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Summary — Sepsis and multiple organ failure are common causes of death in patients admitted to inten-
sive care units. The incidence of sepsis and associated mortalities has been steadily increasing over the past
20 years. Sepsis is a complex inflammatory condition, the precise causes of which are still poorly under-
stood. Animal models of sepsis have the potential to cause substantial suffering, and many of them have
been poorly representative of the human syndrome. However, a number of non-animal approaches, includ-
ing in vitro, in silico and clinical studies, show promise for addressing this situation. This report is based on
discussions held at an expert workshop convened by Focus on Alternatives and held in 2004 at the
Wellcome Trust, London. It provides an overview of some non-animal approaches to sepsis research, includ-
ing their strengths and weaknesses, and argues that they should be prioritised for further development.
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Introduction

Sepsis is a complex clinical syndrome, charac-
terised by an amplified and dysregulated inflam-
matory response to infection. Despite more than
20 years of extensive research involving both ani-
mal models and clinical approaches, the precise
causes of the dysfunctional inflammatory
response and the subsequent multi-organ failure,
elude understanding.

Hospital mortality rates of patients admitted
with sepsis to intensive care units (ICUs) in the UK
range from 17% for those in the 16-19 age group, to
64% in patients over 85 years of age (1). The inci-
dence of sepsis is also rising at rates between 1.5%
and 8% per year (2, 3), due in part to sepsis being a

condition disproportionately affecting the elderly in
an ageing population (4). Additionally, individuals
show marked differences in susceptibility to infec-
tion and progression to organ failure. As well as the
human costs, the economic burden of sepsis is sub-
stantial.

Sepsis research with animals may cause substan-
tial levels of pain and suffering, as well as death.
Many of these models are poorly representative of
the human syndrome (5-7), and at best provide
proof of principle of the role of various pathways in
sepsis (8-10). Certain therapeutic interventions,
successful in animal models (for example, antago-
nising the activities of cytokines, eicosanoids,
lipopolysaccharide [LPS] and nitric oxide), have not
led to patient benefit (7).

IFocus on Alternatives comprises British non-profit-making organisations working together to replace animal
experiments. Its members include the Dr Hadwen Trust, FRAME, Humane Research Trust, Lord Dowding Fund,
RSPCA, St Andrew Animal Fund and UK Human Tissue Bank.
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Legislation, both in Britain (11) and in Europe (12),
requires the reduction, refinement and replacement
of animal experiments wherever feasible, placing a
responsibility on researchers, funding bodies and pol-
icy-makers to implement these concepts in the plan-
ning, design, approval and conduct of research.
However, there has been limited discussion of the
potential role of various non-animal approaches in
sepsis research.

Thus, there is a pressing need for methods which
both spare animals and indicate the potential to lead
to improvements in patient treatment and prognosis.
Focus on Alternatives (FoA) held an expert workshop
at the Wellcome Trust in 2004, to review the possi-
bilities for replacing animals in sepsis research. Non-
animal methods not only hold potential for a better
understanding of the clinical syndrome, but also sat-
isfy the aims of UK and European legislation on ani-
mal experimentation.

Animals in Sepsis Research: The Issues

Animal experiments in sepsis research worldwide are
extensive, and involve rabbits, rodents, dogs, pigs,
sheep and non-human primates. Their main applica-
tions are: to assess the pathological, pharmacological,
biochemical and physiological bases of sepsis; to char-
acterise the genetic and molecular responses to vari-
ous infective insults; and to test the efficacy of
potential therapeutic treatments.

Sepsis is experimentally induced in animals by a
variety of methods, including the administration of
whole bacteria or cell-wall constituents such as
lipopolysaccharides (LPS) into the bloodstream or the
peritoneum. In the caecal ligation and puncture
(CLP) model, sepsis is produced by facilitating entry
into the circulation of bacteria from the gut flora.
Predominantly short-term animal models of over-
whelming bacteraemia have questionable relevance
to sepsis in humans, despite the fact that the animals
show evidence of multiple organ failure, which is also
found in patients (7).

Animal models may be “observational”, to charac-
terise the model or disease process, or “interven-
tional”, when a putative therapeutic agent is tested
for efficacy. In some studies, animals are anaes-
thetised in order to be instrumented or to induce sep-
sis, and are conscious for the remainder of the
experiment. In non-recovery investigations, the
intention is to investigate physiological parameters in
addition to the others described above. Genetically
modified (for example, “knock-out”) and normal ani-
mals have also been used in attempts to understand
the roles of specific proteins, enzymes and mediators
in sepsis.

The duration of experiments can vary from short-
term (hours) to long-term (days to weeks), and their
severity ranges from mild inflammation to mortality.
Choices of endpoint, use of anaesthesia, level of resus-

citation and experimental duration, influence the
degree of pain and distress experienced by the ani-
mals.

The research on animals predominantly uses
young and initially healthy individuals, unlike the
often elderly patients with pre-existing co-morbidi-
ties, who typically present with sepsis at ICUs.
Furthermore, human populations are not genetically
homogeneous, whilst animal studies often make use
of in-bred strains. The natural history of severe sep-
sis in laboratory animals is generally distinct from its
clinical manifestation. Animals more often have a
rapid onset of hypodynamic circulatory collapse,
unlike the hyperdynamic response seen in patients
(13). Septic animals also show a more rapid resolu-
tion or onset of death, and react differently to equiv-
alent doses of the sepsis-inducing agent.

Many of the failed attempts to transfer the findings
from animal studies into the clinical arena have
resulted from incorrect assumptions; for example,
that LPS is present in high concentrations in the
patient’s plasma (5). In addition to the question of
extrapolation from animal studies, there have been
difficulties in developing appropriate clinical trial
designs for these complex conditions.

These significant issues surrounding the use of ani-
mals in sepsis research justify a call for an urgent
reappraisal of alternative experimental approaches,
which could also point the way to improved clinical
therapies. This report highlights how certain non-
animal methods might be used to progressively
replace animal experiments and to improve under-
standing of sepsis.

Non-Animal Methods: Some
Possibilities

The potential advantages of using non-animal meth-
ods in sepsis research include: the avoidance of ani-
mal suffering; a more economic approach to research
questions, since animal experimentation can be
costly; and the improved clinical relevance offered by
using human material and ethical studies on
humans. Table 1 compares the advantages and disad-
vantages of various animal and non-animal methods
of studying sepsis.

Human volunteers: biomarkers, patient
monitoring and genomics/proteomics

Biomarkers are characteristics which can be meas-
ured objectively and evaluated as indicators of nor-
mal biological processes, pathogenic processes or the
response to therapeutic intervention (14) in human
subjects.

Biomarkers identified during the course of volun-
teer studies, by using increasingly sophisticated
techniques, can also be used to assist the diagnosis
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Table 1: Comparison of various animal and non-animal approaches to researching sepsis

Model Advantages Disadvantages
Animal models Whole physiology can be investigated Substantial pain and suffering
Controlled homogeneous population Animals are young and healthy
Well-described model species Poor predictors of the clinical picture (species differences)
Artificially induced sepsis
High cost
Genetically homogeneous animals unlike the human population
Human Relevant patient population Variety of co-morbidities
volunteers Avoid animal suffering Limited availability of trained staff for clinical research

Can identify genetic factors involved
in sepsis
Avoid species differences

Difficulties in obtaining informed consent from critically ill
patients or next-of-kin
Clinical trials complex to organise

Cell and tissue
approaches

Avoid animal suffering

Avoid species differences, if human
tissue used

Easily controlled biological variables

Economical

Lack systems complexity

Extrapolation in vitro to in vivo

Problems with human cells, e.g. phenotypic changes
Inappropriate culture conditions

Avoid animal suffering

Analysis of complex data from
several systems — models of
inflammation exist

Highly controlled and reproducible

Computer and
mathematical
simulations

Incomplete datasets for sepsis
Early stage of sepsis modelling

or prognosis of sepsis in patients (15) or to improve
dosage and the timing of therapies. An ideal marker
of sepsis should permit an early diagnosis, should
potentially help to differentiate infectious from
non-infectious causes of systemic inflammation,
and should inform about both the course and prog-
nosis of the syndrome.

Recently, it has been shown that procalcitonin
fulfils some of these features. Russwurm and
Reinhart (16) discuss how procalcitonin is more
useful than C-reactive protein and pro-inflamma-
tory cytokines in discriminating between viral and
bacterial infections, and between infectious and
non-infectious causes of acute respiratory distress
syndrome. Its use has markedly improved the sen-
sitivity and specificity of diagnosis of clinical sepsis
(17). Nevertheless, these are still early days in the
development of reliable biomarkers for understand-
ing the biology of sepsis. The signs are encouraging,
but more research is needed.

Potential exists for using a range of in vivo tech-
niques to improve the monitoring of the microcir-
culation, of mitochondrial function, and of the
metabolic milieu in septic patients. Examples
include the use of: orthogonal polarisation spec-
troscopy, used in real time to follow changes in the
microcirculation (18, 19); near infra-red spec-
troscopy, which monitors tissue oxygenation (20);
tissue oxygen electrodes (21); radionuclide tracers;
and microdialytic techniques which measure a vari-
ety of metabolic indices (22) and antibiotic pharma-

cokinetics at the tissue site of action (23). Tech-
niques such as magnetic resonance spectroscopy,
can be applied to obtain hitherto unavailable meta-
bolic data from critically ill patients.

Information from the Human Genome Project and
proteomics research will assist in the modelling of
sepsis and other infections, especially in view of the
technological advances in nucleic acid and protein
analysis, coupled with increased computational
power. Such approaches provide the ability to charac-
terise, in humans, the determinants of and responses
to infection and sepsis on a genome-wide scale (24).

Single nucleotide polymorphisms (SNPs) — com-
mon genetic variants associated with disease sus-
ceptibility — have been used to tease apart how
individuals respond to injury and other inflamma-
tory or infective stimuli (24). SNPs, whilst not dis-
ease-causing, are influential in determining the
outcome of a disease or condition, including death
from sepsis. In addition, other single base substitu-
tions, in which the least common allele is present at
a frequency of 1% or less, and also other variations,
such as insertion or deletion polymorphisms, may
play a role in the septic syndrome.

The strongest evidence suggesting a role for
SNPs as markers of sepsis severity and outcome,
comes from a report concerning patients with septic
shock with a variety of aetiologies, as discussed in
Cobb and O’Keefe (24). Lin and Albertson have
reviewed the numerous studies that have shown a
correlation between specific SNPs and sepsis (25).
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In contrast to array-based gene expression experi-
ments that are the mainstay of genomics research,
the field of proteomics, which aims to measure and
categorise the full array of proteins contained within
a single organism, includes details of all post-trans-
lational modifications and their localisation within
cells. Functional proteomics, which specifically
addresses protein—protein interactions and the post-
translational modifications that regulate them, and
tends to focus on molecular interactions regulating
signal transduction events, has been considered as
potentially capable of producing significant insight
into the molecular basis of sepsis (26).

Selective labels and purification approaches can
be applied to look for phospho-proteins, which are
either expressed or repressed during stimulation in
sepsis. Signalling intermediates regulated by phos-
phorylation during sepsis, can be followed, so a bet-
ter understanding of the clinical course of the
syndrome can be characterised.

Human tissues and cells ex vivo

Several studies have used material such as ex vivo
cells, tissues and other biological samples from
patients, from their relatives or from healthy vol-
unteers. For instance, researchers have investi-
gated the role of polymorphonuclear cells in sepsis,
without recourse to the use of animals, providing
important insights into the disease process (27, 28).

Tissue samples obtained from patients undergoing
surgical procedures such as resection or transplanta-
tion, could be incubated with mediators to derive
mechanistic data on individual tissue responses,
which could provide clues about the septic process. In
vitro models are being developed to examine the
interactions of in vivo-stimulated or ex vivo-stimu-
lated polymorphonuclear cells on endothelial mono-
layers (28), and two-chamber models can be used to
assess the influence of released mediators on the
inflammatory process (29).

Blood samples from septic patients, which are
available during normal treatment and investiga-
tion, can be analysed for the levels and activities of
circulating cytokines, hormones and other factors
involved in the development of multiple organ fail-
ure. Post-mortem tissue from both previously
healthy and septic patients, can provide insight into
pathological processes.

Cell culture approaches

By using serum from septic patients, it is possible to
assess the effects of factors such as cytokines on pri-
mary cultures and human cell lines, and hence to
derive valuable mechanistic data (30). Methods are
being developed that allow for three-dimensional
tissue culture, in which two or more cell types are

grown together and can interact with one another
(Figure 1). Several types of flow-based cell culture
chambers are commercially available, which facili-
tate the control of oxygen tension (important in
sepsis) and the establishment of dynamic culture
conditions, thereby promoting cell polarisation and
vectorial transport functions that more closely
resemble the conditions in the human body.

Immortalised endothelial cell lines maintain
many of the adhesion molecules expressed by
freshly isolated human endothelial cells. Such cell
lines lend themselves to experimental studies of
leucocyte-binding, trans-endothelial migration and
cytotoxicity, all of which are important in sepsis.
Advances in stem cell research may aid under-
standing of some of the mechanisms of sepsis.

The immortalisation of human cells can result in
phenotypic changes which alter cellular responses
to particular stimuli. However, this can be over-
come, as illustrated by the use of vectors expressing
telomerase, which produce immortalised cells
which more closely resemble the primary cells from
which they were derived (31). Cells are often grown
in non-physiological culture media, at unphysiolog-
ically high oxygen tensions, or as artificially static
monocultures, but there are also solutions to these
potential problems.

Many such cellular approaches could benefit from
earmarked funding in order to fully develop their
possible utility and potential in the replacement of
animal models of sepsis.

Computer simulations

There is increasing scope for the use of well-con-
structed computer models of physiological systems;
of patient populations for an improved understand-
ing of the epidemiology and susceptibility to sepsis;
and for elucidation of appropriate therapeutic inter-
ventions. In the USA, Immunetrics, with support
from the National Institutes of Health, is develop-
ing in silico software tools to model sepsis and to
improve clinical trial design (32; see also, website
www.immunetrics.com).

Mathematical and computational models provide
a very powerful set of tools for studies on complex
phenomena such as inflammation. By using data
held by pharmaceutical companies and by ICUs,
physiological and biochemical simulations of the
body’s response to infections (33) and to therapeu-
tic interventions (34) could be derived.

Replacing Animals: Overcoming the
Barriers

A variety of non-animal methods could be developed
and used more extensively by the sepsis research
community, in order to move away from reliance on
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Figure 1: Human proximal tubule epithelial cells (PTECs) cast into collagen gels form a novel
three-dimensional model for studying the pathophysiology of renal failure in
sepsis

a)

b)

c)

The effects of nitric oxide synthase-inhibition on hepatocyte growth factor-induced tubulogenesis.

a) untreated PTECs; b) PTECs treated with hepatocyte growth factor form tubules (arrows) resembling proximal
tubules in vivo; ¢) PTECs treated with hepatocyte growth factor and L-NIL, a nitric oxide synthase-inhibitor, which
inhibits tubule formation.

Credit: Professor T.J. Evans, University of Glasgow.
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experimental animals and thereby to better charac-
terise and treat sepsis. However, various barriers
need to be overcome.

Clinical studies have the potential to replace cer-
tain animal-based methods, as described above, but
are sometimes limited by the availability of appro-
priate patients. This is particularly relevant to hos-
pitals with small ICUs, and with few skilled clinical
and supportive research staff. For detecting clini-
cally and statistically significant differences in out-
come to interventions, large groups of patients
could be provided by fostering greater collaborative
links between clinical and non-clinical researchers,
and by conducting non-industry-funded multi-cen-
tre trials, such as those pioneered in Australasia
and Canada.

Most critically-ill patients are incapable of giving
informed consent to participate in a study.
Depending on the country, region, or sometimes the
local ethics committee, there will be a requirement
to obtain next-of-kin consent or even judicial
approval. In England and Wales, the consent of rel-
atives has no legal validity, so patient agreement
must be sought. Increasingly, retrospective consent
is sought from patients, should they regain mental
competency. A number of recent studies have high-
lighted the problems associated with obtaining con-
sent from next-of-kin sufficiently quickly to initiate
innovative therapy in septic shock (35, 36).

The UK Human Tissue Act is designed to control
the removal of organs and tissues post-mortem and
during surgical procedures. It may limit the scope
for research with human tissue, with a consequent
impact on various alternatives to the use of ani-
mals. The European Directive on Human Tissues
and Cells and the European Directive on Clinical
Trials potentially compound these difficulties, by
introducing additional regulatory and ethical con-
straints that would impede clinical and in vitro
research on sepsis.

The role of the pharmaceutical companies is
paramount in the sharing of data from clinical
research (not only on sepsis) with the wider
research community. Details meticulously collected
and validated from thousands of patients enrolled
into numerous sepsis trials are currently sitting in
secure databases, unavailable for external use. The
industry should be strongly encouraged, if not man-
dated, to release data into the public domain.
Patient information from ICUs could also be used
to derive mathematical and computer models, lead-
ing to a potential reduction in animal use, but also
to the improvement of clinical trials on novel
agents.

Public attitudes can also be a barrier to the non-
therapeutic use of patient material for clinical
research. The public are keen on the replacement of
animal experiments, and an educational drive could
highlight the double advantage — emphasising the
rationale for using human cells and tissues in clini-

cal and pathological investigations, and reducing
reliance on the use of experimental animals.
Additionally, links with the national transplanta-
tion programme, as pioneered by the UK Human
Tissue Bank, would facilitate the provision of suit-
able clinical material.

Funding for the replacement of animal experi-
ments in medical research, including sepsis, has
been relatively limited. Many of the approaches dis-
cussed above, particularly those showing encourag-
ing signs of clinical relevance, would greatly benefit
from specifically directed funding in order for their
full potential to be realised. It is encouraging that
the Medical Research Council and the Biotech-
nology and Biological Sciences Research Council
now provide funds specifically for developing alter-
natives to animal experimentation. The new UK
National Centre for the Replacement, Refinement
and Reduction of Animals in Research (NCS3Rs)
should also make this a priority area.

Sepsis is not only a significant cause of mortal-
ity, but is a complex condition which has not been
reliably modelled in non-human species. The com-
ing together of a number of novel, non-animal
methods could address different aspects of the syn-
drome and yield clues of direct utility to clinical
treatment.

Recommendations

1. More emphasis should be placed on the use of
human material obtained from healthy volun-
teers and patients with sepsis. When combined
with cell and tissue culture procedures, espe-
cially using co-culture and three-dimensional
approaches, these could provide important
mechanistic data.

2.  There should be a public outreach programme
to stress the importance of using human bio-
logical material, with full consent, from criti-
cally ill patients or post-mortem. This use
could have a major impact on future patient
care and could also reduce animal use — both
of which are of widespread public concern.

3. The sepsis research community should con-
tinue to inform policy-makers and the public of
the value of having secure, ethical access to
human biological material for research pur-
poses.

4. Further encouragement should be given to
large multi-centre clinical trials on new thera-
peutic interventions in sepsis that are reported
in full. Pharmaceutical companies and ICUs
should make data relating to sepsis and other
inflammatory conditions widely available, sub-
ject to the preservation of patient anonymity.
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10.

11.

Better collaboration is needed between clinical
researchers, cell biologists, pharmaceutical
companies and those from the physical sci-
ences, to build powerful and reliable computer
models of the course and possible outcomes of
sepsis.

Funders supporting sepsis research should
earmark sums for the development of non-ani-
mal methods to further the understanding and
treatment of sepsis.

The new UK National Centre for the
Replacement, Refinement and Reduction of
Animals in Research should address sepsis
research and alternatives to animal use as a
priority.

There should be a critical and objective review
of the value of animal models of sepsis.

The research community should consider how
the replacement of animals might best be
undertaken in various areas of sepsis research.

Journal editors should seek, from authors sub-
mitting papers for publication, a detailed justi-
fication for using animal models, and why
appropriate alternative approaches, capable of
yielding robust and reliable data, were not
used.

Where animal use is currently considered
unavoidable, methodologies need to be agreed
by the sepsis research community, in order to
reduce variations in experimental protocols
and hence reduce the need for unnecessary
replication. The sharing of experimental data,
derived from maximising the use of each ani-
mal, providing that this did not entail increas-
ing the severity of the procedures applied,
should be encouraged by funders, policy-mak-
ers and journal editors.
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