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Abstract

Background: Sepsis-associated encephalopathy (SAE) is among the most frequent neurolog-
ical complications of sepsis, contributing independently to mortality, prolonged mechanical 
ventilation and intensive care unit stay and long-term cognitive disability. The gut–brain axis 
has been proposed as a key mediator, through dysbiosis, intestinal barrier failure, bacterial 
translocation and neuroinflammation. This review synthesises the evidence on this axis in 
SAE and appraises whether nutritional and microbiome-directed strategies can be regarded 
as modulators of it, or should be framed as a testable hypothesis. Methods: A narrative 
review was conducted and reported according to the SANRA criteria. PubMed/MEDLINE, 
Scopus and Web of Science were searched from inception to September 2026 for preclin-
ical and clinical studies on gut microbiota, intestinal permeability, neuroinflammation, 
blood–brain barrier dysfunction and nutritional or microbiome-directed strategies in sepsis. 
Results: Four communication pathways are described: neural (vagal), immune/humoral, 
metabolic (short-chain fatty acids, tryptophan-derived indoles, host kynurenines) and 
neuroendocrine. Evidence that nutritional or microbiome-directed interventions act on 
them is almost entirely preclinical and derives from rodent models of limited translational 
validity. Randomised trials of feeding route and dose, immunonutrients and probiotics 
were designed around mortality, infection and respiratory outcomes—endpoints of the 
gut–immune and gut–lung axes—and, apart from one negative cognitive follow-up in acute 
lung injury, none has reported SAE, delirium or cognition. This is an absence of evidence 
rather than heterogeneous evidence. Conversely, microbial composition and metabolites are 
emerging as candidate predictors of SAE and intensive care unit delirium. Conclusions: The 
gut–brain axis in SAE remains an unproven hypothesis. Nutrition should be regarded as a bi-
ologically plausible but untested modulator rather than an established therapy. Prospective 
studies with standardised neurological endpoints, and microbiota-based risk stratification, 
are required before any gut-directed intervention can be recommended for brain protection 
in sepsis.
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1. Introduction
Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated 

host response to infection [1]. Among the organs affected, the brain is often the first to fail: 
sepsis-associated encephalopathy (SAE) is a diffuse cerebral dysfunction that occurs in 
the absence of direct central nervous system (CNS) infection, structural lesions or other 
identifiable causes of encephalopathy [2,3]. Clinically, SAE ranges from subtle alterations 
of attention and sickness behaviour to delirium and deep coma, and its severity correlates 
with short-term mortality [3,4]. Beyond the acute phase, sepsis survivors show a substan-
tially increased risk of new, persistent cognitive impairment and functional disability [5,6], 
with neuroimaging and electrophysiological correlates such as hippocampal atrophy and 
electroencephalographic slowing [7].

Despite its clinical relevance, no specific therapy for SAE exists, and management 
remains limited to control of the infectious source, hemodynamic and metabolic support, 
minimisation of iatrogenic and deliriogenic factors, implementation of non-pharmacological 
delirium-prevention bundles and avoidance of neurotoxic drugs and modifiable risk 
factors [3,8,9]. Therefore, there is a strong rationale for identifying upstream mechanisms 
that are both pathophysiologically relevant and amenable to intervention at the bedside.

The gut has long been considered the “motor” of multiple organ dysfunction in critical 
illness [10], although, as discussed in Section 4.1, this remains a hypothesis rather than 
a demonstrated mechanism. In sepsis, intestinal hypoperfusion, epithelial apoptosis, loss 
of tight-junction integrity, impaired mucosal immunity and profound remodelling of the 
microbial community converge to produce what has recently been conceptualised as “gut 
failure” [11,12]. In parallel, research on the microbiota–gut–brain axis (MGBA) has shown 
that intestinal microbes and their metabolites regulate microglial maturation, blood–brain 
barrier (BBB) permeability, neurotransmission and behaviour [13]. The convergence of 
these two fields has generated the hypothesis that sepsis-induced gut dysfunction is not 
only a bystander but an active contributor to brain injury [14–16].

Nutrition is intimately linked to both sides of this axis. Luminal nutrients sustain ente-
rocyte and colonocyte function, shape microbial ecology and determine the production of 
neuroactive metabolites, while the metabolic state induced by feeding (glycaemia, electrolyte 
balance, micronutrient availability) directly affects neuronal function [11,17]. Yet, nutri-
tional guidelines for critically ill patients are designed around global outcomes such as mor-
tality, infections and length of stay, and do not specifically address brain protection [18,19]; 
as detailed in Section 6.1, the outcomes these trials measured belong primarily to the 
gut–immune and gut–lung axes rather than to the gut–brain axis.

The aim of this narrative review is to summarise current knowledge on the gut–brain 
axis in SAE, to examine critically how nutritional strategies and microbiome-targeted thera-
pies have been proposed to modulate this axis, to review the emerging use of microbiota-
derived signatures for the prediction of SAE, and to identify knowledge gaps and research 
priorities. Attention is given to patients with sepsis of abdominal origin, in whom the gut 
is simultaneously the source of infection, the site of surgical injury and the main target 
of nutritional therapy; the limited population-specific evidence available for this group is 
stated explicitly throughout, and the clinical implications are presented as hypotheses in 
Section 9.2.

2. Methods
This narrative review was conducted and reported following the criteria of the Scale 

for the Assessment of Narrative Review Articles (SANRA) [20]. A literature search was 
performed in PubMed/MEDLINE, Scopus and Web of Science from inception to Septem-
ber 2026, using combinations of the following terms: “sepsis-associated encephalopathy”, 
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“septic encephalopathy”, “sepsis-associated delirium”, “gut–brain axis”, “microbiota”, 
“dysbiosis”, “intestinal barrier”, “short-chain fatty acids”, “tryptophan”, “vagus nerve”, 
“enteral nutrition”, “parenteral nutrition”, “probiotics”, “synbiotics”, “fecal microbiota 
transplantation”, “selective digestive decontamination”, “hepatic encephalopathy”, “ma-
chine learning” and “prediction model”. The reference lists of relevant reviews and inter-
national guidelines were hand-searched, and ClinicalTrials.gov was queried for ongoing
interventional studies.

To make the search reproducible, the complete Boolean strings run in each database, 
together with the date on which they were last executed, are reported in Appendix A. 
Eighty-three publications are cited in this review. Consistent with the narrative design 
and with SANRA, selection was purposive rather than exhaustive: records were screened 
for relevance against the eligibility criteria below by a single author, screening was not 
duplicated, no review protocol was registered or published, and no formal risk-of-bias 
assessment or quantitative synthesis was undertaken. For the same reason a PRISMA-style 
record flow (numbers of records identified, screened, excluded and assessed in full text) 
was not prospectively recorded and is therefore not reported; we have preferred to state 
this explicitly rather than reconstruct counts retrospectively. These methodological choices 
are those of a narrative, not a systematic, review, and are restated among the limitations in 
Section 10.

Articles published in English were considered eligible if they reported (i) clinical or 
epidemiological data on SAE or sepsis-associated delirium; (ii) mechanistic experimental 
data on the relationship between the gut, its microbiota or its metabolites and brain dys-
function in sepsis; (iii) studies evaluating microbial, metabolomic or clinical predictors of 
SAE or intensive care unit delirium; or (iv) randomized trials, meta-analyses or guidelines 
on nutritional or microbiome-directed interventions in sepsis and critical illness. Priority 
was given to original research articles, in particular to randomised controlled trials, inter-
national guidelines and experimental studies testing causality (e.g., microbiota transfer, 
gene or receptor inhibition, metabolite supplementation); review articles are cited only 
where a broad synthesis is required and not in support of specific experimental findings, 
mechanistic steps, animal models, biomarkers or trial results, for which the primary sources 
are now cited throughout. Case reports were considered only when no higher-level evidence 
was available. Given the heterogeneity of study designs, populations and outcomes, the 
evidence is presented descriptively, explicitly distinguishing preclinical from clinical data, 
and—within the preclinical literature—endotoxaemia models from polymicrobial sepsis 
models (Section 5.6).

During the preparation of this manuscript, the authors used a generative artificial 
intelligence tool (Claude Opus 5.5) to support literature retrieval, drafting and language 
editing. The authors have reviewed and edited the output and take full responsibility for 
the content of this publication.

3. Sepsis-Associated Encephalopathy: Clinical Spectrum 
and Pathophysiology
3.1. Definition, Diagnosis and Outcomes

SAE is a diagnosis of exclusion that requires ruling out CNS infection, structural 
brain lesions, drug-induced encephalopathy, non-convulsive status epilepticus and specific 
metabolic causes such as hepatic or uremic encephalopathy [2,3]. In clinical practice, SAE is 
usually operationalized as a Glasgow Coma Scale score below 15 or the presence of delirium 
detected with validated tools such as the Confusion Assessment Method for the Intensive 
Care Unit (CAM-ICU) [9,21]. Electroencephalography, neuroimaging and biomarkers 
of neuronal and glial injury may support the diagnosis and prognostication, but none is 
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specific [3,4]. Magnetic resonance imaging may reveal ischaemic lesions and white matter 
abnormalities, particularly in patients with septic shock [22].

SAE affects up to 70% of septic patients depending on the definition and population, 
and even mild impairments in consciousness are independently associated with increased 
mortality [2,3]. In a large single-centre cohort of elderly septic patients, SAE occurred in 
48.7% and was associated with a more than twofold higher mortality than sepsis without 
encephalopathy (28.8% vs. 12.6%) [23]. Beyond mortality, SAE is associated with a longer 
duration of mechanical ventilation and with prolonged intensive care unit and hospital 
length of stay [24], which is why these outcomes are mentioned in the Abstract. In survivors, 
severe sepsis is associated with a markedly increased risk of long-term cognitive impairment 
and functional disability [5], and longer duration of delirium during critical illness predicts 
worse global cognition at 3 and 12 months [6]. Importantly, several factors contributing to 
SAE are potentially modifiable, including acute kidney injury, dysglycemia, hypercapnia, 
hypernatremia and specific pathogens such as Staphylococcus aureus [8].

3.2. Core Pathophysiological Mechanisms
The pathophysiology of SAE is multifactorial and incompletely understood [4,16]. 

Systemic inflammation is transmitted to the brain through circumventricular organs lacking 
a complete BBB, through activation of cerebral endothelial cells, and through afferent vagal 
fibres that sense peripheral cytokines [2,25]. Endothelial activation and disruption of tight 
junctions increase BBB permeability, allowing inflammatory mediators, leukocytes and 
neurotoxic molecules to enter the brain parenchyma [4]. Microglia and astrocytes become 
activated and amplify neuroinflammation; in experimental sepsis, myeloid inflammation of 
the CNS may persist long after resolution of the infection, providing a plausible substrate 
for long-term cognitive decline [26].

Additional mechanisms include mitochondrial dysfunction and oxidative stress, al-
terations in cholinergic, dopaminergic, GABAergic and glutamatergic neurotransmission, 
impaired cerebral autoregulation and microcirculatory dysfunction, and accumulation of 
neurotoxic metabolites secondary to hepatic and renal dysfunction [15,16]. It should be 
emphasised that these mechanisms are not specific to signals arising from the gut: systemic 
inflammation of any origin, as well as dysfunction of the heart, liver, kidney and lung, can 
drive each of them. This point is returned to in Section 6.1, because it limits the inference 
that can be drawn when a gut-directed intervention improves neurological outcomes in 
animal models. As discussed below, virtually all these mechanisms can be influenced by 
signals originating from the gut.

4. The Gut in Sepsis: From Barrier Failure to Dysbiosis
4.1. Intestinal Barrier Failure and Translocation

The intestinal barrier comprises the mucus layer, the epithelial monolayer sealed by 
tight junctions, the gut-associated lymphoid tissue (GALT) and the commensal microbiota. 
In sepsis, splanchnic vasoconstriction and redistribution of blood flow expose the mucosa 
to hypoperfusion and ischaemia–reperfusion injury; epithelial apoptosis increases, pro-
liferation decreases and tight-junction proteins are dysregulated [10,12]. The resulting 
hyperpermeability allows translocation of live bacteria, pathogen-associated molecular 
patterns (PAMPs) such as lipopolysaccharide (LPS), and damage-associated molecular 
patterns (DAMPs) into the mesenteric lymph and portal circulation, sustaining systemic 
inflammation [11,12]. Loss of barrier integrity can be probed clinically with circulating 
markers such as D-lactate—a stereoisomer produced almost exclusively by intestinal bac-
teria and poorly metabolised by human tissue—together with endotoxin and diamine 
oxidase; these are the gut-barrier read-outs used in ongoing studies of intensive care unit 
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delirium [27,28]. The intestinal immune compartment is simultaneously activated and sup-
pressed, which promotes both tissue damage and susceptibility to secondary infections [12].

The “gut as the motor of multiple organ dysfunction” remains a hypothesis rather 
than an established mechanism, and its history is instructive. In its original formulation, 
portal translocation of viable bacteria and endotoxin was proposed to drive systemic in-
flammation; this prediction was tested directly in humans and not confirmed. In twenty 
patients with major torso trauma in whom portal venous catheters were placed and portal 
blood sampled for five days, neither bacteraemia nor endotoxaemia was detected in portal 
blood, despite a high incidence of subsequent multiple organ failure [29]. Subsequent refor-
mulations therefore shifted emphasis from viable bacteria in the portal vein to gut-derived 
mediators carried in the mesenteric lymph, and more recently to the microbiome and its 
metabolites as a whole [10–12]. Critics continue to point out that bacterial translocation is 
readily demonstrated in rodents but rarely documented in critically ill patients, and that 
much of the supporting human evidence is associative. Throughout this review, the gut is 
therefore treated as a biologically plausible and potentially modifiable contributor to organ 
dysfunction, not as a demonstrated causal “motor”.

Patients with sepsis of abdominal origin merit specific consideration already at this 
level, because in them the gut is simultaneously the infectious source, the site of surgical 
injury and the main target of therapy. Peritonitis and emergency laparotomy add direct 
serosal and mucosal injury to the hypoperfusion common to all septic states; postoper-
ative ileus, bowel oedema, an open abdomen and intra-abdominal hypertension further 
impair barrier function and delay the delivery of luminal nutrients; and antimicrobial ex-
posure is both broader in spectrum and longer in duration than in most other sources of 
sepsis [11,12,30]. Postoperative peritonitis is also characterised by a distinctive microbial 
ecology, with enterococcal and fungal overgrowth that reflects selection pressure on the 
gut community rather than the original inoculum [30]. Each of these features is a plausible 
amplifier of the mechanisms described in this section, but, as acknowledged in Section 9.2, 
none has been studied with neurological endpoints.

4.2. Sepsis-Induced Dysbiosis
Critical illness causes one of the most extreme perturbations of the human microbiome 

described to date. Within days of intensive care unit (ICU) admission, the gut microbiota 
loses diversity and commensal anaerobes (classically described as a loss of Firmicutes and 
Bacteroidetes), while potentially pathogenic taxa such as Enterobacteriaceae and Enterococcus 
expand [27,31]. We note explicitly that the Firmicutes-to-Bacteroidetes ratio is a contested 
summary metric: it aggregates phyla of great functional heterogeneity, is highly sensitive to 
sequencing and bioinformatic choices, and has repeatedly failed to reproduce across co-
horts. It is used here only as shorthand for the loss of commensal anaerobes, and functional 
read-outs—depletion of short-chain fatty acids and of tryptophan-derived indoles—are 
preferred throughout. Broad-spectrum antibiotics, proton-pump inhibitors, opioids, cat-
echolamines, altered motility and the absence of luminal nutrients all contribute to this 
“pathobiome” [11,27]. Gut-derived bacteria can also be found in distant organs, as shown by 
the enrichment of the lung microbiome with intestinal taxa in sepsis and acute respiratory 
distress syndrome [32]. A functional consequence of dysbiosis is the rapid and sustained 
depletion of faecal short-chain fatty acids (SCFAs), key microbial metabolites for colonocyte 
energy supply, barrier integrity and immune regulation [33,34]. These alterations persist 
beyond the acute phase and may shape the long-term trajectory of survivors [27].

Dysbiosis in the ICU is also prognostically informative, which is relevant to Section 8. 
In a prospective cohort of 301 medical ICU patients, faecal biodiversity at admission did 
not differ according to outcome, but domination of the gut community by Enterococcus 
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(≥30% of 16S reads) and colonisation with vancomycin-resistant Enterococcus were each 
independently associated with subsequent death or culture-proven infection, and carriage 
of specific pathogens at admission predicted later infection with the same organism [35]. 
This establishes the principle that the admission gut community carries prognostic in-
formation in critical illness, even though the outcomes examined were infectious rather
than neurological.

5. Gut–Brain Communication Pathways in Sepsis-Associated 
Encephalopathy

The MGBA is a bidirectional communication network that integrates neural, immune, 
endocrine and metabolic signals between the intestine and the CNS [13]. In SAE, each of 
these channels may convey injurious signals from the dysfunctional gut to the brain, and 
conversely, brain dysfunction may worsen gut function through autonomic and neuroen-
docrine efferents [14,36–38]. Four pathways—neural, immune/humoral, metabolic and 
neuroendocrine—are described below and summarised in Figure 1.

Figure 1. Schematic representation of the gut–brain axis in sepsis-associated encephalopathy. Sepsis-
induced gut barrier failure and dysbiosis generate neural, immune/humoral, metabolic and neu-
roendocrine signals that converge on the brain, promoting blood–brain barrier disruption, microglial 
activation and neurotransmitter imbalance. Nutritional and microbiome-targeted interventions are 
shown as hypothesised points of action, not as interventions of demonstrated neurological benefit. 
Abbreviations: BBB, blood–brain barrier; FMT, faecal microbiota transplantation; HPA, hypothalamic–
pituitary–adrenal; LPS, lipopolysaccharide; SCFAs, short-chain fatty acids.

5.1. Neural Pathway: The Vagus Nerve and the Cholinergic Anti-Inflammatory Pathway
The vagus nerve is the main anatomical link between the gut and the brainstem. Va-

gal afferents detect luminal and mucosal signals, including cytokines, microbial prod-
ucts and gut hormones, and relay them to the nucleus tractus solitarius, from which 
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they reach the hypothalamus, limbic system and cortex [13,14]. The efferent arm con-
stitutes the “inflammatory reflex”, whereby acetylcholine released from vagal efferents 
acts on α7 nicotinic receptors of macrophages to inhibit cytokine release [25]; in ex-
perimental endotoxemia, vagus nerve stimulation attenuates the systemic inflammatory 
response [39]. In SAE, the vagus nerve appears to be a key mediator of the impact of the 
microbiota on the brain: in LPS-treated mice, faecal microbiota transplantation (FMT) 
from healthy donors improved spatial memory and electroencephalographic abnormalities, 
reduced cortical cytokines and microglial activation, and these benefits were abolished by
vagotomy [40].

Two caveats must be stated explicitly. First, the vagal arm of the gut–brain axis in SAE 
rests substantially on this single study [40], and the model used was LPS endotoxaemia, 
not sepsis. Intraperitoneal endotoxin reproduces an acute, self-limited and monophasic 
cytokine surge in the absence of a replicating infectious focus, of a necrotic source, of surgical 
injury and of the antibiotic, vasopressor and sedative exposure that characterise clinical 
sepsis; it is a model of systemic inflammation rather than of sepsis, and Table 1 labels it as 
such. Second, vagotomy is not a selective tool: section of the vagus abolishes afferent as well 
as efferent signalling and alters gastric emptying, motility and splanchnic perfusion, so the 
loss of benefit after vagotomy is compatible with, but does not prove, a vagally mediated 
microbiota effect. Supportive but equally preliminary evidence comes from stimulation 
experiments: non-invasive high-frequency ultrasound stimulation of the cervical vagus in 
LPS-treated mice restored macrophage α7 nicotinic receptor expression, lowered plasma 
interleukin-1β and improved locomotor activity and survival [41]. Reduced cholinergic 
tone in the brain is also thought to contribute to delirium and cognitive impairment, linking 
the neural pathway to the neurotransmitter hypothesis of SAE [15,16].

Table 1. Selected experimental studies directly linking the gut microbiota to sepsis-associated en-
cephalopathy. LPS endotoxaemia is distinguished from polymicrobial CLP sepsis, and the behavioural 
or neurological read-out actually measured is reported for each study.

Study
Model 

(Endotoxaemia vs. 
Sepsis)

Intervention Main Findings
Neurological 

Read-Out/Proposed 
Mechanism

Li et al., 
2018 [40]

LPS endotoxaemia 
(mice)—model of 

acute systemic 
inflammation, 

not sepsis

FMT from healthy 
donors ± vagotomy

FMT improved spatial memory 
and EEG abnormalities, 

reduced cortical IL-1β, IL-6, 
TNF-α and microglial 

activation; effects abolished 
by vagotomy

Morris water maze; 
EEG. Vagus 

nerve-mediated 
signalling (vagotomy 

is non-selective)

Xi et al., 
2021 [42]

CLP polymicrobial 
sepsis (mice)

Characterisation of 
intestinal epithelial 

cell exosomes

Gut epithelial exosomes 
promoted IL-1β-mediated 

neuronal injury and 
memory impairment

Memory testing. 
Exosome-mediated 

gut–brain transfer of 
inflammatory signals

Fang et al., 
2022 [43]

CLP polymicrobial 
sepsis (mice)

FMT from 
SAE-susceptible vs. 
SAE-resistant mice; 

IPA 
supplementation

Greater dysbiosis in susceptible 
mice; their faeces induced more 

cortical inflammation; IPA 
reduced anxiety-like behaviour 

and memory impairment

Open field 
(anxiety-like); 

memory. IPA–AhR 
signalling; microglial 

NLRP3 inhibition
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Table 1. Cont.

Study
Model 

(Endotoxaemia vs. 
Sepsis)

Intervention Main Findings
Neurological 

Read-Out/Proposed 
Mechanism

Zhang 
et al., 2022 

[44]

CLP polymicrobial 
sepsis (mice)

FMT; sodium 
butyrate 

supplementation

Mice with mild SAE produced 
more butyrate than those with 
severe SAE; butyrate reduced 
cerebral oxidative stress and 

improved survival

Survival; oxidative 
stress. 

GPR109A/Nrf2/HO-1 
antioxidant signalling

Liao et al., 
2022 [45]

CLP polymicrobial 
sepsis (mice)

SCFA mixture ±
GPR43 antagonist 

GLPG0974

Faecal acetate and propionate 
depleted in SAE; SCFA 

pre-treatment restored maze 
performance and lowered 
hippocampal IL-1β, IL-6, 

TNF-α; effect reversed 
by GLPG0974

Morris water maze. 
GPR43-dependent anti-

neuroinflammatory 
effect

Wang et al., 
2024 [46]

CLP polymicrobial 
sepsis (female mice)

L. rhamnosus GG, 
5 × 109  CFU/mL, 

pre- and 
post-operatively

21-day survival 60% vs. 40%; 
preserved hippocampal 

CA1/CA3 neurons; restored 
BDNF and p-TrkB

Open field; novel 
object recognition. 

BDNF/TrkB signalling

Huang 
et al., 2025 

[47]

CLP polymicrobial 
sepsis (mice) Indole-3-acetic acid Microbiota-derived IAA 

protected against SAE

Behavioural testing. 
Microglial AhR 

signalling
AhR, aryl hydrocarbon receptor; BDNF, brain-derived neurotrophic factor; CLP, caecal ligation and 
puncture; EEG, electroencephalography; FMT, faecal microbiota transplantation; IAA, indole-3-acetic 
acid; IL, interleukin; IPA, indole-3-propionic acid; LPS, lipopolysaccharide; NLRP3, NOD-like re-
ceptor protein 3; SAE, sepsis-associated encephalopathy; SCFA, short-chain fatty acid; TNF, tumour 
necrosis factor.

5.2. Immune and Humoral Pathway
Translocated PAMPs and DAMPs activate Toll-like receptors on cerebral endothelial 

cells and perivascular macrophages, inducing the release of cytokines, prostaglandins and 
nitric oxide and increasing BBB permeability [4,48]. Gram-negative LPS, Gram-positive cell 
wall components and fungal products have all been shown to activate glial cells and reduce 
the expression of tight-junction proteins such as occludin and claudin-5 [48]. Peripheral 
immune cells, including T lymphocytes primed in the gut-associated lymphoid tissue, may 
traffic to the brain and contribute to neuroinflammation [15,16]. An additional and more 
recently described route involves extracellular vesicles: in experimental sepsis, exosomes 
released by intestinal epithelial cells carried inflammatory signals to the brain and mediated 
interleukin-1β-dependent neuronal injury [42]. Notably, the gut microbiota itself regulates 
BBB integrity, since germ-free mice display increased BBB permeability and reduced expres-
sion of tight-junction proteins, which is reversed by colonisation with a normal microbiota 
or with SCFA-producing bacteria [49].

5.3. Metabolic Pathway: Microbial Metabolites
Microbial metabolites represent perhaps the most attractive link between the gut, 

nutrition and the brain, as their production depends directly on dietary substrates. SCFAs 
(acetate, propionate and butyrate) are produced by fermentation of dietary fibre, serve as the 
main energy source for colonocytes, enhance tight-junction assembly, promote regulatory T 
cell differentiation and exert anti-inflammatory effects through G-protein-coupled receptors 
and histone deacetylase inhibition [34]. SCFAs also cross the BBB and are required for 
the maturation and function of microglia [50]. In a murine model of caecal ligation and 
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puncture (CLP), mice with mild SAE produced more butyric acid than mice with severe SAE, 
and supplementation with sodium butyrate reduced cerebral oxidative stress and improved 
survival through the GPR109A/Nrf2/HO-1 pathway [44]. Two further CLP studies support 
and refine this mechanism with original experimental data: exogenous SCFAs attenuated 
blood–brain barrier disruption, neuroinflammation and behavioural impairment [51], and 
pre-treatment with an acetate/propionate/butyrate mixture restored Morris water maze 
performance and lowered hippocampal interleukin-1β, interleukin-6 and tumour necrosis 
factor-α, an effect abolished by the GPR43 antagonist GLPG0974, identifying GPR43 as 
a necessary receptor [45]. Notably, in the latter study faecal acetate and propionate, rather 
than butyrate, were the species depleted, indicating that the individual SCFA responsible 
for protection is not yet settled. Given the rapid depletion of faecal SCFAs observed in 
critically ill patients [33], loss of these metabolites may represent a mechanistic bridge 
between dysbiosis, lack of enteral substrate and brain dysfunction.

Tryptophan metabolism provides a second key metabolic link. Commensal bacteria 
convert dietary tryptophan into indole derivatives that act as ligands of the aryl hydrocarbon 
receptor (AhR) on astrocytes and microglia, limiting CNS inflammation [52]. In CLP-
induced sepsis, mice resistant to SAE were enriched in the microbial metabolite indole-3-
propionic acid (IPA), which alleviated anxiety-like behaviour and memory impairment and 
inhibited microglial NLRP3 inflammasome activation in an AhR-dependent manner [36,43]. 
Similarly, microbiota-derived indole-3-acetic acid protected against SAE through microglial 
AhR signalling [47]. Conversely, during systemic inflammation, tryptophan is diverted 
toward the host kynurenine pathway, generating neuroactive metabolites; in critically ill 
patients, alterations of the kynurenine pathway have been associated with acute brain 
dysfunction, including delirium and coma [53]. Other microbiota-derived molecules, such 
as bile acids, trimethylamine N-oxide and neurotransmitter precursors (γ-aminobutyric acid, 
serotonin, dopamine), are also altered in sepsis and may contribute to brain dysfunction, 
although evidence in SAE remains preliminary [38,48].

5.4. Neuroendocrine Pathway
The hypothalamic–pituitary–adrenal (HPA) axis is the principal neuroendocrine com-

ponent of the MGBA [13]. The microbiota modulates HPA reactivity, and in turn, gluco-
corticoids and catecholamines released during sepsis affect gut permeability, motility and 
microbial composition [14]. Central stress and sympathetic overactivation may therefore 
further impair intestinal function, establishing a vicious circle in which brain dysfunction 
perpetuates gut failure and vice versa [11,14].

5.5. Experimental Evidence Linking the Microbiota to SAE Susceptibility
Several experimental studies have moved beyond association to test causality (Table 1). 

The most compelling evidence comes from models in which the post-septic microbiota 
was transferred between animals: in CLP-induced sepsis, mice receiving faeces from SAE-
susceptible animals developed more severe cortical inflammation than those receiving 
faeces from SAE-resistant animals [43], and microbiota transfer experiments identified 
butyrate production as a determinant of protection [44]. These data suggest that inter-
individual variability in sepsis-induced dysbiosis may contribute to the heterogeneous 
neurological phenotype observed in patients. Probiotic supplementation produces concor-
dant findings: in female mice subjected to CLP, Lacticaseibacillus rhamnosus GG given before 
and after surgery improved 21-day survival, reduced anxiety-like behaviour in the open 
field, restored novel-object recognition, preserved hippocampal CA1 and CA3 neurons 
and maintained BDNF expression and TrkB phosphorylation [46]. However, most studies 
used rodent models with limited translational validity, and human studies linking gut 
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microbial signatures to SAE are still scarce; the extent of that limitation is examined in the 
following section.

5.6. Translational Validity of Rodent Models of SAE
Because Table 1 rests almost entirely on rodent work, the correspondence between 

these models and the clinical syndrome deserves to be stated explicitly. A systematic 
review of 226 studies found that both CLP and LPS injection reliably induce short- and long-
term behavioural impairment, but that the two differ fundamentally: LPS endotoxaemia 
delivers a defined, non-replicating stimulus and produces a monophasic inflammatory 
response, whereas CLP creates a persistent polymicrobial focus with a necrotic source, and 
is therefore the closer analogue of clinical sepsis [54]. Neither model routinely includes the 
interventions that define the intensive care unit—antibiotics, source control, fluid resuscita-
tion, vasopressors, sedation, mechanical ventilation and artificial nutrition—each of which 
independently shapes both the microbiome and the brain.

What can realistically be modelled in rodents is a restricted set of domains: level of arousal 
and sickness behaviour; locomotor activity (open field, SHIRPA); anxiety-like behaviour (open 
field centre time, elevated plus maze); hippocampus-dependent spatial learning and memory 
(Morris water maze, Y-maze); recognition memory (novel object recognition); electroen-
cephalographic slowing; and the cellular substrate of neuroinflammation—microglial and 
astrocytic activation, cytokine expression, blood–brain barrier permeability and neuronal 
loss. These are the read-outs reported in every study in Table 1.

What cannot be reproduced is, unfortunately, much of what defines SAE at the bedside. 
Delirium is diagnosed in humans by inattention, disorganised thinking and an altered level 
of consciousness that fluctuates over hours; there is no validated rodent assay for inattention, 
for disorganised thought or for fluctuation, and the hypoactive–hyperactive distinction 
has no behavioural equivalent. Higher-order cognition—executive function, language, 
abstraction, verbal reasoning—is simply not available for testing in mice, yet it is precisely 
the domain impaired in sepsis survivors [5–7]. Further, the behavioural tests themselves 
are imperfect surrogates: the Morris water maze is a forced-swim task whose performance 
is confounded by the muscle weakness, deconditioning and reduced motivation that follow 
sepsis, so a longer escape latency may reflect myopathy rather than amnesia; the open 
field conflates anxiety with hypoactivity; and tests are generally performed in survivors 
days to weeks after the insult, i.e., in the recovery phase, whereas delirium is an acute-
phase phenomenon. Mortality in CLP is high and non-random, so surviving animals 
represent a selected, more resilient population. Finally, most studies use young, genetically 
homogeneous male animals housed in specific-pathogen-free conditions, whereas SAE 
predominantly affects older, comorbid, microbially diverse humans; the probiotic study 
cited above [46] is a rare exception in using female animals. Rodent models should therefore 
be read as tools for dissecting mechanism—for which they are well suited, since they permit 
microbiota transfer, receptor blockade and metabolite supplementation—rather than as 
a scale model of human delirium.

5.7. Evidence from Human Studies
Human data supporting the gut–brain axis in SAE are indirect but broadly consistent 

with the experimental findings. Critically ill patients show early and profound loss of 
commensal taxa with overgrowth of potential pathogens [31], together with a rapid and 
sustained fall in faecal SCFAs [33]. In septic patients, faecal levels of the tryptophan-
derived metabolite IPA are reduced, and lower levels are associated with worse clinical 
outcomes, while in experimental sepsis IPA enhances macrophage phagocytosis through 
AhR signalling [55]. Alterations of the host kynurenine pathway have been associated 
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with fewer days alive without delirium or coma in critically ill patients [53]. Three small 
clinical studies have compared the gut community directly between septic patients with 
and without encephalopathy. In 20 patients with SAE and 20 septic controls, 16S rDNA 
sequencing showed reduced microbial diversity in SAE, accompanied by a distinct serum 
metabolomic profile [56]. In a more recent multi-omics study of 10 patients with SAE and 
20 with sepsis alone, α- and β-diversity did not differ, but compositional shifts were observed 
together with a faecal microRNA signature and higher serum interleukin-1β [57]. Outside 
sepsis, the largest prospective dataset comes from 133 acutely ill hospitalised older adults, 
of whom 38 (29%) developed delirium: gut microbiota diversity and composition differed 
significantly between those who did and did not become delirious, and the association 
persisted irrespective of baseline nutritional status [58].

These human data must be interpreted with considerable caution, and three problems 
deserve to be named. First, confounding by indication is severe and largely unmeasured. 
Dysbiosis in the ICU is driven by broad-spectrum antibiotics, proton-pump inhibitors, 
opioids, catecholamines, enteral feeding interruptions and immobility [11,27,59]; every one 
of these is also independently associated with delirium, so an observed association between 
a microbial signature and SAE may reflect shared exposure rather than shared mechanism. 
Second, reverse causation cannot be excluded: SAE and its treatment alter autonomic tone, 
gastric emptying, motility and sedative and opioid requirements, each of which remodels the 
gut community, so the brain may be shaping the microbiome as readily as the reverse—the 
bidirectionality that is theoretically attractive (Section 5.4) is methodologically disabling 
in cross-sectional data. Third, sample sizes are very small (n = 10–20 per group in the 
SAE-specific studies), the designs are cross-sectional and single-centre, and no study has 
adjusted for antibiotic class and duration, which alone could account for the differences 
reported. Disentangling these will require longitudinal sampling from before the onset 
of encephalopathy, explicit adjustment for drug exposure, and ideally quasi-experimental 
designs such as randomisation of antibiotic duration or of microbiome-directed therapy 
with neurological endpoints.

However, no prospective human study has yet correlated gut microbial composition 
or microbial metabolites with the incidence, severity or long-term consequences of SAE 
using standardised neurological assessment together with objective markers of neuroaxonal 
injury, and this represents a major knowledge gap.

6. Nutrition as a Potential Modulator of the Gut–Brain Axis in SAE: 
Evidence and Hypothesis

Nutritional therapy is part of standard ICU care and, unlike most experimental inter-
ventions discussed above, is available for every patient. It must, however, be stated at the 
outset that no clinical trial has evaluated a nutritional strategy with SAE, delirium or cogni-
tion as a primary or secondary outcome in sepsis. The material presented in this section is 
therefore a rationale, not an evidence base, and the primary outcomes actually measured in 
each trial are reported first (Table 2), with possible effects on the brain discussed afterwards 
and explicitly as hypotheses.
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Table 2. Nutritional and microbiome-directed interventions: the primary outcome actually measured in the key trials, the relevant secondary outcomes and the axis 
they engage, and what is known about SAE or delirium.

Intervention
Rationale for the 
Gut–Brain Axis Primary Outcome of Key Trials (Result) Relevant Secondary Outcomes 

(Axis Engaged) Evidence on SAE/Delirium

Early enteral nutrition
Preserves mucosal integrity, 

GALT and IgA; provides 
microbial substrate

NUTRIREA-2: 28-day mortality—no 
difference vs early PN in shock [60]

No reduction in ICU-acquired 
infection; excess vomiting, 

diarrhoea, bowel ischaemia 
(gut–immune/GI tolerance) [60]

No dedicated trials; no 
delirium endpoint collected

Low/trophic initial dose

Maintains luminal 
stimulation while limiting 

metabolic burden 
and intolerance

EPaNIC: ICU length of stay—shorter with 
late PN [61]. NUTRIREA-3: 90-day 

mortality—no difference; faster readiness for 
discharge [62]

Fewer new infections [61]; fewer 
GI complications and less liver 

dysfunction [62] (gut–immune)

EDEN 1-year follow-up (acute 
lung injury, not sepsis): no 

difference in cognitive 
impairment at 6 and 

12 months [63]—the only 
cognitive endpoint in 

a nutrition RCT, and negative

Moderate glycaemic 
control

Dysglycemia is an 
independent risk factor 

for SAE

NICE-SUGAR: 90-day mortality—increased 
with intensive control (81–108 mg/dL) [64]

Severe hypoglycaemia markedly 
more frequent [64] (host 

metabolic, not gut-mediated)

Observational association only 
[8]

Thiamine Supports cerebral 
oxidative metabolism

Pilot RCT (n = 88): change in lactate at 24 
h—no difference overall; benefit confined to 

the thiamine-deficient subgroup [65]

Lower mortality over time in 
deficient subgroup 
(exploratory) [65]

Not studied

Glutamine, selenium, 
antioxidants

Enterocyte fuel; 
antioxidant defence

REDOXS: 28-day mortality—trend to harm; 
in-hospital and 6-month mortality 

significantly increased with glutamine [66]. 
SISPCT: 28-day mortality—no effect of 

selenium [67]

No reduction in 
infections [66,67] Not studied

Fibre/prebiotics
Substrate for SCFA 

production; barrier and 
microglial homeostasis

No adequately powered RCT with a clinical 
primary outcome; suggested for 
management of diarrhoea [68]

Stool consistency/diarrhoea (GI 
tolerance) Not studied
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Table 2. Cont.

Intervention
Rationale for the 
Gut–Brain Axis Primary Outcome of Key Trials (Result) Relevant Secondary Outcomes 

(Axis Engaged) Evidence on SAE/Delirium

Probiotics/synbiotics Restoration of commensal 
flora and metabolites

PROSPECT (n = 2650): ventilator-associated 
pneumonia—no reduction with L. 

rhamnosus GG [69]. Meta-analysis: fewer 
infections overall, no mortality effect 
(RR 1.02, 95% CI 0.85–1.22) [70,71]

VAP and overall infection 
(gut–immune and gut–lung 

axes); probiotic-related 
bacteraemia reported [27,69]

Experimental only [15,46]

FMT Global restoration of the 
microbial ecosystem

Case reports only [72]; an interventional 
trial in ICU delirium is registered but not 

reported [28]
Not applicable Experimental only [40,43]

Postbiotics (butyrate, 
indoles)

Direct delivery of 
neuroprotective metabolites Not studied in humans Not applicable Experimental only 

[44,45,47,51]

Selective digestive 
decontamination

Suppression of 
Gram-negative pathogens; 

unintended loss of butyrate 
producers

SuDDICU (n = 5982): in-hospital mortality 
within 90 days—27.0% vs 29.1%, OR 0.91 

(0.82–1.02), not significant [73]

Reduced Enterobacteriaceae but 
significant depletion of F. 

prausnitzii, the principal butyrate 
producer [59] (direct conflict 
with the SCFA hypothesis)

Not studied

Shorter antibiotic 
duration

Limits the single greatest 
driver of ICU dysbiosis and 
of antibiotic neurotoxicity

STOP-IT (n = 518): composite of 
surgical-site infection, recurrent 

intra-abdominal infection or 
death—equivalent with 4 days vs therapy 
until resolution [74]. DURAPOP (n = 249, 
postoperative peritonitis): antibiotic-free 
days—more with 8 vs 15 days; equivalent 

45-day mortality [30]

No increase in treatment failure 
or MDR emergence [30,74]

Not studied, but 
mechanistically the most 
actionable gut-sparing 

intervention available today

FMT, faecal microbiota transplantation; GALT, gut-associated lymphoid tissue; GI, gastrointestinal; ICU, intensive care unit; IgA, immunoglobulin A; MDR, multidrug-
resistant; OR, odds ratio; PN, parenteral nutrition; RCT, randomised controlled trial; RR, risk ratio; SAE, sepsis-associated encephalopathy; SCFA, short-chain fatty 
acid; VAP, ventilator-associated pneumonia.
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6.1. Which Axis Do the Available Clinical Trials Actually Address?
Enteral nutrition preserves GALT mass and secretory IgA production, maintains mu-

cosal blood flow and motility, and sustains a more physiological microbial ecology [11,75]. 
The outcomes measured in nutritional trials—nosocomial infection, ventilator-associated 
pneumonia, bacteraemia, gastrointestinal complications—are read-outs of the gut–immune 
axis: the capacity of luminal nutrients and commensal flora to maintain mucosal immu-
nity and limit the passage of pathogens and PAMPs into mesenteric lymph and portal 
blood [69–71,75]. A second, partly independent route is the gut–lung axis: in sepsis and 
acute respiratory distress syndrome the lung microbiome becomes enriched with intestinal 
taxa [32], and gut-derived mediators carried in mesenteric lymph contribute to acute lung 
injury; this is the axis most plausibly engaged when a nutritional or probiotic intervention 
reduces ventilator-associated pneumonia [69,71]. The gut–brain axis shares the upstream 
events—barrier failure, dysbiosis, metabolite depletion—with both, but differs in its ef-
fectors (vagal afferents, cerebral endothelium, microglia, neurotransmitter systems) and, 
critically, in its outcome measures (delirium, cognition, electroencephalography, neuroax-
onal injury markers).

Two consequences follow. First, a reduction in infections or in respiratory complications 
cannot be taken as evidence that a nutritional intervention has modulated the gut–brain axis; 
these are different endpoints on different axes. Second, in the animal studies of Section 5, 
neurological improvement may well have arisen secondarily, through attenuation of sys-
temic inflammation and of concomitant cardiac, hepatic, renal and pulmonary dysfunction, 
rather than through direct gut-to-brain signalling. Only a minority of those studies in-
cluded the manipulations—vagotomy [40], receptor antagonism [45], AhR-dependence 
experiments [43,47]—that begin to establish pathway specificity, and even those have the 
limitations set out in Sections 5.1 and 5.6. We therefore present the following subsections as 
a summary of what the trials measured, followed by a clearly labelled hypothesis.

6.2. Route of Feeding
Enteral nutrition (EN) provides luminal substrates for enterocytes, stimulates mucosal 

blood flow and motility, preserves GALT mass and secretory IgA production, and maintains 
a more physiological microbial ecology [11,75]. In experimental models, the absence of 
enteral stimulation leads to mucosal atrophy and impaired mucosal immunity [75]. On 
this basis, international guidelines recommend EN over parenteral nutrition (PN) when-
ever the gastrointestinal tract is functional [18,19,76]. For clarity, and because different 
documents use different time windows, “early” enteral nutrition is defined throughout this 
review as initiation within 48 h of ICU admission, which is the window used in the ESICM 
clinical practice guidelines [76]; where the Surviving Sepsis Campaign is cited, its own 
wider window of 72 h is stated explicitly [77]. The Surviving Sepsis Campaign suggests 
early initiation of EN (within 72 h) in adults with sepsis or septic shock who can be fed 
enterally [77].

Primary outcome. In NUTRIREA-2, 2410 ventilated adults with shock were ran-
domised to early isocaloric enteral versus parenteral nutrition; the primary outcome was 
28-day mortality, which did not differ between groups. Secondary outcomes showed no 
reduction in ICU-acquired infections, and a significant excess of gastrointestinal complica-
tions in the enteral arm, including vomiting, diarrhoea, bowel ischaemia and acute colonic 
pseudo-obstruction [60]. No neurological or delirium endpoint was collected. This high-
lights that the potential benefit of enteral substrates on the gut–brain axis must be balanced 
against the risk of feeding a hypoperfused gut. Current ESICM recommendations suggest 
delaying EN in uncontrolled shock, overt bowel ischaemia, active gastrointestinal bleeding 
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or abdominal compartment syndrome, and otherwise starting low-dose (trophic) EN and 
advancing it progressively [76].

6.3. Timing and Dose
The optimal caloric and protein dose during the acute phase of sepsis remains debated. 

Primary outcomes. In EPaNIC (n = 4640), the primary outcome was ICU length of stay: 
late initiation of parenteral nutrition shortened it and reduced the duration of mechani-
cal ventilation and renal replacement therapy, with fewer new infections as a secondary 
outcome [61]. In NUTRIREA-3 (n = 3044 ventilated adults with shock), the co-primary 
outcomes were 90-day mortality and time to readiness for ICU discharge: mortality did 
not differ, while low-calorie, low-protein feeding shortened time to readiness for discharge 
and reduced vomiting, diarrhoea, bowel ischaemia and liver dysfunction [62]. Neither 
trial assessed delirium or cognition. Accordingly, current guidelines favour a progressive 
increase in energy delivery during the first days, avoiding early overfeeding [17,19].

One important exception must be acknowledged, and it tempers the enthusiasm of the 
preceding paragraphs. The EDEN trial randomised 1000 patients with acute lung injury 
to initial trophic versus full enteral feeding for up to six days; in a prospectively planned 
one-year follow-up of 525 survivors, there was no difference between arms in physical 
function, in survival or in any of multiple secondary outcomes at 6 and 12 months [63]. In 
a parallel ancillary study, 174 consecutive survivors underwent blinded neuropsychological 
assessment of executive function, language, memory, verbal reasoning and attention: perfor-
mance was substantially below predicted values in both arms, but initial trophic versus full 
feeding had no effect on cognitive impairment status at either time point [78]. This is, to our 
knowledge, the only randomised nutritional trial in critical illness that has reported a formal 
cognitive endpoint, and it was unequivocally negative. The population was acute lung 
injury rather than sepsis, the intervention lasted six days, and the comparison was of caloric 
dose rather than of substrate composition or microbiome-directed therapy, so the result does 
not exclude an effect of other nutritional strategies. It does, however, demonstrate that cog-
nitive endpoints are feasible in critical care nutrition trials, and it argues against assuming 
that feeding strategy carries measurable neurological benefit. From a gut–brain perspective, 
the concept of “trophic” feeding remains hypothetically attractive: small volumes of enteral 
nutrients may be sufficient to preserve mucosal integrity and microbial substrate while 
limiting the metabolic burden and the risk of intolerance. Whether this translates into less 
delirium or better long-term cognitive outcomes in sepsis has not been tested.

6.4. Glycaemic and Metabolic Control
Metabolic derangements are among the few modifiable contributors to SAE. In 

a large multicentre cohort, hyperglycaemia (>180 mg/dL [>10 mmol/L]), hypoglycaemia 
(<54 mg/dL [<3 mmol/L]), hypernatremia and hypercapnia were independently associ-
ated with SAE [8]; this is an observational association, and the cohort was not designed 
to test whether correcting these derangements prevents SAE. Nutritional therapy, espe-
cially PN and early full-dose feeding, is a major determinant of hyperglycaemia, while 
interruptions of feeding under insulin therapy expose patients to hypoglycaemia. Primary 
outcome. In NICE-SUGAR (n = 6104), the primary outcome was 90-day mortality: inten-
sive glucose control (81–108 mg/dL [4.5–6.0 mmol/L]) increased mortality compared with 
a conventional target of ≤180 mg/dL [≤10 mmol/L], and severe hypoglycaemia was far 
more frequent [64]. Maintaining moderate glycaemic targets, avoiding glycaemic variability 
and hypoglycaemia, and correcting sodium and fluid imbalances are therefore reasonable 
brain-protective measures intimately linked to nutritional management [3,8]. All glucose 
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values in this review are reported in mg/dL with the corresponding mmol/L value in square 
brackets, for consistency.

6.5. Micronutrients and Immunonutrients
Thiamine deficiency is common in septic shock and may cause or worsen encephalopa-

thy through impaired cerebral oxidative metabolism. Primary outcome. In a randomised, 
double-blind, placebo-controlled pilot trial of 88 patients with septic shock, the primary 
outcome was the change in lactate at 24 h, which did not differ overall; a pre-specified 
subgroup of thiamine-deficient patients showed lower lactate and lower mortality over 
time [65]. Screening for deficiency and supplementation in patients at risk (e.g., alcohol 
use disorder, malnutrition, prolonged PN, large gastrointestinal losses) is therefore jus-
tified, although effects on SAE remain unproven. Other immunonutrients have yielded 
disappointing results: in the REDOXS trial (n = 1223 mechanically ventilated patients with 
multiorgan failure), the primary outcome was 28-day mortality, which showed a trend 
toward harm with glutamine, while in-hospital and 6-month mortality were significantly 
increased [66]; in the SISPCT trial (n = 1089), the primary outcome of 28-day mortality was 
unaffected by high-dose sodium selenite [67]. Omega-3 fatty acids have anti-inflammatory 
and pro-resolving properties and are included in some PN lipid emulsions, but evidence of 
benefit on clinically relevant outcomes in sepsis is inconsistent and none addresses neuro-
logical endpoints [17]. Overall, current guidelines do not support routine pharmacological 
doses of immunonutrients in sepsis [17–19].

6.6. Fermentable Fibre and Prebiotics
Dietary fibre is the main substrate for microbial SCFA production [34]. Since SCFAs 

support barrier integrity, microglial homeostasis and BBB function [49,50], and their faecal 
concentrations drop rapidly in critically ill patients [33], fibre-containing enteral formulas 
and prebiotics represent a biologically plausible strategy to restore this metabolic pathway. 
Fermentable soluble fibre is also suggested to manage diarrhoea in tube-fed critically ill 
patients [68]. However, no randomised trial has measured the effect of fibre-enriched enteral 
nutrition on faecal SCFA concentrations, on microbial composition or on any neurological 
outcome in sepsis, and fibre should be used with caution in patients with gut hypoperfusion 
or dysmotility.

6.7. Summary: A Hypothesis, Not an Established Therapy
Taken together, the trials summarised above establish what nutrition does for survival, 

infection and gastrointestinal tolerance in critical illness; they do not establish anything 
about the brain. The proposition that preserving the intestinal barrier and the SCFA- and 
indole-producing community during sepsis will reduce the incidence or severity of SAE 
is coherent with the mechanisms of Section 5, is supported by animal data of the quality 
discussed in Section 5.6, and is—at present—untested in humans. It should be treated as 
a hypothesis generating future trials, and as such it is carried forward to Sections 9 and 11 
rather than into any present-day recommendation.

7. Microbiome-Targeted Therapies
7.1. Probiotics and Synbiotics

Probiotics and synbiotics aim to restore commensal populations and their metabolic 
functions. In critically ill patients with severe systemic inflammatory response syndrome, 
synbiotic therapy was associated with preservation of the gut microbiota and fewer infec-
tious complications [70]. Meta-analyses have suggested a reduction in overall infections 
and ventilator-associated pneumonia, but without an effect on mortality (corrected pooled 
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risk ratio 1.02, 95% CI 0.85–1.22) and with substantial heterogeneity [71]. Importantly, the 
large PROSPECT trial showed that Lactobacillus rhamnosus GG did not reduce ventilator-
associated pneumonia or other clinically important outcomes in mechanically ventilated 
patients [69]. Probiotics have shown neuroprotective effects in experimental SAE [15,46], 
but no clinical trial has evaluated their effect on delirium or cognition in septic patients. 
Safety concerns, including probiotic-related bacteraemia or fungemia in immunocompro-
mised patients and in those with central venous catheters or impaired gut barrier, also 
warrant caution [15,27], and are particularly relevant in abdominal sepsis, where the barrier 
is breached by definition.

7.2. Faecal Microbiota Transplantation
FMT offers the most comprehensive restoration of the gut ecosystem and is the interven-

tion with the strongest experimental support in SAE, where it attenuates neuroinflammation 
and cognitive impairment through vagal and metabolic mechanisms [40,43,44]. Clinical 
experience in sepsis is limited to case reports and small series; for instance, FMT suc-
cessfully treated severe sepsis with refractory diarrhoea in a patient after vagotomy [72]. 
Interventional studies of FMT for ICU delirium have recently been registered [28], but 
donor selection, route of administration, timing relative to antibiotic exposure and safety in 
patients with a disrupted intestinal barrier remain major open issues [38,48].

7.3. Postbiotics and Metabolite Supplementation
The administration of defined microbial metabolites, such as butyrate or indole deriva-

tives, may bypass the need for a functional microbial community and avoid the infectious 
risks of live organisms. Experimental data support protective effects of butyrate, IPA and 
indole-3-acetic acid in SAE [43–45,47,51]. These “postbiotic” strategies are appealing for 
precision medicine but have not yet been tested in humans with sepsis, and the identity of 
the protective SCFA species remains unsettled (Section 5.3).

7.4. Vagus Nerve Stimulation
Given the central role of the vagus nerve in both gut–brain signalling and the control 

of inflammation [25,39], vagus nerve stimulation has been proposed as a neuromodulatory 
therapy for SAE, and protective effects have been reported in experimental models [15,38,41]. 
Non-invasive transcutaneous or ultrasound auricular stimulation may facilitate clinical 
translation [41], but human data in sepsis are lacking.

7.5. Antibiotic Stewardship, Duration and Neurotoxicity
Antibiotics are lifesaving in sepsis but are also a major driver of dysbiosis [27]. Short-

ening the duration of therapy is, on current evidence, the most actionable gut-sparing 
intervention available at the bedside, and in abdominal sepsis it is supported by two ran-
domised trials. In STOP-IT, 518 patients with complicated intra-abdominal infection and 
adequate source control were randomised to a fixed 4-day course or to therapy continued un-
til two days after resolution of physiological abnormalities; the composite primary outcome 
of surgical-site infection, recurrent intra-abdominal infection or death was equivalent [74]. 
In DURAPOP, 249 critically ill patients with postoperative peritonitis were randomised on 
day 8 to stop or to continue to day 15; the 8-day arm had significantly more antibiotic-free 
days with equivalent 45-day mortality and no excess of multidrug-resistant organisms [30]. 
Neither trial measured delirium or cognition, but both establish that a substantial reduction 
in antimicrobial exposure—and therefore in its ecological impact on the gut community—is 
achievable without clinical cost in precisely the population that is the focus of this review.
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Antibiotic neurotoxicity, moreover, extends well beyond cefepime. A systematic review 
of 391 reported cases identified three distinct clinical phenotypes of antibiotic-associated 
encephalopathy: encephalopathy with seizures or myoclonus arising within days, caused 
by penicillins and cephalosporins; encephalopathy with prominent psychosis arising within 
days, caused by quinolones, macrolides and procaine penicillin; and encephalopathy with 
cerebellar signs and MRI abnormalities emerging after weeks, caused by metronidazole [79]. 
Carbapenems—especially imipenem—and piperacillin–tazobactam are additional recog-
nised causes, and all these agents are commonly used, frequently in combination and often 
at renally unadjusted doses, in exactly the patients at risk of SAE. Antibiotic-associated 
encephalopathy is therefore both a differential diagnosis for SAE and a reason to narrow 
and shorten therapy: in most classes, encephalopathy resolves within a median of about five 
days of discontinuation [79]. Timely de-escalation, adequate source control and shortest 
effective duration of therapy may therefore contribute to preserving the gut–brain axis, in 
addition to their established role in limiting antimicrobial resistance [77].

7.6. Selective Decontamination of the Digestive Tract
Selective decontamination of the digestive tract (SDD) and selective oropharyngeal 

decontamination (SOD) deserve separate mention, because they constitute the largest 
deliberate human experiment in manipulating the gut community in critical illness. In 
the SuDDICU cluster-crossover randomised trial, 5982 mechanically ventilated adults in 
19 ICUs received SDD or standard care; in-hospital mortality within 90 days, the primary 
outcome, was 27.0% versus 29.1% (mean difference −1.7%, 95% CI −4.8% to 1.3%; OR 0.91, 
95% CI 0.82–1.02; p = 0.12), i.e., not significantly reduced, although the confidence interval 
does not exclude a clinically important benefit [73].

What makes SDD directly relevant here is its ecological footprint. Molecular anal-
ysis of faecal samples from patients enrolled in the Dutch SDD/SOD trial showed that 
SDD, unlike SOD, did not spare the anaerobic community: Faecalibacterium prausnitzii—the 
predominant butyrate producer of the human colon—was significantly depleted, as were 
Eubacterium rectale and Roseburia spp., while enterococci rose by an order of magnitude [59]. 
SDD therefore suppresses precisely the taxa whose metabolite is proposed to be neuropro-
tective (Section 5.3). This is a cautionary observation of some importance: an intervention 
can reduce Gram-negative colonisation and infection—a gut–immune benefit—while si-
multaneously degrading the SCFA-producing capacity of the community. It illustrates why 
outcomes on one axis cannot be extrapolated to another, and why any future gut-directed 
strategy aimed at the brain will need to measure microbial function, not only microbial 
composition or infection rates.

7.7. Lessons from Hepatic Encephalopathy: The Existing Clinical Precedent
The clearest proof that an encephalopathy can be treated by acting on the gut comes not 

from sepsis but from liver disease, and it has been curiously absent from the SAE literature. 
In hepatic encephalopathy, the non-absorbable disaccharide lactulose acidifies the colonic 
lumen, traps ammonia as ammonium and alters the composition and metabolic output of 
the colonic flora, while the non-absorbable antibiotic rifaximin suppresses ammoniagenic 
bacteria. In a randomised, double-blind trial of 299 patients in remission from recurrent 
overt hepatic encephalopathy, rifaximin reduced the risk of a breakthrough episode by 
58% over six months and reduced hepatic encephalopathy-related hospitalisation, with most 
patients receiving concomitant lactulose [80]; both agents are recommended in the joint 
AASLD/EASL practice guideline, lactulose as first-line therapy and rifaximin as add-on for 
secondary prophylaxis [81].
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The analogy is instructive in both directions. On one hand, it demonstrates that gut-
directed therapy can produce clinically meaningful neurological benefit, measured with 
a neurological endpoint, in a human encephalopathy—the design that is entirely missing 
from the sepsis literature. On the other hand, the differences are substantial and should 
temper enthusiasm. Hepatic encephalopathy has a single, measurable, well-characterised 
gut-derived toxin (ammonia) with a defined route of entry via portosystemic shunting, 
and interventions are given over months in ambulatory, haemodynamically stable patients. 
SAE has no identified equivalent toxin, no measurable target analogous to ammonia, an 
acute time course of hours to days, and occurs in patients with shock, ileus and absent 
luminal transit, in whom non-absorbable agents may not even be delivered to the colon. 
Hepatic encephalopathy therefore establishes the feasibility of the trial design rather than 
the transferability of the therapy, and its main lesson for SAE research is the value of 
identifying a single quantifiable gut-derived mediator before designing an intervention.

8. From Treatment to Prediction: Can the Gut Predict the Brain?
The preceding sections lead to an uncomfortable conclusion: no gut-directed therapy 

can currently be recommended for the prevention or treatment of SAE. Prediction, however, 
is a different question, and here the field is appreciably more advanced than interven-
tion. We therefore devote a separate section to it, because risk stratification is both the 
more realistic near-term translational goal and the necessary precondition for an efficient 
interventional trial.

8.1. Microbial and Metabolite Signatures as Candidate Predictors
Four lines of evidence suggest that the gut carries prognostic information about 

the brain. First, the admission gut community predicts hard outcomes in critical illness: 
Enterococcus domination and vancomycin-resistant Enterococcus colonisation independently 
predicted death or infection in a prospective cohort of 301 ICU patients [35], establish-
ing the principle even though the endpoints were not neurological. Second, SAE-specific 
case–control studies, though very small, consistently find a different community in patients 
with encephalopathy: reduced diversity with a distinct serum metabolome in 20 SAE versus 
20 non-SAE patients [56], and compositional shifts with a faecal microRNA signature and 
higher serum interleukin-1β in 10 SAE versus 20 septic controls [57]. Third, in the largest 
prospective dataset on delirium (133 acutely ill older adults, 29% delirious), microbiota 
diversity and composition differed significantly between those who did and did not be-
come delirious [58]. Fourth, and most attractive from a mechanistic standpoint, specific 
metabolites rather than taxa may carry the signal: faecal SCFAs fall rapidly and persis-
tently in critical illness [33], faecal IPA is reduced in septic patients and lower levels track 
with worse outcomes [55], and host kynurenine pathway alterations are associated with 
fewer days alive without delirium or coma [53]. Metabolites have the advantage of being 
quantifiable, biologically interpretable and directly actionable through substrate provision 
or supplementation.

8.2. Machine-Learning Models and the Case for Adding Microbial Features
In parallel, several groups have developed machine-learning models for SAE using rou-

tinely collected clinical data. Nine algorithms trained on 6994 MIMIC-IV patients predicted 
30-day mortality after SAE with areas under the curve of 0.80–0.83, with acute physiol-
ogy score III, Glasgow Coma Scale and red cell distribution width carrying the greatest 
weight, and were deployed as an online calculator [24]. More recently, LASSO–Boruta 
feature selection with XGBoost, CatBoost, LightGBM, multilayer perceptron and support 
vector machine models, interpreted with SHapley Additive exPlanations, was applied to 
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the prediction of SAE occurrence—rather than mortality—in 3156 elderly septic patients, 
in whom SAE incidence was 48.7% [23]. A stacking ensemble achieved an area under the 
curve of 0.807 internally but only 0.671 on external validation in the eICU database, a drop 
that is itself informative about the generalisability of these models.

The salient observation is that not one of these models includes a microbial or microbial-
metabolite feature. They are built exclusively on physiology, laboratory values and comor-
bidity. This is the obvious point of convergence between the two literatures reviewed here: 
a prospective study enrolling septic patients at ICU admission, sampling stool or rectal 
swabs for 16S or shotgun sequencing and for targeted SCFA and tryptophan-metabolite 
quantification, adjudicating SAE with CAM-ICU and the Richmond Agitation–Sedation 
Scale, and testing whether microbial features add incremental discrimination over an es-
tablished clinical model, would be feasible with existing technology and would answer 
a question that neither field can answer alone. Such a study should be reported according to 
TRIPOD, should pre-specify the comparator model, and must include external validation, 
given the performance drop observed above.

8.3. Anchoring Prediction to an Objective Measure of Brain Injury
A persistent obstacle is that SAE lacks an objective endpoint. Blood-based markers 

of neuroaxonal injury offer a partial solution. In a prospective pilot study of 20 patients 
with septic shock and 5 non-septic controls, plasma neurofilament light chain (NfL) rose 
over time in septic patients but remained stable in controls, with higher levels in those with 
brain dysfunction, and provided prognostic information on death and on functional and 
cognitive outcome in survivors [82]. NfL has since been proposed as the most promising 
candidate biomarker for SAE, with glial fibrillary acidic protein as a complementary marker 
of astroglial injury, although assay standardisation, cut-off definition and the confounding 
effects of renal failure and age remain unresolved [83]. Combining a microbial or metabolite 
signature with a quantitative marker of neuroaxonal injury would give future studies both 
an exposure and an outcome that are measurable, and would move the field beyond the 
categorical, observer-dependent diagnosis of delirium.

9. Clinical Implications: Toward a Gut-Oriented Approach to 
Brain Protection
9.1. What Can Reasonably Be Done Today

Although the evidence is largely experimental, the concepts reviewed here support 
an integrated, gut-oriented approach to brain protection in septic patients that relies en-
tirely on existing, guideline-concordant measures. It is important to be clear that none 
of the following is recommended because of demonstrated benefit on the gut–brain axis; 
each is recommended on its own evidence, and the gut–brain rationale is an additional, 
speculative argument in its favour. These include early source control and hemodynamic 
optimisation to restore splanchnic perfusion [77]; early, low-dose EN (initiated within 48 h 
where not contraindicated, as defined in Section 6.2) advanced according to gastrointestinal 
tolerance, with PN reserved for patients in whom EN is contraindicated or insufficient after 
the first days [17,76]; moderate glycaemic targets (≤180 mg/dL [≤10 mmol/L]) avoiding 
hypoglycaemia and glycaemic variability [8,64]; correction of sodium, fluid and acid–base 
derangements [8]; screening and treatment of thiamine deficiency in high-risk patients [65]; 
antimicrobial stewardship with the shortest effective duration, for which randomised ev-
idence now exists in intra-abdominal infection [30,74], and avoidance where possible of 
the antibiotic classes most often implicated in antibiotic-associated encephalopathy [79]; 
minimization of deliriogenic drugs and implementation of non-pharmacological delirium 
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prevention bundles [9], which remain the only intervention of proven value for delirium in 
the ICU.

9.2. Abdominal Sepsis: A Hypothesis in Search of Data
Patients with abdominal sepsis deserve specific consideration. In these patients, the gut 

is the source of infection and is often injured by peritonitis and surgery; bowel oedema, ileus, 
open abdomen and intra-abdominal hypertension frequently delay EN, while exposure to 
broad-spectrum antibiotics is prolonged [11,12,30]. Such patients may plausibly experience 
more profound gut barrier failure and dysbiosis than patients with sepsis of other origin, 
but no claim of a higher risk of gut-mediated brain injury can be sustained on present data. 
No study has compared the incidence, severity or duration of SAE between abdominal and 
non-abdominal sources of sepsis; no study has compared microbial or metabolite profiles 
between these groups; and the trials cited in Sections 6 and 7 that did enrol abdominal sepsis 
populations—STOP-IT and DURAPOP [30,74]—measured infectious and antimicrobial-
exposure endpoints only. The proposition that abdominal sepsis is a high-risk phenotype 
for gut-mediated brain injury is a hypothesis, and we present it as such. It is, however, 
an eminently testable one, and the abdominal sepsis population has two features that make 
it an attractive setting for the studies proposed in Section 8: the timing of the gut insult is 
known precisely (the operation), and the gut is directly accessible for sampling and for 
the staged delivery of enteral substrate. The timing of EN after abdominal surgery, the 
role of trophic feeding in the open abdomen, and monitoring of gastrointestinal function 
(e.g., through validated scores or biomarkers of enterocyte injury, such as intestinal fatty 
acid-binding protein, citrulline or D-lactate) are relevant questions for future research in 
this population [12,76].

10. Strengths and Limitations
This review integrates mechanistic, clinical and nutritional evidence across disciplines 

that are usually examined separately, and it explicitly distinguishes experimental from 
clinical data, endotoxaemia models from polymicrobial sepsis models, and the gut–immune 
and gut–lung axes from the gut–brain axis. Nevertheless, several limitations should be 
acknowledged. First, as a narrative review, it did not follow a systematic search and selection 
protocol: no protocol was registered, screening was performed by a single author and not 
duplicated, and no risk-of-bias assessment or quantitative synthesis was undertaken. The 
search strategy, databases and eligibility criteria are nonetheless reported in Section 2 in 
the interest of transparency and reproducibility, and the reader should understand these 
as a description of what was done rather than as a systematic method; selection bias 
cannot be excluded. Second, most of the mechanistic evidence derives from rodent models, 
whose relevance to human sepsis is limited for the reasons set out in detail in Section 5.6, 
and the single most cited observation on the vagal pathway comes from one study in 
an endotoxaemia model [40]. Third, clinical studies on nutrition in sepsis did not assess 
neurological outcomes, so their relevance to SAE is inferred rather than demonstrated; the 
one trial that did assess cognition was in acute lung injury and was negative [63]. Fourth, the 
human microbiome data in SAE are few, small, cross-sectional and heavily confounded 
by antibiotics, proton-pump inhibitors, opioids and vasopressors, and reverse causation 
cannot be excluded (Section 5.7). Fifth, the “gut as the motor of multiple organ dysfunction” 
framework on which much of this literature rests remains contested (Section 4.1). Finally, 
the rapid growth of the field means that some recent experimental findings have not yet 
been independently replicated.
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11. Knowledge Gaps and Future Directions
Several gaps currently limit the translation of gut–brain concepts to the care of patients 

with SAE. First, SAE lacks a consensus operational definition and standardised diagnos-
tic criteria, which hampers comparisons across studies and the design of interventional 
trials [3]; anchoring the diagnosis to a quantitative marker of neuroaxonal injury such as 
NfL may partly circumvent this [82,83]. Second, most mechanistic data derive from rodent 
models of CLP or LPS injection, which only partially reproduce human sepsis and do not in-
clude standard ICU interventions such as antibiotics, sedation, vasopressors and nutritional 
support [14,37,54]; models incorporating antibiotic treatment, fluid resuscitation and aged 
or comorbid animals, and assays addressing attention rather than spatial memory alone, 
would materially improve translational validity. Third, human studies correlating gut micro-
bial composition, faecal and circulating metabolites, and markers of barrier dysfunction with 
neurological phenotypes are scarce and mostly cross-sectional. Longitudinal multi-omics 
studies integrating microbiome, metabolome, biomarkers of brain injury (e.g., neurofil-
ament light chain, glial fibrillary acidic protein) and long-term cognitive outcomes are 
needed [38,48,57,82,83], with sampling beginning before the onset of encephalopathy and 
with explicit adjustment for antibiotic class and duration, proton-pump inhibitors, opioids 
and vasopressors. Fourth, nutritional trials in critically ill patients have rarely included 
delirium or cognition as outcomes; incorporating these endpoints into future trials of feed-
ing route, dose, fibre and micronutrient supplementation would be of great value, and the 
EDEN follow-up demonstrates that this is operationally feasible [63]. Fifth, microbiota-
based prediction of SAE should be tested directly: no existing machine-learning model 
for SAE incorporates microbial or metabolite features [23,24], and whether they add in-
cremental discrimination over clinical variables is an answerable question (Section 8.2). 
Sixth, microbiome-targeted interventions (probiotics, FMT, postbiotics, vagus nerve stimu-
lation) should be tested in carefully selected populations, with rigorous safety monitoring 
and biologically informed stratification, for example according to baseline dysbiosis or 
metabolite deficiency [15,48]. Finally, antibiotic duration is the one gut-sparing interven-
tion for which randomised infrastructure already exists [30,74]; embedding delirium and 
cognitive endpoints into future antimicrobial-duration trials would be a low-cost, high-yield 
way of testing the gut–brain hypothesis in humans.

12. Conclusions
SAE is a frequent and severe manifestation of sepsis with long-lasting consequences 

for survivors. A growing body of experimental evidence indicates that sepsis-induced 
gut barrier failure and dysbiosis may contribute to brain dysfunction through neural, 
immune, metabolic and neuroendocrine pathways, and that restoring the gut ecosystem or 
its metabolites can mitigate neuroinflammation and cognitive impairment in animal models, 
although in those models a contribution from the attenuation of systemic and non-cerebral 
organ dysfunction cannot be excluded. Nutrition represents the most immediately available 
tool with which this axis might be addressed, through the choice of route, timing and 
dose of feeding, glycaemic and electrolyte control, micronutrient repletion and provision 
of fermentable substrates. However, clinical evidence directly linking these interventions 
to neurological outcomes is absent rather than merely inconsistent, and nutrition must 
therefore be presented as a hypothesis to be tested rather than as a therapeutic or preventive 
strategy for SAE. In the shorter term, the more tractable translational opportunity may lie in 
prediction: microbial and metabolite signatures, combined with existing clinical machine-
learning models and anchored to quantitative markers of neuroaxonal injury, could identify 
the patients in whom a gut-directed intervention would be worth testing. Future research 
should incorporate brain-related endpoints into nutritional and microbiome-directed trials, 

https://doi.org/10.3390/app162110703

https://doi.org/10.3390/app162110703


Appl. Sci. 2026, 16, 10703 23 of 28

particularly in high-risk populations such as patients with abdominal sepsis, to determine 
whether protecting the gut can indeed protect the brain.
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Appendix A. Search Strategy
The following Boolean strings were run in PubMed/MEDLINE (last run 20 October 

2026) and adapted to the syntax of Scopus and Web of Science, which were used for cross-
checking and for forward and backward citation tracking. No language limit other than 
English was applied; no date limit was applied.

A1. Syndrome: (“sepsis-associated encephalopathy”[tiab] OR “septic encephalopa-
thy”[tiab] OR “sepsis-associated delirium”[tiab] OR (“sepsis”[MeSH] AND (“delir-
ium”[MeSH] OR “cognitive dysfunction”[MeSH] OR “brain diseases”[MeSH]))).

A2. Gut–brain axis: (“gut-brain axis”[tiab] OR “microbiota-gut-brain”[tiab] OR “brain-
gut axis”[tiab]) AND (“sepsis”[tiab] OR “critical illness”[tiab] OR “intensive care”[tiab]).

A3. Barrier and microbiome: (“intestinal barrier”[tiab] OR “intestinal perme-
ability”[tiab] OR “bacterial translocation”[tiab] OR “dysbiosis”[tiab] OR “gut micro-
biota”[tiab] OR “microbiome”[tiab]) AND (“sepsis”[tiab] OR “septic shock”[tiab] OR 
“critical illness”[tiab]).

A4. Metabolites: (“short-chain fatty acid*”[tiab] OR “butyrate”[tiab] OR “tryp-
tophan”[tiab] OR “indole-3-propionic”[tiab] OR “indole-3-acetic”[tiab] OR “kynure-
nine”[tiab] OR “aryl hydrocarbon receptor”[tiab]) AND (“sepsis”[tiab] OR “encephalopa-
thy”[tiab] OR “microglia”[tiab]).

A5. Nutrition and microbiome-directed therapy: (“enteral nutrition”[MeSH] OR 
“parenteral nutrition”[MeSH] OR “probiotics”[MeSH] OR “synbiotics”[tiab] OR “pre-
biotics”[tiab] OR “fecal microbiota transplantation”[MeSH] OR “selective decontamina-
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tion”[tiab] OR “glutamine”[tiab] OR “thiamine”[tiab] OR “dietary fiber”[MeSH]) AND 
(“sepsis”[tiab] OR “critical illness”[tiab] OR “intensive care units”[MeSH]).

A6. Prediction and biomarkers: (“machine learning”[tiab] OR “prediction model”[tiab] 
OR “risk prediction”[tiab] OR “neurofilament”[tiab] OR “glial fibrillary acidic pro-
tein”[tiab]) AND (“sepsis-associated encephalopathy”[tiab] OR “delirium”[tiab]).

A7. Vagus nerve: (“vagus nerve”[MeSH] OR “vagotomy”[tiab] OR “cholinergic 
anti-inflammatory”[tiab]) AND (“sepsis”[tiab] OR “endotoxemia”[tiab] OR “encephalopa-
thy”[tiab]).

In addition, the reference lists of all included reviews and of the international 
guidelines cited were hand-searched, and ClinicalTrials.gov was queried for registered 
interventional studies using the terms “sepsis”, “delirium”, “microbiota” and “fecal 
microbiota transplantation”.
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