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Sepsis was characterized for more than 20 years as a microbial infection that results
in blood leukocyte alterations, tachycardia, tachypnea, and fever (or hypothermia). With
fatality rates dropping to 15-25%, sepsis is widely understood to be a dysregulated systemic
inflammatory and immunological response to microbial invasion that results in organ
damage. With in-hospital death rates close to 30-50%, septic shock is still characterized as
sepsis with hyperlactataemia and concomitant hypotension that needs vaso-pressor therapy.
Sepsis is frequently linked to protracted inflammation, immune suppression, organ damage,
and lean tissue wasting, rather than an immediate life-threatening condition, thanks to
earlier detection and increased adherence to recommended practices. The post-sepsis
time is receiving more and more attention, and the post-acute phase of this devastating
syndrome is characterized by long-term effects derived from the acute systemic infection.
Patients who survive sepsis also suffer long-term cognitive and functional disabilities and
a persistent risk of death after discharge. Although in-hospital mortality has decreased
due to earlier recognition and better application of optimal practices, immunomodulatory
drug use has so far produced unsatisfactory results. In a similar vein, no biomarker can
definitively identify sepsis or forecast how it will manifest clinically. Improvements in
sepsis outcomes are expected to remain gradual and gradual due to its complexity.

The exceedingly complicated illness known as sepsis is brought on by a host’s reaction
to infection, becoming dysregulated. Because of its high mortality and morbidity, sepsis
has just been designated a global health priority by the World Health Organization. Sepsis
must be identified quickly in order to prevent negative consequences and lower mortality
by initiating therapy as soon as possible. In fact, it has been calculated that the death rate
from sepsis increases by 7-10% for every hour that treatment is delayed. However, because
sepsis lacks distinct signs and symptoms, early diagnosis is still difficult.

At its core, sepsis is an inflammatory illness caused by the innate immune system
becoming activated. The innate immune response in sepsis is characterized by two main
findings. According to the first study, sepsis is typically brought on by complement and cer-
tain cell-surface receptors on cells whose main function is surveillance [1], simultaneously
recognizing several infection-derived microbial agents and endogenous danger signals.
These cells, which are physically situated where they may continuously sample their local
environment, include immunological, epithelial, and endothelial populations. A complex
intracellular signaling system with redundant and complementary activities is induced
when pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs) bind to complement, Toll-like receptors, nucleotide-binding oligomer-
ization domain (NOD)-like receptors, retinoic acid-inducible gene (RIG)-like receptors,
mannose-binding lectin, and scavenger receptors, among other receptors [2].

The second important discovery in sepsis is that the expression of several common
gene classes involved in inflammation, adaptive immunity, and cellular metabolism is
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ultimately triggered by the activation of these signaling pathways. To put it another way,
the identification of numerous bacteria, viruses, and fungal components, along with host
products of tissue damage, results in the recruitment of pro-inflammatory intermediates.
These intermediates then phosphorylate mitogen-activated protein kinases (MAPKSs), Janus
kinases (JAKSs), or signal transducers and activators of transcription (STATs), and nuclear
translocation of nuclear factor-«B (NF-«kB), to mention a few.

Numerous early activation genes, including cytokines linked to inflammation (such as
tumor necrosis factor (TNF), IL-1, IL-12, IL-18, and type I interferons (IFNs), are expressed
when NF-«B is nuclear translocated and its promoter is activated. In addition to polarizing
and suppressing adaptive immunity components, these cytokines start a chain reaction of
other inflammatory cytokines and chemokines, such as IL-6, IL-8, IFNy, CC-chemokine
ligand 2 (CCL2), CCL3, and CXC-chemokine ligand 10 (CXCL10).

The endothelium changes from an anticoagulant state (in health) to a procoagulant
state (in sepsis) due to changes in the expression of several procoagulant and anticoagulant
proteins, such as thrombomodulin, tissue factor, von Willebrand factor, plasminogen
activator inhibitor 1 (PAI-1), and activated protein C. Vascular endothelial (VE)-cadherin
internalization brought on by pro-inflammatory proteases results in the loss of endothelial
tight junctions and an increase in vascular permeability [3].

In this Special Issue (SI) of the International Journal of Molecular Sciences (IMS), entitled
“Molecular Mechanisms and Pathophysiology of Sepsis”, we highlighted the latest findings
regarding immune dysregulation, myocardial dysfunction, adrenal damage, biomarkers,
and neonatal fungemia. Five original articles and three critical reviews make up this SI,
which is well-balanced. In addition to highlighting knowledge gaps and potential avenues
for future research, these papers summarize recent results in the subject of sepsis. The
reviews cover important directions such as (i) biomarkers as beacons: sepsis-associated
hepato-renal injury [4]; (ii) the role of scavenger receptor BI in sepsis [5]; (iii) neonatal
fungemia by non-candida rare opportunistic yeasts [6].

A thorough transcriptome landscape of early-stage sepsis is shown by Taha S. et al.,
which demonstrates dual-pattern immune dysregulation marked by innate immune
hyperactivation and simultaneous inhibition of adaptive immunity, translation, and
metabolism [7]. While downregulated programs demonstrated extensive deficits in antigen
presentation, protein synthesis, and energy metabolism, upregulated genes and pathways
highlighted excessive neutrophil activation, inflammatory signaling, and innate immune
priming. Findings that identify actionable gene networks open the door to tailored treat-
ments and point-of-care diagnostic technologies, which could revolutionize the way sepsis
is managed in critical care settings.

According to Harvey Bl et al., there are sex-based variations in cardiac failure after
direct LPS infusion, with male hearts having noticeably lower LV contractile performance
than female hearts [8]. Estrogen itself might not have much of an impact on female hearts
in response to direct LPS injection, since the proestrus/estrus and metestrus/diestrus
groups showed similar amounts of LPS-induced cardiac dysfunction. The mechanisms
behind sex-mediated LPS-induced cardiac failure require more investigation, especially
the mitochondrial elements causing myocardial variations. New treatments for septic
cardiomyopathy may be possible if these significant unknowns are resolved.

In a diverse group of burn patients at high risk of sepsis, Schiavello M et al. [9] propose
the possible use of certain circulating EV-miRNAs, including miR-483-5p, -miR-193a-5p,
and -miR-188-3p, as biomarkers for the diagnosis of sepsis. Additionally, researchers found
that some EV-miRNAs (miR-1-3p, miR-34a-3p, and miR-193a-5p) change depending on
how sepsis progresses, while other EV-miRNAs (miR-34a-3p and miR-193a-5p) are linked
to the clinical severity of sepsis. These newly discovered circulating indicators may prove
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to be useful in the future for both prognostic classification and the identification of sepsis
in burn victims.

Halimi F et al. used the following sepsis models to compare the transcriptome profiles
in the livers of mice and pigs: lipopolysaccharide (LPS)-induced endotoxemia in pigs,
which causes sterile inflammation; and cecal ligation and puncture (CLP) in mice and fecal
instillation (FI) in pigs, both of which cause polymicrobial septic peritonitis [10]. The pig FI
model more nearly reflects the metabolic dysfunction seen in the CLP liver than the pig LPS
model, despite the fact that the elevated inflammatory pathways were equally activated in
the two pig models. With a typical inflammatory signature among the upregulated genes
and metabolic dysfunction among the downregulated genes, the two porcine sepsis models
generally resemble the mouse CLP model, according to this thorough comparison of the
hepatic responses in mouse CLP versus LPS or FI in pigs. The swine models were unable
to reproduce the hepatic ER stress shown in the murine model. The pig FI model is more
similar to the mouse CLP model than the pig LPS paradigm when it comes to examining
metabolic dysfunction in the liver during sepsis.

Mrozewski L et al. looked into how Cba affected apoptosis and PC12 signaling.
In PC12 cells, incubation with 10 nM Cba caused caspase activation via a mechanism
that was dependent on C5aR. JINK/MAPK, ERK/MAPK, p38/MAPK, and AKT (PI3K)
signaling that is dependent on C5aR was triggered by exposure to sepsis levels of C5a
(10 nM). Additionally, after 24 h of exposure to 10 nM C5a, the expression of proteins
linked to apoptosis, inflammation, and cell survival increased while that of proteins linked
to adhesion, chemotaxis, and anti-inflammatory actions decreased. These findings shed
light on the process by which Cba triggers PC12 cell apoptosis and cellular signaling. These
results imply that the mechanism of adrenal impairment in sepsis may be significantly
influenced by increased complement Cba levels [11].

Early detection and effective treatment are essential for lowering the mortality and
morbidity of sepsis, a potentially fatal illness. Numerous putative sepsis biomarkers
implicated in various disease processes have been evaluated. Furthermore, new and
potential biomarkers such as non-coding RNAs have been developed as a result of recent
technological advancements [12]. Given that the only available therapy options for sepsis
patients are antibiosis, focus eradication, and critical care support, it is clear that new
medicines are required. Characterizing the mechanistic features linked to the onset or
course of sepsis would aid in the development of novel therapeutic approaches because the
anamneses of sepsis patients are quite diverse. In order to prevent or treat the progression
of sepsis, publications that clarify the molecular pathways in vitro or in vivo in preclinical
models are invited, as are patient studies that offer insights into novel therapeutic ideas.

This Special Issue, “Molecular Mechanisms and Pathophysiology of Sepsis,” pub-
lished eight papers, including five original research papers and three review articles, all
of which addressed different aspects of sepsis, biomarkers, molecular mechanisms and
pathophysiology, and animal models.

We would like to express our full appreciation to the authors who contributed papers
to this Special Issue. The remarkable quality of these studies will certainly add new content
and generate new openings in multidisciplinary research into molecular mechanisms and
pathophysiology of sepsis.
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Abstract: Sepsis is a life-threatening condition characterized by dysregulated immune
responses to infection. To elucidate early transcriptional changes in sepsis, we conducted
a case—control study profiling gene expression in whole blood from 20 early-stage sepsis
patients and 9 healthy controls. Using Affymetrix Clariom D Human Arrays and robust
preprocessing, we identified differentially expressed genes (DEGs) using standard bioin-
formatic pipelines. A total of 344 genes were significantly upregulated, while 9703 were
significantly downregulated in sepsis patients (110g2FC | > 1, adjusted p < 0.05). Pathway
enrichment and Gene Ontology analysis revealed activation of innate immune pathways,
neutrophil degranulation, and cytokine signaling, alongside suppression of lymphocyte
differentiation and antigen presentation. These results suggest a shift toward an innately
driven inflammatory state in early sepsis. Our findings provide transcriptomic insights
that may support the development of early diagnostic biomarkers and therapeutic targets.

Keywords: sepsis; transcriptomics; differential gene expression; innate immunity; microarray;
early diagnosis

1. Introduction

Sepsis represents a complex syndrome of systemic inflammation resulting from infec-
tion and is a leading cause of mortality in intensive care units globally [1]. It is increasingly
understood not as a uniform disease but as a dynamic continuum of immunological states,
ranging from hyperinflammatory responses to immunosuppression [2]. This heterogeneity
makes diagnosis and treatment particularly challenging. With current biomarkers like
procalcitonin and CRP offering limited specificity and prognostic power [3-7], there is a
growing demand for precision tools to characterize the molecular events that define sepsis
onset and progression.

Recent advancements in transcriptomic profiling offer a window into these molecular
dynamics. High-throughput gene expression analysis enables the identification of unique
immune signatures, paving the way for biomarker discovery, mechanistic insights, and
stratified therapy [8-11]. Notably, blood-based transcriptomic profiling serves as a mini-
mally invasive yet informative tool that captures systemic host responses in real time [12,13].
By characterizing the transcriptional programs active during early sepsis, we can uncover
key regulatory pathways involved in immune activation, metabolic reprogramming, and
organ dysfunction [2,14-20].

Int. J. Mol. Sci. 2025, 26, 6647 https://doi.org/10.3390/ijms26146647
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Previous transcriptomic studies, such as those by [4,6], have characterized host re-
sponses in sepsis across diverse cohorts, primarily focusing on broad immune signatures
or longitudinal outcomes [8,9]. In contrast, this study specifically targets early-stage sepsis
within 72 h of symptom onset, capturing acute transcriptional changes in a Middle Eastern
cohort using high-resolution Affymetrix Clariom D Arrays. By integrating advanced net-
work analyses like WGCNA with traditional DEG and clustering approaches, we uncover
modular gene networks that reveal novel regulatory hubs, offering unique insights into
immune-metabolic reprogramming. These findings extend beyond the existing literature
by identifying candidate biomarkers for early diagnosis and potential therapeutic targets
tailored to the initial hyperinflammatory phase of sepsis.

In the present study, Figure 1, we used Affymetrix Clariom D Human Arrays to
comprehensively profile blood gene expression in early-stage sepsis patients compared
to healthy controls. Integrating differential gene expression, enrichment analyses, and
machine learning clustering techniques, we identified upregulated pathways related to neu-
trophil activation and cytokine signaling [3,6,21], as well as the suppression of translational,
metabolic, and antigen-presentation machinery [4,7,22]. These transcriptomic alterations
mirror the paradoxical immune profile observed in sepsis, where exaggerated inflammation
coexists with profound immune paralysis [2,23-25]. This expanded introduction sets the
stage for a deeper investigation of the early molecular shifts that may underlie clinical
outcomes in sepsis.

Study Design

[ Participant Selection J

[ )
Simm we
Sepsis Healthy
(n =20) (n=9)

Informed Consent and Ethical
Approvaus

)

[ Gene Expression Analysis]

Differentially Expressed
Genes (DEGs)

GSEA-enriched downregulated pathways in early-stage sepsis

Figure 1. Study Design and Gene Expression Analysis Workflow This diagram outlines the study de-
sign and the workflow for gene expression analysis. The study involved the selection of participants,
including 20 individuals with sepsis and 9 healthy controls. All participants provided informed
consent, and the study received ethical approval. The gene expression analysis was conducted to
identify differentially expressed genes (DEGs). Subsequent analyses included Gene Set Enrichment
Analysis (GSEA), Gene Ontology (GO) enrichment, Weighted Gene Co-expression Network Analysis
(WGCNA), and an examination of metabolic processes. The diagram also highlights the regulation of
miRNA processing and the GSEA-enriched downregulated pathways in early-stage sepsis.
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2. Results

Below is a schematic representation of the case—control study comparing early-stage
sepsis patients (n = 20) with age- and sex-matched healthy controls (n = 9). The diagram
outlines participant enrollment, consent and ethical approvals, sample collection, and
downstream transcriptomic analysis. Visual elements highlight group differentiation and
overall study flow.

2.1. Multidimensional Scaling and Differential Expression Analysis

Multidimensional Scaling (MDS) of normalized gene expression data revealed clear
separation between early-stage sepsis patients and healthy controls along dimension 1, in-
dicative of distinct global transcriptomic landscapes (Figure 2A). Healthy samples clustered
tightly, reflecting high transcriptional uniformity, whereas sepsis samples exhibited greater
dispersion, highlighting heterogeneous immune responses among patients, consistent with
clinical variability in sepsis outcomes [8,9,26]. This clear segregation validated dataset
quality and supported robust downstream analyses.

A B

Multidimensional scaling (MDS)
0.10- A

0.05- cor

0.00- - -

Dimension 2

-0.05- A

-0.10-
Sample_Name °

b | U lated
o Healthy ~ o @ Downroguisted
A SP

02 01 00 01 02 4 -2 0
Dimension 1 log2 fold change
Figure 2. Transcriptomic separation and differential expression in early-stage sepsis. (A) MDS
plot showing clear transcriptomic separation between sepsis patients and healthy controls along
dimension 1. (B) The Volcano plot shows the log?2 fold change (x-axis) versus the -log10(FDR) (y-axis)
for each gene. Genes that are significantly upregulated are marked in red, while those that are
significantly downregulated are marked in blue. The gray points represent genes that do not meet
the significance threshold for differential expression. This visualization helps to identify genes with
distinct immune signatures, highlighting their roles in the biological processes under study.

Differential expression analysis identified a total of 10,037 significantly dysregulated
genes between sepsis patients and healthy controls (11og2FC| > 1, adjusted p < 0.05),
comprising 344 upregulated and 9703 downregulated genes (Figure 2B). The volcano
plot visually underscored balanced yet pronounced patterns of immune activation and
suppression, reflecting a complex host response characteristic of early-stage sepsis [1,2,8].

Top significantly upregulated genes included PCDHB11 (log2FC = 1.64), MIR1185-2
(log2FC =1.42), MIR3156-2 (log2FC = 1.41), MIR1185-1 ENSG00000221525 (log2FC = 1.38),
and MIR4323 (1og2FC = 1.35). These genes have been associated with regulatory roles in
immune responses and inflammatory pathways, highlighting their potential involvement
in the innate immune activation observed in sepsis [3,6,21,23].

In contrast, significantly downregulated genes included FBXO7 (log2FC = —5.62),
EIF1AY (log2FC = —5.41), HLA-DRA (log2FC = —5.36), MKRN1 (log2FC = —5.31), and
RPL10 (log2FC = —5.30). Notably, the substantial suppression of HLA-DRA, critical for
antigen presentation and adaptive immune responses, highlights significant impairment
in adaptive immune function, potentially contributing to immune paralysis during se-
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vere septic states [7,17,20,27]. EIF1AY and RPL10 further underscore substantial suppres-
sion of protein synthesis processes, aligning with observations from bi-clustering and
enrichment analyses [22,26,28].

Functional annotation of these dysregulated genes emphasized significant suppression
of pathways related to antigen presentation, oxidative homeostasis, and protein synthesis,
indicating a strategic reallocation of cellular resources from adaptive immunity towards innate
immune activation and energy conservation during systemic inflammatory stress [2,26,29].

The coordinates of each sample in an MDS plot and a full list of differentially expressed
genes are provided in Supplemental Information Tables S1 and S2.

Gene Set Enrichment Analysis (GSEA) confirmed these findings, highlighting signifi-
cant negative enrichment (NES < —2.4, adjusted p < 0.0001) of key translational and biosyn-
thetic pathways such as co-translational protein targeting to membranes, SRP-dependent
co-translational protein targeting, protein targeting to the endoplasmic reticulum (ER),
establishment of protein localization to endoplasmic reticulum, and cytoplasmic transla-
tion (Figure 3). Specifically, crucial genes involved in these pathways, including SEC62,
SEC63, SEC61A1, RPL18, RPS20, and HSPAS5, showed coordinated suppression, indicating
a substantial disruption in protein synthesis and cellular maintenance mechanisms under
septic conditions [2,22,30,31].
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Figure 3. Network View of GSEA-Enriched Downregulated Pathways in Early-Stage Sepsis. This
network visualization highlights the downregulated pathways in early-stage sepsis, including mRNA
metabolism, RNA catabolism, viral processes, and immune response-related pathways. Nodes
represent specific pathways, and edges indicate interactions between them.

Conversely, pathways positively enriched in early sepsis prominently included innate im-
mune activation and inflammatory signaling processes. Notable positively enriched pathways
encompassed Toll-like receptor (TLR) signaling, cytokine-mediated interactions, neutrophil im-
munity, and NF-kB signaling, underscoring a pronounced early inflammatory response [32-36].
These pathways are critically involved in the initial recognition and rapid immune response to
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pathogens, suggesting that the transcriptional profile in early sepsis prioritizes rapid innate
immune activation over cellular homeostasis and metabolism [2,8,37-39].

GSEA output metrics are detailed in Supplemental Information Table S3.

The enrichment network map shows significantly downregulated gene sets (NES < —2.5,
FDR q < 0.01) in early-stage sepsis. The nodes represent individual gene sets, and the edges
indicate functional overlaps based on shared genes. The clusters highlight key suppressed
biological programs, including translation initiation, ribosome biogenesis, oxidative phos-
phorylation, and mRNA catabolism. The network underscores a coordinated shutdown of
biosynthetic and metabolic pathways in response to immune activation.

2.2. K-Means Clustering and Functional Module Analysis

K-means clustering of the normalized expression matrix identified six transcriptional
modules, labeled A through F, each representing a distinct biological program associated
with early-stage sepsis (Figure 4). The number of genes within each cluster ranged from 22
in Cluster A to 658 in Cluster D, highlighting variable modular complexity.
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Figure 4. Gene clustering and functional enrichment of early sepsis transcriptome. (A) A heatmap
showing six k-means gene expression clusters (A-F) across healthy controls and sepsis patients. Clus-
ter B is enriched for neutrophil-mediated immune activation, while Cluster F shows the coordinated
downregulation of translation-associated genes. The heatmap is row-normalized, and a scale bar indi-
cates low (green), intermediate (black), and high (red) gene expression levels. (B) An enrichment tree
map of biological processes associated with the six clusters. Each branch represents a GO term, with
node proximity and hierarchy reflecting functional similarity. Prominent enriched processes include
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Among these, Cluster B (71 genes) showed robust enrichment for immune-related
processes, particularly those involving neutrophil activity and innate immune defense.
Key genes in this module included SPI1, MMP9, MMPS8, S100A9, S100A12, DEFA1, and
DEFA1B, all of which play central roles in neutrophil-mediated inflammation, pathogen
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clearance, and cytokine signaling [3,6,23]. Gene Ontology (GO) enrichment analysis for
Cluster B revealed strong associations with the following:

Neutrophil activation involved in immune response (adjusted p = 8.2 x 10~8) Gran-
ulocyte degranulation (adjusted p = 8.2 x 10~8); Defense response to fungus (adjusted
p=49 x 1078).

Due to the imbalance in differentially expressed genes (with the majority being down-
regulated), most clusters show reduced expression levels; however, cluster F is distinct in
exhibiting a markedly stronger downregulation. Cluster F (290 genes) was distinguished
by the widespread transcriptional suppression of genes involved in core cellular func-
tions such as protein biosynthesis and RNA metabolism. This includes downregulation of
components of the translation machinery, mRNA catabolism, and viral gene expression
pathways. These signatures were consistent with results from bi-clustering and Gene
Set Enrichment Analysis (GSEA), further underscoring extensive translational arrest and
metabolic reprogramming during early sepsis [26,30,40—-42]. Enriched GO terms for Cluster
F included the following:

mRNA catabolic processes (adjusted p < 1 x 107%Y);

Translation initiation;

Viral gene expression and antigen processing [7,43-45].

These findings underscore a pronounced transcriptional dichotomy during early sep-
sis, where acute immune activation coexists with suppression of essential biosynthetic
and metabolic pathways. This suggests a strategic reallocation of leukocyte resources to
support immediate immune defense, potentially at the expense of long-term cellular main-
tenance. Such immune-metabolic tradeoffs may contribute to the development of immuno-
suppression and increased susceptibility to secondary infections commonly observed in
sepsis patients [2,8,17].

Details of K-means clustering and Functional Module Analysis are provided in
Supplemental Information Table S4.

2.3. Bi-Clustering Analysis

Bi-clustering analysis identified a dominant co-expression module consisting of ap-
proximately 1000 genes that exhibited coordinated upregulation in healthy controls and
significant suppression in sepsis patient samples (Figure 5). This substantial bi-cluster
represents a critical transcriptional signature reflective of systemic transcriptional repro-
gramming commonly observed in early-stage sepsis.

Detailed functional annotation and literature-supported analysis revealed that genes
within this bi-cluster were profoundly enriched in pathways related to ribosomal function,
oxidative phosphorylation, and core metabolic processes. Key genes involved in oxidative
phosphorylation, including ATP5A1, ATP5B, and ATP5], and numerous ribosomal protein
genes (e.g., RPS20, RPL31), demonstrated consistent downregulation in sepsis samples,
supporting the notion of translational and metabolic suppression as a response to acute
systemic inflammation [22,46-50].

Additional suppressed genes within the bi-cluster were identified in pathways critical
for protein synthesis and cellular maintenance, including EIF4B involved in translation
initiation, VAMP3 associated with vesicle-mediated transport, and DCUN1D1 involved
in protein ubiquitination. The uniform suppression of these genes highlights extensive
cellular reprogramming aiming to conserve energy and limit protein production during
severe inflammatory stress, a phenomenon documented previously in various systemic
inflammatory states, including sepsis [35,38,39,44,46,49].
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Figure 5. Bi-clustering reveals transcriptional suppression of metabolic and translational programs in
early sepsis.

Moreover, the observed downregulation of genes involved in maintaining cellular
oxidative balance, such as CYB5R4, highlights impaired antioxidant defenses in septic
patients, possibly exacerbating oxidative damage and contributing to cellular dysfunction
commonly noted in sepsis-induced organ injury [17,48].

Collectively, this bi-cluster analysis underscores a coordinated transcriptional response
strategy characterized by metabolic shutdown, decreased translational activity, and im-
paired oxidative balance. These processes represent key pathophysiological mechanisms
contributing to immune dysregulation and organ dysfunction in early-stage sepsis, offer-
ing insights into potential therapeutic targets aimed at restoring cellular metabolism and
function [51-54]. A list of 1000 genes identified using bi-clustering analysis is provided in
Supplemental Information Table S5.

The heatmap shows a dominant co-expression bi-cluster of approximately 1000 genes
across 29 samples, including healthy controls and early-stage sepsis patients. The expres-
sion matrix is z-score normalized per gene (row-wise), with red indicating high expression,
green low expression, and black representing intermediate expression. Genes in this
bi-cluster show consistent upregulation in healthy controls and suppression in sepsis pa-
tients, capturing a robust transcriptional signature associated with translational arrest and
metabolic downregulation.

2.4. WGCNA Identifies Distinct Co-Expression Modules Altered in Sepsis

To explore higher-order transcriptional relationships, we applied Weighted Gene
Co-expression Network Analysis (WGCNA) to high-variance genes [49]. This analysis
identified several distinct gene modules significantly associated with the sepsis phenotype,
notably the turquoise and blue modules (Figure 6).
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Figure 6. WGCNA-based co-expression modules and gene connectivity in early-stage sepsis.
(A) Gene dendrogram with dynamic tree cut illustrating module detection by hierarchical clus-
tering. Major modules (e.g., turquoise, blue) represent co-expressed gene sets. (B) Network plot of
top hub genes from turquoise module within key module. Nodes represent genes, and edges denote
co-expression relationships, highlighting tightly interconnected functional sub-networks.

The turquoise module (Module 1), comprising 835 genes, exhibited a strong positive
correlation with sepsis status (r = 0.76, p < 0.01). Genes in this module, such as 15-SEP,
7-MAR, 7-SEP, and AC011404.1, were enriched in biological processes related to neutrophil
activation, cytokine signaling, and Toll-like receptor pathways—aligning closely with
differential gene expression (DEG) and enrichment analysis findings [24,37].

In contrast, the blue module (Module 2), containing 164 genes, was negatively corre-
lated with sepsis (r = —0.68). Representative genes within this module included AC013394.2,
AP000240.9, and CTD-2370N5.3, which were primarily involved in ribosome biogene-
sis, oxidative phosphorylation, and protein synthesis pathways [23,41]. This aligns with
the observed suppression patterns noted in the bi-clustering and Gene Set Enrichment
Analysis (GSEA) [26].

Functional annotation of these modules confirmed significant immune-metabolic
reprogramming and translational suppression during early sepsis, with WGCNA high-
lighting modular gene networks that underpin and extend insights derived from tradi-
tional DEG analyses [42,45,48]. A full list of genes with their designated clusters, iden-
tified using Weighted Gene Co-expression Network Analysis (WGCNA), is provided in
Supplemental Information Table S6.

3. Discussion

Our comprehensive transcriptomic analysis of early-stage sepsis reveals coordinated
and multifaceted immune dysregulation characterized by simultaneous upregulation of
innate immune responses and downregulation of adaptive immunity, antigen presentation,
protein synthesis, and metabolic homeostasis. These findings reinforce the dual-phase
paradigm of sepsis, where an early hyperinflammatory response coexists with cellular
exhaustion and immunosuppression [1,2,10].

Multidimensional Scaling (MDS) demonstrated clear separation between septic pa-
tients and healthy controls, highlighting significant global transcriptomic shifts. Increased
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dispersion among sepsis samples reflects heterogeneous immune responses, consistent
with clinical variability in disease progression and outcomes [10,11,30].

Differential expression analysis identified significant upregulation of genes involved in
neutrophil activation and inflammatory signaling, including OLFM4, LCN2, and S100A12.
These genes play roles in antimicrobial defense, tissue infiltration, and cytokine-mediated
feedback loops, exacerbating tissue damage during sepsis [3-5,24]. These transcriptional
signatures align closely with pathways governed by Toll-like receptor (TLR) signaling and
NF-«B activation, emphasizing innate immune activation dominance [24,37].

Conversely, markedly downregulated transcripts included HLA-DRA, CTSS, and
TXNIP, along with broad sets of ribosomal and oxidative phosphorylation genes. Gene
Set Enrichment Analysis (GSEA) confirmed suppression of key biosynthetic processes,
including ribosome biogenesis, translation initiation, mRNA catabolism, and oxidative
metabolism [23,26,34,41]. These shifts indicate immune-metabolic reprogramming of leuko-
cytes, prioritizing inflammatory responses over cellular maintenance functions—potentially
serving as an energy conservation mechanism during systemic stress [42,46,47].

K-means clustering and bi-clustering analyses provided complementary insights into
the transcriptional landscape of early-stage sepsis. K-means clustering revealed distinct
gene expression modules, including Cluster B, enriched for neutrophil-mediated immune
responses, and Cluster F, characterized by widespread downregulation of genes involved
in translation and protein synthesis. These modules reflect the dual nature of sepsis
pathophysiology, where hyperactivation of innate immunity coexists with suppression of
cellular maintenance programs.

In parallel, bi-clustering analysis uncovered a dominant transcriptional signature
comprising approximately 1000 genes that were consistently highly expressed in healthy
controls but markedly suppressed in sepsis patients. This bi-cluster encompassed key
components of ribosomal function, oxidative phosphorylation, and mRNA processing.
Notably, ATP synthase subunits (ATP5A1, ATP5B), cytoskeletal proteins such as VIM
(Vimentin), and numerous ribosomal protein genes (RPS20, RPL31) exhibited profound
transcriptional repression [23,41].

The consistent downregulation of these core homeostatic and metabolic pathways
underscores a global transcriptional reprogramming aimed at reallocating cellular energy
toward immune defense rather than biosynthetic activities. While this strategy may enable
rapid inflammatory responses, it comes at the cost of translational arrest and metabolic
shutdown, potentially contributing to immune exhaustion, impaired tissue repair, and
organ dysfunction. These findings highlight critical vulnerabilities in septic leukocytes that
may serve as targets for therapeutic intervention, particularly strategies aimed at restoring
metabolic balance and protein synthesis capacity during recovery from sepsis [42,44].

Extending these findings, Weighted Gene Co-expression Network Analysis (WGCNA)
uncovered additional regulatory architecture by clustering genes into co-expressed modules
with distinct biological functions correlated to disease status [49]. The turquoise module,
highly associated with sepsis, was enriched with genes involved in neutrophil-mediated
immunity, cytokine signaling, and TLR pathways [24,37]. Conversely, negatively correlated
blue and green modules contained genes responsible for ribosome structure, translation,
mitochondrial respiration, and antigen presentation, mirroring the suppressed pathways
observed in GSEA and bi-clustering [23,26,41]. These insights underscore that immune and
metabolic systems are regulated through highly coordinated modular networks, extending
beyond individual gene activation.

WGCNA enhances transcriptomic profiling resolution by identifying functional units
beyond DEGs, reinforcing the reproducibility of the immune-metabolic switch observed
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in early sepsis [42,45,48]. The convergence of MDS, DEG, GSEA, clustering, and WGCNA
analyses robustly supports the dual-phase model of sepsis pathogenesis [10,22,42].

The identified transcriptomic signatures, particularly the upregulation of neutrophil-
associated genes (OLFM4, S100A12) and the suppression of adaptive immunity markers
(HLA-DRA), hold significant potential for clinical translation. Unlike existing biomarkers
like procalcitonin or CRP, which lack specificity for early sepsis [8,9], our gene signatures
could enable precise risk stratification and early diagnosis within the critical first 72 h.
For instance, a diagnostic panel targeting OLFM4 and S100A12 could identify patients
at risk of rapid disease progression, guiding timely interventions such as antibiotics or
immunomodulatory therapies. Additionally, the suppression of translational and metabolic
pathways (e.g., ribosomal genes, ATP5A1) suggests therapeutic opportunities to restore
cellular homeostasis, potentially via metabolic modulators or immunotherapies targeting
immune exhaustion. These biomarkers could be integrated into point-of-care assays or
machine learning models to personalize sepsis management.

These modules offer practical translational potential, containing candidate hub genes
that could serve as early biomarkers or therapeutic targets for stratifying sepsis patients
and modulating inflammatory-metabolic balances. Future studies should validate these
signatures across broader longitudinal patient cohorts to assess their diagnostic and
prognostic efficacy [40,45,48].

Together, our findings illustrate a complex transcriptional landscape in early-stage
sepsis, highlighting immune escalation and suppression of cellular homeostasis. Integra-
tive network-based methods like WGCNA offer new interpretative avenues for immune
dynamics, identifying actionable gene regulatory nodes.

A limitation of this study is the reliance on microarray-based transcriptomic profiling
without orthogonal validation of key differentially expressed genes (DEGs) such as HLA-
DRA, OLFM4, and S100A12. While microarray data were rigorously quality-controlled and
normalized, future studies should employ quantitative real-time PCR (qQRT-PCR) to confirm
these transcriptional changes. Additionally, protein-level validation using techniques such
as ELISA or flow cytometry for HLA-DR and LCN2 could further substantiate the trans-
lational relevance of these findings, bridging the gap between transcriptomic signatures
and clinical applicability. Such validations are planned as part of our ongoing research to
strengthen the identified biomarkers” diagnostic and prognostic potential.

4. Materials and Methods
4.1. Study Design

This study utilized a case—control design to investigate gene expression patterns in
early-stage sepsis. We included two groups of adult participants aged 18 years and older:
Group 1 comprised 10 patients diagnosed with early-stage sepsis, while Group 2 included
9 healthy controls. Patients were recruited from the Intensive Care Unit (ICU) at Salmaniya
Medical Complex (SMC) in Bahrain. Healthy controls, free from infections or inflammatory
conditions, were selected from blood donors at the SMC Blood Bank, ensuring that age and
sex were matched between the groups. All participants provided informed written consent,
and ethical approvals were obtained from the College of Medicine and Health Sciences at
Arabian Gulf University, SMC, and the Ministry of Health in Bahrain.

4.2. Early-Stage Sepsis

The clinical diagnosis of sepsis was based on the Sepsis-3 definitions, which require
either suspected or confirmed infection alongside an increase in the Sequential Organ
Failure Assessment (SOFA) score of 2 or more points. This diagnosis considers symptoms
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onset within the last 72 h. Patients must exhibit at least one of the following abnormal
vital signs:

Fever (>38.0 °C) or hypothermia (<36.0 °C), tachycardia (heart rate > 90 beats per minute),
tachypnea (respiratory rate >20 breaths per minute), or altered mental status.

Septic Shock: A subset of sepsis characterized by persistent hypotension requir-
ing vasopressors to maintain a mean arterial pressure (MAP) > 65 mmHg and a lactate
level >2 mmol/L despite adequate fluid resuscitation.

4.3. Healthy Controls

Controls were individuals without any history of infection or sepsis, matched for age
and gender with the patient group. They had no chronic illnesses that could influence
immune response, such as diabetes or autoimmune diseases.

4.4. Exclusion Criteria

Patients were excluded if they had undergone major surgery within the last 30 days,
were immunocompromised (e.g., receiving chemotherapy or corticosteroids), were preg-
nant, or had concurrent infections complicating the diagnosis of sepsis. Additionally,
individuals under 18 years of age were excluded (Table 1).

Table 1. Inclusion and exclusion criteria.

Criteria Early-Stage Sepsis Healthy Controls

Clinical diagnosis of sepsis No history of infection

Inclusion Criteria (Sepsis-3) or sepsis

Symptoms onset within the last ~ Age and gender matched
72h with patients

No chronic illness affecting

At least one abnormal vital sign .
immune response

Recent major surgery within the

Exclusion Criteria last 30 days

Not applicable

Immunocompromised status

Pregnancy

Concurrent infectiona
complicting diagnosis

Individuals under 18 years
of age

4.5. Blood Sample Collection and RNA Extraction

Blood samples were collected using Tempus' " Blood RNA Tubes (Applied Biosystems ",
Waltham, MA, USA) and vortexed for 10 s to ensure thorough mixing with the stabiliz-
ing reagent. RNA extraction was performed using the Stabilized Blood-to-CT"" Nucleic
Acid Preparation Kit, following the manufacturer’s guidelines. Initially, 500 pL of each
Tempus-stabilized blood sample was transferred to a 1.5 mL microcentrifuge tube. To
this, 250 uL of 2X PBS was added, followed by vortexing for 10 s and brief centrifugation.
Next, 20 uL of Tempus'" Pellet Enhancer was added; the mixture was vortexed again
for 10 s and centrifuged at 5000x g for 10 min. The supernatant was carefully removed,
leaving approximately 50 uL behind with the pellet. Washing steps were repeated three
to five times: first, 750 uL of Tempus " (Chicago, IL,, USA) Washing Buffer 1 was added
and vortexed until the pellet dissolved, then centrifuged at 5000 x g for 2 min. The wash-
ing buffer was removed, retaining about 20 pL of residual supernatant. Subsequently,
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750 uL of Tempus' " Washing Buffer 2 was added, vortexed briefly, and centrifuged again
at 5000 x g for 2 min, after which the tube with the pellet was placed on ice. To eliminate
any genomic DNA, a digestion solution mixed with DNase I (1:100) was prepared and
added to a microcentrifuge tube. After mixing, 129 uL of this digestion solution was added
to the pellet, which was pipetted up and down five times to break it up. The mixture
was incubated at room temperature for 8 min. Finally, 10 pL of Stop Solution was added,
and the sample was incubated for an additional 2 min before being stored at —-80 °C for
further analysis.

4.6. Microarray Data Generation and Quality Control

Gene expression profiling was performed using the Affymetrix Clariom D Human
Array. The quality of the extracted RNA from peripheral blood mononuclear cells (PBMCs)
was assessed using an Agilent Bioanalyzer. The purified RNA was used as a template for
first strand cDNA synthesis following the “GeneChip® WT PLUS Reagent Kit” (Thermo
Fisher Scientific, Santa Clara, CA, USA). The first amplification was carried out from a total
of 250 ng of initial RNA. Subsequently, the second strand of cDNA was synthesized. This
double-stranded cDNA was then used to synthesize cRNA, which was purified, and its
concentration measured. A second cycle of cDNA synthesis was performed, followed by
hydrolysis, purification, fragmentation, and labeling. Finally, the labeled fragmented cDNA
was hybridized to the GeneChip® Clariom D Human Array (Thermo Fisher Scientific) at
45 °C for 16 h in the Affymetrix GeneChip® Hybridization Oven 645. After hybridization,
the chips were washed and stained using the Affymetrix GeneChip® Fluidics Station 450,
following the procedures described in the “GeneChip® WT PLUS wash and stain Kit”
protocol. All chips were scanned at room temperature using the Affymetrix GeneChip®
Scanner 3000 7G. Data preprocessing steps included importing CEL files into the Tran-
scriptomic Analysis Console (TAC) software. The Transcriptome Analysis Console (TAC)
software version 4.0.0.25 by Thermo Fisher Scientific Quality control methods involved
visual inspections of boxplots and density plots to assess data distribution and quality.
Normalization of the raw expression data was performed using the Robust Multi-array
Average (RMA) method, which includes background correction, quantile normalization,
and summarization of probe sets. All analyses were performed using R (version 4.4.1)
and Bioconductor (version 3.19). The Transcriptomic Analysis Console (TAC, version 4.0.2,
Thermo Fisher Scientific) was used for data preprocessing. The “affy’ package (version
1.78.0) implemented the Robust Multi-array Average (RMA) method for normalization.

Principal Component and Clustering Analysis: Principal Component Analysis (PCA),
Multidimensional Scaling (MDS), and t-distributed Stochastic Neighbor Embedding
(t-SNE) were applied to RMA-normalized gene expression data using the Transcriptomic
Analysis Console (TAC). MDS revealed that dimension1 accounted for the greatest vari-
ance and clearly separated sepsis patients from healthy controls. Additional components
(PC2-PC5) supported sample-specific variance. MDS and t-SNE analyses confirmed the
distinct transcriptomic profiles of patient and control groups.

Differential Expression Analysis: DEGs between sepsis patients and healthy con-
trols were identified using linear modeling and empirical Bayes statistics. Genes with

llog?2 fold change | > 1 and adjusted p-value < 0.05 were considered significant. A volcano
plot was generated to visualize global transcriptional changes, plotting log?2 fold change
against -log10-adjusted p-value.

Pathway and Functional Enrichment: Enrichment analyses were performed using
DAVID and Reactome databases. Gene Ontology (GO) terms and KEGG pathways were
used to interpret biological significance.
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K-Means Clustering and Functional Module Analysis: To identify gene co-expression
modules, unsupervised K-means clustering was applied to the normalized expression
matrix. K-means clustering was performed using the ‘stats’ package (version 4.4.1) with
k = 6, selected based on the elbow method to optimize within-cluster sum of squares,
ensuring biologically meaningful gene modules. The ‘cluster” package (version 2.1.6) was
used for silhouette analysis to validate cluster quality. Genes were grouped into six major
clusters (A-F), which were then visualized via heatmap. Functional enrichment analysis
was performed for each cluster using GO biological processes with adjusted p-values.

Bi-clustering Analysis: To identify coherent gene modules regulated across subsets of
samples, we performed bi-clustering using the biclust R package. Unlike traditional clustering,
which captures patterns across all samples, bi-clustering identifies genes that are co-expressed
within specific sample subsets. We applied the BCPlaid algorithm under default parameters,
modeling the expression matrix as a sum of additive layers to capture distinct transcriptional
patterns. This approach enabled detection of a large co-expression bi-cluster associated
with coordinated downregulation of metabolic and translational programs in sepsis patients.
Further details are provided in Supplemental Information Table S5.

Co-expression Network Analysis: To identify co-regulated gene modules associated
with early-stage sepsis, we implemented Weighted Gene Co-expression Network Analysis
(WGCNA) using R. WGCNA was implemented using the ‘WGCNA’ package (version
1.72-5). A soft-thresholding power of 3 = 6 was chosen based on scale-free topology fit
(R? > 0.85), determined using the pickSoftThreshold function. The minimum module size
was set to 30 genes, and dynamic tree cutting was performed with a deepSplit of 2 to ensure
robust module detection.

A practical clinical scenario for applying these transcriptomic signatures involves the
rapid identification of early-stage sepsis in emergency departments. For example, a patient
presenting with fever and tachycardia could undergo a blood-based transcriptomic assay
targeting OLFM4, S100A12, and HLA-DRA. Elevated OLFM4 and S100A12 combined with
suppressed HLA-DRA could confirm sepsis within hours, enabling the prompt initiation
of antibiotics and fluids, potentially reducing progression to septic shock. Such an assay,
deployable via point-of-care platforms, could integrate with existing electronic health
record systems to stratify patients by risk of organ dysfunction (e.g., high SOFA score) and
guide immunomodulatory therapies, such as anti-inflammatory agents for hyperinflamma-
tory profiles or immune stimulants for immunosuppressive states [42,45]. This approach
addresses the current diagnostic delay and heterogeneity in sepsis management.

Normalized gene expression data were filtered to include genes with sufficient vari-
ance across samples. An unsigned adjacency matrix was created using a soft-thresholding
power 3, selected based on scale-free topology criteria. The topological overlap matrix
(TOM) was computed to measure network connectivity. Genes were then hierarchically
clustered and grouped into modules using dynamic tree cutting. Module eigengenes
(MEs) were calculated to represent the expression profile of each module, and their cor-
relation with clinical traits (sepsis vs. control) was assessed. Modules significantly corre-
lated with sepsis status underwent functional enrichment analysis using GO terms and
Reactome pathways.

5. Conclusions

This study provides a comprehensive transcriptomic landscape of early-stage sepsis,
illustrating dual-pattern immune dysregulation characterized by innate immune hyperac-
tivation and concurrent suppression of adaptive immunity, translation, and metabolism.
Employing an integrative systems biology approach—MDS, differential expression, path-
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way enrichment, GSEA, K-means clustering, bi-clustering, and WGCNA—we identified
multi-scale transcriptional signatures distinguishing sepsis patients from healthy controls.

Upregulated genes and pathways underscored excessive neutrophil activation, in-
flammatory signaling, and innate immune priming, whereas downregulated programs
revealed widespread impairments in antigen presentation, protein synthesis, and energy
metabolism. These concurrent opposing shifts highlight the immune paradox of sepsis:
simultaneous hyperinflammation and immune paralysis [1,2,42].

Critically, WGCNA delineated distinct co-expression modules, such as the turquoise
module enriched in inflammatory mediators and the blue module representing sup-
pressed ribosomal and metabolic functions. These modular patterns validate and ex-
tend DEG findings by revealing higher-order transcriptional architecture and potential
hub regulators [23,41,42,49].

Identifying these network-based modules advances current sepsis models by pro-
viding not only individual biomarkers but also functional gene circuits, informing future
diagnostic or therapeutic strategies. Specifically, the suppression of translation-related
and metabolic modules presents a promising axis for evaluating immune exhaustion and
host resilience [42,44,45].

Collectively, this work deepens our understanding of early sepsis biology, laying
the foundation for personalized, network-informed interventions targeting immune and
metabolic dysregulation at the transcriptomic level.

By pinpointing actionable gene networks, our findings pave the way for point-of-care
diagnostic tools and personalized therapies, potentially transforming sepsis management
in critical care settings.
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Abstract: Cardiac dysfunction is a severe complication of sepsis that significantly increases
mortality in affected patients. Previous studies have shown better myocardial responses
with preserved cardiac function in female animals compared to males following lipopolysac-
charide (LPS)-induced sepsis. Our published findings have revealed that females exhibited
less cardiac dysfunction than males when exposed to equivalent doses of tumor necro-
sis factor (TNF)«, which is markedly elevated in both heart tissue and serum following
LPS. These raise the question of whether the observed sex differences in LPS-induced
myocardial dysfunction are a direct effect of LPS or a secondary consequence mediated by
inflammatory cytokines, like TNF«x. In this study, we aimed to uncover sex differences in
LPS-caused direct effects on cardiac function. To do so, isolated hearts from aged-matched
adult male and female mice were subjected to LPS infusion using a Langendorff method.
Left ventricular developed pressure (LVDP) was continuously recorded. The female es-
trous cycle was determined via vaginal smear. The oxidative phosphorylation (OXPHOS)
pathway and estrogen receptors (ERs) were determined in heart tissue using Western blot.
We found that males exhibited worse LV function than females following the infusion of
LPS at 5.0 mg/kg body weight. However, no significant differences in cardiac function
and expression of ERs were observed between female groups at different estrous stages.
Interestingly, LV function returned to baseline after the initial depression of LVDP during
the rapid response to LPS and then depressed again following the 50 min LPS infusion.
Protein levels of OXPHOS were altered differently between male and female hearts after
50 min LPS infusion. Our data demonstrate that male hearts exhibit higher sensitivity to
LPS-induced rapid cardiac dysfunction compared to females, although estrogen may have
a minimal influence on LPS-induced rapid functional depression. Sex differences may exist
in myocardial mitochondrial responses to direct LPS insult via the OXPHOS pathway.

Keywords: cardiac dysfunction; endotoxemia; gender difference; OXPHOS

1. Introduction

Lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative bac-
teria, is a major trigger of endotoxemia. LPS can lead to sepsis—a life-threatening syndrome
marked by organ dysfunction due to a dysregulated host response. A serious complica-
tion of sepsis is cardiac dysfunction, known as sepsis-induced cardiomyopathy, which
significantly contributes to increased mortality in septic patients [1-4]. Understanding the
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molecular mechanisms driving cardiac dysfunction and damage is critical for developing
effective therapeutic approaches to improve patient outcomes.

Accumulating evidence suggests sex-specific differences in the cardiovascular system
response to injury. Of note, previous studies have demonstrated that female animals exhibit
improved myocardial responses and better cardiac function compared to males following
LPS challenge [5,6]. However, it remains unclear whether these sex differences are due
to the direct effects of LPS or are mediated by LPS-induced inflammatory cytokines. In
fact, our published study, along with others, has shown a significant increase in tumor
necrosis factor (TNF)« levels in both heart tissue and serum after LPS challenge [5,7-9].
In addition, females experienced less cardiac dysfunction than males when exposed to an
equivalent dose of TNFa [10,11]. This suggests that sex-related disparities in myocardial
impairment could be attributable to indirect or secondary effects of LPS-induced inflam-
matory cytokines, such as TNFa. Therefore, in this study, to simulate endotoxemia and
assess myocardial responses without the influence of confounding blood-borne factors, we
employed the Langendorff perfusion technique. We aimed to investigate the direct effects
of LPS on cardiac function by administering a coronary infusion of LPS to isolated male
and female mouse hearts.

2. Results
2.1. LPS Directly Induces Cardiac Functional Depression

The lethal dose (LD50—the dose causing death in 50% of the mice) of LPS is 10 mg/kg
body weight for C57BL/6 mice [12]. We first conducted dose-responsive experiments with
LPSat0,2.5,5.0, and 7.5 mg/kg body weight in isolated male mouse hearts (the infusion
concentrations of LPS were 0, 31.25, 62.5, and 93.75 ug/mL, according to if a mouse had
a total blood volume of about 80 mL/kg body weight [13]). Our data demonstrated that
myocardial function was impaired by direct LPS infusion (Figure 1B), with a significant
depression of left ventricular developed pressure (LVDP), and the maximal positive and
negative values of the first derivative of pressure (+dP/dt and —dP/dt) in doses of LPS at
5 and 7.5 mg/kg body weight. However, the infusion of LPS at 2.5 mg/kg body weight
did not cause myocardial dysfunction in male hearts. Of note, the 7.5 mg/kg dose of LPS
resulted in a comparable level of cardiac functional depression to that observed with the
5 mg/kg LPS infusion (Figure 1B), in line with the previous report showing that both 5
and 10 mg/kg LPS challenges caused a substantial and comparable reduction in cardiac
function in vivo [14]. In addition, we found that the myocardium responded to LPS as
quickly as 5 min after a 5 mg/kg infusion of LPS (Figure 1A). Collectively, we did not
increase the LPS dose further to 10 mg/kg and selected 5 mg/kg to investigate the direct
effect of LPS on cardiac dysfunction in male versus female hearts in the experiments.

2.2. Male Hearts Experienced Greater Depression of Myocardial Function Compared to Female
Hearts in Response to Infusion of LPS at 5 mg/kg Body Weight

Following exposure to a 5 mg/kg infusion of LPS, male myocardial function signif-
icantly decreased by about 50% in LVDP and —dP/dt and by 40% in dP/dt (Figure 2A),
while female hearts exhibited a decrease of approximately 30% in LVDP and 20% in dP/dt
and —dP/dt, highlighting a sex difference in LPS-induced acute myocardial functional
depression. Additionally, LPS triggered a significantly faster cardiac response in male
hearts (6.15 &= 1.22 min) compared to female myocardium (13.09 & 1.92 min) (Figure 2B).
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Figure 1. (A) LVDP (left ventricular developed pressure) trace in male hearts without (control) or
with LPS infusion (5.0 mg/kg). (B) Dose-response study of LPS infusion in isolated male mouse
hearts using Langendorff technique. Dots represent individual mouse heart function. Mean +/ —
SEM, ** p < 0.01, *** p < 0.0001.
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Figure 2. (A) Heart function in male and female hearts after infusion of 5.0 mg/kg LPS at rapid
response/initial depression of LV function. (B) Time required for rapid response/initial depression
of LV function in male and female hearts after infusion of 5.0 mg/kg LPS. Dots represent individual
mouse heart values. Mean +/— SEM, * p < 0.05, ** p < 0.01.

2.3. Effects of Estrous Cycle on LPS Caused Myocardial Dysfunction in Females and LPS” Role in
Modulating Expression of Estrogen Receptors in Male and Female Hearts

Estrogen, a sex hormone, plays a role in influencing cardiac function during injury.
Female animals at different estrous stages have varying estrogen levels, which may impact
myocardial responses to LPS. To explore this, we divided the female mice into two groups
based on vaginal smear results (Figure 3A) as follows: proestrus/estrus females with high
estrogen levels and metestrus/diestrus females with low estrogen levels. Interestingly,
there was no significant difference in myocardial function between proestrus/estrus and
metestrus/diestrus females following a 5 mg/kg infusion of LPS (Figure 3B). Addition-
ally, considering that estrogen exerts its biological function through binding to estrogen
receptors (ERs), we investigated whether the differential expression of the classical re-
ceptors ERx and ER occurs in the heart following LPS infusion. We found that there
were no sex differences in the myocardial expression of ERx and ER(3 without LPS stress
(Figure 3(C1,C2,D1,D2)). In addition, LPS did not change the levels of ERx and ER(3 in male
hearts (Figure 3(C2,D2)). However, significantly reduced ERx and ER{3 expression was ob-
served in female hearts following LPS infusion (Figure 3(C2,D2)). Furthermore, the estrus
cycle did not alter LPS-decreased levels of ERoc and ER( in female hearts (Figure 3(C3,D3)).
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These data suggest that estrogen and/or estrogen signaling may not influence the direct
effects of LPS on myocardial function.

-dP/dT (% of Eq)
8

LVDP (% of Eq)

0

uS v (VS uS s S
_\es“ . s\ Jest . oo\t ‘eS“ . otV
(0 OV o OV g €
PO et 10! e et 1\ Pro “e{—lo‘
C
C1 M Control M LPS F Control FLPS
ERO S S amamm @S e e—a—= =~ T
GAPDH === — o —
Cc2 C3 1254 ¢
- S 1.00 "
o
g * Male < 075
< = Female 9
U S 050
3 E 0.25
& .
w 0.00
us S
JES T ootV
Control LPS ee “\e"‘o\
D D1 M Control MLPS F Control FLPS

ERB ‘S:S”é;;m - s - ——

GAPDH -----------cd - o s et G e et b

D2 D3
L. 1.00
*kkk

1.5 — T

- . g 075

a . _i_ e Male <

o 1.0 = Female O 0.50

< =

0 2

= 0.25

(% w

<205

w 0.00
0.0 . or o_‘es\tl\;:_\ PR

Control LPS et

Figure 3. (A) Estrus cycle in female mice by vaginal smear. High-estrogen stages: (A1) proestrus
with clusters of well-formed nucleated epithelial cells; (A2) estrus with clusters of cornified squa-
mous epithelial cells. Low-estrogen stages: (A3) metestrus shows fragmented cornified squamous
epithelial cells accompanied by small leukocytes; (A4) diestrus dominated by small leukocytes
with few cornified squamous epithelial cells. (B) Cardiac function in female mouse hearts during
proestrus/estrus (high estrogen) versus metestrus/diestrus (low estrogen) phases following LPS
infusion. (C) ERa expression in male and female hearts without LPS infusion. (C1) Western blot
images of ERx and GAPDH across groups; (C2) quantification of ERx band intensity normalized
to GAPDH; (C3) comparison of relative ERa levels (normalized to GAPDH) between high-estrogen
(proestrus/estrus) and low-estrogen (metestrus/diestrus) female hearts following LPS infusion.
(D) ERp expression in male and female hearts +/— LPS infusion. (D1) Western blot images of ER3
and GAPDH among groups; (D2) quantification of ER3 band intensity normalized to GAPDH; (D3)
comparison of relative ERf levels (normalized to GAPDH) between high-estrogen (proestrus/estrus)
and low-estrogen (metestrus/diestrus) female hearts after LPS infusion. Dots represent individual
mouse heart functions. Mean +/— SEM; two-way ANOVA in C2 and D2, t-test in others; * p < 0.05,
***p <0.001, *** p < 0.0001.
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2.4. Effects of Longer LPS Infusion on Isolated Male and Female Heart Function and on
Myocardial Expression of Toll-like Receptor 4

Notably, when the duration of the LPS infusion (5 mg/kg body weight) was extended
to 50 min (50’), we observed that LV function returned to normal after the initial rapid
depression/first response to the LPS (<20’ infusion). However, LV function significantly
decreased again in male hearts following the 50’-LPS infusion (Figure 4A,B). In contrast,
although female hearts showed a similar trend, no statistically significant difference was ob-
served during the 50’-LPS infusion (Figure 4C). This suggests that the female myocardium
may be more tolerant to direct LPS-induced injury.
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Figure 4. (A) Representative LVDP trace of male stability control (SC) with 80 min of perfusate
perfusion and male heart with 50 min of LPS infusion (5.0 mg/kg). Changes in LVDP in SC and
LPS-infused male hearts (B) and female hearts (C). (D) TLR4 expression in LPS-infused male and
female hearts compared to their untreated counterparts. (D1) Western blot images of TLR4 and
GAPDH across groups; (D2) quantification of TLR4 band intensity normalized to GAPDH. Mean
+/— SEM; two-way ANOVA; * p < 0.05, *** p < 0.001, *** p < 0.0001.

LPS binds to Toll-like receptor 4 (TLR4), initiating the LPS/TLR4 signaling pathway
to exert its biological effects. Therefore, we assessed myocardial TLR4 expression in male
and female hearts in response to LPS infusion. We found that LPS infusion did not change
TLR4 levels in either male or female hearts (Figure 4D).

2.5. Direct Effects of LPS on Myocardial Mitochondrial OXPHOS Between Male and
Female Hearts

LPS has been shown to impair mitochondrial metabolism in vivo via the OXPHOS
pathway in the heart [15]. To dissect the molecular mechanisms underlying the sex differ-
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ences in LPS-induced cardiac dysfunction, we examined the myocardial protein levels of
mitochondrial OXPHOS. Increased levels of ATP5A, UQCRC2, and NDUF8 were observed
in male hearts following 50’-LPS infusion (Figure 5A,B), whereas 50"-LPS infusion signif-
icantly reduced UQCRC2 and MTCOI1 levels in female hearts (Figure 5A,B), indicating
sex-specific differences in myocardial mitochondrial responses to direct LPS insult.
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Figure 5. (A) Immunoblots of five OXPHOS protein levels in female (F) and male (M) hearts with
+/— <25 min or 50 min LPS infusion. (B) Quantification of immunoblotting band intensity of ATP5A-
complex V, UQCRC2-complex III, MTCO1-complex IV, SDHB-complex II, and NDUFB8-complex I
compared to GAPDH, respectively. Mean +/— SEM; * p < 0.05, ** p < 0.01. One-way ANOVA with
multiple comparisons within the same sex group and a t-test between M and F at the same dose of
LPS infusion.

3. Discussion

Sex differences in myocardial responses have been reported following LPS challenge
in vivo [5,6]. However, our published studies and others have indicated that inflammatory
cytokines, including TNFa, substantially increased following LPS injection [5,7-9]. Ad-
ditionally, male hearts had more severe cardiac contractile depression than female hearts
when exposed to TNF« [10,11], raising the question as to whether sex differences in the
myocardial response to LPS in vivo are due to LPS-increased inflammatory cytokines in
the circulation, particularly TNF«. In this study, we investigated the direct effects of LPS
on myocardial function between male and female hearts using the Langendorff approach,
which eliminates the influence of confounding blood-borne factors. Our results showed
that when exposed to the same dose of LPS (1) male hearts experienced greater myocardial
functional depression compared to female hearts; (2) no significant differences in cardiac
dysfunction and myocardial ER expression were observed between proestrus/estrus and
metestrus/diestrus females; and (3) distinct differences in OXPHOS responses were noticed
between male and female hearts.

LPS is a pathogen-associated molecule and functions as TLR4 agonists to initiate
the LPS/TLR4 signaling pathway. All cardiac cell types including cardiomyocytes ex-
press TLR4 [16]. However, most studies focus on evaluating LPS/TLR4 signaling in
inflammatory responses and reactive oxygen species (ROS) production [17,18], thus sub-
sequently regulating myocardial function during endotoxemia. In fact, LPS decreased
the sarcoplasmic reticulum Ca?* content, the systolic Ca?* transient, and cardiomyocyte
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contraction, all of which were reversed by using the TLR4-specific inhibitor or deletion
of TLR4 [19]. While LPS-induced cardiomyocyte impairment requires TLR4 on immune
cells not on cardiomyocytes, as LPS does not cause myocyte shortening in mice with
TLR4-deficient leukocytes [20], other studies have challenged this view by demonstrating
that LPS-depressed cardiac function was not observed in mice with TLR4KO in cardiomy-
ocytes [21]. Such a discrepancy may be due to the in vivo LPS treatment, which induces
systematic responses and changes in blood-borne factors to complicate outcomes. In the
current study, we explored the direct effects of LPS on impairing myocardial function in
isolated mouse hearts, excluding other confounding variables. Our previous work has
also shown that the direct infusion of LPS into isolated rat hearts via coronary delivery
led to a progressive depression of LV contractile function [22]. Interestingly, in this study,
we found that the myocardial responses to LPS appeared time-dependent, with a cycle of
rapid depression, returning to normal, and decreasing in LV function again along with
continuing LPS infusion. This result suggests that a low dose/amount of LPS (the first
depression) likely induces the defense mechanisms to prevent the heart from further injury,
leading to LV function returning to normal. Our finding confirmed the possibility to use
LPS for eliciting the preconditioning mechanism in the heart, aligning with the previous
studies in which LPS induced preconditioning to improve postischemic cardiac function
and reduce infarct size against myocardial infarction [23-25].

Of note, sex differences have been observed in the prognosis of sepsis. Clinically,
epidemiological studies consistently indicate that severe sepsis with developed organ
dysfunction/failure, including cardiac dysfunction, often occur in male patients [26-29]. In
line with this, myocardial functional depression was significantly less noticeable in female
mice compared to males following LPS (3 mg/kg) injection [5]. Additionally, endotoxic
shock remained in male rats with depressed LV function and decreased stork work 24 h after
LPS challenge, whereas cardiac function was significantly improved in 24 h LPS-treated
female rats [6]. In our study, by excluding the confounding systematic and blood-borne
influences, sex differences in cardiac dysfunction were further noticed following the direct
infusion of LPS, with female mouse hearts more resistant to an equal amount of LPS
compared to male hearts. Accumulated evidence has reported that the sex differences
in cardiac function and inflammatory responses appears attributable to sex hormones—
estrogen and its downstream signals during endotoxemia [8]. Using estrogen or selective
agonists of ERs protected male rats against LPS-induced damage, while the depletion of
estrogen by ovariectomy worsened the detrimental effects of LPS on female rats [8,30].
To this end, we investigated whether estrogen played a role in LPS-induced rapid LV
dysfunction in female mice with various estrogen levels in the present study. However,
we did not see significant differences in the LPS-depressed cardiac function between
the proestrus/estrus and metestrus/diestrus female hearts, implying that fluctuations in
estrogen may have little influence on the acute myocardial response to LPS. Notably, LPS
significantly reduced the myocardial expression of ERx and ERf3 in female hearts but not in
male hearts. Interestingly, endogenous estrogen levels did not appear to impact the levels
of ERs. These findings suggest potentially changed estrogen signaling in female hearts
compared to the male myocardium during endotoxemia, warranting further investigation.

Next, we asked a question as to how differences in myocardial dysfunction follow-
ing the direct infusion of LPS exist between male and female mouse hearts. Indeed,
accumulating evidence has shown sex differences in sarcomeric protein composition and
calcium-handling function, contributing to stronger and faster contractions in male car-
diomyocytes compared to female cells [31,32]. These sex-specific differences in cardiac
structure and function may influence the heart’s response to LPS infusion. However, we
did not observe differences in TLR4 levels between male and female hearts in response

28



Int. ]. Mol. Sci. 2025, 26, 5963

to LPS, suggesting that the observed sex disparities in cardiac function are not due to
differential TLR4 signaling following LPS infusion. Nevertheless, the Four Core Genotypes
mouse model can be employed in future studies to investigate the relative contributions of
sex chromosomes and gonadal sex to the molecular mechanisms underlying sex differences
during sepsis.

On the other hand, compelling evidence has suggested a key role of mitochondrial
dysfunction and metabolic shutdown in the pathogenesis of sepsis-induced organ dys-
function/failure [33,34]. Notably, emerging studies raise the possibility that cardiac mi-
tochondria are more vulnerable to sepsis-induced impairment than those from kidneys,
the liver, and skeletal muscles [35-37]. In fact, sex differences in mitochondrial function
have been reported, with less mitochondrial ROS production and oxidative damage in
female hearts [38—40]. Our previous study has also shown better mitochondrial metabolic
function in cardiomyocytes from female mice compared to those from males when exposed
to inflammatory mediators—TNFa or oxidative stress—H;O; [41]. In the present study,
we observed a significant increase in mitochondprial respiratory chain proteins complex
I-NDUEFBS, complex III-UQCRC2, and complex V-ATP5A in male mouse hearts subjected to
LPS, while there was a marked decrease in complex III-UQCRC2 and complex IV-MTCO1 in
the LPS-infused female mouse hearts. The activity of mitochondrial complex I determines
the overall electron flux through the respiratory chain (complexes I-IV), significantly con-
tributing to ROS production. Elevated levels of complex I have been observed in the male
brain [42,43], which may help explain the higher oxidative stress reported in males [44].
Our findings of increased complex I content are consistent with these observations, sug-
gesting that sex differences likely exist in mitochondrial respiratory function, with female
hearts experiencing less oxidative stress than male hearts following 50 min of LPS infusion.
In addition, our results on sex differences in OXPHOS enzyme content may also suggest
differing adaptive capacities to altered metabolic conditions between male and female
hearts. Indeed, stressed females exhibited a more protective and resilient phenotype of ma-
jor mitochondprial respiratory complexes compared to males [45]. Furthermore, enhanced
metabolic adaptability has been reported in female skeletal muscle under changed energy
conditions [46].

Limitations: In this study, we utilized a dose of LPS at 5 mg/kg body weight to inves-
tigate sex differences in cardiac dysfunction. It is unknown whether these sex disparities
persist with higher doses of LPS. Additionally, the longest duration of LPS infusion in the
current study was 50 min, and it remains unclear what effects might occur with an infusion
lasting longer than 50 min. While vaginal smear can serve as a useful tool for training
medical students in basic techniques in the current study, measuring estradiol levels in
serum provides more accurate results for determining estrogen level in circulation and
should be used in future research. Furthermore, future studies incorporating exogenous
estrogen or ER modulators (both agonists and antagonists) into the perfusate should be
undertaken to investigate the role of exogenous estrogen and membrane-associated ERs in
acute/rapid cardioprotection during LPS infusion.

4. Materials and Methods
4.1. Animals

Male and female C57BL /6] mice (9-12 weeks) were purchased from Jackson Labora-
tories (Bar Harbor, ME, USA). All mice were acclimated for >5 days with a standard diet
feeding prior to the experiments. Age-matched male and female mice at 12-16 weeks old
were used for the experiments. The animal protocol was reviewed and approved by the
Institutional Animal Care and Use Committee of Indiana University. All animals received
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humane care in compliance with the Guide for the Care and Use of Laboratory Animals
(NIH Pub. No. 85-23, revised 1996).

4.2. Assessment of Cardiac Function Using Langendorff Method

A modified isovolumetric Langendorff technique was employed to evaluate intrinsic
cardiac contractility without or with LPS infusion. Isolated mouse hearts were subjected
to the Langendorff technique, as previously described [10,11,22,47,48]. Briefly, mice were
anesthetized with isoflurane and heparinized (100 IU i.p.). Hearts were then rapidly
excised into ice-cold Krebs—Henseleit (K-H) buffer. The aorta was annulated under a dis-
section microscope and the heart was perfused in the isovolumetric Langendorff mode
(70 mmHg) with oxygenated (95% O;-5% CO;) K-H solution (37 °C). The hearts were
paced at 420460 bpm/min during the whole experimental time. Data were continu-
ously recorded using a PowerLab 8 preamplifier/digitizer (ADInstruments Inc., Colorado
Springs, CO, USA). The LVDP was measured, +dP/dt and —dP/dt) were calculated using
PowerLab software (LabChart 8).

4.3. Experimental Protocols

A dose-response study was performed in isolated adult male mouse hearts with LPS
(from Escherichia coli O127:B8, L3129, MilliporeSigma, Burlington, MA, USA) at 0, 2.5, 5.0,
and 7.5 mg/kg body weight. The infusion concentrations of LPS were 0, 31.25, 62.5, and
93.75 ug/mL, based on the fact that the total blood volume of a mouse is approximately
80 mL/kg [13]. Isolated mouse hearts were subjected to an infusion protocol consisting of
a minimum 20 min equilibration period, followed by LPS infusion through the aortic root.
The experimental workflow is shown in Figure 6. The concentration was determined with
5 mg/kg body weight (62.5 pg/mL) for all experiments in female hearts and the study in
male hearts with a 50 min infusion period. The hearts were harvested at the time point
when a significant depression of LVDP occurred, with a >20% drop following LPS infusion
in male hearts and a >10% drop in female hearts and after a 50 min infusion period. Heart
tissue was snap-frozen in liquid nitrogen and stored at —80 °C.
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Figure 6. The scheme shows the experimental workflow.

A

4.4. Vaginal Smear

After the heart was removed, 50 pL of sterile PBS was gently introduced into the
vaginal canal of female mice using a pipette. The pipette was aspirated and dispensed
several times to wash the vaginal canal and collect an adequate number of cells for a single
sample. The fluid was then placed on a glass slide. After allowing the smear to air dry for
10 min, it was examined under light microscopy, and photomicrographs were taken. The
images were analyzed by at least three researchers to determine the cell type present. Based
on vaginal cytology, four estrus stages were identified [49], namely proestrus, characterized
by clusters of well-formed nucleated epithelial cells; estrus, marked by clusters of cornified
squamous epithelial cells; metestrus, showing fragmented cornified squamous epithelial
cells with small leukocytes; and diestrus, dominated by small leukocytes with a few
cornified squamous epithelial cells.
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4.5. Western Blotting

The heart tissues were lysed in cold RIPA buffer containing Halt protease and phos-
phatase inhibitor cocktail (ThermoFisher Scientific, Waltham, MA, USA). The protein
extracts (1020 pug) from heart tissue were subjected to electrophoresis on a 4-15% Criterion
TGX Precast midi protein gel (Bio-Rad, Hercules, CA, USA) and transferred to a nitrocellu-
lose membrane. The membranes were incubated with the following primary antibodies,
respectively: OXPHOS antibody cocktail (complex I-NDUFBS8, complex II-SDHB, complex
IV-MTCO1, complex HII-UQCRC2, and complex V-ATP5A) (ThermoFisher Scientific), ERx
(SC-543), ER (SC-8974), TLR4 (S5C-293072) (Santa Cruz, Dallas, TX, USA), and GAPDH
(#5174) (Cell Signaling Technology, Beverly, MA, USA), followed by a HRP-conjugated
secondary antibody. The images were detected by a ChemiDoc system (Bio-Rad). Image ]
software (Version 1.51, NIH) was utilized for immunoblotting band density measurement.

4.6. Statistical Analysis

All reported results were means £ SEM, and each dot was an individual heart mea-
surement. Data were checked for variables using the Shapiro-Wilk normality test and then
evaluated using an unpaired t-test or analysis of variance (ANOVA) followed by a multiple
comparisons test. Differences were considered statistically significant when p < 0.05. All
statistical analyses were performed using GraphPad Prism (Version 10.5.0, GraphPad, La
Jolla, CA, USA).

5. Conclusions

In summary, the present study clearly demonstrates that sex differences exist in cardiac
dysfunction following the direct infusion of LPS, with significantly depressed LV contractile
function in male hearts compared to female hearts. Given the comparable levels of LPS-
induced cardiac dysfunction between the proestrus/estrus and metestrus/diestrus groups,
estrogen itself may have little effect on female hearts in response to direct LPS infusion.
However, the current findings cannot fully rule out estrogen’s role in regulating the female
myocardial response to LPS infusion for the two following reasons: (1) it remains unclear
whether estrogen levels varied in the hearts of female mice at different estrus stages and
(2) the isolated hearts were perfused with the same buffer without estrogen. Further
research is needed to explore the mechanisms behind sex-mediated LPS-induced cardiac
dysfunction, particularly the mitochondrial factors driving differences in the myocardium.
Understanding these important unknowns could pave the way for the development of
novel therapies for septic cardiomyopathy.
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LPS lipopolysaccharide
LVDP left ventricular developed pressure

OXPHOS oxidative phosphorylation
+/—dP/dt positive and negative values of the first derivative of pressure
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TNF«x tumor necrosis factor «
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Abstract: Sepsis is the leading cause of mortality in patients with burn injuries and it
may represent, in these patients, a real diagnostic challenge. Here we studied the profile
of miRNAs contained in extracellular vesicles (EVs) (EV-miRNAs) isolated from plasma
from burn patients complicated by sepsis at admission and 7 days later. We enrolled
28 burn patients, 18 with (Burn Septic Patients—BSPs) and 10 without (Burn non-Septic
Patients—BnSPs) sepsis. Ten healthy subjects (HSs) were used as additional controls. After
EV isolation by charge precipitation and miRNA extraction, we proceeded with a two-
phase approach. Through a first screening phase, we identified 178 miRNAs differentially
expressed in BSPs compared to HSs. Among these, by a validation phase based on qRT-
PCR, we found that miR-483-5p, miR-193a-5p, and miR-188-3p were increased in the
BSPs compared to the BnSPs and HSs. Upon ROC analysis, all three miRNAs showed a
good accuracy in differentiating BSPs from BnSPs, especially miR-483-5p (AUC = 0.955,
p-value = 0.001). Moreover, we found 173 miRNAs differentially expressed in BSPs after
7 days from enrollment compared to TO, among whose miR-1-3p, miR-34a-3p, and miR-
193a-5p decreased in BSPs after 7 days, in parallel with a decrease in SOFA scores. Finally,
the other two miRNAs, miR-34a-3p and miR-193a-5p, positively correlated with the SOFA
score. In conclusion, we identified several miRNAs—namely miR-483-5p, miR-193a-5p,
and miR-188-3p—with potential clinical utility as diagnostic biomarkers in a heterogeneous
population of burn patients at high risk of developing sepsis. Moreover, we found some
miRNAs (miR-1-3p, miR-34a-3p, and miR-193a-5p) that vary according to the course of
sepsis and others (miR-34a-3p and miR-193a-5p) that are associated with its clinical severity.

Keywords: extracellular vesicles; miRNAs; sepsis; burn patients

1. Introduction

In patients with burn injuries caused by serious thermodynamic damage the incidence
of sepsis is extremely high [1]. The prognosis for burn patients with sepsis is poor, with
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estimates of a >60% mortality rate in burn patients resulting from infectious complica-
tions [2]. These patients have a higher susceptibility to bacterial invasion and sepsis due to
the compromised skin barrier and to the systemic dysregulation and immunosuppression
brought about in response to burn injury. For these reasons, an early diagnosis of sepsis is
crucial for the management and outcome of critically burned patients.

Several clinical scores have been proposed to help in diagnosing sepsis [3,4]; however,
some of these are not appropriate for burn patients [5-7]. Moreover, although many
biomarkers have been proposed, there is still a lack of reliable indicators that are useful
for diagnosis and disease assessment, whereas, due to the complexity of burn patients, it
seems wise to find a combination of biomarkers, instead of a single biomarker, that are
potentially applicable in these patients [8-10].

Extracellular vesicles (EVs) are functional vesicles released by all human cells and
found in various body fluids [11]. They act as pivotal vehicles for intercellular communi-
cation [12]. EVs are composed of lipid bilayers and carry various cargos, such as lipids,
proteins, and miRNAs, to target cells or organs via systemic circulation [11]. The contents
of EV cargoes differ significantly depending on the origin and the state of cells [12]. In
recent years, the study of EVs has deeply evolved as a consequence of the availability of
more sophisticated isolation methods, and EVs have been widely investigated as markers
for diseases, including chronic and critical illnesses [13-16].

miRNAs are small non-coding 18-25 nucleotide RNAs that interfere with the expres-
sion of up to 30% of protein-coding genes in mammalian cells [17]. The clinical relevance
of miRNAs in sepsis has been previously reported [18,19]. For instance, miR-150 has
been shown to be a predictor for survival in patients with critical illness and sepsis [20].
Increased levels of serum miR-133a has also been demonstrated to be an independent
predictor for mortality in sepsis patients [21]. Moreover, plasma miR-15 and miR-27a
levels were significantly reduced while levels of miR-34a were increased in patients with
septic shock [22]. Despite a long road travelled in the study of EVs in several diseases, the
nature and function of miRNAs contained in EVs (EV-miRNAs) isolated from plasma from
patients with sepsis-associated burn injuries are still unknown.

Here, we conducted a proof-of-concept study aimed at evaluating the utility of EV-
miRNAs isolated from plasma from burn patients complicated by sepsis as diagnostic
biomarkers for the rapid detection of sepsis. Aiming to establish a comprehensive workflow
to evaluate miRNA expression in EVs from plasma from burn patients, the following two-
phase approach was used: (i) a preliminary screening phase of EV-miRNAs followed by
(ii) a validation phase.

2. Results
2.1. Patient Characteristics

A total of 28 burn patients were included in this study. Among these, sepsis was
present in 18 cases. A total of 10 healthy subjects (HSs) were also enrolled and used as
additional controls. The study groups (Burn non-Septic Patients—BnSPs vs. Burn-Septic
Patients—BSPs) did not differ in age or gender distribution, as well as in average % total
body surface area (TBSA). At 1 month of hospitalization, all 28 patients were alive. Blood
cultures were positive in all BSPs. Detailed information on the demographic and clinical
characteristics of the patients and controls is summarized in Table 1.
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Table 1. Demographic and clinical characteristics of patients with burn injuries and healthy subjects.

Healthy Subjects Burn Non-Septic Burn-Septic Patients
Characteristics (HSs) Patients (BnSPs) (BSPs) p-Value
(n =10) (n =10) (n=18)
Age, year, mean + SD 57.60 (£13.28) 52.43 (£18.43) 58.07 (£16.41) 0.659
Gender ratio (M/F) 5/5 6/4 11/7 0.317
Comorbidities
Diabetes Mellitus, n (%) 0 0 2 0.117
Hypertension, n (%) 0 0 8 <0.0001
% TBSA 20.00 (10.00-35.00) 30.00 (19.00-41.50) 0.121
MAP - 80.00 (43.00-83.00) 81.50 (33.00-100.00) 0.329
SOFA score - 0 10.39 (£2.35) <0.0001
Laboratory findings
White Blood Cell 10°/L 4.60 (4.35-5.28) 6.99 (5.73-12.24) 12.24 (11.00-17.78) ****° <0.0001
Hemoglobin g/dL 13.55 (13.28-13.85) 12.90 (11.93-14.25) 8.85 (8.57-9.57) ****° <0.0001
Platelets 10°/L 261.0 (+£26.44) 218.6 (+45.10) 136.3 (£62.00) ****°°° <0.0001
Creatinine mg/dL 0.933 (£0.06) 1.14 (£0.81) 1.67 (£0.99) 0.221
Procalcitonin ng/mL - 0.39 (0.35-0.88) 2.52 (0.15-19.68) 0.021
Lactate mmol/L - 0.80 (0.50-1.20) 1.40 (1.10-1.80) 0.018
Bilirubin mg/dL - 0.80 (0.55-1.35) 1.20 (0.60-1.70) 0.368
NT-pro-BNP ng/L - 157.00 (27.00-500.00) 1528 (143.00-44,552) 0.003
Troponin I ng/L - 4.50 (£1.80) 28.00 (6.00-303.00) 0.005
Myoglobin pg/L - 79.00 (£50.76) 128.00 (41.00-14,265) 0.227

% TBSA, Total Body Surface Area; MAP, mean arterial pressure; SOFA, Sequential Organ Failure Assessment;
mean (£SD) or median (IQR) as appropriate. **** vs. HSs, p < 0.0001; © vs. BnSPs, p < 0.05; °° vs. BnSPs, p < 0.01;
°°°vs. BnSPs, p < 0.001.

2.2. Characterization of EVs Isolated from Plasma from Burn Patients and Healthy Subjects

EVs were isolated via a charge-based precipitation method from plasma samples
of 18 BSPs, 10 BnSPs, and 10 HSs. We used Nanoparticle Tracking Analysis (NTA) to
determine the size and the concentration of the particles isolated from plasma samples. The
diameter of the particles prepared was in the ranges of 100-400 nm in the three study groups
(Figure S1), whereas the concentration of particles was 2.12 x 10'% in HSs, 5.17 x 10 in
BnSPs, and 8.20 x 10'° in BSPs. We used flow cytometric analysis to verify the expression of
specific EV surface markers, showing that CD9 and CD63, considered specific EV markers,
were expressed in particles isolated from plasma samples of the HSs, BnSPs, and BSPs
(Figure S2). Therefore, EVs were successfully isolated from plasma from both burn patients
and healthy subjects.

2.3. Sepsis Significantly Alters the Profile of miRNAs Contained in EVs (EV-miRNAs) Isolated
from Plasma from Patients with Burn Injuries

Among 754 miRNAs screened, 178 miRNAs were differentially expressed in the BSPs
compared to the HSs. Moreover, 16 miRNAs were exclusively detected in EVs isolated
from the BSPs, while 32 miRNAs were specific only to EVs isolated from the HSs (Table S1).
Finally, the expression of 528 miRNAs was not detected.

2.4. Validation of Differentially Expressed EV-miRNAs in Patients with Burn Injuries Complicated
or Not with Sepsis

To validate the results obtained in the preliminary discovery analysis, we enrolled an
additional control group represented by patients with burn injuries with no deterioration in
SOFA scores > 2 and no blood culture positivity at the enrollment and during the following
72 h of hospitalization (Burn non-Septic Patients—BnSPs).
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In this validation phase conducted via qRT-PCR, we considered the nine more abun-
dantly expressed EV-miRNAs. Of these, we chose the eight EV-derived miRNAs with the
highest levels of expression in the BSPs compared to the HSs: miR-452-3p, miR-27a-5p,
miR-302d-3p, miR-483-5p, miR-1-3p, miR-193a-5p, miR-34a-3p, and miR-1255a (Table S1).
Moreover, we chose one miRNA expressed only in EVs prepared from BSPs: miR-188-
3p (Table S1). The validation analysis of the more abundantly expressed EV-miRNAs
found during the screening phase confirmed that several miRNAs—namely miR-452-3p,
miR-302d-3p, miR-27a-5p, miR-34a-3p, miR-1-3p, miR-483-5p, and miR-193a-5p—were
significantly more expressed in the BSPs compared to the HSs (Figure 1a—g). Moreover, the
gRT-PCR validation showed that miR-188-3p was increased in the BSPs, confirming the
results obtained in the screening phase, but was detectable in the HSs at low expression
levels, at variance from what was observed in the array screening, where no expression was
observed (Figure 1h, Table S1). miR-1255a showed no statistically significant trend of up-
regulation in the BSPs. Of note, miR-452-3p and miR-302d-3p were found to have increased
in the BnSPs compared to the HSs, while miR-483-5p, miR-193a-5p, and miR-188-3p were
increased in the BSPs compared to the BnSPs.

2.5. Accuracy of Plasma EV-miRNAs in Patients with Burn Injuries for Sepsis Diagnosis

The diagnostic performance of those EV-miRNAs we found increased in the BSPs com-
pared to the BnSPs (miR-483-5p, miR-193a-5p, and miR-188-3p). Distinguishing features
between these two patients groups was evaluated by ROC curve analysis (Figure 2a,b). miR-
483-5p showed the best AUC (0.955, p-value = 0.001), but miR-193a-5p (0.917, p-value 0.007)
also showed a good accuracy, whereas miR-188-3p was close to reaching a statistical sig-
nificance (0.822, p-value 0.053). These AUCs were superior to that of procalcitonin (0.798,
p-value 0.016), a well-established marker for the diagnosis of sepsis [9,10].

2.6. Temporal Dynamics of Plasma EV-miRNAs During the Course of Sepsis

In order to characterize the temporal trends of miRNAs-derived from EVs isolated
from BSPs, we performed a miRNA screening on EVs isolated from plasma from 5 BSPs at
the time of enrollment (T0) and after 7 days (T1).

In these patients, we observed a significant decrease in SOFA scores at T1 compared
to TO (p = 0.0004). The clinical characteristics of these BSPs at the different time points are
summarized in Table 2.

Table 2. Patients Characteristics.

Burn-Septic Patients Burn-Septic Patients
Characteristics BSP TO BSP T1 p-Value
(n=18) (n=18)

MAP 81.50 (33.00-100.00) 78.00 (60.00-98.00) 0.170
P/F 286.3 (£106.9) 277.3 (£81.81) 0.948

SOFA score 10.39 (+2.35) 7.33 (£3.51) <0.001

Laboratory findings

White Blood Cell 10°/L 12.24 (11.00-17.78) 12.71 (6.39-35.53) 0.502
Hemoglobin g/dL 8.85 (8.57-9.57) 9.05 (7.70-11.20) 0.412
Platelets 10°/L 136.3 (£62.00) 344.00 (£127.5) <0.001
Creatinine mg/dL 1.53 (0.86-3.80) 0.77 (0.30-2.35) 0.003
Procalcitonin ng/mL 2.52 (0.15-99.67) 0.56 (0.16-5.86) <0.001
Lactate mmol /L 1.40 (0.10-1.80) 1.05 (0.40-2.00) 0.017
Bilirubin mg/dL 1.20 (0.60-1.70) 0.85 (0.30-8.70) 0.734
NT-pro-BNP ng/L 1528 (143.00-44,552) 686.00 (37.00-9622) 0.065
Copeptin pmol/L 42.80 (3.00-167.3) 28.90 (6.40-493.00) 0.464
Troponin I ng/L 28.00 (6.00-303.00) 27.00 (5.00-520.00) 0.452
Myoglobin ng/L 128.00 (41.00-14,265) 63.00 (34.00-503.00) 0.006

SOFA, Sequential Organ Failure Assessment; MAP, mean arterial pressure; P/F, PaO,/FiO,; mean (£SD) or
median (IQR) as appropriate.
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Figure 1. Validation by qRT-PCR of candidate miRNAs contained in plasma EVs. Relative expression
levels of miR-452-3p panel (a), miR-302d-3p panel (b), miR-27a-5p panel (c), miR-34a-3p panel (d);
miR-1-3p panel (e); miR-483-5p panel (f); miR-193a-5p panel (g); miR-188-3p panel (h) in EVs isolated
from plasma from HSs (n = 10), BnSPs (n = 10), and BSPs (n = 18). Data are presented as median
(IQR), normalized with a reference exogenous control (Cel-miR-39). * p < 0.05, ** p < 0.01, *** p < 0.001,
% p < 0.0001.
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Among 754 miRNAs screened, 173 miRNAs were differentially expressed in the BSPs
at T1 compared to TO. Moreover, 31 miRNAs were exclusively detected in the BSPs at T1,
while 6 miRNAs were specific only to BSPs at TO (Table S2). Finally, the expression of 544
miRNAs was not detected.

The validation analysis carried out via qRT-PCR of the more abundantly expressed
EV-derived miRNAs showed that miR-1-3p, miR-34a-3p, miR-188-3p, and miR-193a-5p
were more expressed in the BSPs at TO compared to T1 (Figure 3a—d). miR-483-5p showed
a trend of increased expression in the BSPs at TO compared to T1, but was not statistically
significant (Figure S3a). On the contrary, miR-452-3p, miR-302d-3p, and miR-27a-5p did
not show any difference in the expression levels at TO compared to T1.
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Figure 3. Validation via qRT-PCR of candidate miRNAs contained in EVs isolated from BSPs at TO
and at T1. Relative expression levels of miR-1-3p panel (a), miR-34a-3p panel (b), miR-188-3p panel
(c), and miR-193a-5p panel (d) in EVs isolated from plasma from BSPs at TO and at T1. Data are
presented as median (IQR), normalized with a reference exogenous control (Cel-miR-39). * p < 0.05,
**p <0.01.
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We also analyzed the correlation between the SOFA scores, commonly used for the
evaluation of the clinical severity of critically ill patients, and selected EV-miRNAs in the
BSPs. We found a positive correlation between the highest SOFA score and an increase
in miR-34a-3p (r = 0.200, p = 0.028), miR-193a-5p (r = 0.624, p = 0.002), and miR-483-5p
(r=10.509, p = 0.003) expression both at TO and T1 (Figure 4a,b and S3b). On the contrary,
miR-452-3p, miR-302d-3p, and miR-27a-5p were not correlated with SOFA scores.
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Figure 4. Correlation between EV-miRNA expression levels and SOFA scores in BSPs: panel
(a) miR-34a-3p; panel (b) miR-193a-5p.

3. Discussion

After a severe burn injury, the body enters a pathological condition of excessive
inflammation, hypermetabolism, and acute immune response [23]. Understanding early
which patients with burn injuries may develop sepsis could be a major milestone in terms
of diagnosis and personalized decision therapies.

Sepsis is the most common complication in severe burn patients and tends to be
aggressive, rapid, and fatal [24]. Therefore, the prognosis of sepsis in burn patients depends
on accurate diagnosis and timely management [25]. The search for sepsis biomarkers is an
exciting and never-ending story [26-28]. Recently, the rapid development of multi-level
omics biological technologies and computer analytic tools has provided a strong technical
foundation for the early warning identification and treatment of the disease [29,30].

In addition to their role in regulating gene expression, circulating miRNAs were
proposed as next-generation biomarkers in manifold diseases [31,32]. The diagnostic
potential of miRNAs is based on their extraordinary stability and resistance to storage
handling [33]. This stability at least partly relies on the inclusion of miRNAs in extracellular
vesicles (EVs), where they are protected against degradation or destruction [34].

In our proof-of-concept study, aimed to test the hypothesis that sepsis alters the
profile of miRNAs contained in EVs (EV-miRNAs) in burn patients, we used a two-phase
approach. In a first set of experiments, we examined circulating EV-miRNA profiles by
array technology in patients with burn injury complicated by sepsis (BSPs) in comparison
with healthy subjects (HSs). We found that, among 754 miRNAs screened, 178 miRNAs
were differentially expressed in the BSPs compared to the HSs. Moreover, 16 miRNAs were
exclusively detected in EVs isolated from the BSPs, while 32 miRNAs were specific only to
EVs isolated from the HSs. The number of samples in the screening analysis was limited
to a pool of five patients, but we further verified the results of the array investigation
via qRT-PCR analysis, which was performed on all the patients enrolled in the study. In
this set of validation experiments, we performed the analysis in the BSPs, the HSs, and,
additionally, in a population of patients with burn injury without evidence of infection
(BnSPs). Thus, we identified a pool of miRNAs potentially useful for the diagnosis of sepsis
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in a heterogeneous population at high risk of developing sepsis like burn patients. We
found that eight miRNAs (miR-452-3p, miR-302d-3p, miR-27a-5p, miR-34a-3p, miR-1-3p,
miR-483-5p, miR-193a-5p, and miR-188-3p) were more expressed in the BSPs compared to
the HSs. Furthermore, two miRNAs (miR-452-3p, miR-302d-3p) were more expressed in the
BnSPs compared to the HSs, suggesting a potential association of these miRNAs with burn
injuries. Of note, three miRNAs (miR-483-5p, miR-193a-5p, and miR-188-3p) were found
to have had a higher expression in BSPs compared to BnSPs, suggesting their potential
value for the diagnosis of sepsis in burn patients. All three of these miRNAs showed a
good accuracy in discriminating BSPs from BnSPs. This suggests that implementing the
use of miRNAs together with the currently used markers, such as procalcitonin (PCT),
may be better than the use of a single marker, as has already been established in other
diseases [35,36].

Increased expression of selected miRNAs has also been observed in various can-
cers [37], cardiovascular diseases [38], and in sepsis [18]. In particular, miR-483-5p levels
were found to be upregulated in the lung tissues of sepsis-induced acute lung injury
(ALI) murine models as compared to the corresponding control groups [39]. The study
authors demonstrated that pro-inflammatory cytokines, namely IL-1b and IL-6, were down-
regulated in mice with sepsis-induced ALI by miR-483-5p knockdown. Similarly, serum
miR-483-5p has been proven to be a potential prognostic marker in septic patients in a
prospective observational study [40], which is consistent with our results.

Previous research has shown that exosomal miR-193a-5p, together with other miRNAs,
predicts the survival of septic patients with high confidence [41].

miR-188-3p is an independent prognostic factor in colorectal cancer [42] and is ex-
pressed in atherosclerosis [43]. To the best of our knowledge, no data referring to miR-188-
3p are reported to be associated with sepsis and therefore it could be proposed as a novel
early warning marker of burns-associated sepsis in the future.

When we look at miRNA expression in a later phase of the disease, when the clinical
conditions of BSPs were improving (BSP T1) compared to the time of enrollment (BSP T0), we
found that, among the 754 miRNAs screened, 173 were differentially expressed. Moreover, 31
miRNAs were exclusively detected in BSPs at T1, while 6 were specific only to BSPs at TO.
In addition, we validated the levels of the most expressed miRNAs and we found that the
levels of four miRNAs (miR-1-3p, miR-34a-3p, miR-188-3p, and miR-193a-5p) decreased after
7 days (BSP T1), paralleling the decrease in SOFA scores and the improved clinical conditions
of these patients. Interestingly, miR-34a-3p and miR-193a-5p showed a positive correlation
with SOFA scores, suggesting that these miRNAs may be proposed as potential markers for
assessing disease severity and that combining SOFA scores with specific miRNAs can increase
sensitivity when prognosticating the outcome of sepsis.

In a previous study by Chen et al., miR-34a expression was shown to increase in rats
with LPS-induced sepsis [44]. In contrast, other authors revealed that the serum expression
level of miR-34a-5p was significantly decreased in patients with neonatal sepsis compared
with healthy neonates [45]. This discrepancy in the increased and decreased expression of
miR-34a in sepsis might be due to the -3p and -5p strands that define the fate of cellular
processes as observed in cell proliferation, migration, and invasion in chronic diseases like
cervical cancer [46].

Our study presents some advantages compared to others available in the literature.
For instance, at variance from other studies that enrolled only healthy controls, our study
included an additional control group comprising patients with burn injuries but no evidence
of infection or sepsis. In addition, there was no significant difference in %TBSA between the
BSPs and BnSPs, making the two groups similar for this important variable. Distinguishing
sepsis patients from healthy subjects is easier than distinguishing patients with burn injuries
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who develop sepsis from those who did not. Therefore, the results from our study are more
convincing than those of other studies that exclusively enrolled normal healthy controls.

On the other hand, our study has several limitations. First, the sample size was
relatively small, and thus additional multi-center studies are required to confirm our
findings. Moreover, we evaluated BSPs only at two different time points, whereas a
better evaluation conducted at several time-points would have been useful to improve
the evaluation of the proposed EV-miRNAs. Third, it would be of interest to evaluate the
same miRNAs in a population of septic patients with different etiology to establish the
universal potential value of selected miRNAs for the diagnosis and prognostic stratification
of patients with sepsis. Finally, in our study, we did not explore whether and how the
EV-miRNAs we identified as differentially expressed may act in terms of mediators of
the pathological mechanisms involved in sepsis development and/or progression in burn
patients. Further studies will be needed in order to provide mechanistic information on
these topics.

Despite these limitations, our results suggest that circulating EV-miRNAs may be
proposed as reliable biomarkers in burn patients to differentiate those with sepsis from
those without infection. Moreover, EV-miRNAs seem to have a prominent association with
the course of sepsis in burn patients. Future developments will include the study of the
functional role of EV-miRNAs here identified, with the perspective of proposing future
innovative therapeutic approaches useful for the treatment of burn patients complicated
by sepsis.

4. Materials and Methods
4.1. Patients and Sample Collection

In this prospective observational study, we recruited 40 patients with Total Body
Surface Areas (TBSAs) comprised between 10% and 50%. Of these, 18 burn-septic patients
(BSPs) and 10 burn non-septic patients (BnSPs) were considered eligible and enrolled in
the study. Patient enrollment was conducted at the Burn Center of the “Citta della Salute e
della Scienza di Torino” University Hospital —CTO Site from November 2022 to January
2024. A total of 12 patients were excluded and considered non-eligible because they did
not fit with the inclusion and exclusion criteria as follows.

The inclusion criteria for burn patients were the following: >18 years of age, a
TBSA >10% and <50%, and informed consent for participation in the study. The exclusion
criteria included the following: age < 18 years, a TBSA < 10% and >50%, cancer (active or
recent history), autoimmune or chronic inflammatory disease, and HBV/HCV /HIV /SARS-
CoV-2 infection. Burn patients admitted to the Burn Center were regularly screened for
the insurgence of sepsis, which was diagnosed according to the criteria defined by the
Sepsis-3 guidelines [3], modified as follows: an increase in the Sequential Organ Failure
Assessment (SOFA) score of >2 points plus blood culture positivity. The severity of organ
dysfunction was estimated using the SOFA score [47]. Patients with burn injuries with
no deterioration in SOFA score > 2 and no blood culture positivity at the enrollment and
during the following 72 h of hospitalization were classified as Burn non-Septic Patients
(BnSPs) and used as controls.

A total of 10 healthy subjects (HS) without comorbidities and paired for sex and age
were also enrolled and used to constitute an additional control group.

Written informed consent was acquired from all enrolled patients and healthy volunteers.

We collected the following data concerning the demographic and clinical character-
istics of the study patients: age, gender, comorbidities, total body surface burned area
(%TBSA), mean arterial pressure (MAP), Sequential Organ Failure Assessments (SOFA)
score, and laboratory findings.
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The study was approved by the Institutional Ethics and Review Board of the “Citta
della Salute e della Scienza di Torino” University Hospital, Turin, Italy (n. CS2/815) and
conducted according to the ethical standards set out by the Declaration of Helsinki and its
later amendments.

For patients and healthy subjects, whole blood was collected from a central venous
catheter or from a peripheral vein via clean venipuncture using a 21-gauge infusion set,
respectively, in EDTA tubes (BD Vacutainer, Reading, UK), and processed within 1 h. The
blood samples were first centrifuged at 1600x g for 10 min at 4 °C, then the plasma was
collected and stored at —80 °C until EV isolation and subsequent analyses were carried out.

4.2. Study Design

This study was designed in two phases (Figure 5): (i) the screening phase and (ii) the
validation phase.
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Figure 5. Study design. Created with http:/ /biorender.com/, accessed on 30 December 2024.

For the screening phase, two pooled samples of miRNAs derived from EVs isolated
from plasma (EV-miRNAs) prepared from HSs (n = 5) and BSPs (n = 5) were screened
using a miRNA array card. Each group was composed of a mix of EV-miRNAs from five
individuals paired for sex and age. For all samples, EV isolation and miRNA extraction
from EVs were performed separately and mixed only after EV-miRNA extraction.

For the validation phase, EV-miRNAs from individual samples of HSs (1 = 10), BnSPs
(n = 10), BSPs (n = 18) were analyzed via qRT-PCR for the expression of the nine more
abundantly expressed EV-derived miRNAs identified during the screening phase.

Moreover, we studied the temporal trend of expression of selected EV-miRNAs by two
additional phases: (i) screening by miRNA array card of two pooled samples composed of
EV-miRNAs prepared from five BSPs at the time of enrollment (T0, n = 5) and after 7 days
(T1, n = 5); (ii) validation phase: analysis via qRT-PCR of the EV-miRNAs from individual
samples prepared from BSPs at TO (n = 18) and at T1 (n = 18) for the expression of the nine
more abundantly expressed EV-derived miRNAs identified during the screening phase.

4.3. Isolation of EVs from Plasma via the Charge-Based Precipitation Method

EVs were isolated using the charge-based precipitation method from plasma samples
of 18 BSPs, 10 BnSPs, and 10 HSs.
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An amount of 1 mL of plasma samples from patients and healthy subjects, stored at
—80 °C, were centrifugated at 5000 g at 4 °C for 30 min to remove cellular debris and
platelet contamination. EVs were isolated via the charge-based precipitation method, as pre-
viously described [48]. Briefly, a protamine (P) (Sigma, St. Louis, MO, USA)/Polyethylene
glycol (PEG 35,000; Merck KGaA, Darmstadt, Germany) precipitation solution (P/PEG;
Sigma, St. Louis, MO, USA) (0.2 g PEG 35,000 and 1 mg protamine chloride/mL; 1:4) was
added to the plasma samples. After overnight incubation at 4 °C, the mixture was cen-
trifugated at 1500x g for 30 min at 4 °C, and then a second centrifugation was performed
at 1500 g for 10 min at 4 °C. Finally, the pellet was re-suspended in 150 pL of PBS-free
particles and stored at —80° C for subsequent RNA extraction.

4.4. EV Characterization
4.4.1. Nanoparticle Tracking Analysis (NTA)

The particles isolated as described above were characterized following the recom-
mendations set out in “Minimal Information for Studies of Extracellular Vesicles” (MISEV)
2023 [49]. To characterize particles isolated from plasma in terms of quantity and size
distribution, we used Nanoparticle Tracking Analysis (NTA) using a NanoSight LM10
instrument equipped with 405 nm laser and a Nanosight Tracking Analyses 2.3 Analytical
Software (Malvern Panalytical Ltd., Malvern, UK). Briefly, EVs were diluted in particle-
free PBS before our analysis was carried out (1:1000). Three consequent 30-s records per
sample were acquired. The minimum expected particle size, minimum track length, and
biomedical light unit setting were set to automatic, and the detection threshold was set to 4
to reveal all the particles.

4.4.2. Flow Cytometry

In order to investigate the EV expression of specific surface markers by flow cytometry,
20 pL of EVs were labelled with either a phycoerythrin (PE; Invitrogen, ThermoFisher
Scientific, Carlsbad, CA, USA)-conjugated mouse anti-human IgG1 monoclonal antibody
against the tetraspanins CD9 (clone eBioSN4, C3-3A2) or PE-Cyanine? (Invitrogen, Ther-
moFisher Scientific)-conjugated mouse anti-human IgG1 monoclonal antibody against the
tetraspanins CD63 (clone H5C6) at a volume of 5 pL/test in a final volume of 100 pL of
diluted particle-free PBS, for 1 h at room temperature in the dark. Mouse IgG1 kappa
isotype control monoclonal antibodies lacking specificity for CD9 or CD63 (P3.6.2.8.1, PE
or PE-Cyanine?, Invitrogen, ThermoFisher Scientific) were used to measure the signal from
non-specific flow cytometry interactions. The Attune NxT Small Particle Side-Scatter Filter
(488/10) (Invitrogen, ThermoFisher Scientific) was installed to enable SSC resolution at
the scale required to visualize nanoparticles in the Attune NxT Acoustic Focusing Flow
Cytometer system (ThermoFisher Scientific).

For fluorochrome-conjugated antibody compensation, the AbC Total Antibody Com-
pensation Bead Kit (Life Technologies, ThermoFisher Scientific) was used. For the estab-
lished gating strategies of EV samples, we used Flow Cytometry Sub-Micron Particle Size
Reference Kit (Life Technologies, ThermoFisher Scientific), which provides a set of green
fluorescent microsphere suspensions (with a nominal diameter of 0.1, 0.2, 0.5, and 1.0 pm)
to serve as reliable size references for flow cytometry, according to the minimal informa-
tion for the standardized reporting of extracellular vesicles flow cytometry experiments
(MIFlowCyt-EV) [50].

The acquisition was performed at 100 pL of the total draw volume and 25 pL/min. Set
options were set on 20,000 events. Control experiments for flow cytometric characterization were
performed with a buffer control, an isotype control, and the single staining of EV's characterization
markers (CD9 and CD63). Data were analyzed with the Attune NxT 3.2 Software.
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4.5. RNA Extraction from Plasma EV's

miRNAs were isolated from 150 uL of EV pellet using the miRNeasy mini kit (Qiagen,
Crawley, UK) according to the manufacturer’s instructions. Spike-in control miRNA-
39 (Applied Biosystem, ThermoFisher Scientific) from Caenorhabditis elegans solution
(1.6 x 108 copies/uL) was added as an exogenous control for RNA extraction efficiency.

High-quality RNA, primarily miRNAs and other small RNA, was collected in the final
elution volume of 20 puL. of RNase-free water and stored at —80 °C.

4.6. Reverse Transcription

An amount of 2 uL of individual miRNA extracts was reverse-transcribed into comple-
mentary DNA (cDNA) using the TagMan Advanced miRNA cDNA Synthesis Kit (Applied
Biosystem, ThermoFisher Scientific) according to the manufacturer’s instructions. Briefly,
5 pL of reverse transcription product were used for pre-amplification using a custom
miR-Amp Primer Mix and the miR-Amp Master Mix (Applied Biosystem, ThermoFisher
Scientific). Finally, 50 puL of pre-amplified cDNA were stored at —20 °C until further
analysis for up to 2 months.

4.7. TaqgMan Array

In the screening phase, pre-amplification cDNA samples were mixed into pools de-
rived from five individual patient samples from BSPs and HSs in a final volume of 20 pL.
qRT-PCR was set up using the TagMan Fast Advanced Master Mix (Applied Biosystem,
ThermoFisher Scientific) and pre-amplified cDNA pools from BSPs and HSs were diluted
1:10 in 0.1 x TE bulffer.

The expression profile of a panel of 754 human miRNAs was evaluated by TagMan
array human microRNA A + B cards (ThermoFisher Scientific) by loading each fill reservoir
with 100 uL of the sample-specific PCR reaction mix and using the QuantStudio 12K Flex
Real-Time PCR System (Applied Biosystem, ThermoFisher Scientific). Only the miRNAs
found to be expressed in both replicates were considered.

Connect Data Analysis Apps (ThermoFisher Scientific) was used to calculate Raw C;
values, with an automatic baseline and threshold and to calculate RQ (2-99€,) values. C;
values > 40 or with Amp score < 0.7 were excluded from the analysis.

4.8. gRT-PCR

In the validation phase, we performed single-tube assays on individual samples from
each patient enrolled in the study using a QuantStudio 1 Real-Time PCR System (Applied
Biosystem, ThermoFisher Scientific). Pre-amplified cDNA samples were diluted 1:10 in
0.1X TE bulffer. Briefly, mastermix, assays, water, and diluted pre-amplified cDNA samples
were placed in individual wells of an optical 96-well reaction plate. Each reaction was
performed in triplicate. The utilized primers are listed in Table S3. Samples were run using
the following parameters: 50 °C 2 min, 95 °C 10 min, 40 cycles of 95 °C 15 s and 60 °C
1 min, and a 4 °C hold.

The relative miRNA expression was calculated using the comparative cycle threshold
(2-94Ct method normalized to cel-miR-39 levels (exogenous controls).

All calculations were performed using the QuantStudio Real-Time PCR Software v1.3
(Applied Biosystem, ThermoFisher Scientific).

4.9. Statistical Analysis

Descriptive statistics were reported as median (interquartile range, IQR) or mean
(Estandard error of mean, SEM), according to data distribution as assessed via the Shapiro—
Wilk test. Comparison between groups was carried out via a Kruskal-Wallis one-way
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analysis of variance on ranks followed by Dunn’s multiple comparison tests, or unpaired
or paired Student’s t-test, as appropriate. The diagnostic accuracy of each miRNA was
calculated as the area under the receiver operating characteristic curve (AUC-ROC).

A p-value < 0.05 was considered significant.

Data were collected using an Excel spreadsheet (Microsoft Office 365 ProPlus) and anal-
yses were conducted using the GraphPad Prism 9.0 software for Windows and Macintosh
(GraphPad Software, La Jolla, CA, USA).

5. Conclusions

Our results suggest the potential utility of several circulating EV-miRNAs, namely
miR-483-5p, -miR-193a-5p, and -miR-188-3p, as biomarkers for the diagnosis of sepsis in a
heterogeneous population of burn patients at high risk of developing sepsis. Furthermore,
we identified other EV-miRNAs, such as miR-34a-3p and miR-193a-5p, which are associated
with the clinical severity of sepsis, whereas others (miR-1-3p, miR-34a-3p, and miR-193a-5p)
vary according to the course of sepsis. In the future, these novel circulating biomarkers
might serve as promising tools for the diagnosis of sepsis in burn patients and could aid in
the prognostic stratification of these patients. In addition, our proof-of-concept findings
establish an important step forward in developing our understanding of EV-miRNA’s
pathophysiology and of their potential contribution in ameliorating sepsis diagnosis.
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Abstract: Sepsis remains a huge unmet medical need for which no approved drugs, besides antibi-
otics, are on the market. Despite the clinical impact of sepsis, its molecular mechanism remains
inadequately understood. Recent insights have shown that profound hepatic transcriptional re-
programming, leading to fatal metabolic abnormalities, might open a new avenue to treat sepsis.
Translation of experimental results from rodents to larger animal models of higher relevance for
human physiology, such as pigs, is critical and needs exploration. We performed a comparative
analysis of the transcriptome profiles in murine and porcine livers using the following sepsis models:
cecal ligation and puncture (CLP) in mice and fecal instillation (FI) in pigs, both of which induce
polymicrobial septic peritonitis, and lipopolysaccharide (LPS)-induced endotoxemia in pigs, induc-
ing sterile inflammation. Using bulk RNA sequencing, Metascape pathway analysis, and HOMER
transcription factor motif analysis, we were able to identify key genes and pathways affected in septic
livers. Conserved upregulated pathways in murine CLP and porcine LPS and FI generally comprise
typical inflammatory pathways, except for ER stress, which was only found in the murine CLP model.
Conserved pathways downregulated in sepsis comprise almost exclusively metabolic pathways such
as monocarboxylic acid, steroid, biological oxidation, and small-molecule catabolism. Even though
the upregulated inflammatory pathways were equally induced in the two porcine models, the porcine
FI model more closely resembles the metabolic dysfunction observed in the CLP liver compared to
the porcine LPS model. This comprehensive comparison focusing on the hepatic responses in mouse
CLP versus LPS or FI in pigs shows that the two porcine sepsis models generally resemble quite
well the mouse CLP model, with a typical inflammatory signature amongst the upregulated genes
and metabolic dysfunction amongst the downregulated genes. The hepatic ER stress observed in the
murine model could not be replicated in the porcine models. When studying metabolic dysfunction
in the liver upon sepsis, the porcine FI model more closely resembles the mouse CLP model compared
to the porcine LPS model.

Keywords: sepsis animal models; liver; cecal ligation and puncture; LPS infusion; fecal instillation;
RNA sequencing

1. Introduction

Sepsis is defined as a life-threatening organ dysfunction resulting from a dysregu-
lated host response to infection [1]. Both sepsis and septic shock (i.e., sepsis involving
severe blood pressure decline) represent a major global healthcare challenge, being the
predominant cause of morbidity and mortality among patients requiring admission to
intensive care units (ICUs) and imposing a substantial economic burden on the healthcare
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system. Recent estimates reveal a staggering annual burden of 48.9 million sepsis cases and
11 million deaths worldwide in the human population [2], but sepsis is also of significant
relevance in animals, e.g., in livestock [3]. Based on the epidemiological data, the World
Health Organization (WHO) has declared sepsis as a global health priority [4]. The current
management of septic patients is rather supportive than curative and relies on controlling
the infection using antibiotics, fluid resuscitation combined with vasopressor treatment,
and mechanical support of failing organs [5]. Despite five decades of intensive research,
no innovative drugs have hit the market to treat sepsis patients [6]. The lack of successful
therapies might be attributed to the following issues: (1) For decades, sepsis research has
been focused on the inflammatory response, while recent studies have also described the
occurrence of metabolic changes in the liver during sepsis [7,8]. (2) Because of practical
and ethical constraints, research in sepsis patients is usually limited to serum, plasma, and
white blood cells (WBCs). Therefore, it might be of great interest to study organ-specific
processes in human sepsis patients; however, it is ethically difficult to obtain biopsies of
live patients. In addition, postmortem human biopsies should be interpreted with caution
since RNA and protein expression might be altered postmortem [9]. (3) Although rodent
models have often yielded valuable information related to certain human diseases, in sepsis,
however, translation of preclinical findings to human patients turns out to be difficult,
as many promising therapeutic targets in preclinical studies have been disappointing in
human clinical studies [6].

Therefore, it is important to close the gap between mouse data and sepsis patients by
performing studies with larger animals. In preclinical models, rodents are often used due to
their availability, size, low cost, and easy genetic manipulation. Using small animal models,
especially transgenic models, allows researchers to gain insight into the proof-of-concept of
the molecular mechanisms of diseases such as sepsis in a fast and cost-effective way. In
rodent models, sepsis is often induced using cecal ligation and puncture (CLP), which is
considered as the gold standard for experimental polymicrobial (peritoneal) sepsis [10].
CLP involves a combination of three insults: (1) tissue trauma due to laparotomy, (2) necro-
sis caused by ligation of the cecum, and (3) infection due to the leakage of enteric and cecal
bacteria into the peritoneum. The latter results in peritonitis followed by translocation
of microbial flora into the bloodstream and colonization of organs. It is characteristic
of CLP that the pathogens originate from within the host, which is relevant in human
septic peritonitis since this usually results from physical intestinal rupture or damage.
However, the use of rodents as animal models is also associated with some weaknesses.
Due to their small size, it is more difficult to apply regular clinical tools such as probes,
catheters, multiple blood samplings, and source control. Moreover, their small size causes
a relatively high surface-to-volume ratio, leading to very significant heat loss compared
to larger animals and humans. Also, when compared to the human sepsis phenotype,
significant differences exist in terms of their metabolic, inflammatory, and hemodynamic
responses [11,12]. Therefore, there is a need for more clinically relevant, larger animal
models that allow easy and reliable clinical translation [13,14].

The pig genome is related more closely to the human genome compared to the mouse
genome, and pigs resemble humans in numerous anatomical and physiological aspects [15].
Due to the similar size of pigs and humans, a preclinical porcine sepsis model can profit
from more extensive tools [16,17].

Three categories of experimental sepsis models are used in porcine models, namely
(1) the endotoxemia model characterized by lipopolysaccharide (LPS) infusion [18], (2) in-
travenous administration of live bacterial strains such as Pseudomonas aeruginosa, and
(3) inoculation of autologous feces (fecal instillation, FI). The use of pigs is, however,
associated with higher costs and laborious handling during the experiments. Also, the
availability of transgenic pig models is limited [14]. It is crucial to understand that the use
of small and large animal models should be seen not as competitive but as complementary.
This approach is essential for facilitating the optimal translation of findings from small
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animal models to large animal models, thereby enhancing the robustness and reliability of
preclinical research outcomes.

In the current study, we compared the hepatic transcriptomic changes of CLP mice
with those of the two most used porcine sepsis models, namely the porcine LPS and FI
model. The CLP (mouse) model is considered the gold standard for studying sepsis, and
we aim to determine which porcine model is most suitable for transitioning from CLP mice
to pigs, thereby improving translatability in sepsis research.

2. Results
2.1. Literature Summary of Currently Used Porcine Sepsis Models

Today, the CLP model is considered the gold standard for sepsis studies and is typi-
cally induced in mice or rats. Analysis of the porcine sepsis models used in the last five
years conducted using ISI Web of Knowledge database (using the query: “sepsis model
pig, article, 2019-2024") revealed that the LPS model is the most widely used porcine sep-
sis model (35%), followed by autologous FI (19%) and monobacterial infections such as
Escherichia coli, Streptococcus suis, and Pseudomonas aeruginosa (Figure S1A). These porcine
models are preferred by researchers, as these are relatively easy to perform—by infusion
or instillation—and thus do not require complex surgery on the large animals. The group
“other” in the pie chart of Figure S1A includes sepsis models such as anastomotic leak,
ischemia reperfusion, and abdominal infusion of liver slurry. In this study, the aim was
to investigate how closely the hepatic transcriptomic changes in CLP mice align with
those observed in the most commonly used porcine sepsis models, specifically the LPS
and FI models. Analysis was performed on available datasets, with focus on hepatic gene
regulation given our recent observations pointing towards the essential role of the liver
and its transcriptomic changes (particularly in relation to nuclear receptor transcription
factors) during sepsis [19,20].

To identify differentially expressed genes (DEGs), we used a p < 0.05 cutoff and an
LFC > 1 or < —1 to determine respectively up- or downregulated genes. Numbers of
DEGs detected are summarized in Figure S1B. A total of 2019 and 2665 genes are up- and
downregulated, respectively, in the mouse CLP model compared to sham mice, whereas
the amount of DEGs is lower in the porcine models (683/756 and 761/1235 up/down in,
respectively, LPS and FI). This might be attributed to the fact that the annotation of mouse
genes is better compared to porcine genes. Indeed, the number of transcripts identified in
mice is 2.5% times higher compared to pigs (149.194 gene transcripts are described in Mus
musculus versus 60.273 in Sus scrofa, source: Ensembl). Next, the sepsis severity is higher in
mice compared to pigs, as illustrated below. An overview of all DEGs per model and their
associated p-values and LFCs is provided in Table S1.

2.2. Gene Expression Profiles in Liver from Murine CLP

To comprehensively explore hepatic changes at a genome-wide scale within the livers
of septic mice, bulk RNA-seq analysis was conducted on liver tissue obtained 24 h after
surgery from mice subjected to either the CLP or sham procedure (Figure 1A,B). To un-
derstand the functional implications of the dysregulated genes, a pathway analysis was
performed using Metascape [21]. This analysis revealed a typical inflammatory signature
being upregulated upon CLP that is characterized by different pathways involved in cell
activation, migration, and cell death. Obviously, cytokines are involved, with pathways
such as positive regulation of response to external stimulus and positive regulation of cell
migration (Figure 1C).
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Figure 1. Genome-wide overview of the gene expression profile of the liver in CLP-induced polymi-
crobial sepsis in mice. (A) Male C57BL/6] mice were subjected to a sham or CLP procedure, and the
livers were isolated 24 h after surgery for a genome-wide transcriptomics analysis via bulk RNA-seq.
(B) Volcano plot depicting the differentially expressed genes (p < 0.05, LFC < —1 or LFC > 1) affected
by CLP compared to sham. Genes with a —log10 p-value exceeding 80 were excluded for improved
plot clarity. (C,D) Top ten enriched gene ontology (GO) terms for genes that are upregulated (p < 0.05,
LFC > 1) (C) or downregulated (p < 0.05, LFC < —1) (D) in CLP mice compared to sham controls.
Analyses were performed using the Metascape analysis interface. (E,F) HOMER motif analysis
of CLP-induced genes (E) or genes downregulated by CLP (F) compared to sham controls (start
offset: —1 kb, end offset: 50 bp downstream TSS) (p < 0.05). Enriched motifs with their name and
p-value (p-val) are displayed. #mots = number of motifs found amongst the downregulated genes
(absolute (relative %)); #background = number of motifs found amongst background genes (absolute
(relative %)).
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The downregulated genes reveal a profound influence of CLP on diverse metabolic
pathways such as monocarboxylic acid metabolism, small-molecule catabolism, biological
oxidations, and lipid catabolism (Figure 1D), all key processes within the organism.

To further determine the upstream regulators of the affected genes, HOMER motif
analysis was applied. HOMER motif analysis on the upregulated DEGs unveiled factors
such as Signal Transducer and Activator of Transcription 3 + Interleukin-21 (STAT3 + IL21),
Activator Protein-1 (AP-1), and JUN-AP1 in the top five (Figure 1E), all factors known for
their function in humoral immunity, regulation of cell proliferation, differentiation, and
apoptosis [22-24]. HOMER motif analysis on the downregulated DEGs revealed Hepatic
Nuclear Factor 4-alpha (HNF4x) as the top transcription factor being predicted to lose its
transcriptional activity upon CLP surgery, followed by Brachyury (TBOX) and Peroxisome
Proliferator-Activated Receptor Alpha (PPAR«x) (Figure 1E). Both HNF4o and PPAR«
are nuclear receptors known to be involved in processes such as the regulation of lipid
metabolism, fatty acid oxidation, and control of energy homeostasis [20,25].

2.3. Comparison Analysis: Predicted Common and Unique Affected Pathways in Liver from
Murine CLP versus Porcine FI

The porcine model studied here that clinically best resembles the mouse CLP model
is the FI model, where, just as in the CLP model, peritonitis is induced through host-
derived bacteria. We compared available RNA-seq datasets to explore the similarities and
differences in altered pathways between these two septic peritonitis models (Figure 2A).
Plotting the log?2 fold change (LFC) of all DEGs in CLP mice (p < 0.05, LFC < —1 or LFC > 1)
versus the LFC of the orthologues genes in the porcine FI model shows a reduced LFC in
the porcine FI model. On average, gene expression changes by FI in pigs are limited to
15.17% of the level in CLP mice, as indicated by the slope of the red dotted line (Figure 2B).
When overlapping the upregulated DEGs of both murine CLP and porcine FI, an overlap of
27% was found (206/761). Pathway analysis of the shared upregulated genes via Metascape
revealed a typical inflammatory response with pathways involved in positive regulation
of locomotion, burn wound healing, cytokine signaling in immune system, response to
lipopolysaccharide, neutrophil degranulation, and NABA matrisome-associated pathway,
the latter being linked to extra cellular matrix (ECM)-associated proteins (Figure 2C).

When overlapping the downregulated DEGs in murine CLP and porcine FI, an overlap
of 33% was found (407/1235). Pathway analysis of the shared downregulated genes
exclusively displayed an effect on metabolism with pathways involved in small-molecule
catabolism, monocarboxylic acid metabolism, biological oxidations, steroid metabolism,
and drug metabolism via cytochrome P450 (CYP450) (Figure 2D).

In concordance with the pathway analysis, motif analysis using HOMER of the over-
lapping upregulated DEGs displayed typical inflammatory-associated transcription fac-
tors such as AP-1, FBJ Osteosarcoma Oncogene (FOS), Activating Transcription Factor 3
(ATE3), and JUN, all being basic leucine zipper (bZIP) transcription factors (Figure 2E).
HOMER motif analysis of the downregulated genes unveiled three nuclear receptors in
the top five, namely HNF4«, PPAR«, and Retinoid X Receptor (RXR), all being linked to
metabolic pathways (Figure 2E). This comparison analysis shows strong concordance with
the results obtained by the CLP only analysis in Figure 1, implicating potential towards a
solidified translatability.

In the liver of CLP mice only, 1813 genes are upregulated (Figure 2C). These genes were
found to be associated with response to endoplasmic reticulum (ER) stress, apoptotic signal-
ing pathway regulation, regulation of MAPK cascade, and the unfolded protein response
(UPR) and are thus more specifically affected in murine CLP. Furthermore, 2258 genes are
specifically downregulated in the liver of CLP mice, and the unique pathways identified
are, again, predominantly related to metabolism and to vascular processes in the circulatory
system (Figure 2D).
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Figure 2. Comparative analysis of the gene expression profile in the liver of CLP-induced polymi-

crobial sepsis in mice and Fl-induced polymicrobial sepsis in pigs. (A) Experimental set-up. Mice

were subjected to a sham or CLP procedure, and pigs were subjected to a fecal peritonitis (FI) or

control procedure. Livers were isolated, respectively, 24 h and 18 h after initiation for genome-wide

transcriptomics analysis using bulk RNA-seq. (B) Scatter plot demonstrating LFC of all differentially
expressed genes in CLP mice (p < 0.05, LFC < —1 or LFC > 1) versus the LFC of the orthologues
genes in FI pigs. r = 1 depicts the slope if no difference in LFC can be observed between CLP or FI.

The red dotted line indicates the real slope of the data. Data were analyzed with linear regression.
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(C) Venn diagram depicting the overlap between the upregulated DEGs in murine CLP versus porcine
FI. Selected condition-specific enriched Metascape pathways and biological functions are noted. For
the separate DEGs in CLP or FI, only the unique pathways and biological functions are depicted.
(D) Venn diagram depicting the overlap between the downregulated DEGs in murine CLP versus
porcine FI. Selected condition-specific enriched Metascape pathways and biological functions are
noted. For the separate DEGs in CLP or FI, only the unique pathways and biological functions are
depicted. (E) HOMER motif analysis of the shared up- and downregulated DEGs in CLP mice and
FI pigs compared to their appropriate controls (start offset: —1 kb, end offset: 50 bp downstream
TSS) (p < 0.05 and genes with mouse orthologue). Enriched motifs with their name and p-value are
depicted. #mots = number of motifs found amongst the downregulated genes (absolute (relative %));
#background = number of motifs found amongst background genes (absolute (relative %)).

Studying the pathways linked to the upregulated genes, specifically in the porcine FI
model alone (Figure 2C), again show an inflammatory signature, with pathways involved
in response to bacterium, necroptosis, and response to type II interferon. Unique pathways
linked to the downregulated genes in the porcine FI model were related to regulation of
metabolism of lipids and lipid localization, long-chain fatty acid metabolism, and small-
molecule biosynthetic process (Figure 2D). An overview of the overlapping and unique
genes shown in the Venn diagrams is provided in Table S2.

2.4. Comparison Analysis: Predicted Common and Unique Affected Pathways in Liver from
Murine CLP versus Porcine LPS

In contrast to fecal peritonitis, which is a rather new sepsis induction method, the
LPS-induced endotoxemia model is a more routinely used pig model to study sepsis.
LPS is derived from the cell wall of Gram-negative bacteria and induces—in contrast to
the CLP and FI models—sterile inflammation. While there are studies comparing the
transcriptomic response in septic cardiomyopathy between CLP and LPS mice [26], the
comparison of the effect of CLP in mice and LPS infusion in pigs on the hepatic gene
expression levels has not been investigated so far (Figure 3A). Plotting the log2 fold change
(LFC) of all DEGs in CLP mice (p < 0.05, LFC < —1 or LFC > 1) versus the LFC of
these orthologues genes in the porcine LPS model showed a reduced LFC in the porcine
LPS model. On average, gene expression changes by LPS in pigs are limited to 12.14%
of the level in CLP mice, as indicated by the slope of the red dotted line (Figure 3B).
When overlapping the upregulated DEGs found upon murine CLP and porcine LPS, an
overlap of 30% was found (204/683). Pathway analysis of these shared upregulated genes
with Metascape revealed a typical inflammatory response very similar to the previous
overlap (i.e., CLP-FI) with pathways involved in inflammatory response, NABA matrisome-
associated, external stimulus response upregulation, response to bacterium, burn wound
healing, and neutrophil degranulation pathways (Figure 3C).

When overlapping the downregulated DEGs in murine CLP and porcine LPS, an over-
lap of 33% was found (247 /756) (Figure 3D). Pathway analysis of the shared downregulated
genes again displayed an effect on metabolism with pathways involved in monocarboxylic
acid metabolism, steroid metabolism, biological oxidations, small-molecule catabolism,
and the nuclear receptors meta-pathway. Motif analysis using HOMER of the overlapping
upregulated DEGs displayed typical inflammatory-associated transcription factors such
as RUNX, NF-kB-p65-Rel, and TEALD1. Motifs of the overlapping downregulated genes
point towards Nuclear Factor (NF)1, HNF4«, and HNF1( (Figure 3E).

Analyzing the DEGs upregulated in the liver of CLP mice only, 1815 genes were
identified (Figure 3C). These genes were found to be associated with response to ER stress,
cytokine signaling in the immune system, positive regulation of cell migration, and UPR
response, quite similar to the unique pathways identified in CLP mice when compared to
the FImodel. In contrast, 2418 genes are specifically downregulated in the liver of CLP mice,
and the unique pathways identified are associated with lipid catabolism, vascular process
in circulatory system, nucleobase-containing small-molecule metabolism, organic hydroxy
compound metabolism, and the long-chain fatty acid metabolic process (Figure 3D).

57



Int. J. Mol. Sci. 2024, 25, 11079

Sham
—E aan I . B ° e
A | I Liver
Liwer HAMA-SEQ
callection
w
[+ 8
|
rd
—d
Bham
R 15 |
1 | l.;:...
Liwar RMA-SEQ
collection
LFC CLP
C Gt pE D T
Infamenaleey fsperie Monacarbionylic stid metabalism

HABA matrisome assocated

Stercid metabolism

Positree regulathan of responde 1o external stimulus Biological cxidations.
Rasparien 1o Bacterium small modecule catabolism
Meutrophil degranulation Lipid homecstasis

Burn wound healing

479

"
Response 1o ER stress
Cytokine signaling in immune system

Periitivee regulation of cell migration
[Ercryme-linked receptor protein sipnading patiraay
Pomitive regulation of cytokine produsction [+ al

o ot
Alpha-aming acid metabobs process Lipid catabolism
Perativee rigulation of cytckine produdlicd wascular process in drculabory system
Amina acid metabolism Organic bydrosy compound metabalism
Imenuncregultory inerations- | ong.chain fatty acid metabelic process

Uil gretwin resgaee [UPR)

ymphoid and a Ron-lymg
Transpoet of small moleoules

It imenune resporie

E MName

Metabalism of vitamins and cofactors
Waline, leucine and isoleucne degradation

Muclear receptons meta-pathaay

)
> et
Choliitenal metabolism with -

Bleck pnd Kandutich Russell pathwigs

Fatty acid metabalic process

Stercid bicsynthesis

HARA core matrisomse

Ereymi linked receptor pratein signaling pathway

p-val #mots #hackgr maotif
Hpregulated genes (204 RUNX(Runt) | 1x 10~ 60 (32.07%) 91964 (20.15%) | s2PACCACAZ
RUNX-AML(Runt) | 1x10-% 55 (30.22%) 88206 (10.35%) | SETGTGGTLA
NFkB-p6s-Rel(RHD) | 1% 10~ 14 (7.60%) 11s7.2 (2.60%) | COAAATTOCC
TEADLTEAD) L= 10-2 74 (40.GETE) 13470 (20.54%) mm
RUNX2(Funt) 001 57 (31.32%) o730 (21.32%) | sEePCCACAZES
Downreguiated genes (247) Name p-val #mots #hackgr motif
NFI(CTF) | 110 52 (28.06%) 65691 (14.13%) | XeloUbrres oLLAC
HNF4a(NR)DRI | 1x10-% 52 (23.96%) 69512 (1495%) | TeanGICAAAGTYCA
HNF1b(Homeobox) | 1x 10-* 23 (1060%) 22479 (4.84%) | sl LAATTATTAA
Tix?{NR) 001 43 (1082%) 62854 (1352%) | PICCEREESICCA
TEAD TEA) 001 48 (2212%) 72587 (15.62%) | TWACCAATGE

Figure 3. Comparative analysis of the gene expression profile in the liver of CLP-induced polymi-
crobial sepsis in mice and LPS-induced endotoxemia in pigs. (A) Experimental set-up. Mice were
subjected to a sham or CLP procedure, and pigs were subjected to a LPS infusion or control procedure.
Livers were isolated, respectively, 24 h and 15 h after initiation for genome-wide transcriptomics
analysis using bulk RNA-seq. (B) Scatter plot demonstrating LFC of all differentially expressed genes
in CLP mice (p < 0.05, LFC < —1 or LFC > 1) versus the LFC of these orthologues genes in LPS pigs.
r = 1 depicts the slope if no difference in LFC can be observed between CLP or LPS. The red dotted
line indicates the real slope of the data. Data were analyzed with linear regression. (C) Venn diagram
depicting the overlap between the upregulated DEGs in murine CLP versus porcine LPS. Selected
condition-specific enriched Metascape pathways and biological functions are noted. For the
separate DEGs in CLP or LPS, only the unique pathways and biological functions are depicted.
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(D) Venn diagram depicting the overlap between the downregulated DEGs in murine CLP versus
porcine LPS. Selected condition-specific enriched Metascape pathways and biological functions are
noted. For the separate DEGs in CLP or LPS, only the unique pathways and biological functions
are depicted. (E) HOMER motif analysis of the shared up- and downregulated DEGs in murine
CLP versus porcine LPS compared to their appropriate controls (start offset: —1 kb, end offset:
50 bp downstream TSS) (p < 0.05 and genes with mouse orthologue). Enriched motifs with their
name and p-value are depicted. #mots = number of motifs found amongst the downregulated genes
(absolute (relative %)); #background = number of motifs found amongst background genes (absolute
(relative %)).

Studying pathways linked to the upregulated DEGs specifically in the porcine LPS
model, an inflammatory signature with positive regulation of cytokine production and
innate immune response as well as metabolic pathways involved in amino acid metabolism
were detected (Figure 3C). Unique pathways linked to the downregulated genes, specifically
in the porcine LPS model, are related to metabolic pathways such as cholesterol metabolism
with Block and Kandutsch Russell pathways, fatty acid metabolism, steroid biosynthesis,
and NABA core matrisome (Figure 3D). An overview of the overlapping and unique genes
shown in the Venn diagrams is provided in Table S2.

2.5. Comparison Analysis: Predicted Common and Unique Affected Pathways in Liver from
Porcine FI versus Porcine LPS

To determine the common and unique pathways being affected in the two porcine ani-
mal sepsis models, we compared the DEGs upon porcine FI and porcine LPS (Figure S2A).
To date, the hepatic gene response upon FI versus LPS in pigs has not yet been compared.
An overlap of 35% was found (239/683) in the upregulated genes and 48% (360/756) in
the downregulated genes (Figure S2B,C). These percentages are higher compared to the
previous two comparison analysis with the murine CLP model and might be attributed
to the higher amount of gene transcripts defined in mice compared to pigs. In the shared
upregulated genes, the most important pathways identified are related to inflammation,
characterized by cellular response to cytokine stimulus, inflammatory response, the NABA
matrisome-associated pathway, neutrophil degranulation, and cytokine signaling in the
immune system (Figure S2B). Pathway analysis of the shared downregulated genes again
revealed a major impact on steroid, monocarboxylic acid metabolism, and biological oxida-
tions, just as was observed in the pairwise analysis with the murine CLP model (Figure S2C).
HOMER motif revealed, e.g., FOS and JUNB in the analysis of the common upregulated
genes between porcine FI and LPS (Figure S2D). More significant differences were detected
in the transcription factor hits of the shared downregulated genes. With the exception of
HNF1(, V-maf Musculoaponeurotic Fibrosarcoma oncogene homolog B (MafB) and Broad
complex-tramtrack-bric a brac And Cap’n’collar Homology 2 (BACH2) are newly identified
transcription factors (Figure S2D), known to play a role in immune-related cells such as
macrophages, monocytes, T cells, and B cells [27,28]. It is very striking that practically all
motifs found in the porcine comparison analysis are bZIP transcription factors, which are
one of the largest families of transcription factors. They are widely distributed and highly
conserved in animals, plants, and microorganisms. All bZIP transcription factors contain
leucine zippers that enable homo- or heterodimerization.

The FI model has the most unique DEGs among the two porcine models, especially
when studying the downregulated genes. In total, 522 genes were found to be upregulated
in the FI model only, and these genes belong to positive regulation of cell motility, actin
filament-based process, nuclear receptors meta-pathway, and import into cell and tissue
morphogenesis (Figure S2B). In contrast, 875 genes are specifically downregulated in
the liver of FI pigs, and the unique pathways identified are associated with organic acid
biosynthetic process, glycine, serine and threonine metabolism, amino acid metabolism, and
the PPAR signaling pathway (Figure S2C). The unique pathways found to be upregulated
in the porcine LPS model have a strong inflammation signature, whereas the 396 unique
genes downregulated in the LPS porcine model are found to be involved in small-molecule
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biosynthetic process, SREBP signaling, fatty acid metabolic process, and lipid homeostasis
(Figure S2B,C). An overview of the overlapping and unique genes shown in the Venn
diagrams is provided in Table S2.

2.6. Side-by-Side Comparison of Affected Pathways Based on Target Gene Expression in the Three
Different Sepsis Models

In previous comparison analysis, the three sepsis models were evaluated at the path-
way level, focusing solely on significantly altered genes. This approach offers a general
understanding of the types of pathways affected but does not indicate the extent of their
alteration. In order to know to what extent the pathways in murine CLP are changed
(shown in Figure 1C; comparable to the Z-score in Ingenuity Pathway Analysis (IPA)), the
genes behind these pathways according to Metascape were retrieved.

By plotting the LFC of the affected genes within each pathway, we can better under-
stand the extent to which each pathway is impacted across the models. For this analysis,
only genes with a gene annotation present in all three models were included. Figure 4A
reveals that for the top five upregulated pathways retrieved from the murine CLP model
(see also Figure 1C), the CLP model induces the different gene sets the strongest, with an
average LFC of £3 per pathway. Both the LPS and FI porcine models also induce these
pathways but with an average LFC of 0.6 per pathway. Since these upregulated pathways
are typically associated with inflammation, the data suggest that the CLP model induces
the strongest inflammatory response, while the two porcine models exhibit a similar level of
inflammation to each other, though it is less intense than that observed in the murine model.

When comparing the LFC of gene sets retrieved from the downregulated pathways de-
tected in the CLP model (see also Figure 1D), the murine CLP model again has the strongest
effect with an average LFC of =—2.5 (Figure 4B). Interestingly, for each pathway that was
found to be downregulated in the murine model, the FI model (average LFC + —1) has a
stronger effect compared to the LPS model (average LFC = —0.5). As these downregulated
pathways are typically related to metabolic functions, we can conclude from these data that
the FI model is a better model to mimic the CLP-induced metabolic dysfunction in the liver
compared to the porcine LPS model.

An illustration of these findings is the LFC of typical genes involved in metabolism,
which are dependent on HNF4 o or PPARx—two transcription factors predicted (Figure 1F)
and shown to lose function in the murine liver following CLP surgery [20,29]. HNF4«
is a transcriptional regulator of hepatocyte identity and controls genes that are essential
for liver functions, such as Cyp7a, Hes6, Nr1h4, Ppara, and Apoa2 (Figure 4C). All these
genes were found to be downregulated in murine liver upon CLP compared to sham, and
a similar trend was observed in the porcine FI model. The downregulation of these target
genes is, however, less apparent in the porcine LPS model. Next, we focused on the target
genes of PPAR« (Figure 4D). PPARw is known to be involved in 3-oxidation of free fatty
acids (FFA) and ketogenesis by inducing, e.g., Ehhadh, Hmgcs2, Hadha, Slc25a20, Cpt2, and
Cptla. Again, all these genes were found to be downregulated in murine liver upon CLP
compared to sham, and a similar trend was observed in the porcine FI model, but no clear
downregulation was observed in the porcine LPS model. Hmgcs2, known to be involved in
ketogenesis, is even significantly upregulated upon LPS in the porcine model, a finding
also observed in the murine LPS model. These data are in concordance with the HOMER
analysis on the downregulated genes shown in Figures 2E and 3E, showing a stronger
enrichment of these nuclear receptors in the FI model compared to the LPS model.
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Figure 4. Side-by-side comparison of affected pathways based on target gene expression in the
murine CLP and porcine LPS and FI model. (A) The top five affected pathways retrieved from the
upregulated DEGs of the murine CLP model are depicted. The average LFC of genes belonging to
the specified pathway is plotted for each sepsis model. (B) The top five affected pathways retrieved
from the downregulated DEGs of the murine CLP model are depicted. The average LFC of genes
belonging to the specified pathway is plotted for each sepsis model. (C) Heat map of selected
HNF4a-dependent genes showing the LFC and significance of the specified gene compared to the
respective control group for each animal model. (D) Heat map of selected PPARx-dependent genes
showing the LFC and significance of the specified gene compared to the respective control group for

each animal model.
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(E) Heat map of selected ER stress-related genes showing the LFC and significance of the specified
gene compared to the respective control group for each animal model. (F) Heat map of selected genes
related to “vascular process in circulatory system” showing the LFC and significance of the specified
gene compared to the respective control group for each animal model. **** p < 0.0001; *** p < 0.001;
**p <0.01; * p < 0.05. ns, not significant.

Remarkably, the pathways “response to ER stress” and “UPR response” are uniquely
affected among the upregulated genes in the mouse CLP model. These pathways were not
identified by Metascape when analyzing the DEGs in either of the porcine models. When
plotting the LFC of typical ER stress- and UPR-related genes (Figure 4E), we observe a
strong upregulation of these genes in the murine sepsis model, a less pronounced induction
in the porcine LPS model, and a decrease in gene expression in the FI porcine model. In
contrast, one of the pathways uniquely affected amongst the downregulated genes in the
mouse CLP model is “vascular process in circulatory system”. This pathway was not
retrieved by Metascape when entering the DEGs of either porcine model. When plotting
the LFC of some typical genes involved in vascular function, as provided by Metascape,
e.g., genes involved in regulation of endothelial permeability (Angpt1, Tjp3, Tek, and Ocln),
platelet aggregation (Tbxa2r), transport of metabolites (Slc genes), complement activation
(Crp), vascular tone (Arhgap42), antioxidant activity (Sod3 and Gpx1), and nitric oxide
generation (Ddahl), a strong downregulation of the genes in murine sepsis was observed.
The two porcine models show similar behavior to each other in terms of LFC; however,
unlike the CLP model, there is no clear downregulation of the described genes (Figure 4F).
As vascular function is heavily affected by inflammation, the more pronounced effect of
the murine CLP model on these vascular-related genes could be attributed to the higher
inflammation that is detected in the mice. Of note, due to ethical considerations, there is
a slight variation in timepoints amongst the different groups. To verify the robustness of
the data, we also compared the LFC of the described genes in Figure 4C—F with another
publicly available CLP dataset. This dataset was first described in Vandewalle et al. [19] and
compared the hepatic transcriptome in sham or CLP mice 8 h after surgery. Interestingly,
we confirmed that the genes depicted in the 24 h CLP dataset that were, respectively, up-
(ER stress, Figure 4E) or downregulated (HNF4«, PPAR«, and vascular process-related
genes, Figure 4C,D,F) show a similar trend in the 8 h CLP dataset (Figure S3A-D). These
data point towards the robustness of the data, irrespective of the timepoint chosen.

Overall, side-by-side comparisons between the three different animal models give a
comparable overlap of genes shared between the murine CLP versus the two porcine sepsis
models. The upregulated genes are typically associated with inflammatory processes,
whereas the downregulated genes strongly indicate metabolic dysfunction in the liver.
Upregulated genes that are not shared in the comparative analysis are similarly associated
with inflammation and vice versa; downregulated genes that are not shared in the compar-
ative analysis are still indicative for metabolic dysfunction. The murine CLP model has the
strongest effect on both the up- and downregulated pathways. The two porcine models
have a milder effect on the described pathways, with the porcine FI model most closely
resembling the downregulated metabolic pathways found in the CLP model.

3. Discussion

Despite extensive research on sepsis, there is no real advancement in sepsis treatment,
and many drugs have failed to show a clinical effect in human trials despite being successful
in preclinical animal models [6]. Even worse, some therapies, such as TNFa neutralizing
antibodies, were promising in preclinical studies but appeared to be harmful in sepsis
patients. The animal model used to study drug efficacy has proven to be of utmost
importance. Indeed, anti-TNF therapy reduced mortality in the LPS model, whereas TNF
turned out to be essential for controlling the infection in the CLP model [30]. A similar
disparity was observed when using TNFR1KO mice in murine LPS and CLP models [31].
Due to high similarities between the CLP model and human sepsis, the CLP model is
regarded as the gold standard for studying sepsis [10]. Another major concern regarding
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the current sepsis research is that most studies examine the inflammatory aspect, with
focus on serum, plasma, and WBCs. Of course, obtaining blood samples or determining
blood parameters is the easiest way to study sepsis in human patients, but rather than
investigating what happens in the blood, we need to focus on what happens in the organs,
with the liver as the most promising organ based on our most recent insights [8,19,20].
The liver hosts, next to hepatocytes, a range of other cells, including endothelial, hepatic
stellate, and Kupffer cells, which all play an essential role in a wide range of cellular
processes, such as homeostasis, metabolism, and immunity. Some research has been
conducted on postmortem liver samples of sepsis patients, but analysis of postmortem
material is difficult owing to changes that occur within the body shortly after death [9].
Therefore, studies on animals such as mice and rats are indispensable, but to enhance
translatability, research is warranted in larger animals that are more closely related to
humans. Compared to the mouse genome, the pig genome is three times closer to that
of a human, and its anatomy and physiology are also more comparable to humans [15].
Indeed, the macroscopic structure (subdivision in lobes and segments) and vascularization
are comparable between pig and human livers. Unlike rodents, pigs have well-defined
acinar structures with clear portal triads, similarly to humans [32]. In the current study,
we examined whether the liver-specific gene expression profile in a murine CLP model
reflects the profile seen in the two most routinely used porcine sepsis models. We sought to
determine which porcine model is most suitable for follow-up studies based on findings
from mouse research. Therefore, the hepatic transcriptomic changes of CLP mice were
compared to the LPS and the FI porcine sepsis models. Analysis was carried out using
Metascape, as this tool is very user friendly to analyze OMICs data.

A first view on the amount of DEGs (set as p < 0.05 and a LFC > 1 or <—1) showed
4684 DEGs in CLP mice compared to sham mice, whereas for the porcine LPS and FI model,
this was, respectively, 1439 and 1996 genes. This reflects the higher number of transcripts
identified in mice compared to pigs but could also be explained by the reduced variation
and stronger effect size in mice. Throughout our comparative analysis, the major upreg-
ulated pathways point towards inflammation. However, the type of pathways activated
in the different models used might differ. Unique to the CLP model is a strong response
to ER stress and UPR, whereas this could not be detected in the liver of the two porcine
models. The ER is involved in protein folding and post-translational modifications and
is also a critical organelle of the secretory pathway. The burst of protein synthesis during
the early phase of sepsis can lead to the accumulation of unfolded or misfolded proteins,
a phenomenon also known as ER stress. ER stress can eventually activate the UPR re-
sponse, an adaptive reaction that reduces unfolded protein load to maintain cell viability
and function [33]. A closer look at typical ER stress-related genes indeed show a strong
upregulation of these genes in the murine CLP model, whereas in the porcine LPS model
and especially the porcine FI model, this was less apparent. This may indicate that the
porcine model is not a good model to study hepatic ER stress during sepsis when making
the transition from mice to larger sepsis models. In general, there are not many studies
investigating the role of ER stress in liver during sepsis, and if so, these studies were
performed in rodents. ER stress is activated upon sepsis in rodents, and inhibition of ER
stress using 4-phenylbutyric acid could improve vital organ function in the liver, kidney,
and intestinal barrier, resulting in improved survival following CLP in rats [34]. ER stress
in septic pigs has not yet been reported in the literature. A potential reason for the lack
of depiction of a strong ER stress response in porcine sepsis could be the comparatively
lower inflammatory response observed in pigs compared to the CLP mouse model, as
the inflammatory response and ER stress are strongly linked to each other. Indeed, it is
known that inflammatory cytokines such as the pro-inflammatory cytokines IL13, IL6, and
TNF« induce ER stress, which further disrupts metabolic functions, thereby causing more
inflammation. This vicious cycle exacerbates inflammatory signaling as well as metabolic
deterioration [35]. Of note, compared to mice, the immune system of pigs generally more
strongly resembles that of humans. Indeed, the lymphocyte % in blood is 75-90% in mice,
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40-60% in pigs, and 20-50% in humans, whereas the neutrophil % in blood is 10-25%
in mice, 30-50% in pigs, and 40-75% in humans [17,36]. These differences in immune
composition might account for the stronger immune response to sepsis compared to pigs.
In human sepsis patients, ER stress in skeletal muscle and immune cells has already been
depicted [37]; yet, whether ER stress plays a role in the liver of human sepsis patients
needs to be established. Based on the current data, it remains uncertain whether inhibiting
ER stress would yield significant therapeutic benefits for human sepsis patients. While
preclinical studies in mice suggest a role for ER stress in the pathophysiology of sepsis,
translating these findings to humans is complex due to interspecies differences in immune
response and disease progression. Further studies, including clinical trials, are needed to
evaluate the potential efficacy and safety of ER stress inhibition in sepsis treatment.
Interestingly, the major downregulated pathways throughout our comparison analysis
almost exclusively involve metabolic pathways. This observation supports recent findings
showing that upon CLP surgery in mice, the liver loses activity of key transcription factors
involved in metabolism [8], such as glucocorticoid receptor (GR) [19], PPAR«x [20], and
HNF4« [29], eventually leading to metabolic failure. Indeed, upon CLP surgery, the liver
acquires GR resistance. Since GR is involved in gluconeogenesis, GR functioning is essen-
tial for sepsis survival due to its role in lactate removal and glucose production [19]. The
“monocarboxylic acid metabolism” pathway was found amongst the downregulated genes
in all three models tested. Typical monocarboxylic acids includes lactate, pyruvate, and
ketone bodies, and these metabolites are indeed all found to be increased upon sepsis. The
GR motif was, however, not found by HOMER amidst the tested downregulated genes,
which might be attributed to the initial corticosterone boost shortly after sepsis that first
induces many GR-responsive genes [19]. PPAR« is another major transcription factor
involved in metabolism by coordinating the 3-oxidation of FFAs in liver. Similar to that
observed with GR, PPAR« loses its transcriptional activity upon CLP surgery in mice,
causing FFAs to accumulate in blood and organs eventually leading to lipotoxicity [20].
This finding was already confirmed in the porcine FI model [38], and in the current study,
the porcine LPS model also presented with “fatty acid metabolic process” amongst the
pathways retrieved from the downregulated genes. The PPARo« motif was found amidst
the downregulated DEGs of the murine CLP and porcine FI model according to HOMER
but not in the porcine LPS model. In accordance with HOMER, Ppara gene expression and
its target genes were less clearly downregulated upon LPS injection in pigs compared to
the murine CLP and porcine FI model. This might explain why the “lipid catabolic process”
is the least affected in the porcine LPS model compared to the two other models tested.
Recently, it was demonstrated that PPARx mRNA and protein levels are downregulated
upon sepsis due to HNF4«x loss of function [29]. HNF4« is key regulator of hepatocyte
identity by controlling genes involved in metabolism of lipids, glucose, bile acids, and
xenobiotics. Transgenic mice with HNF4x-specific deletion in hepatocytes have severely
reduced hepatic PPAR levels in steady state. Upon sepsis in wild-type mice, HNF4« is
shown to lose its function, leading to PPAR« reduction [29]. Next to its role in controlling
PPARx expression and lipid metabolism, HNF4«x also induces many CYP450-coding genes.
CYP450 enzymes, encoded by the Cyp genes, are involved in the synthesis and metabolism
of various compounds within cells. CYP450 enzymes are key phase I enzymes that me-
tabolize many xenobiotics, such as drugs and environmental pollutants, and endogenous
substances, such as toxins that are formed within cells. Interestingly, “drug or xenobiotic
metabolism by cytochrome P450” was found by Metascape amongst the downregulated
genes in all three sepsis models tested, and the HNF4«x motif was also found amidst the
downregulated genes in all three models. That metabolism reduced by CYP450 is a conse-
quence of HNF4« loss of function seems logical but needs to be confirmed. Given the high
similarities between pigs and humans in substrate selectivity and quantity-normalized
activities for major drug-metabolizing CYP450 subfamilies in the liver [39], the porcine FI
model thus seems a very good model when making the transition from mice to humans in
studying CYP450 activity in septic liver. Just as observed with PPARa-dependent genes,

64



Int. J. Mol. Sci. 2024, 25, 11079

other HNF4« target genes were also generally downregulated in both the murine CLP and
porcine FI models, whereas the downregulation of these genes was less apparent in the
porcine LPS model. This observation could be expanded to the top five downregulated
pathways found in CLP mice, implicating that the FI model is a better model to mimic
metabolic dysfunction in CLP mice compared to the porcine LPS model. Next to the global
metabolic signature observed amongst the downregulated genes, “vascular process in
circulatory system” was a typical pathway observed in the murine CLP model and not in
the two porcine models when the downregulated DEGs were entered in Metascape. This
might be related to the higher inflammation signature observed in the CLP mice compared
to the two other models, as inflammation is a well-known inducer of vascular dysfunction.

The current study has some limitations. First, we made use of two published datasets
to perform the comparative analysis in order to avoid unnecessary repetition of experiments,
with only minor differences in isolation timing, in accordance with ethical considerations.
This implies that the timepoints of liver collection are not exactly the same. For the murine
CLP model, this was 24 h, whereas for the porcine LPS and FI model, this was, respectively,
15 h and 18 h after sepsis induction. Despite the later timepoint in the murine model,
we had a greater inflammatory response in the murine model compared to the porcine
models. This was inherent to the mouse model and not to the timepoint, as we observed
the same finding when comparing the porcine datasets with our available 8 h CLP dataset.
Interestingly, despite the slightly different timepoints between the two porcine models, the
(inflammatory) upregulated pathways were equally induced in both models, suggesting a
same degree of inflammation and sepsis severity. Second, it would have been interesting
to compare sepsis severity not only based on transcriptional induction of inflammatory
pathways but also based on the Sequential Organ Failure Assessment (SOFA) score. Clinical
markers to score sepsis severity were, however, not measured in the porcine LPS model and
murine CLP model, making it impossible to correlate the degree of affected pathways with
sepsis severity. Third, the critical care provided to the animals was different amongst the
three models. For the murine CLP model, this entailed antibiotics and fluid administration;
for the porcine LPS model, no critical care was provided; and for the porcine FI model,
this entailed an advanced intensive care that follows the MQTiPSS (Minimum Quality
Threshold in Pre-Clinical Sepsis Studies) recommendations (including abdominal lavage,
antimicrobial therapy, and early vasopressor introduction) in order to mimic human clinical
care [40]. Lastly, we used the murine CLP model as the gold standard to study sepsis,
but of course, ideally, we would have compared transcriptomic changes in the liver of
animal models with those observed in human sepsis livers. We are currently conducting a
clinical study to collect liver biopsies from (live) human peritoneal sepsis patients as well
as controls to explore whether the observed results also apply to human patients (approved
by ethical committee UZ Ghent (ONZ-2022-0520)).

Collectively, the pairwise analysis between the murine CLP—porcine LPS, murine
CLP-porcine FI and porcine LPS—porcine FI generally showed an inflammatory pathway
amongst the upregulated genes and metabolic failure amongst the downregulated genes.
Focusing on the inflammatory pathways, ER stress and the UPR response were found
to be induced in the liver of CLP mice, but this could not be confirmed in either of the
porcine models. This might imply that ER stress does not occur in the porcine liver and—by
extension—perhaps human sepsis livers. Focusing on the downregulated metabolic path-
ways, it was notable that the porcine FI model more closely resembles the murine CLP
model than the porcine LPS model. Even though the LPS model is the most widely used
sepsis model in pigs, it is thus advisable to use the porcine FI model, especially when
studying the metabolic dysfunctions occurring in the liver following sepsis.
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4. Materials and Methods
4.1. Animals
4.1.1. Mice

Male C57BL/6] mice at 8-12 weeks of age were purchased from Janvier (Le Genest-St.
Isle, France). Mice were housed in a temperature-controlled, specific-pathogen-free (SPF),
air-conditioned animal house with 14 h and 10 h light/dark cycles and received food and
water ad libitum. All experiments were approved by the institutional ethics committee for
animal welfare of the Faculty of Sciences, Ghent University, Belgium.

4.1.2. Pigs—LPS Infusion

Eight-week-old male pigs (Landrace x Large White, Seghers Hybrid®, RA-SE Genetics,
Lokeren, Belgium) were group-housed in standard stables (2.30 m x 2.40 m) and provided
with water and feed ad libitum. Throughout the entire experiment, the stable temperature
was maintained at an average of 23.2 4= 0.45 °C, and the stables were enriched with rubber
toys and cotton towels. The LPS infusion study was approved by the Ethical Committee
of the Faculty of Veterinary Medicine and the Faculty of Bioscience Engineering of Ghent
University (EC 2017 /24).

4.1.3. Pigs—Fecal Instillation

Twelve pigs (seven male and five female, weighing 49 £ 5 kg) (RA-SE Genetics,
Belgium), were kept in standard stables and provided with water and feed ad libitum.
The study protocol followed the EU Directive (2010/63/EU) for animal experiments and
was approved by the local animal ethics committee (Comité Ethique du Bien-Etre Animal;
protocol number 724N) from the Université Libre de Bruxelles (ULB) in Brussels, Belgium.
These pig experiments were conducted in the Experimental Laboratory of Intensive Care
of ULB (LA1230406), and the Minimum Quality Threshold in Preclinical Sepsis Studies
(MQTiPSS) guidelines recommendations and ARRIVE guidelines for translational sepsis
research were followed [40,41].

4.2. Experimental Procedures
4.2.1. Cecal Ligation and Puncture (CLP)

A detailed description of the experimental procedure to induce polymicrobial sepsis
in mice was provided by Vandewalle et al. (2021) [19]. In short, polymicrobial sepsis was
induced in mice using the CLP technique. For this, mice were anesthetized with isoflurane,
and a midline abdominal incision was made to expose the cecum. Then, the cecum was
ligated for 75%, and a double puncture using a 21-gauge needle was made. The abdominal
muscles were sutured with running stitches, and the skin was closed using metallic clips.
As a control group, the cecum was exposed in sham mice but neither ligated nor punctured.
Mice were euthanized via cervical dislocation 24 h or 8 h (as detailed in text) after the onset
of sepsis, and liver samples were collected for subsequent analysis.

4.2.2. LPS Infusion

A detailed description of the experimental procedure to induce endotoxemia in the
pigs was provided by Dhondt et al. (2021) [42]. In short, following a 3-day acclimatization
period, a double-lumen catheter was surgically implanted in the external jugular vein of
piglets. After surgery, piglets were housed individually to prevent catheter displacement.
To maintain catheter patency, regular flushing with a heparinized solution was performed,
and bandages were replaced daily. Endotoxemia was induced after a recovery day, during
which piglets received a continuous infusion of ultrapure LPS derived from Escherichia coli
(0O111) (Invitrogen, Toulouse, France) over a 15 h period at a rate of 5.0 pg/kg/h, alongside
fluid therapy consisting of 0.9% NaCl at 6 mL/kg/h. Sham piglets were administered only
the vehicle solution. After 15 h of LPS infusion, euthanasia was induced by an overdose
of sodium pentobarbital (Sodium pentobarbital 20%®, Kela, Hoogstraten, Belgium), after
which liver samples were collected for subsequent analysis.
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4.2.3. Fecal Instillation

A detailed description of the experimental procedure to induce septic shock in the
pigs was provided by Garcia et al. (2022) [43]. In short, prior to the start of the experiment,
pigs were fasted for 18 h with free access to water. Fecal peritonitis resulting in septic
shock was induced in 9 pigs (5 males and 4 females) by intraperitoneal instillation of
3 g/kg of autologous feces collected from the pig’s enclosure and diluted in 300 mL of 5%
glucose solution. Three sham pigs (two males and one female), consisting of anesthesia
and surgical preparation without sepsis induction, were used as a control. The onset of
septic shock was set at a mean arterial pressure (MAP) below 50 mmHg. A MAP between
45 and 50 mmHg was then maintained for 60 min to consolidate the multiple organ failure
induction. Resuscitation fluids, norepinephrine (NE), antibiotics treatment, and abdominal
lavage were applied to mimic human clinical care during the following 8 h. After 18 h of
FI infusion, pigs were euthanized with 7.5% potassium chloride under deep anesthesia
for organ isolation. Liver samples were isolated from the NE group at the end of the
experiment (vasopressor 2 timepoint) for subsequent analysis.

4.2.4. RNA Sequencing
Mouse Liver—CLP Dataset

We used the liver murine CLP datasets GSE160795 (8 h timepoint) and GSE160830
(24 h timepoint) that was processed as described in Vandewalle et al. (2021) [19].

Pig Liver—LPS Dataset

Liver biopsies from the fourth segment were preserved in RNALater (AM7021, Invitro-
gen, Waltham, MA, USA) and subsequently processed for RNA extraction using the Aurum
total RNA mini kit (732-6820, Bio-Rad, Temse, Belgium), following the manufacturer’s
protocol. The concentration and quality of the extracted RNA were analyzed using Agilent
RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA, USA). The RNA samples were
sequenced by VIB Nucleomics Core (Leuven, Belgium). Libraries were prepared using
the Illumina TruSeq3 stranded library prep protocol, and sequencing was performed with
single-end reads (75 bp) on an Illumina NextSeq 550 platform. Pig reads were aligned to
the Sscrofall reference genome using STAR 2.7.10a with the genequant option for direct
read-count assignment to features. Differential gene expression analysis was conducted
with DESeq?2, and results were exported in Excel 2019 format. The RNA-seq data were
deposited in the Gene Expression Omnibus (GEO) under accession number GSE250039
and are publicly accessible via the NCBI database.

Pig Liver—Fecal Instillation Dataset

We used the liver porcine FI dataset GSE218636 that was processed as described in
Vandewalle et al. (2022) [38].

4.2.5. Processing of the RNA-Seq Results

The dataset under investigation was acquired in the form of Excel spreadsheets
containing the genes associated with each sepsis model. To ensure the acquirement of
statistically significant outcomes, we applied filters: adjusted p-value < 0.05, log fold
change (LFC) > 1 for upregulated genes, and LFC < —1 for downregulated genes. A
comparative analysis between distinct sepsis models (CLP mouse versus porcine LPS,
CLP mouse versus porcine FI, and porcine FI versus porcine LPS) was conducted. A
considerable proportion of the genes associated with porcine sepsis lacked a designated
name corresponding to their ENSG ID. To address this, genes lacking a specific name
were filtered out. The refined gene lists were subsequently subjected to Ensembl Biomart
analysis. We specifically focused on the Ensembl 110 genes database schema, selecting the
dataset related to pig genes (Sscrofall.l). Our criteria for this analysis included filtering
by gene-stable ID (e.g., ENSSSCG00000000002) and extracting selected attributes such as
homologues (up to six orthologues). The focus was on mouse orthologues, where we set
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our filters to receive the mouse gene names respective to the ENSG ID. The final gene lists
were compared using Venn diagrams, juxtaposing the gene lists for distinct sepsis models
(CLP mouse versus porcine LPS, CLP mouse versus porcine FI, and porcine FI versus
porcine LPS). Each list was labeled with its corresponding designation and processed for
intersection and independent region outcomes. These results were further subjected to
pathway analysis using the Metascape analysis interface [21] (v3.5.20240101) with input as
species “any species” and analysis as species “H. sapiens” and otherwise default settings.
Motif finding for multiple motifs was carried out using the HOMER software version
v4.11 [44]. We used the promoter region (start offset: —1 kb, end offset: 50 bp downstream
of the transcription start site (TSS)) to explore known motif enrichment. HOMER motif
enrichment p-values were determined using the whole genome promoter set as background.
The reported p-values are those of the motif overrepresentation of the gene set of interest
over background for each motif.
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Abstract: The complement system is critically involved in the pathogenesis of sepsis. In particular,
complement anaphylatoxin Cba is generated in excess during sepsis, leading to cellular dysfunction.
Recent studies have shown that excessive C5a impairs adrenomedullary catecholamine production
release and induces apoptosis in adrenomedullary cells. Currently, the mechanisms by which C5a
impacts adrenal cell function are poorly understood. The PC12 cell model was used to examine
the cellular effects following treatment with recombinant rat C5a. The levels of caspase activation
and cell death, protein kinase signaling pathway activation, and changes in inflammatory protein
expression were examined following treatment with C5a. There was an increase in apoptosis of PC12
cells following treatment with high-dose C5a. Ten inflammatory proteins, primarily involved in
apoptosis, cell survival, and cell proliferation, were upregulated following treatment with high-dose
Cba. Five inflammatory proteins, involved primarily in chemotaxis and anti-inflammatory functions,
were downregulated. The ERK/MAPK, p38/MAPK, JNK/MAPK, and AKT protein kinase signaling
pathways were upregulated in a C5aR-dependent manner. These results demonstrate an apoptotic
effect and cellular signaling effect of high-dose C5a. Taken together, the overall data suggest that
high levels of C5a may play a role in C5aR-dependent apoptosis of adrenal medullary cells in sepsis.

Keywords: complement C5a; catecholamines; sepsis; adrenal gland; adrenal insufficiency

1. Introduction
1.1. Sepsis

Sepsis, as defined by the Third International Consensus Definitions for Sepsis and
Septic Shock, is a life-threatening condition caused by a dysregulated host response to
infection [1]. Sepsis is characterized by high levels of inflammation and, upon disease
progression, organ failure and potentially death if treatment is unsuccessful [2].

Sepsis is typically incurred through bacterial infection, with Gram-positive bacteria
such as Staphylococcus aureus being the most common cause; however, fungal infections
are an increasingly common cause [3]. The response to infection includes the activation,
transcription, and expression of a large set of cytokines and other signaling molecules
involved in promoting inflammation, activating immune tissue, and inducing immune
cell chemotaxis [4-6]. Anti-inflammatory cytokines are also released to help modulate the
effect caused by an influx of pro-inflammatory cytokines. While this response is typical
of many infections, in septic environments this response extends and propagates outside
the local microenvironment, inducing an uncontrolled systemic response [7]. One system
associated with the promotion of the inflammatory response that is upregulated in sepsis is
known as the complement system.
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1.2. The Complement System

The complement system is composed of over 30 plasma proteins, found predominantly
in an inactive, zymogen form, which are present throughout the circulatory system. The
complement system is highly interconnected with three separate initiation pathways: classical,
lectin, and alternative [8,9]. Each pathway is activated by its own respective stimulus, and
they play an integral role in the immune system’s response to infection [8,9]. The complement
system also plays a role in the mediation of inflammation, and its activation induces the release
of various inflammatory cytokines, which results in both localized and systemic inflammation,
depending upon the degree of complement activation [10,11]. The complement system also
has important auto-immune functions such as apoptotic cell clearance, and dysfunction of
this system has been proposed as a mechanism of systemic lupus erythematosus [12]. The
functions of the complement system are driven primarily by its effector molecules, namely
the anaphylatoxins, C3a and C5a, with C5a being the more potent of the two [13].

1.3. Complement Cba

Cbha is a glycosylated protein that is part of the terminal complement pathway. C5a
was first reported to only be a leukocyte attractant; however, it has since been shown to
be involved in a broad range of immune and inflammatory functions. The two known
receptors that bind C5a are complement component 5a receptor 1 (C5aR), also known as
CD88, and complement component 5a receptor 2 (C5L2), also known as GPR77 [14]. C5aR
is a G protein-coupled receptor (GPCR), and the interaction of C5a and C5aR results in the
activation of the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) pathway and induces the oxidative burst in immune cells [15,16]. In contract,
C5L2 is not a GPCR, and understanding of its function remains unclear [17-19].

Cb5a levels are routinely elevated in septic individuals. In healthy human subjects,
plasma levels of C5a are observed at approximately 5 ng/mL (~0.5 nM), while in septic
shock, C5a concentrations can increase to over 100 nM and remain elevated for many days
following the event [17,20-22]. The release of C5a, while helping to generate an immune
response, can also result in undesirable, damaging effects for various cell types, including
both immune and non-immune cells [23-26].

C5a may also play a role in adrenal dysfunction and has been shown to impair the
production of norepinephrine (NE) and dopamine (DA) in a time- and dose-dependent
manner [23]. Following incubation with relatively high concentrations of C5a, there was an
increase in Pl and Annexin V staining, which was inhibited by the pan-caspase inhibitor
Z-VAD-FMK [23]. The effects of C5a on cellular function and viability may be related
to the decrease in mitochondrial function. Incubation of PC12 cells with C5a decreased
mitochondrial respiration, dehydrogenase, and cytochrome c oxidase activities [27]. In
addition, the mitochondprial repair protein chaperonin 60 was upregulated, demonstrating
the occurrence of mitochondrial damage. In the context of secondary adrenal dysfunction,
both forms of C5a receptors are expressed by the pituitary gland and the adrenal gland,
and activation of these receptors is known to stimulate protein kinase signaling pathways,
suggesting a possible role for C5a in the regulation of HPA [28-30]. Currently, the literature
examining the impact of C5a on adrenal cells suggests cellular dysfunction; however, the
molecular mechanisms underlying this phenotype have not yet been elucidated.

1.4. Primary Adrenal Dysfunction

The adrenal medulla is responsible for the synthesis of catecholamines, namely
dopamine (DA), norepinephrine (NE), and epinephrine (EPI) [31]. Catecholamines are
integral to the body’s response to external threats, known as the “fight-or-flight” response,
which results in an increase in blood pressure and cardiac output, smooth muscle relaxation,
and increased blood glucose concentrations [32,33].

Sepsis has also been shown to be associated with abnormal circulating levels of
catecholamines [34-36]. Adrenal insufficiency is commonly observed in sepsis and may
be associated with a higher mortality rate in patients [37]. Proper adrenal function has
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also been shown to be an important factor in the survival of mice in an endotoxin-induced
sepsis model [38]. In particular, primary adrenal dysfunction, which occurs when the
adrenal glands are damaged and produce inadequate levels of catecholamines, is one of
the main causes of adrenal dysfunction in sepsis [39].

In vivo studies of sepsis have shown evidence of damage and dysfunction of the
adrenal glands during experimentally induced sepsis. Adrenal necrosis, hemorrhage, and
thrombi were identified in 37 of 46 calves suffering from bacterially caused endotoxic
shock [40]. A recent study reported significant damage and apoptosis in various regions of
the adrenal medulla and high levels of mRNA of inflammatory cytokines (IL-1f3, IL-6, and
TNEF-o) in sepsis models using intraperitoneal injection of Pseudomonas aeruginosa, a Gram-
negative bacterium [41]. Clinical evidence also shows a strong relationship between sepsis
and adrenal damage. Septic patients generally have enlarged adrenal glands, approximately
double the volume of the control group [42]. In addition, in a cohort of intensive care
patients with septic shock, lack of adrenal gland enlargement was associated with an
increase in day 28 mortality [43].

PC12 cells, derived from a rat pheochromocytoma (tumor of adrenal medullary chro-
malffin cells), provide an effective in vitro model of adrenal functionality and can also
provide a model for analysis of neuronal function and differentiation, which is induced by
exposing cells to neuronal growth factor (NGF) [44]. Numerous studies have shown that
the incubation of PC12 cells with LPS induces significant cell death in both differentiated
and undifferentiated PC12 cells [45,46]. This apoptotic effect was seen to be inhibited
by inactivation of the caspase 3/nuclear factor kappa beta (NF-k3) pathway via TLR-4
following pre-incubation in low concentrations of LPS [45].

1.5. Research Objectives and Hypothesis

As discussed, the relationship between sepsis and C5a has been well established, as has
the relationship between sepsis and adrenal dysregulation. However, the molecular mecha-
nisms by which Cba regulates adrenal cell function are poorly understood. Moreover, the
cellular signaling pathways seen in C5a-treated adrenal cells have not been elucidated. In
the current study, an in vitro model with PC12 cells, derived from a rat pheochromocytoma,
was utilized to examine the effect of complement C5a on cellular signaling, inflammatory
response, and apoptosis in rat adrenal medullary cells. It is hypothesized that exposure
to septic levels of C5a will induce cell death in PC12 cells. The overall scientific objective
of this study is to identify C5a cytotoxicity on PC12 cells. The secondary objective is to
identify cellular signaling pathways related to the effect of C5a on PC12 cells.

2. Results
2.1. Complement Cba Induces Caspase Activation and Apoptosis in PC12 Cells

The level of caspase activation, PI staining, and overall cell staining was determined
following treatment of cells with 0 (control), 0.001, 0.01, 0.1, 1, and 10 nM C5a for 30 min.
The level of caspase activation was increased following 30 min treatment of cells with
10 nM Cba and HyO; (Figure 1a). The level of cell death as indicated by PI staining was
significantly elevated only in the H,O, positive control (Figure 1b). The cell count did not
differ between any of the treatment conditions (Figure Al). This demonstrated an increase
in caspase 3/7 activity, but not apoptosis, following a 30 min treatment of PC12 cells with
10 nM Cba.

The level of caspase activation, PI staining, and overall cell staining was also de-
termined following treatment of PC12 cells with C5a for 24 h. There was no significant
change in caspase activation for any of the treatment conditions relative to the no-treatment
control (Figure 2a). The level of cell death was significantly elevated in the 10 nM treatment
(Figure 2b). The cell count did not differ between any of the treatments (Figure A2). The
H,O, positive control was not used at the 24 h timepoint because following the Hy,O,
treatment the cells were completely degraded and there was no signal detectable above
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background. This demonstrated an increase in cell death, but not caspase 3/7 activity,
following a 24 h treatment of PC12 cells with 10 nM C5a.
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Figure 1. Caspase Activity and PI Staining following 30 min Treatment with C5a. (a) The level
of caspase activation was measured by detecting the fluorescence at an excitation wavelength of
495 + 20 nm and an emission wavelength of 544 + 25 nm. The level of caspase activation was
increased in the 10 nM Cba treatment and H,O, positive control. (b) The level of PI staining was
determined by measuring the fluorescence using an excitation wavelength of 586 4+ 15 nm and a
read wavelength of 621 4+ 25 nm. The level of cell death was only elevated in the HyO, positive
control. One-way ANOVA with Dunnett’s post hoc test were used for statistical analysis. * p < 0.05,
#** p < 0.001, *** p < 0.0001. n = 3.
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Figure 2. Caspase Activity and PI Staining following 24 h Treatment with C5a. (a) The level of caspase
activation was measured by detecting the fluorescence at an excitation wavelength of 495 + 20 nm
and an emission wavelength of 544 + 25 nm. There was no significant change in caspase activation at
this timepoint. (b) The level of PI staining was determined by measuring the fluorescence using an
excitation wavelength of 586 + 15 nm and a read wavelength of 621 £ 25 nm. There was increased
cell death in the 10 nM Cba treatment relative to the no-treatment condition. One-way ANOVA with
Dunnett’s post hoc test were used for statistical analysis. * p < 0.05. ns = non significant. n = 3.

2.2. PMX-53 Inhibits C5a-Induced Caspase Upregulation

After identifying increased caspase activation and PI staining as a result of 10 nM C5a
treatment, the C5aR inhibitor, PMX-53, was utilized to identify whether this receptor is
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involved in the cell death response mediated by C5a. PC12 cells were treated with 10 nM
C5a or 50 nM PMX-53 alone or in combination (50 nM PMX-53 + 10 nM C5a). Following
incubation in 10 nM C5a, caspase activation was increased compared to the no-treatment
condition. This response was inhibited by pre-treatment with 50 nM PMX-53, a C5aR
inhibitor (Figure 3). Treatment with 50 nM PMX-53 alone did not induce an increase in
caspase activation. The cell count did not differ between the different treatment conditions
(Figure A3). This demonstrated that the increase in caspase 3/7 activity following 30 min
treatment of PC12 cells with 10 nM C5a was C5aR-dependent.
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Figure 3. Effect of C5aR Inhibitor on Caspase Activation. The level of caspase activation following a
30 min incubation with various concentrations of C5a and 50 nM PMX-53 was examined. This was
measured by detecting the fluorescence at an excitation wavelength of 495 4= 20 nm and an emission
wavelength of 544 &+ 25 nm. There was an increase in the level of caspase activation for the 10 nM Cba
treatment compared to the no treatment, 50 nM PMX-53, and 10 nM C5a + 50 nM PMX-53 treatments.
Treatment with 50 nM PMX-53 alone or 10 nM C5a/50nM PMX-53 did not induce an upregulation in
caspase activation relative to the control. One-way ANOVA with Dunnett’s post hoc test were used
for statistical analysis. * p < 0.05, ** p < 0.01. n = 3.

2.3. Cba Induces Inflammatory Signaling in PC12 Cells

The level of inflammation induced by PC12 cell exposure to C5a was measured by
detecting the levels of various inflammatory cytokines related to inflammatory signaling
using an antibody array (Figure 4). The cells were examined following a 24 h incubation in
10 nM C5a and compared to a no-treatment control. There was a total of 10 proteins that
were determined to be upregulated and 5 that were significantly downregulated following
treatment with 10 nM C5a (Tables 1 and 2). The general function of the individual proteins
is detailed in Tables 1 and 2. The general functions of the proteins that were upregulated
are apoptosis, inflammatory processes, and cell health/proliferation. The proteins that
were downregulated were generally involved in chemotaxis, immune cell differentiation,
and anti-inflammation.
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Figure 4. Inflammatory Antibody Array Analysis. An antibody array labelled with 36 unique protein
targets was used to examine the levels of inflammatory protein produced by PC12 following a

24 h incubation in 10 nM Cba. n = 3. An unpaired f-test used for statistical analysis. For significance
information, see Tables 1 and 2. * p < 0.05. n = 3.

Table 1. Upregulated Inflammatory Proteins After C5a Treatment.

Protein Percentage Change SEM (%) Significant (p < 0.05) Function

Cell Cycle Progression, Cell

Activin A 17.59 4.868 Yes Proliferation, and Apoptosis [47]
FAS 91.74 23.7 Yes . .
FASL 99 56 50.96 Yes Induction of Apoptosis [48]
GALECTIN 1 39.95 11.54 Yes Regulation of Cell Cycle [49]
IL-1a 22.68 4.439 Yes Alarmin and Inflammatory Process [50]
Inflammatory processes, Cell Growth,
IL-3 17.01 1.369 Yes and Differentiation [51]
IL-4 29.42 5.13 Yes Proliferation and Cell Survival [52]
IL-7 61.77 19.08 Yes Proliferation and Cell Survival [53]
Immune Cell Activation and
MIP-1a 54.91 12.89 Yes Chemotaxis [54]
PDGE-BB 88.81 20.92 Yes Proliferation, Immune Cell Activation,

and Differentiation [55]
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Table 2. Downregulated Inflammatory Protein After C5a Treatment.

Protein Percentage Change SEM (%) Significant (p < 0.05) Function

CCL20 —6.356 1.787 Yes Immune Migration and Chemotaxis [56]

CINC1 —22.5 6.018 Yes Neutrophil Chemoattractant [57]
Immune Cell Recruitment and

CINC2 —22.68 4.599 Yes Chemotaxis [58]

ICAM-1 1418 3.261 Yes Cell Adhesior} and Immune Cell
Recruitment [59]

IL-13 —-12.33 2.959 Yes Anti-inflammatory Effects [60]

2.4. Complement Cba Induces Protein Kinase Signaling in PC12 Cells

The level of phosphorylation of target proteins in specific intracellular signaling
pathways was determined using ELISA kits. This was performed to better understand
the signaling pathways inducing caspase activation and the apoptotic response. The cells
were examined following 30 min of incubation with C5a (0.1 nM, 10 nM), PMX-53 inhibitor
(50 nM) alone, or in combination (10 nM C5a + 50 nM PMX53). Increased phosphorylation
of JNK1/2 (Figure 5a), ERK1/2 (Figure 5b), p38 (Figure 5c), and AKT (Figure 5d) was
observed following treatment with 10 nM Cba for 30 min. Pre-treatment of PC12 cells
with 50 nM PMX-53 inhibited this response for all analytes. Neither the 0.1 nM C5a
nor the 50 nM PMX-53 treatment alone showed an increased level of phosphorylation.
These results demonstrate a C5aR-dependent increase in JNK1/2, ERK1/2, p38, and AKT
phosphorylation following 30 min treatment of PC12 cells with 10 nM Cba.
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Figure 5. Phosphorylated Protein Kinase Pathway Analysis. Phosphorylation of (a) JNK1/2, (b) ERK1/2,
(c) p38 (pT180/pY182), and (d) AKT (PI3K) was analyzed by ELISA. The cells were incubated in 0.1 nM
C5a, 10 nM C5a, 10 nM C5a + 50 nM PMX-53, and 50 nM PMX-53. The OD at 450 nm was determined,
and the data were graphed relative to the no-treatment control (dashed line). Following treatment with
10 nM CBa, the activations of JNK1/2, ERK1/2, p38, and AKT were all upregulated relative to the control.
*p<0.05.n=3.
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3. Discussion
3.1. Cba and Apoptosis

Inflammation in sepsis is known to induce adrenal gland damage; furthermore, comple-
ment Cba has been suggested to induce apoptosis in PC12 cells [23,61,62]. The current study
further investigated and characterized the mechanisms involved in C5a-induced apoptosis.

The viability of PC12 cells was decreased following incubation with elevated concen-
trations of C5a (10 nM). Incubations with lower (<1 nM) C5a concentrations did not induce
a decrease in cell viability. These results are interesting since concentrations of Cba are
measured at >10 nM in septic conditions [63]. The decrease in cell viability at 10 nM of
Cb5a provides an argument for the cytotoxic effect of C5a on adrenal tissue in sepsis [22].
The caspase activation assay showed a significant increase in the activation of caspases
following 10 nM Cba incubation at the 30 min timepoint. This increase in caspase activation
is in accordance with what has been previously reported in the literature. Previous studies
show that Cba induces caspase 3/7 activation in PC12 cells and that this apoptotic response
was inhibited with a caspase inhibitor [23]. The current study demonstrates a novel result
where this caspase activation was also inhibited by pre-treatment with the C5aR inhibitor
PMX-53. This finding indicates that the apoptotic response is dependent on C5aR signaling.
PI staining has previously been used to examine cell viability in PC12 cells; however, only
treatment with 10 nM Cb5a has been examined [23]. In addition, the previous studies that
implemented PI to study C5a-induced apoptosis in PC12 cells only presented images of
the staining without any quantified data analysis. Despite this lack of quantitation, the
increase in propidium iodide staining seen in the paper following exposure to 10 nM for
30 min is drastic, further suggesting an apoptotic response of PC12 cells by 10 nM C5a [23].
Also of note, only the 30 min timepoint was previously examined, and the long-term effects
of this incubation were not examined. Overall, the results of this study are in accordance
with, and expand upon, the current literature on C5a cytotoxicity in adrenal cells.

Incubation with 10 nM C5a for 24 h induced an increase in FAS, FASL, and activin
A expression in PC12. The increased expressions of FAS and FASL were the largest sig-
nificant changes in the assessed proteins. The FAS receptor and its ligand (FASL) have
been repeatedly shown to be involved in apoptosis in PC12 cells [64-66]. The increase in
FAS/FASL in PC12 cells is supported by observations reported in other cell lines. C5a
plays a role in activating the FAS/FASL axis, with Cba-induced FAS playing a role in
brain vascular cell apoptosis and caspase activation in an experimental lupus model [25].
Additionally, C5a exposure was shown to increase the expression of the FAS ligand
in B-lymphoblasts [67].

Activin A has also been repeatedly shown to induce an apoptotic response in numerous
cell lines [68-70]. In NGF-differentiated PC12 cells, however, it had a neuroprotective
and anti-apoptotic effect [71,72]. Activin A has been shown to activate p38 signaling
in undifferentiated PC12 cells, which, as discussed later, has potential implications for
apoptotic signaling [73]. To date, activin A and apoptosis have not been extensively
examined in undifferentiated PC12 cells and are a potential area for further investigation.

While there are some other studies examining C5a cytotoxicity, they primarily examine
the effect on immune cells; however, there is an increasing body of research demonstrating
the cytotoxic effects of septic levels of C5a in non-immune tissues. To date, these effects at
elevated Cba concentrations have been examined mainly in endothelial tissue models [25,74].
Opverall, the results of this study help to corroborate the growing body of evidence suggesting
an apoptotic effect of elevated concentrations of C5a, with the induction of apoptotic signaling
mediated by C5aR.

3.2. Cba and Cellular Signaling

The activation of JNK1/2, ERK1/2, p38, and AKT1/2/3 pathways was increased fol-
lowing treatment with 10 nM C5a for 30 min. The phosphorylation ELISA method was used
because the activity of these pathways is mediated by post-transcriptional modifications,
namely phosphorylation, on established sites of the proteins [75,76]. Characterizing the
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level of phosphorylated proteins allowed for the determination of the levels of activation
of each of the respective pathways.

The activation of all four pathways was inhibited by pre-treatment with 50 nM PMX-
53, a C5aR inhibitor, demonstrating that C5a signaling occurred in a C5aR-dependent
manner. Our data are consistent with previous reports that the activation of all four of the
studied protein kinase pathways by Cb5a is dependent on the C5a/C5aR pathway, while
Cb5a/C5L2 does not appear to result in activation of these pathways [77-81]. As previously
discussed, the function of C5L2, which is not a GPCR, is not clearly elucidated, and more
research is needed to understand its role in C5a signaling.

3.2.1. JNK

A member of the MAPK family, the JNK pathway is an important regulator of cell
function, primarily apoptosis, gene transcription, and cellular survival [82]. It is also
notable for its role in modulating neuronal function [83]. In PC12 cells, JNK is associated
with the induction of apoptosis following exposure to various stressors [84-86]. In some
models of apoptosis in PC12 cells, the JNK and p38 pathways are both necessary for the
induction of apoptosis [87]. In septic conditions, JNK has been identified as a target for drug
treatments due to the hyperactivation of JNK and its role in stimulating inflammation and
apoptosis [88,89]. The apparent pro-apoptotic effects of JNK activation may be a potential
explanation for the apoptosis observed in PC12 cells in this study.

3.2.2. ERK

The ERK kinases are a member of the MAPK family and are generally involved in
cell growth, proliferation, and differentiation [90]. Additionally, ERK signaling is known
to induce signaling in response to inflammatory stimuli and has been implicated in the
Fas-induced cell death pathway in certain cell types [91-94]. In contrast, ERK signaling
may be activated to counteract cell death pathways and promote cell proliferation and
survival [95]. In accordance with this previous literature on immune cells, ERK activation
was increased in response to C5a [96].

3.2.3. p38

The third member of the MAPK family, p38, plays an important role in various cellular
processes, including inflammation, proliferation, and apoptosis [97]. In PC12 cells, p38
has been shown to be involved in the apoptotic response to various stressors [98-100].
In addition, p38 has been shown to be involved in the recruitment and cleavage of cas-
pases in cell death [101,102]. Furthermore, p38 is involved in the previously discussed
mitochondrial-dependent pathway of apoptosis [103]. The inflammatory response in sepsis
is largely dependent on p38 activation, which in turn has been shown to be activated by
C5a [104-106]. p38, along with the other MAPK pathways, plays an important role in
inflammation regulation through the production of various cytokines and other inflamma-
tory molecules [107]. This role in inflammatory molecule production may help to explain
the results seen in the antibody array (Table 1).

3.2.4. AKT

AKT (also known as PKB) is a serine/threonine kinase involved in cell cycle regulation,
metabolism, apoptosis, and the regulation of various gene targets [108]. In PC12 cells, AKT
is often upregulated in response to stressors [109-111]. In other tissues, C5a-induced
MAPK and AKT activation is linked to damage to cardiac and liver tissues in various stress
states and has been argued to provide a protective effect [112,113]. Moreover, in septic
conditions, C5a-induced activation of MAPK and AKT signaling has been linked to cardiac
dysfunction [114]. When this activation was inhibited by a p38 inhibitor, inflammatory
cytokine release was decreased, suggesting a role for MAPK and AKT in inflammatory
signaling in non-immune tissues. AKT has also been shown to induce Cyclin E2, and this
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may be a mechanism by which Cyclin E2 was upregulated following Cba treatment in
this study [115].

3.2.5. Intercellular and Inflammatory Signaling

Treatment of PC12 cells with 10 nM C5a induced an increase in the production of
10 inflammatory proteins (Table 1) and a decrease in the production of 5 inflammatory
proteins (Table 2). FAS and FASL have previously been shown to be upregulated by C5a
in other cell types and are involved in the FAS-apoptotic pathway. Various immune cell
types have been shown to upregulate the levels of the identified inflammatory cytokines in
response to Cba, including IL-1«, IL-4, and MIP-1«. Other cytokines showed differential
responses in PC12 cells than in immune cells, such as IL-13, which was downregulated but
has been shown to be upregulated in response to C5a/Il-3 treatment in basophils [116].

3.2.6. Chemotaxis

The decrease in expression of chemotaxis-associated proteins is systematically ob-
served in this experimental model. It is worth noting that C5a is a potent chemotactic
agent for immune cells and is commonly cited as one of the primary effector functions
of C5a in neutrophils and macrophages [117-119]. C5a has also been shown to aid in
CCL20-dependent T-cell recruitment [120].

Interestingly, some of the proteins that are downregulated, such as IL-13 and CCL20,
are upregulated in other cell types following exposure to C5a [117,121]. This contradiction
helps to support the argument for differential C5a signaling effects across cell types. This
has been described in the effect of C5a on mast cells, where the induced signaling effects
were shown to vary between different variants of mast cells [122]. Recently, this line of
research was expanded to suggest that C5a responsiveness is cell-type-dependent [123].
This differential response may help to explain differences in the expression levels of various
proteins in cell lines following exposure to C5a.

3.3. Clinical Relevance and Future Directions

Currently, there are a small number of drugs targeting complement C5a and C5aR. Ava-
copan is a C5aR antagonist that was approved in 2021 in the United States for the treatment
of antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis [124]. Eculizumab
is an antibody that binds to complement C5, inhibiting the cleavage of C5 to C5a and
C5b, and is approved for the treatment of paroxysmal nocturnal hemoglobinuria [125].
Therapeutics targeting C5a in sepsis have been explored in animal models but have not
been examined extensively in human studies. However, Eculizumab was used in a study
investigating ICU patients with severe COVID-19 and increased the survival rate from
62.2% (48.1-76.4%) to 82.9% (95% CI: 70.4-95.3%). The results of the current study, coupled
with the increased usage of therapeutics targeting C5a and C5aR, suggest a promising
potential area for investigation in the treatment of sepsis. Future studies should examine a
potentially protective effect of inhibiting C5a/C5aR signaling in septic conditions.

4. Materials and Methods
4.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), bovine calf serum, and equine serum
were purchased from Medi-Res Corporation (Sudbury, ON, Canada). Rat recombinant
Cba (Aspl-Arg77) was purchased from Abbexa (Cambridge, UK). The C5a inhibitor PMX-
53 was purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Propidium
Iodide (PI), the CellEvent™ Caspase-3/7 Detection Reagent, NucBlue™ nuclear probe,
FluoroBrite™ DMEM, and the white-walled 96-well tissue-culture treated plate were pur-
chased from Thermo Fisher Scientific (Nepean, ON, Canada). The rat inflammation array
(C3) was purchased from Raybiotech (Peachtree Corners, GA, USA). The phosphorylation
arrays were purchased from Thermo Fisher Scientific. All other reagents were purchased
from Medi-Res Corporation.
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4.2. Cell Culture

PC12 cells (Dr. Sushil Mahata, Department of Medicine, University of California,
San Diego, CA, USA) were cultured in DMEM supplemented with 5% equine serum, 5%
bovine calf serum, and gentamycin sulfate (50 pg/mL). The cells were maintained in a
humidified incubator at 37 °C in an atmosphere of 5% CO,. Prior to experimentation, cells
were transferred to FluoroBrite™ DMEM containing charcoal-treated serum.

4.3. Cba Treatment

The Cha was reconstituted to a concentration of 2.5 uM in accordance with the manu-
facturer’s specifications. In the experiments requiring treatments, PC12 cells were treated
with varied concentrations of C5a (0.001, 0.01, 0.1, 1, and 10 nM) and a no-treatment control.
The cells were treated for either 30 min or 24 h, depending on the experimental protocol.

4.4. Caspase Activation and Cell Death Assay

Cells were seeded at a density of 2 x 10* cells/well in white-walled 96-well plates. The
cells were treated with C5a for specific treatment times: (1) 30 min, to examine the level of
caspase activation following treatment; and (2) 24 h, which examined potential continued
caspase activation and late-stage apoptosis in PC12 cells. A subset of samples was also
pre-treated with 10 nM PMX-53 for 30 min. The cells were incubated with the Caspase 3/7
detection reagent, PI, and nuclear probe in accordance with the manufacturer’s protocol.
A positive HyO, control was used to induce cell death, and the data were compared to
the no-treatment negative control. The well fluorescence was measured using a Biotek
Cytation 5 Multimode Reader (Agilent Technologies, Santa Clara, CA, USA).

4.5. Antibody Array

Cells were seeded at a density of 5 x 10° cells/well in 6-well plates. The cells were
treated with 10 nM Cba for 24 h. The media were aspirated from the plate, and the cells
were trypsinized, resuspended in media, and then transferred to a 1.5 mL tube. The protein
cell lysate was prepared by centrifuging the sample at 1000x g for 5 min at 4 °C and
aspirating the supernatant. The pellet was resuspended in 100 uL of RIPA lysis buffer
(150 mM NacCl, 1% Nonidet P-40, 0.5% DOC, 0.25% SDS, 50 mM Tris [pH = 7.4]) containing
a protease inhibitor (87785, Thermo Fisher Scientific) and stored at —80 °C overnight. The
cell lysate was thawed and then sonicated (Branson 150, Thermo Fisher Scientific) for
4 s (5x), with a 1 min rest between each pulse. The samples were then incubated for
15 min on ice, with vortexing every 3 min. The samples were centrifuged for 10 min at
20,000x g at 4 °C. The protein lysate was then analyzed using the antibody array in accor-
dance with the manufacturer’s specifications. The array was imaged using the ChemiDoc
Imaging System (Biorad, Hercules, CA, USA) and analyzed using Image] software (Version
1.54g) with the DotBlot Plugin (http:/ /image.bio.methods.free.fr/dotblot.html [accessed on
12 April 2024]).

4.6. Phosphorylation ELISA

PC12 cells were treated with 0.1 and 10 nM C5a, and a subset of cells was also pre-treated
with 50 nM PMX-53 for 30 min. The levels of phosphorylated AKT, JNK1/2, ERK1/2, and p38
were determined following the manufacturer’s protocol. The optical density at 450 nm with a
reference wavelength of 650 nm was determined using the Biotek Cytation 5 Multimode Reader.

4.7. Statistical Analysis

Statistics were performed using GraphPad Prism software (Version 10.0.3) (La Jolla,
CA, USA) and were analyzed using one-way analysis of variance analysis (ANOVA) with
Dunnett’s post hoc test or unpaired t-test. All data are presented as the mean + standard
error of mean (SEM) of at least three independent experiments.
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5. Conclusions

The current study investigated the impact of C5a on PC12 signaling and apoptosis.
Incubation with 10 nM Cb5a triggered caspase activation in PC12 cells through a C5aR-
dependent mechanism. Exposure to septic levels of C5a (10 nM) induced C5aR-dependent
JNK/MAPK, ERK/MAPK, p38/MAPK, and AKT (PI3K) signaling. Furthermore, exposure
to 10 nM Cba for 24 h induced an increase in the expression of proteins associated with
cell survival, inflammatory processes, and apoptosis and a decrease in the expression of
proteins associated with chemotaxis, adhesion, and anti-inflammatory effects. These results
provide insight into the mechanism of C5a-induced apoptosis and cellular signaling in
PC12 cells. These findings suggest that elevated levels of complement C5a may play an
important role in the mechanism of adrenal dysfunction in sepsis.
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Figure Al. Nuclear Staining following 24 h Treatment with C5a. Cell count did not change following
30 min 0.001, 0.01, 0.1, 1, or 10 nM treatment in C5a. One-way ANOVA with Dunnett’s post hoc test
were used for statistical analysis. ns = non significant.
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Figure A2. Nuclear Staining following 24 h Treatment with C5a. Cell count did not change following
24h 0.001, 0.01, 0.1, 1, or 10 nM treatment in C5a. One-way ANOVA with Dunnett’s post hoc test
were used for statistical analysis. ns = non significant.
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Figure A3. Effect of C5aR Inhibitor on Caspase Activation. Pre-treatment of PC12 cells with 50
nM PMX-53 and treatment with C5a for 30 min did not impact cell count. One-way ANOVA with
Dunnett’s post hoc test were used for statistical analysis. ns = non significant.
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Abstract: Sepsis, defined as a dysregulated host response to infection, is one of the leading
causes of mortality worldwide. It unleashes in the organism a cascade of molecules,
cytokines, and proteins which leads to an inflammatory storm. If this response to infection
is uncontrolled, any organ is susceptible to damage. Acute kidney injury (AKI) is one of
the most frequent organ dysfunctions in septic patients, and while it can be reversible,
its presence leads to a higher burden of morbidity and mortality. While serum creatinine
is essential in evaluating kidney function, the pathophysiology of AKI is not completely
elucidated, and a plethora of novel biomarkers have been studied in the hope of an early
diagnosis and fast treatment. While the liver is not as affected by sepsis, it plays an
important role as a guardian by providing acute-phase proteins, activating neutrophils,
and controlling iron balance. Acute liver failure (ALF) could impair the organism’s capacity
to contain and eliminate pathogens. Some molecules have been associated with either AKI
or ALF, although biomarkers specific for organ dysfunction are difficult to validate. The
aim of this review is to understand the role of several molecules in the pathophysiology
of sepsis and their clinical ability for diagnosing or predicting sepsis-induced hepato-
renal dysfunction.

Keywords: sepsis; acute kidney injury; acute liver failure; IL-18; hepcidin; ferritin; IL-27

1. Introduction

To our best understanding today, sepsis represents a life-threatening organ dysfunc-
tion that is caused by a dysregulated host response to infection [1]. The task force that
was appointed to define sepsis recommends using the SOFA (sequential organ failure
assessment) scoring system to evaluate organ dysfunction in a patient with a suspected or
confirmed infection [2].

Sepsis is one of the major contributors to the global health burden, alongside stroke,
heart disease, and kidney disease [3,4]. Recent data indicate that sepsis incidence rates
vary between 500 and 1500 cases per 100,000 people. Mortality rates are lower in high-
income countries, between 15 and 25%, and can reach up to 40% in low- and middle-
income countries [5]. Further epidemiological studies will elucidate sepsis’s incidence
and health impact through the coronavirus disease (COVID-19) pandemic years, as some
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have categorized sepsis while referring to viral sepsis and some as a bacterial infection
associated with COVID-19 [6].

On a cellular level, sepsis starts with the recognition of pathogen-derived molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which bind to
receptors of antigen-presenting cells. Immune cells release a plethora of cytokines, both
pro-inflammatory: such as interleukin (IL)-1, IL-6, IL-12, IL-18, and tumor necrosis factor
alpha (TNF-«), and anti-inflammatory: IL-10, IL-27, and transforming growth factor beta 1
(TGFR1). Inflammation leads to the release of acute-phase proteins by the liver, which
in turn determines immune cell recruitment, activation of the complement system, the
coagulation pathway, and iron regulation. Following the response from the innate immune
system, the adaptive immune system comes into play as the organism tries to resolve the
disease [7,8]. Part of the pathophysiology of sepsis and the interplay of various molecules
is synthesized in Figure 1.

PAMP /é\‘

/ “\
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Figure 1. Overview of sepsis pathophysiology. FasL: Fas Ligand; HMGB1: high-mobility group
box-1; NK: natural killer; Th: T helper cells; TLR: Toll-like Receptor; Treg: Regulatory T cell. Created
in BioRender. Pasare, A. (2025) https://BioRender.com/0fgjo31. Accessed on 1 May 2025.

The delicate balance of inflammation and anti-inflammation is disrupted in sepsis, and
while both pathways are upregulated, the resulting inflammation triggers progressive tissue
damage and multi-organ dysfunction [7]. The kidneys and the liver are highly susceptible
to microcirculatory dysfunction, and sepsis complicated with either hepatic or renal injury
leads to high mortality rates, from 38% to almost 50% [8,9]. Hepato-renal dysfunction can
exacerbate injury to other organs and can lead to an influx of toxins into the central nervous
system. Additionally, coagulopathy can produce cerebral ischemia or hemorrhage [10].
Therefore, it is imperative to recognize sepsis-associated acute kidney injury (SA-AKI) and
sepsis-associated liver injury (SALI) in a timely manner. Classical methods to detect kidney
injury, such as creatinine and urine output, are not sufficiently sensitive, and their changes
do not occur early enough to detect declines in renal function [11]. Liver biomarkers,
such as bilirubin, aminotransferases, and alkaline phosphatase, are not satisfactory in their
ability to reflect liver dysfunction, to differentiate acute from chronic injury, and to predict
mortality [12].
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As a result, in the last decades, research has been focused on finding biomarkers that
aid in predicting diagnosis and prognosis. Although many molecules have been proposed,
only a few are used in practice today. Biomarkers are objective indicators that characterize
normal to pathogenic processes or pharmacological responses to therapeutic intervention.
An ideal biomarker must be highly sensitive and specific to the provided data, reproducible,
and cost-effective [13].

The scope of this review is to examine certain interleukins and molecules that show
promising diagnostic or prognostic values related to sepsis-specific hepatic or renal injury,
but whose clinical utility is still under investigation. We have excluded biomarkers that
have been extensively reviewed in recent years, such as IL-6, interferons (IFNs), neutrophil
gelatinase-associated lipocalin (NGAL), kidney injury molecule 1 (KIM-1), and presepsin.

2. Sepsis Phenotypes and Endotypes

Given that sepsis is a highly heterogeneous syndrome, the concepts of sepsis pheno-
types and endotypes have emerged. Various phenotype categories divide sepsis based
on temperature, hemodynamics, and organ dysfunction. Temperature profiling identified
three different groups: hypothermic, normothermic, and hyperthermic, with the highest
mortality among those with a greater deviation from normal temperature, either below
or above. As a distinction, patients in the hypothermic group exhibit an inclination to-
wards a tempered anti-inflammatory response compared to febrile patients, who exhibit
higher plasma concentrations of both pro- and anti-inflammatory cytokines. (IL-6, TNF-«,
granulocyte colony-stimulating factor, IL-10, IL-27). Hemodynamic profiling distinguishes
the highest mortality among patients with a mean systolic blood pressure (SBP) around
80 mmHg. For organ dysfunction, multiple research groups have identified distinct phe-
notypes, with the highest mortality among patients with cardiogenic dysfunction/shock
associated with either renal impairment or altered mental status [14-16]. One study on a
substantially large cohort categorized patients into: “« phenotype” with less organ dys-
function and lower median values compared to the entire study group for IL-10, IL-6, IL-8,
procalcitonin, and TNF-c«; “3 phenotype” with renal injury and greater comorbidities; “y
phenotype” with associated cardiovascular, hematologic, and inflammatory abnormalities,
and “5 phenotype”, linked to cardiovascular and hepatic injury and which associated the
highest values for IL-10, IL-6, IL-8, procalcitonin, D-dimer, and plasminogen activator
inhibitor 1 (PAI-1) [17].

Concerning endotypes, multiple research groups have defined various categories,
without any scholarly consensus. One proposed classification denotes the following endo-
types: neutrophilic-suppressive (upregulation of innate system pathways); inflammatory
(increased inflammatory response); innate host defense (moderate regulation of interleukin
signaling); interferon (high expression of interferons); and adaptive (upregulation of adap-
tive immune pathways) [18]. Another classification indicates two extremes: macrophage
activation-like syndrome (MALS) and immuno-paralysis. In MALS, a high concentra-
tion of pro-inflammatory cytokines leads to liver dysfunction, disseminated intravascular
coagulation (DIC), and pancytopenia. Ferritin levels exceed 4420 nanograms/milliliter
(ng/mL) and are associated with increased concentrations of IL-6, IL-18, and soluble cluster
of differentiation 163 (sCD163), and a decreased ratio of IL-10/TNF-«. Immuno-paralysis is
defined by a low percentage of monocytes that express human leucocyte antigen (HLA)-DR
and therefore present a weak ability to initiate adaptive immune responses. Patients who
did not meet either criterion were considered to fall between the two groups [19,20].
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3. The Liver and Kidney in Sepsis
3.1. Acute Kidney Injury

Acute kidney injury is increasingly frequent in patients with sepsis or septic shock,
contributing to worse outcomes and longer hospitalization [21]. AKI is defined by KDIGO
criteria, which rely on creatinine or urine output, and in the absence of baseline information,
clinicians use eGFR [9]. Crucial roles of the kidneys are maintaining fluid and electrolyte
balance and filtering waste, such as exogenous drugs. Administration of intravenous
fluids and antibiotics can contribute to adverse renal outcomes due to fluid overload and
toxicity [22]. Sepsis-associated AKI pathogenesis (Figure 2) is not completely elucidated,
but the most relevant theories are related to circulatory dysfunction, immune response,
and metabolic changes. Microcirculatory dysfunction determines the loss of nurturing
capillaries, microthrombi formation, and endothelial injury due to shedding of the gly-
cocalyx and hyperpermeability. The inflammatory response in the kidneys is managed
by renal tubular epithelial cells (TECs) that bind to DAMPs and PAMPs, triggering the
expression of pro-inflammatory cytokines and immune cell recruitment. The complement
system is mainly composed of C1-C9 components and their subunits. The activation of
the complement cascade induces the formation of the membrane attack complex (C5b-C9),
causing cell lysis [23,24].
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Figure 2. Overview of SA-AKI pathophysiology. Created in BioRender. Pasare, A. (2025) https:
/ /BioRender.com/1f9k56¢. Accessed on 11 May 2025.

3.2. Acute Liver Failure and Liver Dysfunction

Although the liver is less affected by sepsis, with an incidence of 11-12% sepsis-
associated liver failure [12,25], its importance in pathophysiology is greater. Some of
the mechanisms by which the liver protects the organism are related but not limited to:
Kupffer cells that release pro-inflammatory cytokines and prevent the entrance of bacteria
in the circulatory system, the recruitment and activation of neutrophils, the synthesis of
complement factors, and acute-phase proteins [26]. Controlling iron metabolism is also
part of liver defenses, as many microbes require iron. Sepsis-associated liver dysfunction
can arise from either hypoxic hepatitis (hypoxic cell death leads to a serum increase in
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aminotransferases) or cholestasis (inflammation of bile ducts leads to impaired bile flow).
Liver dysfunction in sepsis can progress to acute liver failure [8,26].

Another way the liver acts as a guardian is by producing clotting factors to help limit
pathogens in a fibrin network. Sepsis-induced coagulopathy (SIC) represents the disruption
in the fine balance of the coagulation pathway, leading to hypercoagulability in the early
stages, followed by the depletion of clotting factors. After immune cells are activated
by pathogens, and cytokines are released, monocytes and endothelial cells respond by
releasing tissue factor (TF). TF activates the extrinsic coagulation pathway, and as sepsis
progresses, anticoagulants decrease, leading to their inability to control clot formation.
Fibrinolytic activity is also impaired due to elevated levels of PAI-1, which accentuates the
formation of microthrombi [26,27]. SIC is an important contributor to organ injury through
microthrombi, and in later stages, through the risk of bleeding due to consumption of
clotting factors. Around 29% of critically ill septic patients are diagnosed with SIC [7].

4. Biomarkers That Pertain to AKI or ALF
4.1. IL-18

Interleukin-18 is part of the interleukin-1 family, and its precursor is found in Kupffer
cells and other hematopoietic and non-hematopoietic cells. As a cytokine, it plays different
roles depending on the receptor or other interleukins. Combined with interleukin-12, it
helps T cells and natural killer cells to produce IFN-gamma. Without IL-12 or IL-15, it can
lead to the differentiation of naive T cells into T helper-2 cells. Similar to other cytokines,
it increases nitric oxide (NO) synthesis and cell adhesion molecules, but one specific
property is Fas ligand induction, which leads to cell apoptosis. In order to minimize
the immune response, IL-18 binding protein (IL-18BP) serves as the main regulatory
mechanism, reducing the plasmatic levels of IL-18 [28,29].

Animal studies concluded that IL-18 not only increases cytokine levels but also helps
promote serum immunoglobulin M (IgM) levels. Research has demonstrated that mice
injected with Escherichia coli have increased serum IgM levels after multiple IL-18 injections
compared to control mice, but a single shot of IL-18 only increases IFN-gamma levels [30].
Similar results were found in a study with mice that sustained burn injuries and were
injected with Pseudomonas aeruginosa. IL-18 injections increased the mice survival rate, and
serum IgM levels were higher [31].

Regarding its clinical significance, IL-18 has been shown to play a role in various
diseases that display an inflammatory component. High concentrations of IL-18 have
been found in patients with Crohn’s disease, asthma, chronic obstructive pulmonary
disease, systemic juvenile idiopathic arthritis, and Still’s disease [28]. Given that sepsis and
inflammatory disorders could clinically overlap, evidence suggests significant differences
in IL-18 plasma levels between a small cohort of patients diagnosed with Still’s disease and
septic patients, as the molecule displayed higher values in patients with active inflammatory
disease [32].

The value of IL-18 as a mortality predictor in sepsis is disputed, as there are varying
results from clinical and in vitro studies. In a study involving 40 sepsis and septic shock
patients, the authors found that although IL-18 was higher at all study times in septic
patients compared to healthy volunteers, there was no difference between survivors and
non-survivors [33]. However, in another study involving 65 septic patients, the authors
showed that patients with elevated IL-18 levels have about a 90% higher risk of death [34].

Concerning AKI, a study involving approximately 1400 patients from intensive care
units found that IL-18 performed poorly to moderately regarding its ability to predict new
AKI or progression of kidney injury. However, only 6.2% of those patients were diagnosed
with sepsis [35]. Given that interleukin-18 is expressed in renal tubular cells, one meta-
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analysis shows that in patients with cirrhosis, it can differentiate between acute tubular
necrosis and hepatorenal syndrome with high specificity and sensitivity [36]. SA-AKI has
a complicated pathophysiology, and it is believed that it is characterized by reversible
injury of the tubular cells and not by necrosis [37]. One study showed that IL-18, alongside
KIM-1 and the renal resistive index, are good predictors for developing AKI in patients
with sepsis, with IL-18 demonstrating the highest sensitivity [38]. The renal resistive index,
an ultrasound-derived parameter, provides real-time perfusion data of the kidneys and
can predict AKI [39]. Another retrospective study, which included patients with both
bacterial and viral sepsis, concluded that IL-18 can be found in a wide range of elevated
plasma concentrations. Mortality, AKI, and acute respiratory distress syndrome (ARDS)
were correlated with IL-18 levels in both groups of sepsis [40]. Interleukin-18 serum levels
rise after 6 h in the ICU, showing a significant difference between AKI and non-AKI
septic patients. Nevertheless, the combination of IL-18 and NGAL performs better for
AKI diagnosis, with a sensitivity of 77.9% and specificity of 94.6% [41]. Similar results
were observed regarding IL-18 and the NLRP3 inflammasome, which were upregulated
in septic patients compared to the control group and further increased in AKI patients
versus non-AKI [42]. A study conducted on pregnant women, of which only 44% had a
positive quick SOFA score on admission, concluded that IL-18 was not a good predictor
for developing AKI [43]. Therefore, IL-18 could be a potential biomarker for predicting
sepsis-associated AKI but not for other related causes.

Serum concentrations of IL-18 alongside IL-1f3 rise in a time-dependent manner in ALF
models. After inhibiting pyroptosis proteins, survival rates greatly improved, liver damage
was attenuated, and IL-18 concentration decreased significantly [44]. In patients with
acute-on-chronic liver failure (ACLF) complicated with sepsis, serum IL-18 is significantly
raised when compared to patients with ACLF with or without systemic inflammation. The
authors of this study also noted that the five patients with signs of systemic inflammation
and increasing IL-18 concentrations within 24 h of admission also developed sepsis [45].
IL-18 is a reliable predictor for the occurrence of hepato-biliary dysfunction (HBD) and DIC
in septic patients, with an area under the curve of 0.78. A multiparametric approach, which
also included IL-18BP, sCD163, soluble CD25 (sCD25), ferritin, IL-10, and other biomarkers,
leads to an increase in the area under the curve to 0.93 [46]. The main key findings related
to IL-18, as well as hepcidin and ferritin, can be found in Table 1.

Table 1. Summary of advantages and limitations for IL-18, hepcidin, and ferritin.

Advantages Limitations

- Higher concentrations in septic patients
- Correlated with sepsis mortality

- Elevated in other inflammatory conditions

IL-18 ) GOOC.I predlctl.ve value for SA-AKLin - Studies with small study population
multiple studies
- High concentration in HBD + DIC
- Elevated in hereditary hemochromatosis
- Levels correlate with sepsis diagnosis and some cancers
o - Hepcidin treatment lowers mortality rates - Predictive value for SA-AKI is improved
Hepcidin (preclinical studies) by combining with other biomarkers

Correlated with mortality for AKI patients

Mortality for AKI patients is not specific
for SA-AKL
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Table 1. Cont.

Advantages Limitations

- Good prognostic value for adult and
pediatric sepsis

- Serum values linked with AKI risk in - Not specific for sepsis inflammation
Ferritin septic patients - Few clinical studies related to sepsis
- FtH protects mice from hepatic injury in associated with liver injury

sepsis models
- High concentration in HBD + DIC

4.2. Hepcidin

Hepcidin is a key molecule in iron homeostasis, primarily produced by the liver and
in smaller quantities by the heart, kidneys, macrophages, and other cells. There are three
isoforms, of which only hepcidin-25 is considered actively involved in iron metabolism,
while hepcidin-22 and hepcidin-20 are regarded as products of degradation. Hepcidin binds
with ferroportin to limit iron efflux, resulting in both anemia and reduced availability of iron
for bacteria. Liver production of hepcidin is downregulated by increased erythropoiesis,
while conditions of inflammation and infection promote its synthesis, especially through
interleukin-6. Elevated serum hepcidin has been reported in various cancers, inflammatory
disorders, and sepsis [47].

One study, which included a limited number of patients with septic shock, reported
that median hepcidin values were elevated compared to normal values, with maximal con-
centration registered at the time of inclusion. Additionally, in five patients who developed
secondary complications such as pleural effusion and pneumonia, a further increase in
hepcidin levels was noted [48]. In a follow-up study, the authors concluded that hepcidin
values were significantly higher in the sepsis group than in the non-sepsis control group.
Hepcidin levels decreased in the subsequent days and did not correlate with 28-day mor-
tality [49]. One paper reported that hepcidin has the potential to discriminate between
survivors and non-survivors in cancer patients who develop sepsis [50]. Another research
group examined hepcidin and ferritin in patients with septic shock, COVID-19, and those
who had undergone surgery. Although plasma hepcidin levels did not differ substantially
among these groups, the hepcidin-to-ferritin ratio was significantly lower in non-survivors
compared to survivors, only in the septic shock cohort [51].

In mouse sepsis models, hepcidin exhibits a protective role against organ damage.
Hepcidin knock-out animals displayed greater mortality rates and more severe organ
damage. Hepatic injury was assessed by area of necrosis and transaminase levels, which
were significantly higher in knock-out mice than in controls [52]. The protective role of
hepcidin is further supported by findings in another preclinical study. The authors showed
that hepcidin pretreatment in mice polymicrobial sepsis models is associated with better
preserved renal function and reduced tubular injury [53]. One retrospective study involving
807 participants with severe AKI (of which 64% were diagnosed with sepsis) highlighted
that low plasma concentrations of hepcidin are correlated with 60-day mortality. Further
research is needed to establish if hepcidin could provide therapeutic benefits for critically
ill patients [54].

Data from one study reveal that hepcidin is an independent predictor of persistent
AKI in septic patients [55]. The same authors showed that serum hepcidin can be a good
predictor of AKI occurrence within 7 days of admission for septic patients. Combining
hepcidin with urinary NGAL leads to a sensitivity of 79.6% and a specificity of 78.3% for
AKI occurrence in sepsis patients [56]. Contrasting results obtained by another research
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group indicated no correlation between hepcidin concentrations and the development of
stage 2-3 AKI for hospitalized patients with either sepsis or non-septic conditions [57].
While hepcidin has been linked to safeguarding the organism from sepsis-associated organ
damage, further clinical trials are required to establish hepcidin as a biomarker for SA-AKI.

4.3. Ferritin

Pertaining to iron homeostasis, ferritin is a ubiquitous protein that is pivotal in the
storage of intracellular iron and can also act as an iron carrier. Serum concentrations of
ferritin act as a tool to examine iron storage. In acute and chronic inflammation, serum fer-
ritin is usually elevated; however, iron is sequestered as a defensive mechanism. Therefore,
ferritin has been widely researched as a marker in various states of inflammation related to
malignancies, chronic kidney disease, autoimmune disorders, and acute infections [58].

Serum ferritin has been demonstrated to have a good prognostic value in children
hospitalized for sepsis or septic shock. Patients with median values between 200 and
500 ng/mL had the best outcome, while patients with concentrations exceeding 500 ng/mL
had the highest mortality [59-61]. A large retrospective study demonstrated that for every
1000 ng/mL increase in serum ferritin values, there is a non-linear increase in mortality
between 28 days and one year [62].

As a protein, ferritin is composed of heavy chains (FtH) and light chains (FtL), with
its circulatory form mainly attributed to light chains. In deficient FtH mice, survival rates
are significantly improved in cecal ligation puncture (CLP) models, possibly due to a
compensatory increase in serum ferritin concentrations. In these mice, renal function was
better preserved, and hepatic injury was limited [63]. However, light chain-deficient mice
exhibit the same levels of AKI when compared to control mice; therefore, an overexpression
of ferritin could protect from organ damage in sepsis, while the loss of light chains does
not influence the extension of the disease [64].

Ferritin has been linked to renal recovery in patients with AKI; however, patients with
sepsis-associated AKI were excluded from the study [65]. In a large retrospective cohort
study, using the MIMIC-IV database, higher ferritin was associated with a longer hospital
stay and higher mortality, higher SOFA, and an increased risk of AKI development. The
authors noted that even in the normal range, an increase in serum ferritin is still linked
with an enhanced risk of AKI compared with the low ferritin group [66]. Another study on
the MIMIC-IV.2.2 database extrapolated only patients with SA-AKI. Patients with ferritin
over 1056.2 ng/mL had the highest values for heart rate, temperature, creatinine, SOFA
score, and in-hospital mortality [67].

Given that ferritin can be released from damaged hepatocytes, its role as a biomarker
in liver injury has been investigated. Mice deficient in FtH have higher serum ferritin
concentrations. Sepsis models in these mice have revealed better preservation of renal
function and less damage to the liver and lungs [63]. One investigation revealed that the
FtH protein could establish disease tolerance to sepsis by regulating glucose metabolism.
The authors showed that both FtH-deficient mice and control mice had low blood glucose
after CLP; however, the control group restored the blood glucose the following days and
the FtH-deficient mice did not [68]. In clinical studies, patients with sepsis-induced liver
injury displayed significantly higher levels of serum ferritin, iron, and total-iron binding
capacity compared to septic patients without hepatic injury [69].

More recently, levels of ferritin have been associated with mortality in COVID-19
patients, with median values almost three times higher for non-survivors compared to
survivors [70,71]. Although sepsis was present in all non-survivor cases, ferritin was not
directly correlated with this outcome [70]. Ferritin can also be used as a diagnostic tool for
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hepatic injury in COVID-19 patients, and it has been correlated with viral clearance and
hospital stay but not antibiotic use [72,73].

4.4. IL-27

Interleukin-27 is a cytokine with a complex role in the immune system, expressed
primarily by macrophages, monocytes, dendritic cells, and other endothelial or epithelial
cells. Through its receptor, it was initially believed to have a pro-inflammatory role, as it
induces interferon-gamma production; however, it has been proven to also produce an
anti-inflammatory response [74]. Studies on mice have demonstrated that blocking the
IL-27 receptor (IL-27R) leads to a decrease in mortality in sepsis models [75]. Alveolar
macrophage killing capacity is also higher in mice lacking IL-27R, as the inflammatory
response in these mice offers better protection against Pseudomonas aeruginosa infection [76].
For human studies, a meta-analysis showed that IL-27 is a good diagnostic biomarker for
sepsis both in pediatric and adult settings. With a sensitivity of 0.84 and a specificity of
0.71, it has similar accuracy to procalcitonin and presepsin [77].

Serum concentration of IL-27 has also been shown to be higher in patients with
sepsis-related acute hepatic injury compared to septic patients without liver injury. The
increase in IL-27 was not associated with ICU stay [78]. The same authors confirmed that
IL-27R-deficient mice had less severe histological hepatic damage, therefore confirming
its role as a pro-inflammatory cytokine in the process of sepsis-induced ALF [78]. Further
research indicates that in mouse models with CLP-induced infection, IL-27 exacerbates
liver injury. Both serum levels and hepatic expression of IL-27 are increased after LPS
stimulation. Gadolinium chloride (which inhibits Kupffer cells) pretreatment can lead to
reduced concentrations of IL-27, attenuating liver damage but not injury to other organs,
such as the lungs and kidneys [79]. Similar results were obtained in a follow-up study,
with IL-27 knock-out mice presenting fewer inflammatory factors and attenuated hepatic
injury. The authors determined that IL-27 promotes macrophage pyroptosis, leading to
aggravated ALF [80].

Mouse models with induced AKI demonstrate that IL-27 treatment can minimize
kidney damage, expressed by less tubular injury, increased production of anti-inflammatory
cytokines, and decreased production of TNF-alpha, IL-6, and IL-17A [81]. In the previous
study, AKI was induced by ischemia reperfusion, which can be a pathophysiological
mechanism by which sepsis causes AKI [22]. Serum concentrations are also higher in sepsis-
associated myocardial dysfunction compared to the control group. However, mouse studies
showed that for the myocardium, IL-27 plays an anti-inflammatory role, as pretreatment
with IL-27 decreases myocardial injury biomarkers [82]. The main key findings related to
IL-27, as well as the following biomarkers: IL-17A, IL-10, IL-33/ST2, high-mobility group
box-1, proenkephalin (PENK), C-X-C Motif Chemokine Ligand 9 (CXCL9), soluble CD163,
soluble CD25, can be found in Table 2.

Table 2. Summary of advantages and limitations for IL-27, IL-17A, IL-10, IL-33/ST2, HMGBI,
Proenkephalin, CXCL9, sCD163, sCD25.

Advantages Limitations

- Similar diagnostic capacity as procalcitonin
IL-27 - Correlated with sepsis-associated liver
injury in both preclinical and clinical studies

- Not specific for liver, investigated for
sepsis myocardial dysfunction

- Targeted therapy leads to reduced renal - Not sufficient clinical studies to sustain
IL-17A injury in septic conditions preclinical data
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Table 2. Cont.

Advantages

Limitations

IL-10

Associated with hepatic dysfunction in
septic patients

Not sufficiently specific
Reflects immune response and not
direct injury

IL-33 and ST2

Linked with metabolic liver disease in
septic patients
Correlated with mortality in AKI patients

Mostly studied in relation to
heart failure
Not specific for SA-AKI

Targeted therapy leads to reduced renal and

HMGBI1 hepatic injury in mice sepsis models Not validated in large clinical trials
. - Good predictive value for SA-AKI severity Not yet established to provide better
Proenkephalin and function recovery diagnosis over validated biomarkers
. . . - Not enough data for
CXCL9 - Potential to define a new sepsis endotype organ-specific injury
- Urinary concentrations display diagnostic ) . . . .
sCD163 capacities for SA-AKI Not yet validated in large clinical trials
- Similar diagnosis ability as NGAL L
sCD25 for SA-AKI - Further validation needed
4.5. IL-17A

The Interleukin-17 family is a group of molecules that play a role in the inflammatory
response against infection. They have the ability to stimulate macrophages, dendritic cells,
and others to produce chemokines, cytokines, and matrix metalloproteinases. The most
common protein from this group is IL-17A, mainly produced by a subset of CD4 T cells
called Th17 cells [83].

Considering the newer hypothesis regarding SA-AKI pathogenesis, IL-17A has been
studied in septic mice to observe its role in renal function. Data show that IL-17A knock-out
mice have a better survival rate than wild-type mice under sepsis conditions. Histolog-
ical changes pertain to ameliorated tissue damage and a lower tubular injury score [84].
Therefore, IL-17A could become a novel target for managing SA-AKI therapy. Another
study on mice divided into a multiple organ dysfunction (MODS) group, LPS-challenged
group, and sham-operated group, indicated that IL-17 levels decreased in the MODS group,
gradually over time, possibly being consumed by the kidney. The same study included
patients hospitalized with sepsis, and results expressed that IL-17 levels are higher in
SA-AKI compared to sepsis associated with chronic renal failure [85].

One paper highlights the importance of the Th17 ratio to regulatory T cells in septic
patients with and without AKI. The authors found that the Th17/Treg ratio could be used
as a predictive factor for SA-AKI development and that IL-17 concentrations were higher in
the group with acute kidney injury [86]. Similar results were obtained by another research
team, where IL-17A levels were proportionately higher as the AKI stage was worse [87].

In patients with ACLF complicated with sepsis, IL-17 serum concentrations are highest
when compared to patients with ACLF or liver cirrhosis. There is a significant difference
between patients with ACLF and patients with cirrhosis, which could indicate that IL-17
plays a role in acute liver injury [88].
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4.6. IL-10

The interleukin-10 molecule is part of the IL-10 superfamily, mainly produced by
monocytes, macrophages, and T cells, with other immune cells capable of synthesizing this
cytokine. Although many cytokines have pro-inflammatory roles, IL-10 is one of the most
potent anti-inflammatory and immunosuppressive molecules. It can decrease or inhibit
antigen presentation, phagocytosis, the expression of major histocompatibility complex
(MHC) class II, and the production of IL-1 or TNF-alpha [89]. IL-10 can suppress IL-6
secretion from Kupffer cells when the hepatic cells are stimulated with endotoxin [90].
IL-10 plays a substantial role in the cytokine storm during sepsis. IL-10-deficient mice
exhibit prolonged signs of illness and higher mortality after undergoing CLP. In septic
patients, NK cells increase their IL-10 production [91].

As mentioned in Chapter 4.1, IL-10 levels are elevated in patients with liver impair-
ment (Figure 3). In the subset of septic patients with HBP and DIC, IL-10 correlated with
ferritin and IL-18, in contrast, with septic patients without HBD and DIC [46]. In the
previously noted study regarding patients with ACLF and sepsis, the serum concentration
of IL-10 was significantly increased compared to patients with ACLF or liver cirrhosis [88].
In pediatric septic patients, IL-10 could be used to differentiate children with organ dys-
function from those with a hyperinflammatory state. The sensitivity of diagnosis for
IL-10 was 89.6% for concentrations >18.4 picograms (pg)/mL. The most common types
of organ dysfunction in this study were low platelets and high bilirubin, indicating liver
impairment [92].
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Figure 3. Levels of biomarkers in septic patients with and without liver impairment. Created in
BioRender. Pasare, A. (2025) https:/ /BioRender.com/g7vqax2. Accessed on 11 May 2025.

In mice, IL-10 plays a crucial role in the development of the anti-inflammatory response
in septic AKI. In the first hours after inducing sepsis conditions, there is an increase in
pro-inflammatory response, and at 24 h, there is an increase in IL-10. For ischemic AKI,
cytokine levels were lower, and there was no peak in IL-10 levels [93]. Findings highlight
that IL-10 levels are higher in patients with septic AKI compared to sepsis patients without
AKI, and the receiver operating characteristic curve (ROC) analysis for predicting AKI was
nearly as good as NGAL [94].
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4.7. IL-33 and ST2

Interleukin-33 is part of the IL-1 superfamily, and it binds to Interleukin 1 receptor-like
1 (ST2), also part of the IL-1 receptor superfamily. IL-33 is produced mainly by endothelial
and epithelial cells, stromal cells such as fibroblasts, and smooth muscle cells. When tissue
damage happens, IL-33 is released into the extracellular space and acts as an alarmin,
alerting immune cells [95,96]. ST2 has been especially studied as a marker for myocardial
fibrosis with good predictive value for mortality in heart failure patients. However, it could
also play a role in distinguishing the presence or absence of sepsis [97,98].

In septic mice, IL-33 treatment reduces mortality compared to control group mice. In
the same experiment, pretreated mice showed a marked increase in neutrophil migration
to the infection site, which led to an improvement in bacterial clearance [99]. IL-33 also
promotes NK cells” activation in septic mice, and IL-33 treatment has a beneficial role in the
early stages of sepsis but not in the late phases [100].

One study aimed to investigate the differences in the cytokine profile between septic
patients with and without metabolic liver disease. Patients with liver disease had higher
concentrations of IL-17 and IL-33 both on day 1 and day 5 of hospitalization. Patients in the
metabolic disease group also had a significant increase in serum IL-33 between admission
and day 5 and a decrease in IL-10. In the same category, IL-33 had a negative correlation
with sepsis severity [101].

IL-33 plays a role in AKI, as its inhibition through ST2 can provide protection against
functional and histological changes in mice induced with cisplatin [102]. In a hospital
setting, patients with AKI who survived showed lower serum ST2 concentrations; therefore,
the IL-33 receptor could act as a prognostic marker. Although the most common cause of
AKI was sepsis, ST-2 could not distinguish between the different etiologies of AKI [103].

4.8. HMGB1

High-mobility group box-1 is part of a group of chromosomal proteins that play
an essential role in sustaining life. As a nuclear protein, it binds deoxyribonucleic acid
(DNA) and enhances transcription, replication, and repair. However, when released in the
extracellular space, it acts as a potent pro-inflammatory mediator [104]. Due to its dual
intra- and extracellular activity, HMGB1 has been studied in relation to different types
of cancers, correlating to poor prognosis, and to sepsis. In murine polymicrobial sepsis
models, HMGBI levels usually peak late, associating with death [105]. Early clinical studies
concluded that in sepsis patients, HMGBI1 also peaks late and associates with the severity of
organ dysfunction, but it cannot distinguish between survivors and non-survivors [106,107].
Nevertheless, academics revealed that late peaks of HMGBI associated with inflammatory
disease in infectious patients act as a strong risk factor for mortality [108].

HMGBI sustains a pro-inflammatory loop in mice with induced acute liver failure by
LPS and D-galactosamine hydrochloride (D-gal). When antibodies were used to neutralize
HMGBY, levels of alanine transaminase were back to normal, and liver histology was similar
to the control group [109]. HMGB1 accentuates liver injury by pyroptosis of macrophages
in murine CLP models [110]. Comparable results were obtained by another group of
authors on ALF and AKI animal models. After inhibiting the TNF-alpha pathway, serum
concentrations of HMGBI, IL-1, and IL-18 decreased, and liver and renal function were
drastically improved [111].

In CLP models, HMGBI can also localize in renal tubular epithelial cells and pass into
urine, unlike in healthy settings. In these conditions, HMGBI1 can interact with TECs and
promote active secretion of IL-1 and IL-6, which can aggravate sepsis and SA-AKI [112].
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4.9. Proenkephalin

Proenkephalin and other biologically active enkephalins are a result of preproenkephalin
A cleavage. This family of molecules act as endogenous opioids. PENK has gained interest
due to the fact that the second highest density of opioid receptors is found in the kidney.
Depending on the type of receptor, enkephalins can influence diuresis and natriuresis, and
reduce kidney inflammation. PENK has been mostly studied in relation to AKI and septic
AKI, as it can be freely filtered through the renal glomerulus [113,114].

In one study (preprint) that included 529 patients with sepsis or septic shock, AKI was
diagnosed in 44% of subjects. PENK levels on admission were correlated with AKI severity,
resulting in 72% sensitivity and 83% specificity to diagnose AKI in the first 48 h [115]. In
the ALBIOS trial, 28% of patients developed AKI within 48 h, from a total of 895 patients.
PENK concentrations were notably elevated in patients with AKI than in those without.
Among those with AKI, PENK was lower in patients who improved renal function than
in those who did not; therefore, PENK could be a candidate for predicting renal function
recovery [116]. One meta-analysis, which included 11 studies, concluded that PENK shows
an area under the curve of 0.77 for early AKI diagnosis. From the included studies, only
four comprised sepsis-associated AKI [117].

PENK also shows promising value for predicting sepsis severity and mortality, as
concentrations were significantly higher in non-survivors compared to survivors [118,119].

4.10. C-X-C Motif Chemokine Ligand 9

Chemokines are key drivers for chemotaxis, differentiation, and multiplication of
leukocytes. C-X-C motif chemokine ligand 9, alongside CXCL10 and -11, determines the
recruitment of cytotoxic lymphocytes, natural killers, and macrophages. Immune cells
release CXCL9 in response to IFNYy [120]. One group of authors proposed IFN-driven sepsis
(IDS) as a new sepsis endotype, besides immuno-paralysis and MALS. They demonstrated
that almost 20% of sepsis patients, from a cohort of 5503, display IDS characteristics. As
IFNY is the sole trigger for CXCL9, this marker had higher values in the IDS category
compared to MALS. Although the greatest mortality rate was registered in the MALS
category, IDS is independently associated with 28-day mortality. Serum ferritin and IL-
18 displayed the highest concentration in the MALS group, followed by the IDS and
immuno-paralysis groups [121].

CXCL9 has been proven to distinguish between acute interstitial nephritis and other
causes of AKI, but none were related to sepsis. It has also been associated with tubular in-
flammation, and low urinary levels can exclude kidney injury related to infection [122,123].
To the best of our knowledge, CXCL9 has not yet been linked to SA-AKL

C-X-C motif chemokine receptor 3 (CXCR3) is the ligand for CXCL9, and in response
to IFN, hepatocytes secrete CXCR3. In ischemia reperfusion models in mice, levels of
CXCL9 are increased, leading to T cell infiltration. Blocking the interaction between CXCL9
and CXCR3 increases survival, and hepatocellular damage is reduced [124].

4.11. Soluble CD163

CD163 acts as a receptor for the hemoglobin-haptoglobin complexes, and it is ex-
pressed on the surface of macrophages, monocytes, and lymphocytes. After pathogen
recognition, monocyte activation determines an increase in sCD163, with the role of de-
pleting iron sources for bacteria. In the later phases of sepsis, sCD163 has been shown to
lead to the release of IL-10 [125]. In small clinical settings, sCD163 levels were higher in
septic patients compared to controls and correlated with IL-10. sCD163 was also statis-
tically significantly higher in non-survivors, as patients with better outcomes displayed
gradually declining serum levels [126-128]. Another group of authors showed that sCD163
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is markedly increased in septic shock, and the sCD163/IL-18 ratio in septic and septic
shock patients is significantly lower than in controls. For every 1 unit increase in this ratio,
there was a 3.9-fold increase in the odds of death, but the results were not statistically
significant [129].

Urinary sCD163 has been proposed as a diagnostic tool for SA-AKI, with a sensitivity
of 80% and a specificity of 56%. The authors correlated urine sCD163 levels with serum
sCD163 and discovered good concordance [130]. sCD163 concentrations have been linked to
mortality in patients with acute liver failure of different etiologies [131]. In cirrhotic patients,
median sCD163 levels are significantly elevated in those with acute decompensation and
infection compared to those without infection [132].

4.12. Soluble CD25

The IL-2/IL-2 receptor (IL-2R) pathway plays a complex role in the immune system,
establishing immune tolerance. IL-2R is composed of multiple chains, of which the «
chain (CD25) is shed from T cells upon activation. Soluble CD25 has been researched as an
indicator of immune-mediated disorders [133].

As a sepsis biomarker, sCD25 has been shown to display higher serum concentrations
compared to controls, alongside sCD163 and IL-18; however, the author did not perform
any multiparameter analysis [134].

Concerning SA-AKI, sCD25 has been investigated together with IL-10 and NGAL.
Results showed that sCD25 was significantly elevated in septic AKI compared to both sepsis
without AKI and AKI of other causes. In this context, sCD25 performed closely to NGAL
regarding SA-AKI diagnosis, and their combination had the highest performance [94].

5. Future Directions and Study Limitations

Future directions regarding the integration of biomarkers in sepsis classification, diag-
nosis, and prognosis relate to the use of machine learning, a multiparametric approach, and
personalized therapy. Machine learning utilizes large data sets to generate prediction algo-
rithms and uncover hidden patterns. Data may take the form of biomarkers, metabolomics,
and gene expression, which help create sepsis profiles, assess mortality prognosis, and
support treatment decisions [135]. Specificity and sensitivity for sepsis-related organ injury
can be significantly enhanced by using multi-biomarker panels, as they represent various
aspects of the immune response. However, this approach faces limitations due to its cost,
availability, and lack of standardization [136]. In addition to diagnosis and prognosis,
biomarkers may also be used for personalized therapy in the form of agonists or antago-
nists. For example, hepcidin agonists could maintain renal function in septic conditions,
and using antibodies against HMGB1 prevents ALF [53,109].

This review has several limitations. First, we limited our search to articles published
in the English language, which may have led to the exclusion of pertinent studies in
other languages. Second, the studies included in our review displayed considerable
heterogeneity regarding study design and patient demographics, limiting our ability to
draw uniform conclusions. Third, much of the presented evidence is derived from small-
scale studies, which hinders the predictive validity of biomarkers. Fourth, we found limited
data evaluating multiparametric approaches, which could improve diagnostic accuracy.

6. Conclusions

Sepsis is not only a heavy burden on the individual but on the medical society as
well. While every organ can be gravely impacted by sepsis, acute kidney injury remains
the most frequent organ dysfunction, increasing mortality risk, and liver damage can
vastly influence the inflammatory response and modulate injury in other organs. While
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consecrated molecules such as C-reactive protein, procalcitonin, and presepsin perform
well in practice, there is still a need for more specific diagnostic and predictive biomarkers
for sepsis and related organ dysfunction. The biomarkers described in this review have
multiple functions and could potentially be used in either AKI or ALF settings. IL-18,
hepcidin, PENK, and sCD25 are good candidates for SA-AKI diagnosis. The sensitivity
and specificity of IL-18 and hepcidin are enhanced by combining with NGAL. PENK also
displays prognostic value for renal recovery, and ST-2 and IL-17 could be predictive of
AKI severity and mortality. Liver injury is assessed by ferritin, IL-27, HMGB1, and CXCL9,
mainly in preclinical studies, which leaves a gap in the knowledge regarding their abilities
to act as biomarkers for SALI in clinical environments. We consider that biomarkers
hold great potential for characterizing the complexity of sepsis syndrome, as various
phenotypes display different biomarker serum levels and associate with different types of
organ dysfunction. Further research is needed to establish the utility and practicality of
novel biomarkers in clinical settings, with the goal of enhancing diagnostic accuracy and
improving therapeutic choices.

Author Contributions: Conceptualization, M.-A.P. and I.-L.M.; writing—original draft preparation,
M.-A.P, CS.P. and M.G.G; writing—review and editing, I.-L.M. and E.G.M.; supervision, E.G.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

ACLF: Acute-On-Chronic Liver Failure; AKI: Acute Kidney Injury; ALF: Acute Liver Failure;
ARDS: Acute Respiratory Distress Syndrome; CD: Cluster Of Differentiation; COVID-19: Coronavirus
disease; CLP: Cecal Ligation Puncture; CXCL: C-X-C Motif Chemokine Ligand; CXCR: C-X-C Motif
Chemokine Receptor; DAMPs: damage-associated molecular patterns; D-Gal: D-Galactosamine
Hydrochloride; DIC: Disseminated Intravascular Coagulation; DNA: Deoxyribonucleic Acid; eGFR:
Estimated Glomerular Filtration Rate; FtH: Ferritin Heavy Chain; FtL: Ferritin Light Chain; HLA:
Human Leucocyte Antigen; HBD: Hepato-Biliary Dysfunction; HMGB1: high-mobility group box-1;
ICU: Intensive Care Unit; Ig: Immunoglobulin; IL: Interleukin; IL-18BP: IL-18 Binding Protein; IL-2R:
IL-2 receptor; IL-27R: IL-27 receptor; IFN: Interferon; IDS: IFN-driven sepsis; KDIGO: Kidney Disease:
Improving Global Outcomes; KIM-1: Kidney Injury Molecule 1; LPS: Lipopolysaccharide; MALS:
Macrophage Activation-Like Syndrome; ml: milliliter; MHC: Major Histocompatibility Complex;
MODS: Multiple Organ Dysfunction Syndrome; ng: nanograms; NGAL: Neutrophil Gelatinase-
Associated Lipocalin; NK: Natural Killer; NLRP3: NOD-, LRR-, and Pyrin Domain-Containing
Protein 3; NO: Nitric Oxide; PAI-1: Plasminogen Activator Inhibitor 1, PAMPs: pathogen-derived
molecular patterns; PENK: Proenkephalin; pg: picograms; SA-AKI: Sepsis-Associated Acute Kidney
Injury; SALI: Sepsis-Associated Liver Injury; SIC: Sepsis-Induced Coagulopathy; SBP: Systolic Blood
Pressure; SOFA: Sequential Organ Failure Assessment; sCD25: soluble CD25; sCD163: soluble CD163;
TECs: renal tubular epithelial cells; ROC: receiver operating characteristic curve; TF: Tissue Factor;

TGEF[3-1: transforming growth factor beta 1; Th: T helper; TNF: tumor necrosis factor.

References

1. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, ].-D.;
Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016,
315, 801. [CrossRef]

2. Lambden, S.; Laterre, P.E; Levy, M.M.; Francois, B. The SOFA score—Development, utility and challenges of accurate assessment
in clinical trials. Crit. Care 2019, 23, 374. [CrossRef] [PubMed]

103



Int. ]. Mol. Sci. 2025, 26, 4825

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Rudd, K.E.; Kissoon, N.; Limmathurotsakul, D.; Bory, S.; Mutahunga, B.; Seymour, C.W.; Angus, D.C.; West, T.E. The global
burden of sepsis: Barriers and potential solutions. Crit. Care 2018, 22, 232. [CrossRef] [PubMed]

Miftode, R.-S.; Costache, I.-1.; Constantinescu, D.; Mitu, O.; Timpau, A.-S.; Hancianu, M.; Leca, D.-A.; Miftode, I.-L.; Jigoranu,
R.-A.; Oancea, A.-F; et al. Syndecan-1: From a Promising Novel Cardiac Biomarker to a Surrogate Early Predictor of Kidney and
Liver Injury in Patients with Acute Heart Failure. Life 2023, 13, 898. [CrossRef] [PubMed]

La Via, L.; Sangiorgio, G.; Stefani, S.; Marino, A.; Nunnari, G.; Cocuzza, S.; La Mantia, I.; Cacopardo, B.; Stracquadanio, S.;
Spampinato, S.; et al. The Global Burden of Sepsis and Septic Shock. Epidemiologia 2024, 5, 456—478. [CrossRef]

Karakike, E.; Giamarellos-Bourboulis, E.J.; Kyprianou, M.; Fleischmann-Struzek, C.; Pletz, M.W.; Netea, M.G.; Reinhart, K;
Kyriazopoulou, E. Coronavirus Disease 2019 as Cause of Viral Sepsis: A Systematic Review and Meta-Analysis*. Crit. Care Med.
2021, 49, 2042-2057. [CrossRef]

Jarczak, D.; Kluge, S.; Nierhaus, A. Sepsis—Pathophysiology and Therapeutic Concepts. Front. Med. 2021, 8, 628302. [CrossRef]
Strnad, P,; Tacke, F.; Koch, A.; Trautwein, C. Liver—guardian, modifier and target of sepsis. Nat. Rev. Gastroenterol. Hepatol. 2017,
14, 55-66. [CrossRef]

Bellomo, R.; Kellum, J.A.; Ronco, C.; Wald, R.; Martensson, ].; Maiden, M.; Bagshaw, S.M.; Glassford, N.J.; Lankadeva, Y.; Vaara,
S.T; et al. Acute kidney injury in sepsis. Intensive Care Med. 2017, 43, 816-828. [CrossRef]

Gotts, ].E.; Matthay, M.A. Sepsis: Pathophysiology and clinical management. BM] 2016, 353, i1585. [CrossRef]

Poston, ].T.; Koyner, J.L. Sepsis associated acute kidney injury. BMJ 2019, 364, k4891. [CrossRef] [PubMed]

Nesseler, N.; Launey, Y.; Aninat, C.; Morel, F; Mallédant, Y.; Seguin, P. Clinical review: The liver in sepsis. Crit. Care 2012, 16, 235.
[CrossRef]

Saxena, J.; Das, S.; Kumar, A.; Sharma, A.; Sharma, L.; Kaushik, S.; Kumar Srivastava, V.; Jamal Siddiqui, A.; Jyoti, A. Biomarkers
in sepsis. Clin. Chim. Acta 2024, 562, 119891. [CrossRef] [PubMed]

Bhavani, S.V.; Wolfe, K.S.; Hrusch, C.L.; Greenberg, J.A.; Krishack, P.A.; Lin, J.; Lecompte-Osorio, P.; Carey, K.A.; Kress, ].P;
Coopersmith, C.M.; et al. Temperature Trajectory Subphenotypes Correlate With Immune Responses in Patients With Sepsis. Crit.
Care Med. 2020, 48, 1645-1653. [CrossRef]

Leijte, G.P; Kox, M.; Pickkers, P. Fever in Sepsis: Still a Hot Topic. Am. J. Respir. Crit. Care Med. 2019, 200, 263-264. [CrossRef]
Papathanakos, G.; Andrianopoulos, I.; Xenikakis, M.; Papathanasiou, A.; Koulenti, D.; Blot, S.; Koulouras, V. Clinical Sepsis
Phenotypes in Critically Ill Patients. Microorganisms 2023, 11, 2165. [CrossRef] [PubMed]

Seymour, C.W.; Kennedy, ].N.; Wang, S.; Chang, C.-C.H.; Elliott, C.F,; Xu, Z.; Berry, S.; Clermont, G.; Cooper, G.; Gomez, H.; et al.
Derivation, Validation, and Potential Treatment Implications of Novel Clinical Phenotypes for Sepsis. JAMA 2019, 321, 2003.
[CrossRef]

Baghela, A.; Pena, O.M.; Lee, A.H.; Baquir, B.; Falsafi, R.; An, A.; Farmer, SW.; Hurlburt, A.; Mondragon-Cardona, A.; Rivera,
J.D.; et al. Predicting sepsis severity at first clinical presentation: The role of endotypes and mechanistic signatures. eBioMedicine
2022, 75,103776. [CrossRef]

Leventogiannis, K.; Kyriazopoulou, E.; Antonakos, N.; Kotsaki, A.; Tsangaris, I.; Markopoulou, D.; Grondman, I.; Rovina, N.;
Theodorou, V.; Antoniadou, E.; et al. Toward personalized immunotherapy in sepsis: The PROVIDE randomized clinical trial.
Cell Rep. Med. 2022, 3, 100817. [CrossRef]

Kyriazopoulou, E.; Leventogiannis, K.; Norrby-Teglund, A.; Dimopoulos, G.; Pantazi, A.; Orfanos, S.E.; Rovina, N.; Tsangaris,
I.; Gkavogianni, T.; Botsa, E.; et al. Macrophage activation-like syndrome: An immunological entity associated with rapid
progression to death in sepsis. BMC Med. 2017, 15, 172. [CrossRef]

Umbro, I; Gentile, G.; Tinti, F.; Muiesan, P.; Mitterhofer, A.P. Recent advances in pathophysiology and biomarkers of sepsis-
induced acute kidney injury. J. Infect. 2016, 72, 131-142. [CrossRef]

Peerapornratana, S.; Manrique-Caballero, C.L.; Gémez, H.; Kellum, J.A. Acute kidney injury from sepsis: Current concepts,
epidemiology, pathophysiology, prevention and treatment. Kidney Int. 2019, 96, 1083-1099. [CrossRef] [PubMed]
Manrique-Caballero, C.L.; Del Rio-Pertuz, G.; Gomez, H. Sepsis-Associated Acute Kidney Injury. Crit. Care Clin. 2021, 37, 279-301.
[CrossRef]

Fattahi, F.; Zetoune, ES.; Ward, P.A. Complement as a Major Inducer of Harmful Events in Infectious Sepsis. Shock 2020, 54,
595-605. [CrossRef]| [PubMed]

Kramer, L.; Jordan, B.; Druml, W.; Bauer, P.; Metnitz, P.G.H. Incidence and prognosis of early hepatic dysfunction in critically ill
patients—A prospective multicenter study. Crit. Care Med. 2007, 35, 1099-e7. [CrossRef]

Yao, Y.; Wang, D.; Yin, Y. Advances in sepsis-associated liver dysfunction. Burn. Trauma 2014, 2, 97. [CrossRef] [PubMed]
Tsantes, A.G.; Parastatidou, S.; Tsantes, E.A.; Bonova, E.; Tsante, K.A.; Mantzios, P.G.; Vaiopoulos, A.G; Tsalas, S.; Konstantinidi,
A.; Houhoula, D; et al. Sepsis-Induced Coagulopathy: An Update on Pathophysiology, Biomarkers, and Current Guidelines. Life
2023, 13, 350. [CrossRef]

Kaplanski, G. Interleukin-18: Biological properties and role in disease pathogenesis. Immunol. Rev. 2018, 281, 138-153. [CrossRef]
Yasuda, K.; Nakanishi, K.; Tsutsui, H. Interleukin-18 in Health and Disease. Int. . Mol. Sci. 2019, 20, 649. [CrossRef]

104



Int. ]. Mol. Sci. 2025, 26, 4825

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kinoshita, M.; Kuranaga, N.; Matsumoto, A.; Ono, S.; Shinomiya, N.; Hiraide, H.; Seki, S. Multiple interleukin-18 injections
promote both mouse Th1l and Th2 responses after sublethal Escherichia coli infection. Clin. Exp. Immunol. 2005, 143, 41-49.
[CrossRef]

Kinoshita, M.; Shinomiya, N.; Ono, S.; Tsujimoto, H.; Kawabata, T.; Matsumoto, A.; Hiraide, H.; Seki, S. Restoration of Natural
IgM Production from Liver B Cells by Exogenous IL-18 Improves the Survival of Burn-Injured Mice Infected with Pseudomonas
aeruginosa. J. Immunol. 2006, 177, 4627-4635. [CrossRef]

Priori, R.; Colafrancesco, S.; Alessandri, C.; Minniti, A.; Perricone, C.; Iaiani, G.; Palazzo, D.; Valesini, G. Interleukin 18: A
Biomarker for Differential Diagnosis Between Adult-onset Still’s Disease and Sepsis. |. Rheumatol. 2014, 41, 1118-1123. [CrossRef]
Mierzchala-Pasierb, M.; Krzystek-Korpacka, M.; Lesnik, P.; Adamik, B.; Placzkowska, S.; Serek, P.; Gamian, A.; Lipinska-Gediga,
M. Interleukin-18 serum levels in sepsis: Correlation with disease severity and inflammatory markers. Cytokine 2019, 120, 22-27.
[CrossRef] [PubMed]

Eidt, M.V.; Nunes, EB.; Pedrazza, L.; Caeran, G.; Pellegrin, G.; Melo, D.A.S.; Possuelo, L.; Jost, R.T.; Dias, H.B.; Donadio, M.V.E;
et al. Biochemical and inflammatory aspects in patients with severe sepsis and septic shock: The predictive role of IL-18 in
mortality. Clin. Chim. Acta 2016, 453, 100-106. [CrossRef] [PubMed]

Nisula, S.; Yang, R.; Poukkanen, M.; Vaara, S.T.; Kaukonen, K.M.; Tallgren, M.; Haapio, M.; Tenhunen, J.; Korhonen, A.M.; Pettild,
V.; et al. Predictive value of urine interleukin-18 in the evolution and outcome of acute kidney injury in critically ill adult patients.
Br. ]. Anaesth. 2015, 114, 460-468. [CrossRef]

Puthumana, J.; Ariza, X.; Belcher, ] M.; Graupera, I.; Gines, P.; Parikh, C.R. Urine Interleukin 18 and Lipocalin 2 Are Biomarkers of
Acute Tubular Necrosis in Patients With Cirrhosis: A Systematic Review and Meta-analysis. Clin. Gastroenterol. Hepatol. 2017, 15,
1003-1013.e3. [CrossRef] [PubMed]

Zarbock, A.; Gomez, H.; Kellum, J.A. Sepsis-induced acute kidney injury revisited: Pathophysiology, prevention and future
therapies. Curr. Opin. Crit. Care 2014, 20, 588-595. [CrossRef]

Shaker, A.M.; Mohamed, M.E,; Thabet, K.K.; Ramzy, T.; Abdelhamid, Y.M. Serum Interleukin-18, Kidney Injury Molecule-1, and
the Renal Resistive Index for Predicating Acute Kidney Injury in Critically Ill Patients with Sepsis. Saudi J. Kidney Dis. Transplant.
2023, 34, S153-5160. [CrossRef]

Cuttone, G.; Geraci, G.; La Via, L.; Sorbello, M.; Pappalardo, E; Carollo, C. Exploring the Utility of Renal Resistive Index in
Critical Care: Insights into ARDS and Cardiac Failure. Biomedicines 2025, 13, 519. [CrossRef]

Qu, H.-Q.; Snyder, J.; Connolly, J.; Glessner, J.; Kao, C.; Sleiman, P.; Hakonarson, H. Circulating LIGHT (TNFSF14) and
Interleukin-18 Levels in Sepsis-Induced Multi-Organ Injuries. Biomedicines 2022, 10, 264. [CrossRef]

Liu, Y,; Li, C; Yang, X,; Guo, S.; Cui, Z.; Kang, H.; Ma, Z.; Wang, H. Neutrophil Gelatinase-Associated Lipocalin and Interleukin-18
in the Prediction of Acute Kidney Injury in Sepsis Patients. Int. . Gen. Med. 2024, 17, 6335-6341. [CrossRef] [PubMed]

Zhou, J.; Ye, Y.; Chen, Z.; Liu, Y,; Wu, B.; Huang, H. Upregulation of Peripheral Blood NLRP3 and IL-18 in Patients With Acute
Kidney Injury in Sepsis and Its Clinical Significance. Immun. Inflamm. Dis. 2024, 12, €70113. [CrossRef] [PubMed]

Nagqvi, R.; Hossain, N.; Butt, S.; Bhellar, Z.; Fatima, E.; Imtiaz, S.; Ghulam Moosa, P.; Abbas, K.; Jafri, S.B.; Khan, S. Efficacy of
multiple Biomarkers: NGAL, KIM1, Cystatin C and IL18 in predicting pregnancy related acute kidney injury. Pak. |. Med. Sci.
2022, 39, 34. [CrossRef]

Chen, Y.-L.; Xu, G.; Liang, X.; Wei, J.; Luo, J.; Chen, G.-N.; Yan, X.-D.; Zhong, M.; Lv, X. Inhibition of hepatic cells pyroptosis
attenuates CLP-induced acute liver injury. Am. J. Transl. Res. 2016, 8, 5685. [PubMed]

Yadav, P,; Trehanpati, N.; Maiwall, R.; Sehgal, R.; Singh, R.; Islam, M.; Jagdish, R K.; Vijayaraghavan, R.; Maheshwari, D.; Bhat, S.;
et al. Soluble factors and suppressive monocytes can predict early development of sepsis in acute-on-chronic liver failure. Hepatol.
Commun. 2022, 6, 2105-2120. [CrossRef]

Anderko, R.R.; Gémez, H.; Canna, S.W.; Shakoory, B.; Angus, D.C.; Yealy, D.M.; Huang, D.T.; Kellum, J.A.; Carcillo, J.A. Sepsis
with liver dysfunction and coagulopathy predicts an inflammatory pattern of macrophage activation. Intensive Care Med. Exp.
2022, 10, 6. [CrossRef]

Kali, A.; Charles, M.V.; Seetharam, R.S. Hepcidin—A novel biomarker with changing trends. Pharmacogn. Rev. 2015, 9, 35.
[CrossRef]

Olinder, J.; Ehinger, D.; Liljenborg, E.; Herwald, H.; Rydén, C. Plasma Levels of Hepcidin and Reticulocyte Haemoglobin during
Septic Shock. J. Innate Immun. 2020, 12, 448-460. [CrossRef]

Olinder, J.; Borjesson, A.; Norrman, J.; West, T.; Carlstrom, J.; Gustafsson, A.; Annborn, M.; Herwald, H.; Rydén, C. Hepcidin
discriminates sepsis from other critical illness at admission to intensive care. Sci. Rep. 2022, 12, 14857. [CrossRef]

Suastika, N.K.W.; Suega, K. The Role of Hepcidin Level as a Predictor for Mortality in Cancer Patients with Sepsis. Open Access
Maced. J. Med. Sci. 2022, 10, 2599-2602. [CrossRef]

Hortova-Kohoutkovéa, M.; Skotdkové, M.; Onyango, I1.G.; Slezdkova, M.; Panovsky, R.; Opatfil, L.; Slanina, P.; De Zuani, M.;
Mrkva, O.; Andrejc¢inova, I; et al. Hepcidin and ferritin levels as markers of immune cell activation during septic shock, severe
COVID-19 and sterile inflammation. Front. Immunol. 2023, 14, 1110540. [CrossRef] [PubMed]

105



Int. ]. Mol. Sci. 2025, 26, 4825

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

Zeng, C.; Chen, Q.; Zhang, K.; Chen, Q.; Song, S.; Fang, X. Hepatic Hepcidin Protects against Polymicrobial Sepsis in Mice by
Regulating Host Iron Status. Anesthesiology 2015, 122, 374-386. [CrossRef] [PubMed]

Scindia, Y.; Wlazlo, E.; Leeds, J.; Loi, V.; Ledesma, J.; Cechova, S.; Ghias, E.; Swaminathan, S. Protective Role of Hepcidin in
Polymicrobial Sepsis and Acute Kidney Injury. Front. Pharmacol. 2019, 10, 615. [CrossRef] [PubMed]

Leaf, D.E.; Rajapurkar, M.; Lele, S.S.; Mukhopadhyay, B.; Boerger, E.A.S.; Mc Causland, ER ; Eisenga, M.F; Singh, K.; Babitt, J.L.;
Kellum, J.A,; et al. Iron, Hepcidin, and Death in Human AKI. J. Am. Soc. Nephrol. 2019, 30, 493-504. [CrossRef]

Qiu, Z.-L.; Yan, B.-Q.; Xu, D.-W.; Zhao, R.; Shen, K_; Lu, S.-Q. Mortality and serum hepcidin are associated with persistent and
transient acute kidney injury in septic patients. Clin. Nephrol. 2021, 95, 303-311. [CrossRef]

Qiu, Z.-L.; Yan, B.-Q.; Zhao, R.; Xu, D.-W,; Shen, K.; Deng, X.; Lu, S.-Q. Combination of hepcidin with neutrophil gelatinase-
associated lipocalin for prediction of the development of sepsis-induced acute kidney injury. Clin. Chim. Acta 2021, 523, 38—44.
[CrossRef]

Olinder, J.; Stjerngvist, M.].; Lindén, A.; Salomonsson, E.T.; Annborn, M.; Herwald, H.; Rydén, C. Hepcidin, in contrast to heparin
binding protein, does not portend acute kidney injury in patients with community acquired septic shock. PLoS ONE 2024,
19, €0299257. [CrossRef]

Wang, W.; Knovich, M.A; Coffman, L.G.; Torti, EM.; Torti, S.V. Serum ferritin: Past, present and future. Biochim. Biophys. Acta
(BBA)-Gen. Subj. 2010, 1800, 760-769. [CrossRef]

Garcia, PC.R,; Longhi, F; Branco, R.G.; Piva, ].P; Lacks, D.; Tasker, R.C. Ferritin levels in children with severe sepsis and septic
shock. Acta Paediatr. 2007, 96, 1829-1831. [CrossRef]

Tonial, C.T.; Costa, C.A.D.; Andrades, G.R.H.; Crestani, F.; Einloft, PR.; Bruno, F.; Miranda, A.P,; Fiori, H.H.; Garcia, P.C.R.
Prediction of Poor Outcomes for Septic Children According to Ferritin Levels in a Middle-Income Setting*. Pediatr. Crit. Care Med.
2020, 21, €259-e266. [CrossRef]

Sarkar, M.; Roychowdhury, S.; Uz Zaman, M.; Raut, S.; Bhakta, S.; Nandy, M. Can serum ferritin be employed as prognostic
marker of pediatric septic shock and severe sepsis? J. Pediatr. Crit. Care 2021, 8, 20. [CrossRef]

He, L.; Guo, C; Su, Y,; Ding, N. The relationship between serum ferritin level and clinical outcomes in sepsis based on a large
public database. Sci. Rep. 2023, 13, 8677. [CrossRef] [PubMed]

Zarjou, A.; Black, LM.; McCullough, K.R.; Hull, T.D.; Esman, SK.; Boddu, R.; Varambeally, S.; Chandrashekar, D.S.; Feng, W.;
Arosio, P; et al. Ferritin Light Chain Confers Protection Against Sepsis-Induced Inflammation and Organ Injury. Front. Immunol.
2019, 10, 131. [CrossRef] [PubMed]

Odum, J.D.; Akhter, J.; Verma, V.; Vollmer, G.; Davidson, A.; Hyndman, K.A; Bolisetty, S. Myeloid-specific ferritin light chain
deletion does not exacerbate sepsis-associated AKI. Am. J. Physiol.-Ren. Physiol. 2024, 327, F171-F183. [CrossRef]

Dimitrijevic, Z.M.; Salinger-Martinovic, S.S.; Jankovic, R.J.; Mitic, B.P. Elevated Serum Ferritin Levels Are Predictive of Renal
Function Recovery among Patients with Acute Kidney Injury. Tohoku J. Exp. Med. 2019, 248, 63-71. [CrossRef]

Fang, Y.-P,; Zhang, H.-].; Guo, Z.; Ren, C.-H.; Zhang, Y.-F; Liu, Q.; Wang, Z.; Zhang, X. Effect of Serum Ferritin on the Prognosis
of Patients with Sepsis: Data from the MIMIC-IV Database. Emerg. Med. Int. 2022, 2022, 2104755. [CrossRef] [PubMed]

Zhang, X.; Luo, T,; Luo, Y,; Lu, M,; Xie, Y. Association Between Serum Ferritin and In-hospital Mortality in Critical Ills with
Sepsis-Associated Acute Kidney Injury: A Retrospective Cohort Study. Mod. Health Sci. 2025, 8, p58. [CrossRef]

Weis, S.; Carlos, A.R.; Moita, M.R.; Singh, S.; Blankenhaus, B.; Cardoso, S.; Larsen, R.; Rebelo, S.; Schéduble, S.; Del Barrio, L.; et al.
Metabolic Adaptation Establishes Disease Tolerance to Sepsis. Cell 2017, 169, 1263-1275.e14. [CrossRef]

Wang, T.-W.; Zhou, L.-L.; Yuan, J.; Zhou, W.-X.; Wang, H.-R.; Yu, T.-T.; Zhai, ].-C.; Tang, C.-B.; Jiang, W.; Yu, ].-Q.; et al. Study of
the relationship between iron metabolism disorders and sepsis-associated liver injury: A prospective observational study. World J.
Gastroenterol. 2025, 31, 104584. [CrossRef]

Zhou, E; Yu, T.; Du, R;; Fan, G;; Liu, Y,; Liu, Z,; Xiang, J.; Wang, Y.; Song, B.; Gu, X,; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054-1062.
[CrossRef]

Timpau, A.-S.; Miftode, R.-S.; Petris, A.O.; Costache, I.-1.; Miftode, I.-L.; Rosu, EM.; Anton-Paduraru, D.-T; Leca, D.; Miftode, E.G.
Mortality Predictors in Severe COVID-19 Patients from an East European Tertiary Center: A Never-Ending Challenge for a No
Happy Ending Pandemic. |. Clin. Med. 2021, 11, 58. [CrossRef] [PubMed]

Cao, P; Wu, Y;; Wu, S.; Wu, T; Zhang, Q.; Zhang, R.; Wang, Z.; Zhang, Y. Elevated serum ferritin level effectively discriminates
severity illness and liver injury of coronavirus disease 2019 pneumonia. Biomarkers 2021, 26, 207-212. [CrossRef]

Timpau, A.-S.; Miftode, R.-S.; Costache, I.-I.; Petris, A.O.; Miftode, I.-L.; Gheorghe, L.; Timpau, R.; Miftode, I.D.; Prepeliuc, C.S.;
Coman, I; et al. An Overview of the Impact of Bacterial Infections and the Associated Mortality Predictors in Patients with
COVID-19 Admitted to a Tertiary Center from Eastern Europe. Antibiotics 2023, 12, 144. [CrossRef] [PubMed]

Yoshida, H.; Hunter, C.A. The Immunobiology of Interleukin-27. Annu. Rev. Immunol. 2015, 33, 417-443. [CrossRef]

Wirtz, S.; Tubbe, I.; Galle, PR.; Schild, H.J.; Birkenbach, M.; Blumberg, R.S.; Neurath, M.F. Protection from lethal septic peritonitis
by neutralizing the biological function of interleukin 27. J. Exp. Med. 2006, 203, 1875-1881. [CrossRef]

106



Int. ]. Mol. Sci. 2025, 26, 4825

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

Cao, J.; Xu, F; Lin, S,; Song, Z.; Zhang, L.; Luo, P; Xu, H.; Li, D.; Zheng, K; Ren, G.; et al. IL-27 controls sepsis-induced impairment
of lung antibacterial host defence. Thorax 2014, 69, 926-937. [CrossRef]

Wang, Y.; Zhao, J.; Yao, Y.; Zhao, D.; Liu, S. Interleukin-27 as a Diagnostic Biomarker for Patients with Sepsis: A Meta-Analysis.
BioMed Res. Int. 2021, 2021, 5516940. [CrossRef] [PubMed]

Fan, ].; Zhang, Y.; Zheng, D.; Zhang, M.; Liu, H.; He, M.; Wu, Z. IL-27 is elevated in sepsis with acute hepatic injury and promotes
hepatic damage and inflammation in the CLP model. Cytokine 2020, 127, 154936. [CrossRef]

Fan, J.; He, M.; Wang, C.-J.; Zhang, M. Gadolinium Chloride Inhibits the Production of Liver Interleukin-27 and Mitigates Liver
Injury in the CLP Mouse Model. Mediat. Inflamm. 2021, 2021, 2605973. [CrossRef]

Ye, L.; Wang, L.; Kuang, G.; Zhang, Z.; Peng, Q.; He, M.; Fan, ]. IL-27 aggravates acute hepatic injury by promoting macrophage
M1 polarization to induce Caspase-11 mediated Pyroptosis in vitro and in vivo. Cytokine 2025, 188, 156881. [CrossRef]

Zhou, P; Deng, B.; Wu, M.; Ding, F.; Wang, L. Interleukin-27 Ameliorates Renal Ischemia-Reperfusion Injury through Signal
Transducers and Activators of Transcription 3 Signaling Pathway. Kidney Blood Press. Res. 2019, 44, 1453-1464. [CrossRef]
[PubMed]

Gao, F; Yang, Y.; Feng, X.; Fan, T,; Jiang, L.; Guo, R.; Liu, Q. Interleukin-27 is elevated in sepsis-induced myocardial dysfunction
and mediates inflammation. Cytokine 2016, 88, 1-11. [CrossRef] [PubMed]

Wang, Y.; Zhang, Y.; Shou, S.; Jin, H. The role of IL-17 in acute kidney injury. Int. Immunopharmacol. 2023, 119, 110307. [CrossRef]
Luo, C; Luo, E; Zhang, L.; Xu, Y,; Cai, G.; Fu, B.; Feng, Z.; Sun, X.; Chen, X. Knockout of interleukin-17A protects against
sepsis-associated acute kidney injury. Ann. Intensive Care 2016, 6, 56. [CrossRef] [PubMed]

Maravitsa, P.; Adamopoulou, M.; Pistiki, A.; Netea, M.G.; Louis, K.; Giamarellos-Bourboulis, E.J. Systemic over-release of
interleukin-17 in acute kidney injury after septic shock: Clinical and experimental evidence. Immunol. Lett. 2016, 178, 68-76.
[CrossRef] [PubMed]

Zhou, X,; Yao, J.; Lin, J.; Liu, J.; Dong, L.; Duan, M. Th17/Regulatory T-Cell Imbalance and Acute Kidney Injury in Patients with
Sepsis. J. Clin. Med. 2022, 11, 4027. [CrossRef]

Jin, H.; Wei, W.,; Zhao, Y.; Ma, A.; Sun, K,; Lin, X,; Liu, Q.; Shou, S.; Zhang, Y. The roles of interleukin-17A in risk stratification and
prognosis of patients with sepsis-associated acute kidney injury. Kidney Res. Clin. Pract. 2023, 42, 742-750. [CrossRef]

Li, L.; Chen, L.; Lin, E; Mu, J.; Wang, D.; Zhang, W.; Mi, L.; Qin, Y.; Zhou, Y. Study of the Expression of Inflammatory Factors IL-4,
IL-6, IL-10, and IL-17 in Liver Failure Complicated by Coagulation Dysfunction and Sepsis. . Inflamm. Res. 2021, 14, 1447-1453.
[CrossRef]

Sabat, R. IL-10 family of cytokines. Cytokine Growth Factor Rev. 2010, 21, 315-324. [CrossRef]

Knolle, P.A.; Loser, E.; Protzer, U.; Duchmann, R.; Schmitt, E.; Zum Biischenfelde, K.-H.M.; Rose-John, S.; Gerken, G. Regulation
of endotoxin-induced IL-6 production in liver sinusoidal endothelial cells and Kupffer cells by IL-10. Clin. Exp. Immunol. 2003,
107, 555-561. [CrossRef]

Jensen, L.].; McGonagill, PW.; Butler, N.S.; Harty, ].T,; Griffith, T.S.; Badovinac, V.P. NK Cell-Derived IL-10 Supports Host Survival
during Sepsis. J. Immunol. 2021, 206, 1171-1180. [CrossRef] [PubMed]

Zeng, G.; Chen, D.; Zhou, R.; Zhao, X.; Ye, C.; Tao, H.; Sheng, W.; Wu, Y. Combination of C-reactive protein, procalcitonin, IL -6,
IL -8, and IL -10 for early diagnosis of hyperinflammatory state and organ dysfunction in pediatric sepsis. Clin. Lab. Anal. 2022,
36, €24505. [CrossRef]

Lee, S.-Y,; Lee, Y.-S.; Choi, H.-M.; Ko, Y.-S.; Lee, H.-Y;; Jo, S.-K.; Cho, W.-Y.; Kim, H.-K. Distinct pathophysiologic mechanisms of
septic acute kidney injury: Role of immune suppression and renal tubular cell apoptosis in murine model of septic acute kidney
injury. Crit. Care Med. 2012, 40, 2997-3006. [CrossRef] [PubMed]

Cho, E.; Lee, J.H.; Lim, H.J.; Oh, SW.; Jo, SK.; Cho, W.Y,; Kim, H.; Lee, S.Y. Soluble CD25 is increased in patients with
sepsis-induced acute kidney injury. Nephrology 2014, 19, 318-324. [CrossRef] [PubMed]

Xu, H.; Turnquist, H.R.; Hoffman, R.; Billiar, T.R. Role of the IL-33-ST2 axis in sepsis. Mil. Med. Res. 2017, 4, 3. [CrossRef]

Zhou, Y.; Xu, Z.; Liu, Z. Role of IL-33-ST2 pathway in regulating inflammation: Current evidence and future perspectives. |.
Transl. Med. 2023, 21, 902. [CrossRef]

Hur, M.; Kim, H.; Kim, H.J.; Yang, H.S.; Magrini, L.; Marino, R.; Cardelli, P; Somma, S.D.; Network, O.B.O.G. Soluble ST2 Has a
Prognostic Role in Patients With Suspected Sepsis. Ann. Lab. Med. 2015, 35, 570-577. [CrossRef]

Cepoi, M.-R.; Duca, S.T.; Chetran, A.; Costache, A.D.; Spiridon, M.R.; Afrdsénie, I.; Leanca, S.A.; Dmour, B.-A.; Matei, L.T.; Miftode,
R.S; et al. Chronic Kidney Disease Associated with Ischemic Heart Disease: To What Extent Do Biomarkers Help? Life 2023,
14, 34. [CrossRef]

Alves-Filho, ].C.; Sénego, E; Souto, F.O.; Freitas, A.; Verri, W.A.; Auxiliadora-Martins, M.; Basile-Filho, A.; McKenzie, A.N.; Xu,
D.; Cunha, EQ,; et al. Interleukin-33 attenuates sepsis by enhancing neutrophil influx to the site of infection. Nat. Med. 2010, 16,
708-712. [CrossRef]

Bao, Q.; Lv, R.; Lei, M. IL-33 attenuates mortality by promoting IFN-y production in sepsis. Inflamm. Res. 2018, 67, 531-538.
[CrossRef]

107



Int. ]. Mol. Sci. 2025, 26, 4825

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Vrsaljko, N.; Radmanic Matotek, L.; Zidovec-Lepej, S.; Vince, A.; Papic, N. The Impact of Steatotic Liver Disease on Cytokine and
Chemokine Kinetics During Sepsis. Int. ]. Mol. Sci. 2025, 26, 2226. [CrossRef] [PubMed]

Akcay, A.; Nguyen, Q.; He, Z.; Turkmen, K.; Won Lee, D.; Hernando, A.A.; Altmann, C.; Toker, A.; Pacic, A.; Ljubanovic, D.G.;
et al. IL-33 Exacerbates Acute Kidney Injury. J. Am. Soc. Nephrol. 2011, 22, 2057-2067. [CrossRef]

Erfurt, S.; Hoffmeister, M.; Oess, S.; Asmus, K.; Patschan, S.; Ritter, O.; Patschan, D. Soluble IL-33 receptor predicts survival in
acute kidney injury. J. Circ. Biomark. 2022, 11, 28-35. [CrossRef] [PubMed]

Huang, W.; Tang, Y.; Li, L. HMGBI, a potent proinflammatory cytokine in sepsis. Cytokine 2010, 51, 119-126. [CrossRef]

Diener, K.R.; Al-Dasoogqi, N.; Lousberg, E.L.; Hayball, J.D. The multifunctional alarmin HMGB1 with roles in the pathophysiology
of sepsis and cancer. Immunol. Cell Biol. 2013, 91, 443-450. [CrossRef] [PubMed]

Gibot, S.; Massin, E; Cravoisy, A.; Barraud, D.; Nace, L.; Levy, B.; Bollaert, P.-E. High-mobility group box 1 protein plasma
concentrations during septic shock. Intensive Care Med. 2007, 33, 1347-1353. [CrossRef]

Sundén-Cullberg, J.; Norrby-Teglund, A.; Rouhiainen, A.; Rauvala, H.; Herman, G.; Tracey, K.J.; Lee, M.L.; Andersson, J.; Tokics,
L.; Treutiger, C.J. Persistent elevation of high mobility group box-1 protein (HMGB1) in patients with severe sepsis and septic
shock*. Crit. Care Med. 2005, 33, 564-573. [CrossRef]

Karakike, E.; Adami, M.-E.; Lada, M.; Gkavogianni, T.; Koutelidakis, I.M.; Bauer, M.; Giamarellos-Bourboulis, E.J.; Tsangaris, I.
Late Peaks of HMGB1 and Sepsis Outcome: Evidence For Synergy With Chronic Inflammatory Disorders. Shock 2019, 52, 334-339.
[CrossRef]

Wang, W.; Sun, L.; Deng, Y.; Tang, J. Synergistic effects of antibodies against high-mobility group box 1 and tumor necrosis
factor-o antibodies on D -(+)-galactosamine hydrochloride/lipopolysaccharide-induced acute liver failure. FEBS ]. 2013, 280,
1409-1419. [CrossRef]

Huang, Y,; Zang, K; Shang, E.; Guo, S.; Gao, L.; Zhang, X. HMGB1 mediates acute liver injury in sepsis through pyroptosis of
liver macrophages. Int. J. Burn. Trauma 2020, 10, 60.

Wang, Y.; Zhang, H.; Chen, Q.; Jiao, F; Shi, C.; Pei, M; Ly, ]J.; Zhang, H.; Wang, L.; Gong, Z. TNF-oc/HMGBI1 inflammation
signalling pathway regulates pyroptosis during liver failure and acute kidney injury. Cell Prolif. 2020, 53, €12829. [CrossRef]
[PubMed]

Zheng, S.; Pan, Y.; Wang, C.; Liu, Y.; Shi, M.; Ding, G. HMGBI1 Turns Renal Tubular Epithelial Cells into Inflammatory Promoters
by Interacting with TLR4 During Sepsis. |. Interferon Cytokine Res. 2016, 36, 9-19. [CrossRef]

Khorashadi, M.; Beunders, R.; Pickkers, P.; Legrand, M. Proenkephalin: A New Biomarker for Glomerular Filtration Rate and
Acute Kidney Injury. Nephron 2020, 144, 655-661. [CrossRef]

Beunders, R; Struck, J.; Wu, A H.B.; Zarbock, A.; Di Somma, S.; Mehta, R.L.; Koyner, J.L.; Nadim, M.K.; Maisel, A.S.; Murray, P.T.;
et al. Proenkephalin (PENK) as a Novel Biomarker for Kidney Function. J. Appl. Lab. Med. 2017, 2, 400-412. [CrossRef]

Schulte, J.; Dépret, E; Hartmann, O.; Pickkers, P; Laterre, P.-F.; Uhle, F. AdrenOSS-1 study investigators. Clinical performance of
proenkephalin A 119-159 for the early diagnosis of acute kidney injury in patients with sepsis or septic shock. medRxiv 2024.
[CrossRef]

Caironi, P; Latini, R.; Struck, J.; Hartmann, O.; Bergmann, A.; Bellato, V.; Ferraris, S.; Tognoni, G.; Pesenti, A.; Gattinoni, L.; et al.
Circulating Proenkephalin, Acute Kidney Injury, and Its Improvement in Patients with Severe Sepsis or Shock. Clin. Chem. 2018,
64, 1361-1369. [CrossRef] [PubMed]

Lin, L.-C.; Chuan, M.-H.; Liu, ].-H.; Liao, H.-W.; Ng, L.L.; Magnusson, M.; Jujic, A.; Pan, H.-C.; Wu, V.-C.; Forni, L.G. Proenkephalin
as a biomarker correlates with acute kidney injury: A systematic review with meta-analysis and trial sequential analysis. Crit.
Care 2023, 27, 481. [CrossRef]

Verras, C.; Bezati, S.; Bistola, V.; Ventoulis, I.; Matsiras, D.; Tsiodras, S.; Parissis, J.; Polyzogopoulou, E. Point-of-Care Serum
Proenkephalin as an Early Predictor of Mortality in Patients Presenting to the Emergency Department with Septic Shock.
Biomedicines 2024, 12, 1004. [CrossRef]

Kim, H.; Hur, M,; Struck, J.; Bergmann, A.; Somma, S.D.; GREAT Network. Proenkephalin Predicts Organ Failure, Renal
Replacement Therapy, and Mortality in Patients With Sepsis. Ann. Lab. Med. 2020, 40, 466—473. [CrossRef] [PubMed]
Tokunaga, R.; Zhang, W.; Naseem, M.; Puccini, A.; Berger, M.D.; Soni, S.; McSkane, M.; Baba, H.; Lenz, H.-]. CXCL9, CXCL10,
CXCL11/CXCR3 axis for immune activation—A target for novel cancer therapy. Cancer Treat. Rev. 2018, 63, 40-47. [CrossRef]
Giamarellos-Bourboulis, E.J.; Antonelli, M.; Bloos, F.; Kotsamidi, I.; Psarrakis, C.; Dakou, K.; Thomas-Riiddel, D.; Montini, L.;
Briegel, J.; Damoraki, G.; et al. Interferon-gamma driven elevation of CXCL9: A new sepsis endotype independently associated
with mortality. eBioMedicine 2024, 109, 105414. [CrossRef]

Moledina, D.G.; Obeid, W.; Smith, R.N.; Rosales, I.; Sise, M.E.; Moeckel, G.; Kashgarian, M.; Kuperman, M.; Campbell, K.N.;
Lefferts, S.; et al. Identification and validation of urinary CXCL9 as a biomarker for diagnosis of acute interstitial nephritis. J. Clin.
Investig. 2023, 133, €168950. [CrossRef] [PubMed]

Yang, H.; Chen, Y,; He, J.; Li, Y.; Feng, Y. Advances in the diagnosis of early biomarkers for acute kidney injury: A literature
review. BMC Nephrol. 2025, 26, 115. [CrossRef] [PubMed]

108



Int. ]. Mol. Sci. 2025, 26, 4825

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Saiman, Y.; Friedman, S.L. The Role of Chemokines in Acute Liver Injury. Front. Physiol. 2012, 3, 213. [CrossRef]

Plevriti, A.; Lamprou, M.; Mourkogianni, E.; Skoulas, N.; Giannakopoulou, M.; Sajib, M.S.; Wang, Z.; Mattheolabakis, G.;
Chatzigeorgiou, A.; Marazioti, A.; et al. The Role of Soluble CD163 (sCD163) in Human Physiology and Pathophysiology. Cells
2024, 13, 1679. [CrossRef] [PubMed]

Feng, L.; Zhou, X,; Su, L.-X.; Feng, D.; Jia, Y.-H.; Xie, L.-X. Clinical Significance of Soluble Hemoglobin Scavenger Receptor CD163
(sCD163) in Sepsis, a Prospective Study. PLoS ONE 2012, 7, e38400. [CrossRef]

Gaini, S.; Pedersen, S.S.; Koldkjeer, O.G.; Pedersen, C.; Moestrup, S.K.; Meller, H.]. New immunological serum markers in
bacteraemia: Anti-inflammatory soluble CD163, but not proinflammatory high mobility group-box 1 protein, is related to
prognosis. Clin. Exp. Immunol. 2008, 151, 423-431. [CrossRef]

Abdelrahman, R.; Wagih, A.; Elbarbary, A. The diagnostic value of serum level of soluble hemoglobin scavenger receptor CD163
for sepsis in the ICU. Tanta Med. J. 2015, 43, 9. [CrossRef]

Mierzchata-Pasierb, M.; Lipiniska-Gediga, M.; Lewandowski, L.; Krzystek-Korpacka, M. Alterations in Serum Concentration of
Soluble CD163 within Five Study Days from ICU Admission Are Associated with In-Hospital Mortality of Septic Patients—A
Preliminary Study. Int. |. Environ. Res. Public Health 2023, 20, 2263. [CrossRef]

Su, L,; Feng, L.; Liu, C,; Jiang, Z.; Li, M.; Xiao, K.; Yan, P; Jia, Y.; Feng, D.; Xie, L. Diagnostic value of urine sCD163 levels for
sepsis and relevant acute kidney injury: A prospective study. BMC Nephrol. 2012, 13, 123. [CrossRef]

Moller, H.J.; Grenbeaek, H.; Schiedt, F.V.; Holland-Fischer, P.; Schilsky, M.; Munoz, S.; Hassanein, T.; Lee, W.M. Soluble CD163
from activated macrophages predicts mortality in acute liver failure. J. Hepatol. 2007, 47, 671-676. [CrossRef]

Tornai, T.; Vitalis, Z.; Sipeki, N.; Dinya, T.; Tornai, D.; Antal-Szalmas, P.; Karanyi, Z.; Tornai, I.; Papp, M. Macrophage activation
marker, soluble CD 163, is an independent predictor of short-term mortality in patients with cirrhosis and bacterial infection.
Liver Int. 2016, 36, 1628-1638. [CrossRef] [PubMed]

Damoiseaux, J. The IL-2—IL-2 receptor pathway in health and disease: The role of the soluble IL-2 receptor. Clin. Immunol. 2020,
218, 108515. [CrossRef] [PubMed]

Garcia-Obregon, S.; Azkargorta, M.; Seijas, I.; Pilar-Orive, J.; Borrego, E; Elortza, F.; Boyano, M.D.; Astigarraga, I. Identification of
a panel of serum protein markers in early stage of sepsis and its validation in a cohort of patients. J. Microbiol. Immunol. Infect.
2018, 51, 465-472. [CrossRef] [PubMed]

Komorowski, M.; Green, A.; Tatham, K.C.; Seymour, C.; Antcliffe, D. Sepsis biomarkers and diagnostic tools with a focus on
machine learning. eBioMedicine 2022, 86, 104394. [CrossRef]

He, R-R;; Yue, G.-L.; Dong, M.-L.; Wang, J.-Q.; Cheng, C. Sepsis Biomarkers: Advancements and Clinical Applications—A
Narrative Review. Int. ]. Mol. Sci. 2024, 25,9010. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

109



E' International Journal of K\
?] Molecular Sciences MD\Py

Review

The Role of Scavenger Receptor BI in Sepsis

Dan Hao !, Jian-Yao Xue !, Qian Wang ?, Ling Guo ? and Xiang-An Li 1.234*

Department of Pharmacology and Nutritional Sciences, University of Kentucky College of Medicine,
Lexington, KY 40536, USA

Saha Cardiovascular Research Center, University of Kentucky, Lexington, KY 40536, USA

Lexington VA Healthcare System, Lexington, KY 40502, USA

Department of Physiology, University of Kentucky, Lexington, KY 40536, USA

*  Correspondence: xli2@email.uky.edu

=W N

Abstract: Sepsis is a life-threatening condition resulting from a dysregulated host response to
infection. Currently, there is no effective therapy for sepsis due to an incomplete understanding of
its pathogenesis. Scavenger receptor BI (SR-BI) is a high-density lipoprotein (HDL) receptor that
plays a key role in HDL metabolism by modulating the selective uptake of cholesteryl ester from
HDL. Recent studies, including those from our laboratory, indicate that SR-BI protects against sepsis
through multiple mechanisms: (1) preventing nitric oxide-induced cytotoxicity; (2) promoting hepatic
lipopolysaccharide (LPS) clearance and regulating cholesterol metabolism in the liver; (3) inhibiting
LPS-induced inflammatory signaling in macrophages; and (4) mediating the uptake of cholesterol
from HDL for inducible glucocorticoid (iGC) synthesis in the adrenal gland, which controls systemic
inflammatory response. In this article, we review the roles of SR-BI in sepsis.

Keywords: scavenger receptor BI; SR-BI; HDL; sepsis; adrenal stress response; glucocorticoid;

precision medicine

1. Introduction

Sepsis is a major health issue, affecting 49 million people annually [1]. Sepsis results
from a dysregulated host response to infection [2]. Upon infection (Figure 1), pattern recog-
nition receptors (PRRs) on immune cells recognize and bind to the molecular structures of
the invading microorganism, known as pathogen- or damage-associated molecular patterns
(PAMPs and DAMPs). These trigger the activation of the innate immune system, leading
to the release of cytokines, chemokines, nitric oxide, and oxygen radicals, and complement
system activation. Concurrently, coagulation is triggered by endothelial damage and am-
plified by pro-inflammatory cytokines. The complement system and coagulation cascades
cause vascular instability, microvascular occlusion, coagulation, fever, and capillary leakage,
ultimately contributing to the development of multiple-organ failure [3-5]. Despite exten-
sive efforts, hundreds of sepsis therapies have proven to be unsuccessful. An incomplete
understanding of the pathogenesis of sepsis may contribute to these failed efforts.

Scavenger receptor BI (SR-BI) is a 75 kDa cell surface glycoprotein that is highly ex-
pressed in various tissues, including the liver, endothelial cells, macrophages, and steroido-
genic tissues [6-8]. It was initially identified by Dr. Krieger’s group as a receptor that binds
to acetylated low-density lipoprotein (LDL), oxidized LDL, and native LDL in vivo [9]. Two
years later, their research revealed that SR-BI also binds to high-density lipoprotein (HDL)
and facilitates the selective uptake of cholesteryl esters from HDL particles into cells. This
remarkable function led to its designation as “the HDL receptor” [10-14]. SR-BI-mediated
uptake of cholesteryl ester from HDL is essential for reverse cholesterol transport in the
liver, where HDL collects cholesterol from peripheral tissues and transfers it to hepatic SR-
BI for disposal in bile. Mice deficient in SR-BI have elevated HDL levels, female infertility,
and autoimmune disorders with aging [15], and are susceptible to atherosclerosis [16-20].
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Similarly, humans with loss-of-function mutations in SR-BI exhibit impaired uptake of
cholesteryl esters from HDL, elevated HDL levels, and an increased risk of coronary heart
disease [21,22]. This indicates that SR-BI has similar functions in both humans and rodents
(please refer to SR-BI reviews [23-25]).
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Figure 1. The pathogenesis of sepsis. Upon infection, pattern recognition receptors (PRRs) on
immune cells recognize and bind to specific microbial structures known as PAMPs or DAMPs.
The activation of the innate immune system results in the release of cytokines/chemokines, nitric
oxide, and oxygen radicals, and complement system activation. This process leads to coagulation
due to endothelial damage and the rapid release of pro-inflammatory cytokines. The complement
system and coagulation cascades subsequently reduce vascular stability and cause microvascular
blockages, resulting in coagulation, fever, capillary leakage, and ultimately multiple-organ failure.
These factors drive the typical inflammatory response underlying sepsis” pathophysiology. LPS,
lipopolysaccharide; LTA, lipoteichoic acid; PAMPs, pathogen-associated molecular patterns; DAMPs,
damage-associated molecular patterns; TLR4, toll-like receptor 4; TF, tissue factor; PAI-1, plasminogen
activator inhibitor-1; IL-1, interleukin-1; TNF-1«, tumor necrosis factor-1 alpha; NO, nitric oxide.

Dr. Li’s laboratory first reported the protective effect of SR-BI against sepsis. They
found that SR-BI-null mice have significantly higher mortality in LPS-induced sepsis (90%
mortality in SR-BI-null mice versus 0% in wild-type mice) [26]. Using a cecal ligation
and puncture (CLP)-induced sepsis model, they confirmed the protective role of SR-BI
in sepsis [27]. Subsequent research from a number of laboratories has elucidated various
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mechanisms through which SR-BI exerts its protective functions, which will be explored in
the following discussion.

2. Scavenger Receptor BI Protects Against Nitric-Oxide-Induced Cytotoxicity

It has been shown that HDL can enhance endothelial function and nitric oxide (NO)-
dependent relaxation in aortas. However, this beneficial effect is not observed in the aortas
of SR-BI-null mice, emphasizing the crucial role of SR-Bl in this process. Further investiga-
tion has shown that HDL activates eNOS through SR-BI [28-31]. NO is a highly reactive
molecule produced by nitric oxide synthase (NOS). It defends against pathogens but can
become cytotoxic in excess [32]. It reacts with superoxide to form the hazardous peroxyni-
trite, leading to nitrotyrosine formation and cytotoxicity [33]. This process, called nitric
oxidative stress, underlies diseases like septic shock [34], atherosclerosis [35], Alzheimer’s
disease [36], and diabetes [37]. Using Chinese Hamster Ovary (CHO) cell lines expressing
wild-type or mutant SR-BI, Dr. Li’s laboratory demonstrated SR-BI’s protection against
NO-induced cytotoxicity [26]. Using SR-BI-null mice, they found that SR-BI significantly
reduces protein tyrosine nitration in the aorta and liver. To further investigate the physio-
logical and pathological significance of SR-BI’s protection against NO-induced cytotoxicity,
they used a lipopolysaccharide (LPS) challenge as a model. When challenged with a low
dose of LPS, 90% of SR-Bl-knockout mice died, whereas none of the wild-type littermates
died. An LPS challenge induces endotoxemia and serves as a model of sepsis. These
findings establish SR-BI’s protective role against sepsis.

3. Scavenger Receptor BI Mediates Lipopolysaccharide Clearance

SR-BI also functions as a receptor for LPS, a key factor in septic shock, and it is highly
expressed in the liver, the primary site for LPS clearance. It is therefore considered pivotal in
facilitating LPS clearance by the liver. Evidence shows that SR-BI binds and internalizes LPS
in HeLa cells and macrophages, facilitating LPS clearance into hepatocytes and reducing
the LPS burden [38]. Guo et al. demonstrated the role of SR-BI in LPS recruitment and
clearance in CLP-induced sepsis [27]. Cai et al. found that SR-BI-null mice exhibited
reduced plasma LPS clearance into the liver and hepatocytes [39], further emphasizing
the crucial function of SR-BI in facilitating LPS clearance. Hepatic SR-Bl is crucial for LPS
clearance during sepsis, as observed in mice with hepatic SR-BI deficiency (Scarb1"7N
mice), experiencing a three-fold increase in serum LPS levels during CLP-induced sepsis
compared to control mice [40]. These findings highlight the significant role of SR-BI in
promoting LPS clearance during sepsis.

4. Scavenger Receptor BI-Mediated Cholesterol Metabolism Is Required for Protection
Against Sepsis

Lipid metabolism often goes haywire in septic patients, leading to complications.
Increased lipolysis releases free fatty acids (FFAs) into the bloodstream, but their utilization
is impaired due to mitochondrial dysfunction and reduced enzyme activity. The systemic
inflammatory response inhibits lipoprotein lipase (LPL), altering lipoprotein profiles and
exacerbating inflammation. Oxidative stress further contributes to lipid peroxidation,
damaging cell membranes and worsening lipid metabolism. These disruptions contribute
to the pathophysiology of sepsis and affect patient outcomes [41,42].

Reverse cholesterol transport (RCT) plays a vital role in managing cholesterol levels
in the bloodstream. During RCT, HDL gathers cholesterol from peripheral tissues and
delivers it to the liver’s SR-BI receptors. SR-BI then facilitates the uptake of cholesteryl
esters from HDL, which are eventually excreted via bile. In a recent study by Wang et al.,
researchers used liver-specific SR-BI-null (AlbCreSR-BI/fly mice, which have impaired
RCT, to explore how this process affects sepsis [43]. They discovered that these mice were
much more vulnerable to CLP-induced polymicrobial sepsis, with a survival rate of only
14.3% compared to 80% in their SR-BI/f! littermates. Mechanistically, sepsis disrupted
cholesterol metabolism in these mice, leading to a 4.8-fold increase in free cholesterol (FC)
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levels and a 4-fold increase in the FC/cholesteryl ester (CE) ratio compared to the control
group. This disruption resulted in hemolysis and death. Interestingly, when the cholesterol-
lowering drug probucol was administered, it normalized FC levels and the FC/CE ratio,
significantly improving survival rates in the CLP-AIbCreSR-BI/fl mice. However, probucol
treatment had the opposite effect in CLP-LDLR-knockout mice, which had elevated CE
levels and a low FC/CE ratio, reducing their survival. These findings underscore that
elevated FC levels and a high FC/CE ratio are significant risk factors for sepsis. Therefore,
targeting these elevated FC levels and the FC/CE ratio could be a promising therapeutic
strategy for managing sepsis.

5. Scavenger Receptor BI Regulates Inflammatory Response

Macrophages are a major cell type responsible for cytokine production, and SR-BI
appears to regulate their inflammatory signaling. The expression of SR-BI suppresses
inflammatory cytokine production in LPS-stimulated macrophages by modulating the
TLR4-NF-«B pathway. Further study demonstrated that the regulation of SR-BI involves
JNK and P38 signaling pathways [44]. Hematopoietic SR-BI deficiency leads to increased
cytokine production in response to LPS, indicating its role in controlling in vivo inflamma-
tion. The inhibitory effects of SR-BI on the macrophage inflammation protect against septic
death, exemplified by SR-BIC323G overexpression (a mutant SR-BI deficient in glucocorti-
coid generation but capable of suppressing TLR4-NF-xB signaling) significantly improving
survival in SR-Bl-deficient mice during a CLP challenge [27]. A recent bulk RNA-seq
analysis found that adrenal SR-BI-knockout mice displayed hyperinflammatory responses
during sepsis due to the transcriptional dysregulation of AP-1 and NK-«B. GC therapy
effectively rescued these mice [45]. These findings underscore SR-BI’s role in inflammation
and its vital role in moderating inflammation for protection against sepsis-induced death.

Using the LPS model, Cai et al. confirmed that SR-Bl-knockout mice are susceptible
to LPS-induced endotoxic death, which is associated with a systemic hyperinflammatory
response [39]. They further found that a deficiency in SR-BI leads to low levels of gluco-
corticoid (GC) production, which contributes to the uncontrolled inflammatory response
(discussed further below).

6. Scavenger Receptor BI Regulates Adrenal Stress Response in Sepsis

In the adrenal gland, glucocorticoid (GC) production is markedly induced in response
to septic stress and serves as potent inflammatory modulators during sepsis [46]. We refer to
this stress-induced GC (iGC) as the adrenal stress response. GC is derived from intracellular
cholesterol, which comes from three resources: (1) uptake from LDL through LDL receptors;
(2) uptake from HDL through SR-BI; and (3) de novo synthesis. The SR-BI-HDL pathway
appears to play a key role in iGC production. SR-Bl-deficient mice maintain normal basal
GC levels under physiological conditions, but cannot generate iGC under stress conditions
induced by factors like LPS [39], adrenocorticotropic hormone (ACTH) stimulation [39],
CLP [27,47,48], or long-term fasting [49,50]. SR-BI-null mice exhibit normal expression in
key genes related to cholesterol de novo synthesis [39]. Given that rodents mainly have
HDL with very low LDL levels in circulation, we generated humanized SR-BI-/- ApoBtg
mice (SR-BI-null mice express with ApoB) with high LDL in circulation. The mice also
failed to produce iGC in response to ACTH stimulation or under sepsis conditions [51].
Regarding the role of SR-BI in humans, an early study showed that human carriers” SR-BI
P297S mutant, which has a 50% reduction in the uptake of cholesterol from HDL, displays
a 50% reduction in iGC production to ACTH stimulation [22]. In contrast to SR-BI, a
50% reduction in LDL receptors in familial hypercholesterolemia patients does not hinder
cholesterol delivery to the adrenal cortex [52]. These studies establish the SR-BI-HDL
pathway as a key regulator of iGC production in sepsis.
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7. Scavenger Receptor BI-Mediated Adrenal Stress Response Is an Essential Host
Response for Protection Against Sepsis

SR-BI-null mice have a normal corticosterone level under physiologic conditions
but lack iGC production during sepsis. This makes SR-BI-null mice a useful model to
investigate the role of iGC in sepsis. Using whole-body SR-BI-null mice and the LPS
endotoxemia model, Cai et al. showed that a lack of iGC production results in significantly
elevated cytokine levels in circulation [39]. Using SF1CreHypoSR-BI/fl and the CLP sepsis
model, Dr. Huby’s group showed that these mice are more susceptible to CLP-induced
septic death than control (HypoSR-BI/l) mice [47]. Using adrenal transplant-generated
adrenal-specific SR-BI-null mice and the CLP sepsis model [48], Dr. Li’s laboratory showed
that mice deficient in adrenal SR-BI fail to produce iGC production in response to a CLP
challenge and are more susceptible to CLP-induced septic death. Importantly, GC treat-
ment two hours post CLP effectively rescued adrenal-specific SR-BI-null mice, but caused
increased mortality in wild-type control mice. Since adrenal transplantation may disrupt
catecholamine production by the adrenal gland, Dr. Li’s laboratory generated new adrenal-
specific SR-BI-null (SF1CreSR-BI/fl) mice using floxed SR-BI mice [53,54]. They showed
that adrenal SR-Bl-specific knockout mice have impaired iGC production in response
to ACTH stimulation and to CLP-induced sepsis. They demonstrated that while both
wild-type and SF1CreSR-BI/fl mice exhibit a hyperinflammatory phenotype in the early
stages of sepsis, iGC keeps the inflammatory response under control in wild-type mice. In
contrast, SF1CreSR-BI/fl mice experience uncontrolled hyperinflammation due to the lack
of iGC. These mice are more susceptible to CLP-induced sepsis. Supplementation with
a low stress dose of GC in SF1CreSR-BI/fl mice controls the inflammatory response and
rescues the mice. However, SR-BI/fl mice receiving GC treatment exhibited significantly
less survival rates compared to SR-BI/fl mice without GC treatment.

Dr. Li’s laboratory further assessed the importance of SR-BI-mediated iGC production
in pediatric sepsis using 21-day-old mice [45]. Mice deficient in adrenal SR-BI were sus-
ceptible to both CLP and cecal slurry-induced septic death. SF1CreSRBI/l mice featured
persistent inflammatory responses, and were effectively rescued by administering GC two
hours post CLP. GC treatment did not improve survival in CLP-challenged wild-type mice.
Using an RN A-seq analysis, they found that the lack of iGC production in SF1CreSRBI/f!
mice caused persistent inflammatory responses, primarily due to the transcriptional dysreg-
ulation of activator protein 1 (AP-1) and nuclear factor kappa B (NF-xB) [45]. In addition,
they found that iGC functions to control cytokine-induced secondary inflammatory re-
sponse [45].

It is of interest to discuss the effect of pretreatment of SR-BI KO mice with GC in
LPS and CLP models. In an LPS endotoxemia model, Cai et al. [39] treated the mice with
corticosterone via drinking water, 8 h prior to LPS injection, which effectively improved
survival rates and physical condition in SR-BI-null mice. In a CLP-induced septic mice
model [27], Guo et al. showed that corticosterone supplementation 8 h before CLP surgery
does not rescue SR-Bl-null mice from CLP-induced septic death. This may result from
differences in the immune response between CLP-induced sepsis models and LPS-induced
endotoxemia models. LPS injection simply triggers the release of inflammatory cytokines,
which can be controlled by corticosterone supplementation; however, CLP-induced sep-
sis involves bacterial infection and necessary cytokine production for immune defense.
Corticosterone given 8 h before CLP surgery could potentially leave the host vulnerable
by suppressing the essential early immune response, making glucocorticoid pretreatment
unfeasible for sepsis therapy. In another study, Leelahavanichkul et al. administered a high
dose of dexamethasone to SR-BI KO and wild-type control mice 24 h before CLP, and found
increased survival in SR-BI KO mice [55]. Unfortunately, the data did not support such
a conclusion due to flaws in the experimental design [56]. For example, dexamethasone
pretreatment completely eliminated SR-BI expression in the adrenal gland in wild-type con-
trol mice; the study used SR-BI-null mice on a C57BL/6/129 mixed background but used
C57BL/6N mice as controls. Given that C57BL/6N mice are significantly more susceptible
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to sepsis than mice with a mixed background and that the adrenal SR-BI plays a key role
in protection against sepsis, the increased survival in SR-BI KO mice is more likely due to
the effect of GC pretreatment and the effect of the background. These early studies clearly
showed that GC treatment to septic wild-type mice, especially pretreatment, is harmful.

8. Conclusions

SR-BI protects against sepsis through multiple mechanisms (Figure 2): (1) SR-BI
protects against NO-induced cytotoxicity; (2) SR-BI mediates hepatic LPS clearance and
cholesterol metabolism; (3) macrophage SR-Bl inhibits LPS-induced inflammatory signaling;
(4) adrenal SR-BI mediates the uptake of cholesterol from HDL for iGC synthesis, which
controls the systemic inflammatory response.

Prevent NO cytotoxicity Mediate LPS clearance and
cholesterol metabolism

Role of Scavenger
Receptor Bl in sepsis

Cholesterol

L
iGC
Macrophages Adrenal gland

Suppress inflammatory signaling Regulate iGC generation
in macrophages

Figure 2. Summary of SR-BI protection against sepsis. SR-BI exerts its protective effect in sepsis
through multiple mechanisms: (1) prevent NO-induced cytotoxicity; (2) mediate LPS clearance and
cholesterol metabolism in liver; (3) suppress LPS-induced inflammatory signaling in macrophages;
(4) mediate uptake of cholesterol from HDL for iGC synthesis in adrenal gland, which controls

systemic inflammatory response.

9. Future Direction

Extensive clinical trials have failed to improve survival in septic patients [57]. A limi-
tation is that these therapies were applied non-selectively to all septic patients. However,
septic patients have heterogeneous clinical endotypes. Given the complexity of sepsis,
emerging voices [58-60], including ours [45,48,53,61], have called for a precision medicine
approach to sepsis therapy. Targeting a subgroup of patients with a specific endotype is a
key component of a successful precision medicine approach [62,63].

Dysregulated lipid metabolism is common in septic patients [64], and statins have
been tested as a sepsis therapy. However, the efficacy of statins is controversial [65-69].
A potential issue is that statins have been used indiscriminately in all septic patients,
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without accounting for variations in cholesterol metabolic subtypes. A mechanistic study
using hepatic SR-BI-null mice as a model of dysregulated reverse cholesterol transport
demonstrated that elevated free cholesterol, with a high free cholesterol/cholesteryl ester
ratio, is a risk factor for sepsis [43]. Lowering cholesterol with probucol improved survival
in hepatic SR-BI-null mice. Thus, probucol or statin treatment for septic patients with
high free cholesterol levels and a high free cholesterol/cholesteryl ester ratio may offer an
effective sepsis therapy.

Glucocorticoid (GC) therapy has been frequently used in septic patients, but its effec-
tiveness remains hotly debated [70,71]. Current guidelines suggest GC therapy for septic
patients experiencing shock [71]. While GC plays an important role in regulating blood
pressure, this recommendation is largely based on clinical observations. Hypotension
results from organ dysfunction. Given that hyperinflammation significantly contributes to
organ injury, and mechanistic studies using adrenal SR-BI-null mice as an adrenal insuf-
ficiency model have demonstrated that GC functions control inflammation, and adrenal
insufficiency is a risk factor for sepsis, we advocate for a precision medicine approach to
guide GC therapy for sepsis—timely and selectively applying GC therapy to patients with
adrenal insufficiency, not without.
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Abstract: Fungal colonization poses a significant risk for neonates, leading to invasive infections such
as fungemia. While Candida species are the most commonly identified pathogens, other rare yeasts
are increasingly reported, complicating diagnosis and treatment due to limited data on antifungal
pharmacokinetics. These emerging yeasts, often opportunistic, underscore the critical need for early
diagnosis and targeted therapy in neonates. This systematic review aims to comprehensively analyze
all published cases of neonatal fungemia caused by rare opportunistic yeasts, examining geographical
distribution, species involved, risk factors, treatment approaches, and outcomes. Searching two
databases (PubMed and SCOPUS), 89 relevant studies with a total of 342 cases were identified in the
42-year period; 62% of the cases occurred in Asia. Pichia anomala (31%), Kodamaea ohmeri (16%) and
Malassezia furfur (15%) dominated. Low birth weight, the use of central catheters, prematurity, and
the use of antibiotics were the main risk factors (98%, 76%, 66%, and 65%, respectively). 22% of the
cases had a fatal outcome (80% in Asia). The highest mortality rates were reported in Trichosporon
beigelii and Trichosporon asahii cases, followed by Dirkmeia churashimamensis cases (80%, 71%, and 42%
respectively). Low birth weight, the use of central catheters, the use of antibiotics, and prematurity
were the main risk factors in fatal cases (84%, 74%, 70%, and 67%, respectively). 38% of the neonates
received fluconazole for treatment but 46% of them, died. Moreover, the rare yeasts of this review
showed high MICs to fluconazole and this should be taken into account when planning prophylactic
or therapeutic strategies with this drug. In conclusion, neonatal fungemia by rare yeasts is a life-
threatening and difficult-to-treat infection, often underestimated and misdiagnosed.

Keywords: neonatal fungemia; rare opportunistic yeasts; non-Candida infection; premature neonates;
low birth weight; fluconazole prophylaxis

1. Introduction

In recent years, there have been increasing cases of invasive fungal infections caused
by rare yeasts, which comprise non-Candida and non-Cryptococcus species. These yeasts,
although ubiquitous in the environment, have been defined as rare because they are almost
never associated with human infections. However, these emerging species are increasingly
harming human health, alarming the global scientific community. In 2022, recognizing the
seriousness of this global health issue, the World Health Organization (WHO) introduced
its first list of fungal “priority pathogens”: https://iris.who.int/bitstream/handle/10
665/363682/9789240060241-eng.pdf, access on 31 July 2024. This important initiative
highlights the urgent need for policy reforms and enhanced research efforts, especially in
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understanding the spread of fungal diseases, emerging patterns of antifungal resistance,
and identifying the populations most at risk for these infections. A significant concern
in the management of these infections is the increasing resistance to existing antifungal
therapies. This trend complicates treatment and highlights the need for new and more
effective antifungal agents. Additionally, there is growing recognition of the role of fungal
infections in worsening outcomes, particularly in critically ill and immunocompromised
patients, including neonates.

Neonates, especially premature infants, are vulnerable organisms, easily colonized by
fungi due to their immature immune system, poor skin, insufficient mucosal barriers, and
multiple risk factors favoring fungal prevalence against normal flora.

Invasive fungal infections (IFls) are a significant contributor to morbidity and mortality
among neonates in neonatal intensive care units (NICUs), particularly affecting preterm
infants and those with very low birth weight (VLBW, <1500 g birth weight [BW]) [1]. These
neonates are especially vulnerable due to their compromised immune systems, exposure to
broad-spectrum antibiotics, immature epithelial barriers, and frequent need for invasive
procedures, which collectively heighten their risk for opportunistic fungal infections. The
bulk of IFIs are attributed to Candida species [2]. Notably, invasive candidiasis (IC) ranks
as the third leading cause of late-onset sepsis in VLBW neonates and is a major factor in
morbidity and mortality within the NICU [3-6]. The prevalence of IC in NICUs varies
widely, ranging from 0.5% to 20%, and is significantly influenced by the specific center
and patient demographics. It is inversely related to gestational age and birth weight,
with the highest rates (5-20%) observed among neonates with extremely low birth weight
(ELBW) [2,3]. Recently, a global change in the epidemiology of candidemia has been
observed, marked by the emergence of resistant non-albicans Candida species. Among these,
C. auris has been spreading globally, causing outbreaks in hospitals among both pediatric
and adult patients, particularly in ICUs, and has been highlighted in the CDC’s report on
urgent threats https:/ /www.cdc.gov/antimicrobial-resistance /?CDC_AAref Val=https:
/ /www.cdc.gov/DrugResistance/Biggest-Threats, access on 30 July 2024.

Fungal colonization is an important risk factor facilitating invasion, dissemination and
eventually causing fungemia. Although Candida is the most commonly identified species
of fungemia in neonates, other yeasts are also sporadically reported worldwide raising
concerns due to difficulties in identification, limited pharmacokinetic data of the available
antifungals, and lack of sufficient clinical and microbiological information. These rare
yeasts are emerging, opportunistic pathogens that may lead to underdiagnosis of fungemia,
delayed initiation of antifungal therapy, and often have fatal outcomes [4]. Therefore, an
early and specific diagnosis and targeted treatment are critical, especially for neonates. To
the best of our knowledge, there are no previous reviews of neonatal fungemia cases by
rare opportunistic yeasts. The present study aims to provide a systematic review of all
neonatal fungemia cases by rare opportunistic yeasts published in the literature.

2. Methods

A research methodological protocol was developed based on the PRISMA guidelines
(presented as a Supplementary Material) [7] to collect and evaluate studies related to the
subject under investigation. This protocol is registered in the PROSPERO database (CRD
42024561133).

2.1. Formulation of the Research Question

In order to clearly formulate the research question and facilitate a literature review,
the PICO (Population, Intervention, Comparison, Outcome) framework was used:

Population: Neonates

Intervention: Rare opportunistic yeasts
Comparison: Not required for this review
Outcome: Cases of neonatal fungemia
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2.2. Development of the Review Protocol

Research question: To conduct a review of all cases of neonatal fungemia from non-
Candida rare opportunistic yeasts that have been published in the international literature.
Inclusion Criteria:

o Case reports and case series studies reporting on cases of neonatal fungemia from
non-Candida rare opportunistic yeasts.

e  Study designs focused on non-Candida rare opportunistic yeast infections, mainly

defined as positive cultures from blood in neonates.

Exclusion Criteria:

Studies referring to other forms of fungal infections.

Cases not involving neonates.

Duplicate publications of the same cases.

Review articles, systematic reviews, and meta-analyses. Conference proceedings will

be excluded.

e Neonatal fungemia by Candida species

Main Outcomes:

1. Clinical presentation of non-Candida rare yeasts infections in neonates
2. Risk factors and characteristics of the affected population
3. Outcomes of the infections, including mortality

2.3. Search Strategy-Data Sources

The systematic literature review was conducted from June 2024 to July 2024. A
systematic review of the existing literature was performed by searching the electronic
databases PubMed and Scopus, with a final search date of 1 July 2024. The literature review

v 77

was conducted using the following keywords: “neonatal fungemia”, “rare yeasts”, “non-

VZ7i VZ7i

Candida species”, “fungal infections”, “fungemia”, “fungaemia”, “neonates”, “preterm
infants”, “preterm neonate*”, “infant*”, “newborn*”, “case report”, “case series”, “case”,
in combination with Boolean operators (AND, OR). Additionally, to minimize the risk of
missing studies and fully cover the extent of available literature, a manual electronic search
and review of the references of each selected study, as well as references from previous

systematic reviews in the same research field, was conducted.

2.4. Conflict Resolution

Screening, data extraction, and quality assessment were conducted independently by
two researchers (AM and RS), with conflicts resolved through discussion and consensus
between the researchers or, if necessary, by a third researcher (JM).

2.5. Data Synthesis and Presentation

Data were recorded in tabular form according to the following criteria: type of op-
portunistic yeasts, day of life when the infection manifested, comorbidities, risk factors,
prematurity, administration of total parenteral nutrition, placement of central catheters,
mechanical ventilation, and prior administration of broad-spectrum antibiotics, number
of participants, number of events, and other relevant criteria for grouping the study pop-
ulation (subpopulations of neonates: preterm neonates, very low birth weight neonates,
cardiac surgery or other surgical cases, neonates with congenital anomalies, etc.), year
of publication.

3. Results

From the electronic database search, a total of 1990 studies were retrieved. Among
these, 142 duplicate entries were identified and subsequently removed using the duplicate
removal tool in the reference management software (EndNote X8). After carefully reading
the titles and abstracts of the remaining studies, 1704 studies were excluded either because
their subject matter did not serve the purpose of the review or because they met some of the
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exclusion criteria already visible at the title and abstract level. The careful reading of the full
text of the 144 remaining studies revealed that only 89 studies met all the inclusion criteria
and were included in this review. In total, 342 cases of neonates with rare opportunistic
yeast infections were recorded. The flow diagram is presented in Figure 1.

Identification of studies via databases and registers

Identification

Records identified from:
PubMed (n=209)
Scopus (n=1781)
Registers (n = 0)

A 4

Records screened
(n=1848)

A4

Reports sought for retrieval
(n =144)

Screening

\4

Reports assessed for eligibility
(n=144)

[

]

v

Included

Studies included in review
(n =89)

Reports of included studies
(n =342)

[

Figure 1. Flow diagram of the systematic review.

3.1. Species Taxonomy and Geographical Distribution

Records removed before
screening:
Duplicate records removed
(n=142)

Records excluded
(n=1704)

Reports not retrieved
(n=0)

Reports excluded:
(n =55)
No relevant data for rare non-
Candida yeasts (n=33)
No neonatal data (n=22)

The first report of neonatal fungemia from rare non-Candida yeasts was in 1981. Since
then, there have been several cases and studies examining the incidence, diagnosis, and
treatment of these infections. Over the past 42 years, 342 cases of neonatal fungemia caused
by rare non-Candida yeasts have been reported. (Tables 1 and 2, Figure 2)
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Table 1. Neonatal fungemia cases by rare opportunistic yeasts published in literature, since 1981.

Location Year Cases Yeast Species Identification Method Reference
USA 1981 1 case Malassezia furfur NA [8]
USA 1984 4 cases Malassezia furfur NA [9]
USA 1985 3 cases Malassezia furfur NA [10]

UK 1986 7 cases Hansenula anomala API 20C [11]
USA 1987 5 cases Malassezia furfur NA [12]
USA 1987 6 cases Malassezia furfur NA [13]
USA 1989 3 cases Malassezia furfur NA [14]

BELGIUM 1989 6 cases Malassezia furfur NA [15]

NY 1991 1 case Malassezia furfur NA [16]
USA 1991 2 cases Malassezia furfur NA [17]

FRANCE 1991 1 case Malassezia furfur NA [18]
USA 1992 1 case Trichosporon beigelii NA [19]

EUROPE 1992 1 case Trichosporon asteroides NA [20]

NY 1993 2 cases Trichosporon beigelii BacT/Alert [21]
ATLANTA 1994 5 cases Malassezia pachydermatis NA [22]
USA 1997 2 cases Trichosporon beigelii NA [23]
USA 1997 1 case Cryptococcus laurentii NA [24]
USA 1998 8 cases Malassezia pachydermatis Molecular [25]
UK 1998 1 case Trichosporon beigelii API 32 ATB [26]
CHANDIGARH 1999 10 cases Pichia anomala NA [27]
Vitek 2
SPAIN 2000 2 case Saccharomyces cerevisiae API 20C [28]
Molecular
TAIWAN 2000 1 case Hansenula anomala NA [29]
MALAYSIA 2000 1 case Hansenula anomala NA [30]
INDIA 2001 33 cases Pichia anomala Bigfﬁéﬂ}‘c’;‘l’%g’s s [31]
BRAZIL 2001 4 cases Pichia anomala NA [32]
Morphology
TAIWAN 2001 1 case Cryptococcus laurentii India ink [33]
Vitek 2

SWEDEN 2001 8 cases Malassezia pachydermatis NA [34]

EUROPE 2002 1 case Trichosporon asahii APIID 32C [35]

TURKEY 2003 1 case Trichosporon asahii NA [36]

TURKEY 2003 3 cases Trichosporon mucoides API AUX C [37]

ARGENTINA 2003 1 case Hansenula anomala APIID 32C [38]
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Table 1. Cont.

Location Year Cases Yeast Species Identification Method Reference
TURKEY 2004 1 case Pichia anomala APIID 32C [39]
TURKEY 2005 1 case Saccharomyces cerevisiae NA [40]
Vitek 2
QATAR 2006 1 case Kodamaea ohmeri APIID 32C [41]
Molecular
USA 2006 1 case Pichia fabianii Molecular [42]
BRAZIL 2006 2 cases Pichia anomala Vitek 2 [43]
o Vitek 2
ITALY 2006 4 cases Rhodotorula mucilaginosa APLID 32C [44]
SOUTH . Vitek 2
KOREA 2007 1 case Kodamaea ohmeri API20C [45]
THAILAND 2008 1 case Cryptococcus neoformans NA [46]
EUROPE 2008 1 case Trichosporon asahii Vitek 2 [47]
. BacT/Alert 3D
INDIA 2009 1 case Kodamaea ohmeri APIID 32C [48]
BRAZIL 2009 1 case Trichosporon spp. Morphology [49]
Morphology
GREECE 2009 1 case Cryptococcus terreus MALDI-TOF MS Molecular [50]
FRANCE 2010 1 case Pichia fabianii Molecular [51]
INDIA 2011 1 case Rhodotorula mucilaginosa Morphology API 20C [52]
. Morphology
ITALY 2011 1 case Malassezia furfur Molecular [53]
. Vitek 2
KUWAIT 2011 1 case Kodamaea ohmeri API 20C AUX Molecular [54]
INDIA 2012 8 cases Trichosporon asahii Vitek 2 [55]
API-32C
TAIWAN 2013 6 cases P. anomala (C. pelliculosa) Mini API [56]
Molecular
SOUTH . Morphology
AMERICA 2013 4 cases P. anomala (C. pelliculosa) Molecular [57]
GREECE 2013 1 case Malassezia furfur Morphology [50]
MALDI-TOF MS Molecular
. Vitek2
ITALY 2013 6 cases Malassezia furfur MALDLTOF MS Molecular [58]
TUNISIA 2013 1 case Saccharomyces cerevisiae NA [59]
CHINA 2013 6 cases Pichia ohmeri Molecular [60]
CHINA 2013 1 case Pichia fabianii API 20C AUX Molecular [61]
API 20C AUX
CHINA 2013 1 case Kodamaea ohmeri Vitek 2 [62]
Molecular
INDIA 2013 38 cases Kodamaea ohmeri Molecular [63]
INDIA 2014 1 case Kodamaea ohmeri BacT/ALERT [64]
Vitek2
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Table 1. Cont.

Location Year Cases Yeast Species Identification Method Reference
APIID 32C
INDIA 2014 1 case Pseudozyma aphidis Vitek 2 [65]
Molecular

KUWAIT 2014 1 case Malassezia pachydermatis M ALDI—Té)/gi\I/([S? Molecular [66]
INDIA 2015 2 cases Kodamaea ohmeri M\gilzecliﬂzar [67]
CROATIA 2015 2 cases Cyberlindnera fabianii Molecular [68]
ASIA 2015 3 cases Trichosporon asahii NA [69]
NIGERIA 2015 1 case Moesziomyces bullatus Molecular [70]
COLOMBIA 2016 1 case Kodamaea ohmeri Vitek 2 [71]
TURKEY 2017 1 case Wickerhamomyces anomalus Vitek 2 [72]
INDIA 2017 9 cases Pichia kudriavzevii Molecular [73]
INDIA 2017 4 cases Rhodotorula glutinis NA [74]
INDIA 2017 8 cases Cyberlindnera fabianii Molecular [75]
INDIA 2017 1 case Wickerhamomyces anomalus Molecular [75]
INDIA 2017 2 cases Saccharomyces cerevisiae Molecular [76]
INDIA 2018 1 case Cryptococcus laurentii Vitek 2 [77]
PORTUGAL 2018 1 case Malassezia furfur MALDI-TOF MS [78]
ITALY 2018 9 cases Malassezia furfur BacT/Alert [79]
KUWAIT 2019 10 cases Cyberlindnera fabianii Molecular [80]
TAIWAN 2019 1 case Malassezia furfur BacT/Alert [81]
TAIWAN 2020 4 cases Malassezia pachydermatis BD BACTEC FX [82]
CALIFORNIA 2020 3 cases Malassezia pachydermatis Molecular [83]
INDIA 2020 12 cases Dirkmeia churashimaensis Molecular [84]
INDIA 2020 2 cases Cyberlindnera fabianii MALDI-TOF-MS [85]
KUWAIT 2021 1 case Papiliotrema laurentii M\éilfclillzar [86]
COLOMBIA 2021 1 case Malassezia sympodialis Molecular [87]
CHINA 2021 1 case P. anomala (C. pelliculosa) Molecular [88]
CHINA 2021 21 cases P. anomala (C. pelliculosa) Vitek MS [89]
CHINA 2021 14 cases P. anomala (C. pelliculosa) Molecular [90]
GREECE 2022 1 case Moesziomyces aphidis M\;il’fcliﬂzar [91]
KUWAIT 2022 1 case Lodderomyces elongisporus M\c/jlt:cliﬂzar [92]
BRAZIL 2023 1 case Lodderomyces elongisporus Molecular [93]
NIGERIA 2023 1 case Cryptococcus laurenti Vitek 2 [94]
INDIA 2023 1 case Aureobasidium melanogenum Molecular [95]
INDIA 2023 1 case Kodamaea ohmeri M A\I]j]t)e%(— %OF [96]

NA Not available, API Analytical Profile Index, MALDI-TOF Matrix-assisted laser desorption/ionization time-of-

flight, MALDI-TOF MS matrix-assisted laser desorption ionization-time of flight mass spectrometry.

126



Int. J. Mol. Sci. 2024, 25, 9266

Table 2. Cases per decade.

Years Cases

1981-1990 35

1991-2000 39

2001-2010 69

2011-2023 199

Cases
250
200
150
100
50
0
1981 - 1990 1991 - 2000 2001 - 2010 2011 - 2023

Figure 2. Published cases over the years.

Regarding the geographical distribution of all reported cases, 221 (65%) were from
Asia, 55 (16%) from Europe, 48 (14%) from the USA, 15 (4%) from South America, and 3
(1%) from Africa (Figures 3 and 4). More specifically, Pichia anomala (synonyms: Candida
pelliculosa, Hansenula anomala, Wickerhamomyces anomalus)was isolated in 108 (31%) cases
(82% in Asia), Kodamaea ohmeri (previously known as Pichia ohmeri) in 54 (16%) cases
(94% in Asia), Malassezia furfur in 51 (15%) cases (48% in USA, 48% in Europe), Malassezia
pachydermatis in 29 (8%) cases (55% in USA), Pichia fabianii (synonym: Cyberlindnera fabianii)
in 25 (7%) cases (84% in Asia), Trichosporon asahii in 14 (4%) cases (92% of the cases were
in Asia), Dirkmeia churashimaensis in 12 (3%) cases (100% in Asia), Pichia kudriavzevii in
9 (3%) cases (100% in Asia), Trichosporon beigelii in 6 (2%) cases (83% in USA), Saccharomyces
cerevisiae in 6 (2%) cases (67% in Asia), Rhodotorula mucilaginosa in 5 cases (1%) (80% in
Europe), Cryptococcus laurentii (synonym: Papiliotrema laurentii) in 5 (1%) cases (75% in Asia),
Rhodotorula glutinis in 4 (1%) cases (100% in Asia), Trichosporon mucoides in 3 cases (100% in
Asia), Moesziomyces (Pseudozyma) aphidis in 2 cases (in Asia and in Europe), Lodderomyces
elongisporus in 2 cases (in Latin America and in Asia), Trichosporon spp. in one case in Europe,
Malassezia sympodialis in one case in South America, Moesziomyces (Pseudozyma) bullatus in
one case in Africa, Trichosporon asteroides in one case in Europe, Cryptococcus neoformans in
one case in Asia, Aureobasidium melanogenum in one case in Asia, and Cryptococcus terreus in
one case in Europe (Figure 5).

127



Int. J. Mol. Sci. 2024, 25, 9266

Geographical distribution of the cases
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Figure 3. Geographical distribution of the cases.
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Figure 4. Geographical distribution of the cases over the decades.
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Figure 5. Neonatal fungemia by rare yeast species: Published data since 1981.

3.2. Risk Factors

Low birth weight, the use of central catheters, and prematurity are the three dominant
risk factors for fungemia development (Figure 6).
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Figure 6. Reported risk factors. (Intubation + mech. Ventilation: Intubation + mechanical ventilation,
RDS: Respiratory distress syndrome).
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3.3. Outcome

In 12% of the cases, the outcome was not reported. Among the remaining cases, 22%
of the neonates, died. Moreover, 80% of the cases with a fatal outcome were reported from
Asia (Figure 7). The highest mortality rates were noted in cases of fungemia caused by the
Trichosporon species (Figure 8).

Geographical distribution of the fatal cases

= ASIA EUROPE =SOUTH AMERICA

Figure 7. Mortality rates by continent.
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Figure 8. Mortality rates by species.

Neonates with Moesziomyces bullatus, Aureobasidium melanogenum, and Lod-
deromyces elongisporus fungemia also died.
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The following risk factors were most commonly reported in total cases, compared to
those associated with survival or exitus (Table 3).

Table 3. Risk factors (total cases/survival/exitus).

Risk Factors

Total Cases
n=2342
NA Outcome n =41

Survival Exitus
n = 235/301 (78 %) n = 66/301 (22%)

Low birth weight 335/342 (98%) 181/235 (77%) 55/66 (84%)
Central catheters 260/342 (76%) 178/235 (76%) 49/66 (74%)
Prematurity 226/342 (66%) 141/235 (60%) 44/66 (67%)
Broad spectrum antibiotics 222 /342 (65%) 153/235 (65%) 46/66 (70%)
Parenteral nutrition 120/342 (35%) 89/235 (38%) 14/66 (21%)
xI;I:nut]lettllzi/ mechanical 116/342 (34%) 56,235 (24%) 43/66 (65%)
Sepsis 96/342 (28%) 63/235 (27%) 28/66 (43%)
Thrombocytopenia 72/342 (21%) 61/235 (26%) 14/66 (21%)
Prolonged hospitalization 61/342 (18%) 61/235 (26%) 28/66 (43%)
Respiratory distress syndrome 41/342 (12%) 28/235 (12%) 12/66 (19%)
Use of fluconazole 27 /342 (8%) 9/235 (4%) 3/66 (5%)

NA (Not available) Outcome 1 = 41 (12%). Available Outcome 1 = 301 (88%).

3.4. Antifungal Susceptibility

Antifungal susceptibility testing was not reported in all cases. Nevertheless, the
available data are presented in Table 4.

3.5. Treatment

The antifungal treatments varied notably among the cases, with Fluconazole and
Amphotericin B being the most frequently administered medications. Timely removal
(or replacement) of central venous catheters within 24 h of a positive blood culture is a
crucial aspect of treatment. Conversely, delayed removal or replacement of central venous
catheters in neonates with fungemia has been linked to higher mortality and morbidity.
Our review and the available data indicated that only 18% of catheters were removed as
part of the treatment intervention (Figure 9 and Table 5).
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Figure 9. Treatment of fungemia cases (from available data). Amphotericin B (AmB), Flucona-
zole (FLC), Voriconazole (VOR), Miconazole (MIC), Caspofungin (CAS), 5-FC (5-flucytosine), KTC
(ketoconazole).

Table 5. Treatment administered to neonates who survived and to whom died (survival/exitus).
Amphotericin B (AmB), Fluconazole (FLC), Voriconazole (VOR), Miconazole (MIC), Caspofungin
(CAS), 5-FC (5-flucytosine), KTC (ketoconazole).

Treatment Survival Exitus
CVC removal 21% 3%
Fluconazole (FLC) 30% 46%
Voriconazole (VOR) 5% 3%
Miconazole (MIC) 3% 2%
Caspofungin (CAS) 2% 0% or NA
Amphotericin B (AmB) 21% 33%
AmB + FLC 8% 10%
AmB + 5-FC (5-flucytosine) 4% 3%

AmB + FLC + 5-FC 4% 2%

AmB + KTC (ketoconazole) 1% 0% or NA

Most yeasts of this review have been recognized for decades as fungal contaminants
but not as human pathogens. Systemic infections caused by them have been considered
to be rare and most published studies to date are sporadic cases from all over the world.
According to the data above, the majority of neonatal fungemia cases were reported in Asia,
where developing countries often have low socio-economic conditions and living standards,
with shortages in resources, infrastructure, and modern methods of diagnosing infections,
as well as insufficient surveillance, legislation, infection control measures, and inadequately
trained medical personnel who lack sufficient information about rare fungi [96]. To the
best of our knowledge, from 1981 to 1990 no cases of neonatal fungemia from Asia were
published and this is probably explained by the above.
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Fluconazole prophylaxis is recommended worldwide in preterm infants < 1000gr
from birth and until they no longer require central or peripheral catheters, as it is assumed
to decrease mortality [96]. According to the respective guidelines, a third-generation
cephalosporin therapy, duration of treatment with a systemic broad-spectrum antibiotic
for more than 10 days, fungal colonization, and the use of a central venous catheter,
are additional factors for prophylactic administration of fluconazole in such vulnerable
organisms [97].

A previous systematic review and meta—analysis showed that prophylactic administra-
tion of fluconazole in different regimens may reduce mortality. Furthermore, prophylactic
administration of the same regimens of fluconazole in ELBW neonates may reduce the
incidence of mortality due to invasive fungal infections [98]. In addition, amphotericin B is
not commercially available in 42 developing countries and is not licensed in 22 countries,
making fluconazole an effective alternative therapy [96]. Nevertheless, the overuse of
fluconazole in these countries, as a cheap prophylaxis in preterm low birth weight neonates,
may contribute to infection development by fluconazole-resistant species [96,99]. The cur-
rent study highlighted, in agreement with previous findings, the high fluconazole-resistant
rates of rare yeast species such as Pichia spp., Kodamaea ohmeri, Trichosporon spp., Rhodotorula
spp., Saccharomyces cerevisiae, etc. [100,101]. Therefore, the isolates of the present review
showed elevated fluconazole MICs. This may explain why fluconazole was not the appro-
priate antifungal agent against those uncommon yeast species, despite the fact that it had
been preferred as a treatment in 38% of all the fungemia cases. Unfortunately, 46% of the
neonates who had received fluconazole therapy died. Therefore, the prophylactic use of
fluconazole in neonatal intensive care units (NICUs) should be done with care to avoid
resistance development and the subsequent selection of resistant species or species with
reduced azole susceptibility [101]. Alternatively, nystatin is inexpensive, well-tolerated,
safe, and so far with good results when prophylactically administered to preterm infants
with risk factors [102,103].

4. Discussion

In our review the highest mortality was revealed in Trichosporon fungemia cases: 80%
by T. beigelii and 71% by T. asahii. Previous studies have demonstrated that Trichosporon
species were more competent than other basidiomycetes such as Rhodotorula spp. and Cryp-
tococcus spp., to produce dense biofilms, resistant to triazoles or amphotericin B [104-106].
This seems to agree with our results in which all the neonatal fungemia cases by Rhodotorula
spp. and Cryptococcus spp., showed zero mortality rates, despite their ability to produce
biofilms on the medical devices. Previous research revealed the isolation of Trichosporon spp.
from the hospital environment and the skin of premature neonates. Moreover, T. beigelii (T.
cutaneum) was more often reported in these older studies as the causative organism of inva-
sive infections. Nevertheless, T. asahii is now recognized as the dominant cause of invasive
trichosporonosis threatening patients in immunosuppression and risk factors, such as neu-
tropenia, prematurity, AIDS, extensive burns, use of catheters, broad-spectrum antibiotics
or corticosteroids, mechanical ventilation, heart valve surgery, etc. Trichosporonosis is a
difficult-to-treat infection due to the frequent resistance of yeast, as well as to amphotericin
B, fluconazole, and combinations of the two. Nevertheless, voriconazole, posaconazole,
and ravuconazole seem to act more effectively against Trichosporon species [105].

According to our data, P. fabianii fungemia cases demonstrated 29% mortality. P.
fabianii (Candida fabianii, Cyberlindnera fabianii) is an opportunistic, emerging yeast species
and may cause invasive bloodstream infections often with fatal outcomes, mainly due to
its characteristic ability to produce biofilms causing resistance to antifungals [107]. Previ-
ous studies reported that P. fabianii may develop resistance to fluconazole, voriconazole,
caspofungin, and amphotericin B [108,109].

P. anomala (Wickerhamomyces anomalus) is a plant pathogen and opportunistic cause
of fungemia in both immunocompetent and immunocompromised patients. In our study,
17% of the cases had a fatal outcome. Pichia anomala has previously been shown to exhibit
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variable antifungal susceptibility with fluconazole resistance predominance [110,111]. This
seems to agree with our findings and must be taken into account in NICUs for effective
antifungal prophylactic and therapeutic strategies.

Fungemia by P. kudriavzevii (Candida krusei) is another life-threatening and difficult-
to-treat infection due to its intrinsic resistance to fluconazole and the ability for rapid
resistance development to other antifungal drugs. Vulnerable patients suffering from
gastrointestinal diseases, who had previously received antibiotics, especially carbapenems,
and prophylactic fluconazole, are at greater risk of developing invasive infection. In
addition, whenever outbreaks occurred, sink traps and surfaces, intravenous dextrose
multi-electrolyte infusion bottles, suction devices, pediatric emergency wards, and hands
of health care personnel were reported as the most common sources of transmission [110].
Moreover, this species is able to produce a robust biofilm, formed by multiple layers of
pseudohyphae in the polymer matrix [111]

All 12 of the neonatal fungemia cases by Dirkmeia occurred in the same NICU of a
multispecialty hospital in Delhi with a 42% mortality rate (5/12). Surveillance cultures
were obtained, but the source of infection was not identified. Infection control measures
appeared to be effective as no further cases of Dirkmeia fungemia were reported [82]. All the
twelve isolates of Dirkmeia had high minimum inhibitory concentrations for echinocandins
and low minimum inhibitory concentrations for azoles, amphotericin B, and flucytosine.

39% of the neonates who developed fungemia by K. ohmeri, died. Chakrabarti et al.
showed that prolonged hospitalization, piperacillin-tazobactam administration, endotra-
cheal intubation, and mechanical ventilation, were major risk factors for the fungemia
development by this rare yeast. They also demonstrated that the patients with K. ohmeri
fungemia had significantly higher (50%) mortality than other groups of patients (some of
them with C. tropicalis fungemia and others without fungemia), mainly due to the virulence
mechanisms of the yeast species [61]. The identification of K. ohmeri in the laboratory is a
challenge. On Candida chromogenic agar the color of K. ohmeri colonies changes from pink
to blue within 48 h. Usually, species identification is performed by automated identification
systems such as API 20C, Vitek 2 ID YST, and Microscan with molecular methods. For
molecular identification PCR amplification is used followed by sequencing of 185 rRNA,
the D1/D2 domains of 265rRNA, the internal transcriber spacer 1/2 (ITS) of the ribosomal
DNA,285rRNA, and/or 5.85rRNA. The pulsed field gel electrophoresis for karyotyping
has been also used. Restriction endonuclease analysis of Notl-digested DNA (REAG-N) is
used for genotyping of the clinical isolates of K. ohmeri. Fluorescent amplified fragment
length polymorphism was used by Chakrabarti et al. for molecular typing. Moreover, in
their study, K. ohmeri strains presented high fluconazole MICs [61].

Among all the Malassezia spp. fungemia cases, M. furfur dominated, from which 25%
had a fatal outcome, followed by M. pachydermatis, with 4% mortality, and one case of
M. sympodialis (the newborn survived). It was previously demonstrated that M. furfur
presents high MICs to azoles. Therefore, the administration of prophylactic fluconazole in
patients with risk factors such as prematurity, may lead to resistant strains and M. furfur
colonization [112]. In catheter-related neonatal colonization by M. furfur, the removal of
the catheter and discontinuation of intravenous lipid administration are usually sufficient
and effective strategies. Furthermore, it is demonstrated that in life-threatening M. furfur
fungemia, the preferred antifungal drug is amphotericin B [79]. In this review, M. furfur
isolates showed elevated MICs for echinocandins.

This study also revealed the first case of neonatal fungemia due to Aureobasidium
melanogenum. Aureobasidium species can survive in extreme ecological conditions, usually
found in wet, oligotrophic environments, while their natural habitats are often subjected to
osmotic stress and in many cases to solar radiation. Aureobasidium species can also survive
on wet surfaces such as in bathrooms and saunas, in hospital environments, and can colo-
nize organs and human skin [113]. Wang M et al. compared the two species A. pullulans
and A. melanogenum and found that Aureobasidium melanogenum showed significantly better
survival at 37 °C than A. pullulans, possibly due to its response to elevated temperatures
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with elevated melanin production which A. pullulans did not. This mechanism probably
enhanced the virulence and pathogenicity of A. melanogenum [113]. This is why its accu-
rate and timely identification is key to proper treatment as A. melanogenum also exhibits
significant antifungal resistance. Unfortunately, A. melanogenum can be easily confused
with Candida species on Gram-stained smears, while it cannot be easily identified by con-
ventional diagnostic methods, such as VITEK 2 and MALDI-TOF MS, leaving molecular
techniques as the only diagnostic selection [94].

It has recently been suggested that climate change and particularly global warming
have affected the ecosystem microbiome with dramatic effects on human health. High tem-
peratures and heat waves can lead to microbes adapting, making them thermotolerant and
allowing them to survive at the human body temperature. This is particularly important
for environmental fungi, most of which grow best below 37 °C. According to this view,
more fungal species such as Aureobasidium melanogenum with resistance to environmental
stress and increased pathogenicity will appear more and more frequently due to the global
climate crisis threatening vulnerable organisms [114]. The same hypothesis has been made
for Candida auris, which probably acquired the property of heat resistance due to global
warming, which transformed it from an environmental species to an opportunistic human
pathogen [115].

In this study, two fatal neonatal fungemia cases from another opportunistic yeast
pathogen, Lodderomyces elongisporus, were also included. Its close relationship with C.
parapsilosis confuses correct diagnosis, delaying treatment [92,93]. Clinical isolates of L.
elongisporus have previously been misidentified as C. parapsilosis by conventional methods
such as API 20C, ID 32C, and Vitek 2, while MALDI-TOF MS and molecular methods were
required for correct identification [116]. However, it has been suggested that CHROMagar
can be used as a preliminary identification method in laboratories where molecular methods
are not available as on this agar isolates of L. elongisporus form turquoise blue colonies
instead of the white to light pink colonies of C. parapsilosis [117]. This is particularly
important for the timely selection of the correct antifungal therapy, as echinocandins
appear to be quite effective for treating L. elongisporus infections but not for C. parapsilosis
infections mainly due to the different amino acid sequence of beta-1,3 glucan synthase,
which is the target of this class of antifungals [116].

This study, also showed that low birth weight, the use of central catheters, prematurity,
and the use of broad-spectrum antibiotics constituted the strongest risk factors for neonatal
fungemia cases as well as for the cases with fatal outcomes. It is, after all, recognized that
birth weight is the major predictor of nosocomial infection development and our results
are in accordance with this [118].

The birth process plays a major role in neonatal colonization by fungi. During the nat-
ural delivery, the neonatal skin is directly colonized from the maternal vaginal mycobiome.
It has been previously shown that this mode of delivery is related to high colonization
of Malassezia [119]. On the other hand, premature neonates, are mainly born via cesarian
section and are thus colonized by maternal skin and the hospital environment. It has also
been shown that the babies are immediately colonized by Malassezia species after birth with
a predominance of Malassezia furfur, Malassezia sympodialis, and Malassezia restricta [119].
Moreover, it has been found that the neonatal gut mycobiome is already shaped at the age
of 10 days with a prevalence of Candida albicans and Malassezia spp. Furthermore, Saccha-
romyces cerevisiae has been found to be the dominant fungal species in the gut mycobiome
of both mothers and their 1-2-year-old babies [120]. In addition, the gut microbiome of a
premature newborn contains a higher proportion of fungi than an adult’s. Moreover, factors
associated with prematurity, such as an immature gastrointestinal system and intestinal
barrier, an underdeveloped immune response, administration of antibiotics, and antifungal
prophylaxis, can cause hematogenous dissemination of fungi and fungemia [121,122]. The
type of prophylactic antifungal drug plays an important role in the composition of the gut
mycobiome: a prophylactic administration of azoles may lead to prevalence of Candida
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glabrata and other azole-resistant species, while a prophylactic echinocandin strategy may
cause prevalence of Candida parapsilosis or other echinocandin resistant species [123,124].

Neonatal infections within 48 h of birth are therefore associated with pathogens
transmitted from the mother’s vagina. Other modes of transmission of microorganisms
to neonates are by contact with a person or a contaminated source, droplets, or airborne
transmission. Fungi are widely distributed in the environment and thus can be transmitted
very easily by human agents or inanimate objects and threaten the lives of such vulnerable
patients. In addition to the immature immune system, skin, or mucosal barriers, other risk
factors for the development of life-threatening neonatal infections such as fungemia, include
the use of catheters, invasive procedures, steroid administration, prolonged hospitalization,
mechanical respiratory support, prolonged parenteral nutrition, necrotizing enterocolitis,
etc. [118,121]. The colonization of the catheter or the skin at the insertion site, contamination
of intravenous fluids, low frequency of catheter tubing changes, or catheter replacement
may also predispose individuals to bloodstream infections. Removal of central venous
catheters is therefore critical to the outcome of fungemia [123]. Moreover, it has been
previously reported that the retention of a catheter is associated with increased mortality
rates in Candida bloodstream infections [124]. The strong association between not removing
the catheter and the fatal outcome was also revealed in the present review.

According to our findings, intubation and mechanical ventilation have been found
in 34% of all the fungemia cases and in 65% of the fatal cases. Mechanical ventilation is
recognized as a risk factor for bloodstream infections due to colonization of humidified
air, or due to traumatism from the endotracheal tube and its suctioning [125]. Prolonged
hospital stay also dominated in the cases with lethal outcomes (43%) compared with total
cases (18%). This is understandable because a prolonged hospital stay means prolonged
presence of indwelling catheters, performance of invasive procedures, and prolonged use
of broad-spectrum antibiotics that favor the colonization of fungal pathogens [126]. Total
parenteral nutrition and intralipids may also predispose to fungemia due to the risk of
contamination or translocation of pathogens across the immature neonatal gastrointestinal
mucosa and bloodstream dissemination [127]. Moreover, intralipids are predispose to
infections by Malassezia spp. [118].

Regarding treatment management, our systematic review revealed that antifungal
therapies varied significantly among cases, with Fluconazole and Amphotericin B being
the most commonly administered medications. Timely removal (or replacement) of central
venous catheters within 24 h of a positive blood culture is a critical component of effective
treatment. Conversely, delayed removal or replacement of central venous catheters in
neonates with fungemia has been associated with increased mortality and morbidity [128].
Our review and the available data showed that only 18% of catheters were removed as
part of the treatment intervention. A multicenter prospective study involving 13 neonatal
intensive care units was conducted in Italy to evaluate the incidence of bacterial sepsis and
invasive fungal infections, fungal colonization, risk factors for sepsis and mortality rates
in neonates and infants under 3 months old undergoing major surgery. They concluded
that preventive measures, including early removal of vascular catheters and the use of
fluconazole prophylaxis, should be implemented to mitigate the risk of bacterial and
fungal infection in infants undergoing abdominal surgery, especially those with fungal
colonization [129].

As mentioned above, fungal infections from fungi that were previously not considered
pathogenic have been reported more and more frequently in recent years, which was
also evident in our study. Given the rapid development of multidrug resistance of these
emerging fungi, these infections are difficult to manage and are often associated with high
mortality rates. Several studies have hypothesized an environmental pathway for this
development of fungal drug resistance. For example, the widespread use of antifungals in
agriculture may have caused rapid species evolution and selection of resistant strains [130].
Such opportunistic fungi can then especially threaten immunocompromised individuals
including neonates.

138



Int. J. Mol. Sci. 2024, 25, 9266

Interestingly, our study revealed a steady increase in reported cases from 1991 to 2000,
followed by a near tripling of cases from 2001 to 2023. The increase in neonatal fungemia
is partially attributed to the enhanced survival rates of very low birth weight (VLBW)
and extremely low birth weight (ELBW) infants. This progress has been achieved due to
the regionalization of perinatal care, a better understanding of the pathophysiology of
extremely premature neonates, the administration of antenatal steroids, and the critical use
of postnatal surfactant therapy. Surfactant therapy has significantly improved outcomes
in preterm infants by reducing the incidence and severity of neonatal respiratory distress
syndrome (RDS), a common complication in very preterm infants. The introduction of
surfactants has enhanced lung function, decreased the need for mechanical ventilation, and
improved overall survival rates. Advances in surfactant formulations and administration
techniques have further optimized its effectiveness [130]. Additionally, the use of intra-
venous nutrition and ongoing technological advancements have contributed to the overall
improvement in preterm infant care.

Despite significant advances in perinatal medicine, caring for extremely preterm in-
fants remains challenging due to their high mortality and morbidity risks. While survival
rates have improved, these infants continue to face serious health issues. Effective manage-
ment strategies, supported by meta-analyses and randomized controlled trials, are essential
for reducing mortality and impairments. However, the efficacy and safety of some emerging
strategies are still uncertain. Neonatal sepsis is a major concern, exacerbated by immature
immune systems, prolonged hospitalizations, and frequent invasive procedures. Empiric
broad-spectrum antibiotics are commonly used to treat sepsis, with therapy adjusted once
pathogens are identified. Prophylactic maternal antibiotics and infection control measures,
such as hand hygiene and central line care, are recommended. Nonetheless, overuse of
antibiotics has led to increased rates of multidrug-resistant organisms and related compli-
cations, including bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC),
and fungal infections. Furthermore, climate change, agricultural practices, occupational
hazards, deforestation, human migration patterns, soil dispersion, patient immunosuppres-
sion, and advancements in infection detection and diagnostic testing all contribute to the
rise of fungal diseases. The increasing rates of fungal morbidity and mortality are closely
linked to antifungal resistance, drug tolerance, and biofilm formation [131]. Antifungal
tolerance refers to the partial growth of fungi after 24 h of exposure to inhibitory drug
concentrations, as evidenced in susceptibility tests. In contrast, antifungal resistance is char-
acterized by the complete lack of a toxic effect on fungal pathogens despite treatment [132].
Current antifungal therapies are limited to a few drug classes, including polyenes, azoles,
echinocandins, allylamines, and flucytosine. While allylamines are primarily used for
superficial infections, the other four classes are highly effective against invasive mycosis.
Moreover, evidence from randomized trials indicates that fluconazole prophylaxis may
increase the risk of colonization with fluconazole-susceptible dose-dependent or resistant
fungi. However, it does not significantly alter the risk of invasive infections caused by these
fungi. The risk of breakthrough infections remains a concern and should be investigated
further in large prospective studies [133]. Hence when managing a patient with or at risk
for invasive fungal infections (IFI), clinicians must consider various factors to tailor therapy
and optimize outcomes. Recent advancements have expanded antifungal options, each
varying in spectrum, pharmacokinetics, indications, safety, cost, and usability. Matching
these drug characteristics with patient-specific factors is crucial for effective treatment with
minimal toxicity. Decision-making becomes especially complex for highly immunocompro-
mised patients, such as ELBW neonates with rare IFIs, where a high level of suspicion is
needed for early initiation of therapy. To achieve the best outcomes, extended antifungal
treatment should be combined with addressing underlying risk factors and performing
radical debridement of affected tissues.
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5. Study Limitations

It is important to acknowledge the limitations of our study and interpret its findings
with caution. The primary limitation is that our analysis relied exclusively on data from case
reports and case series, which are known for their limited generalizability and validity, and
their inability to establish causal relationships. Additionally, there may be significant biases
related to publication, the retrospective nature of the study, and the focus on rare or atypical
cases. However, some case reports and series can still provide valuable insights, especially
in the absence of data from randomized controlled trials (RCTs) and observational studies.
This is particularly relevant when a few studies suggest a significant and probable causal
link in the context of an emerging epidemic or a newly introduced medication [134,135].

It should also be noted that due to the ongoing flux in the nomenclature of fungal
agents, several Candida spp. have been renamed non-Candida genus, which are no longer
considered causative agents for candidiasis. For example, Candida pelliculosa (now renamed
to Wickerhamomyces anomalus / Pichia anomala) or Candida norvegensis (now renamed to Pichia
norvegensis) [136].

In addition, significant neonatal risk factors were not available for all cases. There
was also a lack of evidence on antifungal prophylaxis, antifungal susceptibility testing,
and treatment administered. Moreover, fungemia-attributable mortality data was not
available for all cases as well. Such gaps together with significant heterogeneity between
review studies in recording baseline data were the main inhibiting factors for conducting a
meta-analysis.

6. Conclusions

The present study has provided us with extended insight into the epidemiology
of neonatal fungemia by non-Candida rare opportunistic yeasts among geographically
different areas all over the world for an extended time period.

A rapid identification of these rare yeasts is a key element for adequate therapy and
better outcomes for these vulnerable patients. Although recent advancements have paved
the way with modern techniques and methodologies, fungemia by these opportunistic
pathogens remains underestimated. Furthermore, it is obvious that the compliance of
healthcare workers to general principles of hygiene is crucial in neonatal intensive care
units. The problem is bigger in developing countries mainly due to a deficiency of resources.
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