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Abstract

Sepsis is a life-threatening syndrome of multiple organ dysfunction driven by a
dysregulated host response to infection. Its high mortality is closely associated with
disruption of gut-liver axis homeostasis. Gut microbiota-derived extracellular vesicles
(GM-EVs) have emerged as important mediators of cross-kingdom communication and
molecular exchange between intestinal microbes and the host. Accumulating evidence
highlights their regulatory role in the progression of sepsis-associated gut-liver axis
dysfunction. This review systematically summarizes the biogenesis of GM-EVs and the
regulation of their release under septic conditions, as well as the mechanisms underlying
their transport across the impaired intestinal epithelial barrier. We further elaborate on the
pathological effects of GM-EVs in the liver, including amplification of hepatic inflammatory
cascades, disruption of intrahepatic immune homeostasis, reprogramming of hepatic
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metabolism, and induction of hepatocellular injury and programmed cell death. Additionally, we discuss the
translational potential of strategies targeting GM-EVs for the prevention and treatment of sepsis. Finally, we
examine current research limitations and future directions, with a focus on the potential of GM-EVs as biomarkers
and therapeutic targets for the early detection and precision management of sepsis-associated liver injury.

INTRODUCTION

Sepsis is a life-threatening syndrome of organ dysfunction caused by a dysregulated host response to
infection. It represents a major public health issue in critical care medicine worldwide. Epidemiological data
indicate more than 48.9 million new cases of sepsis worldwide each year, with approximately 11 million
related deaths; the sepsis-associated mortality rate remains high!"’. The pathological process of sepsis involves
infection-induced excessive activation of innate immunity, amplification of systemic inflammation,
endothelial barrier disruption, dysregulation of the coagulation-fibrinolysis system, and an
immunometabolic imbalance, ultimately leading to multiple organ dysfunction”’. Among the forms of
multiple organ dysfunction caused by sepsis, sepsis-associated liver injury (SALI) has received increasing
attention. Approximately 34%-46% of patients with sepsis may experience varying degrees of liver
dysfunction*. Clinically, this disease is characterized by SALI, which may present as hepatocellular injury,
cholestasis, or a mixed pattern. The severity of the condition varies greatly, ranging from a slight increase in
transaminase levels to severe liver dysfunction*. The development of SALI is generally associated with
greater disease severity and a poor prognosis'”. However, despite the well-established clinical significance of
SALI, there are currently no specific therapeutic strategies targeting SALI, and its pathophysiological
mechanisms remain to be further elucidated.

In recent years, the central role of the gut-liver axis in the pathogenesis of SALI has been increasingly
recognized. The liver is a critical immunometabolic organ that links intestinal and systemic homeostasis. It
clears gut-derived microbial products from the portal and systemic circulation and participates in the acute-
phase response, bile acid metabolism, regulation of coagulation, detoxification, and immune surveillance”*.
The intestine and liver are anatomically and functionally interconnected through the portal vein, biliary
system, and systemic circulation. The gut is increasingly recognized as a central driver of multiple organ
dysfunction in sepsis rather than merely a passive victim of systemic inflammation®. The intestine is the
largest immune organ and bacterial reservoir in the human body, and its barrier function is severely
compromised during sepsis. Intestinal hypoperfusion, epithelial damage, disruption of tight junctions,
impaired mucosal integrity, and gut dysbiosis may increase intestinal permeability and promote the
translocation of microbial products [including lipopolysaccharide (LPS), peptidoglycans, bacterial DNA, and
other pathogen-associated molecular patterns (PAMPs)]""\. These gut-derived microbial components and
signaling molecules can then enter the portal circulation and reach the liver!"’. The resulting abnormal
activation of Kupffer cells, dysfunction of hepatic sinusoidal endothelial cells, release of inflammatory
mediators, microcirculatory damage, and metabolic reprogramming contribute to hepatocellular injury and
liver dysfunction"?.

The gut-liver axis is a bidirectional regulatory network that links intestinal and hepatic functions. During
sepsis, intestinal barrier disruption, gut dysbiosis, and the translocation of gut-derived PAMPs can increase
the inflammatory and metabolic burden imposed on the liver, thereby aggravating hepatic dysfunction"?!.
Conversely, impaired hepatic immune and metabolic functions may reduce bacterial clearance and disrupt
bile acid synthesis, secretion, and enterohepatic circulation. These changes can alter the intestinal microbial
ecosystem and weaken intestinal barrier integrity, thereby increasing microbial translocation and amplifying
systemic inflammation. This bidirectional gut-liver interaction may establish a vicious cycle that contributes
to sepsis-associated multiorgan dysfunction®'*. Therefore, disrupting pathological interactions along the
gut-liver axis may provide new therapeutic strategies and targets for sepsis.
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In recent years, gut microbiota-derived extracellular vesicles (GM-EVs) have attracted increasing attention as
key mediators of microbe-host cross-talk. These include outer membrane vesicles (OMVs) derived from
Gram-negative bacteria and cytoplasmic (cell) membrane vesicles (CMVss) derived from Gram-positive
bacterial®. GM-EVs have nanoscale dimensions, a lipid bilayer structure, and a relatively robust capacity to
protect their cargo. These vesicles can transport LPS, peptidoglycans, bacterial DNA and RNA, virulence-
associated proteins, and metabolism-related molecules across the intestinal barrier into the circulatory
system, enabling long-distance microbial-host communication"*'”". Compared with free LPS or soluble
metabolites, GM-EVs exhibit higher stability and targeted delivery capacity, enabling them to package
microbial signals and precisely transport these signals to distant organs including the liver, thereby playing
unique regulatory functions in gut-liver axis crosstalk. Under normal physiological conditions, GM-EV's
secreted by the symbiotic microbiota contribute to maintaining intestinal microbial homeostasis, mucosal
barrier integrity, and host immune tolerance. However, in sepsis, changes in microbiota composition,
remodeling of the inflammatory microenvironment, and intestinal barrier disruption may jointly affect the
production, release, and biological effects of GM-EVs. Increased intestinal barrier permeability may facilitate
the translocation of GM-EVs into the submucosa and their subsequent entry into the circulation via the
mesenteric lymph system or portal circulation, thereby conveying gut microbial signals to the liver"®. Upon
reaching the liver, GM-EVs are preferentially internalized by hepatic Kupffer cells. These vesicles can activate
pattern recognition receptors, including Toll-like receptors (TLRs) and NOD-like receptors (NLRs), thereby
initiating downstream signaling pathways involving nuclear factor kappa B (NF-kB) and mitogen-activated
protein kinases (MAPK), inflammasome activation, and cellular oxidative stress and modulating intrahepatic
inflammatory responses!®’. The resulting biological effects may include the release of pro-inflammatory
cytokines, recruitment of immune cells, endothelial dysfunction, mitochondrial damage, dysregulation of
bile acid and lipid metabolism, and alterations in hepatocellular death pathways"”. Importantly, these effects
are neither inherent nor universal properties of GM-EVs but are context-dependent and influenced by
bacterial origin, vesicle composition and concentration, and the host environment.

Although the role of the gut-liver axis in SALI has been preliminarily recognized, and GM-EV’s, as critical
mediators of microbe-host crosstalk, have attracted increasing attention in the fields of metabolic diseases
and chronic liver diseases, there remains a lack of a systematic synthesis and explanation of the mechanisms
by which GM-EVs specifically mediate gut-liver axis communication dysfunction under septic conditions
and thereby initiate or exacerbate hepatic injury. Most existing studies have focused on free microbial
molecules or single cytokine networks, whereas an integrated understanding of the roles, cargo composition,
uptake mechanisms, and downstream signaling pathways of GM-EV's as emerging mediators in SALI is still
absent. In view of this, the present review aims to systematically summarize the potential effects of GM-EV's
in SALI, with an emphasis on their mechanisms and clinical significance as emerging mediators of gut-liver
axis dysfunction. This review is expected to provide a novel theoretical framework and insights for the early
identification and targeted intervention of SALI.

GUT-LIVER AXIS DYSFUNCTION AND CLINICAL BURDEN IN SEPSIS

During sepsis, excessive systemic inflammation can cause intestinal microcirculation dysfunction, resulting
in ischemia and hypoxia of the intestinal mucosa and pathological changes such as oxidative stress?!/.
Dysregulated expression of tight junction proteins in intestinal epithelial cells disrupts intestinal barrier
integrity, thereby increasing intestinal permeability”””. This process facilitates the translocation of luminal
bacteria and their derivatives, including PAMPs such as LPS, to the liver via the portal vein. As both a
metabolic hub and immune sentinel, the liver is a major target organ in this pathological process”>*\.
Persistent inflammatory stimulation can lead to excessive activation of hepatic Kupffer cells and the release
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of pro-inflammatory mediators such as tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6). These
mediators can exacerbate local hepatic injury and amplify systemic inflammation, thereby establishing a
positive feedback loop that contributes to the progression of multiple organ dysfunction®". Therefore,
preserving gut-liver axis homeostasis may help disrupt the pathological cycle of sepsis, whereas gut-liver axis
dysfunction may contribute to the progression from local infections to systemic organ dysfunction.

The gut-liver axis may function as an important driver of multi-organ dysfunction during sepsis. The liver is
the first organ exposed to gut-derived bacteria, endotoxins, and other PAMPs and damage-associated
molecular patterns (DAMPs)">'*l. During sepsis, intestinal barrier disruption and gut microbiota dysbiosis
enable the translocation of these mediators into the portal vein and mesenteric lymph. Sustained systemic
inflammatory insult combined with bile acid metabolic disorders induces extensive hepatocellular necrosis

6,25]

and cholestasis, thereby severely impairing the synthetic function of the liver'**.

Liver dysfunction impairs bacterial clearance, bile acid secretion, and acute-phase protein synthesis, further
damaging the intestinal barrier and creating a damaging cycle between the gut and the liver®*. Clinically,
gastrointestinal injury is common among critically ill patients. A meta-analysis reported that acute
gastrointestinal injury affected approximately 40% of critically ill patients, and the mortality rate among
critically ill patients with acute gastrointestinal injury was 33%. Compared with patients without acute
gastrointestinal injury, those with acute gastrointestinal injury have a higher risk of death™. A previous
study detected SALI in 34.7% of adult patients with sepsis (cholestatic, 48.1%; hepatocellular, 21.8%; and
shock liver, 30.1%)"*. Hyperbilirubinemia is already present on intensive care unit (ICU) admission in 16.8%
of patients with sepsis and independently predicts acute respiratory distress syndrome and mortality*’.
Moreover, in patients with sepsis complicated by liver dysfunction or failure, the mortality rate reaches
54%-68%, exceeding that of most other organ failures'**. Importantly, the involvement of the gut-liver axis is
not restricted to abdominal infections, which account for a sizeable fraction of sepsis episodes in the ICU™.,
Secondary gut injury also occurs in non-abdominal sepsis; for example, experimental Staphylococcus aureus
pneumonia induces intestinal epithelial apoptosis and increased gut permeability, and gut-derived mediators
carried by the mesenteric lymph have been shown to cause distant lung injury>>*'. Collectively, these
findings support the concept that the gut acts as the “motor” of multiple organ dysfunction syndrome and
that, regardless of the primary infectious focus, the injured gut can initiate and propagate systemic
inflammation and remote organ failure, positioning the gut-liver axis as a central node and potential
therapeutic target in sepsis.'>*'\.

BIOLOGICAL CHARACTERISTICS AND CLASSIFICATION OF GM-EVs

GM-EVs are key mediators of information exchange between the gut microbiota and the host. It has been
confirmed that the majority of intestinal bacteria (including Gram-negative and some Gram-positive
bacteria) can secrete such particles®. GM-EVs possess a typical lipid bilayer-encapsulated spherical structure
that can effectively resist enzymatic degradation and acid-base damage in the gastrointestinal environment
and protect various bioactive components such as proteins, nucleic acids, and lipids within the vesicles. This
property provides a structural basis for the long-distance translocation of GM-EVs in the body, allowing

33-35

them to cross tissue barriers and mediate intercellular communication across organs'*?*\. The biological
effects of GM-EVs are neither intrinsic nor uniform; rather, they depend on the bacterial source, vesicle
biogenesis, cargo composition, exposure dose, recipient cell, and host environment”**”. Bacterial species and
cell envelope architecture are important determinants of vesicle biology. Gram-negative bacteria mainly
release OMVs, whereas Gram-positive bacteria release membrane vesicles derived from the cytoplasmic
membrane, often referred to as CMVs. Accordingly, OMVs and CMVss differ in their surface molecules and
luminal cargo: OMVs commonly display LPS and may carry outer-membrane proteins, periplasmic factors,

toxins, and regulatory RNAs, whereas CMV's may contain lipoteichoic acid (LTA), peptidoglycan-associated
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components, proteins, DNA, RNA, and metabolites*****. These compositional differences can result in
distinct and sometimes opposing effects on the host cells. For example, OMV's from several Gram-negative
enteric pathogens can activate epithelial or immune cells through LPS- and TLR4-dependent pathways'**,
whereas vesicles from commensal or probiotic bacteria have been reported to promote regulatory immune
responses, macrophage M2-like polarization, and intestinal barrier protection in some experimental
systems!*’). However, this distinction should not be considered as absolute, because the immunological
activity of vesicles also depends on the specific bacterial strain, growth conditions, vesicle purification
procedures, cargo abundance, recipient cell type, and host inflammatory state. Vesicle concentration is
another important determinant of the observed response. Dose-dependent activation has been demonstrated
for Streptococcus pneumoniae vesicles, whereas higher concentrations of bacterial vesicles may increase
cellular stress or cytotoxicity in some experimental systems'**..

The internal cargo of GM-EVs is diverse and includes nucleic acids, proteins, and bacterial metabolites,
which are key molecular carriers that regulate host physiological and pathological processes*. Nucleic acid
cargo encapsulated within vesicles includes bacterial DNA and diverse RNA species. Notably, variably
packaged small RNAs (sRNAs) can target host mRNAs and enhance molecular stability"*”. GM-EVs also
carry a variety of protein cargoes, including enzymes, virulence factors, and signaling molecules related to
bacterial metabolism™. For instance, Amuc_1100, a specific protein isolated from the outer membrane of
Akkermansia muciniphila, retains its structural stability at pasteurization temperatures and exerts protective
effects on intestinal barrier function through interaction with Toll-like receptor 2 (TLR2)"”. Furthermore,
the metabolic products within the vesicles reflect the metabolic status of the bacteria, directly acting on host
cells to exert regulatory effects. These diverse substances are encapsulated within the phospholipid bilayer of
the vesicles and thus can reach the target organs intact and release their contents!***.

The compositional characteristics of GM-EVs directly determine their immune activation abilities. During
the pathological process of sepsis, GM-EVs can trigger excessive inflammatory responses in the liver, thereby
leading to liver damage and organ dysfunction**". Gram-negative bacterium-derived GM-EV's primarily
encapsulate LPS, whereas LTA is the major PAMP cargo released by Gram-positive bacteria. Both molecules
are sensed by host pattern recognition receptors to initiate immune activation. Vesicle surface LPS stimulates
canonical innate immune signaling upon specific binding to cellular Toll-like receptor 4 (TLR4), which then
activates the NF-«xB cascade, induces massive pro-inflammatory cytokine secretion and provokes
inflammatory responses”?.. By comparison, LTA mediates immune responses predominantly through the
TLR2 pathway'!. In addition to vesicle surface antigens, intraluminal nucleic acid cargo of GM-EVs
possesses strong immune-activating activity. Internalized GM-EV's undergo lysosomal degradation inside the
host cells, releasing bacterial DNA for sensing by cyclic GMP-AMP synthase (cGAS). Activated cGAS
further engages the stimulator of interferon genes (STING) signaling cascade, induces the production of type
I interferons and inflammatory mediators and exacerbates systemic inflammatory bursts*.

REGULATORY MECHANISMS GOVERNING GM-EV PRODUCTION AND RELEASE DURING

SEPSIS

Sepsis-associated remodeling and redistribution of GM-EVs

In the early stages of sepsis, after the body is invaded by pathogenic bacteria, PAMPs and a large number of
endogenous inflammatory mediators released by host immune cells jointly create a highly inflammatory
systemic environment'*. During this process, factors including intestinal hypoperfusion, ischemia and
hypoxia, oxidative stress, and bile acid metabolic dysfunction contribute to the disruption of the intestinal
microecological balance, significantly altering the composition and metabolic state of the gut microbiota and
influencing the generation and release of GM-EVs®?>%l. Mechanistically, a systemic infection may create an



Page 2073 Yuan et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:2068-88

intestinal microenvironment that is permissive to changes in bacterial vesicle release. In Gram-negative
bacteria, inflammatory stress, outer membrane perturbation, antimicrobial peptide exposure, and oxidative
stress can influence outer membrane remodeling and OMV formation®*”. Gram-positive bacteria may also
release CMVss through cell wall remodeling, changes in membrane architecture, and stress response
pathwaysP>** In the context of sepsis, these bacterial responses may alter the abundance or molecular
composition of selected GM-EV populations.

Nevertheless, the direction and magnitude of these changes likely depend on bacterial species, disease stage,
local nutrient and inflammatory conditions, antibiotic exposure, and host-derived factors. These
mechanisms provide biological plausibility for sepsis-associated GM-EV remodeling, but do not establish a
uniform increase in GM-EV production. Evidence from experimental sepsis models supports the notion that
sepsis remodels the intestinal GM-EV pool. In a murine cecal ligation and puncture model, extracellular
vesicles (EVs) from intestinal lavage of septic mice increased during sepsis”*®. Similarly, studies in patients
with sepsis and experimental sepsis models have reported changes in circulating EV abundance and
associated inflammatory cargo. Circulating EV preparations generally contain vesicles from multiple sources,
including platelets, endothelial cells, leukocytes, epithelial cells, and bacteria. Therefore, an increase in total
circulating EV's cannot be interpreted as evidence of increased GM-EV production without bacteria-specific
identification and quantitative normalization'.

Gut microbiota imbalance and alterations in GM-EV profiles

Gut dysbiosis may alter the abundance, taxonomic profile, cargo composition, and biological activities of
GM-EVs. However, this relationship is unlikely to be uniform or deterministic because vesicle production
and cargo loading are influenced not only by the relative abundance of bacterial taxa, but also by bacterial
growth conditions, inflammatory stress, nutrient availability, antibiotic exposure, and host-derived
environmental signals. Therefore, changes in the GM-EV pool may not mirror changes in the entire bacterial
community.

Experimental and translational studies support this concept. In a mouse model of diet-induced obesity, gut
dysbiosis was associated with a reduction in total fecal bacterial EVs and an increased proportion of LPS-
positive EVs. Proteobacteria-associated vesicles were enriched among the LPS-positive EVs and detected at
higher levels in the hepatic portal vein and liver, together with increased hepatic expression of TLR4,
macrophage markers, and inflammatory mediators"®. These findings suggest that dysbiosis alters not only
the quantity of GM-EVs but also the relative representation of vesicle populations with distinct inflammatory
potentials. In addition, analyses of fecal microbiota-derived EVs from individuals with diarrhea, morbid
obesity, or Crohn’s disease identified disease-associated differences in the taxonomic composition of EV's
and showed that EV preparations from different clinical groups produced distinct effects on intestinal
epithelial permeability in vitro'®’. Although these findings are not specific to sepsis, they provide
experimental evidence that disease-associated changes in the intestinal ecosystem can be accompanied by the
functional remodeling of the GM-EV's compartment.

In sepsis, disorders of the gut microbiota are manifested by a significant reduction in beneficial bacteria and
excessive proliferation of potentially pathogenic bacteria'®’. For instance, the abundance of probiotics such as
Bifidobacteria and Lactobacilli, which have anti-inflammatory and barrier-protective effects, decreases while
the relative abundance of Gram-negative bacteria such as Enterobacteriaceae increases substantially'*>**),
Furthermore, the widespread use of antibiotics, a common treatment method for sepsis, can exacerbate
intestinal flora imbalance, further disrupt microbial diversity, and weaken host immune defense
capabilities!****). Changes in the composition and ecological state of the intestinal microbiota may be
accompanied by alterations in the abundance, taxonomic profile, cargo composition, and biological activity
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of GM-EVs produced by different bacterial taxa. However, the direction and magnitude of these changes are
influenced by bacterial physiology, environmental conditions, and host factors and do not necessarily mirror
changes in the whole microbiota!"***"),

In sepsis, dysbiosis, intestinal hypoperfusion, inflammatory stress, altered nutrient availability, and antibiotic
exposure alter the production and composition of GM-EVs. Increased intestinal permeability may facilitate
the translocation of selected vesicle populations to the portal circulation and the liver. Nevertheless, whether
these changes promote hepatic injury depends on the bacterial sources of the vesicles, their molecular cargo,
vesicle abundance and concentration, route and duration of exposure, hepatic clearance capacity, and the
inflammatory and metabolic states of the host. Furthermore, direct experimental evidence linking specific
sepsis-associated bacterial taxa to defined GM-EV populations and subsequent liver injury remains limited.
Therefore, GM-EV remodeling should be considered a plausible mechanism linking dysbiosis with gut-liver
signaling, rather than a uniform or inevitable consequence of microbiota disruption.

PATHWAYS AND MECHANISMS BY WHICH GM-EVs CROSS THE DAMAGED INTESTINAL
BARRIER IN SEPSIS

Passive transport pathway of GM-EVs across the intestinal barrier

The monolayer of intestinal columnar epithelial cells, together with the apical junctional complex, constitutes
the principal physical barrier of the intestine, serving as the first line of defense that restricts the translocation
of luminal microorganisms, toxins, and their derivatives into host tissues'®®. Under physiological conditions,
tight junctions are assembled by occludin, claudin family proteins, junctional adhesion molecule-A (JAM-A),
and intracellular scaffolding proteins, including zonula occludens-1 (ZO-1) and zonula occludens-2 (ZO-2).
These junction proteins are anchored to the peripheral actin cytoskeleton to form a continuous
circumferential sealing structure. These structural features block the paracellular passive diffusion of
macromolecules, microbial products, and vesicle-like substances, thereby preserving epithelial cell polarity

[68-70

and the homeostatic state of low intestinal permeability'**”. Following the onset of sepsis, the massive release
of pro-inflammatory mediators triggers a systemic inflammatory response that invades the intestinal mucosa,
resulting in augmented intestinal epithelial apoptosis, disorganized tight junction architecture, and elevated
barrier permeability. Sepsis-associated inflammatory cascades, neutrophil extracellular trap formation,
endoplasmic reticulum (ER) stress, and mitochondrial injury collectively facilitate intestinal epithelial cell
death, which in turn leads to villous epithelial shedding and disruption of mucosal integrity, ultimately
leading to structural defects in the intestinal barrier” 7. Additionally, inflammatory signals cause changes in
the expression and subcellular localization of tight junction proteins. TNF-a triggers the endocytic
internalization of occludin, thereby directly destabilizing the structural integrity of tight junctions. Studies on
animal models of sepsis have documented divergent alterations in the expression of multiple junctional
proteins, including occludin, claudin isoforms, ZO-1, and JAM-A. These molecular aberrations lead to the
aberrant opening of paracellular spaces and markedly elevated intestinal permeability, culminating in the

74-76

pathological hallmark of intestinal leakage™ . Advanced sepsis is accompanied by systemic hypoperfusion
and intestinal ischemia/reperfusion (I/R) injury, which exacerbates epithelial apoptosis, tight junction
disruption, and mucosal inflammatory responses. Data obtained from human intestinal I/R models have
demonstrated that the small intestine shows greater epithelial damage, higher pro-inflammatory cytokine
expression, and greater neutrophil infiltration than the colon"””. Such barrier disruption may increase the
vulnerability of the intestinal mucosa to additional injury from pathogen-derived products, including GM-
EVs. In this context, experimental evidence from an enteric bacterial model provides a mechanistic example
of how GM-EV cargo aggravates epithelial barrier disruption. OMV's secreted by Campylobacter jejuni carry
proteolytic activity associated with the serine protease HtrA (together with Cjos11 and Cj1365¢), which
cleaves the adherens junction protein E-cadherin and the tight junction protein occludin in intestinal
epithelial cells, thereby impairing intestinal barrier integrity"”®. In one study, GM-EVs derived from E. coli
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were fluorescently tagged with Cy7 near-infrared dye. In vivo imaging revealed widespread systemic
distribution of Cy7 signals in mice. Although signal intensity gradually decreased over time, prominent
retention was observed in the peritoneal cavity and liver 24 h after administration””’. This evidence
demonstrates that GM-EVs compromise intestinal barrier integrity and increase epithelial permeability,
which promotes the translocation of bacteria and their metabolites into the systemic circulation and
subsequently causes injury to distant organs. Such barrier disruption and increased intestinal permeability
provide the anatomical and pathophysiological basis for the translocation of GM-EVs and other microbial
derivatives across the mucosa into the submucosa and subsequently into the systemic circulation.

The paracellular pathway is a crucial passive route for the transepithelial transport of GM-EVs upon
pathological disruption of the intestinal barrier during sepsis [Figure 1A]. This transport pathway is
primarily established by two types of impairments in the intestinal physical barrier: epithelial denudation or
mucosal erosion resulting from enterocyte apoptosis and necrosis and elevated paracellular permeability
induced by inflammatory modulation of tight junction complexes!***). The first involves mucosal defects
caused by apoptosis, necrosis, and shedding of intestinal epithelial cells. Under conditions of sepsis and
critical illness, enterocyte apoptosis is augmented, whereas the proliferative and migratory repair capacity of
the epithelium is compromised, eventually disrupting intestinal mucosal continuity®’. Open defects emerge
in the originally intact epithelial barrier when erosion, ulceration, or focal exfoliation occurs on the intestinal
epithelial surface. Under such circumstances, the transmural transport of substances is no longer
predominantly governed by the “on-off” state of tight junctions. Instead, luminal contents can directly
infiltrate the deep mucosal layers through these ruptured gaps. Large molecules, microbial components, and
intact viable bacteria can traverse the damaged epithelium and infiltrate the lamina propria®®. GM-EVs are
spherical nanostructures enclosed by a lipid bilayer, with diameters ranging from 20 to 300 nm""\.
Accordingly, in regions with severe intestinal mucosal erosion or epithelial exfoliation, GM-EVs tend to
undergo non-selective passive leakage across mucosal defects driven by concentration gradients and local
interstitial fluid flow rather than being internalized via receptor-specific recognition or energy-dependent
transcytosis. The second impairment is attributed to widened intercellular spaces induced by the dissociation
and remodeling of tight junction complexes. Physiologically, intact tight junctions are only permeable to
small molecules such as water molecules and inorganic ions!®. Sepsis triggers the internalization,
degradation, and abnormal membranous localization of tight junction proteins, which widens intercellular
gaps enough to permit the passage of most GM-EVs*7l,

Active transport pathways of GM-EVs across the intestinal barrier

When the intestinal epithelial barrier remains structurally intact, or tight junction injury is too mild to
permit massive paracellular translocation of intact GM-EVs, GM-EVs can achieve transepithelial transport
via the transcytotic pathway mediated by endocytosis-exocytosis cascades [Figure 1B]. Distinct from simple
passive leakage, this process relies on active internalization by the epithelial plasma membrane and
intracellular vesicular trafficking; the process is moderately energy-dependent and is not fully constrained by
the extent of tight-junction opening. Intestinal epithelial cells abundantly express diverse pattern recognition
receptors such as TLR2, TLR4, TLR7, and NOD1"*"*). GM-EVs carry microbe-associated molecular patterns,
including LPS, peptidoglycan fragments, bacterial RNA, DNA, and virulence-associated proteins, either on
their membrane surface or within the vesicular lumen, which can be recognized by epithelial cells and
subsequently trigger endocytic uptake. Accumulating evidence indicates that bacterial extracellular vesicles
(BEVs) enter epithelial cells via clathrin-dependent endocytosis, dynamin-dependent endocytosis, lipid
raft/caveolae-associated internalization, and other non-canonical endocytic pathways. These internalized
vesicles are transported intracellularly within early endosomes, late endosomes, or lysosome-associated
compartments®*’. Thus, the transcytotic pathway is a vital complementary mechanism by which GM-EV's
traverse the intestinal epithelial barrier. This pathway explains how GM-EVss can interact with the host
mucosal immune system, even when the barrier remains intact without complete collapse, or the paracellular
route is restricted.
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Figure 1. Putative transepithelial translocation pathways of GM-EVs in sepsis. (A) Sepsis-induced barrier dysfunction may disrupt tight
junctions and widen intercellular gaps, permitting increased paracellular passage of GM-EVs into the submucosa; (B) When the barrier is
only partially impaired, GM-EVs are proposed to cross the epithelium mainly via receptor-mediated endocytosis-dependent transcellular
transport. The relative contribution of each route in sepsis requires further validation. Created in BioRender. yuan, Y. (2026) https://BioRe
nder.com/r4i6yno. GM-EVs: Gut microbiota-derived extracellular vesicles.

CORE PATHOGENIC EFFECT OF GM-EVs IN MEDIATING LIVER INJURY IN SEPSIS

Inflammatory cascade trigger

SALI is a multifactorial process involving systemic inflammatory activation, Kupffer-cell and neutrophil-
mediated injury, hepatic sinusoidal endothelial dysfunction, microcirculatory disturbance, tissue hypoxia,
cholestatic and metabolic dysregulation, mitochondrial injury, oxidative stress, and regulated cell death!*>*.
GM-EVs may function as gut-derived amplifiers of hepatic inflammation [Figure 2]. For example, PAMPs
and DAMPs can activate hepatic immune cells and endothelial cells, whereas cytokine release, oxidative
stress, impaired sinusoidal perfusion, and mitochondrial dysfunction may further aggravate hepatocyte
injury and disrupt hepatic homeostasis. Within this established pathophysiological framework, GM-EV's
should be considered emerging gut-derived mediators that may amplify, rather than independently account
for, hepatic inflammation in sepsis. Experimental evidence has supported the biological plausibility of this
concept. Jain et al. demonstrated in a diet-induced obese mouse model that LPS-containing bacterial EV's
could be detected along the gut-hepatic portal vein-liver axis and accumulated in the hepatic tissue. Hepatic
exposure to these vesicles is associated with increased TLR4 expression, altered macrophage marker
expression, and elevated inflammatory chemokine expression"®. These findings suggest that gut-derived
bacterial EV's can reach the liver and engage in the established PAMP-sensing pathways. However, because
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this study was not performed in a sepsis model, it should be interpreted as evidence for portal delivery and
potential hepatic immunostimulation rather than as direct proof that LPS-containing EVs act as
quantitatively dominant drivers of SALIL

Evidence from host-derived EVs provides complementary support for the broader concept of EV-mediated
inflammatory amplification but should be distinguished from evidence concerning GM-EVs. In an
experimental study, LPS-stimulated macrophages loaded high-mobility group box 1 (HMGB1) into EV's via
a receptor for advanced glycation end products (RAGE)-dependent mechanism. Host macrophage-derived
HMGB1-positive EVs were internalized by hepatocytes via transferrin-mediated endocytosis and activated
the NOD-like receptor protein 3 (NLRP3) inflammasome, leading to hepatocyte pyroptosis. In addition,
serum levels of HMGB1-positive EVs were positively associated with liver injury biomarkers in patients with
sepsis'®. This study demonstrated that EV-mediated transfer of inflammatory DAMPs could contribute to
hepatocyte injury during sepsis; however, the EVs examined were primarily host macrophage-derived rather
than gut microbiota-derived. Therefore, these findings should not be interpreted as direct evidence that GM-
EVs carry HMGB1 or induce the same pathway. After uptake by hepatic immune or parenchymal cells” ",
GM-EVs may activate different signaling pathways depending on their cargo composition. Their
downstream signaling may be mediated via the TLR4/myeloid differentiation primary response 88 (MyD88)-
dependent pathway, which triggers the activation of the inhibitor of NF-xB (IxB) kinase complex. This
process further induces the phosphorylation and subsequent degradation of IkB, thereby releasing NF-«xB
from cytoplasmic sequestration. The released NF-«B then translocates to the nucleus and initiates the
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transcription of pro-inflammatory genes!”* . Specific bacterial OMVs have been shown to activate
inflammasome signaling in experimental models, although the available evidence is not specific to SALIL.
OMVs produced by Porphyromonas gingivalis increase NLRP3 inflammasome expression, facilitate the
cleavage of pro-caspase-1 and pro-interleukin-1p (IL-1p) into their mature forms (caspase-1 and IL-18), and
ultimately promote the secretion of mature IL-18 and interleukin-18 (IL-18)"”. Reciprocal regulation among
these pathways and their concurrent activation synergistically boost the production of intrahepatic pro-
inflammatory cytokines, the maturation of inflammasome effector molecules, and the release of chemotactic
signals, thereby establishing an inflammatory response network amplified through multi-node cascades****\.
Although these findings are not specific to sepsis, they provide experimental evidence of bacterial OMV-
mediated inflammasome activation.

In addition to LPS- and TLR-associated signaling, bacterial DNA transported by GM-EVs may provide an
additional route for innate immune activation via cytosolic DNA-sensing pathways. Experimental studies
have shown that microbial DNA-containing EVs activate the cGAS-STING pathway, resulting in the
production of inflammatory mediators***”. However, most available evidence for this mechanism has been
obtained from models other than human SALI Therefore, cGAS-STING signaling should be considered as a
complementary and cargo-dependent pathway through which selected GM-EV populations may influence
hepatic or systemic inflammation, rather than a universally activated pathway in all patients with sepsis.
These GM-EV-associated pathways may interact with and potentially amplify other mechanisms of SALI.
Cytokines and chemokines released by the activated macrophages may promote hepatic sinusoidal
endothelial activation, leukocyte recruitment, oxidative stress, and microcirculatory dysfunction. These
changes may impair hepatic clearance of gut-derived microbial products and prolong the exposure of hepatic
cells to circulating GM-EVs. Conversely, persistent intestinal barrier disruption, dysbiosis, and increased
vesicle release may increase the delivery of selected GM-EV's to the portal and systemic circulation. This
reciprocal relationship may contribute to a positive feedback loop involving intestinal barrier dysfunction,
hepatic accumulation of microbial signals, and progressive liver injury.

Reshaping the immune microenvironment

GM-EVs may do more than activate a single pro-inflammatory pathway. As bidirectional
immunomodulators, they may reshape cellular functions and immune-response patterns within the hepatic
immune microenvironment, thereby driving the dynamic transition of the sepsis course from an early phase
of excessive inflammation to a later stage characterized by immune suppression and immune tolerance.
Because hepatic sinusoids receive high blood flow and filter circulating material, Kupffer cells, hepatic
sinusoidal endothelial cells, and dendritic cells (DCs) serve as the predominant cell populations responsive to
circulating GM-EVs™.. The LPS, lipoproteins, and peptidoglycan fragments carried by these vesicles are
capable of activating the NF-xB, MAPK, and inflammasome-associated signaling pathways via pattern
recognition receptors. Moreover, small bacterial RNAs and other nucleic acid components encapsulated
within these vesicles may modulate the expression of host immune genes through cross-kingdom regulation.
Driven by the aforementioned signaling cascades, macrophages undergo a phenotypic shift from a
homeostatic surveillance and immune-tolerant phenotype toward a pro-inflammatory effector phenotype,

101,102]

accompanied by elevated expression of pro-inflammatory cytokines and chemokines'*"'**).

During the acute inflammatory stage of sepsis, pathogenic bacteria-derived GM-EV's can activate a potent
innate immune response through the pattern recognition receptor pathway and mediate a cascade that
amplifies the response from innate to adaptive immunity. Their immunological effects are initially
manifested through the activation of pattern recognition receptors. Specifically, LPS, lipoproteins, and
nucleic acids contained within Gram-negative bacterium-derived GM-EVs are recognized by TLR4, TLR2,
and endosomal TLRs, respectively. This recognition drives the maturation of antigen-presenting cells,
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upregulates the expression of MHC-II and co-stimulatory molecules, and facilitates the transmission of
innate immune signals to the adaptive immune system"®). The homeostatic functions of Kupffer cells,
including scavenging portal vein-derived microbial products, apoptotic cells, and cellular debris as well as
sustaining hepatic immune tolerance, may be impaired. Accordingly, Kupffer cells undergo a phenotypic
shift from their homeostatic role as critical guardians of the hepatic immune barrier to becoming central
hubs driving local immune injury.

GM-EVs do not exclusively exert pro-inflammatory effects; their immunophenotypes are governed by their
bacterial origin, encapsulated cargo profile, and host barrier function. Commensal bacteria stimulate
interleukin-10 (IL-10) secretion by DCs, facilitate regulatory T-cell responses, and sustain mucosal immune
homeostasis. EVs released by Bacteroides thetaiotaomicron act on monocytes and macrophages via TLR2
signaling to elevate IL-10 levels, while restraining pro-inflammatory cytokine production in a dose-
dependent manner. Moreover, persistent H3K4me1 epigenetic remodeling is induced to build long-term
innate immune tolerance!". Furthermore, other studies have reported that EVs secreted by Bacteroides
thetaiotaomicron can stimulate intestinal mucosal and peripheral DCs to concurrently produce pro-
inflammatory IL-6 and anti-inflammatory IL-10 in healthy human subjects, thereby maintaining intestinal
immune homeostasis"*. DCs sense Bacteroides fragilis OMV -associated polysaccharide A (PSA) via TLR2 in
a Gadd45a-dependent manner, which enhances the generation of regulatory T cells and anti-inflammatory
cytokines!**. Studies of the immunomodulatory effects of PSA derived from Bacteroides fragilis have
demonstrated that PSA suppresses IL-17/Th17-mediated inflammatory responses and sustains immune
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homeostasis through IL-10-producing CD4+ T cells"””. EVs secreted by Lactobacillus plantarum drive
human THP-1 monocytic cells toward an anti-inflammatory M2 phenotype (predominantly the M2b
subtype) by inducing the biased expression of cell surface markers and cytokines characteristic of M2
macrophages"*. Accordingly, the immunomodulatory functions of GM-EVs are not limited to their pro-
inflammatory effects. Instead, GM-EVs recalibrate the balance between innate immune sensing, antigen
presentation, and T-cell responses in response to the microbial community composition, vesicle cargo

profiles, barrier integrity, and overall immune status of the host.

Lipid metabolism disorders

During sepsis, the liver is subjected to inflammatory insults and metabolic reprogramming, with
dysregulated lipid metabolism being one of the most prominent manifestations. Massive lipid droplet
accumulation, defective fatty acid oxidation, triglyceride deposition, and intensified lipid peroxidation in the
liver are vital pathological drivers of SALI progression from reversible liver injury to hepatic failure. Upon
hepatic delivery of LPS carried by GM-EVs, LPS activates Kupffer cells via TLR4 and stimulates the secretion
of inflammatory factors. These mediators directly trigger hepatocyte apoptosis and disrupt fatty acid
oxidation by repressing the PPARa pathway. Specifically, robust suppression of hepatic PPARa signaling
compromises fatty acid p-oxidation, resulting in substantial accumulation of circulating free fatty acids and
their ectopic deposition in the liver and kidneys. Oxidative stress and reactive oxygen species, together with
excess lipids, promote lipid peroxidation. This process produces lipotoxic metabolites, including
malondialdehyde and 4-hydroxynonenal, which eventually induce parenchymal cell apoptosis in the liver
and kidneys, causing multi-organ damage'*""*.. Abrupt intracellular accumulation of free fatty acids disturbs
the lipid bilayer composition of the ER membrane and directly provokes severe ER stress, accompanied by
persistent activation of three major transmembrane receptor pathways, namely PERK, IRE1a, and ATFe"""".
As the central organelle responsible for hepatic lipid synthesis and protein folding, the ER exerts
compensatory protective effects against mild ER stress during the early stages of sepsis. Nevertheless, severe
lipotoxicity induced by sustained lipid overload switches the output of the unfolded protein response (UPR)
from a pro-survival to a pro-apoptotic phenotype, thereby triggering hepatocyte death!"'” and aggravating
the progression of hepatic failure.
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Induction of programmed cell death

In addition to metabolic disturbances, GM-EV’s elicit parenchymal liver injury by triggering programmed
cell death in hepatocytes. The pro-inflammatory and cytotoxic effects of GM-EVs on immune cells have
been well characterized. Previous studies demonstrated that EVs derived from Salmonella typhimurium
deliver flagellin into the cytoplasm of bone marrow-derived macrophages (BMDM:s), which activate the
canonical NLRC4 inflammasome. This cascade drives caspase-1 activation and the secretion of mature IL-1.
LPS encapsulated within EVs initiates GSDMD-dependent pyroptosis via the caspase-11 signaling
pathway!""?. Deo et al. reported that macrophages exposed to OMVs secreted by Neisseria gonorrhoeae,
uropathogenic Escherichia coli and Pseudomonas aeruginosa undergo mitochondrial apoptosis and NLRP3
inflammasome activation. OMVs and their cargo toxins cause mitochondrial dysfunction and suppress host
protein synthesis, consequently depleting MCL-1, an unstable anti-apoptotic member of the BCL-2 protein
family, and ultimately driving BAK-dependent mitochondrial apoptosis''?. Vanaja ef al. demonstrated that
treatment of BMDMs with EVs induced proteolytic maturation of caspase-1 and IL-1p as well as IL-1p
secretion. Importantly, EV stimulation induced cell death in a dose-dependent manner'*. Fusobacterium
nucleatum secreted EVs loaded with diverse molecules. In a macrophage/Caco-2 co-culture system,
Fusobacterium nucleatum-derived EVs markedly disrupted the epithelial barrier and induced oxidative
stress; this pathological phenomenon was attributed to epithelial necrotic cell death triggered by the
activation of receptor-interacting protein kinase 1 (RIPK1) and receptor-interacting protein kinase 3
(RIPK3)M". OMVss derived from Desulfovibrio fairfieldensis disrupt epithelial barrier integrity and trigger
inflammatory responses and pyroptosis in macrophages'"'”. Collectively, the above studies demonstrate that
bacteria-derived EVs can activate canonical and non-canonical programmed cell death pathways via multiple
signaling cascades; these effects have defined molecular mechanisms underlying cellular injury and pro-
inflammatory responses.

POTENTIAL AND CHALLENGES OF GM-EVs AS BIOMARKERS FOR SALI

Compared with conventional hepatic injury biomarkers, GM-EV's can provide mechanistic information
about early pathological events in the disease. Clinically, routine indicators including alanine transaminase,
aspartate transaminase, bilirubin, and coagulation profiles can indicate hepatocellular injury, cholestasis, and
impaired hepatic synthetic function. Nevertheless, these biomarkers suffer from insufficient specificity and
poor performance in early warning systems, making it difficult to discriminate between hepatic injuries
induced by heterogeneous insults, such as sepsis, pharmaceutical agents, ischemia-hypoxia, and underlying
chronic liver diseases. In contrast, the microbial profiles of GM-EVs, together with their surface PAMPs and
encapsulated nucleic acid and protein cargo, may provide a gut-derived signature for SALIL Previous studies
have suggested that GM-EVs circulating in bodily fluids are promising candidate biomarkers for the
diagnosis of infectious diseases!"'*. OMVs, which originate from Gram-negative bacteria and retain the
characteristic signatures of parental bacteria, are regarded as promising candidates for the molecular
diagnosis of Gram-negative sepsis''*?.. Recent research using a fluorescent polymyxin B probe to label LPS-
containing OMVss further verified that circulating bacterial OMVs were detectable in the early phase of
infection and were capable of distinguishing bacterial infection phenotypes, providing methodological
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implications for employing GM-EV's to enable early detection of sepsis-associated organ injury!

Nevertheless, the clinical translation of GM-EVs into bona fide biomarkers of SALI faces several limitations.
First, circulating GM-EVs are present in relatively low abundance and heavily contaminated with host-
derived EVs, lipoproteins, protein aggregates, and cell-free nucleic acids. Current isolation approaches fail to
meet requirements for purity, throughput, cost-effectiveness, and clinical practicality*". Second, GM-EVs
exhibit pronounced heterogeneity and their molecular compositions are modulated by multiple variables,
including bacterial species and strains, infection sites, antibiotic exposure, nutritional status, pre-existing
hepatic diseases, and sampling time windows. Accordingly, a single molecular biomarker does not
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consistently reflect the complex pathological process underlying gut-liver axis injury. Third, robust direct
clinical evidence substantiating the causal linkage between GM-EVs and SALI remains scarce, and most
relevant conclusions are merely drawn from indirect inferences derived from separate investigations
concerning bacterial EVs, gut-liver axis homeostasis, and GM-EV biology in sepsis.

TRANSLATIONAL POTENTIAL OF GM-EVs

Considering the potential hazards posed by GM-EVs in sepsis-induced gut-liver axis dysfunction,
intervention in the biogenesis and release of GM-EVs at the source represents a highly promising therapeutic
strategy. Small-molecule inhibitors that specifically block GM-EV biogenesis without compromising
bacterial viability have been developed. EV biogenesis is governed by sophisticated mechanisms, including
the regulation of periplasmic enzymes. Precise targeting of these pathways is expected to selectively eliminate
detrimental GM-EVs secreted by pathogenic or opportunistic bacteria while preserving overall gut
microbiota homeostasis. For instance, the release of OMV's in Gram-negative bacteria is tightly associated
with dynamic remodeling between the periplasmic space and the bacterial outer membrane”>'*?. High-
throughput screening or structure-based drug design can identify compounds capable of interfering with the
activities of key proteins involved in vesicle budding (such as periplasmic enzymes and outer membrane
proteins), thereby inhibiting the biogenesis of pro-inflammatory EVs at the molecular level"*”. Compared to
broad-spectrum antibiotics, such targeted interventions can better preserve the symbiotic functions of the
gut microbiota and avert secondary injury resulting from overall dysbiosis of the microbiota, offering a more
refined regulatory strategy for the treatment of sepsis.

However, restoring gut microbial balance to indirectly remodel the release profile of GM-EVs constitutes
another vital intervention approach. Supplementation with specific probiotics (e.g., Lactobacillus and
Bifidobacterium) stimulates these microbes to secrete EV's that exert anti-inflammatory and tissue-protective
effects, consequently reshaping the gut microbial community and alleviating systemic inflammatory
responses. For example, EVs derived from Lactiplantibacillus plantarum have been reported to alleviate acute
lung injury"**. EVs derived from Bifidobacterium longum AO44 exert anti-inflammatory properties and
induce IL-10 secretion in a co-culture system consisting of splenocytes, DCs, and CD4+ T cells"**!. EV's
secreted by Bifidobacterium longum NSP001 play a key role in maintaining host immune homeostasis by
inhibiting the STAT3 signaling pathway!"*. Fecal microbiota transplantation (FMT) is a robust strategy for
comprehensive gut microbiota remodeling. Previous studies have demonstrated that FMT reduces hepatic
aminotransferase activity, serum total bilirubin, and hepatic pro-inflammatory cytokine levels; ameliorates
hepatic apoptosis; decreases cleaved caspase-3 expression; and alleviates pathological lesions in liver
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tissue!"””). Therefore, the combined application of these approaches to regulate intestinal microbiota
homeostasis is expected to serve as an effective strategy for modulating GM-EV's and ameliorating sepsis-

induced gut-liver axis dysfunction.

FUTURE PERSPECTIVES AND CHALLENGES

Although the roles of GM-EVs in microbe-host interactions and multiple organ injuries during sepsis have
been widely validated, numerous research limitations and barriers to their clinical translation remain.
Current research limitations are reflected in four aspects. First, GM-EVs exhibit heterogeneity. The
composition and biological functions of the GM-EVs secreted by different bacterial strains under various
pathological conditions differ significantly. The regulatory mechanisms underlying this heterogeneity and
their correlation with sepsis severity have not been elucidated, and standardized systems for accurate typing
and functional identification are still lacking. Second, mechanistic investigations of GM-EV-mediated injury
to multiple organs are fragmented. Most studies have focused on individual organs or isolated signaling
pathways, whereas the core mechanisms by which GM-EVs integrate multi-organ damage signals and
mediate synergistic injuries across organs remain to be elucidated. Third, prevailing detection techniques for



Yuan et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:2068-88 Page 2082

GM-EVs are cumbersome, costly, and insufficiently sensitive, and fail to meet the requirements for rapid
clinical diagnosis and dynamic monitoring of disease progression. Fourth, therapeutic strategies targeting
GM-EVs are far from mature. Pharmacologically targeted interventions tend to disturb the normal
physiological functions of bacteria. The preparation of specific antibodies faces great technical challenges,
and the clinical safety and efficacy of engineered GM-EV's await further systematic verification.

Future studies should focus on several key priorities to address these limitations. By adopting cutting-edge
technologies, such as single-cell sequencing and nanotechnology, researchers can dissect the compositional
and functional signatures of diverse GM-EV subtypes and clarify the regulatory mechanisms governing GM-
EV heterogeneity, together with their correlations with sepsis severity and patient prognosis. Using research
platforms such as multi-organ chips and animal models, researchers should investigate the integrated
signaling networks and holistic effects responsible for GM-EV-mediated synergistic multi-organ injury to
identify novel therapeutic targets. Moreover, detection methodologies should be refined to develop low-cost,
highly sensitive, rapid, and user-friendly assays that facilitate precise clinical diagnosis and treatment. It is
also necessary to refine targeted intervention strategies and GM-EV engineering and modification
techniques, validate the safety and efficacy of the relevant therapeutic regimens, and accelerate their
translation into clinical practice. Furthermore, exploration of the crosstalk between GM-EVs and other
pathogenic mediators (such as host-derived EVs and inflammatory cytokines) is required to construct a
comprehensive regulatory network of microbe-host interplay, thereby enriching the overall pathological
framework of sepsis.

Conclusion

Current evidence supports an emerging and testable model in which sepsis-associated dysbiosis, intestinal
barrier dysfunction, and altered bacterial extracellular vesicle biology facilitate the release, translocation, and
hepatic exposure of selected GM-EV populations. These vesicles may subsequently amplify hepatic
inflammatory, endothelial, oxidative, metabolic, and cell death pathways, thereby contributing to gut-liver
axis dysfunction and SALI. The relative contribution of GM-EV's has not been fully quantified; however,
their pathophysiological significance lies in serving as upstream, transportable, and potentially targetable
mediators that connect intestinal dysbiosis to hepatocyte injury. Therefore, we believe that GM-EV's
represent a complementary and mechanistically interrelated pathway within the gut-liver axis, rather than an
isolated or dominant mechanism in sepsis-related liver injury. Clarifying the precise contribution of GM-
EVs relative to other determinants and their hierarchical relationships warrants dedicated experimental
studies. Notably, direct clinical evidence linking GM-EV's to SALI remains limited, and several steps of the
proposed pathway warrant validation in sepsis-specific models and clinical settings. Several critical
challenges remain, including unclear regulatory mechanisms of GM-EVs, suboptimal clinical detection
systems, incomplete targeted therapeutic strategies, and substantial obstacles in clinical translation. Future
investigations should further elucidate the complex pathogenic mechanisms of GM-EVs, optimize detection
and intervention techniques, and address bottlenecks in translational research. These efforts will facilitate the
translation of findings on GM-EV's into diagnostic and therapeutic applications for SALI, thereby improving
hepatic outcomes and reducing the disease burden in patients with sepsis.
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