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Abstract: Sepsis is a complex clinical syndrome characterized by an uncontrolled inflammatory
response to an infection that may result in septic shock and death. Recent research has revealed
a crucial link between sepsis and alterations in the gut microbiota, showing that the microbiome
could serve an essential function in its pathogenesis and prognosis. In sepsis, the gut microbiota
undergoes significant dysbiosis, transitioning from a beneficial commensal flora to a predominance
of pathobionts. This transformation can lead to a dysfunction of the intestinal barrier, compromising
the host’s immune response, which contributes to the severity of the disease. The gut microbiota
is an intricate system of protozoa, fungi, bacteria, and viruses that are essential for maintaining
immunity and metabolic balance. In sepsis, there is a reduction in microbial heterogeneity and a
predominance of pathogenic bacteria, such as proteobacteria, which can exacerbate inflammation
and negatively influence clinical outcomes. Microbial compounds, such as short-chain fatty acids
(SCFAs), perform a crucial task in modulating the inflammatory response and maintaining intestinal
barrier function. However, the role of other microbiota components, such as viruses and fungi,
in sepsis remains unclear. Innovative therapeutic strategies aim to modulate the gut microbiota
to improve the management of sepsis. These include selective digestive decontamination (SDD),
probiotics, prebiotics, synbiotics, postbiotics, and fecal microbiota transplantation (FMT), all of which
have shown potential, although variable, results. The future of sepsis management could benefit
greatly from personalized treatment based on the microbiota. Rapid and easy-to-implement tests to
assess microbiome profiles and metabolites associated with sepsis could revolutionize the disease’s
diagnosis and management. These approaches could not only improve patient prognosis but also
reduce dependence on antibiotic therapies and promote more targeted and sustainable treatment
strategies. Nevertheless, there is still limited clarity regarding the ideal composition of the microbiota,
which should be further characterized in the near future. Similarly, the benefits of therapeutic
approaches should be validated through additional studies.

Keywords: intestinal microbiota; sepsis; intestinal barrier; antibiotics; DAO (diamine oxidase);
I-FABP (intestinal fatty acid-binding protein); prebiotics; probiotics; symbiotics; postbiotics; FMT
(fecal microbiota transplantation); SDD (selective digestive decontamination)

1. Introduction

The human gut microbiota is an intricate system composed of bacterial microorgan-
isms, yeasts, viruses, and parasites. With its various phyla, it reaches a population of nearly
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100 trillion microorganisms, predominantly Firmicutes and Bacteroidetes [1]. The human
gastrointestinal tract is sterile at the beginning, but it is quickly colonized by the maternal
microbiome, with the mode of delivery—vaginal or caesarean—affecting the initial compo-
sition of the neonate’s microbiota [2]. The gut microbiota is unique to each individual and
influenced by genetic and environmental factors, diet, and antibiotic use [3]. The major bac-
terial components of the gut microbiota include Firmicutes, Bacteroidetes, Actinobacteria,
and Proteobacteria; additionally, Fusobacteria, Cyanobacteria, and Verrucomicrobia are
present, totaling seven phyla.

The Firmicutes phylum (60% of the total) is primarily composed of obligate or facul-
tative anaerobic gram-positive bacteria, such as Enterococcus spp., Clostridium spp., and
Lactobacillus spp. The Bacteroidetes phylum (30–40%) is mainly composed of gram-negative
anaerobic bacteria like Prevotella spp. and Bacteroides spp. [3] These commensals are cru-
cial as they help ensure host immunity and regulate various metabolic functions such as
digestion, nutrient absorption, vitamin synthesis, and energy production. Beneficial com-
mensal microbes can restore proper intestinal barrier function and exert anti-inflammatory
effects [4].

Dietary carbohydrates are the primary energy source and are fermented by colon
bacteria such as Bifidobacterium and Fecalibacterium to produce SCFAs like acetate and
butyrate, which are significant energy sources useful to host [5]. The intestinal microbiota
also positively impacts lipid metabolism by enhancing lipid hydrolysis efficiency [6]. The
pathogenic burden of the microbiota in sepsis is not fully comprehended. Dietary habits
can favor the growth of specific bacterial strains, altering fermentative metabolism and
intestinal pH, which may lead to the growth of pathogenic flora [7]. For instance, a
diet with an elevated fat content can develop a pro-inflammatory phenotype, increasing
intestinal permeability and blood lipopolysaccharide levels [7]. A promising therapeutic
option for various diseases resides in manipulating gut balance. However, the efficacy
of ongoing treatment strategies, such as FMT, probiotics, and prebiotics, is limited by
multiple obstacles. These include the imprecision of treatments, legislative and safety
problems, and the difficulty in offering repeatable and targeted procedures [8]. Despite
these challenges, the importance of a balanced microbiota for human health is increasingly
emphasized (Figure 1).
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On the other hand, sepsis is a clinical syndrome caused by an abnormal and multi-
faceted host defense against an infection, leading to potentially fatal organ dysfunction and
influenced by endogenous factors. It is characterized by a systemic inflammatory response
and can lead to septic shock and death [9]. Organ impairment is defined as an alteration
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in the Sequential [Sepsis-related] Organ Failure Assessment (SOFA) score of more than
2 points to infection and carries a 10% in-hospital mortality risk [10].

The actual incidence in emergency departments and general wards remains un-
known [11], due to the challenges in collecting large-scale data, particularly in low-income
countries [12], as well as the lack of precise and reliable criteria for diagnosing sepsis [10].
Several studies have reported a mortality rate of 26.7% in the group of septic patients
treated in hospitals and 41.9% in ICU patients [12]. In 2017, Rudd KE et al. reported a
total of 48.9 million cases, with 11 million fatalities worldwide [13]. For a faster bedside
diagnosis, qSOFA (quick SOFA) was developed in 2016, incorporating easily measurable
clinical criteria:

Glasgow Coma Scale score ≤13, systolic blood pressure ≤100 mmHg, and respiratory
rate ≥22 breaths per minute.

In diagnosis, laboratory criteria complement clinical criteria. Among the main biomark-
ers are C-reactive protein (CRP) and procalcitonin (PCT). Both markers have limitations
in sensitivity and specificity, making blood culture in some respects the gold standard,
although this method takes a long time. Promising new studies have reported on the role
of presepsin as a new useful biomarker for the early diagnosis of sepsis.

In this review, we analyze the dysfunctions of the microbiota before and during sepsis,
the impact of antibiotics on immune dysregulation and intestinal microbiota, laboratory
markers, and therapeutic targets. The aim of this review is to emphasize the prudent use
of antibiotics by highlighting the role of the microbiota in sepsis as well as to collect the
existing literature on this topic and therapeutic strategies.

2. The Role of Microbiota

The gut microbiome plays a crucial role in resistance to pathogens, even in distant
organs such as the lungs. Changes in microbiota in sepsis are responsible for worse prog-
noses. Reduced microbial diversity and the loss of beneficial bacteria, such as butyrate
producers, may be indicators of adverse outcomes [14]. The human gut also hosts eukary-
otic viruses, bacteriophages, fungi, archaea, and protozoa, but their role in sepsis remains
unclear. Different studies on critically ill patients have demonstrated that the decline in
anaerobic bacteria is associated with the growth of aerobic pathobionts and opportunistic
yeasts like Candida and Aspergillus [15] (Figure 2).
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Figure 2. The taxonomic composition of the gut microbiome at the phylum level in healthy volunteers
(A), ICU patients dying with severe sepsis (as indicated by black circles on the timeline) (B), and ICU
patients who had recovered (as indicated by green circles on the timeline) (C) [16].

The gut microbiota significantly impacts immune function, including local barrier
protection, hematopoiesis, T-cell differentiation, cytokine and antibody production, and
phagocytosis [17]. As an illustration, Bacteroides and Firmicutes, the dominant phyla in
a healthy gut, produce short-chain fatty acids (SCFAs) such as propionate, acetate, and
butyrate, which regulate gene expression in regulatory T cells [18] and enhance the micro-
bicidal capabilities of macrophages by inhibiting histone deacetylase 3 (HDAC3) [19,20].
Thanks to this, there is a reduction in pro-inflammatory cytokines regulated by NF-κB,
including TNF-α and IL-6. Additionally, butyrate has been discovered to increase the con-
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centration of interleukin-10 (IL-10), which has reduced inflammatory responses in murine
models of septic shock [21]. According to a study by Yamada et al., patients with sepsis
exhibit a reduction in fecal SCFAs, which appears to persist for up to 6 weeks [22]. This
results in intestinal barrier dysfunction and alters immune response. SCFAs play a crucial
role in supporting intestinal epithelial cells by ensuring their proliferation and differentia-
tion [23]. Low SCFA levels represent a negative prognostic factor. Microbiota metabolites
modulate key immune pathways. For example, D-lactate, produced by intestinal bacteria
and transferred to the liver via the portal vein, is essential for the accuracy of the immune
response thanks to Kupffer cells that capture and kill circulating pathogens, preventing the
spread to other organs [24]. SCFAs contribute to maintaining intestinal barrier integrity
and reducing inflammation. Furthermore, they circulate throughout the human organism
using the lymphatic and humoral systems and bind to their specific G-protein-coupled
receptors (GPR43, GPR41, and GPR109a), which block the production of inflammatory
proteins regulated by histone deacetylase [25]. It follows that SCFA concentrations are
closely related to prognosis [26]. Artificial nutrition is essential for septic patients, but
dietary composition, particularly rich in animal proteins and fats but low in fiber, can
alter the microbiota within a single day, reducing SCFAs and increasing secondary bile
acids [27]. However, hospitalized septic patients often receive sterile casein-based diets with
no fiber [27]. In intensive care units, there is a risk of patient malnutrition, which holds a
negative prognostic value [28]. Early enteral nutrition with a standard formula is generally
preferred for nearly all critically ill patients. The addition of parenteral nutrition is assessed
on an individual basis [28]. Nevertheless, we still lack sufficient studies to determine
the impact of different formulations on prognosis, and conflicting [29,30] evidence exists
regarding their effects on the length of stay, inflammatory processes, duration of mechanical
ventilation, and mortality. The area of focus should be the potential for enteral nutrition to
be enriched with soluble or insoluble fibers derived from soy polysaccharides, partially
hydrolyzed guar gum, psyllium, mixed fiber, and pectin to simulate natural, balanced
nutrition as closely as possible [31] In patients receiving parenteral nutrition, integrating
fiber is more challenging, as these formulations do not contain it. While essential amino
acids and polyunsaturated fats can support certain metabolic functions, they cannot replace
SCFAs. Huwiler et al. [32] show how the number of studies highlighting the benefits of
dietary fibers (DF) in enteral nutrition (EN) for most patients is steadily increasing, due to
their positive effects on various mechanisms, such as maintaining mucosal barrier integrity,
enhancing cellular defense, and modulating inflammation.

However, current evidence on the impact of DF-enriched EN in septic conditions
and related clinical outcomes remains limited and inconclusive. Many concerns persist
regarding the high risk of ischemia, severe dysmotility, or susceptibility to food intolerance
in ICU patients. A fiber-rich diet can also lead to intestinal distension, increasing the risk of
adverse events. Therefore, further large-scale, high-quality clinical trials focusing solely on
the effects of dietary fibers, without the influence of other immunonutrients, are needed to
achieve clearer conclusions. Immunonutrition could represent another important area of
exploration; however, the current evidence is still insufficient. In a multicenter prospective
observational study involving 61 treated patients, López-Delgado et al. [33] observed a
reduced need for vasopressors and continuous renal replacement therapy, along with
improved 28-day survival (85.2% vs. 73.3%, p = 0.014).

Further research is needed to develop formulations that can reproduce these short-
chain fatty acids, to restore intestinal integrity and improve prognosis in this
patient population.

The interaction between the microbiome, epithelium, and immune system regulates
gut permeability [34]. The gut microbiota plays a crucial role in maintaining the integrity
of the epithelial barrier due to its ability to compete with pathogens and produce metabo-
lites that regulate various host functions. For example, butyrate and propionate stimu-
late the production of proteins that strengthen intercellular junctions, such as ZO-1 and
occludin [35,36], although high doses of butyrate may weaken the barrier by inducing
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apoptosis [37]. Barrier integrity is maintained by junctional proteins, including claudins,
occludins, and cytosolic proteins. It is further strengthened by mesenteric lymph nodes,
the lamina propria, Peyer’s patches, and intraepithelial lymphocytes. When this integrity
is compromised, apoptosis of the intestinal barrier cells follows. Similarly, polyamines,
synthesized by both the microbiota and the host, support barrier integrity by modulating
the expression of key proteins [38]. Among other metabolites, conjugated linoleic acid
(CLA) exhibits complex effects: while it increases intestinal permeability in vitro, it shows a
protective effect in vivo in colitis models [39,40]. In addition to bacterial metabolites, struc-
tural components such as lipopolysaccharides and flagellin also influence barrier function
by activating specific Toll-like receptors (TLRs), with effects ranging from enhancement to
disruption of epithelial permeability [41,42].

Yoseph et al. conducted a study on mice, examining junctional proteins using real-
time polymerase chain reaction, Western blot, and immunohistochemistry 12 h after cecal
ligation and puncture (CLP), and in a separate group of mice with Pseudomonas aeruginosa
infection. In both groups, claudin-2 and JAM-A levels increased with sepsis, while claudin-5
and occludin levels decreased [43].

Intestinal hyperpermeability is mediated by a series of pro-inflammatory cytokines,
including TNFα, IL-1β, and IL-6, whose production appears to be influenced by myosin
light chain kinase (MLCK). Infections, through the secretion of IL-1β by infected immune
cells and the activation of TLR-2, can lead to the upregulation of MLCK [44]. The gut
microbiome may regulate this process by influencing the first pathway, namely, competition
with pathogens. However, to date, no specific studies have explicitly addressed this
phenomenon. Lorentz et al., in a study on mice, demonstrated a survival advantage in
sepsis with a knockout of the kinase [45].

Cytokine expression may be influenced by commensal microbes acting on immune
pathways. Supporting this hypothesis, a study on 500 healthy adults by Schirmer et al.
demonstrated that Coprococcus comes influences the production of IL-1β and IL-6 cytokines
in response to Candida albicans infection [46].

Regarding hematopoiesis, it has been observed that germ-free neonatal mice are more
susceptible to sepsis from Staphylococcus aureus and Listeria monocytogenes due to a reduction
in myeloid bone marrow precursors and alterations in the number of splenic macrophages,
monocytes, and neutrophils [47].

Furthermore, according to a study by Zhang et al. on antibiotic-treated mice, the
microbiome regulates neutrophil aging. In this study, neutrophil extracellular traps were
significantly reduced following antibiotic administration [48].

Another study highlighted that the gut microbiome also regulates humoral immunity:
commensal bacteria play a role in the production of IgA, which depends on T cells [49].

The impact of symbionts on systemic immunity also appears to be mediated by
immunoglobulins. Zeng et al. demonstrated that the systemic production of serum im-
munoglobulins (Ig) G is induced by antigens expressed on the outer membrane of gram-
negative bacteria [50]. Other mediators include bacteriocins, which are extracellular an-
timicrobial peptides produced by bacteria and archaea from different phylogenetic back-
grounds. Bacteriocins offer the capacity to inhibit or eradicate drug-resistant organisms,
unlike conventional antibiotics, because they can damage bacterial cell membranes and lead
to the loss of intracellular components [51]. Utilizing potent and narrow-spectrum bacteri-
ocins as protein-based antibiotics presents a promising alternative strategy for combating
multidrug-resistant bacteria [52].

Several preliminary studies in mice show that the microbiome influences the systemic
immune response to illnesses. Intestinal dysbiosis, as demonstrated using germ-free mice
or those treated with antibiotics, increases mortality from bacterial infections [53]. Some
clinical treatment methods, such as mechanical ventilation, vasoactive drugs, and broad-
spectrum antibiotics, can alter intestinal flora and impair its functions [54]. Patients with
sepsis exhibit a higher intestinal abundance of Enterococcus compared to healthy individ-
uals [54]. This phenomenon appears to be linked to the depletion of SCFA-producing
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bacteria, which promotes the overgrowth of vancomycin-resistant Enterococcus strains in
critically ill patients [55]. Specifically, the reduction of butyrate has been associated with
an increased presence of these species in the colon [56]. In sepsis, there is often a loss
of obligate anaerobes such as Bacteroidetes and Firmicutes, leading to the proliferation of
normally less abundant taxa like Proteobacteria (including E. coli and K. pneumoniae) [57];
additionally, the use of antibiotics promotes colonization by Clostridium and vancomycin-
resistant Enterococcus (VRE) [58]. Patrier et al., in a prospective monocentric cohort study,
found that high concentrations of Enterococcus, S. aureus, and Candida were associated with
increased mortality, regardless of age, organ failure, and antibiotic therapy [59]. Selective
pressures due to physiological stress and treatments (antibiotics, artificial nutrition) influ-
ence this alteration [60]. Intensive care unit admission can compromise these defenses,
leading to severe complications such as multiple organ failure (MOF), the development
of coronary artery disease (CAD), systemic infections, ventilator-associated pneumonia
(VAP), healthcare-associated pneumonia (HAP), and acute respiratory distress syndrome
(ARDS) [61]. Nevertheless, it is difficult to establish a causal relationship between gut
dysbiosis and prognosis in ICU patients, considering that these events directly affect both
prognosis and microbiota alteration (Table 1).

Table 1. Works supporting “The role of microbiota”.

Authors Type Year Subjects Findings

Arpaia et al.
[18]

Single-center case-control
study 2021

Five mice in each group.
Pathogen-free mice (SPF), others
treated with broad-spectrum
antibiotics (AVNM), and still
others germ-free (GF).

After the administration of
butyrate, an increase in
extrathymic Treg cell levels was
observed.

Schulthess et al.
[19] Observational study 2019 Intestinal macrophages in vivo.

Butyrate induced a reduction in
mTOR kinase activity and the
production of antimicrobial
peptides without an increased
inflammatory cytokine response.
Butyrate drove the
differentiation from monocytes
to macrophages through the
inhibition of histone deacetylase
3 (HDAC3).

Wang et al.
[21]

Single-center case-control
study 2017

Male mice were randomly divided
into the following groups: septic
model group (M), normal control
group (NC), and SCFA
pretreatment groups.

Butyrate, a short-chain fatty acid
(SCFA), significantly reduced
inflammation in response to
sepsis by enhancing the
expression of the
anti-inflammatory cytokine
IL-10 (p < 0.01).

Yamada et al.
[22]

Single-center case-control
study 2015

140 ICU patients with SIRS criteria
and PCR level >10 mg/dL. Fecal
samples were used for the
quantitative measurement of SCFA
concentrations.

The levels of butyrate,
propionate, and acetate in the
feces of these patients were
significantly lower than those in
healthy volunteers and stayed
low throughout the entire
6-week ICU stay.
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Table 1. Cont.

Authors Type Year Subjects Findings

McDonald et al.
[24]

Single-center case-control
study 2020

Pathogen-free (SPF) and germ-free
(GF) mice were infected with
Staphylococcus aureus via
intravenous injection.

The gut microbiota supports the
removal of circulating pathogens
by Kupffer cells in vivo through
D-lactate produced by
commensal bacteria, which
travels to the liver through the
portal vein (p < 0.05).

Wang et al.
[26]

Single-center case-control
study 2024

Thirty-six healthy, 8-week-old
male C57BL/6J mice, maintained
in pathogen-free conditions, were
randomly assigned to four groups:
Control, LPS, EcN, and EcN + LPS.

Pretreatment with Escherichia
coli Nissle (EcN) can
significantly increase the
abundance of Bacteroidetes
(produce high levels of acetate)
and Firmicutes (significant
amounts of butyrate) in mice
with septic shock. This
intervention not only enhances
intestinal barrier function but
also positively modulates gut
microbiota composition.

Grillo-Ardila
et al. [29] Meta-analysis 2024

Five RCTs (n = 442 participants)
and ten NRSs (n = 3724
participants) were included.

Limited evidence indicates that
Exclusive Enteral Nutrition
(EEN) may be a safe and
potentially effective intervention
for supporting gut microbiota in
critically ill patients with sepsis
or septic shock.

Kaewdech et al.
[31] Meta-analysis 2022

Fiber supplementation for
hospitalized adults on enteral
nutrition was reviewed, including
16 randomized controlled trials
(RCTs) from a total of 4469 studies
found.

Fiber supplements help alleviate
post-meal diarrhea in
hospitalized patients who are
receiving enteral nutrition
(p = 0.005). This is likely due to
the production of SCFAs
following bacterial metabolism.

Lopez-Delgado
et al. [33]

Multicenter-
observational study 2022

406 patients were included in the
analysis, of whom 61 received
IMN.

Patients treated with IMN
formulas received a higher mean
caloric and protein intake, and
better 28-day survival rates
(p < 0.001).

Saleri et al. [36] Preclinical study 2022

Acetate stimulated cell viability
and NO production in a
dose-dependent manner
(p < 0.05), activating a barrier
response through claudin-4 and
immunity via β-defensin 1
(p < 0.05). Propionate
supplementation showed similar
effects on these parameters.
Additionally, SCFA
supplementation significantly
induced β-defensin 1 expression
(p < 0.05).
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Table 1. Cont.

Authors Type Year Subjects Findings

Zhan et al. [41] Single-center case-control
study 2022

Twenty wild-type and ten TLR4
knockout (KO) mice were used to
establish a sepsis-induced
dysfunctional intestinal barrier
model through intraperitoneal
injection of lipopolysaccharide
(LPS, 10 mg/kg).

The deficiency of TLR4
mitigated LPS-induced intestinal
barrier dysfunction by reducing
inflammatory responses
(p < 0.01) and apoptosis
(p < 0.01), preventing intestinal
damage, and modulating gut
microbiota dysbiosis.

Gu et al.
[42] Preclinical study 2016

TLR2 signaling in intestinal
epithelial cells can enhance
barrier function and prevent
DON-induced epithelial barrier
dysfunction.

Yoseph et al.
[43]

Randomized controlled
trial 2017

Male and female FVB/N mice
aged between six and twelve
weeks. Randomized to undergo
cecal ligation and puncture (CLP)
or sham laparotomy.

Claudin-2 and JAM-A increased
in sepsis, while claudin-5 and
occludin decreased in response
to sepsis (p < 0.005). In this case,
the disruption of the intestinal
barrier could be associated with
the gut microbiota; however,
there is also a component linked
to pro-apoptotic stimuli in the
intestinal epithelium due to
mitochondrial dysfunction
caused by sepsis [62].

Jung et al. [44] Single-center case-control
study 2012

Four groups of mice were used:
WT (Wild-Type) as a control,
Tlr2−/− mice, Tlr4−/− mice, and
Myd88−/− mice.

Upon TLR-2 stimulation, Y.
pseudotuberculosis-infected
monocytes activated caspase-1
and produced IL-1β.
Subsequently, IL-1β enhanced
NF-κB activation and myosin
light chain kinase (MLCK)
expression in intestinal epithelial
cells, thereby disrupting the
intestinal barrier by opening
tight junctions.

Lorentz et al.
[45]

Single-center case-control
study 2017

Male and female mice, aged six to
twelve weeks, with a genetic
deletion of the long MLCK
isoform, as well as wild-type (WT)
mice.

Improved intestinal barrier
function in MLCK−/− mice was
associated with increased levels
of the tight junction mediators
ZO-1 and claudin-15. Survival
was significantly increased in
MLCK−/− mice (p < 0.0001).
Infections can lead to the
upregulation of MLCK, so the
gut microbiome may regulate
this process through competition
with pathogens.
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Table 1. Cont.

Authors Type Year Subjects Findings

Schirmer et al.
[46]

Single-center cohort
study 2016

Fecal samples from 500 healthy
individuals were collected to
generate microbial taxonomic and
functional profiles, along with
simultaneous blood samples to
assess cytokine responses.

Coprococcus comes showed a
specific association with IL-1β
and IL-6 in response to C.
albicans hyphae stimulation.
Furthermore, C. comes was
inversely related to IL-22
production triggered by
S. aureus.

Khosravi et al.
[47]

Single-center case-control
study 2014

Pathogen-free (SPF) and germ-free
(GF) mice were infected with
Listeria monocytogenes.

Germ-free mice lack myeloid cell
populations in the spleen and
bone marrow. The microbiota
supports the restoration of
myelopoiesis and enhances early
resistance to systemic infection
by Listeria monocytogenes
(p < 0.05).

Zhang et al.
[48]

Single-center case-control
study 2015

Neutrophil populations in
germ-free (GF) mice compared to
specific pathogen-free (SPF)
animals.

The microbiota influences
neutrophil aging via Toll-like
receptor (TLR) signaling
pathways and myeloid
differentiation factor 88
(MyD88).

Wilmore et al.
[49]

Single-center case-control
study 2018

C57BL/6 (B6) mice raised in
PENN-SPF conditions compared
to age-matched JAX-SPF B6 mice.

An increase in Proteobacteria in
the microbiota led to
IgA-mediated resistance to
polymicrobial sepsis.
Commensal microbes directly
affect the serum IgA profile.

Zeng et al.
[50]

Single-center case-control
study 2016

Naive wild-type (WT) mice that
are either specific pathogen-free
(SPF) or germ-free (GF), compared
to J H−/− SPF mice with
immunoglobulin and B cell
deficiencies.

Symbiotic gram-negative
bacteria induce an
immunoglobulin G (IgG)
response against gram-negative
bacterial antigens, which
provides protection against
systemic infections by E. coli and
Salmonella. T cells and Toll-like
receptor 4 on B cells play a
crucial role in generating
microbiota-specific IgG.

Schuijt et al.
[53]

Single-center case-control
study 2016

C57BL/6 mice with depleted
microbiota were subsequently
infected intranasally with
S. pneumoniae and then subjected
to fecal microbiota transplantation
(FMT).

Fecal microbiota transplantation
(FMT) in mice with an impaired
gut microbiota restored normal
lung bacterial counts and levels
of tumor necrosis factor-alpha
(TNF-α) and interleukin-10
(IL-10) six hours after
pneumococcal infection.
Whole-genome analysis of
alveolar macrophages showed
that metabolic pathways were
upregulated without a healthy
gut microbiota (p < 0.05).
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Table 1. Cont.

Authors Type Year Subjects Findings

Lou et al.
[54]

Single-center case-control
study 2023

16S rRNA sequencing of fecal
samples from both healthy
individuals and sepsis patients
was conducted to explore whether
alterations in gut bacteria are
linked to sepsis. A mouse sepsis
model was created using cecal
ligation and puncture (CLP) to
investigate the impact of fecal
microbiota transplantation (FMT)
and short-chain fatty acids
(SCFAs).

Mice with gut microbiota
disturbances (ANC group)
exhibited a higher risk of death,
inflammation, and organ failure
compared to mice subjected to
CLP (p < 0.05).

Livanos et al.
[55]

Single-center case-control
study 2018 93 patients in intensive care were

evaluated 72 h after admission.

A significant decrease in the
proportion of Clostridial
Clusters IV/XIVa, taxa that
produce short-chain fatty acids
(SCFA), was observed. At the
same time, a significant
expansion of Enterococcus was
noted, associated with antibiotic
use (p < 0.01).

Ubeda et al.
[58]

Single-center case-control
study 2010

Twelve mice were treated with
antibiotics to assess changes in the
microbiota.

In patients undergoing
allogeneic hematopoietic
stem-cell transplantation,
intestinal dominance by
vancomycin-resistant enterococci
(VRE) often preceded
bloodstream infection (p < 0.001).

Patrier et al.
[59]

Single-center cohort
study 2022

A total of 95 patients were
included, with 765 oropharyngeal
and rectal samples.

Oropharyngeal and rectal
concentrations of Enterococcus
spp., Staphylococcus aureus, and
Candida spp. were associated
with a higher risk of death. This
association remained significant
after adjustment for prognostic
covariates (age, chronic illness,
daily use of antimicrobial agents,
and daily SOFA score).

Hayakawa et al.
[60]

Single-center case-control
study 2011

Fifteen patients who suffered a
sudden and severe event, along
with 12 healthy volunteers as a
control group, had fecal samples
collected using rectal swabs within
6 h of their emergency room
arrival.

Obligate anaerobes and
Lactobacillus significantly
decreased, and the levels of
major short-chain fatty acids in
patients were notably lower than
those in the control group. The
gut microbiota and
concentrations of key short-chain
fatty acids did not return to
normal levels. Conversely,
Enterococcus and Pseudomonas
increased over the study period.
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Table 1. Cont.

Authors Type Year Subjects Findings

Taur et al.
[63]

Dominant organisms
typically included

Enterococcus,
Streptococcus, and

various Proteobacteria.
Metronidazole treatment
led to a threefold increase

in Enterococcus
dominance, whereas

fluoroquinolone
treatment resulted in a

tenfold reduction in
Proteobacteria

dominance.

2012

Fecal samples were gathered from
94 patients receiving allogeneic
hematopoietic stem-cell
transplantation (HSCT) at various
times, from before the transplant
through to 35 days
post-transplant.

Dominant organisms typically
included Enterococcus,
Streptococcus, and various
Proteobacteria. Metronidazole
treatment led to a threefold
increase in Enterococcus
dominance, whereas
fluoroquinolone treatment
resulted in a tenfold reduction in
Proteobacteria dominance.

SPF = specific pathogen-free mice, AVNM = broad-spectrum antibiotics, GF = germ-free, HDAC3 = inhibition of
histone deacetylase 3, SCFA = short-chain fatty acid, M = model group, NC = normal control, Ecn = Escherichia
coli Nissle, LPS = Lipopolysaccharide, EEn = Exclusive enteral nutrition, KO = knock out ICU = intensive care unit,
SIRS = systemic inflammatory response syndrome, PCR = C-reactive protein, DOn = Deoxynivalenol, RCT = ran-
domized controlled trials, CLP = cecal ligation and puncture, WT = wild-type, MLCK = myosin light chain kinase,
FMT = fecal microbiota transplantation, VRE = vancomycin-resistant enterococci, HSCT = hematopoietic stem-cell
transplantation.

3. The Impact of Antibiotics on Microbiota

A common alteration of a healthy microbiota is due to the use of antibiotics. These
drugs, especially those with anti-anaerobic activity, can drastically modify microbial ecol-
ogy, favoring the predominance of normally exiguous but highly pathogenic species such
as Enterococcus faecium and Klebsiella pneumoniae [63]. Exposure to broad-spectrum antibi-
otics in neonatal mice reduces type-3 innate lymphoid cells and increases susceptibility
to sepsis [64]. Two large retrospective studies have further validated the link between
microbiota impairment and sepsis exposure, finding that patients who were exposed to
a high likelihood of dysbiosis or received a higher amount of antibiotics during their
hospital stay had an increased risk of sepsis within 90 days of discharge [65]. Among
10,996 patients, the incidence of rehospitalization for critical sepsis was 70% higher after
Clostridium difficile infection compared to other infections [65]. In animal models of sep-
sis, antibiotic pretreatment or germ-free conditions can prevent lung damage [66]. One
study also highlighted the association of colonization with Klebsiella pneumoniae to sepsis.
While the administration of Lactobacillus murinus offers protection [67], this confirms the
significant impact of the microbiota on the onset, progression, and prognosis of sepsis.
Antibiotics influence the gut microbiome beyond their spectrum of activity. For example,
vancomycin reduces Bacteroidetes, while metronidazole increases the risk of Enterococcus
dominance compared to other antibiotics [60]. Research has demonstrated that frequent use
of third-generation cephalosporins raises the probability of getting colonies of Enterobacteri-
aceae and, less markedly, multi-drug-resistant gram-positive bacteria [68]. Clindamycin,
primarily eliminated through the biliary routes, reaches high concentrations in the feces
and causes significant alterations in the gut microbiota, reducing anaerobes and slightly
increasing Gram-positives and enterobacteria. This drug also induces dysbiosis that favors
multi-drug-resistant pathogens and increases the risk of Clostridium difficile colitis [69]. The
use of amoxicillin, alone or in combination with a beta-lactamase inhibitor, is related to a
decline in Lactobacillus spp. and a growth in multi-drug-resistant Enterobacteriaceae, with
changes in the gut microbiome lasting up to two months [70]. Intestinal dominance of
Enterococcus has been found to be associated with the risk of death in septic patients in
intensive care; no causal relationship has been demonstrated, but Enterococcus can lead to
different alterations [71]. These alterations can reduce SCFAs, promote antibiotic resistance,
and increase the expression of virulence factors [16,72]. In this review, carbapenems are not
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mentioned, despite being among the most widely used antibiotics, as no studies within
our analysis timeframe were identified. The recovery of the microbiota after antibiotic use
can take weeks or months, and in some cases up to a year [73]. The absence of lactose in
the diet has been observed to reduce the growth of Enterococcus, suggesting a potential
therapeutic strategy [74].

In septic patients with interrupted nutrition, there is increased administration of
antibiotics and greater dysbiosis, with a loss of anaerobes, reduction in SCFAs, and an
increase in pathogens, associated with bacteremia, organ failure, and death [75]. A study
showed the emergence of a virulent, multi-drug-resistant pathobiome in prolonged critical
patients, with gut communities dominated by single antibiotic-resistant pathogens [16]
(Table 2).

Table 2. Enhancing the clarity and presentation of “the impact of antibiotics on microbiota”.

Authors Type Year Antibiotics Findings Subjects

Taur et al.
[63]

Single-center
cohort study 2012 Metronidazole

fluoroquinolones

3-fold increase in the
risk of enterococcal
domination.
10-fold decrease in the
risk of proteobacterial
domination.

94 patients

Niu et al.
[64]

Single-center
case-control

study
2020 Empirical broad-spectrum

antibiotics

Expansion of
Proteobacteria (p < 0.01)
Translocation of E. coli
into the liver and spleen
with increased
susceptibility to sepsis
from K. pneumoniae.
Decrease in type 3 innate
lymphoid cells (ILC3).

Singer et al.
[67]

Single-center
cohort study 2019 Gentamicin

Vancomycin

Relative abundance of
Rodentibacter and
Lactobacillus deficiency.

Rodentibacter deficiency
and normal presence of
Lactobacillus.

De Lastours et al.
[68]

Single-center
case-control

study
2018 Ceftriaxone

Colonization of
AmpC-producing
Enterobacteriaceae
(p = 0.02).

15 ceftriaxone and
22 control patients

Smits et al.
[69] Review 2016

Clindamycin,
cephalosporins,
fluoroquinolones

Increase the risk of
Clostridium difficile
infection and
development of MDR
pathogens.
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Table 2. Cont.

Authors Type Year Antibiotics Findings Subjects

Zimmerman et al.
[70]

Systematic
review 2019

Cephalosporins,
macrolides, clindamycin,
amoxicillin,
amoxcillin/clavulanate
quinolones,
lipopolyglycopeptides,
ketolides, tigecycline, and
fosfomycin.
Cephalosporins,
sulfonamides, macrolides,
amoxcillin, clindamycin,
quinolones
Quinolones, piperacillin,
macrolides, carbapenems,
clindamycin
Cephalosporins (except
fifth-generation
cephalosporins),
Amoxicllin, carbapenems,
piperacillin and ticarcillin,
lipoglycopeptides
Doxycycline and
macrolides
Amoxcillin/clavulant

Increase in abundance of
Enterobacteriaea other
than E. coli, such as
Enterobacter spp.
Klebsiella spp. and
Citrobacter spp.
E. coli deficiency.
Deficiency of anaerobic
bacteria.
Increased abundance of
Enterococcus spp.
Enterecoccus deficiency.
Increased E. coli.

2076 participants
and 301 controls

Zhao et al.
[72]

Single-center
case-control

study
2016 Cefdinir

Azithromycin

Reduces the levels of
acetic acid, propionic
acid, and butyric acid.
After the end of dosing,
the levels of butyric acid
and valeric acid
remained low (p < 0.01).
Reduces the
concentrations of all
SCFAs (except hexanoic
acid). The gut
microbiota recovered,
but did not reach the
normal level within 8
days of stopping
azithromycin (p < 0.05).

18 rats, randomly
divided into three
groups, two
experimental
groups and a
control group

4. Microbiota as a Predictive Indicator of Sepsis

The gut microbiota has the potential to serve as a biomarker for identifying patients
at higher risk of developing sepsis. However, while some studies have demonstrated
associations between specific microbial patterns and the onset of sepsis, these findings need
to be interpreted cautiously, as reproducibility across different patient populations and
settings has not yet been consistently established. Moreover, it is crucial to emphasize that
association does not imply causation, and the current evidence is insufficient to support
the immediate use of microbiota profiles as reliable biomarkers in clinical practice. This
area of research shows promise, but further robust and large-scale studies are required to
validate these associations and determine their clinical applicability in predicting sepsis
risk. Therefore, while the microbiota might represent a future avenue for investigation,
it is not yet ready to be used as a definitive biomarker in sepsis management. One study
found that the presence of fecal pathogens before sepsis is a predictive indicator. The causal
bacterium of gram-negative newborn sepsis was identifiable in at least one of the stool
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samples collected three days before the onset of sepsis in all cases, although this pathogen
was undetectable in all matched controls [76] (Figure 3).
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Most cultured pathogens were CoNS (67.5% Staphylococcus epidermidis), followed
by other gram-positive bacteria such as Enterococcus faecalis and Staphylococcus aureus,
followed by gram-negative bacteria such as Escherichia coli and Klebsiella pneumonia [76].
In a prospective cohort of 71 preterm newborn with late-onset sepsis, Bacilli (mostly CoNS
staphylococci) characterized the gut microbiota, and the quantity of anaerobic bacteria (for
instance Clostridia) was reduced prior to sepsis onset [78].

An innovative study on 708 adults showed that intestinal dominance by Proteobac-
teria was linked to a seven-fold higher risk of gram-negative bloodstream infection later
on [79]. The results of these studies derive from a small sample size, and the authors
themselves have emphasized the need for larger studies to ensure the reproducibility of
their conclusions. The reproducibility of these findings remains a major concern due to
differences in study designs, patient characteristics, and microbiota analysis techniques. It
is important to highlight that these studies primarily show associations rather than a direct
cause-and-effect relationship. It is unclear whether the observed microbial changes are the
cause of sepsis or merely a consequence of other underlying conditions. Further studies
focused on the adult population are urgently needed since few studies have confirmed
these results in this population. Using 131 stool samples from 64 critically ill patients
suffering from sepsis or septic shock, it was finally observed that these Chinese patients,
despite having a variety of illness types and receiving different antibiotics, consistently
displayed one of two microbiota patterns (enterotypes).

Elevated serum lactate levels were linked to the first enterotype, known as ICU E1,
which contained Bacteroides and a major unclassified genus of Enterobacteriaceae. On the
other hand, Enterococcus predominated in ICU E2, and Bacteroides was lost [80].

Gaining a better comprehension of the molecular processes that lead to sepsis is
essential for timely diagnosis and the development of effective treatment plans.

Research is currently underway to assess the gut microbiota as an indicator to pre-
dict therapeutic response thanks to NGS sequencing in conjunction with artificial intelli-
gence [81]. It is important, therefore, to develop new techniques for obtaining early reports
on microbiology. These could include nucleic acid amplification technologies (NAATs) that
amplify nucleic acid sequences and identify the infectious agent or immune response status.
The detection of bacterial DNA fragments by real-time polymerase chain reaction (RT-PCR)
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in blood samples and the detection of 16S rRNA fragments of Gram-positive and gram-
negative bacteria or 18S rRNA fragments of Candida spp. seem to have a great potential for
shortening pathogen identification, as they have demonstrated high levels of sensitivity,
which could reduce patient mortality, hospital stay duration, and ICU stays [77]. There-
fore, there are no biomarkers that can exclusively recognize septic individuals, and these
methods are insufficient to distinguish sepsis from other inflammatory conditions (Table 3).

Table 3. Works supporting “microbiota as a predictive indicator of sepsis”.

Authors Type Year Subjects Findings

El Manouni El Hassani
et al.
[76]

Longitudinal,
multicenter,

case-control study
2021

There were forty LOS
cases (preterm infants
born under 30 weeks of
gestation) and forty
matched controls.

The causing pathogen in
gram-negative LOS was found in at
least one of the stool samples that
were taken three days before the start
of the illness. Gram-negative and
gram-positive LOS (except CoNS)
combined had at least 1 stool sample
taken three days before the start of
LOS that contained the causal patogen
in 92% of the fecal samples. In general,
it was possible to forecast LOS (expect
CoNS) one day before clinical start.

Graspeuntner et al.
[78]

Single-center cohort
study 2019

Faecal samples from
164 unaffected controls
and 71 premature
newborns with LOS.

Anaerobic bacteria are decreased and
Bacilli and their fermentation
products accumulate during the
intestinal dysbiosis that precedes LOS.

Stoma et al.
[79]

Retrospective,
observational study 2021

708 allogeneic
hematopoietic cell
transplant (allo-HCT)
subjects were studied
with 4768 fecal samples
for analysis.

In the context of allo-HCT,
gram-negative intestinal colonization
is a strong predictor of BSI.
Fluoroquinolones seem to affect gut
colonization, and suppress these
infections.

Liu et al.
[80]

Multicenter cohort
study 2020

Four sets of
microbiome samples
were obtained:
131 samples from a
Chinese ICU cohort;
264 samples from a
healthy Chinese cohort;
129 samples from an
American ICU cohort;
and 26 samples from a
healthy American
cohort.

While Enterococcus made up the
majority of ICU-enterotype II (ICU
E2), Bacteroides and an unknown
strain of Enterobacteriaceae made up
the majority of ICU-enterotype I (ICU
E1). For ICU E1, septic shock was
more likely to happen with APACHE
II values greater than 18.

Shoji et al.
[81]

Multicenter,
prospective,

observational study
2022 400 patients will be

enrolled prospectively.

This study uses artificial intelligence
to identify the precise makeup of the
gut microbiome or combination of gut
microbiome containing a real
predictive biomarker of therapeutic
response to immunotherapy in lung
cancer patients.
It is scheduled to conclude in
September 2024, 12 months after the
last person is recruited.

LOS = late-onset sepsis, CoNS = Coagulase-negative staphylococci, ICU = Intensive Care Unit.
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5. Biomarkers of Intestinal Dysbiosis

The gut microbiota plays a crucial role in maintaining the integrity of the intestinal bar-
rier [82]. A diverse and balanced microbiota strengthens tight junctions between intestinal
epithelial cells, which reduces permeability and prevents harmful substances from translo-
cating into the bloodstream [83]. Dysbiosis, or an imbalance in the microbial community,
allows for the translocation of bacteria, endotoxins (such as lipopolysaccharides), and other
microbial products into systemic circulation. The overgrowth of pathogenic bacteria can
disrupt the epithelial barrier, leading to an increased translocation risk. Factors such as
antibiotic use, diet, and underlying diseases can further influence gut microbiota composi-
tion and functionality, thereby affecting the risk of translocation. For example, antibiotics
can disrupt the microbiota balance, promoting the growth of pathogenic organisms that
compromise the intestinal barrier [84]. Endothelial dysfunction is associated with poor
outcomes in critically ill patients, including those with sepsis [85]. The link between gut mi-
crobiota, translocation, and endothelial dysfunction suggests that alterations in microbiota
may indirectly influence prognosis through their impact on endothelial health. For instance,
microbial translocation can activate inflammatory pathways that contribute to endothelial
injury [86]. However, the direct relationship between microbiota composition and endothe-
lial dysfunction is still under investigation. To evaluate these alterations in the microbiota,
various markers are available. Measurements of LPS, citrulline, the lactulose test, FABP, and
fecal calprotectin are emerging as excellent alternatives with high specificity and sensitivity.
Citrullinemia testing is also applicable in clinical settings to assess enterocyte functionality
in critical patients, as it is relatively easy to administer [87]. Citrulline is a non-protein
amino acid produced by enterocytes in the small intestine and is used as a marker of intesti-
nal function. Citrulline levels decrease in critical illnesses and sepsis due to the depletion
of nitric oxide and arginine in inflammatory pathways [88]. However, they increase once
the critical condition is overcome, acting as a negative inflammatory marker. It is unclear if
citrulline values represent gut function (particularly absorption), the mass of enterocytes, a
mixture, or other factors [89]. Intestinal fatty acid-binding protein (I-FABP) and diamine
oxidase (DAO) are cytosolic proteins in intestinal epithelial cells, released rapidly into the
bloodstream when the intestinal barrier is damaged [90]. Diamine oxidase (DAO), also
known as histamine oxidase, is found in a variety of tissues, with substantial expression in
the mucosa of the small intestine [91]. DAO is an enzyme mainly formed by absorptive
cells at the tips of small intestine villi, with activity increasing from the duodenum to the
ileum. Low DAO levels in the blood indicate the maturity and integrity of the intestinal
mucosa, making it a reliable measure for monitoring mucosal function. Small amounts of
DAO enter the systemic circulation, serving as a marker for the quantity of mature and
functioning enterocytes [92]. Conversely, during intestinal ischemia and other multiorgan
dysfunction syndromes, enterocytes intensely release DAO into the blood [92]. Intestinal
fatty acid-binding protein (I-FABP) is present in mature epithelial cells of the small intestine
and acts as a marker of epithelial cell integrity: when the intestinal mucosa is injured or
compromised, I-FABP is released into the blood, increasing its concentration. In regular
circumstances, I-FABP content in tissues is elevated, while it stays low in serum [91]. DAO
and I-FABP directly indicate different aspects of intestinal epithelial barrier cell damage,
offering a quantitative and qualitative assessment of intestinal barrier function. Thus, in a
septic patient, DAO and I-FABP will be increased. In a study with twelve rats, Eva Lau
et al. observed that animals fed high-fat (HF) diets develop obesity, insulin resistance, and
show increased plasma levels of pro-inflammatory cytokines (MCP-1 and IL1β). Other
indicators of bacterial translocation due to intestinal barrier disruption include Endotoxin
(ET), specific to gram-negative bacteria. When barrier function is compromised, significant
amounts of ET enter the bloodstream, leading to an imbalance of ET levels in the blood [93].
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Lipopolysaccharide (LPS) and presepsin are used as biomarkers of bacterial translo-
cation. LPS, a component of the gram-negative bacterial wall, acts as a direct biomarker
of bacterial translocation, while presepsin, derived from CD14 protein, is released after
bacterial phagocytosis [92]. Presepsin can indicate bacterial translocation in the absence
of obvious infection sources, serving as an indirect marker for both Gram-positive and
gram-negative bacteria [92].

Finally, the lactulose hydrogen breath test, used for diagnosing SIBO, as recommended
by the North American Consensus and the national scientific organization [94], might find
an application in evaluating intestinal barrier dysfunction.

6. Therapeutic Opportunities

Various strategies are being developed to modulate the gut microbiota, such as se-
lective digestive decontamination (SDD), the use of probiotics, prebiotics, symbiotics,
postbiotics, and fecal microbiota transplantation (FMT).

SDD reduces respiratory infections and mortality, but concerns about antibiotic resis-
tance remain. Its effect on bloodstream infections (BSI) was not as pronounced, and the
mechanism behind this discrepancy remains unclear.

One explanation could be that SDD primarily targets the gut microbiota, reducing the
burden of potential respiratory pathogens, but may not completely eliminate the transloca-
tion of bacteria into the bloodstream. This may be due to selective resistance patterns [95],
the presence of undetected translocating pathogens, or incomplete decontamination.

SDD is a preventive measure involving the use of non-absorbable topical antimicro-
bials to preserve the anaerobic microbiota of the upper respiratory and gastrointestinal tract.
This strategy can be applied alone or with a short course of broad-spectrum antibiotics
administered intravenously, aiming to decrease or prevent endogenous infections. SDD
has not shown an increase in the prevalence of antibiotic resistance and might even be
associated with a lower acquisition of resistant bacteria. In contrast, SDD has been linked
to the eradication and reduced acquisition of rectal third-generation cephalosporin and
carbapenem-resistant gram-negative bacteria among mechanically ventilated patients in
a randomized cross-over study [96]. Further research is needed to elucidate the exact
mechanisms and optimize SDD protocols to reduce the risk of BSI without promoting
antimicrobial resistance.

Other interventions to modify the microbiota include probiotics, prebiotics, symbiotics,
and postbiotics, which may prevent sepsis and improve patient prognosis. Probiotics are
living microorganisms that, when consumed in sufficient quantities, can provide health
benefits to the host [97]. They have also been employed in neonatal sepsis and necrotizing
enterocolitis. Current research is still insufficient and shows mixed results. A meta-
analysis revealed how probiotic consumption reduces the hazard of late-onset sepsis, from
16.3% in the placebo group to 13.9% in the probiotic group [98]. Generally, probiotics are
well-tolerated. Probiotics vie with native bacteria for essential nutrients and attachment
points, generate bacteriocins to target harmful pathogens, boost IgA levels, strengthen
mucosal defenses, and help diminish overall inflammation in the body [99]. Another
investigation found that administering probiotics led to an increase in bacterial translocation
among patients experiencing organ failure [100], highlighting potential risks of bacteremia
associated with their administration. Probiotics were also evaluated in a large multicenter
study, the results of which indicated that they do not reduce the risk of ventilator-associated
pneumonia or other sepsis-related outcomes in intensive care units [101].

Prebiotics are substrates that support the growth and activity of beneficial microor-
ganisms in the host, leading to positive health effects [102]. They are naturally found in
foods such as milk, cereals, asparagus, onions, garlic, and vegetables. The most common
types of prebiotics include fructooligosaccharides, galactooligosaccharides, and trans-
galactooligosaccharides [103]. Prebiotics promote an increase in beneficial species (Akker-
mansia, Terrisporobacter, and Anaerostipes), and stimulated acetic and propionic acid
production [104]. There is insufficient evidence to confirm a direct clinical benefit in sepsis
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prevention or treatment. Most studies remain preclinical or observational, lacking the
robust data needed to support their routine use in critical care settings.

Symbiotics are formulations that blend live microorganisms with substances that can
be utilized by native and non-native host microorganisms [105]. A meta-analysis supports
their efficacy in reducing septic complications in critically ill patients, but these findings
were not statistically significant [106]. The heterogeneity of patient populations and the
variability in symbiotic formulations limit the generalizability of these results. Overall, the
existing data suggest that while probiotics, prebiotics, and symbiotic can modulate gut
microbiota and reduce certain markers of inflammation, their impact on sepsis outcomes
remains inconclusive.

According to the International Scientific Association of Probiotics and Prebiotics,
postbiotics are a “preparation of inanimate microorganisms and/or their components
that confers a health benefit on the host” [107]. Postbiotic components are divided into
two main groups. The first includes elements from beneficial bacteria such as lipoic
acid, phosphonic acid, peptidoglycans, cell surface proteins, polysaccharides, membrane
proteins, and extracellular polysaccharides. The second group comprises metabolites
from beneficial bacteria, such as vitamins, lipids (butyrate, propionate, acetate, lactic acid,
etc.), enzymes, proteins (p40, p75 molecules), peptides, organic acids (propionic acid,
3-phenyllactic acid, etc.), SCFAs, and intracellular polysaccharides [108]. The diversity
of these postbiotic components results in numerous functions, including antibacterial
activity, immune system regulation, antioxidant activity, liver protection, blood pressure
reduction, gut flora regulation, and the prevention and treatment of constipation, enteritis,
and other conditions [109]. Postbiotics are generally safer for vulnerable groups, such
as infants and sensitive individuals, compared to probiotics, which can carry risks and
negatively interact with antibiotics. Additionally, postbiotics are more stable and resistant
to environmental conditions like oxygen and temperature, offering a superior shelf life
compared to live probiotics [110]. Despite the different supporting studies, we still need
to confirm the effectiveness of prebiotics/probiotics/symbiotics in the prevention and
treatment of different diseases [104] (Figure 4).
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Finally, FMT, by transferring bacteria and other microorganisms, seems to offer ad-
vantages over other microbiota-targeted therapies. The methods of administering fecal
microbiota transplantation (FMT) include oral capsules, nasojejunal and nasoduodenal
tubes for the upper gastrointestinal tract, and colonoscopies and enemas for the lower
gastrointestinal tract [112]. Careful donor selection is crucial to prevent the transmission of
pathogens. The success of FMT depends on the ability to correct dysbiosis by restoring bac-
teria such as Roseburia and Bacteroidetes, which are essential for butyrate production [112].
Microbiota-targeted therapies, such as FMT or SCFAs, have demonstrated potential in
preventing acute kidney injury [113,114], though their relevance to humans is still to be
established [115]. FMT, effective against Clostridioides difficile infection, has been experi-
mented with in cases of sepsis but requires further studies to verify its efficacy [111]. In
a randomized clinical trial, it was observed that multiple fecal infusions combined with
vancomycin were more effective than a single transplant in treating Clostridium difficile
infection [116]. However, a recent case showed the transmission of a multidrug-resistant
organism via FMT, causing lethal bacteremia in two patients [117], urging the need for
extreme caution and screening in using FMT [118] (Table 4).

Table 4. Works on therapeutic opportunities.

Authors Type Year Subjects Findings

Plantinga et al.
[96]

Randomized
controlled trial 2020

In six European nations,
thirteen intensive care
units, and 8665 individuals.

In mechanically ventilated ICU
patients, SDD correlated with more
remission and less acquisition of
3GCR-E and CR-GNB in the rectum
than SC. The adjusted cause-specific
hazard ratios (CSHR) for eradication
of rectal carriage for SDD were 1.76
(95% CI 1.31–2.36) for 3GCR-E and
3.17 (95% CI 1.60–6.29) for CR-GNB
compared with SC.

Rao et al.
[98] Meta-analysis 2016 Results of 37 RCTs

(n = 9416).

Showed probiotics significantly
decreased the risk of LOS
(675/4852 [13.9%] vs. 744/4564
[16.3%]; p = 0.007).

Besselink et al.
[100]

Randomized
controlled trial 2009

Urine samples were
obtained from 141 patients
24 to 48 h following the
initiation of probiotic or
placebo medication, and
7 days later.

This combination of probiotic strains
as a prophylactic treatment
decreased bacterial translocation,
but was related to higher bacterial
translocation and enterocyte
damage among individuals with
organ failure. Probiotic prophylaxis
was associated with an increase in
I-FABP (median 362 vs. 199 pg/mL;
p = 0.02), most evidently in patients
with organ failure (p = 0.001).

Johnstone et al.
[101]

Randomized
controlled trial 2021

In 44 ICUs in Canada, the
United States, and Saudi
Arabia enrolling
2653 adults predicted to
require mechanical
ventilation for at least 72 h.

In critically ill patients on
mechanical ventilation, the use of
the probiotic Lactobacillus
rhamnosus GG did not show a
relevant impact on the incidence of
ventilator-associated pneumonia
when compared to a placebo. VAP
developed among 289 of
1318 patients (21.9%) receiving
probiotics vs. 284 of 1332 controls
(21.3%); (95% CI, 0.87–1.22; p = 0.73).
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Table 4. Cont.

Authors Type Year Subjects Findings

Wei et al.
[111] Case Reports 2016

Upon admission, a
65-year-old man was
diagnosed with cerebellar
hemorrhage, while an
84-year-old man was
diagnosed with cerebral
infarction. Both patients
subsequently developed
multiple organ dysfunction
syndrome (MODS), septic
shock, and severe watery
diarrhea.

The results from treating both with
fecal microbiota transplantation
(FMT) suggest that reestablishing
the intestinal microbiota barrier can
help resolve the infection.

Ianiro et al.
[116]

Randomized
clinical trial 2018

A total of 56 participants
were enrolled, with
28 assigned to each
treatment group.

Twenty-one patients in the FMT-S
group and 28 patients in the FMT-M
group were cured (75% vs. 100%,
respectively, p = 0.01).

DeFilipp et al.
[117] Case reports 2019

Two patients linked to the
same stool donor by means
of genomic sequencing.

Following FMT in two separate
clinical trials, bacteremia caused by
extended-spectrum beta-lactamase
(ESBL)-producing Escherichia coli
developed. One of the patients did
not survive.

3GCR-E = third-generation cephalosporin-resistant Enterobacterales, CR-GNB = carbapenem-resistant gram-
negative bacteria, SC = standard care, LOS = late-onset sepsis, FMT = fecal microbiota transplantation,
FMT-S = single fecal infusion, FMT-M = multiple fecal infusion.

7. Materials and Methods

For the following narrative review, the materials were retrieved through the PubMed
electronic database. Approximately one hundred studies were considered to understand
the interaction between sepsis and microbiota in pathogenic, diagnostic, and therapeutic
contexts. The articles were identified through a comprehensive search combining key terms
such as “intestinal microbiota”, “sepsis and microbiota”, “prebiotics, probiotics, postbiotics,
symbiotics, and intestinal disease”, “antibiotics and microbiota”, “diet and microbiota”,
“microbiota biomarkers”, and “citrulline and microbiota”. Additionally, the reference lists
of the chosen articles were reviewed to find other pertinent studies. Only English-language
articles published in the last 15 years were included (54.6% of the analyzed works were
published between 2019 and 2024).

8. Conclusions

Evidence suggests that the microbiome has a crucial influence on the progression
and outcome of sepsis by contributing to immune dysregulation, which results in organ
failure. Alterations of microbiota have been linked to a higher susceptibility to sepsis and
an amplified hazard of negative outcomes. Recently described processes highlight how
the dialogue between microbiota-derived metabolites and immune cells can influence the
pathogenesis of sepsis. However, much of this evidence is based on correlation or preclinical
studies and has yet to be confirmed clinically. The causal relationship between microbiota,
metabolic or immune dysregulation, sepsis onset, and prognosis is not established. In
addition, the impact of non-bacterial gut inhabitants on sepsis remains to be elucidated.

In the future, microbiota-targeted therapies could play a crucial role in guiding an
immune response oriented towards recovery. While promising, microbiome-targeted
therapies remain largely experimental at present. Currently, the judicious use of antibiotics
and a reconsideration of existing nutritional formulations are the only recommended
therapeutic treatment based on current evidence. The availability of few prognostic and
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therapeutic tools based on the microbiota limits clinical practice. The advancement of
rapid and straightforward microbiota-targeted assays has the potential to enhance risk
assessment and enterotype classification in the context of sepsis. A bottom-up approach
to identify patients who would benefit most from microbiota-targeted therapies could
make such therapies safer and more advantageous. Ultimately, this could lead to a more
personalized approach in managing sepsis in the years to come.
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