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Rethinking animal models of sepsis – working towards improved clinical 

translation whilst integrating the 3Rs 

Abstract 

Sepsis is a major worldwide healthcare issue with unmet clinical need. Despite extensive animal 

research in this area, successful clinical translation has been largely unsuccessful.  

We propose one reason for this is that, sometimes, the experimental question is misdirected or 

unrealistic expectations are being made of the animal model.  

As sepsis models can lead to a rapid and substantial suffering – it is essential that we continually review 

experimental approaches and undertake a full harm:benefit impact assessment for each study. In some 

instances, this may require refinement of existing sepsis models. In other cases, it may be replacement 

to a different experimental system altogether, answering a mechanistic question whilst aligning with 

the principles of reduction, refinement and replacement (3Rs).  

We discuss making better use of patient data to identify potentially useful therapeutic targets which 

can subsequently be validated in preclinical systems. This may be achieved through greater use of 

construct validity models, from which mechanistic conclusions are drawn. We argue that such models 

could provide equally useful scientific data as face validity models, but with an improved 3Rs impact. 

Indeed, construct validity models may not require sepsis to be modelled, per se. 

This paper asks the reader to move away from the bench to bedside forward translation approaches 

and move towards a bedside to bench reverse translation approach, carefully considering the most 

appropriate model whilst prioritising the 3Rs. This in turn may improve chances of successful clinical 

outcome whilst reducing the welfare burden on research animals. 
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Introduction 

What is the clinical need?  

Sepsis arises from a dysregulated host response to a microbial infection and can lead to septic shock. 

Patients with this syndrome experience circulatory, cellular and metabolic abnormalities which can lead 

to life threatening organ dysfunction [1]. Meaningful global mortality estimates are difficult to 

ascertain, and research is often limited to reporting from high income countries, but it remains a leading 

cause of death and critical illness worldwide [2, 3]. Short-term mortality has been estimated at 45-50% 

and half of those that go onto survive may have subsequent long-term decline with about one in six 

survivors dying within a year[4-6].  

It has been argued that earlier diagnosis of sepsis will have the greatest impact on patient outcome and 

reduce the economic burden on the healthcare provider [7, 8]. Earlier diagnosis allows clinicians to 

treat and manage the underlying infection using standard approaches (including source control and 

antimicrobial therapy) and to anticipate or manage cardiovascular instability and other evolving organ 

dysfunction [9, 10]. The later the diagnosis, the more complex clinical management becomes, with a 

rapid rise in mortality risk and ongoing complications for survivors [11].  

Another argument highlighted in this context is that knowledge of different sensitive and specific 

serological and physiological biomarkers and the development of early warning scores and multi-

biomarker algorithms may aid in identifying and stratifying patients and assist clinicians in planning 

investigation and  treatment, and in particular identifying those at the highest risk [6, 12-16]. In 

addition, understanding certain known or yet to be discovered biomarkers could lead to the 

identification of therapeutically useful new targets or diagnostic approaches, which may need to be 

validated using non-clinical systems.  

Clinical manifestations of sepsis are protean, risk of adverse outcome and response to treatments also 

vary between patients. The trajectory of illness progression and recovery from sepsis in humans has 

also not been well studied. Thus, given that there is no single trajectory of sepsis progression, treatment 

or resolution in humans – there are significant challenges with meaningfully modelling the clinical 

syndrome in research animals. 

In the Table 1, we summarise certain current clinical needs and research approaches that could address 

those needs and indicate where research animal data may still be required.  
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Table 1: Current clinical need and where research animals fit in 

Clinical need Research approach Does this necessitate the use 

of research animals? 

Effective antimicrobial agents 

Immunological modulators 

Inflammatory modulators 

Agents to treat common 

symptoms with improved 

efficacy/safety profile  

e.g. coagulopathy, myocardial 

dysfunction, delirium 

Demonstration of target 

engagement and safety. 

Identification of detailed 

biomarkers associated with on-

target efficacy and/or safety - 

to inform future conduct of 

clinical trials  

Yes – where there is no 

alternative. 

We propose studies should 

be mechanistic in nature (see 

Table 2) 

As above  Drug repurposing Less likely – regulatory safety 

pharmacology, toxicology 

and pharmacokinetic studies 

completed. 

Biomarkers corresponding to 

beneficial/detrimental responses 

to existing treatment.  

Biomarkers facilitating diagnosis 

Biomarkers/modifiable elements 

facilitating patient stratification 

into risk groups 

Information gained from better 

use of patient health record 

data 

 

Unlikely 

 

 

What is the preclinical problem? 

In the context of preclinical sepsis research, there has been a poor clinical translation of therapeutic 

entities validated in animal models of sepsis. Blame for the widely reported translational ‘valley of 

death’ [17] is often placed at the feet of pre-clinical researchers for using flawed animal models or for 

inappropriate experimental design and/or reporting. Whilst these are valid arguments, we propose that 

another reason for lack of translational impact is that, in some cases, current pre-clinical animal models 

are not capable of answering the experimental question being asked. Where the question is ‘will my 

putative treatment provide clinical benefit to sepsis patients’, we would argue that most current animal 

models cannot provide a meaningful, predictive answer.  

Translational paradigms of “bench to bedside strategy” may have been inappropriately applied - 

particularly when aiming to model complex multi-system conditions like sepsis. Bedside to bench and 

back -  where clinical data helps to define specific targets or probe specific mechanisms, may prove 

more fruitful.  
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From a research perspective, it is imperative that preclinical scientists engage with clinicians to 

understand the clinical need. Additionally, wider interdisciplinary collaboration (bioengineering, 

epidemiology, statistics) can ensure that: 

• the right targets/strategies/pathways are identified and studied based on clinical precedence 

through available human data 

• the most appropriate experimental systems and endpoints are being used to validate the value 

of investigational therapeutic entities and biomarkers 

• new and improved data acquisition and analysis/statistical techniques are being used to 

improve quality of results, whilst impacting positively on research animals 

• realistic interpretations are being made of the preclinical data, avoiding ‘over translation’. 

How animals are currently used in sepsis research – ethical and translational issues 

There are two main categories under which research animals are used in the context of sepsis research: 

1) to understand the mechanism of sepsis syndrome progression and identify involvement and 

changes in physiological, molecular and/or cellular pathways  

2) to assess the efficacy/safety/pharmacokinetics of therapeutic targets/agents for proof of 

concept or regulatory studies  

To date, sepsis and septic shock modelling methods have either involved administration of an 

inflammatory trigger (e.g.  endotoxin), a microbial trigger (e.g. bacterial or peritonitis models) or co-

morbidity models (e.g. trauma plus infection). All these models have the potential to cause significant 

suffering, if conducted in conscious animals.  

Justification for the use of any particular model must always have a clear scientific rationale and this by 

extension, should include a full harm:benefit impact assessment. In this context, ‘harm’ refers to the 

experience of the animal during the experiment (or indeed over the lifetime of the animal if the 

legislative framework requires this) whilst ‘benefit’ relates to the scientific value of data generated from 

the study. 

Of key importance is the fact that animal models of sepsis can lead to mortality, which is still used today 

as an experimental end point. Given the historically poor translation of animal models of sepsis, use of 

mortality as an end point is becoming increasingly difficult to ethically and scientifically justify from a 

harm:benefit perspective.  However, progress is being made here, for example the Galleria mellonella 

moth larvae could represent a replacement for mammalian models where survival endpoints are 

needed – providing a rapid efficacy screening tool for novel antimicrobial agents [18]. 

Whilst efforts are being made to reach consensus on what constitutes experimental sepsis (in 

mammals) in order to standardise the scientific literature [19], it is not the purpose of this paper to 

critique different ‘sepsis syndrome’ modelling approaches.  Furthermore, recommendations have 

already been published on how to optimise animal welfare within such models [19, 20] and will not be 

discussed in detail. However, in this paper we will consider how we might rethink our use of animal 
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systems in sepsis research to enhance the translation gap and by extension impact positively on the 

application of the 3Rs principles. 

Why do preclinical sepsis models translate poorly?  

It is well recognised that no single animal model can recapitulate the complex and varied clinical 

manifestations of the sepsis syndrome and there are clear differences between what is modelled in 

research animals and what is seen in patients. Nevertheless, we argue that as long as a harm:benefit 

analysis has been conducted and that realistic interpretations are being made of the data, such 

experiments can still be of scientific value, especially with regard to furthering the understanding of the 

underlying pathophysiology and identification and validation of novel therapeutic and diagnostic 

approaches. 

Common criticisms of many animal model of disease, include the use of single sex, young animal 

cohorts, typically influenced by cost, time and infrastructure limitations as well as a desire to total limit 

animal numbers in line with the 3Rs.  Introduction of experimental bias through lack of randomisation, 

blinding or inappropriate statistical analysis is also commonly criticised in many animal models (and 

research in general)  but reassuringly, initiatives in education and transparency coupled with planning 

and reporting guidelines from  scientific journals and research funders, may lead to improvements [21-

25] 

 

Criticism of sepsis models per se, have focused on questionable experimental time courses, including 

the duration of the ‘sepsis syndrome’, choice of end points or the length of follow up in survivors - 

which do not necessarily correspond to the clinical situation. It has been argued that the duration of 

follow up  is often too short and may not capture the more persistent changes in the inflammatory 

response that ensue in patients [26, 27]. However, performing longer-term sepsis studies in animals 

has the potential to increase the welfare burden and this requires careful consideration of harm vs. 

benefit. Indeed, it is still not known whether extending such studies in animals will improve our 

understanding of, or better predict, longer-term outcomes in patients. 

Studies have also been criticised for timing of interventions. Here the research question and the context 

in which the data is interpreted is key. One argument is that pre-treatment with a new therapeutic 

entity does not reflect the projected clinical use, where such agents would be administered after 

symptom development. However, ‘pre-treatment’ studies may be scientifically valid, if a mechanistic 

research question is being asked and mechanistic conclusions are drawn. Indeed, for studies involving 

genetically altered animals, these would typically have a pre-existing change in the gene product 

expression (e.g. a knockout). This approach is scientifically valid as a proof of concept study to 

demonstrate the relationship between a gene product and its impact on one or more biological 

pathways that may become dysregulated during inflammation/infection. It does not, however, provide 

direct evidence as to whether the target is therapeutically useful in sepsis patients, as the study was 

not designed to test this. This highlights the onus on scientists to carefully define their experimental 

Take home message :  

Experimental sepsis research must be designed, conducted and reported in such a way to 

minimise bias and to maximise the potential for replication 
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question and accurately interpret the results. Similarly, journal reviewers and editors should ensure 

data is interpreted in the context of the mechanistic question, avoiding over optimistic data 

interpretation or ‘over translation’.  

Another criticism is the lack of routine supportive therapies such as antimicrobial, fluid resuscitation 

and other supportive interventions that are not routinely incorporated into models. We will discuss this 

issue later in the ‘Animal ICU section’. 

 

Homogeneity versus heterogeneity; face vs. construct validity  

A key difference between the hospital and laboratory setting is the greater homogeneity of 

experimental animal systems compared to the highly heterogenous clinical population. Homogeneity 

can be considered an experimental necessity as it enables an investigator to assess the difference 

between two treatment groups – carefully controlling confounding factors. However, the expected 

lower variability in inter-animal responses could lead to a relatively modest effect size to be deemed 

statistically significant. In turn, this could lead to over interpretation and misdirected prediction of the 

potential clinical impacts [28].  

In contrast, there is extremely high patient heterogeneity in the clinical setting, where sepsis affects 

neonates through to elderly co-morbid patients. Differences in the patient demographics, infection 

source(s), route of entry etc. all lead to complex variability in both the syndrome progression and in 

responses to clinical interventions. The ability to detect clinically meaningful effects of new therapeutic 

entities, on the background of such variability becomes highly challenging. Arguments have been made 

as to why trials fail so frequently and to perhaps rethink clinical trial design, including improved 

stratification of trial participants into phenotypic groups, more detailed biomarkers as endpoints and 

the use of adaptive trial design [29, 30].  

It has been suggested that more heterogeneous animal models e.g. using outbred strains [31], 

modelling comorbidities  or introducing changes in husbandry moving away from a highly controlled 

pathogen free environment [32, 33], may address issues of reducing homogeneity in animal studies. 

However, this could lead to ‘uncontrolled heterogeneity’ which could make experimental interpretation 

and clinical translation, more difficult. Methods to systematically introduce heterogeneity [34] may be 

helpful but would require infrastructure changes to facilitate this.  

Whilst on one level, making experimental systems “look” more like the heterogeneous clinical 

population (face validity), may appear sensible, it may not necessarily improve clinical translatability of 

the results. It would also likely necessitate larger groups of animals in order to demonstrate meaningful 

effect sizes, going against the principle of the ‘R’ of reduction.  

Take home message :  

Harm-benefit impact assessment and full scientific justification should be at the forefront of any 

new studies involving research animals. Data should be interpreted in the context of what the 

model can deliver, avoiding over optimistic translation. 
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We propose that an alternative approach would be to ask more mechanistic questions (construct 

validity) of the experimental systems[35].   For example if a plasma biomarker is essential, it may be 

sufficient to show target engagement of a test compound, as reflected by a change in a biomarker 

coupled with corresponding test compound plasma concentration levels,  as opposed to demonstrating 

an impact of that compound on sepsis syndrome progression. This approach avoids some of the 

predictive validity issues associated with disease models, with the potential to reduce the welfare 

burden for animals [35].  

Indeed, it has been argued that target engagement, exposure at the site of interest, and some 

indication of pharmacological activity (described as the ‘three pillars of survival’) is adequate for phase 

II clinical trials [36]. We would argue that pre-clinical assessment of efficacy in animals could be 

approached in the same way – especially given the historically poor clinical translation of sepsis models 

data. 

Research to further our fundamental understanding of the dysregulated immune response that occurs 

in sepsis is still needed - and this may still require research animals. However, we would argue that 

these studies should also have a mechanistic focus and results should be interpreted within this context. 

Indeed, the fundamental immunological and molecular signalling differences between humans and 

common laboratory animals, highlight the experimental challenges [37, 38]. Such insights might be 

better gleaned from analysis of increasingly available clinical electronic health record data. 

In summary, mechanistic studies may still utilise existing models of sepsis, but with more careful 

consideration of time courses, biomarker measurements and avoiding death as an endpoint. This 

approach could still address important scientific questions whilst  impacting  positively on the predictive 

validity of the model and welfare of the research animal [39] (Table 2). 

 

Take home message : Construct validity and the 3Rs 

Focusing on construct rather than face validity, has the same potential to increase clinical 

translation, but with reduced levels of animal suffering. 
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Table 2: A comparison of disease models (face validity) with mechanistic models (construct validity) and 

their potential scientific and 3Rs values. 

 

 

 

 

 

Mechanistic models 

A major theme of this review is the proposal that pre-clinical sepsis research can be better served 

using mechanism-based models rather than phenotypic-disease models. To clarify what we mean by 

this let us give our definition of these two approaches. 

Disease model 

An in vivo disease model is one where, via surgical, chemical, biological or genetic intervention, an 

animal displays a phenotype that looks like (has high face validity) one or many aspects of the 

equivalent human disease. Such a model will typically use a disease score or a surrogate to a human 

clinical outcome measure (e.g. mortality in sepsis) as a primary experimental endpoint. For example, 

the rat collagen-induced arthritis model [40] involves immunization with type II collagen which can 

lead to severe arthritis with bone matrix resorption, considerable soft tissue swelling, periosteal new 

bone formation and bone erosion.  

Mechanistic model 

A mechanistic model (with high construct validity) is optimised to provide a robust signal-to-noise 

ratio for engagement (activation or inhibition) of a specific target mechanism. This may or may not 

involve an animal, but the advantage of an in vivo mechanistic model is the possibility of concurrent 

measurement of the plasma level of pharmacological interventions or biomarkers. Such a model can 

share similar induction methodology as a disease model, but importantly has specific mechanism-

based endpoints rather than phenotypic endpoints, for example the concentration of a specific 

plasma biomarker.  

Alternatively, the mechanistic model may have little similarity to the disease of interest, providing 

the mechanism being studied is the same, and the signal-to-noise ratio is optimised. For example, a 

drug discovery program based on a hypothesis (derived from human clinical genomic data) that 

inhibition of a specific cytokine would be beneficial in rheumatoid arthritis. The key information 

required for progression of a new drug into clinical development is adequate target engagement at 

a given plasma level (how much drug is required to inhibit the action of the cytokine). This 

information can be obtained from any in vivo model where the biological activity of the cytokine can 

be measured, and this does not have to be a model of arthritis per se.  

For both types of model, a full harm:benefit impact assessment should ensure the appropriate animal 

model with lowest welfare concern for highest scientific value, is chosen. 
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What needs to change? Part 1 - Focus on improving mechanistic insight of 

sepsis pathophysiology  

Isolating particular features of the clinical condition may help to develop more mechanistic models 

which may prove useful in answering discrete biological questions. Indeed, the sepsis syndrome can be 

broken down into a series of key features. We will explore some of these in more detail below. 

Immune Dysfunction 

The central importance of the immune system in sepsis has prompted the search for specific therapies 

targeting the immune response. However, despite considerable research effort with experimental 

models and numerous clinical trials, there are no immune-based treatments for sepsis in current 

routine clinical use. This failure highlights the disconnect between existing experimental models of 

sepsis and the complex disease in human patients. In particular, the lack of translation between highly 

inbred mouse strains with specific infective foci and the considerable heterogeneity of the sepsis-

induced immune response both between patients and within individuals over time [39] [41, 42] . Such 

heterogeneity suggests that any single treatment strategy will not succeed and that a personalised 

medicine approach is required. Therefore, it is likely that the success of future trials of sepsis therapies 

will rely on precision medicine approaches, with a focus on underlying immune responses in patients. 

Mechanistic models of the immune dysfunction in sepsis are thus required to support the development 

of new immune-targeting therapies and to identify biomarkers to monitor the immune status and guide 

treatment.  

 

At present, immune status is derived from plasma markers or expression of molecules on circulating 

blood cells. However, the immune response is highly compartmentalised and varies over time and the 

phenotype of circulating blood cells may not be the best indicator of current immune status. Existing 

animal models of sepsis often show enhanced cytokine production despite having profound leukopenia 

suggesting blood immune cells have a limited role in producing inflammatory mediators for host 

defence[43]. Moreover, murine experiments have shown that blood and spleen leukocytes become 

hyporesponsive by endotoxaemia or caecal ligation and puncture-induced sepsis (i.e. tolerance) [44] 

but the functions of macrophages from different tissues and organs was found to be either unaffected 

or primed [45] [46]. In healthy volunteers given endotoxin, alveolar macrophages are primed for 

increased inflammatory cytokine production whereas blood monocytes are shown to be profoundly 

immunotolerant [47]. These and other findings in human models of endotoxaemia suggest that 

compartments other than blood, shape the immunosuppression in sepsis [47]. Nevertheless, the 

‘tolerance’ induced by endotoxin in human volunteers shows many similarities to sepsis-induced 

immunoparalysis including decreased cytokine production by circulating leukocytes. Endotoxin 

tolerance has therefore been used as a model to investigate treatments for sepsis-induced 

immunoparalysis, both in vitro [48]  and in vivo in humans [49]. In contrast, however, animal studies 

have shown that despite a reduced immune response, pathogen clearance and survival after live 

bacterial challenge were enhanced in mice pretreated with LPS or other TLR ligands [50]. It is unknown 

whether the same pathogen clearance effect would be seen in humans and this could be studied in 

future trials. New experimental models that report on the tissue immune response are thus urgently 

required to improve our understanding of the mechanisms of the immunological response during sepsis 

and to guide the use of immune-modulating therapies.  
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Platelets are another blood immune cell implicated in the excessive inflammatory host response during 

sepsis which can be both pro- and anti-inflammatory/thrombotic in nature. Correlations have been 

observed in the ICU between platelet number and mortality rates with low platelet count 

(thrombocytopenia) correlating with poor outcome [51-53]. This has prompted studies to evaluate the 

potential benefits of platelet therapy in sepsis [54]. Therefore, preclinical models will continue to be 

required to provide a better understanding of the mechanisms behind this role of platelets in the sepsis 

syndrome. 

 

A more accurate picture of the in vivo immune response will also likely require a panel of biomarkers 

that reflect the immune response in different compartments and at different times. Many current 

biomarkers, such as circulatory inflammatory cytokines are prognostic rather than diagnostic in value. 

Others have a high sensitivity but low specificity (CRP) and may not distinguish between 

hyperinflammatory states and immunoparalysis (procalcitonin). Potential markers of immunoparalysis 

are proposed from patient studies including expression of inhibitory receptors like programmed death-

1 (PD-1) its ligand PD-L1 and cytotoxic T lymphocyte antigen-4 (CTLA-4)[55]. In addition, suppressor 

lymphocyte populations (T-regs) have been linked to patients with immunoparalysis [56]. 

 

Identifying and understanding the causes of hyperinflammation and immunoparalysis in sepsis patients 

is the key to developing effective immune-based therapies. Interestingly, meta-analysis and post hoc 

analyses of data from the many ‘failed’ trials of anti-inflammatory agents have revealed that such 

therapies may have been effective in sub-groups of patients [57]. This again highlights the need to 

stratify sepsis patients according to defined sub-groups so they receive the most appropriate therapy.  

 

Systems Biology 

Advances in our mechanistic understanding of susceptibility to adverse sepsis outcomes may come 

from human patient studies and replace traditional experimental animal models. The development of 

translational high throughput methods and analysis tools has allowed the identification of distinct 

subgroups based on host response to sepsis. These subgroups or ‘endotypes’ will allow for patient 

stratification to target the most effective therapies. Transcriptomic profiling of sepsis patients has 

defined different sepsis response types which could be linked to immune suppression, metabolic 

derangements 14 day mortality [58].  Significantly, these response endotypes could be accurately 

predicted from 7 genes. Interestingly, a different study identified the same endotypes in fecal 

peritonitis patients with similar outcomes [59]. A comprehensive transcriptomic profile of 700 sepsis 

patients revealed 3 sub groups – the one with the highest mortality and reduced adaptive immunity 

corresponding to the most susceptible group defined in the earlier studies [60].  Such profiling should 

translate into identifying patients who would benefit from immunostimulatory therapy.  

 
 
Trained immunity 

Observations in mammalian models of vaccination which found that protection from reinfection 

occurred independently of T and B lymphocytes led to the hypothesis that innate immunity can display 

characteristics of adaptive immunity in response to pathogens or their products and has been coined 
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“trained immunity”. The discovery of trained immunity allows the opportunity to develop models to 

evaluate the effects of immune training on sequelae and outcomes in polymicrobial sepsis and the 

impact of immune training in the prevention and/or treatment of sepsis-induced immune paralysis and 

organ injury [61]. Interestingly, trained immunity also provides a mechanistic link between sepsis and 

atherosclerosis that has been observed in animal models of sepsis [62].  

Metabolic switching 

Growing evidence supports that metabolic changes underlie immune responses including the immune 

cell phenotype in sepsis [63]. Indeed, LPS activation of TLR4 signalling pathways is associated with 

switching to glycolytic metabolism in the activation of macrophages. These changes in glucose 

metabolism mirror the immune responses seen in septic patients with a switch from a more transient 

hypermetabolic anabolic state to a hypometabolic state in cell, animal, and human models of sepsis. 

Sirtuins (SIRT) play a crucial role in this metabolic switch coincident with the switch from hyper to hypo 

inflammatory response and several animal model studies show the mechanistic benefit of targeting 

sirtuin-1 in sepsis  [64, 65].  

 

The HIF signaling pathway has gained significant importance as a possible immunometabolic switch and 

HIF has been proposed as a sepsis biomarker and therapeutic target [66]. Indeed, it was recently shown 

that myeloid HIF-1 plays an acute time dependent role in regulating the peripheral glycolytic response 

[67]. Mechanistic studies using human cells from patients and different animal models will provide a 

more clinically relevant understanding of the metabolic alterations which occur in innate immune cells 

and the role of HIF signaling [66]. 

 

The Inflammasome 

Further improvements to the translational value of sepsis models will likely come from a better 

understanding of the mechanisms of innate immune responses to infection. One such area of intense 

research is the inflammasome. The best characterized is the NLRP3 inflammasome, that also contains 

adapter protein apoptosis-associated speck-like protein (ASC) and procaspase-1 that activates the 

inflammatory cytokines IL-1b and Il-18 and induces a form of cell death known as pyroptosis [68]. 

Recent studies demonstrate that NLRP3 inflammasome-related molecules (e.g., NLRP3 and ASC) are 

critically involved in the acute inflammation and tissue injury involved in the pathogenesis of CLP-

induced polymicrobial sepsis. Inflammasome dysfunction is a recognized feature of sepsis-induced 

hyperresponsiveness [69] and growing evidence suggests that inflammasomes play a critical role in 

bacterial infections [70]  [71]. NLRP3 inflammasomes interact with many molecules associated with a 

variety of conditions. For example, an overactivated NLRP3 inflammasome in immune cells is associated 

with both obesity and insulin resistance and T2DM. Therefore, it is possible that pre-existing 

dysregulated inflammasome function may predispose patients to sepsis from an infection that could be 

overcome in otherwise healthy persons [72]. Drugs designed to target NLRP3 inflammasome activation  

show promise in treating NLRP3- dependent inflammatory diseases including sepsis in animal models 

[73] [74]. 
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The human model of the immune response in sepsis 

The immune response is sepsis involves the complex interplay of thousands of genes in a ‘genomic 

storm’ [75]. Such complexity and heterogeneity suggests that any single animal model may not be 

appropriate and any single sepsis therapy therefore likely unachievable. Research in sepsis is currently 

shifting away from models that cannot accurately reflect the human condition towards a mechanistic 

understanding of the complex pathways in the sepsis process. Understanding how these pathways 

interact may lead to the identification of common targets that can affect downstream signaling events. 

 

Development of human models of the immune response will better aid the translation of fundamental 

mechanistic studies and include ex vivo and in vitro studies of human immune cells directly, including 

from blood and tissues. Studies using peripheral blood are valuable due to the relative ease of acquiring 

samples and the potential for future translation in diagnostics and immunotherapies. Human challenge 

models, in which healthy subjects are infected with a controlled amount of microorganism or their 

components, will also provide relevant mechanistic data. Furthermore, new systems biology tools will 

allow the high throughput of human-derived data, which has been the advantage of current animal 

models [76]. Development of more sophisticated models allowing more detailed knowledge of the 

human immune system in sepsis will enable the identification of new immune mechanisms that can be 

translated into new diagnostic and therapeutic practice.   

 

 

 

 

 

 

 

Take home message : Immunological and metabolic  

 
As our knowledge of the innate immune responses in sepsis increases, new therapeutic targets 

and new potential biomarkers to measure sepsis progression and response to therapy are 

emerging. These include metabolic markers that underlie trained immunity and immune cell 

activation and biomarkers of inflammasome activation which could be mechanistically 

investigated in preclinical models. As tools and technologies for systems biology and high 

throughput screening advance, there can be an increased use of humans and human –derived 

tissue for sepsis research models. Development of more sophisticated models will enable the 

identification of new immune mechanisms that can be translated into new diagnostic and 

therapeutic practice. 
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Circulatory 

Circulatory disturbances form a hallmark of sepsis (septic shock) and circulatory shock is associated 

with increased mortality rates [77]. Given the lack of clinically available immunomodulatory therapies, 

current patient treatment focuses on control of the source of infection, (draining or releasing any focus 

where possible), antimicrobial therapy and empirical hemodynamic support.  

Clinical recommendations are in place regarding hemodynamic support for  patients including fluid 

support, vasopressor and cardiac inotrope administration of well characterised agents [10]  . However, 

optimising and managing hemodynamic support strategies in sepsis patients is not always 

straightforward. Nevertheless, it could be argued that a key clinical need, is a mechanism to facilitate 

optimisation of individual patient dosing regimens for escalation and de-escalation of treatment [78]. 

Such information could be better identified through retrospective clinical data, rather than from further 

animal experimentation. Use of retrospective patient data would allow specific regimens and to be 

linked to patient outcomes and could reveal specific patient signatures that associate with 

advantageous vs. disadvantageous responses to treatment. The clinical benefit of such signatures 

would, of course, require validation using a prospective randomised controlled trial. However, if 

validated, such information could be consolidated into clinical decision support tools and scoring 

systems. This type of research will necessitate an interdisciplinary approach to data collection, 

annotation, analysis and interpretation, but proof of concept studies already exist [79] [80]. 

 

Fluid resuscitation 

Relative hypovolaemia is common in patients with sepsis and leads to reduced cardiac preload resulting 

in reduced cardiac output and systemic oxygen delivery. Fluid is administered during resuscitation to 

replace the fluid deficit to augment cardiac filling and cardiac output. Clinically, fluid resuscitation in 

patients can be guided by hemodynamic and biochemical variables and there are international 

recommendations in place[10]. In small animal studies (mice, rats), the continuous assessment of such 

variables is not as always feasible, but is possible in larger species such as pigs [81]. As with humans, 

fluid resuscitation regimes have been investigated in animal models with certain regimes improving 

hemodynamic variables and outcomes [82, 83]. Later we will discuss the concept of ‘animal ICUs’ 

allowing intensive investigation of individual trajectories from anesthetised, fluid resuscitated, 

preparations. 

Scientists who wish to model hyperdynamic changes in research animals require effective fluid 

resuscitation. For small lab species such as mice and rats, this can be technically challenging to perform 

and fluid overload can easily occur, resulting in inadvertent oedema. However, hyperdynamic rodent 

models do exist [84, 85] [86]. From a welfare perspective, high volume resuscitation should be 

conducted via indwelling vascular access ports [87] which facilitates continuous or multiple infusions. 

However, intra peritoneal or subcutaneous resuscitation tend to be more commonly performed as 

single boluses  [20]. The varied nature of fluid resuscitation (e.g. crystalloid vs. colloidal, continuous vs. 

bolus), and the extent to which animals are resuscitated in different labs, can greatly influence 

commonly measured parameters such as blood pressure, cardiac output and ejection fraction. 

Furthermore, normalised or delta changes, in such parameters, are often reported in the literature, 

making it challenging for the scientific community to have a grasp of the absolute degree of change 
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anticipated within a model. Recommendations for the nature of resuscitation have been generated and 

this may assist in standardising how such experiments are conducted [88]. Whether this improves 

clinical translation of new therapeutic entities, still remains to be determined.  

Cardiac and circulatory disturbances – in vivo and in vitro 

One of the benefits of preclinical sepsis experimentation, is that the exact time of the infection (t=0) is 

known, allowing time dependent changes to be accurately mapped. Cardiac and circulatory 

disturbances are a hallmark feature of many animal models of sepsis, and mechanistic studies may 

involve investigating the effects of gene product modifications or new therapeutic entities on the 

trajectory of cardiovascular dysfunction and tissue perfusion, following infection. Depending on the 

research question, such studies could be conducted in either conscious or anesthetised animals. 

Animal models of sepsis or endotoxaemia have been shown to display many cardiovascular 

disturbances that correspond to those seen in patients and human volunteers [89-91] . These include 

tachycardia, tachypnoea, cardiac dysfunction [92],  vasodilatation and hypotension [93, 94], pulmonary 

hypertension [95] increased incidence of arrythmias [96]  microcirculatory disturbances and time 

dependent changes myocardial function and regional tissue perfusion, oxygenation and end organ 

damage [97, 98]. There are however certain fundamental differences between humans and common 

lab animals, such as non-shivering thermogenesis, observed in mice [99]. Whilst many concerns have 

been raised as to the translatability of murine sepsis models, this is still a commonly used species for 

mechanistic studies, given the relative ease of genetic alteration.   

Importantly, as discussed earlier, it may not always be necessary to model sepsis per se and, where 

possible, those mechanistic models which pose the lowest welfare burden should be used.  At a cellular 

level, it has been established that microvascular endothelial damage can be aggravated by 

inflammatory mediators, generated following a host response [100]. It is technically challenging to 

isolate cellular effects from whole animal systems, although endothelial specific gene modification and 

microvascular perfusion measurements are feasible and may provide useful information. 

However, advances have been made with in vitro replacement models, such as organ-on-chip systems 

which might help scientists understand endothelial and smooth muscle cell functionality and 

interactions in mechanistic models of inflammation and could provide a surrogate system to 

understand gene product or pharmacological effects [101]. 

Cardiovascular monitoring technologies that support refinement. 

Most routine cardiovascular clinical measures can be quantified without necessitating significant 

restraint or human intervention, thereby reducing stress responses. These include blood pressure, 

temperature, ECG and locomotion radiotelemetry, using implantable devices that enable real time 

monitoring of animals in their home cages. Solitary isolation can be limited via cohousing with 

unimplanted animals or with implanted animals transmitting data at a different frequency [102]. 

Telemetry probe implantation surgery does pose a welfare burden, with animals typically requiring 7-

10 days recovery time, before readings can be taken. Non-invasive echocardiography can capture more 

nuanced information about cardiac function and can be conducted in telemetered animals. 

Echocardiography is typically conducted under anaesthesia so repeated measures are possible, but this 

can become challenging, especially in the later stages of the sepsis syndrome, when animals are more 
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compromised and physical restraint/anaesthesia can increase the welfare burden. Certain measures 

can also be acquired under terminal anaesthesia or post-mortem, such as blood pressure via direct 

arterial cannulation, tissue oxygenation, microcirculatory perfusion in specific beds, and serological and 

histological measures pertaining to end organ function. In depth assessment of lung function 

measurements using technology such as the FlexiVent (SIREQ) can also be used under terminal 

anaesthesia for the assessment of sepsis induced acute lung injury. 

Many of these realtime monitoring technologies generate high fidelity data, much of which is typically 

underused. Interdisciplinary collaboration with bioengineering and mathematics can help to make 

more of the data acquired. For example, the extraction of heart rate variability  or other detailed 

cardiovascular changes [103-105] [106] [107] can be generated from preclinical blood pressure or ECG 

waveforms and can be combined with inflammatory biomarkers, to build a more detailed picture of the 

physiological status of the animal. Reassuringly, such  interdisciplinary analytical approaches have 

already led to the successful development of prognostic systems in patients [108].  

In summary, with careful incorporation of more humane endpoints, these experimental techniques 

when used individually or in combination, generate quantitative measures/biomarkers which can allow 

discrete mechanistic questions to be answered. In turn, the knowledge of such biomarkers could 

improve future clinical studies identifying more detail measures pertaining to efficacy and safety, to be 

incorporated as clinical trial endpoints. We propose that such quantitative measures acquired at 

specific time points better fulfil the harm:benefit assessment, compared with mortality end point 

models. 

Take home message : Circulatory disturbances in sepsis 

Animal models may still be required to validate safety and efficacy of new therapeutic entities 

that target the cardiovascular system. Several minimally invasive technologies and in vitro 

models are available which can help reduce, refine and replace animal experiments. Realtime 

monitoring technologies can encourage use of scientifically valuable, humane endpoints, 

whilst avoiding mortality endpoints. Such endpoints may be incorporated into future clinical 

studies. 
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What needs to change? Part 2 – Better use of clinical data 

Preclinical outcomes-clinical validation: Bridging the gap (valley of death?) 

We propose that pre-clinical research and development in sepsis needs to ‘re-tool’, to recognise that 

current, animal model, driven approaches lack sufficient predictive validity to affect successful clinical 

translation. Two things need to change: firstly, research focus needs to be redirected to address the 

key clinical need for biomarkers that enable early identification of sepsis and effective stratification of 

patient subtypes for treatment regimens; secondly, more predictive model systems need to be 

developed.  

 

Figure 1 The key features of a ‘humanised’ drug discovery process (Bioindustry Association/Medicines 

Discovery Catapult report, UK 2018) 

The 2018 joint report from the Bioindustry Association and the Medicines Discovery Catapult  [109] 

examined the current state of drug discovery in the UK and emphasised the highly challenging issue of 

poor translation. They proposed a radical change in approach that centred on humanising discovery 

through better use of patient biomarker data and the development of advanced human-based in vitro 

model systems. They argue that effective drug development requires libraries of mechanistic models 

to be developed that reflect the heterogeneity of human disease. No one would present that this is 

easy or that it can be achieved overnight but the ongoing crisis in translation needs to be addressed 

and a radical change in approach is needed. Critical selection of targets and expected outcomes are 

crucial, and one cannot just rely on the validity of a one-fits-all preclinical model. 
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Figure 1, taken from the report, nicely illustrates how the three critical components of this approach 

using patient derived targets and biomarkers, humanised models and high content stratified clinical 

trials, come together. Central and critical to this approach is a joined-up mechanism for data sharing, 

with all stakeholders working together to achieve translational benefit. 

So, how would this work in sepsis research? Clearly, this needs to start with the identification of robust, 

biomarkers of disease. Currently, vast amounts of data are collected from patients and this needs to be 

standardised, collated, appropriately labelled, deidentified and analysed; not simply biomarker data but 

treatment and outcome data too. Additional approaches such as genome wide association studies need 

to be applied as well as any new emerging technologies and together these can help better identify 

druggable targets [110, 111]. Unsupervised machine learning approaches can help identify patient 

subgroups through clustering patterns of multiple input variables. We need to paint a comprehensive 

picture of each patient from their initial presentation through diagnosis, treatment and long-term 

outcome – including indices of quality of life. Progress is already being made in this area with the 

development of early warning scores derived from annotated health records [112, 113] [114] [16, 79] 

but systems like this need to be implemented across the whole healthcare network as part of an 

integrated data sciences approach. Such a shift in approach will require significant investment and we, 

perhaps provocatively, suggest that some funding currently directed towards use of existing animal 

models of sepsis could be redirected to cover this. 

Where animals may still be required would be the identification of detailed biomarkers pertaining to 

on-target and off-target effects of new therapeutic entities. Through mechanistic investigation, such 

biomarkers could be incorporated into clinical trials to provide more detailed end points which may 

address the high risk of failure in reaching primary endpoints such as mortality. Such investigations may 

not necessarily require sepsis models. Joined up research studies which demonstrate the clinical 

relevance of specific animal models will become increasing possible with the rise in available clinical 

data [115].  

 

 

 

 

 

 

 

 

Take home message : Top down approach to sepsis research 

Take Home Message: A shift of focus, from animal-based approaches to one that places more 

emphasis on human clinical data will benefit more patients in the short term and identify new 

therapeutic targets for drug development in the longer term. 
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What needs to change? Part 3 – developing more predictive preclinical models. 

We have outlined a proposal to move away from diseased focused models (face validity) to mechanistic 

models (construct validity), but this can only work if sepsis disease mechanisms are better understood. 

It could be argued that pre-clinical disease models are needed in order to elucidate these mechanisms, 

and we recognise that this is a valid argument. We propose that another approach should also be 

explored; one where biomarkers identified from clinical electronic health record data (outlined above) 

are used to target the development of new preclinical models with a purely mechanistic focus. We 

argue that this will accelerate clinical development, whilst reducing the welfare burden on animals.  

To illustrate our proposed ‘re-tooling’ of sepsis research we have produced a simple scheme (Figure 2). 

Applied research (where a specific disease target mechanism is known) can involve development of 

new therapeutic entities or repurposing of existing pharmacological agents, previously developed for a 

different disease, but which involves the same mechanistic pathway or target. Here, as described 

above, the key information to enable progression into clinical assessment are: 

• target engagement (e.g. efficacy) at a given plasma level (requiring evaluation of the 

absorption, distribution, metabolism and excretion [ADME] profile)  

• safety (as determined by standard regulatory tests)[116].   

We argue that target engagement assessment does not necessitate an animal model of disease (face 

validity) but rather a model that is optimised to report engagement at the specific target (mechanistic 

model; construct validity). Indeed, it may not be necessary for this model to resemble sepsis at all. This 

relies on the target being robust and selected based on clear evidence from clinical data and should be 

subject to a patient risk/benefit assessment (where the risk of initiating a first in human trial is assessed 

based on the currently available pre-clinical data).  
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Figure 2 – schematic of proposed pathway for a ‘re-tooled’ drug-discovery programme for a new 

pharmacological intervention for sepsis. 

 

The pre-clinical model(s) that best enables robust decision making and rapid transition into clinical 

assessment should be used and these may be very different from those used currently. In this scheme 

an animal model of sepsis is only necessary in circumstances where the patient risk/benefit analysis or 

regulatory bodies, require it. Here, we suggest that the most translational sepsis model is used e.g. an 

animal model with full intensive care unit (ICU) support  [117]. 

Modelling sepsis in animals – mimicking the clinical setting 

Due to the complex multi-system pathogenesis of sepsis, animal models modelling the syndrome 

should ideally aim to replicate those conditions experienced by sepsis patients in ICU. These include 

pharmacological and supportive interventions (e.g. vasopressors, enteral or parenteral nutrition, 

resuscitation with intravascular fluids, sedation, mechanical ventilation) with parallel clinical 

assessments (continuous hemodynamic monitoring, discontinuous serological sampling, blood 

biochemistry, qualitative observation). 

Use of routine supportive clinical interventions, including fluid resuscitation and antimicrobial therapy 

is considered important when modelling sepsis. However, use of these interventions is not always 

reported [88]. Hypovolemia is observed in clinical sepsis and fluid resuscitation is always recommended 

Sepsis research - drug discovery 

‘Druggable’ target 
identified from human 

clinical evidence 

‘Re-purpose’ existing medicinal entity 
(in clinical use for another indication or from an 

advanced discovery program)

New medicinal entity 
(NME) needed

First in 
Human 
study

Confirmatory 
studies in large 

animal model with 
full ICU support

NME mechanistic 
in vitro 

ADME
Non sepsis 

model

Safety 
(regulatory)
Non sepsis 

models

*May not need to be a sepsis model

Patient risk/benefit assessment

Address ‘missing’ data

Target 
engagement 

in a 
mechanistic* 

model

Patient risk/benefit assessment

PASS

FAIL

PASS

FAIL

ADME
Non sepsis 

model

Safety 
(regulatory)
Non sepsis 

models

Target 
engagement 

in a 
mechanistic* 

model

Patient risk/benefit assessment

FAIL

Confirmatory 
studies in large 

animal model with 
full ICU support

Candidate selection



20 
 

in animal models for both  scientific and welfare reasons [20]. If fluid resuscitation is not performed, it 

becomes challenging to dissociate scientific outcomes of the sepsis model per se, from those that result 

from hypovolemia.    There are now guidelines in place for resuscitation regimes in the preclinical setting 

in an effort to standardise this step [88]. Whether adherence to such recommendations impacts 

positively on clinical translatability, remains to be demonstrated. 

Use of antimicrobial therapy in preclinical studies has also been debated. On the one hand, including 

antimicrobials would better mimic the clinical situation. On the other hand, it may interfere with the 

model progression, potentially obscuring the elucidation of cellular or molecular mechanisms. The use 

of antimicrobial therapy has been investigated in numerous animal models [118-120] and there are 

existing recommendations on how use of antibiotics might enhance the clinical translation of preclinical 

data [88]. However, antimicrobial use must be scientifically justified, and antibiotic stewardship should 

always be prioritised to avoid contributing to antimicrobial resistance development both within and 

outside, animal research units [121]. 

These implementations can be challenging when using small laboratory animals, particularly rodents, 

due to considerable hemodynamic profile differences (very high circulation times and limited blood 

volumes in comparisons to larger mammals and humans) and complexity of microsurgical 

interventions. However, adaptation and miniaturization of monitoring equipment for use in smaller 

laboratory animals is now making it possible (e.g. specialised mechanical “lung-protective” ventilators 

that minimise the risk of injury through improvements in tidal volume and positive end-expiratory 

pressure). However, innate high resilience to ischemic-reperfusion injury, poor thermogenesis and 

physiological limitations for repetitive sampling, remain important challenges in rodents. Nevertheless, 

mechanistic and early-phase discovery studies in rodents should, wherever possible, implement 

extensive physiological monitoring (particularly MABP and body temperature) and fluid support/ 

resuscitation, to better mimic the clinical situation [86] 

Due to these challenges, the use of a larger animals in such ICU settings, particularly the porcine shock 

model, has increasingly been used. A larger species allows the use of existing testing of new clinical 

monitoring equipment, repetitive blood sampling (valuable for differential and blood gas analysis) 

supporting better titration of dosing in accordance with routine point-of-care readouts and biomarkers. 

They also mirror the thermogenesis response to stress and the systemic energetic failure associated 

with septic shock (circulatory shock). Furthermore, there is an increasing need for mid-longer term 

understanding of the pathophysiology of sepsis and how proposed interventions impact on sepsis 

patients during their stay in ICU, particularly on the onset and progression of organ dysfunction. Models 

in which it is possible to perform longer-term studies, with full ICU support are therefore needed. 

However, there are considerable constraints related to infrastructure and equipment, staffing and 

funding. In addition, current equipment and protocols make maintaining animals in an ICU setting 

challenging due to complications related to mechanical ventilation - the maximum duration is  ~15-24h 

in rodents 100h in pigs, with pigs being particularly susceptible to develop impaired lung function 

associated with pronounced acute pulmonary hypertension [122, 123].  

The implementation of pre-clinical ICU-mimicking studies, with an intensive monitoring and a care 

program, are also critically important from an animal welfare perspective. As stated previously, the 

intrinsically severe nature of many sepsis models, and the impact that this has on the validity and quality 

of the experimental data raises significant ethical issues. For example, sympatho-adrenal responses to 
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stress result in increased circulating levels of catecholamines which will trigger tachycardia and 

hypertension, pain will also modulate the HPA axis affecting cortisol and growth hormone release, 

among others effects on homeostasis [124] [125]. 

Larger animal ICU paradigms also allow for studies to be adaptive in nature, responding to real time 

biomarkers and this more closely resembles adaptive approaches in human clinical trial design [126]. 

However, this is not always possible in smaller rodent models which tend to use predefined time 

courses and intervention protocols and where repeat blood samples will be limited by small circulating 

volume. 

The establishment of comprehensive, clinically relevant care/welfare and experimental outcomes 

remains a significant challenge in sepsis modelling, and ICU monitoring settings will support better 

indicators of disease morbidity and implementation of humane endpoints. 

 

 

Summary 

Sepsis can be devastating for patients and their families, even those that survive can experience long 

term health issues. Clearly, research is needed to find new and better ways to combat this; we do not 

dispute this. In this paper we have described some of the reasons why current research approaches 

have mostly failed to translate into clinical benefit and offer a deliberately provocative alternative 

approach. We suggest that sepsis research funding could, in the short term, be redirected towards 

better characterisation of human patient data linked to outcome such as proteomics/metabolomics 

and other biomarker studies in patients. We suggest that these data will identify new therapeutic 

targets for pre-clinical research or identify more sensitive and specific diagnostics or biomarkers for 

patient stratification. Where appropriate, targets can be tested using mechanistic animal models, which 

may or may not be based on traditional animal models of sepsis. Where a pre-clinical proof of concept 

efficacy study is justified, we propose that large animal models with full ICU support may have the 

greatest translational potential. Whilst we do not dispute the value of animal models in medical 

research, we assert that the value of any model is diminished if it is stretched beyond the point where 

it is fit for purpose. A harm:benefit assessment should always be conducted prior to any study and 

Take home message : Mimicking the clinical setting 

 Current pre-clinical approaches are not delivering for sepsis patients. We propose the concept 

that a single animal model could be the ‘gold standard’ predictor of clinical success should be 

abandoned. Mechanistic models, derived from human clinical data, with a focus on target 

engagement rather than clinical phenotype should be more predictive. If disease (face 

validity) models are required, these should mimic human clinical ICU settings. 
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based on pre-existing clinical or preclinical evidence. We hope that this review stimulates debate and 

encourages new collaborations between basic and clinical researchers and ultimately paves the way for 

improved outcomes for sepsis patients. 
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Summary of key messages: 

Experimental design Experimental sepsis research must be designed, 

conducted and reported in such a way to 

minimise bias and to maximise the potential for 

replication.  

3Rs importance of harm:benefit assessement Harm-benefit impact assessment and full 

scientific justification should be at the forefront 

of any new studies involving research animals. 

Harm relates to welfare experience of animal 

whilst benefit relates to value of scientific data. 

Data should be interpreted in the context of what 

the model can deliver, avoiding over translation. 

3Rs impact of construct validity models Focusing on construct rather than face validity, 

has the same potential to increase clinical 

translation, but with reduced levels of animal 

suffering. 

Mechanistic models of inflammatory and 

immune pathways and enhancing the 

translational gap 

As our knowledge of the innate immune 

responses in sepsis increases, new therapeutic 

targets and new potential biomarkers to 

measure sepsis progression and response to 

therapy are emerging. These include metabolic 

markers that underlie trained immunity and 

immune cell activation and biomarkers of 

inflammasome activation which could be 

mechanistically investigated in preclinical 

models. As tools and technologies for systems 

biology and high throughput screening advance, 

there can be an increased use of humans and 

human –derived tissue for sepsis research 

models. Development of more sophisticated 

models will enable the identification of new 

immune mechanisms that can be translated into 

new diagnostic and therapeutic practice. 

Cardiovascular monitoring strategies that 

support the 3Rs 

Animal models may still be required to validate 

safety and efficacy of new therapeutic entities 

that target the cardiovascular system. Several 

minimally invasive technologies and in vitro 

models are available which can help reduce, 

refine and replace animal experiments. Realtime 

monitoring technologies can encourage use of 

scientifically valuable, humane endpoints, whilst 
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avoiding mortality endpoints. Such endpoints 

may be incorporated into future clinical studies. 

Mimicking the clinical setting where regulators 

require sepsis to be modelled 

Current pre-clinical approaches are not 

delivering for sepsis patients. We propose the 

concept that a single animal model could be the 

‘gold standard’ predictor of clinical success 

should be abandoned. Mechanistic models, 

derived from human clinical data, with a focus 

on target engagement rather than clinical 

phenotype should be more predictive. If disease 

(face validity) models are required, these should 

mimic human clinical ICU settings. 

Top down approach to sepsis research A shift of focus, from animal-based approaches 

to one that places more emphasis on human 

clinical data will benefit more patients in the 

short term and identify new therapeutic targets 

for drug development in the longer term. 

 

Acknowledgements: We would like to acknowledge Dr Richard Amison for his feedback and suggestions 

for the manuscript. 

  



25 
 

References 

1. Singer, M., et al., The Third International Consensus Definitions for Sepsis and Septic Shock 
(Sepsis-3). JAMA, 2016. 315(8): p. 801-10. 

2. Fleischmann, C., et al., Assessment of Global Incidence and Mortality of Hospital-treated 
Sepsis. Current Estimates and Limitations. Am J Respir Crit Care Med, 2016. 193(3): p. 259-
72. 

3. Rudd, K.E., et al., Global, regional, and national sepsis incidence and mortality, 1990-2017: 
analysis for the Global Burden of Disease Study. Lancet (London, England), 2020. 395(10219): 
p. 200-211. 

4. Annane, D. and T. Sharshar, Cognitive decline after sepsis. Lancet Respir Med, 2015. 3(1): p. 
61-9. 

5. Ranzani, O.T., et al., A Comparison of Mortality From Sepsis in Brazil and England: The 
Impact of Heterogeneity in General and Sepsis-Specific Patient Characteristics. Critical care 
medicine, 2019. 47(1): p. 76-84. 

6. Shankar-Hari, M., et al. Risk Factors at Index Hospitalization Associated With Longer-term 
Mortality in Adult Sepsis Survivors. JAMA network open, 2019. 2, e194900 DOI: 
10.1001/jamanetworkopen.2019.4900. 

7. Tavare, A. and N. O'Flynn, Recognition, diagnosis, and early management of sepsis: NICE 
guideline. Br J Gen Pract, 2017. 67(657): p. 185-186. 

8. Daniels, R., Surviving the first hours in sepsis: getting the basics right (an intensivist's 
perspective). J Antimicrob Chemother, 2011. 66 Suppl 2: p. ii11-23. 

9. Dellinger, R.P., et al., Surviving Sepsis Campaign: international guidelines for management of 
severe sepsis and septic shock, 2012. Intensive care medicine, 2013. 39(2): p. 165-228. 

10. Rhodes, A., et al., Surviving Sepsis Campaign: International Guidelines for Management of 
Sepsis and Septic Shock: 2016. Intensive care medicine, 2017. 43(3): p. 304-377. 

11. Huang, C.Y., et al., Life after sepsis: an international survey of survivors to understand the 
post-sepsis syndrome. International journal for quality in health care : journal of the 
International Society for Quality in Health Care, 2019. 31(3): p. 191-198. 

12. Bewersdorf, J.P., et al., The SPEED (sepsis patient evaluation in the emergency department) 
score: a risk stratification and outcome prediction tool. Eur J Emerg Med, 2017. 24(3): p. 170-
175. 

13. Quinten, V.M., et al., Trends in vital signs and routine biomarkers in patients with sepsis 
during resuscitation in the emergency department: a prospective observational pilot study. 
BMJ Open, 2016. 6(5): p. e009718. 

14. Raynor, L.L., et al., Cytokine screening identifies NICU patients with Gram-negative 
bacteremia. Pediatr Res, 2012. 71(3): p. 261-6. 

15. Rowland, T., H. Hilliard, and G. Barlow, Procalcitonin: potential role in diagnosis and 
management of sepsis. Adv Clin Chem, 2015. 68: p. 71-86. 

16. van Houten, C.B., et al., Observational multi-centre, prospective study to characterize novel 
pathogen-and host-related factors in hospitalized patients with lower respiratory tract 
infections and/or sepsis - the "TAILORED-Treatment" study. BMC Infect Dis, 2018. 18(1): p. 
377. 

17. Seyhan, A.A., Lost in translation: the valley of death across preclinical and clinical divide – 
identification of problems and overcoming obstacles. Translational Medicine 
Communications, 2019. 4(1): p. 18. 

18. Tsai, C.J., J.M. Loh, and T. Proft, Galleria mellonella infection models for the study of bacterial 
diseases and for antimicrobial drug testing. (2150-5608 (Electronic)). 

19. Osuchowski, M.F., et al., Minimum quality threshold in pre-clinical sepsis studies (MQTiPSS): 
an international expert consensus initiative for improvement of animal modeling in sepsis. 
Intensive Care Med Exp, 2018. 6(1): p. 26. 



26 
 

20. Lilley, E., et al., Refinement of animal models of sepsis and septic shock. Shock, 2015. 43(4): 
p. 304-16. 

21. Percie du Sert, N., et al., The Experimental Design Assistant. PLoS Biol, 2017. 15(9): p. 
e2003779. 

22. Kilkenny, C., et al., Improving bioscience research reporting: the ARRIVE guidelines for 
reporting animal research. PLoS Biol, 2010. 8(6): p. e1000412. 

23. Hewitt, J.A., et al., Accelerating Biomedical Discoveries through Rigor and Transparency. ILAR 
journal, 2017. 58(1): p. 115-128. 

24. Baker, M., 1,500 scientists lift the lid on reproducibility. Nature, 2016. 533(7604): p. 452-454. 
25. Bert, B., et al. Refining animal research: The Animal Study Registry. PLoS biology, 2019. 17, 

e3000463 DOI: 10.1371/journal.pbio.3000463. 
26. Pugh, A.M., et al. A Murine Model of Persistent Inflammation, Immune Suppression, and 

Catabolism Syndrome. International journal of molecular sciences, 2017. 18,  DOI: 
10.3390/ijms18081741. 

27. Zingarelli, B., et al., Part I: Minimum Quality Threshold in Preclinical Sepsis Studies (MQTiPSS) 
for Study Design and Humane Modeling Endpoints. Shock (Augusta, Ga.), 2019. 51(1): p. 10-
22. 

28. Lamontagne, F., et al., Systematic review of reviews including animal studies addressing 
therapeutic interventions for sepsis. Crit Care Med, 2010. 38(12): p. 2401-8. 

29. Grimaldi, D. and J.L. Vincent, Clinical trial research in focus: rethinking trials in sepsis. Lancet 
Respir Med, 2017. 5(8): p. 610-611. 

30. Talisa, V.B., et al. Arguing for Adaptive Clinical Trials in Sepsis. Frontiers in immunology, 
2018. 9, 1502 DOI: 10.3389/fimmu.2018.01502. 

31. Osuchowski, M.F., et al., Abandon the mouse research ship? Not just yet! Shock, 2014. 41(6): 
p. 463-75. 

32. van der Poll, T., Preclinical sepsis models. Surg Infect (Larchmt), 2012. 13(5): p. 287-92. 
33. Willyard, C., Squeaky clean mice could be ruining research. Nature, 2018. 556(7699): p. 16-

18. 
34. Richter, S.H., Systematic heterogenization for better reproducibility in animal 

experimentation. Lab Anim (NY), 2017. 46(9): p. 343-349. 
35. Hunter, A.J., Have animal models of disease helped or hindered the drug discovery process? 

Annals of the New York Academy of Sciences, 2011. 1245: p. 1-2. 
36. Morgan, P., et al., Can the flow of medicines be improved? Fundamental pharmacokinetic 

and pharmacological principles toward improving Phase II survival. Drug discovery today, 
2012. 17(9-10): p. 419-424. 

37. Seok, J., et al., Genomic responses in mouse models poorly mimic human inflammatory 
diseases. Proc Natl Acad Sci U S A, 2013. 110(9): p. 3507-12. 

38. McCarron, E.P., et al. Exploring the translational disconnect between the murine and human 
inflammatory response: analysis of LPS dose-response relationship in murine versus human 
cell lines and implications for translation into murine models of sepsis. Journal of 
inflammation research, 2015. 8, 201-209 DOI: 10.2147/JIR.S89097. 

39. Stortz, J.A., et al., Murine Models of Sepsis and Trauma: Can We Bridge the Gap? ILAR J, 
2017. 58(1): p. 90-105. 

40. Song, H.-P., et al., Phenotypic characterization of type II collagen-induced arthritis in Wistar 
rats. Experimental and therapeutic medicine, 2015. 10(4): p. 1483-1488. 

41. Bruse, N., et al., New frontiers in precision medicine for sepsis-induced immunoparalysis. 
Expert review of clinical immunology, 2019. 15(3): p. 251-263. 

42. Marshall, J.C., Why have clinical trials in sepsis failed? Trends in molecular medicine, 2014. 
20(4): p. 195-203. 

43. Netea, M.G., et al., The role of hyperuricemia in the increased cytokine production after 
lipopolysaccharide challenge in neutropenic mice. Blood, 1997. 89(2): p. 577-582. 



27 
 

44. Fitting, C., S. Dhawan, and J.-M. Cavaillon, Compartmentalization of tolerance to endotoxin. 
The Journal of infectious diseases, 2004. 189(7): p. 1295-1303. 

45. Suzuki, T., et al., Androstenediol ameliorates alterations in immune cells cytokine production 
capacity in a two-hit model of trauma-hemorrhage and sepsis. Cytokine, 2006. 34(1-2): p. 
76-84. 

46. Singer, B.A.-O., et al., Bacterial Dissemination to the Brain in Sepsis. (1535-4970 (Electronic)). 
47. Kox, M., et al., Differential ex vivo and in vivo endotoxin tolerance kinetics following human 

endotoxemia. Critical care medicine, 2011. 39(8): p. 1866-1870. 
48. Cheng, S.-C., et al., Broad defects in the energy metabolism of leukocytes underlie 

immunoparalysis in sepsis. Nature immunology, 2016. 17(4): p. 406-413. 
49. Leentjens, J., et al., Reversal of immunoparalysis in humans in vivo: a double-blind, placebo-

controlled, randomized pilot study. American journal of respiratory and critical care 
medicine, 2012. 186(9): p. 838-845. 

50. Murphey, E.D., G. Fang, and E.R. Sherwood, Endotoxin pretreatment improves bacterial 
clearance and decreases mortality in mice challenged with Staphylococcus aureus. Shock 
(Augusta, Ga.), 2008. 29(4): p. 512-518. 

51. Baughman, R.P., et al., Thrombocytopenia in the intensive care unit. Chest, 1993. 104(4): p. 
1243-1247. 

52. Vanderschueren, S., et al., Thrombocytopenia and prognosis in intensive care. Critical care 
medicine, 2000. 28(6): p. 1871-1876. 

53. Venkata, C., et al. Thrombocytopenia in adult patients with sepsis: incidence, risk factors, and 
its association with clinical outcome. Journal of intensive care, 2013. 1, 9 DOI: 10.1186/2052-
0492-1-9. 

54. Eisen, D.P., D. Reid, and E.S. McBryde, Acetyl salicylic acid usage and mortality in critically ill 
patients with the systemic inflammatory response syndrome and sepsis. Critical care 
medicine, 2012. 40(6): p. 1761-1767. 

55. Zhang, Y., et al., Upregulation of programmed death-1 on T cells and programmed death 
ligand-1 on monocytes in septic shock patients. Critical care (London, England), 2011. 15(1): 
p. R70. 

56. Kessel, A., et al., The role of T regulatory cells in human sepsis. Journal of autoimmunity, 
2009. 32(3-4): p. 211-215. 

57. Shakoory, B., et al., Interleukin-1 Receptor Blockade Is Associated With Reduced Mortality in 
Sepsis Patients With Features of Macrophage Activation Syndrome: Reanalysis of a Prior 
Phase III Trial. Critical care medicine, 2016. 44(2): p. 275-281. 

58. Davenport, E.E., et al., Genomic landscape of the individual host response and outcomes in 
sepsis: a prospective cohort study. The Lancet. Respiratory medicine, 2016. 4(4): p. 259-271. 

59. Burnham, K.L., et al., Shared and Distinct Aspects of the Sepsis Transcriptomic Response to 
Fecal Peritonitis and Pneumonia. American journal of respiratory and critical care medicine, 
2017. 196(3): p. 328-339. 

60. Sweeney, T.E., et al., Unsupervised Analysis of Transcriptomics in Bacterial Sepsis Across 
Multiple Datasets Reveals Three Robust Clusters. Critical care medicine, 2018. 46(6): p. 915-
925. 

61. Netea, M.G., et al., Trained immunity: A program of innate immune memory in health and 
disease. Science, 2016. 352(6284): p. aaf1098. 

62. Bekkering, S., et al., Trained innate immunity as a mechanistic link between sepsis and 
atherosclerosis. Crit Care, 2014. 18(6): p. 645. 

63. Arts, R.J.W., et al., Cellular metabolism of myeloid cells in sepsis. Journal of leukocyte 
biology, 2017. 101(1): p. 151-164. 

64. Vachharajani, V.T., et al., SIRT1 inhibition during the hypoinflammatory phenotype of sepsis 
enhances immunity and improves outcome. Journal of leukocyte biology, 2014. 96(5): p. 785-
796. 



28 
 

65. Martin, A.N., et al. Sirtuin1 Targeting Reverses Innate and Adaptive Immune Tolerance in 
Septic Mice. Journal of immunology research, 2018. 2018, 2402593 DOI: 
10.1155/2018/2402593. 

66. Fitzpatrick, S.F. Immunometabolism and Sepsis: A Role for HIF? Frontiers in molecular 
biosciences, 2019. 6, 85 DOI: 10.3389/fmolb.2019.00085. 

67. Fitzpatrick, S.F., et al. Glycolytic Response to Inflammation Over Time: Role of Myeloid HIF-
1alpha. Frontiers in physiology, 2018. 9, 1624 DOI: 10.3389/fphys.2018.01624. 

68. Vince, J.E. and J. Silke, The intersection of cell death and inflammasome activation. Cell Mol 
Life Sci, 2016. 73(11-12): p. 2349-67. 

69. Schroder, K. and J. Tschopp, The inflammasomes. Cell, 2010. 140(6): p. 821-32. 
70. Cohen, T.S. and A.S. Prince, Activation of inflammasome signaling mediates pathology of 

acute P. aeruginosa pneumonia. J Clin Invest, 2013. 123(4): p. 1630-7. 
71. Lee, S., et al., NLRP3 Inflammasome Deficiency Protects against Microbial Sepsis via 

Increased Lipoxin B4 Synthesis. American journal of respiratory and critical care medicine, 
2017. 196(6): p. 713-726. 

72. Kumar, V. Inflammasomes: Pandora's box for sepsis. Journal of inflammation research, 2018. 
11, 477-502 DOI: 10.2147/JIR.S178084. 

73. Hao, H., et al., Farnesoid X Receptor Regulation of the NLRP3 Inflammasome Underlies 
Cholestasis-Associated Sepsis. Cell metabolism, 2017. 25(4): p. 856-867.e5. 

74. Xie, S., et al., A rapid administration of GW4064 inhibits the NLRP3 inflammasome activation 
independent of farnesoid X receptor agonism. FEBS letters, 2017. 591(18): p. 2836-2847. 

75. Tsalik, E.L., et al. An integrated transcriptome and expressed variant analysis of sepsis 
survival and death. Genome medicine, 2014. 6, 111 DOI: 10.1186/s13073-014-0111-5. 

76. Wagar, L.E., R.M. DiFazio, and M.M. Davis Advanced model systems and tools for basic and 
translational human immunology. Genome medicine, 2018. 10, 73 DOI: 10.1186/s13073-
018-0584-8. 

77. Cecconi, M., et al., Consensus on circulatory shock and hemodynamic monitoring. Task force 
of the European Society of Intensive Care Medicine. Intensive care medicine, 2014. 40(12): p. 
1795-1815. 

78. Vincent, J.-L., How I treat septic shock. Intensive care medicine, 2018. 44(12): p. 2242-2244. 
79. Komorowski, M., et al., The Artificial Intelligence Clinician learns optimal treatment 

strategies for sepsis in intensive care. Nature medicine, 2018. 24(11): p. 1716-1720. 
80. Henry, K.E., et al., A targeted real-time early warning score (TREWScore) for septic shock. Sci 

Transl Med, 2015. 7(299): p. 299ra122. 
81. Brandt, S., et al., Effect of fluid resuscitation on mortality and organ function in experimental 

sepsis models. Critical care (London, England), 2009. 13(6): p. R186. 
82. Garrido, A.d.P.G., et al., Small volume of hypertonic saline as the initial fluid replacement in 

experimental hypodynamic sepsis. Critical care (London, England), 2006. 10(2): p. R62. 
83. Zanotti-Cavazzoni, S.L., et al., Fluid resuscitation influences cardiovascular performance and 

mortality in a murine model of sepsis. Intensive care medicine, 2009. 35(4): p. 748-754. 
84. Albuszies, G., et al., Effect of increased cardiac output on hepatic and intestinal 

microcirculatory blood flow, oxygenation, and metabolism in hyperdynamic murine septic 
shock. Critical care medicine, 2005. 33(10): p. 2332-2338. 

85. Barth, E., et al., Role of inducible nitric oxide synthase in the reduced responsiveness of the 
myocardium to catecholamines in a hyperdynamic, murine model of septic shock. Critical 
care medicine, 2006. 34(2): p. 307-313. 

86. Hollenberg, S.M., et al., Characterization of a hyperdynamic murine model of resuscitated 
sepsis using echocardiography. American journal of respiratory and critical care medicine, 
2001. 164(5): p. 891-895. 

87. NC3R, Blood vessel cannulation. https://www.nc3rs.org.uk/rat-blood-vessel-cannulation-
surgical. 

https://www.nc3rs.org.uk/rat-blood-vessel-cannulation-surgical
https://www.nc3rs.org.uk/rat-blood-vessel-cannulation-surgical


29 
 

88. Hellman, J., et al., Part III: Minimum Quality Threshold in Preclinical Sepsis Studies (MQTiPSS) 
for Fluid Resuscitation and Antimicrobial Therapy Endpoints. Shock (Augusta, Ga.), 2019. 
51(1): p. 33-43. 

89. Suffredini, A.F., et al., The cardiovascular response of normal humans to the administration 
of endotoxin. The New England journal of medicine, 1989. 321(5): p. 280-287. 

90. Kumar, A., et al., Experimental human endotoxemia is associated with depression of load-
independent contractility indices: prevention by the lipid a analogue E5531. Chest, 2004. 
126(3): p. 860-867. 

91. Bunnell, E., et al., A lipid A analog, E5531, blocks the endotoxin response in human 
volunteers with experimental endotoxemia. Critical care medicine, 2000. 28(8): p. 2713-
2720. 

92. Hoffman, M., et al., Myocardial Strain and Cardiac Output are Preferable Measurements for 
Cardiac Dysfunction and Can Predict Mortality in Septic Mice. Journal of the American Heart 
Association, 2019. 8(10): p. e012260. 

93. Nandi, M., et al., Genetic and pharmacological inhibition of dimethylarginine 
dimethylaminohydrolase 1 is protective in endotoxic shock. Arteriosclerosis, thrombosis, and 
vascular biology, 2012. 32(11): p. 2589-2597. 

94. Leiper, J., et al., Disruption of methylarginine metabolism impairs vascular homeostasis. 
Nature medicine, 2007. 13(2): p. 198-203. 

95. Pischke, S.E., et al. Sepsis causes right ventricular myocardial inflammation independent of 
pulmonary hypertension in a porcine sepsis model. PloS one, 2019. 14, e0218624 DOI: 
10.1371/journal.pone.0218624. 

96. Makara, M.A., et al. Cardiac Electrical and Structural Changes During Bacterial Infection: An 
Instructive Model to Study Cardiac Dysfunction in Sepsis. Journal of the American Heart 
Association, 2016. 5,  DOI: 10.1161/JAHA.116.003820. 

97. Sand, C.A., et al., Quantification of microcirculatory blood flow: a sensitive and clinically 
relevant prognostic marker in murine models of sepsis. J Appl Physiol (1985), 2015. 118(3): p. 
344-54. 

98. Dyson, A., A. Rudiger, and M. Singer, Temporal changes in tissue cardiorespiratory function 
during faecal peritonitis. Intensive care medicine, 2011. 37(7): p. 1192-1200. 

99. Zolfaghari, P.S., et al., The metabolic phenotype of rodent sepsis: cause for concern? 
Intensive care medicine experimental, 2013. 1(1): p. 25. 

100. Hawiger, J., R.A. Veach, and J. Zienkiewicz, New paradigms in sepsis: from prevention to 
protection of failing microcirculation. Journal of thrombosis and haemostasis : JTH, 2015. 
13(10): p. 1743-1756. 

101. Eichhorn, T., M.B. Fischer, and V. Weber, Mechanisms of endothelial activation in sepsis and 
cell culture models to study the heterogeneous host response. The International journal of 
artificial organs, 2017. 40(1): p. 9-14. 

102. Finnell, J.E., et al. Physical versus psychological social stress in male rats reveals distinct 
cardiovascular, inflammatory and behavioral consequences. PloS one, 2017. 12, e0172868 
DOI: 10.1371/journal.pone.0172868. 

103. Jarkovska, D., et al., Heart-rate variability depression in porcine peritonitis-induced sepsis 
without organ failure. Experimental biology and medicine (Maywood, N.J.), 2017. 242(9): p. 
1005-1012. 

104. Fairchild, K.D., et al., Endotoxin depresses heart rate variability in mice: cytokine and steroid 
effects. American journal of physiology. Regulatory, integrative and comparative physiology, 
2009. 297(4): p. R1019-27. 

105. Nandi, M., J. Venton, and P.J. Aston A novel method to quantify arterial pulse waveform 
morphology: attractor reconstruction for physiologists and clinicians. Physiological 
measurement, 2018. 39, 104008 DOI: 10.1088/1361-6579/aae46a. 



30 
 

106. Nirmalan, M. and P.M. Dark, Broader applications of arterial pressure wave form analysis. 
Continuing Education in Anaesthesia Critical Care & Pain, 2014. 14(6): p. 285-290. 

107. Aston, P.J., et al. Beyond HRV: attractor reconstruction using the entire cardiovascular 
waveform data for novel feature extraction. Physiological measurement, 2018. 39, 024001 
DOI: 10.1088/1361-6579/aaa93d. 

108. Sullivan, B.A., et al., Early Heart Rate Characteristics Predict Death and Morbidities 
in Preterm Infants. The Journal of pediatrics, 2016. 174: p. 57-62. 

109. UK, B.A.a.M.D.C., State of the Discovery Nation 2018. https://s3-eu-west-
1.amazonaws.com/media.newmd.catapult/wp-
content/uploads/2018/01/16220811/MDC10529-Thought-Leader_v10_Interactive_v1.pdf, 
2018. 

110. Hingorani, A.D., et al. Improving the odds of drug development success through human 
genomics: modelling study. Scientific reports, 2019. 9, 18911 DOI: 10.1038/s41598-019-
54849-w. 

111. Finan, C., et al., The druggable genome and support for target identification and validation in 
drug development. 2016, bioRxiv. 

112. Capan, M., et al. Data-driven approach to Early Warning Score-based alert management. 
BMJ open quality, 2018. 7, e000088 DOI: 10.1136/bmjoq-2017-000088. 

113. Yee, C.R., et al. A Data-Driven Approach to Predicting Septic Shock in the Intensive Care Unit. 
Biomedical informatics insights, 2019. 11, 1178222619885147 DOI: 
10.1177/1178222619885147. 

114. Johnson, A.E.W., et al. MIMIC-III, a freely accessible critical care database. Scientific data, 
2016. 3, 160035 DOI: 10.1038/sdata.2016.35. 

115. Nguyen, D.N., et al., Elevated levels of circulating cell-free DNA and neutrophil proteins are 
associated with neonatal sepsis and necrotizing enterocolitis in immature mice, pigs and 
infants. Innate immunity, 2017. 23(6): p. 524-536. 

116. European Medicines Agency ICH guidelines. 
117. Guillon, A., et al. Preclinical septic shock research: why we need an animal ICU. Annals of 

intensive care, 2019. 9, 66 DOI: 10.1186/s13613-019-0543-6. 
118. Halbach, J.L., et al., Why Antibiotic Treatment Is Not Enough for Sepsis Resolution: an 

Evaluation in an Experimental Animal Model. Infect Immun, 2017. 85(12). 
119. Iskander, K.N., et al., Shorter Duration of Post-Operative Antibiotics for Cecal Ligation and 

Puncture Does Not Increase Inflammation or Mortality. PLoS One, 2016. 11(9): p. e0163005. 
120. Turnbull, I.R., et al., Effects of age on mortality and antibiotic efficacy in cecal ligation and 

puncture. (1073-2322 (Print)). 
121. Narver, H.L., Antimicrobial Stewardship in Laboratory Animal Facilities. Journal of the 

American Association for Laboratory Animal Science : JAALAS, 2017. 56(1): p. 6-10. 
122. Horst, K., et al. Characterization of blunt chest trauma in a long-term porcine model of severe 

multiple trauma. Scientific reports, 2016. 6, 39659 DOI: 10.1038/srep39659. 
123. Helmerhorst, H.J.F., et al., Hyperoxia provokes a time- and dose-dependent inflammatory 

response in mechanically ventilated mice, irrespective of tidal volumes. Intensive care 
medicine experimental, 2017. 5(1): p. 27. 

124. Troy, B.P., D.A. Hopkins, and K.A. Keay, The hemodynamic response to blood loss in the 
conscious rat: contributions of cardiac vagal and cardiac spinal signals. Shock (Augusta, Ga.), 
2014. 41(4): p. 282-291. 

125. Desborough JP, H.G., Endocrine response to surgery. . Kaufman L. Anaesthesia Review,  
Edinburgh: Churchill Livingstone,, 1993. Vol. 10: p. 131–48. 

126. Kubiak, B.D., et al., A clinically applicable porcine model of septic and ischemia/reperfusion-
induced shock and multiple organ injury. The Journal of surgical research, 2011. 166(1): p. 
e59-69. 

 

https://s3-eu-west-1.amazonaws.com/media.newmd.catapult/wp-content/uploads/2018/01/16220811/MDC10529-Thought-Leader_v10_Interactive_v1.pdf
https://s3-eu-west-1.amazonaws.com/media.newmd.catapult/wp-content/uploads/2018/01/16220811/MDC10529-Thought-Leader_v10_Interactive_v1.pdf
https://s3-eu-west-1.amazonaws.com/media.newmd.catapult/wp-content/uploads/2018/01/16220811/MDC10529-Thought-Leader_v10_Interactive_v1.pdf


31 
 

 


