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Abstract—An extensive network of regulation of systemic inflammation makes development of a reproducible
experimental model of sepsis a complex task. There is no single mouse model that can capture all clinical
aspects of this complicated pathology. However, a combination of existing approaches can go a long way
towards analysis of specific mechanisms of sepsis development and to the design of novel therapeutic
approaches. This review describes the popular mouse models of sepsis and septic shock, as well as their lim-
itations and development strategies.
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INTRODUCTION

According to current views, sepsis (from the
ancient Greek σ�ψις, rotting) is a life-threatening
organ dysfunction that arises as a dysregulated
response of the body to infection. Septic shock is a
kind of sepsis where metabolic, cellular, and hemody-
namic alterations substantially increase the likelihood
of a fatal outcome [1]. Thirty million people annually
develop septic complications and six million of them
die according to the World Health Organization, and
the ranges may be underestimated because disease
registration is poor in low- and middle-income coun-
tries [2, 3]. Many new sepsis cases arise in developed
countries. For example, every third death occurs in the
presence of septic complications in US hospitals [4],
and hospital infections are among the main causes of
sepsis because their causative agents acquire resistance
to antimicrobial therapy [5, 6]. Sepsis usually develops
when barrier tissues are infected with pathogenic
strains of Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, and Streptococcus spp., but dis-
ruption of barrier tissue integrity by components of the
normal microbiota may also induce sepsis [7–9]. The
highest susceptibility to sepsis is characteristic of peo-
ple older than 65 years of age, infants, immunocom-
promised patients, and patients with chronic disorders
(autoimmune disorders, tumors, kidney diseases, lung
diseases, etc.) [10].

Activation of innate immunity is a key event in the
induction of sepsis and occurs as pathogen-associated
molecular patterns (PAMPs) are recognized by pat-
tern recognition receptors (PRRs), such as Toll-like
receptors (TLRs), NOD- and RIG-like receptors, and
scavenger receptors [11, 12]. Activation of these recep-
tors leads to a systemic production of proinflamma-
tory cytokines and chemokines. PRRs are capable of
recognizing damage-associated molecular patterns
(DAMPs), which are released from damaged host
cells, thus leading to excessive activation of immuno-
cytes and endotheliocytes. This imbalance leads to
cytokine overproduction (cytokine storm) [13]. Sepsis
has a biphasic nature, the vigorously developing proin-
flammatory phase is followed by a compensatory anti-
inflammatory phase, which often leads to immuno-
suppression [14, 15]. An early hyperdynamic phase is
characterized by a higher cardiac output (the blood
volume that the heart pumps in a unit time) and a
lower systemic vascular resistance; a subsequent hypo-
dynamic phase is characterized by a decreased cardiac
output and a lower systemic vascular resistance [8].
Sepsis is additionally accompanied by an increase in
coagulation, a decrease in fibrinolysis, multiple organ
failure, and other pathological alterations, thus mak-
ing it a challenge to create a reproducible animal
model [16].

EXPERIMENTAL MODELS OF SEPSIS 
AND THEIR COMPARATIVE 

CHARACTERISTICS
Three types of models are commonly used to

induce experimental sepsis: injection of a toxic agent
(lipopolysaccharide (LPS), CpG, zymosan, or

Abbreviations: LPS, lipopolysaccharide; D-GalN, D-galac-
tosamine; PRR, pattern recognition receptor; DAMP, damage-
associated molecular pattern; CLP, cecal ligation and puncture;
CASP, colon ascendens stent peritonitis.
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another PRR ligand), injection of live pathogens (bac-
teria or intestinal contents; induction of pneumonia,
meningitis, urosepsis, etc.), and impairment of barrier
tissue integrity (intestinal perforation, wound sepsis
models, etc.) [14]. The two first groups include mostly
low-invasive nonsurgical models, while surgery is nec-
essary to obtain a sepsis model of the third group. The
most common experimental mouse models of induced
sepsis are characterized in Table 1.

SEPSIS INDUCTION BY IMPAIRING 
THE INTEGRITY OF BARRIER TISSUES
In the most clinically relevant current models,

polymicrobial peritonitis is mimicked by disrupting
the gut integrity and thus allowing microbiota compo-
nents to enter the peritoneal cavity [19].

Cecal ligation and puncture (CLP) reproduces the
clinical picture of an intraperitoneal abscess and poly-
microbial peritonitis in appendicitis or diverticulitis
with tissue ischemia because an infection focus is pres-
ent and bacteria gradually enter the peritoneal cavity
[61]. The model additionally has other features of sep-
sis, such as activation of both proinflammatory and
anti-inflammatory immune responses, early hyperdy-
namic and late hypodynamic phases, multiple organ
dysfunction, hypothermia, metabolic alterations,
DAMP production, and a similar kinetics of the cyto-
kine response [60, 66, 68]. At the same time, an
abscess often forms around the puncture site to pre-
vent the release of cecal contents into the peritoneal
cavity. Sepsis does therefore not progress to septic
shock in some mice, and the acute inflammatory
response becomes a chronic one, which may persist
for several months [69, 73]. To model sepsis in patients
with chronic kidney disease, folic acid is administered
prior to CLP [75]. The CLP method does not require
administration of toxins or live pathogens. Sample
preparation is avoided, and diversity of the intestinal
microbiota is thus preserved to a maximum extent as
compared with intraperitoneal injection of gut con-
tents to induce sepsis. The dynamics of sepsis develop-
ment is possible to regulate by varying the length of the
cecal region to be ligated, the needle size (18–25G),
and the number of punctures (to a lesser extent), per-
forming infusion therapy, administering antibiotics, or
mimicking appendectomy by removing the necrotic
cecal region via a second surgery [61]. It should be
noted that the model is reproducible only when the
experimental animal sample is large enough because
the method is difficult to standardize because of the
variation in surgery parameters, such as the type of
anesthesia, the laparotomy technique, the cecal liga-
tion length, the needle size, and the number of punc-
tures and the dependence on the mouse genetic strain,
gender, age, microbiota composition, and rearing
conditions [20, 65, 72].

Colon ascendens stent peritonitis (CASP) repro-
duces the clinical picture of polymicrobial acute dif-
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fuse peritonitis and better mimics the pathophysiolog-
ical alterations as compared with CLP, i.e., bacterial
dissemination and systemic inflammation increase
continuously together with cytokine production, mul-
tiple organ failure develops, while an abscess does not
form to prevent the intestinal contents from entering
the peritoneal cavity [76, 78]. With CASP, the dynam-
ics of sepsis development is possible to regulate by
varying the stent diameter (14–22G) or by removing
the stent and suturing the intestinal perforation in a
repeated surgery [77]. However, the model is more dif-
ficult to obtain as compared with CLP, the hemody-
namic and metabolic changes in the model have not
been characterized as completely, and the biphasic
immune response in sepsis is not reproduced because
the anti-inflammatory cytokine response arises
almost at the same time as the proinflammatory
response [71, 73]. The limitations common for both of
the models are that newborn mice are impossible to
use in experiments and that clinically relevant bacte-
rial strains cannot be used to induce sepsis [71].

Cecal ligation and incision (CLI) has recently been
developed and found to mimic more acute onset of
sepsis as compared with that in the CLP model. How-
ever, CLI is not used broadly, and its metabolic, hemo-
dynamic, and immunological responses have not been
characterized in sufficient detail as of yet [79–81].

SEPSIS INDUCTION BY ADMINISTERING 
LIVE PATHOGENS

Administration of Gram-positive (Streptococcus
pneumoniae and S. aureus) or Gram-negative (E. coli,
Bаcteroides fragilis, K. pneumoniae, A. baumannii, and
P. aeruginosa) bacteria provides a reproducible and
low-invasive method to induce sepsis and is suitable
for studying the mechanisms triggering the immune
response to a particular pathogen without surgery [20,
22]. Depending on whether clinical isolates or labora-
tory strains are used, different bacteria differentially
activate PRRs, for example, because they differ in LPS
biological activity [21, 82, 83]. In general, the model
poorly ref lects the clinical picture of sepsis because
there is no local infection focus where from bacteria
spread continuously in a certain measure, but a single
massive administration is used to achieve bacterial
infection. In addition, the cytokine profile shows a
faster kinetics, especially in early sepsis [30]. Only one
bacterial strain is often used, while sepsis is usually
polymicrobial [84]. On the other hand, use of patho-
genic strains makes it possible to mimic hospital infec-
tions, which are often caused by monoinfections. The
model partly reproduces the clinical picture of perito-
nitis in the case of intraperitoneal administration of
bacteria or bloodstream infection through an intravas-
cular catheter in the case of intravenous administra-
tion, and several PRRs are activated in contrast to sin-
gle-toxin models. Alternative routes are possible for
administering bacteria in the model: intravenous
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Table 1. Comparative characteristics of experimental models of sepsis

Model Advantages Limitations

Toxic agents are administered to induce sepsis (nonsurgical methods)

Systemic LPS adminis-
tration [17–21]

• The model is easy to obtain, low invasive, con-
trollable, standardized, and reproducible.
• The acute phase of Gram-negative sepsis is 
reproduced.
• Sepsis development is regulated by changing the 
LPS amount or its biological activity.
• Several alternative methods are possible for LPS 
administration.
• Manipulations with pathogens are avoided

• Hemodynamic, immunological, and 
metabolic features of sepsis are modeled 
poorly.
• Polymicrobial sepsis is not reproduced.
• A short-term immune response is usu-
ally triggered by LPS.
• LPS sensitivity differs between intra-
specific and interspecific levels

LPS and D-GalN-
induced toxicity [22–25]

• All the above applies.
• A lower LPS amount is needed because D-GalN 
increases the LPS sensitivity

• All the above applies.
• Septic shock develops rapidly, leading 
to early death

Live pathogens are administered to induce sepsis (mostly by nonsurgical methods)

Bacteria introduced in 
the body [20, 22, 26–36]

• The model is easy to obtain, reproducible, and 
low invasive.
• Extreme clinical sepsis is modeled.
• The model is suitable for studying the immune 
response to a particular bacterial strain.
• Alternative methods are available for administer-
ing bacteria.
• Clinically relevant pathogenic bacterial strains 
are possible to use.
• Sepsis development is regulated by changing the 
number and composition of bacteria

• Hemodynamic, immunological, and 
metabolic features of sepsis are modeled 
poorly.
• Endotoxemia develops when bacteria 
are administered in large amounts.
• Certain bacteria do not induce sepsis 
because of their low persistence potential.
• One bacterial strain is commonly used, 
while sepsis is usually polymicrobial

Pneumonia-induced 
sepsis [14, 37–50]

• The model is simple and reproducible.
• Sepsis development in diffuse pneumonia is 
modeled.
• Sepsis development is regulated by changing the 
bacterial composition or using antimicrobial thera-
pies.
• Alternative low-invasive methods are available for 
administering bacteria

• Sepsis does not always develop.
• Hemodynamic phases are poorly dis-
tinguishable.
• Manipulations with pathogenic bacte-
rial strains are necessary.
• Anesthesia is required in the case
of intrabronchial administration.
• An inverted response develops to anti-
cytokine therapy

Intraperitoneal adminis-
tration of cecal slurry or 
fecal solution [51–57]

• The model is simple and reproducible.
• The model mimics polymicrobial peritonitis.
• The method is low invasive.
• The dynamics of sepsis development is regulated 
by changing the amount of the substance injected

• Metabolic, hemodynamic, and immu-
nological features of sepsis are not always 
reproduced.
• The model is difficult to standardize 
because of the variation in microbiota 
composition and sample preparation.
• The body may be tolerant of its own 
microbiota
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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(i.v.), intraperitoneal (i.p.), subcutaneous (s.c.), etc.
Depending on the pathogen administration site, the
approach allows a modeling of meningococcemia [85]
or, for example, urosepsis [86]. The dynamics of sepsis
development is possible to regulate by varying the
composition of the bacterial sample or using antibiot-
ics [19]. Many bacteria die as a result of complement
activation after their systemic administration, and the
resulting rapid development of endotoxinemia causes
early death of the host and limits the full development
of sepsis [30, 87]. Lower amounts of bacteria should be
administered to prevent endotoxinemia, and this is
possible to achieve by using highly virulent strains or
additional adjuvants (e.g., sterilized feces). Different
mechanisms may underlie sepsis development
depending on the bacterial strain; e.g., IFNγ promotes
the survival in the case of P. aeruginosa and
S. pneumoniae infections and decreases the survival in
the case of S. aureus and E. coli infections [30, 88, 89].
The route of pathogen administration may also affect
the pathogenesis mechanism; e.g, IL-10 exerts a pro-
tective effect in the case of intraperitoneal administra-
tion of bacteria and facilitates disease progression in
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
the case of the induction of bacterial pneumonia [90,
91]. Bacterial may differentially infect different organ-
isms; e.g., Salmonella typhimurium is more efficient in
infecting mice compared with humans [92].

Implantation of a bacteria-laden fibrin clot in the
peritoneal cavity requires surgery under general anes-
thesia and results in a continuous release of bacteria,
thus better mimicking the spread of pathogens from an
infection focus as compared with systemic administra-
tion of bacteria [59]. Hemodynamic and metabolic
alterations and the cytokine response kinetics repro-
duce the clinical picture of microbial peritonitis [58].
On the one hand, the model lasts several days (there is
no early mortality due to endotoxinemia) and is there-
fore better suitable for studying monoinfections than
systemic administration of bacteria; on the other
hand, one bacterial strain is used, while sepsis usually
has a polymicrobial component [84]. The method is
suitable for studying early treatment with antibiotics
during pathology development. The model is repro-
ducible only when the bacteria-laden clot preparation
and laparotomy techniques are standardized [93]. The
Intraperitoneal implan-
tation of a fibrin clot 
infected with bacteria 
[14, 44, 58, 59]

• The model mimics microbial peritonitis and is 
simpler than CLP or CASP.
• Early mortality is not induced.
• The model is suitable for studying mono-infec-
tions and their treatment with antibiotics.
• Sepsis development is regulated by changing the 
bacterial concentration and the clot density

• Reproducibility is problematic because 
the infected fibrin clot preparation and 
surgical technique are difficult to stan-
dardize.
• Tissues are wounded by surgery.
• One bacterial strain is often used, while 
sepsis is usually polymicrobial.
• The method does not work in newborn 
mice

The integrity of barrier tissue is disrupted to induce sepsis (surgical methods)

Cecal ligation and punc-
ture (CLP) [20, 60–75]

• The model mimics the development of polymi-
crobial peritonitis with tissue ischemia.
• Both proinflammatory and anti-inflammatory 
immune responses are activated.
• Sample preparation is avoided (microbiota diver-
sity is preserved to a maximum extent).
• Sepsis development is regulated by changing the 
puncture diameter or ligation site length and by dis-
section of the necrotic intestinal region

• Reproducibility is poor because stan-
dardization is difficult to achieve.
• Tissues are wounded by surgery.
• An abscess forms around the puncture 
site.
• The systemic inflammatory response is 
weaker than in CASP.
• The method does not work in newborn 
mice

Colon ascendens stent 
peritonitis (CASP) [71, 
73, 76–78]

• Acute diffuse polymicrobial peritonitis is mim-
icked better than with CLP.
• Sepsis development is regulated by changing the 
stent diameter or removing the stent.
• An abscess does not form, unlike with CLP.
• Sample preparation is avoided (microbiota diver-
sity is preserved to a maximum extent)

• The model is the most complex.
• Hemodynamic, immunological, and 
metabolic changes are less investigated 
than for CLP.
• A biphasic immune response is poorly 
reproduced.
• Tissues are wounded by surgery.
• The method does not work in newborn 
mice

Model Advantages Limitations

Table 1.   (Contd.)
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sepsis development rate is possible to regulate by vary-
ing the fibrin clot density and selecting the necessary
concentration of bacteria [22]. In addition, peritonitis
progression is possible to terminate by removing the
clot via a second surgery [20].

Intraperitoneal injection of a fecal solution or cecal
slurry (CS). The models are simpler to obtain and pro-
vide a low-invasive means to induce polymicrobial
sepsis, but require the sample to be prepared prelimi-
narily and its bacterial composition to be standardized
[52, 57, 94]. In contrast to classical sepsis, mass
administration of intestinal contents may induce a
strong immune response, which leads to early death or
complete recovery [54]. The models poorly reproduce
the hemodynamic and metabolic alterations in sepsis
and display different profiles of relevant gene expres-
sion and cytokine production [56]. The dynamics of
sepsis development is regulated by varying the amount
of the intestinal contents administered, and microbi-
ota diversity in the sample is lower than in the CLP
and CASP models because certain bacteria (primarily
anaerobes) die during sample preparation. Freezing
the material to be administered partly solves the prob-
lem of sample standardization in different experi-
ments, but causes death of certain sensitive strains
[20]. Mice sometimes develop tolerance of their own
microbiota, requiring the use of an additional adju-
vant, such as barium sulfate [95].

Pneumonia-induced sepsis provides a clinically rel-
evant model because airway infections often lead to
secondary infection and subsequent acute respiratory
distress syndrome, bacteremia, damage to the lungs,
and multiple organ failure [20, 96, 97]. The model is
relatively simple and reproducible and allows several
alternative routes to administer bacteria, including
intranasal (i.n.), intratracheal (i.t.), intrabronchial
(i.b.), spraying, etc. (it should be noted that the i.t. and
i.b. administration requires anesthesia, which may
affect the development of the immune response) [50].
The model makes it possible to mimic community-
acquired pneumonia by administering S. pneumoniae
and S. pyogenes pathogenic strains or hospital-
acquired pneumonia by administering P. aeruginosa,
K. pneumoniae, S. aureus, and A. baumannii strains
and even to reproduce the clinical picture of hospital
infection in peritonitis when combined with the CLP
or CASP model [14, 50]. An inverted response to ther-
apy is often observed in this mouse model, i.e., inhibi-
tion of anti-inflammatory cytokines increases the sur-
vival, while inhibition of proinflammatory cytokines
decreases the survival [43]. The sensitivity to different
pathogens varies in the model. For example, large
amounts of bacteria are necessary to inoculate in the
lungs to induce P. aeruginosa pneumonia, and the dis-
ease develops within one day, rather than several days,
thus poorly reflecting the clinical dynamics [44].
SEPSIS INDUCTION 
BY ADMINISTERING TOXINS

Low-invasive sepsis induction with toxic agents
usually implies administration of PRR ligands,
including zymosan, CpG, peptidoglycan, lipoteichoic
acids, etc. [30]. Direct LPS toxicity (systemic admin-
istration of LPS) and acute hepatotoxicity (systemic
administration of LPS in combination with D-GalN)
models are the most common [93]. These controlled
reproducible models greatly simplify the multistage
clinical picture of sepsis development and rather
reproduce certain features of endotoxemia or the acute
phase of Gram-negative sepsis, such as lack of an
infection focus, a hypodynamic stage developing
without a preliminary hyperdynamic stage, lactic aci-
dosis, short-time and abundant production of proin-
flammatory cytokines, increased expression of
DAMPs (e.g., HMBG-1), and strong activation of
innate immunity [19, 25, 30]. Toxin administration
does not mimic the development of polymicrobial
sepsis or the host-pathogen interactions because the
immune system does not have to eliminate the patho-
gen [17]. At the same time, high LPS levels in the
blood are observed in meningococcemia, bacteremia,
and antibacterial therapy, rendering the models clini-
cally significant [98]. Anti-inflammatory cytokines
expressed upon activation of the TLR4 signaling path-
way in the models are the main inductors of sepsis,
and their production correlates with the severity of
sepsis in the models as well as in patients [56, 99, 100].
The approaches are broadly used to study the TLR4
signaling pathways and to test blockers of inflamma-
tory mediators (e.g., cytokines) in preclinical studies,
but are rarely efficient in clinical studies. Several alter-
native routes (i.v., i.p., etc.) are available for toxin
delivery into the body, and long-term continuous
administration is possible because the LPS molecule
is stable [22]. The immune response can be regulated
by varying the LPS dose or using LPS preparations
with different biological activities [21, 83]. It should be
noted that LPS sensitivity greatly varies among spe-
cies. For example, humans are several orders of mag-
nitude more sensitive to LPS than mice [18].

Sensitization with D-GalN does not cause death in
mice, but makes it possible to reduce the LPS amount
necessary to induce sepsis by several orders of magni-
tude as compared with the direct LPS toxicity model
[24]. The advantages of the LPS/D-GalN acute hepa-
totoxicity model are that the model is inexpensive,
simple to obtain, and well reproducible and that
experiments are easy to standardize. LPS/D-GalN
administration activates TLR4 in liver resident macro-
phages (Kupffer cells) and subsequent production of
proinflammatory cytokines, primarily TNF, thus
inducing inflammation and liver failure; NF-κB inhi-
bition in Kupffer cells decreases damage to the liver
[25, 101–103]. Because D-GalN is metabolized exclu-
sively in hepatocytes, its administration increases the
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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Fig. 1. Development of acute hepatotoxicity after administration of LPS with D-GalN. UDP, uridine 5'-diphosphate; cyt C,
cytochrome C; cas, caspases; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DAMP, damage-associated
molecular pattern.
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liver sensitivity to TNF, and activation of the TNF-RI
signaling pathway triggers apoptosis in hepatocytes
[104–106]. Acute liver failure develops as a result and
is associated with a substantial increase in the release
of transaminases (ALT and AST), TNF, and interleu-
kins into the blood, eventually leading to death [107,
108]. The kinases and transferases that convert glucose
to UDP-glucose and galactose to UDP-galactose are
involved in converting D-GalN to UDP-D-GalN as
well, and uridine is consequently sequestered as a
result of its incorporation in UDP-D-GalN when the
D-GalN concentration is high enough. A transferase
transfers the galactosyl moiety from UDP-galactose to
a protein to produce galactosylated proteins and to
restore the UTP pool, but is incapable of catalyzing
the same reaction with UDP-D-GalN; UTP defi-
ciency consequently develops in hepatocytes, and
transcription is inhibited [23]. The inhibition of tran-
scription stops the syntheses of antiapoptotic proteins
(Bcl-2 and Bcl-xL) and activates the kinase cascade
[25, 109]. LPS or TNF administered during this
period lead to septic shock, while uridine administra-
tion protects mice from LPS/D-GalN toxicity [110].
Damaged hepatocytes produce DAMPs and alarmins,
thus further stimulating macrophage activation [111].

It is of interest that a balance of proinflammatory
and anti-inflammatory cytokines is distorted in Kupffer
cells expressing transmembrane TNF (tmTNF); the
distortion facilitates the development of inflamma-
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
tion, increases damage to the liver, and induces apop-
tosis through tmTNF and expression of the FasL
proapoptotic factor [112]. TNF acts as an activator of
neutrophils and monocytes; induces expression of the
ICAM-1 and VCAM-1 adhesion molecules and selec-
tins in endothelial cells and hepatocytes; and stimu-
lates the production of the CXCL2, CXCL8, and
CCL2 chemokines in hepatocytes, thus promoting neu-
trophil and monocyte migration into liver sinusoidal cap-
illaries and then into liver parenchyma and increasing
inflammation due to production of proinflammatory
mediators [113–117]. The mechanism whereby hepato-
cyte apoptosis affects the induction of inflammation is
still incompletely understood, but inhibition of their
apoptosis is known to abolish migration of neutrophils
into the liver and their activation [25]. Therapeutic
administration of dopamine, cyclooxygenase inhibitors,
and plant flavonoids (alpinetin, isovitexin, etc.)
decreases the production of proinflammatory cytokines
and improves the survival of mice in the model [118–
122]. A general scheme of acute hepatotoxicity develop-
ment induced with LPS/D-GalN is shown in Fig. 1.

EXPERIMENTAL MODELS OF SEPSIS: 
LIMITATIONS AND DEVELOPMENT 

STRATEGIES

Various agents (steroids, cytokine blockers, etc.)
have been tested as medications to treat sepsis in sev-
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eral tens of clinical studies from the 1980s, but only few
of them increased the survival in patients, while the
majority of them were ineffective or even worsened the
disease [19]. The examples of pharmacological agents
that showed efficacy in treating experimental sepsis in
animals, but were rejected in clinical studies (phases III
and IV) in patients include selepressin (ClinicalTrials.gov
Identifier: NCT02508649), anakinra (IL-1RA), TNF
blockers (etanercept, CDP571, etc.), anti-endotoxin
antibodies, TAK-242, tifacogin, TCV-309, lenercept,
NO inhibitors, antithrombin, BB-882, BN 5021, alka-
line phosphatases, drotrecogin alfa (activated), and
methylprednisolone sodium succinate [19, 123]. It is
clear that the circumstance is explained by a limited
clinical relevance of preclinical mouse sepsis models,
which fail to fully mimic the metabolic, hemody-
namic, and immunological changes that occur in
patients with sepsis or septic shock. Mice differ from
humans in several immune properties that affect the
pathogenesis of sepsis. Mice are several orders of mag-
nitude more resistant to toxins (LPS and diphtheria
toxin) than humans; have a lower total neutrophil
fraction in the blood, a lower neutrophil enzymatic
capacity, lower activity of the complement system, and
a different set of pentraxins involved in the inflamma-
tory process; and lack genes for important compo-
nents of the immune system, such as IL-8, IL-37,
TLR10, ICAM-3, etc. [72, 124, 125]. Combining sev-
eral sepsis models, each of which is not universal when
used alone, may provide for a better understanding of
the molecular mechanisms of sepsis. The variation in
the pathogenesis of many septic complications is
another circumstance to consider, and etiological
variations should be allowed for in a strategy of pre-
clinical studies of therapeutic agents [126].

Laboratory mice reared in specific-pathogen-free
(SPF) conditions usually have a rather immature
immune system with a deficit of memory T cells [127],
thus being better suitable for mimicking sepsis in
human newborns, but not in adults. These mice may
have limited diversity of the microbiota, which directly
affects the immune system and the development of
pathological conditions [128]. Moreover, persistent
virus infections (for example, herpesviruses) are acti-
vated in humans, but not in SPF mice, with septic
complications and may change the resistance to bacte-
rial coinfections [72, 96, 97]. “Dirty” mice are possi-
bly better suitable for mimicking human pathologies
[129]. In addition, inbred mouse strains are used in the
overwhelming majority of studies, while the human
population is heterogeneous, pointing to the impor-
tance of studies in interstrain hybrid, outbred, and
nonlinear mice.

Use of small animals in preclinical studies of sepsis
makes it difficult to monitor the hemodynamics by
invasive methods and to perform active maintenance
therapy (artificial ventilation, infusion therapy, renal
replacement therapy, parenteral nutrition, etc.). Con-
comitant antibacterial and vasopressor support is often
ignored in experimental models of sepsis, while being
always provided to human patients [44, 84, 130]. Use
of larger animals (for example, non-anthropoid pri-
mates) to model sepsis will substantially increase the
costs of studies, but will make invasive monitoring and
maintenance therapy more efficient [131].

Healthy young mice (8–12 weeks) are commonly
used in experiments, but old mice seem more expedi-
ent to use to study the pathogenesis of sepsis and
means to treat it because elderly people are more sus-
ceptible to septic complications [132–135]. In addi-
tion, preclinical data are rather difficult to interpret
because mice of one gender are often used, while sex
hormones and sex-linked genes may affect the differ-
ential predisposition to sepsis [136].

Although mouse models do not always exactly
mimic human inflammatory diseases [137], it is
impossible to avoid experiments in mice because the
species is well studied; similar gene expression profiles
are observed in mice and humans during inflamma-
tion; there is an overlap in physiological, genetic, and
biochemical features of mice and humans; and exper-
iments with mice are inexpensive and simple to per-
form and involve minimal ethical problems [138–
140]. Moreover, a vast panel of genetically modified
mice with changes in immune system components is
available and provides additional opportunities to
investigate the molecular mechanisms involved in the
pathogenesis of sepsis. Humanized mouse strains are
important to use more broadly to experimentally
model sepsis because the pathology development in
humans is better reproduced in such models [134,
141–145]. However, it should be noted that immune sys-
tem components are primarily subject to humanization,
while the nervous system, the epithelium, the endothe-
lium, and metabolic pathways important for the devel-
opment of sepsis remain mouse [72, 146–149].

Apart from developing new models, it is important
to standardize the existing experimental models of
sepsis [150]. Standardization is necessary for a multi-
parametric system designed to evaluate the severity of
septic condition in animal models [151]. Experimental
models with different types of sepsis induction are
important to combine in preclinical studies because
data from a single model may lead to incorrect inter-
pretation of the roles of factors involved in the patho-
genesis of sepsis or the efficacy of therapies used. For
examples, studies have shown that the TLR4 signaling
pathway is essential for the development of polymicro-
bial sepsis and LPS- or LPS/D-GalN-induced toxic-
ity [152–154], while other studies showed that TLR4
makes only a minor contribution to the pathogenesis
of sepsis in the CLP and CASP models [155–157].
Another example is provided by the cytokine IL-12,
which is involved in sepsis development in the CASP
model [158], but plays no role in the CLP model [156].

A search for pharmacological agents to treat sepsis
will certainly continue. It seems promising to investi-
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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gate the blockers of the complement system (primarily
C5b-9, C5a, and its receptors) [159, 160] and the
immunological checkpoints (PD-1, CTLA-4, TIM-3,
etc.) that affect the activation of innate and adaptive
immune responses [161]. Another therapeutically
interesting strategy is modulating the signaling path-
ways of the cytokines that regulate the pathogenesis of
sepsis and septic shock: IFNγ, GM-CSF, MIF, IL-7,
IL-8, IL-15, IL-17, IL-27, IL-33, etc. [162–166]. An
important problem is to develop the pharmacological
inhibitors for HMGB1 [167] and the microRNAs
(miR-132, miR-146a, miR-150, miR-155, and miR-
223) [168–170] that change in expression during sepsis
development. The therapeutic properties are intensely
studied for corticosteroids, β-blockers, thrombomod-
ulin, and mesenchymal stem cells [16, 171–173]. Bio-
telemetry will help to better evaluate the physiological
changes that occur in the body during sepsis develop-
ment and to make experiments cheaper by reducing
the sizes of test groups [64, 174].
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