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ABSTRACT

Inflammation is a protective measure taken by body against exogenous 
and endogenous pathogens. It is a transient mechanism that resolves with 
removal of pathogenic agent, resulting in re-gain of body homeostasis. But 
this transient protective mechanism transforms into destructive tissue-
damaging response, if dysregulated. Such a condition is called as systemic 
inflammatory response syndrome which further leads to multiple organ failure 
and ultimately death, if untreated. In order to understand the physiology, 
mechanism of sepsis and to test the potential therapeutics for its treatment, 
a suitable animal model is required. Various laboratory animal models have 
been developed to mimic human sepsis in laboratory, primarily rodents. Some 
of these commonly used models include injectable models i.e., toxaemia 
models and bacterial infection models and surgical ‘immune barrier disruption 
models’ i.e., cecal ligation and puncture (CLP) and colon ascendens stent 
peritonitis (CASP). In the present review, these models have been reviewed 
with respect to their advantages and disadvantages in mimicking human 
sepsis.
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INTRODUCTION
Sepsis

Sepsis is a serious pathological condition which is characterised by dysregulated immune response followed by immune-
suppression [1,2]. An immune response which is protective in nature, maintains body homeostasis after a pathogenic attack. 
But this protective function of the immune system transforms into tissue-damaging response if not regulated tightly. A normal 
inflammatory process resolves once the infective agent is removed. However, if dysregulated immune response persists, it results 
in systemic inflammatory response syndrome (SIRS) or sepsis. The SIRS is followed by another phase of sepsis i.e., compensatory 
anti-inflammatory response syndrome (i.e., CARS) [3]. The balance between SIRS and CARS influences the host survival [4]. The 
criteria for defining human sepsis are summarized in Table 1 [3].

Animal Models for Sepsis

Various animal models have been developed to mimic human sepsis and their suitability for pre-clinical tests is being checked 
[5-7]. An appropriate animal model aims to investigate the biology of normal and pathological process, to understand the mechanism 
of disease, to have pre-clinical tests of potential therapeutic agents and to test the ability of any intervention to interrupt the normal or 
pathological process [7]. The mice are most popularly used pre-clinical animal model for sepsis research. Being small in size, easy to 
rear, little or no harm to laboratory personnel and availability of inbred strains and diagnostic/immunological assay kits are some of the 
key features that mice are preferred over large animals including dogs, cats, horses and non-human primates [8]. In the present review, 
some of the commonly used animal models of sepsis have been reviewed for their advantages and disadvantages. But before that, we 
will discuss some of the common concepts of animal modelling to mimic a syndrome like sepsis.
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Medical Term Clinical Symptoms Sepsis Related Term
Hypo/ hyperthermia Core body temperature <36°C or >38°C

SIRS
Tachycardia Heart beat >90 beats per minute
Tachypnea Heart beat >20 breaths per minute or PaCO2<32 mmHg

Leukocytosis/ 
Leukopenia

WBC count >12000/mm3 or <4000/mm3 or presence of >10% immature/ 
band forms

SIRS+Infection Sepsis
Sepsis+Organ failure Severe Sepsis

Severe sepsis+Hypotension Septic Shock
SIRS due to sterile cause+Organ failure Severe SIRS

Severe SIRS+Hypotension Shock

Table 1. Criteria for defining sepsis and associated terms.

The central goal of all animal models is to faithfully reproduce clinically relevant pathogenesis that is similar to human disease. 
Human sepsis is characterized by various clinical features which are used to validate relevance of animal models [5]. These characteristic 
features of human sepsis divide the clinical sequence of sepsis in two distinct phases: early and late septic phase. The early phase is 
referred as hyper-dynamic phase, characterized by low systemic vascular resistance (SVR) and increased cardiac output (CO) [9-11]. With 
progression of sepsis, CO declines without any change in SVR, resulting in hemo-dynamic shock. The combination of low CO and SVR is 
the hallmark of septic shock and defines the late/ second hypo-dynamic phase of sepsis [9]. Models that do not closely mimic the hemo-
dynamic changes of human sepsis are not considered as clinically relevant [6,7,12] (Table 2).

Early Phase Sepsis Late Phase Sepsis
 Hyper-dynamic Cardiovascular State (Elevated cardiac output, Low 

systemic resistance)
 Hyper-metabolic State (Hyper-insulinaemia, Increased gluconeogenesis) 

 Hypo-dynamic Cardiovascular State (Low cardiac output, Low sys-
temic resistance)

 Hypo-metabolic State (Hypo-insulinaemia, Hypo-glycaemia)

Table 2. Criteria for validation of an animal model for mimicking sepsis.

It is also difficult to extrapolate animal model studies results to human because of the following reason: while designing 
an in vivo experimental setup, pre-requisite taken into consideration is to regulate the underlying confounding variables. 
To achieve so, healthy, inbred animals of same sex, age and weight are chosen to limit the baseline variability. Also, the 
experimental insult is kept constant ensuring same stimulus is provided to each animal for the purpose of comparing the 
results. But it is a well-known clinical reality that the patients are outbred; have variable age, sex and weight; have variable 
health parameters and different causes of sepsis [13]. A summary of differences between clinical reality of sepsis and 
available animal models is represented in Table 3 [14]. Thus in order to mimic the human sepsis for the purpose of therapeutic 
intervention, different models of animal sepsis should be used. In other words, successful clinical trial can be predicted by 
the success of pre-clinical trials using a number of distinct animal models [7].

Factor Clinical Condition Experimental Condition
Genetic pool of sex Heterogenous of both the sexes Homogenous of single sex

Age Variable (More of neonatal and elderly) Usually young
Species Single i.e., Human Variable i.e., Mice, Rat, Pigs, dogs, etc.

Treatment Differences Active treatment including resuscitation, 
antibiotics, organ support, etc.

No organ support, No or limited antibiotics and 
resuscitation

Infection Natural Induced
Type of microbes Usually virulent Usually avirulent
Degree of insult Variable Uniform

Time course Natural Imposed

Table 3. Difference between clinical and experimental conditions of Sepsis.

On the basis of initiating agent, sepsis models can be divided into three categories: exogenous administration of toxin (such 
as LPS), exogenous administration of viable pathogen (such as bacteria), alteration of animal’s endogenous protective barrier 
(inducing colonic permeability, allowing bacterial translocation). These distinct models of sepsis (Figure 1) are dealt in detail in 
next sections.

Toxaemia Model

Toxaemia models are basically injectable mode of sepsis induction where an exogenous toxin is administrated intra-
peritoneally [15,16]. Immune pathology of endotoxicosis model using bolus injection is characterized by overwhelming innate immune 
response with inflammatory cytokines such as TNF-α representing crucial mediators [17-19]. But bolus injection of LPS commonly 
induces a hypo-dynamic cardiovascular state immediately and does not reproduce the hemo-dynamic changes as observed in 
human sepsis [6,7].

The bolus injection based sepsis model differs from human sepsis in showing a very rapid and transient increase in systemic 
cytokine levels, which is not the case in human sepsis. Human sepsis is characterized by prolonged elevation of systemic cytokines 
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that are several orders of magnitude lower than endotoxicosis models [6,7]. Also, comparison of response to endotoxin in mouse and 
human has demonstrated that mice are relatively more resistant to endotoxin [20]. The endotoxin dose leading to 50% mortality in 
mice (i.e., LD50) is about 1–25 mg/kg [21-23] whereas in humans it is 2-4 ng/kg [24,25]. The biological mechanism(s) responsible for 
difference in responsiveness to LPS in mice and humans is yet to be fully elucidated, but Warren and colleagues have suggested 
that some factor(s) which are present in murine sera but not in human sera may be responsible for the same [26]. These factors are 
capable of suppressing the production of pro-inflammatory cytokines. One such factor is hemopexin i.e., iron binding acute phase 
protein [27]. Such differences further limit the extrapolation of these experimental studies across species.

Figure 1. Commonly used murine sepsis models i.e., injectable toxaemia and bacterial infection models and surgical cecal ligation and puncture 
(CLP) and colon ascendens stent peritonitis (CASP) models.

Bacterial Infection Model

Bacterial infection model refers to injectable mode of introducing live bacteria inside the body against which immune 
response is elicited. Though this model fails to recapitulate many important clinical features of sepsis, it provides an insight into 
mechanisms of host response against pathogen. Inoculation of animals with pure or mixed bacterial flora has been a common tool 
for studying septic mechanisms [5-7]. High dose of bacteria inoculated does not colonize and replicate inside the body but rapidly 
lysed by complement system [28]. Thus, it leads to a potential model of intoxication with endotoxins rather than true septic model 
[28]. Variable responses are observed based on the bacterial load, strain type, mode of administration, host etc. Also, the resulting 
outcomes do not mimic the true human septic conditions.

Host-Barrier Disruption Models

The endogenous protective barrier that maintains the sterile compartment inside body, are manipulated in these model so as to 
result in septic conditions. The gut harbours a number of microbial species which are restricted to intestine by specialized intestinal 
epithelium. With the disruption of this barrier, microbial flora can ooze out to peritoneal cavity to elicit an immune response. Cecal 
ligation and puncture (CLP) model and colon ascendens stent peritonitis (CASP) models represent the examples of this category of septic 
models [4]. These models have been described below in detail, but an overview of how intestine maintains this sterile compartment and 
what are the innate and adaptive immune specializations it possesses are discussed first in the next subsection.

The mammalian gut harbours a dense and dynamic community of micro-organisms. These resident populations are mainly 
represented by bacteria, although viruses [29] and even archaea [30] are also reported. The microbial profiling studies have revealed 
that the individual variation in terms of gut resident bacterial species is very high though common patterns have emerged at 
the phylum level. Gram negative Bacteroidetes and gram positive Firmicutes are the most common intestinal bacterial phyla 
[30,31] followed by actinobacteria, proteobacteria [32] etc. These bacteria contribute to host’s digestive efficiency, immune system 
development and pathogen colonization limitation. In turn, they are provided with nutrient-rich, protected habitat. Thus, a mutual 
symbiotic relationship is constituted among host and microbes. But this mutualism can turn to pathogenicity if the microbial 
penetration remains unchecked by intestinal mucosal surface. This property of intestinal mucosal barrier is disrupted in surgical 
models of sepsis (i.e., CLP and CASP) detailed below.

Colon Ascendens Stent Peritonitis (CASP) Model

In this model, a stent of a defined diameter is implanted into the ascending colon of the experimental model, leading to 
persistent leakage of fecal content into the peritoneal cavity and infection with intestinal microbial flora [33-35]. The model can be 
manipulated in terms of outcome by varying the diameter of stent used. CASP model is accompanied with multi-organ failure [36]. It 
represents an acute polymicrobial septic peritonitis model where both SIRS and CARS responses are observed. This model is still 
limited in use and thus, the confounding variables are not known in detail. Also, it presents a very challenging surgical procedure 
for placing the stent. 

Cecum Ligation and Puncture (CLP) Model

The CLP model is one of the most stringent models of sepsis, and is considered by many investigators to be the crucial 
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pre-clinical test for any new treatment to human sepsis [5]. Compared to other models, CLP provides a better representation of 
the complexity of human sepsis. CLP involves a combination of three insults: tissue trauma due to laparotomy, necrosis caused 
by cecal ligation and infection due to microbial leakage. The latter results in peritonitis and further followed by translocation of 
bacteria into bloodstream which activates inflammatory response. The advantage of CLP is that the pathogens are endogenous, 
therefore mimicking traumatic injury leading to peritonitis in humans. CLP technique became readily acceptable and popular 
because it satisfies many of the essential criteria that are required in a potent septic model: simple procedure, poly-microbial in 
nature, localized infectious focus etc. [1]. Furthermore, sepsis shows a high degree of similarity to human sepsis progression and 
displays both hyper- and hypo-inflammatory response of human sepsis [5]. Being one of the best representatives of human sepsis, 
it has been recognized as gold standard for sepsis research [1]. Still there are a number of discrepancies in CLP model and human 
sepsis which must be considered for any therapeutic approach [1].

A comparative account of various rodent sepsis models is summarized in Table 4. These models are compared on the 
basis of type of sepsis induction (i.e., injectable or surgical), factors that may cause variability in results and advantages and 
disadvantage in using respective model.

SEPSIS MODEL TYPE VARIABILITY FACTORS ADVANTAGES DISADVANTAGES

Endotoxemia/ Toxicosis 
Model Injectable

•	 Type of toxin used
•	 Dose
•	 Route of administration
•	 Fluid Resuscitation
•	 Host species and strain

•	 Simple and reproducible
•	 Induced response is 

acute
•	 Highly controlled and 

standardized model

·	 LPS mediated signaling is strict-
ly TLR-4 dependent

·	 Does not mimic human sepsis 
in terms of cytokine profile

·	 Variability in dose, toxin and 
route of administration

Bacterial Infection 
Model Injectable

•	 Bacterial load
•	 Route of administration
•	 Time of infusion
•	 Bacterial and host strain
•	 Antibiotic/fluid resuscitation

•	 Presence of bacterium al-
lows insights into mecha-
nisms of host response 
to pathogens

•	 Growth and quantification of 
bacteria is required before 
administration

•	 Single bacterium model does 
not reflect true human sepsis

•	 Variability in bacterial load, 
route of administration and 
bacterial strain

•	 High dose causes endotoxic not 
septic shock

Colon Ascendens Stent 
Peritonitis (CASP) Surgical

•	 Stent lumen diameter
•	 Load of stool transferred into 

peritoneum
•	 Sex, age and strain

•	 Polymicrobial
•	 Presence of infection 

focus

•	 Surgically more difficult
•	 Length of colon is not defined
•	 Less characterized hemody-

namic phase

Cecal Ligation and 
Puncture (CLP) Surgical

•	 Needle size and number of 
puncture

•	 Amount of cecum ligated/ 
necrosis induced

•	 Uncontrolled bacterial load
•	 Antibiotic/ fluid resuscitation
•	 Sex, age and strain

•	 Simple procedure
•	 Presence of infection 

focus
•	 Polymicrobial
•	 Mimics human sepsis 

most
•	 Prolonged and lower 

elevation of cytokines as 
in human

•	 Abcess Formation
•	 Variability in severity due to 

differences in experimental 
procedure

Table 4. Comparison of various commonly used animal models of sepsis.

Non-human Primate Models of Sepsis

Considering the gap in rodent septic models and human sepsis, non-human primate models are tested for mimicking human 
sepsis. Intravenously injected live E. coli and LPS in baboons have been used as model system for sepsis [37,38]. But owing to the 
limitations of ethical committee and lack of intensive care facilities, these models are not propagated.

CONCLUSIONS
A number of animal models have been developed to faithfully mimic human sepsis but unfortunately the interventions that 

have been shown protective in animal sepsis fail in human clinical trials. This failure does not indicate that the animal models 
are irrelevant. It might be probably because either we do not understand the complex nature of sepsis completely yet or we have 
not been able to mimic this complexity in a single satisfactory pre-clinical model. Though these animal models do not truly and 
completely mimic the clinical complexity and intrinsic heterogeneity of human sepsis in all the respects but still they provide an 
insight about specific components of this syndrome. Thus, despite all the limitations these models have, we need to use them for 
pharmacokinetic studies as no other substitute is available yet. The future prospects lies with development of new rodent models, 
improvising the existing ones and to look for the feasibility of more successful non-human primate model considering the existing 
differences between clinical reality and experimental models.
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