative system through modulating Nrf2 and NF-κB signaling path-
ways [227]. Research has shown that Lactobacillus can suppress the expression of TNF-α
by the NF-κB pathway to relieve intestinal inflammation [225]. Feng et al. (2023) found
that Lactobacillus-derived extracellular vesicles (EVs) [228,229] obtained from piglets could
elevate antioxidant activity through ameliorating the gut barrier and reorganizing gut mi-
crobiota in mice after exposure to DQ [230]. LAB-EVs reshaped the gut microbiota through
reducing the growth of detrimental bacteria like Enterococcus while promoting the growth
of beneficial bacteria, including Parasutterella and Erysipelatoclostridium. As a result, these
alterations ameliorated the intestinal barrier function, as demonstrated by elongated intesti-
nal villi; elevated the activities of the antioxidative enzymes; and alleviated the oxidative
injury. Spearman’s correlation analysis exhibited consistent results: Erysipelotrichales and
Parasutterella showed a positive relationship with the antioxidative enzyme activities and a
negative relationship with oxidative injury. Another study has shown that the inclusion
of Lactiplantibacillus plantarum P8 in the diet facilitated an amelioration of the antioxida-
tive ability, microstructure, and barrier integrity in the jejunal mucosa and a reduction in
apoptosis in DQ-treated piglets. Transcriptome analysis of the jejunum further revealed
that the positive effects of P8 might be correlated with the modulation of the NF-κB signal
pathway [231].

The gut plays a significant role in preserving an organism’s arginine balance and
arginine absorption, endogenous synthesis, and metabolism [232]. It was reported that OS
reduced the content of serum arginine in piglets [85], and supplementation with arginine
can diminish OS through elevating the total antioxidative ability in piglets [233]. Fur-
thermore, another study has shown that arginine could maintain barrier function and
decrease bacterial translocation in the gut of mice [234]. Research has demonstrated that
supplementation with arginine notably decreased intestinal CD and TNF-α mRNA levels
in jejunum exposed to DQ. This study supports that arginine supplementation in the diet
promotes the gut health via ameliorating the intestinal morphology, modulating arginine
availability and lowering inflammatory cytokine levels [149].

Resveratrol, a polyphenolic phytoalexin derived from plants like peanuts, has acquired
significant attention for its antioxidative and anti-apoptotic properties. Recent studies have
indicated that the administration of resveratrol as a dietary supplement elevated the
antioxidative capacity in the host [235,236]. Additionally, resveratrol possesses a potent
inhibitory effect on ROS generation and exhibits a wide range of biological activities,
including anti-inflammatory, anti-obesity, and anti-aging properties [237,238]. Apigenin, a
naturally occurring phytochemical flavonoid, is found in various plant-based foods, such as
fruits and vegetables [239]. Recent studies have indicated that apigenin exhibits potential
antioxidative, anti-apoptotic, and anti-inflammatory properties [239–242]. Zhou et al.
(2022) [243] found that resveratrol and apigenin could reduce the MDA level and increase
SOD and GSH-PX levels in DQ-treated pullets. Furthermore, resveratrol upregulated
the levels of HO-1 mRNA in ileac and jejunal tissue, while apigenin increased NRF2
and HO-1. Both resveratrol and apigenin upregulated the mRNA levels of claudin-1
and ZO-1 in the ileum after exposure to DQ. These results demonstrated that resveratrol
and apigenin supplementation alleviated OS via the Nrf2 signal pathway and improved
intestinal barrier function in pullets exposed to DQ to a certain extent. Curcumin (CUR),
a diketone substance derived from the rhizomes of Curcuma longa, is known for its
various biological properties, including antioxidative, anti-inflammatory, and antiviral
effects [244,245]. Research by Wu et al. (2024) revealed that the concentrations of acetate
and total SCFAs in the cecum of broilers treated with CUR were notably elevated compared
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to those in the DQ group, suggesting that CUR facilitated acetate generation [246]. This
might be because Ruminococcaceae_Clostridium populations in the CUR group obviously
increased. Recent studies have indicated that Ruminococcaceae shows a crucial effect on
degrading starch and fiber, thereby facilitating the generation of SCFAs [247]. As the
primary component of SCFAs, acetate is directly related to the content of total SCFAs.
Furthermore, the beneficial effects of CUR on preserving cecal physiological equilibrium
facilitated acetate generation. Additionally, the LEfSe analysis in Wu’s study indicated that
in the pairwise comparison group, Lactobacillaceae and Lactobacillus exhibited the highest
LDA values. Based on this, researchers hypothesized that these two taxa might play an
important role in the mitigatory effects of CUR on OS and inflammatory responses [246].

Selenium, a critical micronutrient, exhibits important effects on antioxidant, anticancer,
antiviral, and immune-modulatory activities [248]. The low poisonousness and highly
bioavailable properties of SeNPs make them promising candidates for therapeutic applica-
tions and selenium supplements. REG3G is closely linked to the integrity and functionality
of the gut barrier. A deficiency in REG3G can promote the proliferation of mucosa-adherent
bacteria, ultimately contributing to gut barrier impairment [249]. A study by Qiao et al.
(2022) [95] indicated that the jejunal villi were arranged disorderly, the VH was shortened,
and the number of goblet cells was reduced in mice under DQ stimulation. However,
the supplementation of biogenic SeNPs in the diet increased jejunal MUC2 and REG3G
expression, demonstrating their efficacy in mitigating DQ-caused gut barrier damage.
Additionally, a decrease in the F/B ratio and the levels of Desulfovibrio and an obvious
increase in the levels of Bacteroides and Clostridium_XlVa were observed in mice fed with
SeNPs. Bacteroides, an essential component of the gut microbiota, plays a vital role in
carbohydrate metabolism and propionate production [250,251]. Recent advances in micro-
biome research revealed that Bacteroides thetaiotaomicron is crucial for absorbing nutrition
and contributing to barrier integrity via promoting goblet cell maturation and regulating
mucus secretion [252]. Clostridium_XlVa is found to possess the ability to break down
carbohydrates and generate SCFAs, including acetate and butyrate [253,254]. Desulfovibrio,
an opportunistic pathogen, generates the LPS endotoxin and exhibits higher levels in the
gut of obese individuals and patients with ulcerative colitis compared to healthy subjects.
Furthermore, elevated levels of Desulfovibrio can impair IECs and the intestinal barrier
integrity [255,256]. As key metabolites of the intestinal microbiota, changes in SCFA levels
were consistently found in the cecum of mice following SeNP supplements. In Qiao’s other
article, metabolic pathway analysis using the KEGG database suggested that the predomi-
nant metabolic pathways affected by SeNP intervention were primarily associated with
aldosterone synthesis and secretion, as well as glutathione metabolism [257]. Aldosterone
plays a crucial regulatory role in the sodium balance and has been demonstrated to directly
contribute to end-organ injury through various pathophysiological mechanisms [258]. Glu-
tathione, a potent tripeptide antioxidant, plays a crucial role in xenobiotic metabolism and
biotransformation processes. Its reactive sulfhydryl group, primarily located on the cys-
teine residue, enables the effective binding and neutralization of various toxic compounds,
thereby conferring significant detoxification capacity [259]. The information above offered
substantial evidence supporting the critical interplay between selenium supplementation,
gut microbiome, and systemic metabolic regulation.

Periplaneta americana L., commonly known as the American cockroach, is a medically
significant insect species belonging to the genus Periplaneta within the family Blattidae.
This arthropod has been traditionally utilized in Chinese medicine and is recognized as
a distinctive therapeutic agent. Recent pharmacological studies have demonstrated that
Periplaneta americana extract (PAE) exhibits significant therapeutic potential in the manage-
ment of various inflammatory disorders [260,261]. Lu et al. (2022) [262] elaborated that
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DQ damaged gut microbiota homeostasis, characterized by elevated levels of Bacteroidetes
and Proteobacteria phyla, coupled with a marked reduction in Firmicutes populations. This
microbial dysbiosis was associated with the development of intestinal barrier dysfunction
(leaky gut), as evidenced by elevated levels of gut-derived bacterial metabolite DLA in
systemic circulation. Notably, PAE intervention demonstrated protective effects by amelio-
rating DQ-induced reduction in α-diversity indices of gut microbiota. Furthermore, PAE
treatment significantly modulated microbial composition, particularly through enhancing
the proliferation of the beneficial bacterium Akkermansia muciniphila while suppressing
the growth of Bacteroidetes in DQ-treated mice. Akkermansia muciniphila, an anaerobic bac-
terium, was first isolated two decades ago and has emerged as a significant member of the
complex microbial community in the gut [263]. Moreover, A. muciniphila is identified as a
promising next-generation probiotic [264,265]. A. muciniphila has been found to upregulate
the levels of intestinal TJs including occludin and ZO-1 [266]. In addition, it was also
reported that A. muciniphila can potentially offer numerous health benefits by elevating
SCFAs generation [267].

Changes in gut microbiota and metabolites observed in experimental animal models
after treatment with DQ or intervention are shown in Table 1.

Table 1. Changes in gut microbiota and metabolites of experimental animal models after treatment
with DQ or intervention.

Subjects Changes (DQ) Intervention Changes (Intervention) Ref.

C57BL/6 mice

Allobaculum, Providencia,
Escherichia-Shigella,

Bacteroidetes, proteobacteria↑;
Firmicutes↓

Periplaneta americana
extract (PAE)

Akkermansia muciniphila↑;
Bacteroidetes↓ [262]

Weaned piglets HCA, HDCA, TUDCA↓ Hydroxytyrosol HCA, HDCA, TUDCA↑ [137]

ICR mice Firmicutes↓; Bacteroidetes↑ Hydroxytyrosol

Firmicutes, Lactobacillus↑;
Bacteroidetes↓; butyrate↑;

glycerophospholipid
metabolism, pentose,

glucuronate interconversions↓

[173]

C57BL/6J mice
Bacteroidota, Coriobacteriia,

Enterorhabdus↓;
Escherichia–Shigella↑

L. delbrueckii, L.
amylovorus, and L.

salivarius EVs

Enterococcus↓; Parasutterella,
Bifidobacterium,

Erysipelatoclostridium↑
[230]

Mice Firmicutes↓
Eucommia ulmoides

polysaccharide
(EUPS)

Firmicutes, Ligilactobacillus↑;
Helicobacter↓ [168]

WOD168 broilers Lactobacillus, Alistipes↓ Quercetagetin (QG) Lactobacillus, Alistipes↑ [178]

Weaned piglets
Firmicutes, Actinobacteria,

Ruminococcaceae UCG-005,
Eubacterium coprostanoligenes↑

Resveratrol (RES) Clostridium sensu stricto 1,
Lachnospiraceae↑ [171]

C57BL/6 mice
Selenium

nanoparticles
(SeNPs)

Akkermansia, Muribaculaceae,
Bacteroides, Parabacteroides↑ [257]

C57BL/6 mice
Bacteroides, Helicobacter↑;
Firmicutes, Pediococcus,

Enterococcus, Dubosiella↓

Pediococcus
pentosaceus ZJUAF-4;

VC

ZJUAF-4 reversed these
changes induced by DQ and

the reversed abilities of
ZJUAF-4 seemed to be higher

than those of VC

[63]
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Table 1. Cont.

Subjects Changes (DQ) Intervention Changes (Intervention) Ref.

Cobb broilers

Lactobacillaceae, Victivallis,
Bacillus↓;

Saccharopolyspora_hir-suta,
Staphylococcus_succinus↑

Curcumin (CUR)

Lactobacillaceae,
Ruminococcaceae_Clostridium↑;

Saccharopolyspora_hirsuta,
Staphylococcus_succinus↓;

acetate, total SCFAs↑

[246]

C57BL/6J mice
Hydrogenobacter

thermophilus
strain (HtSOD)

Dubosiella, Alistipes↑ [42]

Weaned piglets Acidobacteria↓; Turicibacteraceae,
Clostridium, Turicibacter↑

Bacillus
amyloliquefaciens

SC06

Ruminococcaceae, Clostridium↓;
Pasteurellaceae, Lactobacillus,

Actinobacillus↑
[81]

SD rats

g_Lactobacillus, p_Firmicutes,
g_Akkermansia,

p_Verrucomicrobia↓;
p_Proteobacteria, g_Escherichia,

s_Escherichiacoli↑

Bacillus SC06
g_Anaerofilum, s_Bacteroides

uniformis↑; s_Oscillospira
guilliermondil↓

[165]

C57BL/6 mice SeNPs

Bacteroidetes,
Clostridium_XlVa↑;

Verrucomicrobia, Desulfovibrio↓;
total SCFAs, butyrate,
isobutyrate, valerate,

isovalerate↑

[95]

↑: upregulation; ↓: downregulation; DQ: Diquat; Ref.: References; HCA: Hyocholic acid; HDCA: Hyodeoxycholic
acid; TUDCA: Tauroursodeoxycholic acid; EVs: Extracellular vesicles; SCFAs: Short-chain fatty acids.

6. Conclusions and Perspective
As previously mentioned, DQ is prevalent in the environment because of extensive

contamination. This results in DQ being imperceptibly ingested by humans via contami-
nated crops and drinking water. Therefore, it is necessary to attenuate DQ-caused OS and
elevate antioxidant ability. The intervention of antioxidative medicines can be effective in
eliminating or inhibiting the production of ROS and RNS, which are known to play promi-
nent roles in DQ poisoning. As the gut serves as the primary interface between the body
and its luminal environment, it is particularly susceptible to oxidative injury compared
to other organs. This heightened susceptibility is due to the substantial accumulation of
diet-derived oxidants, carcinogens, and mutagens within the intestinal lumen [268,269].
Based on the above information, researchers have increasingly recognized that targeting
the gut microbiota and its metabolites will pave the way for innovative strategies in the
prevention and intervention of OS. This article highlighted the impact of DQ toxicity on
the intestinal microbiota and may act as a valuable resource for both clinical practice and
fundamental investigation. By exploring the effects of DQ exposure on gut health, it aims
to deepen our comprehension of the intricate relationship between environmental toxins
and intestinal well-being. Nevertheless, the results of the animal experiments mentioned
above are not entirely consistent. We hypothesize that these differences may arise from
interspecies discrepancies. For instance, some studies were conducted in mouse models,
some were performed in piglets. This hypothesis is reasonable given the well-documented
physiological, metabolic, and intestinal microbial discrepancies between mice and piglets.
Furthermore, host genetics, individual variations, dietary habits, age, sex, comorbidities,
and environmental factors may also affect the results [270,271]. It is worth mentioning that
these results acquired from animal models may not directly translate to humans. Therefore,
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future studies conducted in humans or in preclinical animal models are needed to reveal
complex and multifactorial mechanisms responsible for gut dysbiosis establishment in
order to meet the demand for personalized therapies. There is still a wide space to ex-
plore the mechanism behind the toxicity caused by DQ exposure to gut microbiota and
related metabolites. Multiple strategies have been investigated in clinical trials, ranging
from therapies aimed at depleting the pathogens with antimicrobials to therapies aimed at
remodeling “normal” commensals with probiotics or fecal transplantation.

Notably, beyond elucidating the mechanisms of intestinal injury induced by DQ, our
research team has extended the investigative scope to explore the multi-organ crosstalk
mediated by the gut–brain axis, gut–kidney axis, and gut–liver axis. By establishing a
cross-organ toxicity assessment model, we revealed that DQ-induced gut barrier disrup-
tion not only triggers localized inflammatory responses but also exacerbates systemic
pathophysiology through distinct yet interconnected pathways such as (1) neuroinflam-
matory cascades in the central nervous system via circulating microparticles (gut–brain
axis), (2) aggravated renal OS due to dysregulated gut microbiota-derived metabolites (gut–
kidney axis), and (3) impaired hepatic detoxification capacity mediated through the portal
venous system (gut–liver axis). Looking ahead, integrating organ-on-a-chip platforms
with multi-omics technologies will further unravel the centrality of the “gut-X axis” in
environmental-exposure-related pathologies, thereby advancing toxicology into a systems
biology era focused on holistic mechanistic decoding.
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Abbreviations
The following abbreviations are used in this manuscript:

BA Bile acid
CAT Catalase
CUR Curcumin
CD Crypt depth
CKD Chronic kidney disease
DAO Diamine oxidase
DQ Diquat
DLA D-lactate
DEGs Differentially expressed genes
EVs Extracellular vesicles
EUPS Eucommia ulmoides polysaccharide
F/B Firmicutes/Bacteroidetes
GSH-PX Glutathione peroxidase
HCA Hyocholic acid
HDCA Hyodeoxycholic acid
HT Hydroxytyrosol
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HO-1 Heme oxygenase-1
Ht Hydrogenobacter thermophilus strain
IECs Intestinal epithelial cells
IS Indoxyl sulfate
LAB Lactic acid bacteria
LAB-EVs Lactic acid bacteria derived extracellular vesicles
LPS Lipopolysaccharides
MDA Malondialdehyde
MUC2 Mucin 2
Nrf2 Nuclear factor erythroid 2-related factor 2
NLRP3 NLR family pyrin domain containing 3
NF-κB Nuclear factor kappa-B
NADPH Nicotinamide adenine dinucleotide phosphate
OS Oxidative stress
PAE Periplaneta americana extract
PBA Primary bile acid
PQ Paraquat
QG Quercetagetin
RNS Reactive nitrogen species
RES Resveratrol
ROS Reactive oxygen species
SCFAs Short-chain fatty acids
SBA Secondary bile acid
SOD Superoxide dismutase
SeNPs Selenium nanoparticles
TUDCA Tauroursodeoxycholic acid
TMAO Trimethylamine-N-oxide
TJs Tight junctions
TDO Tryptophan 2,3-dioxygenase
VH Villus height
ZO-1 Zonula occludens-1
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70. Vašíček, O.; Lojek, A.; Číž, M. Serotonin and Its Metabolites Reduce Oxidative Stress in Murine RAW264.7 Macrophages and
Prevent Inflammation. J. Physiol. Biochem. 2020, 76, 49–60. [CrossRef]

71. Mishra, V.; Shah, C.; Mokashe, N.; Chavan, R.; Yadav, H.; Prajapati, J. Probiotics as Potential Antioxidants: A Systematic Review.
J. Agric. Food Chem. 2015, 63, 3615–3626. [CrossRef]

72. Park, A.; Koh, H.C. NF-κB/mTOR-Mediated Autophagy Can Regulate Diquat-Induced Apoptosis. Arch. Toxicol. 2019, 93,
1239–1253. [CrossRef]

73. Wen, C.; Li, F.; Guo, Q.; Zhang, L.; Duan, Y.; Wang, W.; Li, J.; He, S.; Chen, W.; Yin, Y. Protective Effects of Taurine against Muscle
Damage Induced by Diquat in 35 Days Weaned Piglets. J. Anim. Sci. Biotechnol. 2020, 11, 56. [CrossRef]

74. Osburn, W.O.; Wakabayashi, N.; Misra, V.; Nilles, T.; Biswal, S.; Trush, M.A.; Kensler, T.W. Nrf2 Regulates an Adaptive Response
Protecting against Oxidative Damage Following Diquat-Mediated Formation of Superoxide Anion. Arch. Biochem. Biophys. 2006,
454, 7–15. [CrossRef]

75. Zha, A.; Yan, J.; Li, J.; Wang, J.; Qi, M.; Liao, P.; Chun, G.; Yin, Y. Melatonin Increased Antioxidant Capacity to Ameliorate Growth
Retardation and Intestinal Epithelial Barrier Dysfunction in Diquat-Challenged Piglets. J. Sci. Food Agric. 2024, 104, 2262–2271.
[CrossRef]

76. Abdollahi, M.; Ranjbar, A.; Shadnia, S.; Nikfar, S.; Rezaie, A. Pesticides and Oxidative Stress: A Review. Med. Sci. Monit. 2004, 10,
RA141–RA147.

77. Xie, L.-W.; Cai, S.; Zhao, T.-S.; Li, M.; Tian, Y. Green Tea Derivative (-)-Epigallocatechin-3-Gallate (EGCG) Confers Protection
against Ionizing Radiation-Induced Intestinal Epithelial Cell Death Both in Vitro and in Vivo. Free Radic. Biol. Med. 2020, 161,
175–186. [CrossRef]

78. Hu, Q.; Ren, J.; Li, G.; Wu, J.; Wu, X.; Wang, G.; Gu, G.; Ren, H.; Hong, Z.; Li, J. The Mitochondrially Targeted Antioxidant MitoQ
Protects the Intestinal Barrier by Ameliorating Mitochondrial DNA Damage via the Nrf2/ARE Signaling Pathway. Cell Death Dis.
2018, 9, 403. [CrossRef]

79. Dong, Y.; Zhao, J.; Zhu, Q.; Liu, H.; Wang, J.; Lu, W. Melatonin Inhibits the Apoptosis of Rooster Leydig Cells by Suppressing
Oxidative Stress via AKT-Nrf2 Pathway Activation. Free Radic. Biol. Med. 2020, 160, 1–12. [CrossRef]

80. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol.
Rev. 2014, 94, 909–950. [CrossRef]

https://doi.org/10.1016/j.jff.2015.02.035
https://doi.org/10.1007/s00726-010-0473-y
https://doi.org/10.1016/j.aninu.2016.04.005
https://doi.org/10.3390/antiox12030547
https://www.ncbi.nlm.nih.gov/pubmed/36978795
https://doi.org/10.3389/fphys.2021.634283
https://www.ncbi.nlm.nih.gov/pubmed/33897450
https://doi.org/10.1007/s00253-021-11111-6
https://www.ncbi.nlm.nih.gov/pubmed/33475796
https://doi.org/10.3389/fmicb.2019.01745
https://doi.org/10.1902/jop.2006.050419
https://doi.org/10.3389/fimmu.2017.01353
https://doi.org/10.1038/nature09354
https://doi.org/10.18632/oncotarget.13450
https://doi.org/10.1016/j.bbrc.2016.11.017
https://doi.org/10.1007/s13105-019-00714-3
https://doi.org/10.1021/jf506326t
https://doi.org/10.1007/s00204-019-02424-7
https://doi.org/10.1186/s40104-020-00463-0
https://doi.org/10.1016/j.abb.2006.08.005
https://doi.org/10.1002/jsfa.13114
https://doi.org/10.1016/j.freeradbiomed.2020.10.012
https://doi.org/10.1038/s41419-018-0436-x
https://doi.org/10.1016/j.freeradbiomed.2020.06.024
https://doi.org/10.1152/physrev.00026.2013


Antioxidants 2025, 14, 721 21 of 28

81. Yuan, J.; Meng, H.; Liu, Y.; Wang, L.; Zhu, Q.; Wang, Z.; Liu, H.; Zhang, K.; Zhao, J.; Li, W.; et al. Bacillus Amyloliquefaciens
Attenuates the Intestinal Permeability, Oxidative Stress and Endoplasmic Reticulum Stress: Transcriptome and Microbiome
Analyses in Weaned Piglets. Front. Microbiol. 2024, 15, 1362487. [CrossRef]

82. Cao, S.; Wu, H.; Wang, C.; Zhang, Q.; Jiao, L.; Lin, F.; Hu, C.H. Diquat-Induced Oxidative Stress Increases Intestinal Permeability,
Impairs Mitochondrial Function, and Triggers Mitophagy in Piglets. J. Anim. Sci. 2018, 96, 1795–1805. [CrossRef]

83. Yin, J.; Liu, M.; Ren, W.; Duan, J.; Yang, G.; Zhao, Y.; Fang, R.; Chen, L.; Li, T.; Yin, Y. Effects of Dietary Supplementation with
Glutamate and Aspartate on Diquat-Induced Oxidative Stress in Piglets. PLoS ONE 2015, 10, e0122893. [CrossRef]

84. Lv, M.; Yu, B.; Mao, X.B.; Zheng, P.; He, J.; Chen, D.W. Responses of Growth Performance and Tryptophan Metabolism to
Oxidative Stress Induced by Diquat in Weaned Pigs. Animal 2012, 6, 928–934. [CrossRef]

85. Zheng, P.; Yu, B.; Lv, M.; Chen, D. Effects of Oxidative Stress Induced by Diquat on Arginine Metabolism of Postweaning Pigs.
Asian-Australasions J. Anim. Sci. 2010, 23, 98–105. [CrossRef]

86. Bafana, A.; Dutt, S.; Kumar, S.; Ahuja, P.S. Superoxide Dismutase: An Industrial Perspective. Crit. Rev. Biotechnol. 2011, 31, 65–76.
[CrossRef]

87. Hwang, J.; Jin, J.; Jeon, S.; Moon, S.H.; Park, M.Y.; Yum, D.-Y.; Kim, J.H.; Kang, J.-E.; Park, M.H.; Kim, E.-J.; et al. SOD1 Suppresses
Pro-Inflammatory Immune Responses by Protecting against Oxidative Stress in Colitis. Redox Biol. 2020, 37, 101760. [CrossRef]

88. Liu, P.; Luo, G.; Dodson, M.; Schmidlin, C.J.; Wei, Y.; Kerimoglu, B.; Ooi, A.; Chapman, E.; Garcia, J.G.; Zhang, D.D. The
NRF2-LOC344887 Signaling Axis Suppresses Pulmonary Fibrosis. Redox Biol. 2021, 38, 101766. [CrossRef]

89. Baird, L.; Yamamoto, M. The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway. Mol. Cell Biol. 2020, 40, e00099-20.
[CrossRef]

90. Jia, H.; Zhang, Y.; Si, X.; Jin, Y.; Jiang, D.; Dai, Z.; Wu, Z. Quercetin Alleviates Oxidative Damage by Activating Nuclear Factor
Erythroid 2-Related Factor 2 Signaling in Porcine Enterocytes. Nutrients 2021, 13, 375. [CrossRef]

91. Robles-Almazan, M.; Pulido-Moran, M.; Moreno-Fernandez, J.; Ramirez-Tortosa, C.; Rodriguez-Garcia, C.; Quiles, J.L.; Ramirez-
Tortosa, M. Hydroxytyrosol: Bioavailability, Toxicity, and Clinical Applications. Food Res. Int. 2018, 105, 654–667. [CrossRef]

92. Wen, X.; Tang, S.; Wan, F.; Zhong, R.; Chen, L.; Zhang, H. The PI3K/Akt-Nrf2 Signaling Pathway and Mitophagy Synergistically
Mediate Hydroxytyrosol to Alleviate Intestinal Oxidative Damage. Int. J. Biol. Sci. 2024, 20, 4258–4276. [CrossRef]

93. Xu, C.; Qiao, L.; Guo, Y.; Ma, L.; Cheng, Y. Preparation, Characteristics and Antioxidant Activity of Polysaccharides and
Proteins-Capped Selenium Nanoparticles Synthesized by Lactobacillus Casei ATCC 393. Carbohydr. Polym. 2018, 195, 576–585.
[CrossRef]

94. Liu, Q.; Zhang, D.; Hu, D.; Zhou, X.; Zhou, Y. The Role of Mitochondria in NLRP3 Inflammasome Activation. Mol. Immunol. 2018,
103, 115–124. [CrossRef]

95. Qiao, L.; Zhang, X.; Pi, S.; Chang, J.; Dou, X.; Yan, S.; Song, X.; Chen, Y.; Zeng, X.; Zhu, L.; et al. Dietary Supplementation with
Biogenic Selenium Nanoparticles Alleviate Oxidative Stress-Induced Intestinal Barrier Dysfunction. npj Sci. Food 2022, 6, 30.
[CrossRef] [PubMed]

96. Yuan, D.; Hussain, T.; Tan, B.; Liu, Y.; Ji, P.; Yin, Y. The Evaluation of Antioxidant and Anti-Inflammatory Effects of Eucommia
Ulmoides Flavones Using Diquat-Challenged Piglet Models. Oxidative Med. Cell Longev. 2017, 2017, 8140962. [CrossRef]

97. Ma, T.Y.; Boivin, M.A.; Ye, D.; Pedram, A.; Said, H.M. Mechanism of TNF-α Modulation of Caco-2 Intestinal Epithelial Tight
Junction Barrier: Role of Myosin Light-Chain Kinase Protein Expression. Am. J. Physiol. Gastrointest. Liver Physiol. 2005, 288,
G422–G430. [CrossRef]

98. Al-Sadi, R.M.; Ma, T.Y. IL-1beta Causes an Increase in Intestinal Epithelial Tight Junction Permeability. J. Immunol. 2007, 178,
4641–4649. [CrossRef]

99. Chen, K.; Tang, Y.; Lan, L.; Li, M.; Lu, Z. Autophagy Mediated FTH1 Degradation Activates Gasdermin E Dependent Pyroptosis
Contributing to Diquat Induced Kidney Injury. Food Chem. Toxicol. 2024, 184, 114411. [CrossRef]

100. Wen, X.; Tang, L.; Zhong, R.; Liu, L.; Chen, L.; Zhang, H. Role of Mitophagy in Regulating Intestinal Oxidative Damage.
Antioxidants 2023, 12, 480. [CrossRef]

101. Figueira, T.R.; Barros, M.H.; Camargo, A.A.; Castilho, R.F.; Ferreira, J.C.B.; Kowaltowski, A.J.; Sluse, F.E.; Souza-Pinto, N.C.;
Vercesi, A.E. Mitochondria as a Source of Reactive Oxygen and Nitrogen Species: From Molecular Mechanisms to Human Health.
Antioxid. Redox Signal. 2013, 18, 2029–2074. [CrossRef]

102. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial ROS-Induced ROS Release: An Update and Review. Biochim. Biophys. Acta
2006, 1757, 509–517. [CrossRef]

103. Sweetman, E.; Kleffmann, T.; Edgar, C.; de Lange, M.; Vallings, R.; Tate, W. A SWATH-MS Analysis of Myalgic Encephalomyeli-
tis/Chronic Fatigue Syndrome Peripheral Blood Mononuclear Cell Proteomes Reveals Mitochondrial Dysfunction. J. Transl. Med.
2020, 18, 365. [CrossRef]

104. De Gaetano, A.; Gibellini, L.; Zanini, G.; Nasi, M.; Cossarizza, A.; Pinti, M. Mitophagy and Oxidative Stress: The Role of Aging.
Antioxidants 2021, 10, 794. [CrossRef]

105. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, Oxidants, and Aging. Cell 2005, 120, 483–495. [CrossRef]

https://doi.org/10.3389/fmicb.2024.1362487
https://doi.org/10.1093/jas/sky104
https://doi.org/10.1371/journal.pone.0122893
https://doi.org/10.1017/S1751731111002382
https://doi.org/10.5713/ajas.2010.90270
https://doi.org/10.3109/07388551.2010.490937
https://doi.org/10.1016/j.redox.2020.101760
https://doi.org/10.1016/j.redox.2020.101766
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.3390/nu13020375
https://doi.org/10.1016/j.foodres.2017.11.053
https://doi.org/10.7150/ijbs.97263
https://doi.org/10.1016/j.carbpol.2018.04.110
https://doi.org/10.1016/j.molimm.2018.09.010
https://doi.org/10.1038/s41538-022-00145-3
https://www.ncbi.nlm.nih.gov/pubmed/35739196
https://doi.org/10.1155/2017/8140962
https://doi.org/10.1152/ajpgi.00412.2004
https://doi.org/10.4049/jimmunol.178.7.4641
https://doi.org/10.1016/j.fct.2023.114411
https://doi.org/10.3390/antiox12020480
https://doi.org/10.1089/ars.2012.4729
https://doi.org/10.1016/j.bbabio.2006.04.029
https://doi.org/10.1186/s12967-020-02533-3
https://doi.org/10.3390/antiox10050794
https://doi.org/10.1016/j.cell.2005.02.001


Antioxidants 2025, 14, 721 22 of 28

106. Chen, Y.; Zhang, H.; Ji, S.; Jia, P.; Chen, Y.; Li, Y.; Wang, T. Resveratrol and Its Derivative Pterostilbene Attenuate Oxidative
Stress-Induced Intestinal Injury by Improving Mitochondrial Redox Homeostasis and Function via SIRT1 Signaling. Free Radic.
Biol. Med. 2021, 177, 1–14. [CrossRef]

107. Yardeni, T.; Tanes, C.E.; Bittinger, K.; Mattei, L.M.; Schaefer, P.M.; Singh, L.N.; Wu, G.D.; Murdock, D.G.; Wallace, D.C. Host
Mitochondria Influence Gut Microbiome Diversity: A Role for ROS. Sci. Signal. 2019, 12, eaaw3159. [CrossRef]

108. Ballard, J.W.O.; Towarnicki, S.G. Mitochondria, the Gut Microbiome and ROS. Cell. Signal. 2020, 75, 109737. [CrossRef]
109. Zhou, Y.; Wang, Q.; Mark Evers, B.; Chung, D.H. Oxidative Stress-Induced Intestinal Epithelial Cell Apoptosis Is Mediated by

P38 MAPK. Biochem. Biophys. Res. Commun. 2006, 350, 860–865. [CrossRef] [PubMed]
110. Xu, X.; Wei, Y.; Hua, H.; Jing, X.; Zhu, H.; Xiao, K.; Zhao, J.; Liu, Y. Polyphenols Sourced from Ilex Latifolia Thunb. Relieve

Intestinal Injury via Modulating Ferroptosis in Weanling Piglets under Oxidative Stress. Antioxidants 2022, 11, 966. [CrossRef]
[PubMed]

111. Alan, P.; Vandevoorde, K.R.; Joshi, B.; Cardoen, B.; Gao, G.; Mohammadzadeh, Y.; Hamarneh, G.; Nabi, I.R. Basal Gp78-Dependent
Mitophagy Promotes Mitochondrial Health and Limits Mitochondrial ROS. Cell. Mol. Life Sci. 2022, 79, 565. [CrossRef]

112. Saita, S.; Shirane, M.; Nakayama, K.I. Selective Escape of Proteins from the Mitochondria during Mitophagy. Nat. Commun. 2013,
4, 1410. [CrossRef]

113. Kim, I.; Lemasters, J.J. Mitophagy Selectively Degrades Individual Damaged Mitochondria after Photoirradiation. Antioxid. Redox
Signal. 2011, 14, 1919–1928. [CrossRef]

114. Zhang, C.; Nie, P.; Zhou, C.; Hu, Y.; Duan, S.; Gu, M.; Jiang, D.; Wang, Y.; Deng, Z.; Chen, J.; et al. Oxidative Stress-Induced
Mitophagy Is Suppressed by the miR-106b-93-25 Cluster in a Protective Manner. Cell Death Dis. 2021, 12, 209. [CrossRef]

115. Wang, Y.; Nartiss, Y.; Steipe, B.; McQuibban, G.A.; Kim, P.K. ROS-Induced Mitochondrial Depolarization Initiates
PARK2/PARKIN-Dependent Mitochondrial Degradation by Autophagy. Autophagy 2012, 8, 1462–1476. [CrossRef]

116. Chen, T.; Kim, C.Y.; Kaur, A.; Lamothe, L.; Shaikh, M.; Keshavarzian, A.; Hamaker, B.R. Dietary Fibre-Based SCFA Mixtures
Promote Both Protection and Repair of Intestinal Epithelial Barrier Function in a Caco-2 Cell Model. Food Funct. 2017, 8, 1166–1173.
[CrossRef]

117. Martin-Gallausiaux, C.; Marinelli, L.; Blottière, H.M.; Larraufie, P.; Lapaque, N. SCFA: Mechanisms and Functional Importance in
the Gut. Proc. Nutr. Soc. 2021, 80, 37–49. [CrossRef]

118. Yang, J.; Pei, G.; Sun, X.; Xiao, Y.; Miao, C.; Zhou, L.; Wang, B.; Yang, L.; Yu, M.; Zhang, Z.-S.; et al. RhoB Affects Colitis through
Modulating Cell Signaling and Intestinal Microbiome. Microbiome 2022, 10, 149. [CrossRef]

119. Hays, K.E.; Pfaffinger, J.M.; Ryznar, R. The Interplay between Gut Microbiota, Short-Chain Fatty Acids, and Implications for Host
Health and Disease. Gut Microbes 2024, 16, 2393270. [CrossRef]

120. Gonçalves, P.; Gregório, I.; Catarino, T.A.; Martel, F. The Effect of Oxidative Stress upon the Intestinal Epithelial Uptake of
Butyrate. Eur. J. Pharmacol. 2013, 699, 88–100. [CrossRef] [PubMed]

121. Lin, Y.; Fang, Z.; Che, L.; Xu, S.; Wu, D.; Wu, C.; Wu, X. Use of Sodium Butyrate as an Alternative to Dietary Fiber: Effects on the
Embryonic Development and Anti-Oxidative Capacity of Rats. PLoS ONE 2014, 9, e97838. [CrossRef]

122. Bai, Y.; Mansell, T.J. Production and Sensing of Butyrate in a Probiotic Escherichia coli Strain. Int. J. Mol. Sci. 2020, 21, 3615.
[CrossRef]

123. Guo, W.; Liu, J.; Sun, J.; Gong, Q.; Ma, H.; Kan, X.; Cao, Y.; Wang, J.; Fu, S. Butyrate Alleviates Oxidative Stress by Regulating
NRF2 Nuclear Accumulation and H3K9/14 Acetylation via GPR109A in Bovine Mammary Epithelial Cells and Mammary Glands.
Free Radic. Biol. Med. 2020, 152, 728–742. [CrossRef] [PubMed]

124. Sun, B.; Jia, Y.; Yang, S.; Zhao, N.; Hu, Y.; Hong, J.; Gao, S.; Zhao, R. Sodium Butyrate Protects against High-Fat Diet-Induced
Oxidative Stress in Rat Liver by Promoting Expression of Nuclear Factor E2-Related Factor 2. Br. J. Nutr. 2019, 122, 400–410.
[CrossRef]

125. Dicks, L.M.T. How Important Are Fatty Acids in Human Health and Can They Be Used in Treating Diseases? Gut Microbes 2024,
16, 2420765. [CrossRef]

126. Nielsen, D.S.G.; Jensen, B.B.; Theil, P.K.; Nielsen, T.S.; Knudsen, K.E.B.; Purup, S. Effect of Butyrate and Fermentation Products on
Epithelial Integrity in a Mucus-Secreting Human Colon Cell Line. J. Funct. Food. 2018, 40, 9–17. [CrossRef]

127. Hamer, H.M.; Jonkers, D.; Venema, K.; Vanhoutvin, S.; Troost, F.J.; Brummer, R.-J. Review Article: The Role of Butyrate on Colonic
Function. Aliment. Pharmacol. Ther. 2008, 27, 104–119. [CrossRef]

128. Galvez, J.; Rodríguez-Cabezas, M.E.; Zarzuelo, A. Effects of Dietary Fiber on Inflammatory Bowel Disease. Mol. Nutr. Food Res.
2005, 49, 601–608. [CrossRef]

129. Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O’Connell, T.M.; Bunger, M.K.; Bultman, S.J. The Microbiome and Butyrate
Regulate Energy Metabolism and Autophagy in the Mammalian Colon. Cell Metab. 2011, 13, 517–526. [CrossRef] [PubMed]

130. Lee, J.S.; Lee, G.M. Effect of Sodium Butyrate on Autophagy and Apoptosis in Chinese Hamster Ovary Cells. Biotechnol. Prog.
2012, 28, 349–357. [CrossRef] [PubMed]

https://doi.org/10.1016/j.freeradbiomed.2021.10.011
https://doi.org/10.1126/scisignal.aaw3159
https://doi.org/10.1016/j.cellsig.2020.109737
https://doi.org/10.1016/j.bbrc.2006.09.103
https://www.ncbi.nlm.nih.gov/pubmed/17034759
https://doi.org/10.3390/antiox11050966
https://www.ncbi.nlm.nih.gov/pubmed/35624829
https://doi.org/10.1007/s00018-022-04585-8
https://doi.org/10.1038/ncomms2400
https://doi.org/10.1089/ars.2010.3768
https://doi.org/10.1038/s41419-021-03484-3
https://doi.org/10.4161/auto.21211
https://doi.org/10.1039/C6FO01532H
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1186/s40168-022-01347-3
https://doi.org/10.1080/19490976.2024.2393270
https://doi.org/10.1016/j.ejphar.2012.11.029
https://www.ncbi.nlm.nih.gov/pubmed/23201076
https://doi.org/10.1371/journal.pone.0097838
https://doi.org/10.3390/ijms21103615
https://doi.org/10.1016/j.freeradbiomed.2020.01.016
https://www.ncbi.nlm.nih.gov/pubmed/31972340
https://doi.org/10.1017/S0007114519001399
https://doi.org/10.1080/19490976.2024.2420765
https://doi.org/10.1016/j.jff.2017.10.023
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1002/mnfr.200500013
https://doi.org/10.1016/j.cmet.2011.02.018
https://www.ncbi.nlm.nih.gov/pubmed/21531334
https://doi.org/10.1002/btpr.1512
https://www.ncbi.nlm.nih.gov/pubmed/22492702


Antioxidants 2025, 14, 721 23 of 28

131. Rose, S.; Bennuri, S.C.; Davis, J.E.; Wynne, R.; Slattery, J.C.; Tippett, M.; Delhey, L.; Melnyk, S.; Kahler, S.G.; MacFabe, D.F.; et al.
Butyrate Enhances Mitochondrial Function during Oxidative Stress in Cell Lines from Boys with Autism. Transl. Psychiatry 2018,
8, 42. [CrossRef] [PubMed]

132. Groschwitz, K.R.; Hogan, S.P. Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis. J. Allergy Clin. Immunol.
2009, 124, 3–20. [CrossRef]

133. Gou, F.; Lin, Q.; Tu, X.; Zhu, J.; Li, X.; Chen, S.; Hu, C. Hesperidin Alleviated Intestinal Barrier Injury, Mitochondrial Dysfunction,
and Disorder of Endoplasmic Reticulum Mitochondria Contact Sites under Oxidative Stress. J. Agric. Food Chem. 2024, 72,
16276–16286. [CrossRef]

134. Wijtten, P.J.A.; van der Meulen, J.; Verstegen, M.W.A. Intestinal Barrier Function and Absorption in Pigs after Weaning: A Review.
Br. J. Nutr. 2011, 105, 967–981. [CrossRef]

135. Tang, X.; Ma, W.; Zhan, W.; Wang, X.; Dong, H.; Zhao, H.; Yang, L.; Ji, C.; Han, Q.; Ji, C.; et al. Internal Biliary Drainage Superior
to External Biliary Drainage in Improving Gut Mucosa Barrier Because of Goblet Cells and Mucin-2 up-Regulation. Biosci. Rep.
2018, 38, BSR20171241. [CrossRef]

136. Vancamelbeke, M.; Vermeire, S. The Intestinal Barrier: A Fundamental Role in Health and Disease. Expert. Rev. Gastroenterol.
Hepatol. 2017, 11, 821–834. [CrossRef]

137. Wen, X.; Wan, F.; Zhong, R.; Chen, L.; Zhang, H. Hydroxytyrosol Alleviates Intestinal Oxidative Stress by Regulating Bile Acid
Metabolism in a Piglet Model. Int. J. Mol. Sci. 2024, 25, 5590. [CrossRef]

138. Johansson, M.E.V.; Phillipson, M.; Petersson, J.; Velcich, A.; Holm, L.; Hansson, G.C. The Inner of the Two Muc2 Mucin-Dependent
Mucus Layers in Colon Is Devoid of Bacteria. Proc. Natl. Acad. Sci. USA 2008, 105, 15064–15069. [CrossRef]

139. Van Der Sluis, M.; De Koning, B.A.E.; De Bruijn, A.C.J.M.; Velcich, A.; Meijerink, J.P.P.; Van Goudoever, J.B.; Büller, H.A.; Dekker,
J.; Van Seuningen, I.; Renes, I.B.; et al. Muc2-Deficient Mice Spontaneously Develop Colitis, Indicating That MUC2 Is Critical for
Colonic Protection. Gastroenterology 2006, 131, 117–129. [CrossRef]

140. Rao, R. Oxidative Stress-Induced Disruption of Epithelial and Endothelial Tight Junctions. Front. Biosci. 2008, 13, 7210–7226.
[CrossRef]

141. Qin, Q.; Xu, X.; Wang, X.; Wu, H.; Zhu, H.; Hou, Y.; Dai, B.; Liu, X.; Liu, Y. Glutamate Alleviates Intestinal Injury, Maintains
mTOR and Suppresses TLR4 and NOD Signaling Pathways in Weanling Pigs Challenged with Lipopolysaccharide. Sci. Rep. 2018,
8, 15124. [CrossRef]

142. Chen, J.; Yu, B.; Chen, D.; Huang, Z.; Mao, X.; Zheng, P.; Yu, J.; Luo, J.; He, J. Chlorogenic Acid Improves Intestinal Barrier
Functions by Suppressing Mucosa Inflammation and Improving Antioxidant Capacity in Weaned Pigs. J. Nutr. Biochem. 2018, 59,
84–92. [CrossRef] [PubMed]

143. Chen, Y.; Miao, L.; Yao, Y.; Wu, W.; Wu, X.; Gong, C.; Qiu, L.; Chen, J. Dexmedetomidine Ameliorate CLP-Induced Rat Intestinal
Injury via Inhibition of Inflammation. Mediat. Inflamm. 2015, 2015, 918361. [CrossRef] [PubMed]

144. Yi, H.; Zhang, L.; Gan, Z.; Xiong, H.; Yu, C.; Du, H.; Wang, Y. High Therapeutic Efficacy of Cathelicidin-WA against Postweaning
Diarrhea via Inhibiting Inflammation and Enhancing Epithelial Barrier in the Intestine. Sci. Rep. 2016, 6, 25679. [CrossRef]

145. Chen, J.; Chen, D.; Yu, B.; Luo, Y.; Zheng, P.; Mao, X.; Yu, J.; Luo, J.; Huang, Z.; Yan, H.; et al. Chlorogenic Acid Attenuates
Oxidative Stress-Induced Intestinal Mucosa Disruption in Weaned Pigs. Front. Vet. Sci. 2022, 9, 806253. [CrossRef]

146. Giannenas, I.; Bonos, E.; Anestis, V.; Filioussis, G.; Papanastasiou, D.K.; Bartzanas, T.; Papaioannou, N.; Tzora, A.; Skoufos,
I. Effects of Protease Addition and Replacement of Soybean Meal by Corn Gluten Meal on the Growth of Broilers and on the
Environmental Performances of a Broiler Production System in Greece. PLoS ONE 2017, 12, e0169511. [CrossRef]

147. Elkouby-Naor, L.; Ben-Yosef, T. Functions of Claudin Tight Junction Proteins and Their Complex Interactions in Various
Physiological Systems. Int. Rev. Cell Mol. Biol. 2010, 279, 1–32. [CrossRef]

148. Apostolova, D.; Apostolov, G.; Moten, D.; Batsalova, T.; Dzhambazov, B. Claudin-12: Guardian of the Tissue Barrier or Friend of
Tumor Cells. Tissue Barriers 2024, 12, 2387408. [CrossRef]

149. Zheng, P.; Yu, B.; He, J.; Yu, J.; Mao, X.; Luo, Y.; Luo, J.; Huang, Z.; Tian, G.; Zeng, Q.; et al. Arginine Metabolism and Its Protective
Effects on Intestinal Health and Functions in Weaned Piglets under Oxidative Stress Induced by Diquat. Br. J. Nutr. 2017, 117,
1495–1502. [CrossRef] [PubMed]

150. Jiao, N.; Wu, Z.; Ji, Y.; Wang, B.; Dai, Z.; Wu, G. L-Glutamate Enhances Barrier and Antioxidative Functions in Intestinal Porcine
Epithelial Cells. J. Nutr. 2015, 145, 2258–2264. [CrossRef]

151. Liu, F.; Cottrell, J.J.; Furness, J.B.; Rivera, L.R.; Kelly, F.W.; Wijesiriwardana, U.; Pustovit, R.V.; Fothergill, L.J.; Bravo, D.M.; Celi,
P.; et al. Selenium and Vitamin E Together Improve Intestinal Epithelial Barrier Function and Alleviate Oxidative Stress in
Heat-Stressed Pigs. Exp. Physiol. 2016, 101, 801–810. [CrossRef] [PubMed]

152. Wen, C.; Guo, Q.; Wang, W.; Duan, Y.; Zhang, L.; Li, J.; He, S.; Chen, W.; Li, F. Taurine Alleviates Intestinal Injury by Mediating
Tight Junction Barriers in Diquat-Challenged Piglet Models. Front. Physiol. 2020, 11, 449. [CrossRef] [PubMed]

https://doi.org/10.1038/s41398-017-0089-z
https://www.ncbi.nlm.nih.gov/pubmed/29391397
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1021/acs.jafc.4c02265
https://doi.org/10.1017/S0007114510005660
https://doi.org/10.1042/BSR20171241
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.3390/ijms25115590
https://doi.org/10.1073/pnas.0803124105
https://doi.org/10.1053/j.gastro.2006.04.020
https://doi.org/10.2741/3223
https://doi.org/10.1038/s41598-018-33345-7
https://doi.org/10.1016/j.jnutbio.2018.06.005
https://www.ncbi.nlm.nih.gov/pubmed/29986311
https://doi.org/10.1155/2015/918361
https://www.ncbi.nlm.nih.gov/pubmed/26273145
https://doi.org/10.1038/srep25679
https://doi.org/10.3389/fvets.2022.806253
https://doi.org/10.1371/journal.pone.0169511
https://doi.org/10.1016/S1937-6448(10)79001-8
https://doi.org/10.1080/21688370.2024.2387408
https://doi.org/10.1017/S0007114517001519
https://www.ncbi.nlm.nih.gov/pubmed/28701241
https://doi.org/10.3945/jn.115.217661
https://doi.org/10.1113/EP085746
https://www.ncbi.nlm.nih.gov/pubmed/27064134
https://doi.org/10.3389/fphys.2020.00449
https://www.ncbi.nlm.nih.gov/pubmed/32547405


Antioxidants 2025, 14, 721 24 of 28

153. Williams, J.M.; Duckworth, C.A.; Watson, A.J.M.; Frey, M.R.; Miguel, J.C.; Burkitt, M.D.; Sutton, R.; Hughes, K.R.; Hall, L.J.;
Caamaño, J.H.; et al. A Mouse Model of Pathological Small Intestinal Epithelial Cell Apoptosis and Shedding Induced by
Systemic Administration of Lipopolysaccharide. Dis. Model. Mech. 2013, 6, 1388–1399. [CrossRef] [PubMed]

154. Turner, J.R. Intestinal Mucosal Barrier Function in Health and Disease. Nat. Rev. Immunol. 2009, 9, 799–809. [CrossRef]
155. Song, D.; Zong, X.; Zhang, H.; Wang, T.; Yi, H.; Luan, C.; Wang, Y. Antimicrobial Peptide Cathelicidin-BF Prevents Intestinal

Barrier Dysfunction in a Mouse Model of Endotoxemia. Int. Immunopharmacol. 2015, 25, 141–147. [CrossRef]
156. Zhang, H.; Xia, X.; Han, F.; Jiang, Q.; Rong, Y.; Song, D.; Wang, Y. Cathelicidin-BF, a Novel Antimicrobial Peptide from Bungarus

Fasciatus, Attenuates Disease in a Dextran Sulfate Sodium Model of Colitis. Mol. Pharm. 2015, 12, 1648–1661. [CrossRef]
157. Luo, X.; Budihardjo, I.; Zou, H.; Slaughter, C.; Wang, X. Bid, a Bcl2 Interacting Protein, Mediates Cytochrome c Release from

Mitochondria in Response to Activation of Cell Surface Death Receptors. Cell 1998, 94, 481–490. [CrossRef]
158. Zhou, N.; Tian, Y.; Liu, W.; Tu, B.; Gu, T.; Xu, W.; Zou, K.; Lu, L. Effects of Quercetin and Coated Sodium Butyrate Dietary

Supplementation in Diquat-Challenged Pullets. Anim. Biosci. 2022, 35, 1434–1443. [CrossRef]
159. Cheng, H.-Y.; Ning, M.-X.; Chen, D.-K.; Ma, W.-T. Interactions Between the Gut Microbiota and the Host Innate Immune Response

Against Pathogens. Front. Immunol. 2019, 10, 607. [CrossRef]
160. Kulkarni, D.H.; Rusconi, B.; Floyd, A.N.; Joyce, E.L.; Talati, K.B.; Kousik, H.; Alleyne, D.; Harris, D.L.; Garnica, L.; McDonough,

R.; et al. Gut Microbiota Induces Weight Gain and Inflammation in the Gut and Adipose Tissue Independent of Manipulations in
Diet, Genetics, and Immune Development. Gut Microbes 2023, 15, 2284240. [CrossRef]

161. Strati, F.; Pujolassos, M.; Burrello, C.; Giuffrè, M.R.; Lattanzi, G.; Caprioli, F.; Troisi, J.; Facciotti, F. Antibiotic-Associated
Dysbiosis Affects the Ability of the Gut Microbiota to Control Intestinal Inflammation upon Fecal Microbiota Transplantation in
Experimental Colitis Models. Microbiome 2021, 9, 39. [CrossRef] [PubMed]

162. Clemente, J.C.; Manasson, J.; Scher, J.U. The Role of the Gut Microbiome in Systemic Inflammatory Disease. BMJ 2018, 360, j5145.
[CrossRef]

163. Samul, D.; Worsztynowicz, P.; Leja, K.; Grajek, W. Beneficial and Harmful Roles of Bacteria from the Clostridium Genus. Acta
Biochim. Pol. 2013, 60, 515–521. [CrossRef] [PubMed]

164. Jones-Hall, Y.L.; Kozik, A.; Nakatsu, C. Ablation of Tumor Necrosis Factor Is Associated with Decreased Inflammation and
Alterations of the Microbiota in a Mouse Model of Inflammatory Bowel Disease. PLoS ONE 2015, 10, e0119441. [CrossRef]

165. Wu, Y.; Wang, B.; Tang, L.; Zhou, Y.; Wang, Q.; Gong, L.; Ni, J.; Li, W. Probiotic Bacillus Alleviates Oxidative Stress-Induced Liver
Injury by Modulating Gut-Liver Axis in a Rat Model. Antioxidants 2022, 11, 291. [CrossRef] [PubMed]

166. Pandit, R.J.; Hinsu, A.T.; Patel, N.V.; Koringa, P.G.; Jakhesara, S.J.; Thakkar, J.R.; Shah, T.M.; Limon, G.; Psifidi, A.; Guitian, J.;
et al. Microbial Diversity and Community Composition of Caecal Microbiota in Commercial and Indigenous Indian Chickens
Determined Using 16s rDNA Amplicon Sequencing. Microbiome 2018, 6, 115. [CrossRef]

167. Tremaroli, V.; Bäckhed, F. Functional Interactions between the Gut Microbiota and Host Metabolism. Nature 2012, 489, 242–249.
[CrossRef]

168. Peng, Y.; Yang, Y.; Tian, Y.; Zhang, M.; Cheng, K.; Zhang, X.; Zhou, M.; Hui, M.; Zhang, Y. Extraction, Characterization, and
Antioxidant Activity of Eucommia Ulmoides Polysaccharides. Molecules 2024, 29, 4793. [CrossRef]

169. Wang, H.; Ren, P.; Mang, L.; Shen, N.; Chen, J.; Zhang, Y. In Vitro Fermentation of Novel Microwave-Synthesized Non-Digestible
Oligosaccharides and Their Impact on the Composition and Metabolites of Human Gut Microbiota. J. Funct. Food. 2019, 55,
156–166. [CrossRef]

170. Shin, N.-R.; Whon, T.W.; Bae, J.-W. Proteobacteria: Microbial Signature of Dysbiosis in Gut Microbiota. Trends Biotechnol. 2015, 33,
496–503. [CrossRef]

171. Fu, Q.; Tan, Z.; Shi, L.; Xun, W. Resveratrol Attenuates Diquat-Induced Oxidative Stress by Regulating Gut Microbiota and
Metabolome Characteristics in Piglets. Front. Microbiol. 2021, 12, 695155. [CrossRef] [PubMed]

172. Chen, J.; Yu, B.; Chen, D.; Zheng, P.; Luo, Y.; Huang, Z.; Luo, J.; Mao, X.; Yu, J.; He, J. Changes of Porcine Gut Microbiota in
Response to Dietary Chlorogenic Acid Supplementation. Appl. Microbiol. Biotechnol. 2019, 103, 8157–8168. [CrossRef] [PubMed]

173. Han, H.; Zhong, R.; Zhang, S.; Wang, M.; Wen, X.; Yi, B.; Zhao, Y.; Chen, L.; Zhang, H. Hydroxytyrosol Attenuates Diquat-Induced
Oxidative Stress by Activating Nrf2 Pathway and Modulating Colonic Microbiota in Mice. J. Nutr. Biochem. 2023, 113, 109256.
[CrossRef]

174. Hu, R.; He, Z.; Liu, M.; Tan, J.; Zhang, H.; Hou, D.-X.; He, J.; Wu, S. Dietary Protocatechuic Acid Ameliorates Inflammation and
Up-Regulates Intestinal Tight Junction Proteins by Modulating Gut Microbiota in LPS-Challenged Piglets. J. Anim. Sci. Biotechnol.
2020, 11, 92. [CrossRef]

175. Cockburn, D.W.; Koropatkin, N.M. Polysaccharide Degradation by the Intestinal Microbiota and Its Influence on Human Health
and Disease. J. Mol. Biol. 2016, 428, 3230–3252. [CrossRef]

176. Xia, T.; Zhang, B.; Li, S.; Fang, B.; Duan, W.; Zhang, J.; Song, J.; Wang, M. Vinegar Extract Ameliorates Alcohol-Induced Liver
Damage Associated with the Modulation of Gut Microbiota in Mice. Food Funct. 2020, 11, 2898–2909. [CrossRef] [PubMed]

https://doi.org/10.1242/dmm.013284
https://www.ncbi.nlm.nih.gov/pubmed/24046352
https://doi.org/10.1038/nri2653
https://doi.org/10.1016/j.intimp.2015.01.017
https://doi.org/10.1021/acs.molpharmaceut.5b00069
https://doi.org/10.1016/S0092-8674(00)81589-5
https://doi.org/10.5713/ab.21.0493
https://doi.org/10.3389/fimmu.2019.00607
https://doi.org/10.1080/19490976.2023.2284240
https://doi.org/10.1186/s40168-020-00991-x
https://www.ncbi.nlm.nih.gov/pubmed/33549144
https://doi.org/10.1136/bmj.j5145
https://doi.org/10.18388/abp.2013_2015
https://www.ncbi.nlm.nih.gov/pubmed/24432307
https://doi.org/10.1371/journal.pone.0119441
https://doi.org/10.3390/antiox11020291
https://www.ncbi.nlm.nih.gov/pubmed/35204173
https://doi.org/10.1186/s40168-018-0501-9
https://doi.org/10.1038/nature11552
https://doi.org/10.3390/molecules29204793
https://doi.org/10.1016/j.jff.2019.02.030
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.3389/fmicb.2021.695155
https://www.ncbi.nlm.nih.gov/pubmed/34322107
https://doi.org/10.1007/s00253-019-10025-8
https://www.ncbi.nlm.nih.gov/pubmed/31401751
https://doi.org/10.1016/j.jnutbio.2022.109256
https://doi.org/10.1186/s40104-020-00492-9
https://doi.org/10.1016/j.jmb.2016.06.021
https://doi.org/10.1039/C9FO03015H
https://www.ncbi.nlm.nih.gov/pubmed/32242560


Antioxidants 2025, 14, 721 25 of 28

177. Wang, Y.-J.; Li, Q.-M.; Zha, X.-Q.; Luo, J.-P. Dendrobium Fimbriatum Hook Polysaccharide Ameliorates Dextran-Sodium-Sulfate-
Induced Colitis in Mice via Improving Intestinal Barrier Function, Modulating Intestinal Microbiota, and Reducing Oxidative
Stress and Inflammatory Responses. Food Funct. 2022, 13, 143–160. [CrossRef]

178. Yang, S.; Huo, M.; Su, Z.; Wang, F.; Zhang, Y.; Zhong, C.; Shi, Y. The Impact of Dietary Supplementation of Quercetagetin on
Growth, Antioxidant Capacity, and Gut Microbiota of Diquat-Challenged Broilers. Front. Microbiol. 2024, 15, 1453145. [CrossRef]

179. Li, L.; Ma, L.; Fu, P. Gut Microbiota-Derived Short-Chain Fatty Acids and Kidney Diseases. Drug Des. Dev. Ther. 2017, 11,
3531–3542. [CrossRef]

180. Parker, B.J.; Wearsch, P.A.; Veloo, A.C.M.; Rodriguez-Palacios, A. The Genus Alistipes: Gut Bacteria with Emerging Implications
to Inflammation, Cancer, and Mental Health. Front. Immunol. 2020, 11, 906. [CrossRef]

181. Liu, B.; Wang, W.; Zhu, X.; Sun, X.; Xiao, J.; Li, D.; Cui, Y.; Wang, C.; Shi, Y. Response of Gut Microbiota to Dietary Fiber and
Metabolic Interaction with SCFAs in Piglets. Front. Microbiol. 2018, 9, 2344. [CrossRef]

182. Mateos, I.; Combes, S.; Pascal, G.; Cauquil, L.; Barilly, C.; Cossalter, A.-M.; Laffitte, J.; Botti, S.; Pinton, P.; Oswald, I.P. Fumonisin-
Exposure Impairs Age-Related Ecological Succession of Bacterial Species in Weaned Pig Gut Microbiota. Toxins 2018, 10, 230.
[CrossRef]

183. Hung, D.-Y.; Cheng, Y.-H.; Chen, W.-J.; Hua, K.-F.; Pietruszka, A.; Dybus, A.; Lin, C.-S.; Yu, Y.-H. Bacillus Licheniformis-Fermented
Products Reduce Diarrhea Incidence and Alter the Fecal Microbiota Community in Weaning Piglets. Animals 2019, 9, 1145.
[CrossRef] [PubMed]

184. Gaukroger, C.H.; Stewart, C.J.; Edwards, S.A.; Walshaw, J.; Adams, I.P.; Kyriazakis, I. Changes in Faecal Microbiota Profiles
Associated with Performance and Birthweight of Piglets. Front. Microbiol. 2020, 11, 917. [CrossRef] [PubMed]

185. He, J.; Zheng, W.; Lu, M.; Yang, X.; Xue, Y.; Yao, W. A Controlled Heat Stress during Late Gestation Affects Thermoregulation,
Productive Performance, and Metabolite Profiles of Primiparous Sow. J. Therm. Biol. 2019, 81, 33–40. [CrossRef]

186. Vezza, T.; Abad-Jiménez, Z.; Marti-Cabrera, M.; Rocha, M.; Víctor, V.M. Microbiota-Mitochondria Inter-Talk: A Potential
Therapeutic Strategy in Obesity and Type 2 Diabetes. Antioxidants 2020, 9, 848. [CrossRef] [PubMed]

187. Clark, A.; Mach, N. The Crosstalk between the Gut Microbiota and Mitochondria during Exercise. Front. Physiol. 2017, 8, 319.
[CrossRef]

188. Walsh, L.; Hill, C.; Ross, R.P. Impact of Glyphosate (RoundupTM) on the Composition and Functionality of the Gut Microbiome.
Gut Microbes 2023, 15, 2263935. [CrossRef]

189. Shah, A.B.; Baiseitova, A.; Zahoor, M.; Ahmad, I.; Ikram, M.; Bakhsh, A.; Shah, M.A.; Ali, I.; Idress, M.; Ullah, R.; et al. Probiotic
Significance of Lactobacillus Strains: A Comprehensive Review on Health Impacts, Research Gaps, and Future Prospects. Gut
Microbes 2024, 16, 2431643. [CrossRef]

190. Chu, H.; Duan, Y.; Yang, L.; Schnabl, B. Small Metabolites, Possible Big Changes: A Microbiota-Centered View of Non-Alcoholic
Fatty Liver Disease. Gut 2019, 68, 359–370. [CrossRef]

191. Frost, G.; Sleeth, M.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.; Zhang, S.;
et al. The Short-Chain Fatty Acid Acetate Reduces Appetite via a Central Homeostatic Mechanism. Nat. Commun. 2014, 5, 3611.
[CrossRef] [PubMed]

192. Canfora, E.E.; Jocken, J.W.; Blaak, E.E. Short-Chain Fatty Acids in Control of Body Weight and Insulin Sensitivity. Nat. Rev.
Endocrinol. 2015, 11, 577–591. [CrossRef] [PubMed]

193. Rastelli, M.; Cani, P.D.; Knauf, C. The Gut Microbiome Influences Host Endocrine Functions. Endocr. Rev. 2019, 40, 1271–1284.
[CrossRef]

194. Wang, J.; Zhu, N.; Su, X.; Gao, Y.; Yang, R. Gut-Microbiota-Derived Metabolites Maintain Gut and Systemic Immune Homeostasis.
Cells 2023, 12, 793. [CrossRef]

195. Feng, Z.; Jia, C.; Lin, X.; Hao, H.; Li, S.; Li, F.; Cui, Q.; Chen, Y.; Wu, F.; Xiao, X. The Inhibition of Enterocyte Proliferation by
Lithocholic Acid Exacerbates Necrotizing Enterocolitis through Downregulating the Wnt/β-Catenin Signalling Pathway. Cell
Prolif. 2022, 55, e13228. [CrossRef] [PubMed]

196. Pan, Y.; Zhang, H.; Li, M.; He, T.; Guo, S.; Zhu, L.; Tan, J.; Wang, B. Novel Approaches in IBD Therapy: Targeting the Gut
Microbiota-Bile Acid Axis. Gut Microbes 2024, 16, 2356284. [CrossRef]

197. Kriaa, A.; Mariaule, V.; Jablaoui, A.; Rhimi, S.; Mkaouar, H.; Hernandez, J.; Korkmaz, B.; Lesner, A.; Maguin, E.; Aghdassi, A.;
et al. Bile Acids: Key Players in Inflammatory Bowel Diseases? Cells 2022, 11, 901. [CrossRef]

198. Lin, M.; Li, L.; Zhang, Y.; Zheng, L.; Xu, M.; Rong, R.; Zhu, T. Baicalin Ameliorates H2O2 Induced Cytotoxicity in HK-2 Cells
through the Inhibition of ER Stress and the Activation of Nrf2 Signaling. Int. J. Mol. Sci. 2014, 15, 12507–12522. [CrossRef]

199. Cheng, H.; Zhang, D.; Wu, J.; Liu, J.; Zhou, Y.; Tan, Y.; Feng, W.; Peng, C. Interactions between Gut Microbiota and Polyphenols:
A Mechanistic and Metabolomic Review. Phytomedicine 2023, 119, 154979. [CrossRef]

200. Xie, F.; Yang, W.; Xing, M.; Zhang, H.; Ai, L. Natural Polyphenols-Gut Microbiota Interactions and Effects on Glycolipid
Metabolism via Polyphenols-Gut-Brain Axis: A State-of-the-Art Review. Trends Food Sci. Technol. 2023, 140, 104171. [CrossRef]

https://doi.org/10.1039/D1FO03003E
https://doi.org/10.3389/fmicb.2024.1453145
https://doi.org/10.2147/DDDT.S150825
https://doi.org/10.3389/fimmu.2020.00906
https://doi.org/10.3389/fmicb.2018.02344
https://doi.org/10.3390/toxins10060230
https://doi.org/10.3390/ani9121145
https://www.ncbi.nlm.nih.gov/pubmed/31847281
https://doi.org/10.3389/fmicb.2020.00917
https://www.ncbi.nlm.nih.gov/pubmed/32595608
https://doi.org/10.1016/j.jtherbio.2019.01.011
https://doi.org/10.3390/antiox9090848
https://www.ncbi.nlm.nih.gov/pubmed/32927712
https://doi.org/10.3389/fphys.2017.00319
https://doi.org/10.1080/19490976.2023.2263935
https://doi.org/10.1080/19490976.2024.2431643
https://doi.org/10.1136/gutjnl-2018-316307
https://doi.org/10.1038/ncomms4611
https://www.ncbi.nlm.nih.gov/pubmed/24781306
https://doi.org/10.1038/nrendo.2015.128
https://www.ncbi.nlm.nih.gov/pubmed/26260141
https://doi.org/10.1210/er.2018-00280
https://doi.org/10.3390/cells12050793
https://doi.org/10.1111/cpr.13228
https://www.ncbi.nlm.nih.gov/pubmed/35441471
https://doi.org/10.1080/19490976.2024.2356284
https://doi.org/10.3390/cells11050901
https://doi.org/10.3390/ijms150712507
https://doi.org/10.1016/j.phymed.2023.154979
https://doi.org/10.1016/j.tifs.2023.104171


Antioxidants 2025, 14, 721 26 of 28

201. Martínez, L.; Ros, G.; Nieto, G. Hydroxytyrosol: Health Benefits and Use as Functional Ingredient in Meat. Medicines 2018, 5, 13.
[CrossRef]

202. Li, J.; Chen, Y.; Li, R.; Zhang, X.; Chen, T.; Mei, F.; Liu, R.; Chen, M.; Ge, Y.; Hu, H.; et al. Gut Microbial Metabolite Hyodeoxycholic
Acid Targets the TLR4/MD2 Complex to Attenuate Inflammation and Protect against Sepsis. Mol. Ther. 2023, 31, 1017–1032.
[CrossRef] [PubMed]

203. Paumgartner, G.; Beuers, U. Ursodeoxycholic Acid in Cholestatic Liver Disease: Mechanisms of Action and Therapeutic Use
Revisited. Hepatology 2002, 36, 525–531. [CrossRef] [PubMed]

204. Kusaczuk, M. Tauroursodeoxycholate-Bile Acid with Chaperoning Activity: Molecular and Cellular Effects and Therapeutic
Perspectives. Cells 2019, 8, 1471. [CrossRef]

205. Zangerolamo, L.; Vettorazzi, J.F.; Rosa, L.R.O.; Carneiro, E.M.; Barbosa, H.C.L. The Bile Acid TUDCA and Neurodegenerative
Disorders: An Overview. Life Sci. 2021, 272, 119252. [CrossRef] [PubMed]

206. Fu, X.; Liu, Z.; Zhu, C.; Mou, H.; Kong, Q. Nondigestible Carbohydrates, Butyrate, and Butyrate-Producing Bacteria. Crit. Rev.
Food Sci. Nutr. 2019, 59 (Suppl. S1), S130–S152. [CrossRef]

207. Mao, X.; Lv, M.; Yu, B.; He, J.; Zheng, P.; Yu, J.; Wang, Q.; Chen, D. The Effect of Dietary Tryptophan Levels on Oxidative Stress of
Liver Induced by Diquat in Weaned Piglets. J. Anim. Sci. Biotechnol. 2014, 5, 49. [CrossRef]

208. Roager, H.M.; Licht, T.R. Microbial Tryptophan Catabolites in Health and Disease. Nat. Commun. 2018, 9, 3294. [CrossRef]
209. Devlin, A.S.; Marcobal, A.; Dodd, D.; Nayfach, S.; Plummer, N.; Meyer, T.; Pollard, K.S.; Sonnenburg, J.L.; Fischbach, M.A.

Modulation of a Circulating Uremic Solute via Rational Genetic Manipulation of the Gut Microbiota. Cell Host Microbe 2016, 20,
709–715. [CrossRef]

210. Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao, C.-C.; Patel, B.; Yan, R.; Blain, M.;
et al. Type I Interferons and Microbial Metabolites of Tryptophan Modulate Astrocyte Activity and Central Nervous System
Inflammation via the Aryl Hydrocarbon Receptor. Nat. Med. 2016, 22, 586–597. [CrossRef]

211. Shimada, Y.; Kinoshita, M.; Harada, K.; Mizutani, M.; Masahata, K.; Kayama, H.; Takeda, K. Commensal Bacteria-Dependent
Indole Production Enhances Epithelial Barrier Function in the Colon. PLoS ONE 2013, 8, e80604. [CrossRef] [PubMed]

212. Niwa, T.; Shimizu, H. Indoxyl Sulfate Induces Nephrovascular Senescence. J. Ren. Nutr. 2012, 22, 102–106. [CrossRef] [PubMed]
213. Britan, A.; Maffre, V.; Tone, S.; Drevet, J.R. Quantitative and Spatial Differences in the Expression of Tryptophan-Metabolizing

Enzymes in Mouse Epididymis. Cell Tissue Res. 2006, 324, 301–310. [CrossRef]
214. Dairam, A.; Antunes, E.M.; Saravanan, K.S.; Daya, S. Non-Steroidal Anti-Inflammatory Agents, Tolmetin and Sulindac, Inhibit

Liver Tryptophan 2,3-Dioxygenase Activity and Alter Brain Neurotransmitter Levels. Life Sci. 2006, 79, 2269–2274. [CrossRef]
215. Kraal, L.; Abubucker, S.; Kota, K.; Fischbach, M.A.; Mitreva, M. The Prevalence of Species and Strains in the Human Microbiome:

A Resource for Experimental Efforts. PLoS ONE 2014, 9, e97279. [CrossRef]
216. Lee, J.-H.; Lee, J. Indole as an Intercellular Signal in Microbial Communities. FEMS Microbiol. Rev. 2010, 34, 426–444. [CrossRef]

[PubMed]
217. Han, H.; Yi, B.; Zhong, R.; Wang, M.; Zhang, S.; Ma, J.; Yin, Y.; Yin, J.; Chen, L.; Zhang, H. From Gut Microbiota to Host Appetite:

Gut Microbiota-Derived Metabolites as Key Regulators. Microbiome 2021, 9, 162. [CrossRef]
218. Han, H.; Li, Y.; Fang, J.; Liu, G.; Yin, J.; Li, T.; Yin, Y. Gut Microbiota and Type 1 Diabetes. Int. J. Mol. Sci. 2018, 19, 995. [CrossRef]
219. Waldman, M.; Peterson, S.J.; Arad, M.; Hochhauser, E. The Role of 20-HETE in Cardiovascular Diseases and Its Risk Factors.

Prostaglandins Other Lipid Mediat. 2016, 125, 108–117. [CrossRef]
220. Nambo-Venegas, R.; Valdez-Vargas, C.; Cisneros, B.; Palacios-González, B.; Vela-Amieva, M.; Ibarra-González, I.; Cerecedo-

Zapata, C.M.; Martínez-Cruz, E.; Cortés, H.; Reyes-Grajeda, J.P.; et al. Altered Plasma Acylcarnitines and Amino Acids Profile in
Spinocerebellar Ataxia Type 7. Biomolecules 2020, 10, 390. [CrossRef]

221. Chen, Y.-J.; Luo, L.; Zhang, G.-Z.; Li, Z.; Bai, F.-J.; Shi, Y.-Q.; Yang, H.-S. Effect of Dietary L-Malic Acid Supplementation on
Growth, Feed Utilization and Digestive Function of Juvenile GIFT Tilapia Oreochromis Niloticus (Linnaeus, 1758). J. Appl. Ichthyol.
2016, 32, 1118–1123. [CrossRef]
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