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Drug-induced liver injury (DILI) remains a major obstacle in clinical pharmacotherapy
and a leading cause of acute liver failure and drug withdrawal worldwide.
Conventional mechanistic models centered on hepatic xenobiotic metabolism,
oxidative stress, and immune injury cannot fully account for the substantial
interindividual variability and the unpredictable nature of idiosyncratic DILI.
Increasing evidence shows that the gut microbiota and its metabolites critically
shape hepatic susceptibility through modulation of drug metabolism, inflammatory
signaling, and intestinal barrier integrity. This review summarizes current
understanding of the gut-liver axis in DILI pathogenesis, with a focus on microbial
enzymes such as B-glucuronidase that reactivate detoxified drug conjugates,
microbial dysbiosis that disrupts bile acid homeostasis, and depletion of short
chain fatty acids and indole derivatives that normally support epithelial defenses
and immunologic tolerance. Drug-specific microbial patterns are discussed,
including acetaminophen, amoxicillin—clavulanate, anti-tuberculosis regimens, and
immune checkpoint inhibitors. We introduce the concept of metabotype-
dependent hepatotoxicity, which emphasizes that individual microbial metabolic
profiles influence DILI risk. Advances in metagenomics, metabolomics, and
integrative multi-omics enable the identification of microbial biomarkers and
functional pathways associated with DILI susceptibility. Emerging therapeutic
strategies include restoration of microbial homeostasis, selective inhibition of
microbial enzymes, and supplementation of hepatoprotective metabolites. Finally,
we outline key challenges and future directions toward translating microbiome-
based insights into clinical prediction and precision prevention of DILI. Importantly,
this review integrates microbial metabolic functions with precision hepatology
concepts, highlighting how metabotype-driven variability can be leveraged for
individualized DILI risk assessment.
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1 Introduction

Drug-induced liver injury (DILI) remains a major public health
concern and the leading cause of acute liver failure in Western
countries (Andrade et al., 2019; Bjornsson and Bjornsson, 2022). It
accounts for a substantial proportion of drug-related morbidity and
mortality and is a frequent reason for clinical trial termination as
well as post-marketing drug withdrawal (Devarbhavi et al., 2021).
Despite its importance, diagnosis remains highly challenging
because of its broad clinical spectrum and its tendency to mimic
other hepatic disorders. Traditionally, DILI is divided into two
categories according to its predictability (Kobayashi et al., 2023).
Intrinsic DILI is dose-dependent, reproducible across individuals,
and results from the direct toxic effects of certain compounds, such
as high-dose acetaminophen (APAP) (Tiwari et al., 2025). In
contrast, idiosyncratic DILI (I-DILI) is rare, unpredictable, and
occurs at therapeutic doses. Its pathogenesis involves multifactorial
interactions among host genetic susceptibility, immune reactivity,
and environmental influences. I-DILI accounts for most severe and
unexpected hepatic adverse reactions and continues to pose a major
obstacle to safe drug development and clinical management
(Fontana et al., 2023).

Traditional mechanistic frameworks for DILI have largely
emphasized xenobiotic metabolism, oxidative stress, and direct
immune-mediated hepatocellular damage (Villanueva-Paz et al,
2021; Di Zeo-Sanchez et al., 2022). These classical models have
provided essential insight into hepatic toxicology but fail to fully
capture the pronounced interindividual variability and the low
incidence of I-DILI among exposed populations. The central
limitation arises from their focus on intrinsic hepatic processes,
without adequately addressing the broader host-specific factors that
shape susceptibility. Genetic screening, though valuable, has offered
only partial explanatory power, underscoring the need for more
comprehensive models that integrate metabolic, immunological,
and environmental determinants of hepatic vulnerability (Yuan and
Kaplowitz, 2013; Tasnim et al., 2021; Li et al., 2023).

The human gut microbiota, a highly complex and adaptable
ecosystem comprising trillions of microorganisms, serves as a
functional “second genome” that exerts profound influence over
host physiology, immune regulation, and drug metabolism (Wu
et al., 2024). This microbial consortium harbors an extensive
enzymatic repertoire that complements and often surpasses
hepatic Phase I and Phase II metabolic processes, thereby
reshaping drug pharmacokinetics and bioavailability (Xiang et al.,
2023; Martinelli and Thiele, 2024; Kaur et al., 2025). The collective
metabolic activity of the microbiota, referred to as the microbial
metabolome, functions as a pivotal communication axis that
modulates innate immune signaling, inflammatory tone, and
intestinal barrier homeostasis (Gasaly et al., 2021). Disturbances
in this microbial network and its metabolite output can markedly
shift the host’s susceptibility to DILI, transforming microbial
composition and metabolic activity into critical determinants of
hepatotoxic risk (Huang et al., 2024).
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The gut ecosystem can fundamentally modulate drug toxicity,
necessitating a comprehensive re-evaluation of DILI pathogenesis
from an ecological perspective (Chen et al., 2015; Fontana et al.,
2023). The unpredictable nature of I-DILI, characterized by its low
incidence and interindividual variability, may become more
explicable if the activity of key microbial enzymes or the
abundance of specific microbial co-factors can be quantified and
shown to remain stable within an individual’s metabolic phenotype,
or metabotype (Zimmermann et al, 2019). When microbial
metabolism produces measurable hepatotoxic co-factors such as
lipopolysaccharide (LPS) (Fu et al., 2024), or alters drug toxicity
through enzymes like B-glucuronidase (Zeng et al., 2023), these
functional microbial features transform DILI risk assessment from a
probabilistic event into a measurable biochemical parameter. In this
context, susceptibility to I-DILI may be viewed as a quasi-intrinsic
property shaped by the host-microbiota metabolic interface.

This review consolidates emerging scientific evidence
elucidating the bidirectional communication between gut
microbial dysbiosis, metabolite perturbations, and susceptibility to
DILI along the gut-liver axis. Its central aim is to integrate current
understanding of microbial-metabolite-host interactions to clarify
the concept of metabotype-dependent hepatotoxicity and its
mechanistic implications. By mapping these interconnected
pathways, the review highlights how individual microbial and
metabolic profiles can influence hepatic responses to xenobiotics,
thereby paving the way for precision biomarkers and microbiota-
targeted therapeutic interventions to predict, prevent, and manage
DILI with greater accuracy.

2 The gut-liver axis in health and drug
response

2.1 Anatomical and physiological
interdependence

The liver and intestine are closely connected through an
integrated anatomical, metabolic, and immunological network
known as the gut-liver axis. This axis is primarily established
through the portal venous circulation, which channels blood from
the small and large intestines carrying nutrients, xenobiotics, and
microbial products directly to the liver (Pabst et al., 2023). This
unique arrangement places the liver as the first organ exposed to
both beneficial microbial metabolites such as short chain fatty acids
(SCFAs) and potentially harmful substances including bacterial
components and unconjugated drug metabolites (Tripathi et al.,
2018; Tilg et al.,, 2022). Functioning as a metabolic and immune
barrier, the liver performs essential roles in detoxification,
biotransformation, and clearance, thereby preserving systemic
homeostasis and maintaining equilibrium between immune
tolerance and host defense in response to gut derived signals
(Kubes and Jenne, 2018).
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The enterohepatic circulation of bile acids (BAs) represents one
of the most tightly regulated and essential forms of metabolic
cooperation between the host and the gut microbiota (Griiner
and Mattner, 2021; Li et al., 2024a). The liver synthesizes primary
BAs and conjugates them with taurine or glycine to facilitate lipid
digestion. When these conjugated BAs reach the intestine,
commensal bacteria expressing bile salt hydrolase enzymes
catalyze their deconjugation, producing secondary BAs such as
deoxycholic acid and lithocholic acid. These secondary BAs are
subsequently reabsorbed and transported back to the liver through
the portal circulation (Urdaneta and Casadests, 2017; Duszka,
2022). This continuous cycle plays a crucial role in maintaining
hepatic metabolic balance through the activation of nuclear and
membrane receptors, particularly the Farnesoid X receptor (FXR)
and the Takeda G-protein coupled receptor 5 (TGR5), which
collectively regulate BA synthesis, lipid metabolism, and
inflammatory responses within the gut-liver axis (Chiang and
Ferrell, 2020; Lin et al., 2025).

2.2 Microbial influence on host
pharmacokinetics

The ability of the gut microbiome to shape drug exposure
kinetics, often referred to as the second genome governing
pharmacokinetics, is central to understanding individual
susceptibility to DILI. This regulatory capacity is exerted
primarily through two interconnected biochemical pathways
involving microbial enzymatic activity and transcriptional
modulation of host xenobiotic receptors (Tsunoda et al., 2021;
Burke and Li, 2025).

Microbial enzymes, particularly B-glucuronidase, interfere with
host detoxification processes. During Phase II metabolism, the liver
inactivates drugs or their toxic intermediates by conjugating them
with glucuronic acid. When these glucuronide conjugates enter the
colon, bacterial B-glucuronidase enzymes cleave the conjugation
bond, regenerating the parent compound or an active metabolite
that may exert hepatotoxic effects (Gao et al.,, 2022; Hillege et al.,
2024). This reaction facilitates enterohepatic recycling, extends
systemic drug exposure, and increases hepatic toxic burden,
thereby altering both the effective dose and exposure duration
within an individual.

In parallel, microbial metabolites serve as potent ligands for
host nuclear receptors that regulate hepatic drug-metabolizing
enzymes (Prakash et al., 2015). Indole derivatives produced from
bacterial tryptophan metabolism, for instance, activate the aryl
hydrocarbon receptor (AhR) and the pregnane X receptor (PXR),
which in turn modulate the expression of cytochrome P450
enzymes such as CYP3A4 and efflux transporters such as MDRI
(Sun et al., 2020; Vyhlidalova, 2022; Haduch et al., 2023). Through
these transcriptional networks, the microbiome indirectly governs
hepatic detoxification capacity and influences overall drug
handling. Consequently, personalized assessment of DILI risk
requires functional metagenomic profiling of microbial enzymatic
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potential, including quantification of B-glucuronidase gene
abundance, to capture the true microbial contribution to
hepatotoxic susceptibility.

2.3 DILI pathogenesis: the dysbiosis-barrier
failure-inflammation cascade

When DILI develops, the physiological harmony between the
gut and the liver deteriorates, giving way to a pathological state
(Huang et al., 2024). Exposure to certain drugs, particularly
antibiotics such as amoxicillin-clavulanate, can trigger profound
microbial dysbiosis characterized by the depletion of protective
commensal species, including SCFA producers, and the overgrowth
of opportunistic or pathogenic bacteria (Kesavelu and Jog, 2023).
This ecological imbalance compromises intestinal barrier integrity
and alters gut metabolic output.

Under healthy conditions, SCFAs are essential and serve as the
principal energy source for colonocytes and play a crucial role in
preserving the structure and function of tight junctions (Yue et al.,
2022). Their depletion weakens mucosal defenses and increases
intestinal permeability, a phenomenon often referred to as leaky gut
(Camilleri, 2019). The disrupted barrier permits the translocation of
microbial components, particularly LPS, a potent pathogen-
associated molecular pattern derived from the outer membrane of
Gram-negative bacteria such as Proteobacteria. These translocated
microbial molecules enter the portal vein and reach the liver, where
they activate Kupfter cells through the Toll-like receptor 4 (TLR4)
signaling pathway (Sperandeo et al., 2017).

Activation of this pathway initiates the MyD88 and NF-xB
cascade, leading to the production and release of proinflammatory
cytokines including TNF-a, IL-1B, and IL-6 (Guijarro-Muiioz et al.,
2014). The resulting inflammatory storm promotes oxidative stress,
mitochondrial injury, and hepatocyte necrosis, which are key events
in the progression of DILI (Andrade et al., 2019). In this context, the
gut microbiota may contribute to hepatotoxicity, providing
inflammatory co-factors such as LPS that lower the hepatic
threshold for drug-induced cellular injury (Huang et al., 2024).

3 Gut microbiota alterations in DILI:
clinical and preclinical evidence

DILI is consistently linked to characteristic patterns of
microbial dysbiosis, with the specific alterations in gut microbial
composition varying according to the pharmacological agent
responsible (Fu et al.,, 2022; Chu et al., 2023). These drug-specific
microbial signatures suggest that distinct classes of compounds
exert selective pressure on the intestinal ecosystem, shaping the
abundance and metabolic activity of key bacterial taxa.
Understanding these differential dysbiotic patterns provides
crucial insight into how individual drugs interact with the gut
microbiome to influence hepatic vulnerability and the overall
trajectory of liver injury.
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3.1 General microbial shifts and clinical
evidence

Both human clinical observations and preclinical animal studies
of DILI reveal consistent alterations in gut microbial composition.
These changes include a decline in microbial diversity, reflected by
reduced alpha diversity, and by significant restructuring of
community composition across subjects, reflected by altered beta
diversity (Chu et al., 2023). A recurrent feature of this dysbiosis is a
reduction in the Firmicutes-to-Bacteroidetes ratio, accompanied by
an overrepresentation of Gram-negative bacteria, particularly
members of the phylum Proteobacteria (Chu et al., 2023). This
enrichment is of particular pathophysiological importance because
Proteobacteria constitute the principal source of endotoxin, or LPS.
The elevated presence of LPS producing taxa enhances activation of
the TLR4 pathway in the liver, amplifying inflammatory responses
and lowering the threshold for hepatocellular injury following
drug exposure.

3.2 Drug-specific mechanistic links

The gut microbiome exerts a dual influence on DILI,
functioning both as a mediator of detoxification and as a
contributor to hepatotoxicity. This bidirectional role underscores
that therapeutic strategies for DILI cannot rely on a uniform
approach (Mi et al.,, 2022; Chu et al,, 2023). Precision medicine
must instead determine whether intervention should focus on
inhibiting harmful microbial activities or restoring beneficial ones
that have been disrupted. Defining this balance is essential for
effective management, as different pharmacological agents engage
distinct microbiome-dependent pathways that either mitigate or
exacerbate hepatic injury. The contrasting mechanisms observed
with several high-risk drugs exemplify this complexity and highlight
the need for tailored microbiome-targeted interventions in DILI
prevention and therapy (Table 1).

3.2.1 APAP-DILI

APAP overdose remains the most common cause of acute liver
failure worldwide (Bunchorntavakul and Reddy, 2018; Liu et al.,
2024). The extent of its hepatotoxicity is strongly modulated by gut

TABLE 1 Drug-specific DILI mechanisms and microbial contributions.

Observed microbiota
alteration/key enzyme

Hepatotoxic

drug class

10.3389/fcimb.2025.1737234

microbial enzymatic activity (Wu et al., 2025). Following hepatic
detoxification, APAP is conjugated to form a glucuronide
metabolite, which is normally non-toxic and excreted through
bile or urine. However, when this conjugated metabolite reaches
the intestine, certain commensal bacteria, including specific strains
of Clostridium perfringens, produce -glucuronidase enzymes that
hydrolyze the glucuronic acid bond (Sakaguchi et al., 1983). This
reaction regenerates the parent compound or a reactive
intermediate that re-enters the circulation, thereby promoting
enterohepatic recirculation and prolonging hepatic exposure to
the toxic metabolite (Yue et al., 2021). The extended exposure
heightens oxidative stress and significantly exacerbates
hepatocellular injury.

In contrast, some microbial activities exert protective effects
against APAP toxicity. For instance, bacterial 3-galactosidases can
release metabolites such as daidzein, which has been shown to
mitigate APAP-induced liver injury in experimental models. These
opposing actions highlight the intricate balance of microbial
influences on xenobiotic metabolism, illustrating how the gut
microbiota can act as both a risk amplifier and a protective
modulator in drug-induced hepatotoxicity (Zeng et al., 2023).

3.2.2 Amoxicillin-clavulanate-DILI

AC is the antibiotic most frequently associated with DILI
worldwide and is often classified with high causality scores
(Roman-Sagiiillo et al., 2024). Its hepatotoxic potential may be
associated with its capacity to disrupt the gut microbial ecosystem.
By broadly suppressing commensal and probiotic species, AC
induces marked dysbiosis that diminishes the abundance of key
SCFA producing bacteria. The resulting depletion of metabolites
such as butyrate undermines intestinal barrier integrity and
weakens mucosal defense.

As the barrier becomes compromised, microbial antigens and
pathogen-associated molecular patterns, including LPS, can
translocate into the portal circulation. Their arrival in the liver
stimulates innate immune activation and inflammatory signaling,
leading to hepatocellular stress and cytotoxic injury. Thus, AC
exemplifies a model of DILI in which loss of microbial protective
functions, rather than the gain of toxic activity, drives hepatic
vulnerability through gut barrier dysfunction and immune
mediated hepatotoxicity (Ghosh et al., 2020).

Pathway

Primary mechanistic link to DILI regulation

Acetaminophen Increased microbial B-glucuronidase activity

Enhanced enterohepatic recirculation of toxic .
. L ROS/Nrf modulation
metabolites; Oxidative Stress

Amoxicillin-clavulanate General dysbiosis; Probiotic depletion

Innate immune activation; Intestinal barrier disruption

NF-xB/Immune Signaling

Anti-tuberculosis drugs Dysbiosis (e.g., decreased Bacteroides fragilis 839)

LPS/TLR/NF-«B pathway

LPS translocation; Amplified inflammation L
activation

Immune checkpoint R L
s Specific pre-treatment taxonomic signatures
inhibitors

Altered T-cell responses; Systemic immune dysregulation

Immune checkpoint
modulation
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3.2.3 Anti-tuberculosis-DILI

ATB-DILI, most commonly arising from multidrug regimens
containing isoniazid and rifampicin (HRZE), remains a major
limitation to effective tuberculosis therapy. Its pathogenesis is
closely associated with intestinal barrier disruption and activation
of the gut-liver inflammatory axis (Li et al., 2025). Experimental
studies have established the LPS-TLR4 pathway as a key driver of
this process.

In preclinical models, administration of the probiotic strain
Bacteroides fragilis 839 markedly alleviated HRZE-induced
hepatotoxicity (Li et al.,, 2025). The protective effect was primarily
mediated by restoration of microbial homeostasis and
reinforcement of intestinal barrier integrity, which together led to
a substantial reduction in circulating LPS concentrations. Lower
LPS exposure attenuated hepatic activation of the TLR4-MyD88-
NF-kB signaling cascade and consequently reduced the production
of pro-inflammatory cytokines such as TNF-o. and IL-6 (Gong
et al.,, 2022). These findings underscore the pivotal role of the gut
barrier in maintaining hepatic immune quiescence and highlight
the therapeutic potential of microbiota-targeted interventions in
mitigating inflammatory forms of DILL

3.2.4 Immune checkpoint inhibitors-DILI

ICIs have transformed the treatment landscape for cancer but
are frequently accompanied by immune-related adverse events,
including ICI-DILI (Xiang et al., 2022). The gut microbiome has
emerged as a crucial determinant of both susceptibility and clinical
outcome in these toxicities. Distinct microbial patterns have been
associated with ICI-related hepatotoxicity, characterized by a
marked depletion of beneficial SCFA producing taxa such as
Lachnospiraceae, Ruminococcaceae, and Agathobacter (Biddle
et al,, 2013). The loss of these commensal bacteria reduces SCFA
availability, weakens mucosal immune tolerance, and promotes
dysregulated T cell activation, thereby amplifying hepatic immune
injury. Accurate identification of these predictive microbial and
metabolic biomarkers requires high-resolution sequencing
approaches, with whole genome shotgun metagenomics providing
greater functional and taxonomic precision than conventional 16S
rRNA profiling (Zaplana et al., 2024).

Taken together, the divergent mechanisms observed across
these drug classes highlight the dual microbial contribution to

10.3389/fcimb.2025.1737234

DILI pathogenesis. Hepatotoxicity may arise either from the
amplification of harmful microbial functions, such as -
glucuronidase activity in APAP toxicity, or from the depletion of
protective functions, including SCFA generation in antibiotic- and
ICI-associated DILI and barrier maintenance in anti-tuberculosis
DILI. Understanding this balance between detrimental and
protective microbial processes is fundamental to developing
targeted microbiome-based strategies for DILI prevention
and management.

4 Microbial metabolites as mediators
of DILI

Microbial metabolites serve as the functional currency of the
gut-liver axis, operating as key signaling mediators that can either
confer systemic protection or intensify hepatotoxic responses (Pan
et al., 2024; Tarantino et al., 2025). The susceptibility to DILI is
closely influenced by the gut microbiota’s capacity to produce these
bioactive compounds in adequate quantities. These metabolites act
as molecular regulators that engage host metabolic and immune
pathways, functioning as metabolic switchboards that fine-tune
hepatic defense, detoxification, and inflammatory signaling
(Table 2). Thus, the balance between protective and pathogenic
microbial metabolite production represents a decisive factor
governing individual vulnerability to DILI (Figure 1).

4.1 SCFAs

SCFAs, principally acetate, propionate, and butyrate, are
produced through the fermentation of dietary fiber by anaerobic
gut bacteria. They play essential roles in regulating host energy
metabolism, maintaining immune equilibrium, and preserving
redox homeostasis (Li et al., 2024b). A consistent feature of DILI-
associated dysbiosis is the marked reduction in SCFA production,
reflecting the loss of beneficial microbial functions.

The hepatoprotective effects of SCFAs operate through multiple
mechanisms. Butyrate, the primary energy substrate for
colonocytes, reinforces intestinal epithelial tight junctions and
strengthens the mucosal barrier, thereby limiting the passage of

TABLE 2 Key microbial metabolites and their role in DILI protection/toxicity.

Metabolite

Host receptor/
target

Microbial precursor/

class source

Functional role in DILI Outcome

SCFAs Dietary fiber (Fermentation) GPR41/43; HDACs

Anti-inflammatory action; .
. o Protection
Upregulation of antioxidant defense

Primary bile acids

Regulate hepatic metabolism; . - .
s paty ! Protection/toxicity depending

Secondary BAs L FXR; TGR5 Modulate inflammation
(Deconjugation) . on profile
(NLRP3 inflammasome)
Activati f Phase I/II detoxificati 5
Indole derivatives Tryptophan AhR civation o as'e :C‘OXI, cation enzymes Protection
Barrier stabilization
Activation of Kupfer cells; Rel f pro-
LPS Gram-negative bacteria TLR4 ctiva mfl Of Rupler ces e, case ot pro Toxicity
inflammatory cytokines
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endotoxins into the portal circulation (Yan and Ajuwon, 2017). In
addition to their structural role, SCFAs act as bioactive signaling
molecules by activating G protein-coupled receptors GPR41 and
GPR43 and by inhibiting histone deacetylases (Kim et al., 2013).
These pathways influence immune cell differentiation, enhance the
generation of regulatory T cells, and suppress proinflammatory
signaling cascades. Through these combined effects, SCFAs help to
stabilize the gut-liver interface and mitigate immune-mediated
injury, underscoring their central importance in protecting
against DILI (Verma et al., 2024).

4.2 BAs and nuclear receptor signaling

The BA pool is continuously reshaped by the gut microbiota,
exerting wide-ranging effects on host metabolic and immune
signaling. Microbial bile salt hydrolase activity plays a decisive
role in determining the concentration and composition of
secondary BAs, which act as potent ligands for two major host
receptors, FXR and TGR5 (Chiang and Ferrell, 2020; Song
et al., 2025).

10.3389/fcimb.2025.1737234

FXR is abundantly expressed in both the liver and intestine and
serves as a central regulator of BA synthesis. When activated by BAs
in the intestine, FXR induces the production of fibroblast growth
factor 15 in mice or fibroblast growth factor 19 in humans. This
hormone acts on the liver to suppress BA synthesis, thereby
preventing the accumulation of toxic intermediates. Microbial
transformations that generate secondary BAs capable of
antagonizing FXR signaling, including tauro-B-muricholic acid,
can disrupt this feedback mechanism, leading to dysregulated BA
homeostasis and heightened susceptibility to drug-induced
hepatotoxicity (Chiang et al., 2017).

In contrast, TGR5 is expressed on hepatic immune cells,
including Kupffer cells, and on enteroendocrine L cells in the gut.
Activation of this receptor by BAs promotes anti-inflammatory
signaling within the liver and stimulates the release of glucagon like
peptide 1, contributing to metabolic stability. Dysbiosis induced
alterations in the BA profile weaken these protective signaling
pathways and diminish hepatic resilience to toxic drug exposure,
reinforcing the pivotal role of the microbiome in maintaining BA
mediated liver protection (Chiang et al., 2017; Beaudoin
et al., 2023).

SCFAs i BAs . | Indole derivatives | | Pro-toxicants
0000 o °® °
5 3 E o 00
| | | 00 o
s 1 | %oeec
Acetate ﬂ Indole-3-propionate /
: : ' > : e
. ‘ , . ;
5 s 5 «

FGF15 FGF19

BA synthesis § :

Toxic intermediates

Energy !
metabolism

TGR5

Anti-inflammatory
signaling !

(R Immune !
1) equilibrium

1(

IndOIe_3_a|dehyde ; MH‘TWme:\MMQTQHH‘Jmvﬂ‘ 'lfﬂ}h" W ‘J\A!m‘\‘\ﬂ\'ﬂ
CAhR) CPXR) / S
- o I O TLR4

Antioxidant -
responses

i LPS
Epithelial :
barrier integrity !
: Ethanol

A3 ' :

*T/ | Redox Release of

\#‘ # homeostasis GLP-1 | glucagon like :

W peptide 1
FIGURE 1

N Xenobiotic
’ metabolism :

A

P-cresol

Microbiota-derived metabolites and their regulatory effects on drug-induced liver injury. SCFAs (acetate, propionate, butyrate) support energy
metabolism, immune balance, and epithelial defense via GPR41/43. Bile acids modulate hepatic and intestinal signaling through FXR-FGF15/19 and
TGRS5. Indole derivatives (e.g., indole-3-propionate, indole-3-acetate) activate AhR/PXR to enhance antioxidant responses and barrier integrity. In
contrast, pro-toxicants such as LPS, ethanol, and p-cresol activate TLR4-mediated inflammation, increasing susceptibility to DILI.
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4.3 Indole derivatives: detoxification
boosters via tryptophan metabolism

Indole derivatives, including indole-3-propionate (IPA), indole-
3-acetate, and indole-3-aldehyde, are key metabolites derived from
the bacterial metabolism of dietary tryptophan (Hubbard et al,
2015). These compounds function as potent ligands for host nuclear
receptors such as AhR and PXR. Activation of these receptors
enhances the host’s intrinsic defense capacity by promoting
antioxidant responses, strengthening epithelial barrier integrity,
and regulating xenobiotic metabolism. Through these coordinated
actions, indole derivatives establish a crucial microbiota-driven
signaling pathway that protects the liver from oxidative stress and
inflammation, thereby reducing susceptibility to drug-
induced injury.

4.3.1 AhR activation

Indole metabolites act as well-characterized agonists of the
AhR, a pivotal transcription factor in maintaining intestinal and
hepatic immune balance (Hubbard et al., 2015). Activation of AhR
by indole compounds plays an essential role in preserving mucosal
integrity by stimulating epithelial cell renewal and promoting goblet
cell differentiation, which reinforces the protective mucus barrier.
Equally important, AhR signaling induces the production of the
anti-inflammatory cytokine IL-10 in immune cells, thereby limiting
excessive immune activation within the gut lamina propria and
preventing systemic inflammatory spillover that contributes to DILI
(Zhu et al, 2018). In addition to its immunomodulatory effects,
AhR activation enhances the transcription of host detoxification
enzymes such as Cyplal, strengthening hepatic xenobiotic defense
and mitigating oxidative stress. Together, these mechanisms
highlight the central role of microbiota-derived indoles in
sustaining gut-liver immune homeostasis and reducing
susceptibility to hepatotoxic insults.

4.3.2 PXR activation

IPA functions as a key microbial ligand for the PXR (Dutta
et al, 2022), a central regulator of xenobiotic metabolism and
intestinal barrier integrity (Dvorak et al., 2020). Activation of
PXR by IPA induces the expression of major detoxification and
efflux genes, including CYP3A4 and MDRI, thereby enhancing the
metabolic and excretory capacity of both the liver and the intestinal
epithelium. Through these coordinated actions, IPA strengthens the
host’s ability to eliminate potentially harmful compounds and
maintain mucosal defense. In addition to its metabolic role, IPA
exerts potent anti-inflammatory effects by downregulating the
expression of enterocyte-derived cytokines and suppressing
activation of the NF-xB pathway. This modulation reduces
endotoxin translocation and mitigates systemic inflammation,
highlighting IPA as a key microbiota-derived metabolite that
reinforces gut-liver homeostasis and protects against drug-
induced hepatic injury.
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4.4 Microbiome-derived pro-toxicants and
the metabotype

The harmful effects of the gut microbiome in DILI arise mainly
from the production and translocation of proinflammatory
microbial compounds. Among these, LPS is the best characterized
toxin that activates hepatic TLR4 signaling and induces acute
inflammatory responses (Soares and Pimentel-Nunes, 2010; Chen
et al,, 2021). High circulating levels of LPS reflect a toxic metabolic
state associated with immune activation and hepatic stress. Other
microbial metabolites, such as ethanol and p-cresol, can also
aggravate oxidative damage and contribute to mitochondrial
dysfunction, thereby amplifying hepatic injury (Huang et al., 2024).

These mechanisms may underlie metabotype-dependent
hepatotoxicity, which proposes that DILI risk is determined by an
individual’s prevailing metabolic environment, referred to as the
metabotype (Iruzubieta et al,, 2015). A high risk metabotype is
defined by low concentrations of protective metabolites such as
SCFAs, indole derivatives, and BAs that activate the FXR, together
with elevated levels of proinflammatory microbial products such as
LPS and increased B-glucuronidase activity. Understanding and
quantifying this metabolite profile provides a molecular framework
for explaining the wide variability in idiosyncratic DILI
susceptibility and offers a path toward individualized prediction
of hepatotoxic risk.

5 Diagnostic and therapeutic
implications

Recognizing the gut microbiota and its metabolome as central
regulators of hepatic response opens promising opportunities for
advancing the diagnosis and treatment of DILI (Niu and Chen,
2020). This understanding establishes a foundation for developing
next-generation diagnostic tools capable of identifying individuals
at heightened risk through functional microbial and metabolic
profiling (Roth et al.,, 2020). It also supports the design of
precision therapeutic strategies that modulate specific microbial
pathways or restore beneficial metabolites to strengthen hepatic
resilience and prevent toxicity (Figure 2).

5.1 Microbiome-based biomarkers for
personalized prediction

Current approaches to diagnosing DILI rely largely on
exclusion and conventional biochemical testing, which often
identify injury only after hepatic damage has occurred.
Incorporating microbial and metabolic information offers a path
toward proactive and individualized risk prediction (Segovia-Zafra
et al., 2021).

Fecal and serum metabolite profiling provides a dynamic and
noninvasive window into the metabolic communication between
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the gut and the liver. Measuring circulating levels of key protective
metabolites such as IPA and indole-3-acetate, together with harmful
compounds including secondary BAs and LPS, enables a
quantifiable assessment of hepatotoxic risk (Zhang et al., 2022).
In parallel, functional characterization of the gut microbiome
through evaluation of gene abundance for critical enzymes such
as microbial B-glucuronidase and bile salt hydrolase variants can
help estimate an individual’s capacity for toxic drug reactivation or
impaired detoxification (Feng et al., 2020).

Integrative multi-omics analysis is essential for capturing the
full complexity of host-microbe interactions (Wang et al., 2019).
Combining metagenomic, metabolomic, and transcriptomic data
with clinical parameters provides the multidimensional information
needed to construct robust predictive models (Sanches et al., 2024).
By linking microbial functional genes with metabolite outputs and
corresponding host inflammatory or detoxification gene expression
patterns, researchers can identify microbial metabolic pathways that
define individual susceptibility. Such integrative profiling
enables advanced risk stratification, allowing clinicians to
predict the likelihood of idiosyncratic DILI before drug

10.3389/fcimb.2025.1737234

administration and to move from reactive diagnosis toward
preventive precision medicine.

5.2 Therapeutic modulation strategies

The dual role of the gut microbiome in DILI, functioning both
as a facilitator of detoxification and as a source of proinflammatory
or toxic factors, defines two principal therapeutic directions. The
first involves ecological restoration, aiming to reestablish a balanced
microbial community and recover lost protective functions. The
second focuses on targeted inhibition, seeking to suppress specific
microbial activities that contribute to hepatotoxicity (Andrade et al.,
2019). Together, these complementary strategies form the
foundation for microbiome-based precision therapy designed to
restore gut-liver homeostasis and reduce the risk of DILIL

5.2.1 Non-targeted ecological restoration
Restorative therapeutic approaches focus on reestablishing gut
homeostasis and strengthening intestinal barrier integrity.
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Probiotics and synbiotics are designed to introduce beneficial
microbial strains that promote eubiosis, enhance SCFA
production, and reinforce epithelial defense (Li et al., 2022).
Experimental studies have shown that Akkermansia species can
alleviate APAP induced liver injury by regulating SCFA metabolism
(Xia et al., 2022), while specific strains such as Lactobacillus casei
and Bacteroides fragilis 839 reduce anti tuberculosis drug-induced
hepatotoxicity by improving barrier function and suppressing
activation of the LPS and TLR-4 signaling pathway (Li et al., 2025).

Fecal microbiota transplantation (FMT) represents a more
comprehensive strategy for ecological restoration. It has proven
highly effective in reconstituting microbial diversity and functional
stability in conditions such as recurrent Clostridioides difficile
infection (Yoon et al, 2020). In experimental models of DILI,
FMT has demonstrated substantial hepatoprotective effects by
rapidly restoring microbial diversity and the abundance of
protective metabolites (Liu et al., 2023). Although clinical use in
DILI remains limited, FMT holds considerable potential as a
therapeutic option for severe or refractory cases that require rapid
recalibration of the gut microbial ecosystem.

5.2.2 Precision targeting of microbial enzyme
activity

A chemically defined and highly targeted therapeutic strategy
focuses on specific microbial functions that drive the formation of
hepatotoxic intermediates, thereby eliminating the need for broad
ecological modification. By concentrating on discrete enzymatic
reactions, this approach simplifies intervention while maximizing
precision and efficacy, particularly when the mechanism of DILI is
attributable to a single microbial pathway (Huang et al., 2024).

Selective inhibition of bacterial B-glucuronidase illustrates this
principle. Microbial B-glucuronidase catalyzes the reactivation of
many detoxified drug conjugates, including APAP metabolites,
leading to renewed hepatotoxic potential (Awolade et al., 2019).
Administering selective inhibitors of this enzyme alongside the
parent drug effectively prevents deconjugation, maintaining the
host’s natural detoxification processes while eliminating microbial
interference. Unlike antibiotic therapy, this targeted strategy avoids
global disruption of the gut microbiota. Such precise enzymatic
inhibition offers a promising and mechanistically grounded
approach for preventing DILI, particularly for novel therapeutic
agents with known susceptibility to microbial reactivation.

5.2.3 Targeting host receptors via microbial
metabolite analogs

A third therapeutic approach focuses on restoring or
augmenting protective microbial metabolites that support hepatic
resilience. This strategy involves either direct supplementation of
beneficial metabolites or the use of synthetic analogs designed to
mimic their physiological functions and activate host defense
pathways (Mafe and Biisselberg, 2025). Pharmacological
activation of receptors such as FXR and TGR5 through natural or
synthetic agonists can reinforce bile acid signaling, enhance
cytochrome P450 activity, and stabilize intestinal barrier integrity.
Similarly, administration of stable analogs of indole derivatives,
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such as IPA mimetics, can stimulate the production of the anti-
inflammatory cytokine IL-10 and strengthen mucosal immunity
(Baars et al., 2015). These interventions offer a means to restore
hepatoprotective signaling regardless of the patient’s underlying
microbial composition, thereby providing a direct and controllable
route to prevent or attenuate DILL

6 Challenges and future directions

Despite significant advances establishing the role of the gut-liver
axis in DILI, substantial challenges remain in translating these
findings into clinical practice. Addressing these issues requires
innovation in experimental modeling and standardization across
clinical cohorts.

6.1 Addressing biological and clinical
heterogeneity

DILI exhibits marked heterogeneity arising from the interplay of
environmental, genetic, and microbial factors (Garcia-Cortes et al.,
2023). The clinical presentation and severity of DILI vary widely
depending on the specific drug, patient characteristics, and
underlying health status. Accounting for host variables such as
metabolic disorders, including nonalcoholic fatty liver disease, or
genetic predispositions, such as particular human leukocyte antigen
alleles, is essential for accurately defining an individual’s susceptibility
threshold. The additional influence of drug-drug interactions further
complicates prediction, as concomitant therapies, including
chemotherapeutic regimens in immune checkpoint inhibitor-
associated DILI, can profoundly alter gut microbial composition
and metabolic output, thereby modifying hepatotoxic risk.

Equally important is the recognition of racial and ethnic
variability in DILI incidence and vulnerability (Lisboa et al.,
2020). Baseline differences in microbiome structure, genetic
background, and environmental exposures contribute to
population-level disparities that remain underrepresented in
existing research. Many retrospective studies fail to include
sufficiently diverse cohorts, limiting the generalizability of their
conclusions. Comprehensive, multi-center investigations
incorporating diverse populations are therefore necessary to
capture these variations and to identify groups at elevated risk,
such as those with higher prevalence of metabolic disorders or
distinct genetic profiles, ensuring that future DILI risk models
reflect global population diversity and clinical reality.

6.2 Establishing causality and mechanism
validation

A major limitation of current research on the gut microbiome in
DILI is that most evidence remains observational and correlational
(Huang et al, 2024). Although dysbiosis frequently accompanies
hepatic injury, it has not been definitively established as a causal
factor. Addressing this gap requires rigorous experimental validation
to distinguish microbial association from mechanistic contribution.
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The application of gnotobiotic animal models, in which germ-
free hosts are colonized with defined microbial communities,
provides a powerful tool to test causality. Similarly, targeted
manipulation through selective antibiotic depletion or microbial
reconstitution enables researchers to determine whether the
presence or absence of specific microbial taxa or functional genes
directly modifies DILI susceptibility. By demonstrating that the
controlled introduction or elimination of a single microbial
component can alter hepatic response to drugs, these models offer
conclusive evidence for microbial causation and represent a critical
step toward translating microbiome research into predictive and
therapeutic applications.

6.3 Advanced experimental platforms for
precision DILI modeling

Reproducing the complex multi-organ interactions that underlie
DILI requires experimental systems capable of integrating both
hepatic and intestinal physiology. Advanced in vitro and ex vivo
platforms are emerging as indispensable tools for mechanistic
validation and for evaluating individual patient susceptibility.

Human liver organoids derived from patient-specific stem cells
enable high-throughput screening of intrinsic hepatotoxic potential
while capturing interindividual genetic diversity (Han et al., 2024).
These models provide valuable insight into direct drug cytotoxicity
but remain limited in representing the systemic interactions that
characterize DILI. Because DILI often results from gut-derived
inflammatory mediators such as LPS, single-organ liver cultures
cannot replicate the essential transport and activation processes that
drive injury.

Microfluidic gut-liver chips, also known as organ-on-a-chip
systems, are closing this gap (Palasantzas et al, 2023). These
platforms physically and functionally connect an intestinal
epithelial barrier, which can be colonized with commensal
microbiota, to a hepatic module containing metabolically active
hepatocytes and Kupffer cells. By allowing controlled transport of
microbial metabolites and endotoxins between the gut and liver
compartments, these chips faithfully reproduce the dynamic
crosstalk responsible for DILI pathogenesis. Such integrative
systems provide a predictive preclinical model for evaluating
novel therapeutics and hold promise for personalized
toxicological assessment that accounts for an individual’s unique
microbial and metabolic profile.

6.4 Forward outlook: clinical decision
support systems

The integration of microbiome, metabolome, and host data
creates the foundation for developing clinically useful models that
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can stratify the risk of DILI. By combining pretreatment
metagenomic and metabolomic profiles with genetic and clinical
information, researchers can build predictive algorithms that estimate
an individual’s likelihood of developing hepatotoxicity. This
approach transforms DILI management from a reactive process
into one centered on prevention and personalized assessment.

Such predictive systems can support clinical decision making by
enabling proactive microbial interventions, including targeted
enzyme inhibition or the administration of specific probiotics and
prebiotics, and by guiding individualized drug dose adjustments
based on predicted susceptibility (Yan et al., 2022). These
developments mark a transition toward precision medicine in
drug safety, where therapeutic strategies are tailored to each
patient’s genetic, microbial, and metabolic characteristics to
minimize the risk of hepatic injury.

7 Conclusions

The gut microbiota is now recognized as a fundamental and
dynamic determinant of DILI, acting through continuous
bidirectional communication with the liver. This microbial
ecosystem maintains a delicate equilibrium, serving both
protective and harmful roles. On one hand, it supports host
defense by generating metabolites such as SCFAs and indole
derivatives that activate the AhR and PXR. On the other hand, it
can contribute to vulnerability through LPS translocation and the
enzymatic reactivation of toxic metabolites, as observed with [3-
glucuronidase activity in APAP-related DILI.

The long-standing unpredictability of idiosyncratic DILI is
increasingly being explained through measurable aspects of
personalized microbial ecology, encapsulated in the concept of
metabotype dependent hepatotoxicity. By identifying and
quantifying microbial functions and metabolite patterns that
influence drug pharmacokinetics and inflammatory thresholds,
such as activation of the LPS/TLR4 pathway, researchers are
transforming I-DILI from a random occurrence into a
pharmacologically predictable and potentially modifiable risk.

The future of DILI prevention depends on uniting clinical
pharmacology, microbial ecology, and systems biology. This
integration requires the adoption of standardized multi omics
protocols for risk assessment and the use of advanced
experimental models, including microfluidic gut liver chips, to
confirm causal relationships between microbial alterations and
hepatic injury. The ultimate goal is to enable individualized
intervention strategies, through targeted enzyme inhibitors or
precision microbiome therapies, that enhance drug safety and
usher in a new era of personalized hepatology. Overall,
integrating microbial, metabolic, and genetic information may
enable clinically actionable prediction models that support
personalized hepatotoxicity prevention.

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1737234
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Mao et al.

Author contributions

XM: Writing - original draft. XH: Writing - review & editing.
JE: Writing — review & editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Conflict of interest

The authors declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Andrade, R. J., Chalasani, N., Bjérnsson, E. S., Suzuki, A., Kullak-Ublick, G. A,
Watkins, P. B,, et al. (2019). Drug-induced liver injury. Nat. Rev. Dis. Primers 5, 58.
doi: 10.1038/s41572-019-0105-0

Awolade, P., Cele, N., Kerru, N., Gummidi, L., Oluwakemi, E., and Singh, P. (2019).
Therapeutic significance of B-glucuronidase activity and its inhibitors: A review. Eur. J.
med Chem. 187, 111921. doi: 10.1016/j.ejmech.2019.111921

Baars, A., Oosting, A., Knol, J., Garssen, J., and Van Bergenhenegouwen, J. (2015).
The gut microbiota as a therapeutic target in IBD and metabolic disease: a role for the
bile acid receptors FXR and TGR5. Microorganisms 3, 641-666. doi: 10.3390/
microorganisms3040641

Beaudoin, J. J., Yang, K., Adiwidjaja, J., Taneja, G., Watkins, P. B,, Siler, S. Q,, et al.
(2023). Investigating bile acid-mediated cholestatic drug-induced liver injury using a
mechanistic model of multidrug resistance protein 3 (MDR3) inhibition. Front.
Pharmacol. 13, 1085621. doi: 10.3389/fphar.2022.1085621

Biddle, A., Stewart, L., Blanchard, J., and Leschine, S. (2013). Untangling the genetic
basis of fibrolytic specialization by Lachnospiraceae and Ruminococcaceae in diverse
gut communities. Diversity 5, 627-640. doi: 10.3390/d5030627

Bjérnsson, H., and Bjornsson, E. (2022). Drug-induced liver injury: Pathogenesis,
epidemiology, clinical features, and practical management. Eur. . Internal Med. 97, 26—
31. doi: 10.1016/}.¢jim.2021.10.035

Bunchorntavakul, C., and Reddy, K. R. (2018). Acetaminophen (APAP or N-acetyl-
p-aminophenol) and acute liver failure. Clinics liver Dis. 22, 325-346. doi: 10.1016/
j.c1d.2018.01.007

Burke, K., and Li, Y. (2025). Impact of gut microbiota on drug metabolism and
absorption. Curr. Pharmacol. Rep. 11, 49. doi: 10.1007/540495-025-00429-8

Camilleri, M. (2019). Leaky gut: mechanisms, measurement and clinical implications
in humans. Gut 68, 1516-1526. doi: 10.1136/gutjnl-2019-318427

Chen, M., Suzuki, A., Borlak, J., Andrade, R. J., and Lucena, M. L. (2015). Drug-
induced liver injury: Interactions between drug properties and host factors. J. Hepatol.
63, 503-514. doi: 10.1016/j.jhep.2015.04.016

Chen, S, Tan, Y., Xiao, X, Li, Q., Wu, Q., Peng, Y, et al. (2021). Deletion of TLR4
attenuates lipopolysaccharide-induced acute liver injury by inhibiting inflammation
and apoptosis. Acta Pharmacol Sin. 42, 1610-1619. doi: 10.1038/s41401-020-
00597-x

Chiang, J. Y., and Ferrell, J. M. (2020). Bile acid receptors FXR and TGRS signaling in
fatty liver diseases and therapy. Am. J. Physiology-Gastrointestin Liver Physiol. 318,
G554-G573. doi: 10.1152/ajpgi.00223.2019

Chiang, J. Y., Pathak, P., Liu, H., Donepudi, A., Ferrell, J., and Boehme, S. (2017).
Intestinal farnesoid X receptor and takeda G protein couple receptor 5 signaling in
metabolic regulation. Digestive Dis. 35, 241-245. doi: 10.1159/000450981

Chu, H.-K,, Ai, Y., Cheng, Z.-L., Yang, L., and Hou, X.-H. (2023). Contribution of gut
microbiota to drug-induced liver injury. Hepatobil Pancreatic Dis. Int. 22, 458-465.
doi: 10.1016/j.hbpd.2023.06.008

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2025.1737234

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. We used ChatGPT to check and
polish our manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Devarbhavi, H., Aithal, G., Treeprasertsuk, S., Takikawa, H., Mao, Y., Shasthry, S. M.,
et al. (2021). Drug-induced liver injury: Asia Pacific Association of Study of Liver
consensus guidelines. Hepatol. Int. 15, 258-282. doi: 10.1007/s12072-021-10144-3

Di Zeo-Sanchez, D. E., Segovia-Zafra, A., Matilla-Cabello, G., Pinazo-Bandera, J. M.,
Andrade, R. ], Lucena, M. I, et al. (2022). Modeling drug-induced liver injury: current
status and future prospects. Expert Opin. Drug Metab. Toxicol. 18, 555-573.
doi: 10.1080/17425255.2022.2122810

Duszka, K. (2022). Versatile triad alliance: bile acid, taurine and microbiota. Cells 11,
2337. doi: 10.3390/cells11152337

Dutta, M., Lim, J. J., and Cui, J. Y. (2022). Pregnane X receptor and the gut-liver axis:
a recent update. Drug Metab. Disposition 50, 478-491. doi: 10.1124/dmd.121.000415

Dvorak, Z., Kopp, F., Costello, C. M., Kemp, J. S., Li, H., Vrzalova, A,, et al. (2020).
Targeting the pregnane X receptor using microbial metabolite mimicry. EMBO Mol.
Med. 12, e11621. doi: 10.15252/emmm.201911621

Feng, W, Liu, J., Ao, H,, Yue, S., and Peng, C. (2020). Targeting gut microbiota for
precision medicine: Focusing on the efficacy and toxicity of drugs. Theranostics 10,
11278. doi: 10.7150/thno.47289

Fontana, R. ], Bjornsson, E. S., Reddy, R., and Andrade, R. J. (2023). The evolving
profile of idiosyncratic drug-induced liver injury. Clin. Gastroenterol. Hepatol. 21,
2088-2099. doi: 10.1016/j.cgh.2022.12.040

Fu, L, Qian, Y., Shang, Z., Sun, X,, Kong, X., and Gao, Y. (2022). Antibiotics
enhancing drug-induced liver injury assessed for causality using Roussel Uclaf
Causality Assessment Method: Emerging role of gut microbiota dysbiosis. Front.
Med. 9, 972518. doi: 10.3389/fmed.2022.972518

Fu, H., Zhao, S., Song, S., and Xie, Q. (2024). Gut microbiota causally affects drug-
induced liver injury via plasma metabolites: a Mendelian randomization study. Front.
Microbiol. 15, 1432049. doi: 10.3389/fmicb.2024.1432049

Gao, S, Sun, R, Singh, R,, So, S. Y., Chan, C. T., Savidge, T., et al. (2022). The role of
gut microbial B-glucuronidase in drug disposition and development. Drug Discov.
Today 27, 103316. doi: 10.1016/j.drudis.2022.07.001

Garcia-Cortés, M., Toro-Ortiz, J. P., and Garcia-Garcia, A. (2023). Deciphering the
liver enigma: distinguishing drug-induced liver injury and metabolic dysfunction-
associated steatotic liver disease—a comprehensive narrative review. Explor. Digestive
Dis. 2, 318-336. doi: 10.37349/edd.2023.00034

Gasaly, N, De Vos, P., and Hermoso, M. A. (2021). Impact of bacterial metabolites
on gut barrier function and host immunity: a focus on bacterial metabolism and its
relevance for intestinal inflammation. Front. Immunol. 12, 658354. doi: 10.3389/
fimmu.2021.658354

Ghosh, S. S., Wang, J., Yannie, P. J., and Ghosh, S. (2020). ). Intestinal barrier
dysfunction, LPS translocation, and disease development. J. Endocrine Soc. 4, bvz039.
doi: 10.1210/jendso/bvz039

Gong, J.-Y., Ren, H., Chen, H.-Q,, Xing, K., Xiao, C.-L., and Luo, J.-Q. (2022).
Magnesium isoglycyrrhizinate attenuates anti-tuberculosis drug-induced liver injury by

frontiersin.org


https://doi.org/10.1038/s41572-019-0105-0
https://doi.org/10.1016/j.ejmech.2019.111921
https://doi.org/10.3390/microorganisms3040641
https://doi.org/10.3390/microorganisms3040641
https://doi.org/10.3389/fphar.2022.1085621
https://doi.org/10.3390/d5030627
https://doi.org/10.1016/j.ejim.2021.10.035
https://doi.org/10.1016/j.cld.2018.01.007
https://doi.org/10.1016/j.cld.2018.01.007
https://doi.org/10.1007/s40495-025-00429-8
https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.1016/j.jhep.2015.04.016
https://doi.org/10.1038/s41401-020-00597-x
https://doi.org/10.1038/s41401-020-00597-x
https://doi.org/10.1152/ajpgi.00223.2019
https://doi.org/10.1159/000450981
https://doi.org/10.1016/j.hbpd.2023.06.008
https://doi.org/10.1007/s12072-021-10144-3
https://doi.org/10.1080/17425255.2022.2122810
https://doi.org/10.3390/cells11152337
https://doi.org/10.1124/dmd.121.000415
https://doi.org/10.15252/emmm.201911621
https://doi.org/10.7150/thno.47289
https://doi.org/10.1016/j.cgh.2022.12.040
https://doi.org/10.3389/fmed.2022.972518
https://doi.org/10.3389/fmicb.2024.1432049
https://doi.org/10.1016/j.drudis.2022.07.001
https://doi.org/10.37349/edd.2023.00034
https://doi.org/10.3389/fimmu.2021.658354
https://doi.org/10.3389/fimmu.2021.658354
https://doi.org/10.1210/jendso/bvz039
https://doi.org/10.3389/fcimb.2025.1737234
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Mao et al.

enhancing intestinal barrier function and inhibiting the LPS/TLRs/NF-xB signaling
pathway in mice. Pharmaceuticals 15, 1130. doi: 10.3390/ph15091130

Griiner, N., and Mattner, J. (2021). Bile acids and microbiota: multifaceted and
versatile regulators of the liver-gut axis. Int. J. Mol. Sci. 22, 1397. doi: 10.3390/
ijms22031397

Guijarro-Muoz, I, Compte, M., Alvarez—Cienfuegos, A., Alvarez-Vallina, L., and
Sanz, L. (2014). Lipopolysaccharide activates Toll-like receptor 4 (TLR4)-mediated NF-
KB signaling pathway and proinflammatory response in human pericytes. J. Biol. Chem.
289, 2457-2468. doi: 10.1074/jbc.M113.521161

Haduch, A, Bromek, E., Kuban, W., and Daniel, W. A. (2023). The engagement of
cytochrome P450 enzymes in tryptophan metabolism. Metabolites 13, 629.
doi: 10.3390/metabo13050629

Han, X,, Cai, C., Deng, W., Shi, Y., Li, L., Wang, C,, et al. (2024). Landscape of human
organoids: Ideal model in clinics and research. Innovation 5, 100620. doi: 10.1016/
jxinn.2024.100620

Hillege, L. E., Stevens, M. A., Kristen, P. A., de Vos-Geelen, J., Penders, J., Redinbo,
M. R, et al. (2024). The role of gut microbial B-glucuronidases in carcinogenesis and
cancer treatment: a scoping review. J. Cancer Res. Clin. Oncol. 150, 495. doi: 10.1007/
s00432-024-06028-2

Huang, Y., Zhang, Y., Wu, K,, Tan, X,, Lan, T., and Wang, G. (2024). Role of gut
microecology in the pathogenesis of drug-induced liver injury and emerging
therapeutic strategies. Molecules 29, 2663. doi: 10.3390/molecules29112663

Hubbard, T. D., Murray, I. A, and Perdew, G. H. (2015). Indole and tryptophan
metabolism: endogenous and dietary routes to Ah receptor activation. Drug Metab.
Disposition 43, 1522-1535. doi: 10.1124/dmd.115.064246

Iruzubieta, P., Arias-Loste, M. T., Barbier-Torres, L., Martinez-Chantar, M. L., and
Crespo, J. (2015). The need for biomarkers in diagnosis and prognosis of drug-induced
liver disease: does metabolomics have any role? BioMed. Res. Int. 2015, 386186.
doi: 10.1155/2015/386186

Kaur, H., Kaur, A., and Singh, M. (2025). Gut microbiota in drug metabolism: A new
frontier in precision medicine. doi: 10.55041/I]SREM47264

Kesavelu, D., and Jog, P. (2023). Current understanding of antibiotic-associated
dysbiosis and approaches for its management. Ther. Adv. Infect. Dis. 10,
20499361231154443. doi: 10.1177/20499361231154443

Kim, M. H,, Kang, S. G, Park, J. H., Yanagisawa, M., and Kim, C. H. (2013). Short-
chain fatty acids activate GPR41 and GPR43 on intestinal epithelial cells to promote
inflammatory responses in mice. Gastroenterology 145, 396-406. doi: 10.1053/
j.gastro.2013.04.056

Kobayashi, T., Iwaki, M., Nogami, A., and Yoneda, M. (2023). Epidemiology and
management of drug-induced liver injury: Importance of the updated RUCAM. J. Clin.
Trans. Hepatol. 11, 1239. doi: 10.14218/JCTH.2022.00067S

Kubes, P., and Jenne, C. (2018). Immune responses in the liver. Annu. Rev. Immunol.
36, 247-277. doi: 10.1146/annurev-immunol-051116-052415

Li, W., Chen, H., and Tang, J. (2024a). Interplay between bile acids and intestinal
microbiota: regulatory mechanisms and therapeutic potential for infections. Pathogens
13, 702. doi: 10.3390/pathogens13080702

Li, X, He, M., Yi, X, Lu, X, Zhu, M., Xue, M,, et al. (2024b). Short-chain fatty acids
in nonalcoholic fatty liver disease: New prospects for short-chain fatty acids as
therapeutic targets. Heliyon 10, €26991. doi: 10.1016/j.heliyon.2024.e26991

Li, Q, Wu, C,, Zhang, K., Zhou, Z., Li, ], Bai, ., et al. (2025). Bacteroides fragilis 839
ameliorates anti-tuberculosis drugs-induced liver injury by suppressing inflammation
and regulating gut microbiota in mice. Front. Med. 12, 1538528. doi: 10.3389/
fmed.2025.1538528

Li, Y., Zhang, X,, Xiang, Z., Chen, T., Hu, Z., Yang, K., et al. (2023). Public attitudes
about the use of gene therapy in mainland China. JAMA Network Open 6, €2328352-
€2328352. doi: 10.1001/jamanetworkopen.2023.28352

Li, Y., Zhao, L., Hou, M., Gao, T., Sun, J., Luo, H., et al. (2022). Lactobacillus casei
improve anti-tuberculosis drugs-induced intestinal adverse reactions in rat by
modulating gut microbiota and short-chain fatty acids. Nutrients 14, 1668.
doi: 10.3390/nu14081668

Lin, X., Xia, L., Zhou, Y., Xie, J., Tuo, Q., Lin, L., et al. (2025). Crosstalk between
bile acids and intestinal epithelium: Multidimensional roles of farnesoid X receptor
and Takeda G protein receptor 5. Int. J. Mol. Sci. 26, 4240. doi: 10.3390/
ijms26094240

Lisboa, Q. C., Nardelli, M. J., de Aradjo Pereira, P., Miranda, D. M., Ribeiro, S. N,,
Costa, R. S. N,, et al. (2020). PNPLA3 and TM6SF2 polymorphisms in Brazilian
patients with nonalcoholic fatty liver disease. World J. Hepatol. 12, 792. doi: 10.4254/
wjh.v12.i10.792

Liu, N,, Liu, J., Zheng, B., Zeng, X, Ye, Z., Huang, X,, et al. (2023). Gut microbiota
affects sensitivity to immune-mediated isoniazid-induced liver injury. Biomed
Pharmacother 160, 114400. doi: 10.1016/j.biopha.2023.114400

Liu, X, Yao, X,, OuYang, Q., Oliveira, A. L., Yan, L., and Zhang, Y. (2024). Nanofiber
scaffold-based tissue engineering for the treatment of acute liver failure. Adv Fiber
Materials 6, 686-712. doi: 10.1007/s42765-024-00395-8

Mafe, A. N., and Biisselberg, D. (2025). The effect of microbiome-derived metabolites
in inflammation-related cancer prevention and treatment. Biomolecules 15, 688.
doi: 10.3390/biom15050688

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2025.1737234

Martinelli, F., and Thiele, I. (2024). Microbial metabolism marvels: a comprehensive
review of microbial drug transformation capabilities. Gut Microbes 16, 2387400.
doi: 10.1080/19490976.2024.2387400

Mi, W., Hu, Z., Xu, L., Bian, X., Lian, W., Yin, S,, et al. (2022). Quercetin positively
affects gene expression profiles and metabolic pathway of antibiotic-treated mouse gut
microbiota. Front. Microbiol. 13, 983358. doi: 10.3389/fmicb.2022.983358

Niu, M.-W., and Chen, P. (2020). Gut microbiota and drug-induced liver injury: An
update. Chin. Med. ]. 133, 494-495. doi: 10.1097/CM9.0000000000000651

Pabst, O., Hornef, M. W., Schaap, F. G., Cerovic, V., Clavel, T., and Bruns, T. (2023).
Gut-liver axis: barriers and functional circuits. Nat. Rev. Gastroenterol. Hepatol. 20,
447-461. doi: 10.1038/s41575-023-00771-6

Palasantzas, V. E., Tamargo-Rubio, I, Le, K., Slager, J., Wijmenga, C., Jonkers, 1. H.,
et al. (2023). iPSC-derived organ-on-a-chip models for personalized human genetics
and pharmacogenomics studies. Trends Genet. 39, 268-284. doi: 10.1016/
j.tig.2023.01.002

Pan, H, Song, D., Wang, Z, Yang, X, Luo, P, Li, W,, et al. (2024). Dietary
modulation of gut microbiota affects susceptibility to drug-induced liver injury. Gut
Microbes 16, 2439534. doi: 10.1080/19490976.2024.2439534

Prakash, C., Zuniga, B., Song, C. S., Jiang, S., Cropper, J., Park, S., et al. (2015).
Nuclear receptors in drug metabolism, drug response and drug interactions. Nucl.
receptor Res. 2, 101178. doi: 10.11131/2015/101178

Roman-Sagiiillo, S., Quifiones Castro, R., Juarez-Fernandez, M., Soluyanova, P.,
Stephens, C., Robles-Diaz, M., et al. (2024). Idiosyncratic drug-induced liver injury and
amoxicillin-clavulanate: spotlight on gut microbiota, fecal metabolome and bile acid
profile in patients. Int. J. Mol. Sci. 25, 6863. doi: 10.3390/ijms25136863

Roth, S. E., Avigan, M. L, Bourdet, D., Brott, D., Church, R., Dash, A,, et al. (2020).
Next-generation DILI biomarkers: prioritization of biomarkers for qualification and
best practices for biospecimen collection in drug development. Clin. Pharmacol. Ther.
107, 333-346. doi: 10.1002/cpt.1571

Sakaguchi, Y., Murata, K., and Kimura, M. (1983). Clostridium perfringens and other
anaerobes isolated from bile. J. Clin. Pathol. 36, 345-349. doi: 10.1136/jcp.36.3.345

Sanches, P. H. G., de Melo, N. C,, Porcari, A. M., and de Carvalho, L. M. (2024).
Integrating molecular perspectives: Strategies for comprehensive multi-omics
integrative data analysis and machine learning applications in transcriptomics,
proteomics, and metabolomics. Biology 13, 848. doi: 10.3390/biology13110848

Segovia-Zafra, A., Di Zeo-Sanchez, D. E., Lopez-Gomez, C., Pérez-Valdeés, Z., Garcia-
Fuentes, E., Andrade, R. J., et al. (2021). Preclinical models of idiosyncratic drug-
induced liver injury (iDILI): Moving towards prediction. Acta Pharm. Sin. B 11, 3685
3726. doi: 10.1016/j.apsb.2021.11.013

Soares, J.-B., and Pimentel-Nunes, P. (2010). The role of lipopolysaccharide/toll-like
receptor 4 signaling in chronic liver diseases. Hepatol. Int. 4, 659-672. doi: 10.1007/
§12072-010-9219-x

Song, G., Xie, Y., Yi, L., Cheng, W., Jia, H., Shi, W,, et al. (2025). Bile acids affect
intestinal barrier function through FXR and TGR5. Front. Med. 12, 1607899.
doi: 10.3389/fmed.2025.1607899

Sperandeo, P., Martorana, A. M., and Polissi, A. (2017). Lipopolysaccharide
biogenesis and transport at the outer membrane of Gram-negative bacteria. Biochim.
Biophys. Acta (BBA)-Mol Cell Biol. Lipids 1862, 1451-1460. doi: 10.1016/
j-bbalip.2016.10.006

Sun, M,, Ma, N,, He, T., Johnston, L. J., and Ma, X. (2020). Tryptophan (Trp)
modulates gut homeostasis via aryl hydrocarbon receptor (AhR). Crit. Rev. Food Sci.
Nutr. 60, 1760-1768. doi: 10.1080/10408398.2019.1598334

Tarantino, G., Di Renzo, T., and Cataldi, M. (2025). The gut-liver axis: the main role
of microbiome in liver diseases (Front. Microbiol: Frontiers Media SA).

Tasnim, F., Huang, X., Lee, C. Z. W,, Ginhoux, F.,, and Yu, H. (2021). Recent
advances in models of immune-mediated drug-induced liver injury. Front. Toxicol. 3,
605392. doi: 10.3389/ftox.2021.605392

Tilg, H., Adolph, T. E., and Trauner, M. (2022). Gut-liver axis: Pathophysiological
concepts and clinical implications. Cell Metab. 34, 1700-1718. doi: 10.1016/
j-cmet.2022.09.017

Tiwari, V., Shandily, S., Albert, J., Mishra, V., Dikkatwar, M., Singh, R., et al. (2025).
Insights into medication-induced liver injury: Understanding and management
strategies. Toxicol. Rep. 14, 101976. doi: 10.1016/j.toxrep.2025.101976

Tripathi, A., Debelius, J., Brenner, D. A, Karin, M., Loomba, R., Schnabl, B., et al.
(2018). The gut-liver axis and the intersection with the microbiome. Nat. Rev.
Gastroenterol. Hepatol. 15, 397-411. doi: 10.1038/s41575-018-0011-z

Tsunoda, S. M., Gonzales, C., Jarmusch, A. K., Momper, J. D., and Ma, J. D. (2021).
Contribution of the gut microbiome to drug disposition, pharmacokinetic and
pharmacodynamic variability. Clin. Pharmacokinet. 60, 971-984. doi: 10.1007/
540262-021-01032-y

Urdaneta, V., and Casadesus, J. (2017). Interactions between bacteria and bile salts in
the gastrointestinal and hepatobiliary tracts. Front. Med. 4, 300280. doi: 10.3389/
fmed.2017.00163

Verma, A., Bhagchandani, T., Rai, A., Nikita, Sardarni, U. K., Bhavesh, N. S,, et al.
(2024). Short-chain fatty acid (SCFA) as a connecting link between microbiota and gut-
lung axis— a potential therapeutic intervention to improve lung health. ACS omega 9,
14648-14671. doi: 10.1021/acsomega.3c05846

frontiersin.org


https://doi.org/10.3390/ph15091130
https://doi.org/10.3390/ijms22031397
https://doi.org/10.3390/ijms22031397
https://doi.org/10.1074/jbc.M113.521161
https://doi.org/10.3390/metabo13050629
https://doi.org/10.1016/j.xinn.2024.100620
https://doi.org/10.1016/j.xinn.2024.100620
https://doi.org/10.1007/s00432-024-06028-2
https://doi.org/10.1007/s00432-024-06028-2
https://doi.org/10.3390/molecules29112663
https://doi.org/10.1124/dmd.115.064246
https://doi.org/10.1155/2015/386186
https://doi.org/10.55041/IJSREM47264
https://doi.org/10.1177/20499361231154443
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.14218/JCTH.2022.00067S
https://doi.org/10.1146/annurev-immunol-051116-052415
https://doi.org/10.3390/pathogens13080702
https://doi.org/10.1016/j.heliyon.2024.e26991
https://doi.org/10.3389/fmed.2025.1538528
https://doi.org/10.3389/fmed.2025.1538528
https://doi.org/10.1001/jamanetworkopen.2023.28352
https://doi.org/10.3390/nu14081668
https://doi.org/10.3390/ijms26094240
https://doi.org/10.3390/ijms26094240
https://doi.org/10.4254/wjh.v12.i10.792
https://doi.org/10.4254/wjh.v12.i10.792
https://doi.org/10.1016/j.biopha.2023.114400
https://doi.org/10.1007/s42765-024-00395-8
https://doi.org/10.3390/biom15050688
https://doi.org/10.1080/19490976.2024.2387400
https://doi.org/10.3389/fmicb.2022.983358
https://doi.org/10.1097/CM9.0000000000000651
https://doi.org/10.1038/s41575-023-00771-6
https://doi.org/10.1016/j.tig.2023.01.002
https://doi.org/10.1016/j.tig.2023.01.002
https://doi.org/10.1080/19490976.2024.2439534
https://doi.org/10.11131/2015/101178
https://doi.org/10.3390/ijms25136863
https://doi.org/10.1002/cpt.1571
https://doi.org/10.1136/jcp.36.3.345
https://doi.org/10.3390/biology13110848
https://doi.org/10.1016/j.apsb.2021.11.013
https://doi.org/10.1007/s12072-010-9219-x
https://doi.org/10.1007/s12072-010-9219-x
https://doi.org/10.3389/fmed.2025.1607899
https://doi.org/10.1016/j.bbalip.2016.10.006
https://doi.org/10.1016/j.bbalip.2016.10.006
https://doi.org/10.1080/10408398.2019.1598334
https://doi.org/10.3389/ftox.2021.605392
https://doi.org/10.1016/j.cmet.2022.09.017
https://doi.org/10.1016/j.cmet.2022.09.017
https://doi.org/10.1016/j.toxrep.2025.101976
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1007/s40262-021-01032-y
https://doi.org/10.1007/s40262-021-01032-y
https://doi.org/10.3389/fmed.2017.00163
https://doi.org/10.3389/fmed.2017.00163
https://doi.org/10.1021/acsomega.3c05846
https://doi.org/10.3389/fcimb.2025.1737234
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Mao et al.

Villanueva-Paz, M., Moran, L., Lopez-Alcantara, N., Freixo, C., Andrade, R. ],
Lucena, M. L, et al. (2021). Oxidative stress in drug-induced liver injury (DILI): from
mechanisms to biomarkers for use in clinical practice. Antioxidants 10, 390.
doi: 10.3390/antiox10030390

Vyhlidalova, M. B. (2022). Endogenous and xenobiotic indoles as modulators of the
ahr and pxr signalling pathways.

Wang, Q., Wang, K., Wu, W., Giannoulatou, E., Ho, J. W, and Li, L. (2019). Host
and microbiome multi-omics integration: applications and methodologies. Biophys.
Rev. 11, 55-65. doi: 10.1007/s12551-018-0491-7

Wu, Q., Guo, Q., Yang, F, Li, M., Zhu, Y., Xu, B,, et al. (2025). Heterologous
expression and enzymatic properties of B-glucuronidase from clostridium perfringens
and its application in bilirubin transformation. Microorganisms 13, 1043. doi: 10.3390/
microorganisms13051043

Wu, ], Li, J., Yan, M., and Xiang, Z. (2024). Gut and oral microbiota in gynecological
cancers: interaction, mechanism, and therapeutic value. NPJ Biofilms Microbiom 10,
104. doi: 10.1038/s41522-024-00577-7

Xia, J., Lv, L., Liu, B., Wang, S., Zhang, S., Wu, Z, et al. (2022). Akkermansia
muciniphila ameliorates acetaminophen-induced liver injury by regulating gut
microbial composition and metabolism. Microbiol. Spectr. 10, e01596-e01521.
doi: 10.1128/spectrum.01596-21

Xiang, Z., Hua, M., Hao, Z., Biao, H., Zhu, C., Zhai, G., et al. (2022). The roles of
mesenchymal stem cells in gastrointestinal cancers. Front. Immunol. 13, 844001.
doi: 10.3389/fimmu.2022.844001

Xiang, Z., Wu, J., Li, J., Zheng, S., Wei, X, and Xu, X. (2023). Gut microbiota
modulation: a viable strategy to address medical needs in hepatocellular carcinoma and
liver transplantation. Engineering 29, 59-72. doi: 10.1016/j.eng.2022.12.012

Yan, H., and Ajuwon, K. M. (2017). Butyrate modifies intestinal barrier function in
IPEC-J2 cells through a selective upregulation of tight junction proteins and activation
of the Akt signaling pathway. PloS One 12, e¢0179586. doi: 10.1371/
journal.pone.0179586

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2025.1737234

Yan, B, Ye, X, Wang, J., Han, ], Wu, L, He, S, et al. (2022). An algorithm
framework for drug-induced liver injury prediction based on genetic algorithm and
ensemble learning. Molecules 27, 3112. doi: 10.3390/molecules27103112

Yoon, H., Shim, H. 1., Seol, M., Shin, C. M., Park, Y. S., Kim, N, et al. (2020). Factors
related to outcomes of fecal microbiota transplantation in patients with Clostridioides
difficile infection. Gut Liver 15, 61. doi: 10.5009/gnl20135

Yuan, L., and Kaplowitz, N. (2013). Mechanisms of drug induced liver injury. Clinics
liver Dis. 17, 507. doi: 10.1016/.c1d.2013.07.002

Yue, B,, Gao, R., Wang, Z., and Dou, W. (2021). Microbiota-host-irinotecan axis: a
new insight toward irinotecan chemotherapy. Front. Cell. infect Microbiol. 11, 710945.
doi: 10.3389/fcimb.2021.710945

Yue, X., Wen, S, Long-Kun, D., Man, Y., Chang, S., Min, Z., et al. (2022). Three
important short-chain fatty acids (SCFAs) attenuate the inflammatory response
induced by 5-FU and maintain the integrity of intestinal mucosal tight junction.
BMC Immunol. 23, 19. doi: 10.1186/s12865-022-00495-3

Zaplana, T., Miele, S., and Tolonen, A. C. (2024). Lachnospiraceae are emerging
industrial biocatalysts and biotherapeutics. Front. bioeng Biotechnol. 11, 1324396.
doi: 10.3389/fbioe.2023.1324396

Zeng, Y., Wu, R,, Wang, F,, Li, S, Li, L., Li, Y., et al. (2023). Liberation of daidzein by
gut microbial B-galactosidase suppresses acetaminophen-induced hepatotoxicity in
mice. Cell Host Microbe 31, 766-780. doi: 10.1016/j.chom.2023.04.002

Zhang, B., Jiang, M., Zhao, J., Song, Y., Du, W., and Shi, J. (2022). The mechanism
underlying the influence of indole-3-propionic acid: a relevance to metabolic disorders.
Front. Endocrinol. 13, 841703. doi: 10.3389/fend0.2022.841703

Zhu, ], Luo, L., Tian, L, Yin, S., Ma, X,, Cheng, S., et al. (2018). Aryl hydrocarbon
receptor promotes IL-10 expression in inflammatory macrophages through Src-STAT3
signaling pathway. Front. Immunol. 9, 2033. doi: 10.3389/fimmu.2018.02033

Zimmermann, M., Zimmermann-Kogadeeva, M., Wegmann, R., and Goodman, A.
L. (2019). Separating host and microbiome contributions to drug pharmacokinetics and
toxicity. Science 363, eaat9931. doi: 10.1126/science.aat9931

frontiersin.org


https://doi.org/10.3390/antiox10030390
https://doi.org/10.1007/s12551-018-0491-7
https://doi.org/10.3390/microorganisms13051043
https://doi.org/10.3390/microorganisms13051043
https://doi.org/10.1038/s41522-024-00577-7
https://doi.org/10.1128/spectrum.01596-21
https://doi.org/10.3389/fimmu.2022.844001
https://doi.org/10.1016/j.eng.2022.12.012
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.3390/molecules27103112
https://doi.org/10.5009/gnl20135
https://doi.org/10.1016/j.cld.2013.07.002
https://doi.org/10.3389/fcimb.2021.710945
https://doi.org/10.1186/s12865-022-00495-3
https://doi.org/10.3389/fbioe.2023.1324396
https://doi.org/10.1016/j.chom.2023.04.002
https://doi.org/10.3389/fendo.2022.841703
https://doi.org/10.3389/fimmu.2018.02033
https://doi.org/10.1126/science.aat9931
https://doi.org/10.3389/fcimb.2025.1737234
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Gut microbiota-metabolite interactions in drug-induced liver injury: mechanisms, biomarkers, and therapeutic perspectives
	1 Introduction
	2 The gut-liver axis in health and drug response
	2.1 Anatomical and physiological interdependence
	2.2 Microbial influence on host pharmacokinetics
	2.3 DILI pathogenesis: the dysbiosis-barrier failure-inflammation cascade

	3 Gut microbiota alterations in DILI: clinical and preclinical evidence
	3.1 General microbial shifts and clinical evidence
	3.2 Drug-specific mechanistic links
	3.2.1 APAP-DILI
	3.2.2 Amoxicillin-clavulanate-DILI
	3.2.3 Anti-tuberculosis-DILI
	3.2.4 Immune checkpoint inhibitors-DILI


	4 Microbial metabolites as mediators of DILI
	4.1 SCFAs
	4.2 BAs and nuclear receptor signaling
	4.3 Indole derivatives: detoxification boosters via tryptophan metabolism
	4.3.1 AhR activation
	4.3.2 PXR activation

	4.4 Microbiome-derived pro-toxicants and the metabotype

	5 Diagnostic and therapeutic implications
	5.1 Microbiome-based biomarkers for personalized prediction
	5.2 Therapeutic modulation strategies
	5.2.1 Non-targeted ecological restoration
	5.2.2 Precision targeting of microbial enzyme activity
	5.2.3 Targeting host receptors via microbial metabolite analogs


	6 Challenges and future directions
	6.1 Addressing biological and clinical heterogeneity
	6.2 Establishing causality and mechanism validation
	6.3 Advanced experimental platforms for precision DILI modeling
	6.4 Forward outlook: clinical decision support systems

	7 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


