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Abstract

In critical illness, all elements of gut function are perturbed. Dysbiosis develops as the gut microbial community loses
taxonomic diversity and new virulence factors appear. Intestinal permeability increases, allowing for translocation

of bacteria and/or bacterial products. Epithelial function is altered at a cellular level and homeostasis of the epithelial
monolayer is compromised by increased intestinal epithelial cell death and decreased proliferation. Gut immunity

is impaired with simultaneous activation of maladaptive pro- and anti-inflammatory signals leading to both tissue
damage and susceptibility to infections. Additionally, splanchnic vasoconstriction leads to decreased blood flow
with local ischemic changes. Together, these interrelated elements of gastrointestinal dysfunction drive and then
perpetuate multi-organ dysfunction syndrome. Despite the clear importance of maintaining gut homeostasis, there
are very few reliable measures of gut function in critical illness. Further, while multiple therapeutic strategies have
been proposed, most have not been shown to conclusively demonstrate benefit, and care is still largely supportive.
The key role of the gut in critical illness was the subject of the tenth Perioperative Quality Initiative meeting, a confer-
ence to summarize the current state of the literature and identify key knowledge gaps for future study. This review

is the product of that conference.

Key points

+The healthy gut maintains an epithelial barrier that simultaneously cooperates with and contains gut microbes.

« In critical illness, blood is diverted away from the gut, gut integrity is compromised by intestinal epithelial cell
death and failure of intercellular junctions, and the microbial community undergoes taxonomic and functional
remodeling.

- Gut barrier failure leads to translocation of live microbes, microbial components, or microbial products into host
tissues where they elicit local and systemic inflammatory and immune responses.

- Diagnosing gastrointestinal (Gl) failure is challenging due to a lack of gut specific diagnostic tests.

- Therapeutic interventions are in development for nearly all aspects of Gl failure, but none have yet shown effi-
cacy in large clinical trials.
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- Ultimately, there is an urgent need to identify key molecular mechanisms that lead to gut barrier failure, develop
diagnostics to detect their activation, and create therapeutic strategies to counteract them.

Introduction

The gastrointestinal (GI) tract plays an essential role in
both health and critical illness. Crosstalk occurs between
the gut and every major organ system. Consequently,
GI failure is often the first in a cascade of events lead-
ing to multi-organ dysfunction syndrome (MODS). To
summarize what is known and establish future research
directions related to the gut in critical illness, the Perio-
perative Quality Initiative Group convened in Cleveland,
Ohio, on June 24th, 2023. Faculty performed a compre-
hensive literature review, summarized the literature, and
identified key knowledge gaps [1].

The healthy gut

Gastrointestinal tissue

The gastrointestinal tract is composed of the mouth,
esophagus, stomach, small intestine (duodenum, jeju-
num, and ileum), colon (right, transverse, left, and
sigmoid), and rectum. Each of these components has spe-
cialized functions, and contributes to the overall diges-
tive, absorptive, secretory, motility, and barrier functions
of the gut. Intestinal epithelial cells (IEC) lining the gut
perform absorptive, secretory, and barrier functions
while extensive neuromuscular systems are responsible
for motility. Additionally, innate and adaptive immune
cells in the lamina propria support barrier function and
rapidly address any microbial incursions into host tis-
sues. Together, these systems move nutrients and waste
through the GI tract and maintain the gut microbiota in a
commensal state [2].

Microbiota
The normal gastrointestinal tract is home to a large and
diverse microbial community, the gut microbiota. The
gut microbiota is often interchangably referred to as the
gut microbiome, although this second term has several
definitions and is frequently used in the context of gut
microbial ecology [3]. The gut microbiota consists of tril-
lions of bacteria, fungi, archaea, unicellular eukaryotes,
and viruses (primarily bacteriophages infecting bacteria)
that reside within the gut lumen [4]. The focus of this
manuscript is on bacteria due to the wealth of evidence
from patients and pre-clinical models implicating bacte-
ria in gut failure and efforts to target gut bacteria in treat-
ment of critical illness.

The density and complexity of the bacterial community
increases along the GI tract, with the highest absolute

numbers and taxonomic diversity occurring within the
colon [2]. The gut bacteria are highly bioactive and per-
form molecular exchanges among themselves and with
host cells. In healthy states, gut bacteria are critical part-
ners in energy extraction from ingested food, provide or
regulate molecules used in communication between the
gut and other organs, and act as a bulwark against incur-
sions by pathogens [5].

The gut mucosal barrier

In the small and large intestine, a single cell layer of epi-
thelium separates the approximately 40 trillion microbes
residing in the gut lumen from the human host (Fig. 1A)
[6]. Multipotent Lgr-5 expressing stem cells reside near
the base of the intestinal crypt and give rise to daugh-
ter cells that migrate up the crypt. As cells move up the
crypt, they lose the capacity to proliferate and differen-
tiate into absorptive enterocytes (which make up 85%
of the IEC) or secretory cells. The secretory cells then
further differentiate into (a) hormone-producing enter-
oendocrine cells that function in metabolic regulation,
appetite control, intestinal motility and mucosal immu-
nity, (b) mucus-producing goblet cells, or (c) tuft cells
which act as chemosensors and employ taste receptors
to monitor the intestinal lumen [7]. When cells reach the
apex of the crypt/villus, they either die by apoptosis or
are exfoliated whole into the gut lumen. The entire jour-
ney from cell birth through migration and differentia-
tion to death/exfoliation takes 3—5 days. A fourth type of
secretory cell, the Paneth cell, is also present in the small
intestine. These defensin-producing cells are generated
from stem cells like the other IEC but migrate downward
and reside at the crypt base [8].

On the luminal side of the epithelium, an acellular
mucus layer provides physical defense and acts as a habi-
tat for bacteria, providing binding sites and an energy
source to the microbiota [9, 10]. The properties and
thickness of the mucus layer vary along the gut, depend-
ent upon the function of each geographic location and
environmental factors such as diet and signals from the
microbiota [11-13].

Under the mucus layer, the cellular intestinal bar-
rier is precisely regulated to allow paracellular move-
ment of water, solutes and immune modulating factors,
while simultaneously preventing microbes and micro-
bial components from leaving the intestinal lumen and
injuring the host [14]. Permeability can occur via the
transcellular route (movement through cells, mediated
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Fig. 1 The gastrointestinal epithelium in health and disease. A A healthy intestinal barrier consists of intestinal epithelial cells that are constantly
renewed through maturation and migration of multipotent crypt progenitors, and intact junctions that hold epithelial cells in tight apposition.
In contrast, epithelial cell damage, decreased proliferation, and apoptosis combine with failed intercellular junctions to compromise intestinal
barrier integrity and allow bacterial translocation. B The submucosal plexis supplies blood to the gut mucosa. The arrangement of the arterioles
and venules allows for countercurrent exchange of oxygen. Created with BioRender.com

by transmembrane transporters with exquisite sub-
strate specificity) or the paracellular route (between
cells). Paracellular permeability is mediated by the api-
cal tight junction (TJ). Two distinct pathways mediate
T] permeability [15]. The pore pathway is high-capacity,
size, and charge-selective, and only molecules smaller
than 8 angstroms (A) in diameter can pass through.
The claudin family of TJs modulate the pore pathway.
The leak pathway is low-capacity and nonselective, and
larger molecules <100 A diameter can pass through.
Numerous TJs and TJ-associated proteins such as
occludin, zonula occludens (ZO)-1, and junctional
adhesion molecule (JAM)-A mediate the leak path-
way. In addition, the TJ is structurally and functionally
linked to the peri-junctional actin-myosin ring which
is mediated by myosin light chain kinase (MLCK). A
third TJ-independent pathway, the unrestricted path-
way, occurs at sites of epithelial damage and does not
have a size limit [16]. The unrestricted pathway is the
only way in which intact bacteria can cross the intact
epithelial layer other than direct cellular invasion and
transcytosis. In addition to their role in mediating per-
meability, certain tight junction proteins such as occlu-
din and ZO-1 also regulate proliferation and apoptosis
in the gut epithelium [17].

Blood supply and lymphatics

The fore-, mid- and hindgut (roughly the lower third of
the esophagus to the colon) receives its blood supply
from the mesenteric vessels [18]. This is important for
understanding the pathophysiology of gut perfusion dis-
turbances because the areas supplied by mesenteric ves-
sels are compromised early in stress or shock states to
preserve heart—lung-brain circulation.

The main arteries involved in gut blood supply include
the celiac artery, the superior mesenteric artery, and
the inferior mesenteric artery. The celiac artery sup-
plies blood to the stomach, spleen, liver, and parts of
the esophagus and duodenum. The superior mesenteric
artery supplies blood to the small intestine (jejunum and
ileum), cecum, ascending colon, and part of the trans-
verse colon. The inferior mesenteric artery supplies blood
to the descending colon, sigmoid colon, and rectum.

The majority of the blood supply to the gut mucosa
comes from the superior mesenteric artery [19]. This
artery gives rise to smaller branches known as intes-
tinal arteries, which further divide into arterioles and
capillaries that supply the mucosa (Fig. 1B). Within the
connective tissue beneath the mucosa, these arterioles
and capillaries are organized into a specialized network
of blood vessels called the submucosal plexus. Both the
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mucosa and the microvilli, tiny finger-like projections on
the surface of the intestinal epithelial cells, receive their
blood supply from the submucosal plexus. The capillar-
ies and venules in the submucosal plexis are in a looped
counter-current arrangement, similar to that seen in the
kidney. This configuration allows for efficient absorption
of nutrients and exchange of water and electrolytes but
is susceptible to reduced perfusion states. The tip of the
microvilli is always relatively hypoxic compared to the
base, and in reduced perfusion states, oxygen will tend to
move down a gradient from arteriole to venule closer to
the base, thus exacerbating hypoxia at the tip and poten-
tially switching apoptosis to necrosis in epithelial cells.
The capillaries within the mucosa eventually give rise to
small vessels called venules, which join together to form
larger veins. The venous blood from the gut mucosa
drains into the superior mesenteric vein, which then joins
with the splenic vein to form the portal vein. The portal
vein carries nutrient-rich blood from the gut to the liver
for processing and detoxification.

The gut lymphatic system also provides a conduit
between the gut and the rest of the body. In contrast to
the blood circulatory system, the gut lymphatics operate
unidirectionally to transport dietary lipids out of the gut,
return fluid to the bloodstream, and facilitate immune
surveillance of the gut [20]. In the intestine, the lym-
phatic system consists of two non-communicating net-
works, (1) the lymphatics that drain the muscular layer
of the intestine and (2) the lacteals and submucosal lym-
phatics [21]. The lacteals are located in the intestinal vili
and act as lymphatic capillaries that drain into collecting
lymphatics in the intestinal mesentery [20].

The gut in critical illness

The initial triggers of gut failure in critical illness are
often difficult to definitively identify. Damage can origi-
nate in the gut lumen or from sites outside of the gut
and it may result from more than one source. For exam-
ple, heart failure leads to decreased blood flow to the gut
with subsequent mucosal barrier damage and changes in
the gut microbiota [22]. In addition, many of the drugs
used to treat cardiac disease can directly damage the gut
microbiota and impair gut functions [23, 24]. Regard-
less of the initial trigger, common causes of gut failure
in critical illness include compromised GI blood supply,
lymphatic dysfunction, epithelial damage, and alterations
in the gut microbiota.

Blood supply

Splanchnic vasoconstriction is a physiologic response
that occurs to redirect blood flow from the splanchnic or
abdominal organs to other areas of the body, such as the
heart and brain. The splanchnic organs receive 25-30% of
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the overall cardiac output and oxygen delivery at rest, and
this increases considerably after a meal [25, 26]. However,
blood flow is diverted away from the splanchnic organs
by vasoconstriction in stressed states (Fig. 2).

Splanchnic vasoconstriction is primarily regulated by
the sympathetic nervous system. When the body is under
stress, the sympathetic nerves release norepinephrine
which binds to alpha-adrenergic receptors on the smooth
muscle cells of the splanchnic blood vessels. Activation of
the alpha-adrenergic receptors causes the smooth muscle
to contract, leading to vasoconstriction and a decrease in
blood flow to the abdominal organs. This is highly effec-
tive since splanchnic blood vessels are many-fold more
responsive to vasoconstrictors than other, non-splanch-
nic vessels [27, 28].

During hypovolemia or stress, the body initiates a com-
pensatory response to maintain blood pressure and per-
fusion to vital organs. Splanchnic vasoconstriction is part
of this response, as it helps shunt blood away from the
abdominal organs, including the GI tract, and towards
the heart and brain. While splanchnic vasoconstriction is
a normal physiological response, prolonged or excessive
vasoconstriction can have negative effects on the abdom-
inal organs. Reduced blood flow to the intestines, for
example, can lead to ischemia and damage to the intes-
tinal mucosa.

Hemorrhage or hypovolemia from other medical
causes (i.e. diarrhea, burns, emesis, prolonged poor oral
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Fig. 2 Distribution of blood flow in critical illness. During stress states,
such as those found in critical iliness, blood flow is redistributed away
from the gut to favor perfusion of the heart, brain, and lungs. Created
with BioRender.com
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intake, or insensible losses due to “third spacing”) can
also decrease blood flow to the gut. As little as 5% blood
loss (approximately 250 ml in a 70 kg person; the equiv-
alent of donating one unit of blood) can result in gut
mucosal hypoperfusion [29]. Even smaller amounts of
blood loss could also lead to hypoperfusion since changes
in gut mucosal perfusion are detectable in animal models
following as little as 3% blood loss (approximately 150 ml
in a 70 kg subject) using microscopic imaging of the
small bowel mucosa [30]. Monitoring for gut hypoperfu-
sion can be difficult since hemorrhage is only detected
by changes in blood pressure, stroke volume, and car-
diac output when 10-15% of blood volume is lost (covert
compensated shock), even when patients are under gen-
eral anesthesia and closely monitored.

Gut epithelium

Epithelial cells

Multiple elements of gut epithelial integrity are per-
turbed in critical illness. Epithelial cell apoptosis is
increased in septic patients and pre-clinical models of
sepsis, and is exacerbated by aging, alcohol, and cancer in
pre-clinical models [31-34]. Epithelial cell replacement
is also compromised in animal models of critical illness
since proliferation is decreased and migration slowed
[35, 36]. Notably, prevention of gut epithelial apoptosis
prevents sepsis-associated hyperpermeability in pre-
clinical studies [37, 38]. Targeted anti-apoptotic therapy
also improves survival in pre-clinical models of both
Pseudomonas pneumonia and intra-abdominal sepsis,
although the former benefit was lost in septic hosts with
pre-existing cancer [37-41].

Junctions between epithelial cells

Epithelial barrier integrity is also compromised by
changes in the junctions between epithelial cells during
critical illness. Permeability is increased in all interepi-
thelial pathways following critical illness, although this
is best studied in the leak pathway [42-46]. A pilot study
in 21 mechanically ventilated patients demonstrated that
measuring small intestine and whole-gut permeability
using a multisugar test is feasible in the nonfasted state,
although gastroduodenal permeability cannot be meas-
ured reliably [47, 48]. Manipulating intestinal permeabil-
ity by targeting TJs or the perijunctional actin-myosin
ring has been proposed as a method to improve survival
in critical illness. Claudin 2 is upregulated in the intestine
in septic patients compared to those who undergo elec-
tive surgical resection. Additionally, mice with genetic
alterations in claudin 2 have improved survival after pol-
ymicrobial sepsis, associated with preservation of pore
pathway integrity [49]. MLCK and myosin II regulatory
light chain regulate the perijunctional actomyosin ring
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[50, 51]. Mice that are genetically deficient in MLCK have
improved survival after intraabdominal sepsis, although
survival is worsened after Pseudomonas pneumonia
[52-54]. Furthermore, membrane permeant inhibitor
of MLCK (PIK), which reverses MLC phosphorylation,
mitigates tumor necrosis factor alpha (TNFa)-induced
decreases in transepithelial resistance in cell culture and
protects against gut damage in a model of binge ethanol
exposure and burn injury [55, 56]. Paradoxically, PIK
increased mortality in a murine model of polymicrobial
sepsis [57].

Microbiota

Microbes within the gastrointestinal tract can be a pri-
mary cause of gut failure and critical illness or can act
to perpetuate or exacerbate disease after the gut fails.
However, establishing a definitive sequence of events or
pinpointing a specific microbial culprit(s) is often diffi-
cult. This is in part because microbes damaging the GI
tract can originate in or out of the gut and cause dis-
ease through both shared and strain-specific virulence
mechanisms.

Microbial virulence

Gastrointestinal infections with true pathogens can
compromise gut functions, including mucosal barrier
integrity [58]. By definition, true pathogens are acquired
microbes and are likely to cause disease if they obtain
access to the GI tract. These include both bacteria that
initially infect the gastrointestinal tract and those that
infiltrate the body at other sites and migrate to the gas-
trointestinal tract.

Virulence mechanisms can also be activated in nor-
mally commensal gut microbes during critical illness.
Bacteria are exquisitely sensitive to environmental cues
and can initiate new genetic programs within minutes of
detecting changes in resource availability (i.e., iron, phos-
phate, nitrogen, carbohydrates, or oxygen,), signals from
other stressed or damaged bacteria (i.e., acyl-homoserine
lactones or autoinducing peptides), or host signals of
damage or inflammation (i.e., temperature, products of
host cell damage, cytokines, or neurotransmitters) [59—
66]. These new genetic programs often lead to expression
of virulence factors, traits that allow bacteria to adapt
and survive in the altered environment, but that also
damage host tissues, trigger inflammation, and activate
innate and adaptive immunity [67]. Common pheno-
typic changes associated with virulence include produc-
tion of appendages for adhesion and motility, altered
metabolism and production of new metabolites, includ-
ing toxins, and modifications to the cell surface that make
bacteria resistant to environmental stress [68, 69].
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Many of the therapeutic interventions used to treat
patients with critical illness also directly or indirectly
trigger virulence factor expression in bacteria. Mor-
phine acts as a chemoattractant for Pseudomonas aerugi-
nosa and these bacteria increase PA-I lectin expression
in response to the drug [70]. In addition, colonizing
Pseudomonas aeruginosa respond to stress by increas-
ing expression of both the PA-I lectin (an adhesin) and
endotoxin A [71]. Further, surgical stress in pre-clinical
models activates virulence mechanisms in resident E. coli
that allow these bacteria to adhere to intestinal epithe-
lium [72, 73]. While these elegant studies demonstrated
stress-activated virulence in single bacterial strains, there
is increasing appreciation that the entire microbial com-
munity reacts to these same stimuli.

Microbial dysbiosis

Microbial dysbiosis, changes in density, taxonomic com-
position, and/or behavior of microbial communities, is
a consistent feature of critical illness. Overall bacterial
density in rectal swabs at the time of critical care admis-
sion has been shown to be in independent predictor of
extra-intestinal infections [74]. Changes in bacterial com-
munity composition with critical illness were recognized
as early as 1969 when it was reported that the prevalence
of Gram-negative bacilli in the oropharynx increased in
proportion to the clinical severity of illness in hospital-
ized patients [75]. A number of studies have since dem-
onstrated that critically ill patients have dramatic changes
in the taxonomy of their gut bacterial communities (as
well as microbiota in lung, skin, and other body sites),
and that these changes are associated with increased risk
of adverse outcomes [76-80].

Gastrointestinal dysbiosis is of particular interest in
critical illness since the gut harbors the largest, most
diverse, and most biologically active of the resident bac-
terial communities. However, diagnosing dysbiosis in
the gut microbiota is challenging. Technical challenges
in this field include identification of the optimal sample
method, sample site, sample processing, data acquisi-
tion, and data analysis methods [81]. Methods often vary
widely across studies, which has proven to be a challenge
for meta-analysis. Diagnosis based on taxonomy has
proved difficult since there is enormous taxonomic diver-
sity across healthy humans and taxonomic signatures of
disease have varied across studies [82]. Measures of bac-
terial density are often absent in studies of the gut micro-
biota, so it is unclear whether changes in overall bacterial
numbers or numbers of specific bacterial taxa are most
important for patient outcomes. It has also been difficult
to define dysbiosis based on functional changes in the
microbiota since the majority of the genes carried by gut
bacteria have not been annotated. The most consistent
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features of gut microbial dysbiosis across studies have
been collapse of taxonomic diversity and loss of short
chain fatty acid production [83]. Dysbiotic communities
are commonly dominated by Enterobacteriaceae, espe-
cially Proteobacteria [77] However, some studies have
reported dramatic increases in Enterococcus Spp. in criti-
cal illness [84]. In either case, taxa thought to produce
short chain fatty acids are dramatically decreased in the
dysbiotic community.

The causes of gut dysbiosis are complex and multifacto-
rial. Underlying disease processes both within and with-
out the gut can influence the gut bacterial community.
Patients with critical illness also receive many different
types of interventions that directly and indirectly influ-
ence bacteria [85]. In particular, antibiotics and changes
in the type, amount, or delivery method of nutrition can
have profound influences on gut bacteria. Additionally,
bacteria introduced into the gut due to decreased colo-
nization resistance or interventions can cause dysbiosis,
as can changes in innate or adaptive host defenses that
occur in critical illness. For these reasons, it is often
impossible to distinguish which aspects of dysbiosis are
the cause versus the consequence of disease in the gut.

Consequences of Gl tract failure

Microbial translocation

Microbial translocation refers to passage of live microbes,
dead microbes, microbial components, or microbial
products across the gut barrier into host tissues (Fig. 1)
[86]. Translocation can occur due to active virulence
mechanisms that allow bacteria to cross the barrier or
may be passive when barrier failure has already occurred.
For example, production of specialized pili or flagella
allows live bacteria to become motile and move close to
epithelial cells for adhesion or to cross into host tissues
in areas where the mucosal barrier has already failed.
Conversely, areas of severe epithelial damage can allow
bacteria to essentially drift across the barrier. With live
bacteria, adhesion is an early and critical event in translo-
cation since it anchors bacteria in place, leads to physical
damage to host cells, concentrates toxins at cell surfaces,
and activates cellular microbe-associated molecular pat-
tern (MAMP) sensors [87, 88]. After adhesion, bacteria
are able to invade into host cells, translocate across the
epithelial barrier into deeper tissues, or remain in privi-
leged niches that provide access to high levels of nutri-
ents needed for replication [89, 90].

Local response to gut barrier failure

The intestinal barrier consists of physical, biochemi-
cal, and immunological components. When the barrier
is breached, microbes can interact with deeper host tis-
sues including cells of the innate and adaptive immune
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systems. Host defenses are activated by microbial and
host signals and work to contain threats and repair the
intestinal barrier (Fig. 3).

Release of extracellular vesicles

Intestinal epithelial and immune cells utilize chemi-
cal messages and extracellular vesicles (EV) for cell—cell
communication during health and disease states. The
EVs mediate cross-regulation between different cell types
and can have immunostimulatory or immunoregulatory
functions. When the gut mucosal barrier fails, intestinal
epithelial cells release EVs containing molecules that are
typically present in antigen-presenting cells [91]. Intes-
tinal epithelial cell-derived EVs facilitate dendritic cell
activation which in turn, leads to T-cell activation in the
intestinal microenvironment [92]. EVs released by neu-
trophils are rich in matrix metalloprotein 9, which has
been implicated in membrane breakdown. Neutrophil-
derived EVs can also be engulfed by macrophages, where
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they trigger Ca** influx and release of TGF-f, suggesting
an immunomodulatory role for these EVs [93].

Innate immune response

Epithelial cell injury and barrier disruption leads to
activation of neutrophils and macrophages in the
intestinal lamina propria [94]. Neutrophils, the first
responders in any injury, accumulate quickly in the
face of epithelial damage. Their migration across the
endothelial and epithelial barriers is facilitated by selec-
tins, including CD11b/CD18, intercellular adhesion
molecule (ICAM), and vascular cell adhesion molecule
(VCAM) [95, 96]. Once they reach the intestine, neu-
trophils disrupt the apical junctional complex, further
compromising the intestinal barrier [97]. Neutrophils
contain an extensive antimicrobial arsenal that includes
a) Pentraxin 3 contained in specific granules and neu-
trophil extracellular traps, b) elastase (a component
of azurophil granules), and c¢) nicotinamide adenine
dinucleotide phosphate hydrogen (NADPH) oxidase.
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Fig. 3 Consequences of Gl barrier failure. Injury to the Gl tract can occur from intraluminal and extraluminal sources. Regardless of the source

of injury, intestinal epithelial cells and innate and adaptive immune cells in the lamina propria release chemical messages (cytokines, chemokines,
and DAMPs) that act locally and travel through the blood and lymph, resulting in inflammation throughout the Gl system and the entire body.
The numbers in this figure correspond to the potential therapeutic targets, found in Table 2. DAMP, damage-associated molecular pattern; MAMP,
microbe-associated molecular pattern; PMN, polymorphonuclear leukocytes; PRR, pattern recognition receptor. Created with BioRender.com
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Although intended to kill microbes, if dysregulated,
these antimicrobials can exacerbate the pro-inflamma-
tory response and further damage the intestinal epithe-
lium. Thus, neutrophil accumulation is a double-edged
weapon [94, 98].

Innate lymphoid cells (ILC) also react to barrier failure.
These cells originate from common lymphoid progenitor
cells but belong to the innate immune system. Described
as the naive T-cell counterparts of the innate immune sys-
tem, ILCs lack T-cell receptors. These cells are bona fide
tissue-resident cells, as they are produced locally, and are
not constantly replenished by circulating cells [99]. Three
types of ILCs exist, ILC1, ILC2, and ILC3 and all are cru-
cial for microbe sensing, cytokine production, and regu-
lating innate and adaptive immune functions to maintain
homeostasis in the intestinal microenvironment [100].
ILCs respond to cytokines secreted by other immune
cells and secrete cytokines themselves. For example, ILC
and dendritic cells secrete IL-23 in response to epithelial
injury. IL-23 in turn leads to the secretion of IL-17A with
subsequent transcription of G-CSF in the bone marrow.
Further cascading events culminate in the release of addi-
tional neutrophils into circulation [96].

Macrophages are distributed throughout the gut lam-
ina propria, submucosa, and the muscularis externa
where they perform location and context-specific tasks
and restrain inflammatory responses to allow peace-
ful co-existence with gut microbes [101-104]. Intestinal
macrophages are conventionally subdivided into three
subtypes (1) monocyte-derived mature macrophages,
(2) monocyte-derived inflammatory macrophages, and
(3) self-maintaining macrophages. Subtypes 1 and 2
mainly reside in the lamina propria and are regularly
replenished by circulating monocytes. Subtype 3 mac-
rophages mainly reside in muscularis externa. The mono-
cyte derived subtype 1 macrophages provide signals to
intestinal stem cells and help give rise to Paneth cells
and goblet cells [105, 106]. During inflammation and
intestinal barrier dysfunction, monocytes differentiate
into pro-inflammatory macrophages or subtype 2 mac-
rophages to fight invading pathogens and modulate T-cell
responses [107]. Recent evidence suggests that intestinal
macrophage activation during sepsis is dependent upon
intestinal epithelial barrier function [49]. Subtype 3 mac-
rophages reside predominantly in muscularis externa,
and derive either from embryonic precursors or are
monocyte derived [104, 108]. With their proximity to the
muscularis layer, subtype 3 macrophages show functional
similarity to microglia and communicate with the enteric
nervous system, form synapses with myenteric neurons
and influence gut motility [104, 109, 110]. Ultimately, all
three macrophage subtypes may influence gut dysbiosis
and epithelial dysfunction.
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Adaptive immune response

Under steady-state conditions, the gut contains very
few CD4+T cells (T helper or Th cells). However, when
the mucosal barrier fails, the number of CD4+ T cells
increases dramatically [111-113]. This increase is pri-
marily due to rapid recruitment of naive T cells into the
area of the breach followed by expansion and differen-
tiation into mature Th subsets [111]. These subsets are
defined by the specific transcriptional programs that
generate them, cytokines they secrete, and their func-
tions. At least five different types of Th cells have been
described including Th1, Th2, Th17, T follicular helper
cells, and T regulatory cells [114]. Th1 and Th17, in par-
ticular, play important roles in the setting of mucosal
barrier failure. Thl cells secrete interferon gamma
(IEN-y) and interleukin 2 (IL-2) which then stimu-
late cytotoxic CD8+ T cells to neutralize intracellular
pathogens including bacteria and viruses. In addition
to preventing pathogen invasion, Thl cells secrete IL-2
and IL-10, promoting T-regulatory (T-reg) differentia-
tion to counter intestinal inflammation. Th1 cells also
stimulate intestinal stem cell proliferation and facilitate
epithelial restoration [111]. Th17 cells influence the
mucosal inflammatory milieu by secreting cytokines
such as IL-17, IL-22, and IL-26 [115]. IL-17 promotes
the proliferation of intestinal epithelial cells and Immu-
noglobulin A (IgA) secretion to encourage healing in
intestinal injury [115, 116]. IL-17 also counters intes-
tinal inflammation by downregulating chemokines
involved in CD8+ cytotoxic T cell recruitment and
upregulating immunoregulatory M2 macrophages [115,
117]. Th17 cells express chemokine receptor CCR6,
which allows them to migrate to intestinal tissue pre-
senting chemokine CC ligand 20 [115]. Evidence sug-
gests that the differentiation of Th17 cells is regulated
by intestinal microbes and cytokines secreted by other
immune cells.

Dissemination of translocated material

Gut lymphatics

The gut-associated lymphoid tissue (GALT) is a sig-
nificant component of the immune system that plays
a pivotal role in immune surveillance and tolerance to
commensal microorganisms (microbiota) [118]. In sep-
sis, the gut lymphatic vessels play a dual role, they act
as a conduit for the transfer of pathogens from the gut
to distant organs, and they contribute to the systemic
inflammatory response through dissemination of pro-
inflammatory cytokines to other parts of the body [119].
The significance of the gut lymphatics in MODS and
shock pathophysiology has been elegantly reviewed by
Deitch [120].
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Blood circulation

Once pathogens and their products breach the gut bar-
rier, they may be carried in the bloodstream to distant
organs. One of the defining features of sepsis is microvas-
cular dysfunction [121]. The endothelial cells lining blood
vessels become activated and compromised, leading to
increased permeability of the blood vessel walls. This
increased permeability can lead to leakage of fluid and
proteins into the tissues, causing edema and impairing
organ function. Additionally, the dysfunctional endothe-
lial cells can themselves promote formation of micro-
thrombi within blood vessels, further compromising
blood flow and oxygen delivery to organs [122]. Further
discussion of tissue/vascular leak pathophysiology in sep-
sis and septic shock may be found in McMullan et al. and
Dargent et al. [123, 124].

Interplay between gut lymphatics and blood circulation

The relationship between the gut lymphatic system and
the blood circulation in sepsis is both intricate and bidi-
rectional. As gut-derived pathogens and their products
enter the bloodstream, they can interact with circulat-
ing immune cells, triggering an immune response that
can affect both local and distant organs. The systemic
inflammatory response initiated by gut-derived factors
can, in turn, impact gut lymphatic integrity and func-
tion [125]. Inflammation alters the permeability of the
lymphatic vessels, affecting the flow of lymph and poten-
tially leading to lymphatic dysfunction. This dysfunction
can impair clearance of inflammatory mediators and
immune cells, further perpetuating the vicious cycle of
inflammation.

Systemic response to gut barrier failure

Systemic inflammation

Gastrointestinal barrier failure may result in dissemina-
tion of bacteria, bacterial products, soluble molecules,
and non-microbial immunogenic proteins, such as gluten
and casein, from the intestinal lumen into the systemic
circulation. This systemic dissemination of intestinal
content can lead to widespread inflammation and bac-
teremia, both of which may cause or perpetuate MODS
[126]. Bacterial translocation releases MAMPs from the
gut into host tissues. These include lipopolysaccharide
(LPS, also called endotoxin), lipopeptides, and nucleic
acids.

Gut failure can also lead to release of damage-asso-
ciated molecular patterns (DAMPs) from stressed or
dead host cells. DAMPs serve as signals of “danger” and
heighten proinflammatory immune responses. MAMPs
and DAMPs trigger pattern recognition receptors (PRR)
on or within host cells (Table 1). The PRR consist of TLRs,
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Table 1 Innate immune activation in gut barrier failure

PRR target Activated by
TLR2 MAMPs
Gram-positive bacteria lipoteichoic acid
Fungal B-Glucan
Fungal zymosan
DAMPs
Histones
HMBG!
HSPs
TLR4 MAMPs
Gram-negative bacteria LPS
Fungal 3-Glucan
DAMPs
DNA
Mitochondrial DNA
Histones
High mobility group box 1 (HMGB1)
Heat shock proteins (HSPs)
Other TLR groups MAMPs

Bacterial filaments

Mycobacterial lipoarabinomannan
Bacterial triacyl lipoproteins
Bacterial and fungal CpG

Viral ssSRNA

DAMPs

Host RNA and/or DNA

MAMPs

Viral ssRNA

Gram negative bacteria cell wall

NOD-like receptors (NLRs)

Bacterial cell wall muramy! dipeptide

RIG-I-like receptors (RLRs) MAMPs
Viral nucleic acids
C-type lectin receptors (CLRs) MAMPs

Fungal carbohydrates

DAMP, damage associated molecular proteins; LPS, lipopolysaccharide; MAMP,
microbe-associated molecular protein; NOD, nucleotide oligomerization
domain; PRR, pattern recognition receptor; RIG, retinoic acid-inducible gene I;
TLR, toll-like receptor

nucleotide-binding and leucine-rich repeat receptors/
nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-
like receptors (RLRs), and C-type lectin receptors (CLRs)
[127]. PRR activation triggers intracellular signaling cas-
cades that lead to release of cytokines, chemokines, and
hormones that initiate inflammation, activate adaptive
immunity, and activate coagulation [128-131]. Note that
MAMPs and DAMPs can activate multiple PRRs, leading
to multiple activation sites and amplification of MAMP
and DAMP signals [127, 132]
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TLR signaling, the best characterized of the PRR,
is mediated via two main pathways: The myeloid dif-
ferentiation factor 88 (MyD88) pathway and the TIR
domain-containing adaptor inducing IFN-B-mediated
transcription factor (Trif) pathway. (Fig. 4) The MyD88-
dependent pathway is activated by all TLRs, with the
exception of TLR3, and leads to activation of the tran-
scription factor nuclear factor kappa B (NF-kB). NF-kB
activation triggers its translocation to the cell nucleus,
resulting in the upregulation of leukocyte adhesion mole-
cules and cytokines that mediate leukocyte activation and
recruitment [133]. The Trif-dependent signaling pathway
is employed by TLR3 and TLR4 and triggers upregulation
of type I interferon and inflammatory cytokines through
the transcription factor interferon regulatory factor 3
(IRF3) [133]

In parallel to the proinflammatory response, anti-
inflammatory responses are also initiated to prevent
unbalanced overactivation of the immune system and
damage to host tissues. The anti-inflammatory response
is mediated by neuroendocrine and parasympathetic
pathways that down regulate TNFa and IL-6 [134]. These
anti-inflammatory pathways may also be responsible for
enhanced susceptibility to secondary infections in the
later stage of sepsis. Translocated microbes or their com-
ponents clearly influence innate and adaptive immune
activity throughout the body. However, evidence that

TLR1
TLR2
TLR4
TLRS
TLR6
TLR10

MyD88

GRAK 1& 4; TRAF®6; MAP3K7>

upregulation of
proinflammatory
cytokines (TNFa, IL-1)
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bacterial translocation occurs more often in immuno-
compromised individuals argues that these systems also
participate in maintaining the mucosal barrier and the
normal composition of the microbiota [135, 136].

Liver dysfunction

The gut and liver engage in extensive molecular cross-
talk essential for digestion, nutrient metabolism, and
clearance of cell debris and bacterial products [137]. The
interaction is bidirectional since liver disease is often
associated with dysbiosis and in turn, changes in the
composition of the microbiota can negatively affect anti-
tumor mechanisms in the liver [138, 139]. The impact of
the microbiota on the liver is also exemplified by the find-
ing that fecal microbial transfer or transplantation (FMT)
from septic patients caused more severe liver injury in
mice subjected to cecal ligation puncture, compared to
mice receiving FMT from healthy individuals [140]. The
influence of the liver on the gut was demonstrated by a
study showing that hepatic sinusoidal endothelial cells
play an important role in the integrity of the gut-liver
barrier axis [141].

Both cirrhosis and sepsis are characterized by a hyper-
dynamic state with low systemic vascular resistance and
the release of endogenous vasodilators [142]. In both,
changes in intestinal permeability and bacterial translo-
cation promote intra-abdominal hypertension, which in

TLR4

LPS

TLR3
TLR7
TLRS
TLR9
TLR11
TLR12

TICAM1 LA

Cell

.\ Endosome /

IRF3

IRF3

(upregulation of IFN)

Cell

Nucleus

Fig. 4 TLR signaling activated by Gl failure. TLR are responsible for detection of microbial components that cross the gut mucosal barrier into host
tissues. The best characterized of the TLR is TLR4, which senses LPS from Gram negative bacteria. IL-1, interleukin; IFN, interferon; IRAK, IL-1 receptor
associated kinase; IRF3, interferon regulatory factor 3; LPS, lipopolysaccharide; MyD88, myeloid differentiation factor 88; NF-kB, nuclear factor kappa
B; MAP3K7, mitogen-activated protein kinase kinase 7 (also known as TAK1); TIR, toll/interleukin-1 receptor; TLR, toll like receptor; TNFa, tumor
necrosis factor alphal; TICAM1, Toll-IL-1 receptor domain-containing adaptor molecule (also known as TRIF). Created with Biorender.com.
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turn, may lower effective perfusion pressure to the gut
and promote intestinal edema. This may cause intestinal
ischemia as well as increased oxidative stress and inflam-
mation, all of which may further exacerbate intestinal
barrier disruption and failure [143].

Neurologic dysfunction

The brain is commonly affected in septic patients. Sepsis-
induced encephalopathy is the most common presenta-
tion, with signs ranging from mild delirium to coma [144,
145]. As with the liver, communication between the gut
and the central nervous system is bidirectional. In normal
individuals, the central nervous system (CNS) influences
gut-resident immune cells, which in turn, influences the
composition of the microbiota [146]. Likewise, the intes-
tinal microbiota influences the CNS via production of
metabolites, such as short chain fatty acids, that modulate
neuronal inflammation [147]. The microbiota may also
affect blood brain barrier permeability and vagal nerve
activation [148, 149]. In healthy states, gut microbes
produce or metabolize many neurotransmitters or their
precursors. For example, Bifidobacterium and Lactobacil-
lus species normally produce gamma amino butyric acid
(GABA), the main inhibitory neurotransmitter in the
CNS. During sepsis, changes in the gut microbiota also
affect the function of the CNS through alterations in the
abundance or functions of microbes that lead to changes
in the types or amounts of neurotransmitters delivered
from the gut, resulting in altered mental states [150].
Disease-associated gut microbiota also promote neu-
roinflammation due to decreased short chain fatty acid
production [151]. Finally, the immune response to sepsis
is constrained by vagal nerve stimulation (also known as
the cholinergic anti-inflammatory response) [152]. In this
process, stimulation by inflammatory mediators leads
to vagal nerve signaling to the spleen, resulting in the
release of acetylcholine, which in turn, activates choliner-
gic receptors on macrophages, causing them to decrease
the release of pro-inflammatory cytokines [153].

Cardiovascular dysfunction

Sepsis is associated with glycocalyx disruption and
endothelial injury which often results in increased cap-
illary leak and interstitial edema. In addition, sepsis is
often characterized by hypovolemia and hypotension, as
well as decreased vascular tone, which is mainly attrib-
uted to increased levels of nitric oxide and peroxynitrites
[154]. These factors combine to decrease organ perfu-
sion, resulting in inadequate cellular oxygen delivery and
lactic acidosis [126]. This may be further exacerbated by
microcirculatory failure, due to direct effects of inflam-
matory mediators, vasodilation, interstitial edema, and
microthrombi formation [155]. Sepsis also leads to
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myocardial dysfunction due to direct myocardial toxicity
caused by inflammatory mediators [156].

LPS release from the compromised gut

Detection of LPS in host tissues

Over a century of work has defined LPS as a microbe-
derived mediator of critical illness [157]. LPS is a major
component of the Gram-negative bacterial cell wall that
is composed of an oligosaccharide inner and outer core,
a lipid A moiety, and sometimes a polysaccharide O
antigen facing external space. LPS is shed into the envi-
ronment as aggregates and can be strongly immunostim-
ulatory in mammals, triggering endotoxic shock on its
own and contributing to severe infection pathogenesis
[158, 159]. It is such an important indicator of infection
that mammals have evolved at least three LPS detecting
pathways that rely on cellular reception (TLR4/LY96,
BAIl, human CASP 4/5/, and mouse CASP 11/12), and at
least another five based on serum factors that either bind
and neutralize LPS (complement, acyloxyacyl hydrolase,
lactoferrin) or bind and deliver it to TLR4/LY96 com-
plexes (high density lipoprotein binding protein, bacteri-
cidal permeability increasing protein) [160].

A common myth of immunology is that LPS is highly
conserved across large swaths of bacterial species and,
therefore, stimulates LPS detecting pathways to the same
degree regardless of source bacteria. In truth, lipid A and
O antigen configurations are highly variable and fluid,
not just between bacteria species but within them. For
example, Escherichia coli O55:B5, a pathogenic bacte-
rium, maintains a highly immunostimulatory lipid A with
6-acyl chains, and a short O antigen, whereas E. coli K12,
a non-pathogenic bacterium, has no O antigen [161, 162].
Mammals have evolved to readily detect lipid A with five
or more acyl chains, a configuration of lipid A that is very
common in commensal gut bacteria found in humans and
other mammals [163]. O antigen, which can be detected
by complement, and receptors such as CD14 and C-type
lectin-2, has far less immunostimulatory potential. Both
components fulfill important functions including biofilm
formation, protection from environmental insults such
as antibiotics and host antimicrobial peptides, interac-
tions with other bacteria, and stimulation/manipula-
tion or escape from host responses and immune factors
[164—169]. Modification of both O antigens and lipid A
are common bacterial responses to environment changes
such as temperature, sheer, and immunological or chemi-
cal stress [170—174]. Thus, while the effects of LPS and
Gram-negative bacterial leakage from the gut may con-
tribute to broadly similar clinical pathologies, immuno-
logically the host pathways and cells engaged are at least
partially dependent on LPS structure.
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LPS sensitivity and tolerance

Mammals have evolved strongly differing sensitivities
to LPS, and the mechanisms governing these differ-
ing responses are far from clear. (Fig. 5A) Humans are
exquisitely sensitive to very small doses of LPS (2—4 ng/
kg, intravenously) [175]. In contrast, close monkey rela-
tives (baboons and macaques) and mice require at least
100 pg/kg to exhibit similar symptoms [160]. Stimulating
shock with LPS from commensal E. coli in these species
requires a biologically unlikely 6-25 mg/kg dose, com-
pared to a 2-15 pg/kg dose incidentally established in
humans [160]

Physiological and transcriptional responses to LPS are
highly dependent on the location/route of administra-
tion, type of LPS, and other bacterial signals delivered
with LPS. However, these inter-experimental variations
do not explain the stark differences in LPS sensitivity
observed between humans and other species [159, 175].
Importantly, the pattern of LPS sensitivity in mammals
departs from species evolutionary relationships. The only
animals approaching human sensitivity to LPS are rab-
bits, mounting symptoms at roughly tenfold the symp-
tomatic dose for humans [176, 177]. Examination of LPS
detection and response mechanisms in humans, mon-
keys, and mice has provided ample evidence of differ-
ences in LPS sensitivity between humans and their most
common biomedical models [160, 178-183]. This is a
profound problem for development of interventions aim-
ing to sequester or degrade LPS since indicators of LPS
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bioactivity are substantially blunted in pre-clinical ani-
mal models compared to humans. For example, scaling
LPS doses from minimal symptoms to severe infection
in monkeys and mice causes them to bypass hyperdy-
namic phases of sepsis unless the doses are continuously
infused, leading to endotoxic intoxication, as opposed to
severe infection complicated by LPS translocation [159,
184].

Systemic effects of LPS

Systemic effects of LPS include deleterious effects on the
cardiac, pulmonary, hepatic, renal, vascular, and neu-
rological systems as well as the metabolome (Fig. 5B)
[185-197] Crosstalk between organs or cascades of organ
involvement can also influence the severity of disease.
This last concept was illustrated in a piglet model of
acute lung injury in which the investigators perfused only
the ventilated lung or both the lung and liver with LPS.
Interestingly, when both the lung and liver were perfused,
lung injury was much worse than when the lung alone
was perfused [188].

Diagnosing Gl failure

Clinical assessment of Gl function

Diagnosing GI failure in critical illness is challenging due
to the large number of functions that the GI tract per-
forms and the lack of clinically measurable indicators of
GI function. Signs of GI failure are also frequently non-
specific. For example, one of the most common signs of
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GI failure is abdominal distention. Abdominal distention
can be secondary to dilation of intestinal loops caused
by obstruction or paralytic ileus. However, it can also
be caused by peritoneal fluid collection (ascites) or solid
organ tumors.

A number of different techniques have been developed
to assess GI function, although few enjoy widespread use.
Imaging techniques including X-radiography, computed
tomography (CT), ultrasonography, and magnetic reso-
nance imaging (MRI) can differentiate among structural
causes of disease, but they provide no information about
other aspects of GI function such as gut barrier integrity.
Gastric residual volume measurement is commonly used
in conjunction with enteral feeding and is thought to be
an indirect assessment of GI peristalsis [198]. However,
studies have not shown a clear correlation between gas-
tric residual volume and outcomes [199]. Gastric tonom-
etry uses a gastric balloon to measure partial pressure of
CO, (PCO,) and pH in the stomach mucosa [200]. This
technique has largely been abandoned due to complica-
tions associated with the invasive nature and difficulty of
the procedure, the failure of tonometry data to change
outcomes in critically ill patients on meta-analysis, and
the advent of superior tools to assess splanchnic blood
flow [201].

Since no standardized method for daily monitoring of
GI function exists in the ICU, a large international effort
recently proposed a core outcome set for daily moni-
toring of GI function in all critically ill patients. This
involved a modified Delphi consensus as well as a sys-
tematic review of existing parameters in a two stage pro-
cess that involved 181 participants. Out of a toal of 77
potential outcomes, a total of 13 essential outcomes was
proposed for daily monitoring of GI function in future
studies, with a specifically described definition for each
outcome. The effort proposed assessment of the following
outcomes: abdominal distension, bowel dilatation, intra-
abdominal pressure, abdominal pain, stool passage, vom-
iting, GI bleeding (upper and lower), use of parenteral
nutrition due to intolerance of enteral nutrition, proki-
netics, postpyloric feeding due to gastroparesis, lower GI
paralysis, gastroparesis, and intolerance to enteral nutri-
tion. Ideally, this core outcome set and associated defini-
tions will provide a framework to guide future research in
GI dysfunction in all critically ill patients [202].

Assessing the gut microbial barrier

Enterocyte-related biomarkers

Two enterocyte-related biomarkers have been proposed
as measures of gut barrier integrity (1) plasma citrulline,
a marker of functional enterocyte mass, and (2) plasma
or urinary intestinal fatty acid-binding protein (I-FABP),
a marker of enterocyte injury [203, 204]. Citrulline is an
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amino acid that is primarily synthesized by enterocytes,
but not incorporated into proteins [205, 206]. After syn-
thesis, citrulline is released into the portal circulation,
passes through the liver, and then enters systemic circu-
lation. In the kidneys citrulline is converted into arginine,
which is released back into circulation [207]. Therefore,
plasma citrulline concentration reflects the equilibrium
between enterocyte synthesis/release and renal conver-
sion to arginine. In individuals with normal kidney func-
tion, a decrease in plasma citrulline usually reflects a
reduction in intestinal synthesis due to loss of functional
enterocytes [208, 209]. Clinical trials have demonstrated
that decreased plasma citrulline is associated with sepsis,
bacterial translocation (although not with LPS concen-
tration), acute gastrointestinal injury, and higher 28-day
mortality [210-214]. Intestinal fatty acid-binding pro-
tein (I-FABP) is a 14-kD protein that has a role in lipid
absorption in the small intestine [215]. Under normal
conditions, I-FABP is present only within the entero-
cyte cytosol, and detection of it in the plasma or urine is
indicative of intestinal injury [216-219]. I-FABP may be
an early marker for intestinal or mesenteric ischemia and
has been shown to correlate with mortality [220-223].

Both citrulline and I-FABP have shown promise as bio-
markers of intestinal barrier dysfunction in small clinical
trials [214, 224]. However, the largest prospective trial
to date (540 critically ill patients) failed to demonstrate
a correlation between citrulline or I-FABP levels and
higher GI dysfunction score or survival [225]. Further-
more, additional challenges limit use of citrulline and
I-FABP in clinical practice. First, neither plasma citrul-
line nor I-FABP measurements are available in real time
for clinical use. Current assays are time consuming and
not widely clinically available [203]. Second, interpreta-
tion of plasma citrulline levels needs to be considered
in the context of kidney function. Kidney dysfunction
can result in normalization of citrulline concentrations
secondary to decreased conversion to arginine, even if
enterocyte functional mass is low [226]. Alternatively,
citrulline level may be low in glutamine deficiency even
with normal intestinal activity. Lastly, normal threshold
levels for both citrulline and I-FABP have not been deter-
mined [227-229].

Other biomarkers of gut barrier failure

Zonulin is a human protein that was originally identified
in the intestine and shares significant structural similari-
ties with a Vibrio cholera toxin called zonula occludins
toxin (Zot) [230]. Zot acts on tight junctions to increase
epithelial permeability and zonulin has a similar effect
on the intestinal epithelium [231]. Zonulin was initially
thought to be specific to the intestine, but was later dis-
covered to be identical to pre-haptoglobin-2, which
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is synthesized in the liver as part of the acute phase
response [232]. Zonulin dysregulation has been reported
in a wide range of diseases associated with mucosal bar-
rier failure, including sepsis [233-236]. However, data
regarding performance of zonulin as a biomarker in
critical illness remains scarce, and technical problems
have been reported with commercially available zonu-
lin ELISA Kkits [237-240]. Furthermore, increased serum
zonulin has been reported in many conditions associ-
ated with chronic, low grade mucosal barrier damage,
including autoimmune diseases, diabetes, obesity, neu-
rological and cognitive impairments, ageing, and cancer
[240-250].

CD14 is a receptor molecule produced primarily by
macrophages and hepatocytes as part of the innate
immune surveillance for LPS and endotoxemia [251,
252]. Microbial translocation and LPS release from the
gut into deeper tissues leads to activation of the TLR4
complex, which includes CD14 [253, 254]. CD14 is
anchored to myeloid cell membranes and released as
a soluble form (sCD14) when the cells are activated by
LPS [255]. These characteristics have led to the use of
sCD14 as a surrogate marker for bacterial translocation
and gut barrier dysfunction, and even as a potential tar-
get for developing monoclonal antibodies to treat sep-
sis [256, 257]. However, similar to zonulin, elevation of
sCD14 is not specific to gut barrier dysfunction and has
been reported in numerous other conditions includ-
ing autoimmune diseases, consumption of a “western
diet” (higher intake of red meats, sugars, and processed
grains), high alcohol intake, atherosclerosis and meta-
bolic syndrome, neuropsychiatric disorders, cancer, and
HIV infection [258-269].

Therapeutic interventions

Supportive Gl care

Nutrition

Enteral nutrition (EN) is important for recovery of the
damaged gut. However, EN in patients on vasopressors,
a major subset of critically ill patients, remains a topic of
debate. Evidence of this debate permeates the literature
as evidenced by publications entitled “Enteral Nutrition
Can Be Given to Patients on Vasopressors” and “Enteral
Nutrition Should Not Be Given to Patients on Vasopres-
sor Agents” [270-276]. The reality of providing enteral
nutrition to patients on vasopressors is likely rather
nuanced, with a number of factors to consider includ-
ing degree of instability, vasopressor dose, vasopressor
agent(s), route of administration of enteral nutrition (gas-
tric vs. post-pyloric), formulation of enteral nutrition,
amount of enteral nutrition (trophic vs. full feeds), and
likely the underlying disease process.
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Gl perfusion
Gastrointestinal perfusion is vital for delivery of oxygen
and nutrients and removal of toxic metabolic byproducts
from the gut mucosa. As with all organs, oxygen deliv-
ery depends upon arterial oxygen saturation (SaO,) and
hemoglobin levels in the blood, although the gut is far
more tolerant of anemia than many other organs [277].
GI perfusion is dependent on cardiac output, intravas-
cular volume and vascular tone. Ensuring euvolemia can
be clinically challenging since it can be masked by com-
pensatory mechanisms that normalize most commonly
measured hemodynamic variables, including measures
of venous pressure or estimates of capacitance [278]. This
difficulty can be at least partially overcome by fluid chal-
lenge with assessment of dynamic responses, such as the
change in stroke volume. Fluid challenge has been shown
to reduce the incidence of gut mucosal hypoperfusion
in patients undergoing some forms of surgery, although
it does carry a risk of rendering patients moderately
net fluid positive [279]. The gut is much more sensitive
to hypovolemia than other organs such as the heart or
brain. However, excessive fluid administration or fluid
overload can also impair gut mucosal perfusion. This
demonstrates the importance of careful monitoring and
individualized fluid management to prevent fluid over-
load and its negative effects on gut mucosal perfusion.
Vasopressors are often used to maintain blood pressure
and central blood volume in critically ill patients. Prior
to vasopressor administration, it is important to ensure
adequate fluid volume since mild fluid restriction has
been shown to cause worse outcomes than moderately
liberal fluid balance in adult patients after major intra-
cavity surgery [280]. Balancing this are the facts that a)
a fairly robust body of literature suggests that there is
no difference in conservative vs. liberal fluid administra-
tion strategies in critical illness and b) there are many
who believe (with some physiological rationale) that
earlier pressor administration is beneficial. The fluid vs
vasopressor debate is far from settled — for example in a
large retrospective cohort analysis of adults undergoing
major noncardiac surgery, the exclusive use of intraop-
erative phenylephrine was associated with increased risk
of acute kidney injury [281]. The balance between fluid
administration and use of vasoactive agents is more com-
plicated in sepsis and established critically ill patients [28,
282]. However, it is reasonable to assume that restoring
intravascular blood volume should precede the use of
moderate to high dose vasopressors.

Inflammation and immune activation
Local and systemic inflammation and immunity activated
in response to gut barrier failure can in turn perpetuate
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intestinal damage and impair healing. These processes
also impact the gut microbiota and contribute to dysbio-
sis and microbial mechanisms of disease. Thus, treating
inflammation and immunity in critical illnesses can be an
important component of therapy to restore gut homeo-
stasis. However, these types of therapies are not selective
for the gut and should be used with caution in the face of
potential translocation of live microorganisms across the
gut barrier.

Pattern recognition receptor (PRR) blockade

The goal of PRR-targeted therapies is to inhibit PRR
activation or intracellular signaling pathways and limit
inflammatory cytokine release (Table 2). One target for
this type of therapy is triggering receptors expressed on
myeloid cells (TREM-1), a PRR expressed on the surface
of circulating neutrophils and monocytes. Many DAMPs
bind to TREM-1, including nuclear proteins of leuko-
cytes, Hsp70, and actin. Potential TREM-1 related diag-
nostics and therapeutics include a) soluble TREM-1, a
cleaved form of TREM-1 that is increased during sepsis
and thought to be a prognostic indicator of sepsis sever-
ity, b) LP17 which is a direct competitive inhibitor to the
TREM-1 receptor, and c) a decoy receptor for TREM-1
[283]. Among the most interesting anti-TREM-1 thera-
peutics is nangibotide (also known as LR12), which has
undergone both phase 2a and phase 2b (ASTONISH) tri-
als for use in patients with septic shock [284-286]. Nan-
gibotide is a 12 amino acid peptide that acts as a decoy
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receptor and binds the TREM-1 ligand [287]. Preclinical
results with nangibotide were very promising and early
trials suggested that it was safe in patients [284, 285, 287].
However, a recent phase 2b trial failed to achieve the
primary outcome of improvement in Sequential Organ
Failure Assessment (SOFA) score across all patients,
although there was clinically relevant improvement in
SOFA score of patients with higher soluble TREM-1 lev-
els [286]

Decreasing cytokine production or blocking function
Cytokines are small proteins (mostly <40 kDa) that are
passed between host cells to coordinate responses to cell
damage or infection. They are a subject of great interest
in sepsis and other systemic inflammatory diseases since
they regulate inflammatory and immune responses and
are often dysregulated in critically ill patients. In fact,
the term “cytokine storm” is used to refer to the massive
increase in proinflammatory cytokine levels commonly
seen in critically ill patients [288].

Cytokine production and release can be suppressed
using drugs that somewhat non-specifically affect the
cellular cytokine production pathways, such as corticos-
teroids [289]. Another drug in this group is recombinant
human activated protein C, which inhibits the release of
cytokines including IL-1p and IL-6 and is anti-apoptotic
[290]. These have had different efficacy in clinical tri-
als. The majority of studies on human activated protein
C failed to show an improvement in survival [290-292].

Table 2 Potential therapeutic targets for the gut-sepsis “motor” [corresponds to the numbers found in Fig. 4]

Location Specific target

Examples

1. Mucosal Barrier Commensal microbiota

Mucins, defensins, antimicrobial peptides

2. Tight Junctions
ecules

Intracellular zonula occludens

3. Pattern Recognition Receptors Toll-Like Receptors

Triggering receptors expressed on myeloid cells

4. Intracellular Signaling
NET

JAK

STAT

GPCR
MAMPs, LPS
Cytokines

5. Nuclear Transcription

6. Blood

Complement
Coagulation cascade

Extracellular occludins, claudins and junctional adhesive mol-

NF-kB signaling pathway

Probiotics, FMT, Nutrition
Brilacidin [343, 344]

Cholecystokinin

Myosin light chain kinase
Growth arrest-specific protein 6
Emodin

Berberine

Nangibotide
Soluble TREM-1

Corticosteroids
Ethyl pyruvate

Jakinibs

STAT3 inibitors

SPMs

Blood Purification:
Polymethylmethacrylate
Polymyxin B

C5a receptor antagonist
Recombinant activated protein C

GPCR, G-protein coupled receptors; JAK, Janus kinase; LPS, lipopolysaccharide; MAMP, microbe-associated molecular pattern; NET, neutrophil extracellular trap; SPM,
specialized pro-resolving mediators; STAT, signal transducer and activator of transcription; TREM, Triggering receptors expressed on myeloid cells
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In contrast, corticosteroids have been shown to improve
survival in both randomized controlled studies and meta-
analyses in septic shock (and more recently community
acquired pneumonia), and are recommend by interna-
tional consensus guidelines [293-299]. Janus kinases
(JAK) are involved in intracellular signaling pathways
that touch more than 50 cytokines and growth factors
[300]. Drugs targeting JAKs decrease the expression
of cytokines implicated in sepsis including TNF-a and
IL-6, so they may be useful in sepsis [301]. However,
rebound release can occur once JAK inhibitors are dis-
continued and chronic use is associated with increased
risk of infection [300]. Finally, several monoclonal anti-
bodies that directly target cytokines have been tested
in septic patients [302]. Tumor necrosis factor alpha is
among the most thoroughly studied of the sepsis-asso-
ciated cytokines and has been implicated in many of the
systemic signs of sepsis [303]. For this reason anti-TNF
agents have been tested in septic patients over at least 15
clinical trials [304, 305]. While results from these trials
have not been encouraging for anti-TNF efficacy, meta-
analysis suggested that further studies may be warranted
[305].

Manipulating the cellular components of inflammation

and immunity

Innate immune cells such as neutrophils and mac-
rophages as well as adaptive immune cells such as B- and
T-cells play many important roles in both resolving and
perpetuating critical illness. These cells produce and
respond to many of the signals already defined as poten-
tial therapeutic targets. However, they also have unique
features that are being exploited for therapy. For example,
Gi-coupled G-protein coupled receptors (GPCRs) are a
family of cell surface receptors on phagocytes and lym-
phocytes that mediate directional migration. Blocking
these GPCRs can prevent accumulation and activation
of leukocytes, reducing inflammation and cell damage
[306]. Conversely, stimulating phagocytes with cytokines
such as IFN-y, IL-7, and IL-15 can increase phagocyto-
sis and killing capacity of these cells. Finally, increased
leukocyte recruitment and bacterial clearance have been
reported with use of the SIRT1 inhibitor, EX-527, in a
model of abdominal sepsis [307].

Gut mucosal barrier

Treatments that restore the gut barrier and prevent bac-
terial translocation have the potential to remove under-
lying causes of infection, inflammation, and immune
activation in critical illness [308]. The majority of thera-
pies in this space are related to restoring or reinforcing
junctions between epithelial cells. One of the most inter-
esting of the junction-targeting drugs is larazotide acetate

Page 16 of 27

(LA; AT-1001), a single-chain eight amino acid (peptide)
zonulin antagonist [309]. LA is thought to act via com-
petitive inhibition of zonulin, preventing its binding to
target receptors [236, 309, 310]. Additionally, LA appears
to promote tight junction assembly via rearrangement
of actin myofilaments and stabilization of tight junction
structure [311]. One of the most useful aspects of LA is
that it is not systemically absorbed, so its effect can be
limited to the GI tract, potentially reducing systemic
toxicity. LA has been shown to restore intestinal barrier
function in patients with celiac disease and in preclinical
models of intestinal injury [311, 312]. LA was also tested
in a small number of children with multi-system inflam-
matory syndrome due to SARS-CoV-2 where it appeared
safe and improved time to resolution of GI symptoms
[313]. However, a recent large phase 3 clinical trial for
this drug in celiac disease was halted due to disappoint-
ing results [314].

Microbes or their components

Probiotics

Probiotics are live microorganisms that are introduced
into the body with the intent that they provide a health
benefit to the host. In contrast, prebiotics are non-digest-
ible nutrients that stimulate commensal bacterial growth,
while synbiotics combine probiotics and prebiotics. Of
these, probiotics have been studied in significantly more
detail in critical illness than prebiotics or synbiotics.
The largest study of probiotics examined 2653 patients
requiring mechanical ventilation for greater than 72 h
in 44 ICUs that were given Lactobacillus rhamnosus GG
[315]. No difference was noted in the primary outcome
of ventilatory associated pneumonia and/or 20 other
pre-specified secondary outcomes. Additionally, there
were potentially some safety concerns as 15 patients
in the experimental group had the probiotic organism
present in a sterile site or as the predominant organism
in a non-sterile site compared to a single patient in the
control group. The largest meta-analysis on probiotics
in critical illness included 65 randomized controlled tri-
als with 8,483 patients [316]. The analysis demonstrated
that probiotics may reduce the risk of ventilator-associ-
ated pneumonia, healthcare-associated pneumonia, ICU
length of stay, hospital length of stay and duration of
invasive mechanical ventilation (all with low certainty).
However, post-hoc sensitivity analyses without high risk
of bias studies negated the beneficial effect of probiot-
ics on nearly all outcomes including mortality (moder-
ate certainty). Similar findings were reported in a 2024
meta-analysis of probiotics and synbiotics in critical ill-
ness, that found decreased risk of ventilator associated
pneumonia and length of mechanical ventilation without
a change in hospital mortality [317].
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Fecal microbial transplantation (FMT)

FMT is the transfer of an entire intestinal microbial
community from a healthy donor to a diseased recipi-
ent. There have been numerous successful uses of FMT,
most notably for recurrent Clostridia difficile colitis, for
which the FDA recently approved its first fecal microbi-
ota product [318-320]. There are, however, many barri-
ers to using FMT in the ICU. The majority of critically
ill patients receive antibiotics, and initiation or continu-
ation of antibiotics will almost certainly alter the micro-
biome after FMT. As such, there must be a commitment
to stopping antibiotics prior to FMT, which is frequently
difficult to do in the ICU setting. In addition, the impact
of giving bacteria to a patient with an already altered
microbiome or damaged mucosal barrier is unknown,
especially considering that many patients in the ICU are
immunosuppressed. Further, rare reports of drug resist-
ant bacteremia have been described following FMT, rais-
ing safety concerns [321]. Despite these well-deserved
cautionary tales, FMT has proven to be successful in the
ICU in select cases, although its use should be considered
experimental [322, 323].

Selective digestive tract decontamination

In contrast to probiotics and FMT which are intended
to increase the “good” bacteria in the host (understand-
ing that bacteria are not inherently good or bad), selec-
tive decontamination of the digestive tract (SDD) aims
to prevent or eradicate oropharyngeal and intestinal
carriage of pathogens without adversely impacting the
remaining microbiome of the patient or the entire ICU.
Despite its relatively low usage worldwide, the data sup-
porting SDD are compelling. A 2021 meta-analysis of
41 trials with over 11,000 patients on mechanical venti-
lation demonstrated decreased mortality with an odds
ratio of 0.84 (95% CI 0.73 to 0.96), translating to 48 fewer
deaths per 1000 patients. SDD also drastically reduced
respiratory tract infections with an odds ratio of 0.43
(95% CI — 0.35 to 0.53), translating to 238 fewer infec-
tions per 1000 patients [324]. Although this sounds quite
impressive, nearly all studies were performed in a single
country with low baseline antimicrobial resistance. Two
subsequent trials have partially clarified the role of SDD.
A study of 8,665 patients receiving mechanical ventila-
tion in ICUs with moderate to high risk of antimicrobial
resistance demonstrated no difference between SDD, oral
decontamination, or chlorhexidine mouthwash for either
ICU-acquired bacteremia with resistant Gram-negative
infections (primary outcome) or mortality (second-
ary outcome) [325]. Further, a study randomizing 5,982
patients on mechanical ventilation to SDD or standard
of care demonstrated no difference in mortality (pri-
mary outcome) or the proportion of antibiotic resistant
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organisms [326]. While an updated meta-analysis of 32
randomized trials including 24,389 patients showed SDD
was associated with lower mortality, it should be noted
that the vast majority of positive trials were published
well over a decade ago and are in settings with low anti-
microbial resistance [327].

Extracorporeal blood purification

Extracorporeal blood purification (EBP) therapies can be
used to clear microbes or microbial components from the
bloodstream [193]. While EBP therapies are often utilized
in-line with kidney replacement therapy, these modalities
can also be used on their own, although they do require
vascular access. EBP can be performed via hemadsorp-
tion or plasmadsorption, depending on the modality and
is selected based on the patient’s clinical need. Adsorp-
tive extracorporeal therapies impact immune dysfunc-
tion via non-selective removal of cytokines, pathogens,
endotoxin, and inflammatory factors. While adsorptive
EBP therapies are neither commonly used, nor approved,
in the United States, they are more widely used in Europe
and Asia. EBP for LPS removal has been used clinically in
Asia for several decades and has also recently been used
successfully in neonates [328-330]. The EUPHRATES
randomized control trial did not demonstrate improve-
ment in 28-day survival from hemadsorption EBP in
patients with septic shock and elevated LPS levels [331].
However, a post hoc analysis evaluating the efficacy in
patients without extremely high serum levels of LPS did
demonstrate benefit in survival and mean arterial blood
pressure in treated patients compared to sham controls
[332].

Antibiotics, vaccines, immunoglobulin, and monoclonal
antibodies

Antimicrobial therapies may be of use in gut failure to
manipulate dysbiosis or address translocation of live
microbes out of the gut and into host tissues where they
cause local or systemic infections. While early treatment
with antibiotics remains the mainstay of treatment for
bacterial infection, the growing problem of antibiotic
resistance, and the paucity of new, effective antimicrobial
agents, has led researchers to look for additional thera-
pies [333]. Targets for bacterial vaccine development
have generally been those that are surface accessible and
crucial for disease, such as LPS [334]. Polyvalent vaccines
have also been used to generate hyperimmune plasma
enriched in antibodies against specific bacterial sero-
types contained in the vaccines [335]. Monoclonal anti-
bodies, especially recombinant monoclonal antibodies,
are a more modern version of vaccination and hyperim-
mune serum [336]. Monoclonal antibodies against viru-
lence factors such as adhesins, bacterial outer membrane
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proteins or biofilms, and antibodies that enhance bac-
terial killing via complement activation or phagocytic
opsonization are currently in development [89, 337-341].
Monoclonal antibodies can also be conjugated to drugs,
including antibiotics, to facilitate targeted delivery and
minimize side effects [342].

Critical research needs
In the course of the POQI conference and literature
review, three critical questions were identified that must
be answered in order to effectively treat patients with gut
failure and critical illness.

How does the gut drive multiple organ dysfunction?

GI failure is thought to allow microbial contents of the
gut to leak into host tissues, resulting in tissue dam-
age, inflammation, and immune activation. While this is
undoubtedly true, it has become clear that the specific
nature of the gut content influences both the risk of fail-
ure and how disease develops after the barrier fails. It is
also clear that the precise nature of barrier failure and its
potential for repair depend on host factors that we do not
yet understand. Mechanisms underlying loss of microbial
diversity, induction of virulence factors, crosstalk among
microbes and between microbes and host cells, as well
as host responses to altered or uncontained microbiota
are but a few of the knowledge gaps that require future
research. Identifying which tight junctions mediate pore
and leak permeability in critical illness and mechanisms
responsible for their upregulation and downregulation
is also a high priority. Finally, delineating mechanisms
responsible for both gut epithelial and immune dysregu-
lation is vital to understanding how the gut is dysregu-
lated in critical illness [345].

How can we monitor the gut in critical illness?

In critical care, monitoring the gut currently involves
measures of pain, abdominal distention, stool output,
gastric residual volume, intraabdominal pressure, and
organ integrity. Unfortunately, many of these measures
are non-specific and their correlation to patient outcome
is unclear. The GI dysfunction score has been proposed
as a method of improving prognostication over the SOFA
score but this needs validation [225, 346]. Further, new
technologies that allow for real-time assessment of gut
dysfunction and mucosal barrier failure are needed for
development and application of therapeutic interventions
that change patient outcomes. Future efforts should also
prioritize rapid assessment of the microbiome, in addi-
tion to determining which components of the gut lumen
to measure and where to measure them.
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How do we target the gut to restore vital functions

and reverse multiple organ dysfunction?

Novel strategies for preventing or treating gut failure in
critical illness should consider both the host and micro-
bial components of the gut. While multiple methods
of targeting the microbiome are currently used, none
has been convincingly shown to improve outcomes in a
generalizable manner. Future research requires a move
towards precision medicine where specific alterations
in a patient’s microbiome can be targeted with the best
approach at the best time as opposed to a “one size fits
all” For example, instead of giving a standing dose of pro-
biotics, independent of patient-specific factors including
whether the microbes given are even altered in a given
host, targeting specific microbes that are altered specifi-
cally when they are altered may yield improved outcomes.
Similarly, rather than giving an entire new microbiota via
FMT, a more targeted approach may be beneficial. How-
ever, this would require both assessment of the micro-
biome in patients and clinical trials to determine best
approaches. New therapeutics should also be developed
to improve barrier function, decrease intestinal epithelial
cell apoptosis, restore mucus, and control inflammation.
Further, large randomized controlled trials are needed
to investigate the use of enteral nutrition in patients on
vasopressors and to determine which pressors are most
likely to preserve intestinal blood flow in a clinically sig-
nificant manner. Finally and most importantly, it is cru-
cial that future studies determine the impact of targeting
the gut on patient-centric outcomes including (but not
limited to) survival, length of mechanical ventilation,
and long-term quality of life. While there are published
data on some of these outcomes on specific interventions
(such as SDD), there is an overall paucity of evidence on
the majority of these. While studies examining physiol-
ogy and biochemical outcomes are assuredly important,
clinical practice will only be changed by demonstrating
changes in outcomes that are important to patients.

Summary

In critical illness, GI dysfunction is often the first event
in a cascade that culminates in MODS and death. In
addition, once MODS develops, the gut is continuously
injured by a combination of factors intrinsic to critical
illness (dysbiosis, ischemia, etc.) and unintended conse-
quences of interventions not aimed at the gut but that
injure components of the gut (proton pump inhibitors,
antibiotics, opioids, etc.). Methods to detect gut failure
and interventions that restore its functions and/or pro-
tect other organs from metabolic and microbial conse-
quences of failure are urgently needed and represent an
attractive future state in critical illness.
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