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Abstract: Sepsis, a severe condition instigated by infections, continues to be a primary global cause of death, typified by systemic
inflammation and advancing immune dysfunction. Comprehending the complex pathological processes that underlie sepsis is integral
to the creation of efficacious treatments. Despite the inability of animal models to entirely reproduce the clinical intricacies related to
sepsis, they are invaluable instruments for the exploration and development of therapeutic approaches. Within this context, the
zebrafish model is particularly noteworthy due to its genetic tractability, transparency, and appropriateness for high-throughput
screening of genetic mutants and therapeutic compounds. This scholarly review emphasizes the crucial role that the zebrafish disease
model plays in enhancing our comprehension of sepsis, by exploring its applications in deciphering immune and inflammatory
responses, evaluating the consequences of genetic alterations, and examining novel therapeutic agents. The Insights derived from
zebrafish research not only augment our understanding of the underlying mechanisms of sepsis, but also possess considerable potential
for the transference of these discoveries into clinical therapies, thus potentially transforming the approach to sepsis management. The
objective of this scholarly article is to underscore the importance of zebrafish in the realm of biomedical research pertaining to sepsis,
and to delineate forthcoming opportunities for utilizing this model in clinical applications.
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Introduction

Sepsis represents a significant global health concern, accounting for approximately 20% of all deaths worldwide.'
Annually, it affects approximately 48.9 million individuals, resulting in approximately 11 million deaths. The burden is
particularly pronounced in low- and middle-income countries, which account for approximately 85% of sepsis cases and
related fatalities. Children are particularly susceptible to sepsis, with nearly half of all global cases occurring among this
group, resulting in 2.9 million deaths each year.” In light of these statistics, there is a pressing need for more scientific
research to be conducted on sepsis, as well as the development of more scientific and reliable animal models for the
investigation of mechanisms and the testing of drugs.

Traditional rodent models have been instrumental in sepsis research, yet they present significant translational
challenges to human sepsis due to species-specific immune responses and progression of the disease.’> These models
often use lethal doses of pathogens that are not typically reflective of human sepsis, which generally evolves from
localised to systemic infections.” Furthermore, rodent models tend to produce a more uniform and acute sepsis response

compared to the variable and sometimes chronic nature observed in humans.’ Additionally, replicating human-standard
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Graphical Abstract

care, such as ventilatory support and intensive monitoring, is challenging in these models, leading to a simplified
understanding of sepsis and its management.®

Due to the limitations of traditional animal models, zebrafish models have become an invaluable tool in the study of
sepsis, Previous studies have shown that zebrafish has certain consistency with mouse models in terms of immune
response, cytokine secretion, inflammatory response, and organ dysfunction. For example, Zebrafish and mice show
similar upregulation patterns of pro-inflammatory cytokines such as Tumor necrosis factor-alpha (TNF-0) and Interleukin
—1pB (L-1p) through LPS-induced inflammatory response.” In addition to its physiological and genetic similarities with
humans, it also exhibits unique characteristics such as optical transparency and genetic modification,®’ enable detailed
studies of host-pathogen interactions and the development of sepsis in real-time. By using this model, we are able to
analyze inflammatory and immune responses at a cellular and molecular level in depth,'®'" facilitating high-throughput
screening of potential therapies and accelerating the discovery of new treatments.'? In addition, advanced imaging and
genetic tools in zebrafish can improve understanding of sepsis-related organ dysfunction and recovery,'® thereby
advancing the development of more effective sepsis treatments.

The use of zebrafish as a model organism in sepsis research has the potential to make a significant contribution to
improving current treatment strategies and discovering new therapeutic pathways. A review of sepsis research will be
presented in this review, with special emphasis on zebrafish models as well as the integration and significance of
zebrafish models. An overview of the approaches to the construction and application of these models will be provided in

order to advance understanding of this deadly and complex disease (Figure 1).

The Pathogenesis of Sepsis

Immune Response Mechanisms in Sepsis

Sepsis is a complex syndrome characterized by a dysregulated host response to infection, leading to widespread
inflammation, immune dysregulation, and multiple organ dysfunction.'* Understanding the underlying immune mechan-
isms is crucial for developing effective therapies. The inflammatory cascade in sepsis involves the innate immune system
recognizing pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs) like Toll-like
receptors (TLRs)."> This recognition triggers immune cell activation, leading to the release of cytokines and chemokines
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Figure | As an emerging sepsis model animal, zebrafish has the advantages of high throughput and easy screening, especially in: (A) Simulating the infection process in
human body. (B) Sepsis is a disease with high mortality and morbidity. (C) Having high homology with human genes, unique optical transparency and genetic modifiability.

such as TNF-a, IL-1, Interleukin-6 (IL-6), and interferons.'®'” These pro-inflammatory cytokines recruit additional
immune cells to the infection site, amplifying the inflammatory response in a process known as a “cytokine storm”.'®
While essential for combating infections, this cytokine storm can cause severe inflammation, resulting in tissue damage
and organ dysfunction if not regulated.'” Overproduction of cytokines increases vascular permeability, leading to fluid
leakage into tissues, hypotension, and disseminated intravascular coagulation, which are hallmarks of severe sepsis.?’
In sepsis, the immune system shifts from a hyper-inflammatory state to a phase of immune suppression, termed
immunoparalysis, significantly compromising the host’s ability to combat infections and coordinate effective immune
responses.”! This shift involves complex interactions between the innate and adaptive immune systems.*” Initially, the
innate response activates to eliminate pathogens, involving macrophages and dendritic cells that phagocytize pathogens
and secrete cytokines to stimulate other immune cells. Excessive or uncontrolled responses lead to tissue damage and
systemic inflammation. As sepsis progresses, lymphocyte function and numbers decrease, including T cells, B cells, and
natural killer cells.”> This lymphocyte apoptosis is a hallmark of sepsis-induced immunosuppression, diminishing the
immune system’s ability to respond to new infections. Impaired phagocytosis by neutrophils and macrophages exacer-
bates this condition, allowing secondary infections to take hold more readily.”* Additionally, alterations in cytokine
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profiles occur, with increased levels of anti-inflammatory cytokines inhibiting various immune cells and suppressing the
immune response.”” These cytokine shifts reflect broader dysregulation of immune signaling mechanisms, disrupting the
balance between pro-inflammatory and anti-inflammatory actions during sepsis.

Sepsis is often characterized by an outbreak of inflammation and multiple organ failure throughout the body, which is
often seen in basic research studies (Figure 2).

Organ dysfunction and recovery

Organ dysfunction in sepsis is a direct consequence of the systemic inflammatory response and the dysregulated immune
activity triggered by the infection.>' This multifaceted syndrome impacts several vital organs, causing conditions such as
acute kidney injury, acute respiratory distress syndrome (ARDS), hepatic dysfunction, and cardiovascular instability.
Developing therapeutic strategies aimed at enhancing recovery and reducing sepsis-related mortality will be greatly
enhanced by understanding the underlying mechanisms responsible for organ dysfunction.

The pathophysiology of organ dysfunction in sepsis involves several interconnected mechanisms.*? Firstly, the
overwhelming inflammatory response can lead to widespread endothelial damage, which disrupts the microvascular
blood flow. This disruption impairs oxygen and nutrient delivery and waste removal, which are critical for cellular
function. Secondly, the excessive production of cytokines during sepsis can have direct cytotoxic effects and can initiate
apoptosis in various organ cells.>® Additionally, the activation of the coagulation cascade can lead to microthrombi
formation, further impairing blood flow and exacerbating organ damage.**

The recovery from organ dysfunction in sepsis involves the stabilization of hemodynamics, the restoration of
impaired organ function, and the mitigation of ongoing inflammation. Clinical management focuses on supporting the
affected organs through interventions such as renal replacement therapy for kidney failure, mechanical ventilation for
ARDS, and pharmacological support for cardiovascular and hepatic functions.>> Emerging treatments that aim to
modulate the immune response or enhance cellular repair processes are also being explored.

Key Factors Influencing the Development of Sepsis

Microbial Factors

The virulence of a pathogen in sepsis is largely determined by its ability to evade the host’s immune defenses and
establish an infection.>® Many bacteria possess specialized virulence factors that enhance their pathogenicity. For
example, LPS, a major component of the outer membrane of Gram-negative bacteria, is recognized as one of the most
potent inducers of the inflammatory response in sepsis.’” In the event that it is not promptly controlled, it can trigger
a wide array of immune reactions that will result in tissue damage and organ failure.

In addition to LPS, bacterial toxins are of particular significance in the progression of sepsis, as they can cause direct
cellular injury and modulate immune responses.*® Toxins such as exotoxins and enterotoxins disrupt cell membranes and
interfere with cellular signaling pathways, leading to cell death and tissue necrosis.*” These actions not only facilitate the
spread of the infection but also trigger severe systemic inflammation that is characteristic of sepsis.

Recent studies have also highlighted the role of genetic and metabolic adaptations of pathogens in influencing their
virulence during sepsis.*’ Pathogens that can rapidly alter their gene expression in response to the host environment are
more likely to evade immune responses and sustain infections that lead to sepsis. Moreover, the ability of pathogens to
metabolize host-derived nutrients and resist antimicrobial agents significantly affects their survival and virulence.

Host Response
A hallmark of sepsis is the dysregulation of the immune response, which is characterized by an initial hyperinflammatory
state followed by a period of immunosuppression.*' During the hyperinflammatory phase, cytokine storm can lead to
widespread tissue damage. This is followed by a compensatory anti-inflammatory response syndrome (CARS), during
which the immune system’s responsiveness is markedly diminished, increasing vulnerability to secondary infections and
affecting recovery.*?

The genetic makeup of an individual significantly influences the variability in immune response to infections leading
to sepsis.*® Certain genetic polymorphisms affect cytokine production, immune cell activation, and even the effectiveness
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Figure 2 (A) The brain of mice with sepsis develops edema and the blood-brain barrier permeability is damaged. Reprinted from Guo J, Kong Z, Yang S, et al. Therapeutic Effects of
Orexin-A in Sepsis-Associated Encephalopathy in Mice. | Neuroinflammation. 2024;21:13 1. Creative Commons. (B) Both lung and brain inflammation occurred in mice with aerosolized
LPS-induced sepsis. Reprinted from Ritter K, Rissel R, Renz M, Ziebart A, Schifer MKE, Kamuf J. Nebulized Lipopolysaccharide Causes Delayed Cortical Neuroinflammation in a Murine
Model of Acute Lung Injury. Int | Mol Sci. 2024;25(101 17). Creative Commons.”’ (C) The liver, lungs, and heart of mice with LPS-induced sepsis were damaged by inflammation. Reprinted
from Yan C, Kuang W, Jin L, et al. Carvacrol Protects Mice against LPS-Induced Sepsis and Attenuates Inflammatory Response in Macrophages by Modulating the ERK 1/2 Pathway. Sci Rep.
2023;13:12809. Creative Commons.2® (D) The liver, kidney, and lung of CLP-induced sepsis mouse models showed inflammatory infiltration. Reprinted from Wang$, Jiang D, Huang F, et
al. Therapeutic Effect of Echinococcus Granulosus Cyst Fluid on Bacterial Sepsis in Mice. Parasit Vectors. 2023;16:450. Creative Commons.?’ (E) Iron death and mitochondrial damage in
alveolar epithelial cells of Skp2+CLP sepsis mice. Reprinted from Chen Z, Zhang J, Gao S, et al. Suppression of Skp2 Contributes to Sepsis-Induced Acute Lung Injury by Enhancing
Ferroptosis through the Ubiquitination of SLC3A2. Cell Mol Life Sci. 2024;81:325. Creative Commons.*® Copyright © 2024 Springer.
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of microbial clearance.** These genetic factors can explain why some individuals develop severe sepsis and organ failure
while others with similar infections do not.

Comorbidities such as diabetes, chronic kidney disease, or chronic respiratory conditions can impair the immune
system’s effectiveness and alter the host’s response to infection.*’ These conditions often exacerbate the severity of
sepsis by compromising the body’s ability to mount an adequate immune response. Furthermore, they can influence the
pharmacokinetics and pharmacodynamics of drugs employed in the management of sepsis, thereby complicating
treatment approaches.

Environmental Factors

It is evident that environmental factors play a significant role in the progression and management of sepsis, particularly
within healthcare settings. The incidence of hospital-acquired infections (HAIs) and the prevalence of antimicrobial
resistance are two critical aspects that can dramatically affect sepsis outcomes.***”

Hospitals, especially intensive care units (ICUs), are high-risk environments for the acquisition of infections due to
the concentration of vulnerable patients with various invasive devices like catheters and ventilators.*® These devices
provide a route for pathogens to enter the body and cause infections that may lead to sepsis. The pathogens responsible
for HAIs often include multidrug-resistant organisms, which complicate treatment options and increase mortality rates.
For instance, methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant Gram-negative bacteria are
common culprits in these environments.*’

The extensive use of antibiotics in hospitals has led to an increase in antimicrobial resistance, which is a significant
factor in the complexity and severity of sepsis cases.’® A resistant strain of bacteria poses a greater challenge to treat and
can spread rapidly within a hospital setting, complicating sepsis management.’' Effective antibiotic stewardship and
infection control practices are essential to mitigate this issue, emphasizing the need for judicious use of antibiotics and
adherence to strict hygiene protocols.

The Establishment and Application of Zebrafish Sepsis Model
Clinical Relevance of Zebrafish Sepsis Model: Validation of Pathological Similarity to

Human Sepsis
The zebrafish model is considered a powerful tool for studying human sepsis due to its genetic and immune response
similarities.>* To validate its clinical relevance, we focused on examining the pathological states in zebrafish that closely
mimic those observed in human sepsis. This section highlights key histological and molecular biology features to confirm
the model’s validity.

Histological Validation

Acute kidney injury (AKI) in zebrafish is characterized by tubular necrosis and hepatocellular degeneration, which are
similar to the acute organ damage seen in human sepsis.”®> Hematoxylin-Eosin (H&E) staining and immunohistochem-
istry were employed to highlight critical pathological features such as cellular integrity loss, immune cell infiltration, and

tissue hemorrhage, aligning with human sepsis characteristics.>*>>

Molecular Biology Features

To further validate the zebrafish sepsis model, we analyzed the molecular responses using quantitative PCR (qPCR),®
Western blotting,”” and enzyme-linked immunosorbent assays (ELISA). These techniques allowed us to measure the
expression levels of key cytokines and signaling molecules involved in the inflammatory response,’® such as TNF-a, IL-
1B, NF-xB, and MAPK pathways. The patterns observed were compared with human data to assess the translational
potential of the zebrafish model.
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The Establishment and Application of Zebrafish Sepsis Model

Establishment of Infection Experiment

Microbial infection plays a pivotal role in initiating inflammation in patients with sepsis, marking the onset of immune
response and the release of inflammatory mediators.’® As sepsis progresses, the presence of pathogens and their toxins
can significantly amplify inflammatory responses, potentially leading to systemic inflammation, organ damage, and
multiple organ failure.?'

(1) Escherichia coli (E. coli)

E. coli is a versatile species with a wide range of ecological niches and interactions with hosts, including mutualistic
and pathogenic relationships.®° Specifically, septicemia-associated E. coli (SEPEC) is strongly linked to sepsis.®!
Uropathogenic E. coli (UPEC), commonly used in sepsis model infections, exemplifies the pathogenic potential to
induce systemic infections that can escalate to sepsis.®?

Barber et al®

successfully employed zebrafish embryo infection models to simulate and study these interactions. The
method involved injecting zebrafish embryos with EXPEC strains, resulting in significant inflammatory responses,
including cytokine storm and symptoms such as rapid heart rate, endothelial leakage, and edema.

UPEC, a major pathogen causing urinary tract infections, can ascend from the ureter to the kidney, leading to acute
pyelonephritis and potentially progressing to sepsis.®* Tran et al®® injected UPEC into zebrafish’s abdominal cavity to
simulate human infection. The results showed that the systemic infection model of zebrafish inoculated with UPEC was
successfully established, with decreased survival rates and increased UPEC load after infection.

(2) Streptococcus pneumoniae (S. pneumoniae)

S. pneumoniae causes a range of respiratory infections, including otitis media, sinusitis, pneumonia, and sepsis.®® In
sepsis caused by S. pneumoniae, the bacteria colonize the respiratory tract and release toxins and cell wall components
that initiate an inflammatory response. This triggers the release of inflammatory mediators and activates the immune
system, leading to systemic inflammatory response syndrome (SIRS).

Rounioja S. et al®’ demonstrated this by injecting the pathogenic pneumococcal strain TIGR4 (T4) into zebrafish
embryos. Signs of severe infection, such as lack of movement and reduced heart rate, were observed at 100 CFU/
injection. Post-infection, the expression of TNF-a and IL-1B was highly induced, and systemic immune reactions
occurred.

(3) Streptococcus agalactiae (Group B Streptococcus, GBS)

GBS is a gram-positive capsular bacterium and a major cause of neonatal pneumonia, septicemia and meningitis.®*
Studies have found that injection of highly virulence clinical isolate COH1 of GBS into zebrafish led to up-regulation of
pro-inflammatory cytokines and chemokines, increased mortality, and destruction of blood vessels compared with control
group.”’

(4) Pseudomonas aeruginosa (P. aeruginosa)

P. aeruginosa is a ubiquitous gram-negative bacterium that can infect various plants and animals. It is an important
opportunistic pathogen in humans, often causing severe local or systemic infections.”' P. aeruginosa is mainly used in the
study of corneal infection, burn wound infection, acute pneumonia,’ and sepsis in mouse models.”

When two laboratory strains of P. aeruginosa (PAO1 and PAK) expressing green fluorescent protein (GFP) were
microinjected into zebrafish embryo tail veins, immediate bacterial accumulation near the injection site was observed.
These aggregates contained red blood cells and infected phagocytes, which blocked blood vessels completely. The
immune response of the zebrafish was activated, releasing a large number of neutrophils and phagocytes.’*

(5) Staphylococcus aureus (S. aureus)

S. aureus is a common bacterium found on the skin and mucosal surfaces of the human body, capable of causing
various infections. S. aureus infection can lead to local epidermal infections such as impetigo, boils, and cellulitis, as well
as more serious infections like sepsis, endocarditis, and pneumonia.’

In zebrafish larvae infection with a 2.5x10* CFUs strain of S. aureus fluorescein (Cowan I pCN56 GFPmut2)
48 hours post-fertilization showed systemic inflammatory infection (increased serum concentration of TNF-a) within
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3.5 hours of infection, observed using fluorescence microscopy.”® The infection ultimately led to the death of the
zebrafish.

(6) Klebsiella pneumoniae (cKP)

cKP is a non-motility gram-negative bacterium with cysts that are commonly found in the environment. It is often
associated with alcohol use disorders and community-acquired pneumonia in diabetics. As a result of multidrug-resistant
cKP (MDR), pneumonia, urinary tract infections, and bloodstream infections are now common hospital-acquired
infections.”’

Galvez-Silva et al collected juvenile fish two days after fertilization (dpf) and injected wild-type highly virulent
Klebsiella pneumoniae SGH10 strain and its Awcal mutant derivative into juvenile fish through the ear sac. By resulting
in fluorescence microscopy results, the cKP group showed more aggregation of neutral particles.”®

Chemical Infection

Chemicals agents, such as LPS, are employed in zebrafish models to simulate bacterial infections and elicit immune and
inflammatory responses that are analogous to those observed in sepsis. LPS, which is found in the outer membrane of
Gram-negative bacteria, including E. coli and P aeruginosa, binds to toll-like receptor 4 (TLR4) on innate immune cells,
initiating a cascade of immune reactions.”’

Mechanism of LPS-induced sepsis in zebrafish: Upon LPS exposure, zebrafish activate their immune system similarly
to mammals, releasing a suite of cytokines, chemokines, and interferons.* This response leads to an inflammatory
imbalance, precipitating systemic inflammation—a hallmark of sepsis. In experimental setups, zebrafish larvae at three
days post-fertilization are exposed to varying concentrations of LPS to observe dose-dependent effects on immune
activation and physiological stress responses.®!

The larvae are typically immersed in a solution containing different concentrations of LPS (ranging from 25 to
200 pg/mL) for periods spanning 2 to 24 hours to induce inflammatory responses. Phenotypic assessments are conducted
to evaluate inflammation-related symptoms such as fin edema, decreased microvascular circulation, and overall morbidity
and mortality rates. Notable findings include increased production of reactive oxygen species (ROS) and inflammatory
mediators, as well as observed behavioral changes such as reduced movement and increased mortality rates.

Following LPS exposure, there is a notable increase in pro-inflammatory cytokines, including TNF-a and IL-1p,
along with elevated HMGBI1 expression, indicating a robust immune response.®? The zebrafish model also exhibits
a reduction in neutrophil counts and disrupted brain capillary circulation, which closely resembles the clinical symptoms
of sepsis.®® This provides a comprehensive system to study the progression and mitigation of systemic inflammation.

Activation of downstream signaling molecules, such as NFkB and MyD8S8, and the resulting release of pro-
inflammatory cytokines are conserved reactions between teleosts and mammals.®* LPS induces the downstream release
of a series of pro-inflammatory factors by up-regulating the expression of NF-«kB and then MyD88, and generally
increases the vascular permeability accompanied by a decrease in the expression of tight link protein closure proteins
A and B, claudin 5a and b, and their intracellular companion ZO-1. By affecting these proteins, LPS leads to the loss of
vascular integrity and the classic septic pathological state of exudative edema.®

Application of Gene Editing Technology

With the advent of gene editing, particularly the use of CRISPR/Cas9 technology, models of sepsis in zebrafish have been
revolutionized. The technology enables precise genetic modifications at the genetic level, allowing DNA sequences to be
knocked out, replaced, or inserted.®>*® These modifications are crucial for studying the roles of specific genes in immune
response and inflammation during sepsis.

CRISPR/Cas9 functions by creating specific incisions at predetermined locations within the genome, thereby enabling
researchers to investigate the consequences of disrupting or modifying genes associated with the immune system,
inflammatory regulation, and antibacterial defense.®” For instance, the elimination of genes linked to the immune
response can diminish the organism’s capacity to resist infections, increasing its vulnerability to sepsis. This is
accomplished by compromising the host’s capacity to mount an efficacious defense against invading pathogens, thereby
facilitating the progression to systemic inflammation and sepsis.
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In zebrafish models, CRISPR/Cas9 has been employed to ablate genes that are essential for immune system
functionality, including those encoding cytokines and their receptors. The ablation of these genes can result in heightened
susceptibility to infection and an elevated propensity for the development of sepsis. For instance, zebrafish deficient in
the crp genes, which are involved in the immune response, exhibit increased vulnerability to pneumococcal infections. In
infectious disease studies, zebrafish are infected with pathogens (such as Edwardsiella piscicida) by removing genes
involved in the immune response (such as TNF-a),’® and CRISPR/Cas9 has been used to study the pathways of anti-
inflammatory agents (primarily glucocorticoids) and to explore the mechanisms of pathogen infection and immune
response.®® This vulnerability is further compounded when additional immune-related genes are knocked out, mirroring
the complex interactions that contribute to the pathophysiology of sepsis in humans.®’

The above description shows a variety of methods for modeling sepsis, including infecting model animals with
different pathogens and chemicals, and using gene editing technology to study the role of specific genes in sepsis, and
gives solutions to the challenges encountered by different substances (Table 1). This will help us better understand the
pathophysiological mechanisms of sepsis and provide an important tool for developing new treatment options for clinical
sepsis.

Treatment Application Based on Zebrafish Sepsis Model

Due to their high-throughput screening capabilities, transparency, and similarity to human immune systems, zebrafish
models have become important tools for studying sepsis and anti-inflammatory drugs.”® The introduction of pathogenic
bacteria or inflammatory inducers into zebrafish can be used to evaluate drug candidates’ anti-inflammatory and
antisepsis properties, thereby speeding up drug development.”® The transparency of zebrafish larvae allows real-time
observation of the effects of drugs on inflammation and sepsis, especially the dynamic changes in immune cells,
Primarily by studying the mechanism of resolution, by characterizing real-time neutrophil migration patterns. The high
reproduction rate and low breeding cost make it suitable for large-scale high-throughput screening experiments.'® To
evaluate its effect on inflammation markers, a candidate drug may be dissolved in water or administered directly as part
of the screening process, followed by microscopic observation and biochemical analysis. In order to develop drug
screening strategies for anti-inflammatory models of zebrafish sepsis, additional research is necessary to understand the
mediators and receptors that turn inflammation into resolution in zebrafish. A further advantage of developing selective
antibodies will be to characterize inflammatory responses to zebrafish at the protein level in depth. By using genetic
tools, such as TALENS and CRISPR-Cas9, it is possible to generate new mutant strains of zebrafish to assess the
likelihood of biological effects, such as anti-TNF strategies, on zebrafish.'”" Accordingly, a comprehensive utilization of
zebrafish model advantages can contribute to the development of effective anti-sepsis and anti-inflammatory drugs, as
well as enhance patients’ therapeutic outcome and prognosis.

Novel Antibiotics and Anti-Inflammatory Agents
Peptidoglycan hydrolase (PGH) targets specific bonds within the bacterial peptidoglycan (PG) network and has demon-
strated efficacy in disrupting biofilms. Due to their high lytic activity, PGHs are considered effective antistaphylococcal

192 MEndoB, a variant selected from a chimeric PGH library, has shown an exceptional ability to eliminate

agents.
staphylococcus in human serum. In zebrafish models, treatment with MEndoB significantly reduced infection rates and

yielded improvements in survival and inflammation comparable to those observed with the positive control, vancomycin.

Synthetic Molecules and Immune Modulation

Poly(I:C) is a synthetic double-stranded RNA (dsRNA) molecule commonly used as a viral genomic RNA mimic.'® It is
primarily employed in immunology research to activate the immune system response. Poly(I:C) activates specific
immune cell and molecular pathways, such as pattern recognition receptors like TLR3, MDAS, and RIG-I, by simulating
viral infection. This activation triggers an antiviral response, including the production of interferons.'®*'% In a study,
poly(I:C) was administered as an adjuvant in combination with the inactivated viral hemorrhagic septicemia virus
(VHSV) (CSpIC+iV vaccine) to adult zebrafish. The CSpIC+iV formulation provided significant protection against
VHSV-induced mortality'%.
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Table | Methods and Challenges in Establishing Zebrafish Sepsis Models

knockout plaque

for another CRP subtype, as well as stimulating
macrophages and dendritic cells, promoting bacterial
uptake and expression of pro-inflammatory
cytokines, resulting in systemic inflammatory
outbreaks.

difficulty in fully simulating the pathological process
of human sepsis.

in combination with other infection models, and
immunoregulatory methods were applied to
improve model specificity and reliability of
experimental results.

Method Source of Result Disadvantage Solution Reference
infection
Microbial ExPEC Cytokine storm, increased heart rate, endothelial To accurately model specific infections, multi-strain [63]
infection E. coli leakage, and edema. combinations are used to improve studies, and gene-
editing techniques are used to create specific mutant
strains.
UPEC Systemic infection, decreased survival after infection, | Diversity of clinical manifestations of E. coli [65,90,91]
and increased UPEC burden. infection.
S.pneumoniae The expression of TNF-a and IL-1B is highly induced, | Infections often involve complex interactions By optimizing the injection method through precise [67,92,93]
TIGR4 and a systemic immune response occurs. between host and pathogen, and zebrafish models | control of bacterial dose and microfluidic
may require high doses of the bacteria to show technology, combined with immunosuppressive
noticeable symptoms. drugs, the infection effect can be effectively
enhanced at low doses.
Streptococcus GBS Pro-inflammatory cytokines and chemokines were Streptococcal models are mainly used to study Transgenic technology was used to express immune [70,94]
up-regulated in zebrafish, with increased mortality neonatal infections, especially in individuals with genes related to human newborns in zebrafish to
and destruction of deficient blood vessels. underdeveloped immune systems, but zebrafish establish a more representative model
models cannot fully mimic the immune
characteristics of human newborns.
P .aeruginosa PAO| The immune response throughout the zebrafish is Only under specific environmental conditions, such | In zebrafish models, by simulating environmental [71,74,95]
PAK activated, and a large number of neutrophils and as burns or immunosuppressive conditions, are conditions such as physical damage or chemical
phagocytes are released. significant features of infection observed in this treatment and gene editing techniques, a clinically
model of infection. relevant infection environment can be created and
infection sensitivity can be improved.
S. aureus Cowan Systemic inflammatory infection (elevated serum High infective doses can cause rapid death in Gradually increase the dose of bacteria to find the [76,93,95]
| pPCN56_GFPmut2 | TNF-o concentration) in zebrafish. Death happens. zebrafish, which limits the possibility of observing appropriate dose of infection to ensure that
infection progression over a long period of time, systemic inflammatory responses are observed
without rapid death, and multipoint sampling is
performed to analyze early infection data.
Chemical | LPS Finedema and death of zebrafish resulted in an Difficult dose control, non-specific inflammatory The use of gene editing technology to create more [82,96]
reagent increase in ROS and inflammatory mediators, responses, and high mortality lead to poor sensitive zebrafish strains, as well as the combined
a decrease in capillary microvascular circulation in reproducibility of results. use of immune regulation methods to reduce
most zebrafish brains, a decrease in the number of excessive inflammatory responses, improve the
neutrophils, and an increase in HMGBI expression. specificity and reliability of the experiment.
Gene CRISPR-Cas9 Predisposes zebrafish juveniles to more severe Off-target effects, genomic complexity lead to Multiple editing techniques were used to improve [89,97]
editing Mutagenesis pneumococcal infections while knocking out genes reduced editing efficiency and accuracy, and accuracy, the variety of experiments was increased
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Table 2 Treatment of Zebrafish Sepsis
Treatment methods Mechanism Results Reference
PGH Removes infected bacteria from The positive control group treated with vancomycin showed [76,102]
the body the same effect.
Poly(I:C) Mimicking viral infection activates | It has a significant protective effect against VHSV-induced [106]
specific immune cellular and death.
molecular pathway
Fisetin Anti-inflammatory, antioxidant, Reduce the mortality, abnormal rate and heart rate of [108]
antibacterial Zebrafish larvae with sepsis, inhibit the expression of pro-
inflammatory genes, and reduce the recruitment of
macrophages and neutrophils in the inflammation site of
Zebrafish larvae.
GlcN Anti-inflammatory and GIcN pretreatment inhibited the expression of LPS-induced [110]
antioxidant effects inflammatory gene mRNA in zebrafish visceral tissues,
improved the decrease of o-glcnac acylation and the increase
of OGA expression in zebrafish visceral tissues, and alleviated
the cell infiltration and pulmonary edema of pneumonia.
Antibiotics CTX (ceftriaxone) | Antibacterial and anti- The treatment group had a higher survival rate and a lower [112]
and Cpl-711 inflammatory bacterial load.

Natural Compounds and Their Roles

Flavonoids possess various biological activities, including anti-inflammatory, antioxidant, antibacterial, and anti-allergic
effects'””. Urushetin, a naturally occurring flavonoid, has been utilized to mitigate LPS-induced inflammation and
endotoxic shock in zebrafish models. Studies have demonstrated that the urushetin treatment group exhibits reduced
mortality, abnormalities, and heart rate reduction in zebrafish larvae injected with LPS. Additionally, urushetin inhibits
the expression of LPS-induced pro-inflammatory gene and decreases the recruitment of macrophages and neutrophils to
the site of inflammation in zebrafish larvae'®®.

Glucosamine and Its Anti-Inflammatory Effects

Glucosamine (GIcN) is an amino derivative of glucose, known for its anti-inflammatory and antioxidant roles, particu-
larly in cartilage and joints'®. In zebrafish models, GlcN preconditioning has been shown to inhibit the mRNA
expression of LPS-induced inflammatory genes in visceral tissues. It also improves the levels of O-GlcNAcylation and
decreases OGA expression in these tissues. Furthermore, GlcN treatment alleviates cell infiltration and pulmonary edema

associated with pneumonia in zebrafish''°.

Combating Antibiotic Resistance
Antibiotics are commonly used to treat sepsis, but the emergence of drug-resistant bacteria in patients with sepsis has

significantly reduced their efficacy, posing substantial risks to clinical treatment'"’

. Recent studies have explored the
combination of the antibiotic ceftriaxone (CTX) and Cpl-711, a phage-derived endolysin, to test their synergistic effect
on multidrug-resistant pneumococcal strains. Treatment results in zebrafish models demonstrated higher survival rates
and reduced bacterial loads compared to monotherapy with either CTX or Cpl-711 alone''*.

The primary function of mainstream anti-sepsis drugs, such as antibiotics, inactivated viruses, and antioxidants, is to
boost the immune system, release anti-inflammatory factors, reduce systemic inflammation, and slow the infection
process (Table 2). Due to the high optical transparency of zebrafish and the availability of various transgenic lines, the
pathological processes of sepsis can be observed in greater detail. This makes zebrafish a valuable model for future drug

screening and the development of new therapeutic strategies.
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Challenges and Perspectives of the Zebrafish Model in Sepsis Research

As the utilisation of zebrafish in sepsis research continues to expand, it is crucial to recognise and address the inherent
challenges, while exploring the potential advancements, in order to enhance the translational value of this model. These
challenges include ensuring precise control of infection dose, managing the variability in immune response caused by
genetic diversity among strains of zebrafish, and accurately replicating the complex interactions between the various
immune cells observed in human sepsis patients''>.

To address these issues, researchers are developing more refined techniques for infection delivery and monitoring in
zebrafish. These include microinjection and real-time imaging, which allow for more controlled and consistent experi-
mental conditions®''*. Further advances in genetic engineering, such as conditional regulation of CRISPR/Cas9, enable
the creation of genetically modified zebrafish that more closely mimic human immune responses or genetically

. . . .11
predisposed conditions causing sepsis''>.
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Figure 3 The zebrafish model has the potential to significantly advance the investigation of sepsis, especially by integrating cutting-edge technologies: (A) Gene editing
technology allows researchers to manipulate the zebrafish genome to introduce or disrupt bases known to be involved in the immune response to sepsis. (B) The zebrafish
model can be used for personalized medicine to accelerate the transformation of the basis to the clinic. (C) High throughput screening this as well as transparency
properties, sepsis development, and mechanisms are further in-depth.
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Furthermore, the zebrafish model has the potential to significantly advance sepsis research, particularly through the
integration of cutting-edge technologies: (1) Gene editing technologies allow researchers to manipulate the zebrafish
genome to introduce or disrupt genes known to be involved in the immune response to sepsis*>. This can lead to a better
understanding of the genetic basis of sepsis and the identification of new therapeutic targets. (2) Zebrafish models can be
employed in personalized medicine by testing patient-specific bacterial strains or therapies within a controlled
environment''®. This approach can facilitate the tailoring of treatments based on individual genetic and immunological
profiles. (3) The high-throughput screening capabilities of zebrafish models render them optimal for testing combination
therapies”®. Multiple pathways involved in sepsis can be simultaneously targeted by these therapies, potentially resulting
in more effective treatments with fewer side effects (Figure 3).

Conclusion

The utilization of zebrafish in sepsis research has substantiated its compatibility with human pathological processes,
particularly in elucidating the mechanisms of immune dysregulation and organ dysfunction. This model has effectively
bridged translational gaps by highlighting significant similarities in immune responses and tissue pathology between
zebrafish and humans, supported by rigorous histological and molecular validations.

Advancements in conditional gene editing within the zebrafish model are enhancing our genetic understanding of
sepsis, leading to potential gene-specific therapies. Moreover, the model’s suitability for high-throughput drug screening
is instrumental in accelerating the development of combination therapies. These technological and methodological
enhancements in zebrafish research are poised to revolutionize sepsis treatment strategies, moving towards more
personalized and efficacious approaches. Overall, the zebrafish model continues to be a pivotal tool in sepsis research,
promising novel insights and therapeutic breakthroughs that are expected to significantly impact clinical outcomes in
sepsis management.

Abbreviation

PRRs, pattern recognition receptors; PAMPs, Pathogen-associated molecular patterns; TLRs, Toll-like receptors; IL-1p,
Interleukin—1p; TNF-a, Tumor necrosis factor-alpha; IL-6, Interleukin-6; ARDS, Acute respiratory distress syndrome;
LPS, Lipopolysaccharides; CARS, Compensatory anti-inflammatory response syndrome; HAIs, Hospital-acquired infec-
tions; ICU, Intensive care units; MRSA: Methicillin-resistant Staphylococcus aureus; Qpcr, Quantitative PCR; ELISA,
Enzyme-linked immunosorbent assays; AKI, Acute kidney injury; E. coli, Escherichia coli; S. pneumoniae,
Streptococcus pneumoniae; S, Agalactiae: Streptococcus agalactiae; SIRS, Systemic inflammatory response syndrome;
P. Aeruginosa: Pseudomonas aeruginosa; cKPK, Klebsiella pneumoniae; dpf, days after fertilization; TLR4, Toll-like
receptor 4; PGH, Peptidoglycan hydrolase; PG, Peptidoglycan; dsRNA, Double-stranded RNA; GlcN, Glucosamine;
CTX, Ceftriaxone.
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