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Endotoxaemia is an inflammatory condition which happens due to the presence of outer cell wall 
layer of Gram-negative bacteria in blood circulation, containing lipopolysaccharide commonly known 
as endotoxin. This condition causes high mortality in affected animals and sheep are highly suscepti-
ble in this regard. Several researchers have emphasised the therapeutic regimens of endotoxaemia and 
its sequels in sheep. Furthermore, sheep are among the most commonly used animal species in ex-
perimental studies on endotoxaemia, and for the past five decades, ovine models have been employed 
to evaluate different aspects of endotoxaemia. Currently, there are several studies on experimentally 
induced endotoxaemia in sheep, and information regarding novel therapeutic protocols in this species 
contributes to better understanding and treating the condition. This review aims to specifically intro-
duce various treatment methods of endotoxaemia in sheep. 
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INTRODUCTION 

Outer cell wall layer of Gram-negative 
bacteria contains lipopolysaccharide (LPS) 
commonly known as endotoxin, which is a 
potent inflammatory substance stimulating 
many specific and non-specific inflamma-
tory reactions in mammals. As an inflam-
matory condition reflecting the presence 
of LPS in the bloodstream, endotoxaemia 
has been considered as a model to evalu-
ate the inflammatory responses in animals 
and human beings.  

For the past few decades, ovine mo-
dels have been used to study the therapeu-
tic aspects of endotoxaemia, with the re-
sults used and generalised in other large 

animals. So far, many models of ovine 
endotoxaemia have been defined and de-
veloped, and various aspects of this condi-
tion have been evaluated. These models 
are in two general categories; first, live 
organisms or their LPSs are administered 
exogenously (Chalmeh et al., 2014b;c), 
and second, the endogenous microbial 
flora is released to the bloodstream by, for 
instance, caecal ligation and puncture 
(also a model of peritonitis) (Fink, 2014). 
However, endotoxaemia induction is com-
monly performed by the injection of dif-
ferent doses of live Gram-negative bacte-
ria or their cell wall component. 
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Various animal models and human 
volunteers have been used to study en-
dotoxaemia. In older studies, small labo-
ratory animals such as mice and rabbits 
have been utilised for the immunity as-
pects of endotoxaemia, and larger animals 
such as sheep have been subject to 
haemodynamic and cardiovascular inves-
tigations. However, in recent researches, 
ovine endotoxaemia is introduced as a 
reliable model to evaluate the effects of 
endotoxaemia on different therapeutic 
aspects. During the early 1960s, Halmagyi 
et al. (1963) evaluated the effects of en-
dotoxin on sheep to determine their use-
fulness as a model for evaluating sepsis 
and its treatment. Various endotoxaemia 
treatments have been further proposed in 
ovine models. Given the importance of 
endotoxaemia treatment, several therapeu-
tic regimes of ovine endotoxaemia models 
have been discussed. The main purpose 
was to provide a comprehensive review of 
the recent therapeutic regimens of en-
dotoxaemia according to the studies on 
sheep for generalisation to other large 
animals.  

PATHOPHYSIOLOGY OF 
ENDOTOXAEMIA  

Once the LPS is released to the blood, it is 
removed by the mononuclear phagocyte 
system, and the response of these phago-
cytes to the LPS determines severity of 
the clinical illness (Chalmeh et al., 
2013a,c,d). The effects of endotoxins on 
host cells are not direct but they enhance 
the cells, e. g. endothelial and smooth 
muscle cells, polymorphonuclear granulo-
cytes, platelets, thrombocytes, and cells of 
monocyte/macrophage lineage to produce 
soluble and cell bound mediators (Hattori 
et al., 2017). Subsequently, these cells 
release the inflammatory mediators in-

cluding cytokines, platelet activating fac-
tor, thromboxane A2, prostaglandins, leu-
kotrienes, proteinases, toxic oxygen me-
tabolites and vasoactive amines to the 
bloodstream. The released cytokines from 
the pulmonary intravascular macrophages 
are responsible for many of the patho-
physiologic events of endotoxaemia and 
these cells are the most important produc-
ers of cytokines in sheep (Naylor et al., 
2020). A protein named LPS binding pro-
tein (LBP) is present in the bloodstream 
and circulating LPS binds to this protein. 
This complex is rapidly cleared by pul-
monary and hepatic macrophages. It binds 
to a membrane-bound receptor (mCD14) 
on mononuclear cells by a protein (MD-2) 
and then attaches to toll-like receptor-4 
(TLR-4) on the mononuclear cell mem-
brane. The resulted complex (LPS–LBP–
mCD14–MD-2 complex) is then internal-
ised and LPS is destroyed during the 
process. This process activates the intra-
cellular signaling pathway via nuclear 
factor κB (NF-κB), which translocates to 
the nucleus and causes transcription of 
many cytokine genes and release of proin-
flammatory cytokines, such as TNF-α, IL-
1 and IL-6. Some of the activated genes 
are related to produce cyclooxygenase 2, 
nitric oxide, endothelial adhesion mole-
cules and chemokines. Some of the 
CD14s termed soluble CD14 receptors 
(sCD14) are shed into the bloodstream 
and play an important role in the patho-
genesis of endotoxaemia. Increased serum 
concentrations of sCD14 are responsible 
for the severity of some endotoxaemia 
clinical signs (Constable et al., 2017). 

The high circulating levels of the eico-
sanoids during endotoxaemia such as ara-
chidonic acid metabolites, thromboxane 
A2 and prostacyclin are responsible for the 
haemodynamic abnormalities (Hattori et 
al., 2017). Endotoxin activates phospholi-
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pase A2, a cell-membrane enzyme, which 
leads to the hydrolysis of membrane-
bound phospholipids. Subsequently, ara-
chidonic acid is released from this dama-
ged cell membrane and cyclooxygenase 
converts arachidonic acid into intermedi-
ate endoperoxides, which are substrates 
for the formation of prostaglandins, 
thromboxane, and prostacyclin. The pro-
ducts of cyclooxygenase activities induce 
multiple organ dysfunctions, shock and 
disseminated coagulopathy which lead to 
death (Constable et al., 2017). 

THERAPEUTIC REGIMENS 

Antimicrobial therapy 

Bactericidal Gram-negative antimicrobial 
agents are always indicated for treatment, 
whenever there is evidence of septicaemia 
or a localised infection causing endotox-
aemia. The choice and route of admini-
stration depends on the pathogens sus-
pected of causing the infection and en-
dotoxaemia and the site of infection. The 
speed of killing Gram-negative bacteria 
may be an important clinical issue because 
antimicrobial agents with a rapid kill can 
produce a bolus release of endotoxin into 
the bloodstream by punching multiple 
holes in the bacteria. This causes a rapid 
explosion of the bacteria through osmotic 
fluid shifts and bolus release of endotoxin 
(Constable et al., 2017).  

Patel et al. (2012) investigated the 
pharmacokinetics of levofloxacin, a third-
generation fluoroquinolone, at 3 mg/kg in 
experimentally induced endotoxaemia 
model of sheep. They stated that pharma-
cokinetic characteristics and absence of 
adverse reactions in levofloxacin revealed 
that this antibiotic may be a potentially 
useful drug to treat bacterial diseases in 
sheep with acute phase reactions. In one 
study, fever was induced by intravenous 

administration of E. coli serovar O126:B8 
LPS in Chotanagpuri sheep, and plasma 
ceftriaxone concentration was estimated 
following administration. The results indi-
cated that ceftriaxone had greater distribu-
tion in the peripheral compartment during 
pyrexia. The suitable dosage regimen of 
ceftriaxone in febrile sheep by the intra-
venous route was calculated to be 15 
mg/kg body weight at over 5 h interval 
(Ranjan et al., 2011). 

 Polymyxin B has the capacity to bind 
with the lipid A portion of LPS and neu-
tralise its biological activity, resulting in 
the restriction of the proinflammatory 
cytokine cascade (Morresey & Mackay, 
2006). Hajimihammadi et al. (2018) eva-
luated the clinical and certain circulating 
inflammatory profiles of endotoxic sheep 
following treatment with polymyxin B. 
They revealed that polymyxin B did not 
induce its effects in a dose-dependent 
manner, and its anti- and pro-inflamma-
tory effects at 6,000 and 12,000 IU/kg 
doses were statistically similar. Effects of 
intravenous polymyxin E (colistin) ad-
ministration on ovine experimental en-
dotoxaemia were evaluated by Setayesh et 
al. (2018). They used polymyxin E at 
12,000 and 24,000 IU/kg following en-
dotoxaemia induction, revealing that both 
doses could be used as an anti-endotoxic 
drug against the E. coli induced endotox-
aemia in sheep. 

Intravenous fluid therapy 

Hypotension is one of the defining charac-
teristics of septic shock, and secondary 
hypoperfusion is deemed to be critical in 
the development of multiple organ dys-
functions (Rivers et al., 2008). This has 
been the logic behind employing fluid 
resuscitation as the first therapeutic inter-
vention in septic shock in order to reverse 
perfusion deficits and prevent progression 
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to organ dysfunction (Rivers et al., 2008). 
Experimentally, this has been supported 
by numerous models of endotoxaemic 
shock with improved outcomes when car-
diac output was increased with fluid re-
suscitation (Parker, 2017). While animal 
literature demonstrates consistent benefit 
with fluid resuscitation, the clinical evi-
dence remains equivocal. Observational 
studies of fluid resuscitation have sug-
gested both benefit (Garland et al., 2010) 
and harm (Sadaka et al., 2014) regarding 
the only randomised control trial of fluid 
resuscitation, demonstrating increased 
mortality (Maitland et al., 2011). This 
discrepancy in effect may be due to the 
differences in the type of shock between 
clinical sepsis and commonly used ex-
perimental models. When administered to 
humans, endotoxin produces the charac-
teristic hyperdynamic response seen in 
clinical sepsis (Bonanno, 2018). However, 
in both small and large animal models of 
endotoxaemia, endotoxin frequently pro-
duces hypodynamic shock with rapid and 
severe reductions in cardiac output (King-
sley & Bhat, 2016). The models used to 
demonstrate the benefits of fluid resusci-
tation are all notable for being hypody-
namic models of shock (Rahal et al., 
2009). It is conceivable that the therapies 
aimed at increasing cardiac output such as 
fluid resuscitation may have different ef-
fects in hypo- and hyper-dynamic shock. 
Similarly, regional hypoperfusion and im-
paired oxidative metabolism have been 
proposed as central mechanisms in the 
development of organ dysfunction in sep-
tic shock (Rivers et al. 2008). This has 
been experimentally supported by a num-
ber of animal models, demonstrating re-
duced regional blood flow across the vital 
organs. These observations were reported 
in hypodynamic models of sepsis and en-
dotoxaemia (Kingsley & Bhat, 2016).  

Byrne et al. (2018) developed an 
ovine model of endotoxaemia capable of 
producing hyperdynamic shock. They 
induced hyperdynamic shock as hypoten-
sion below a mean arterial pressure of 60 
mmHg with normal or increased cardiac 
output, leading to impaired oxidative me-
tabolism and development of multiple 
organ dysfunctions. In their study, the 
endotoxin infusion was successful in pro-
ducing distributive shock, but cardiac in-
dex remained within the normal range. 
Lactate/pyruvate ratios were not signifi-
cantly abnormal in the heart, brain, kidney 
or arterial circulation, and liver microdi-
alysis samples demonstrated persistently 
high lactate/pyruvate ratios. They conclu-
ded that impaired oxidative metabolism 
occurred in the liver, suggesting impaired 
splanchnic perfusion which may be a 
modifiable factor in the progression of 
multiple organ dysfunction and death. 

Rapid resolution of tissue hypoxia is a 
critical point in endotoxaemia treatment. 
Sheep that spontaneously developed high 
oxygen transport had better outcomes 
(Pittet et al., 2000). Metabolic acidosis is 
among the important sequels of hypoxic 
situation, and volume expansion has often 
failed to reverse intramucosal acidosis 
(Lagoa et al., 2004). Dubin et al. (2006) 
evaluated the effects of supranormal ele-
vations of blood flow on oxygen transport 
and tissue oxygenation in a sheep model 
of endotoxaemia. Their main finding was 
that increased blood flow prevented the 
development of intramucosal acidosis. 
However, anion-gap metabolic acidosis 
was larger in hyperresuscitated animals. 
Dubin et al. (2008) revealed that persis-
tent villi hypoperfusion following en-
dotoxaemia caused intramucosal acidosis 
in sheep, unable to restore following fluid 
resuscitation.  
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Passmore et al. (2019) used intravenous 
0.9% saline bolus (40 mL/kg over 60 min) 
to experimentally induced ovine endoto-
xaemia model. They finally concluded 
that endotoxaemia impairs secondary hae-
mostasis and induces changes in the in-
trinsic, extrinsic and anti-coagulant path-
ways. These changes to haemostasis are 
exacerbated following resuscitation with 
0.9% saline, a commonly used crystalloid 
in clinical settings. 

Corticosteroids 

Corticosteroids have been extensively 
used in the past for the treatment of en-
dotoxaemia and shock. Some reasons for 
the use of corticosteroids include organ-
elle, cell-membrane and lysosomal mem-
brane stabilisation, improvement in cellu-
lar metabolism, gluconeogenesis, micro-
circulation, capillary endothelial integrity, 
tissue perfusion, and survival rate, protec-
tion against hepatic injury, and reduction 
in the following: production of endoge-
nous toxins such as myocardial depressant 
factors, leukocyte activation and degranu-
lation, reticuloendothelial depression and 
histologic organ damage, activation of 
complement and clotting cascade and neu-
trophil aggregation (Constable et al., 
2017). 

Methylprednisolone has been used in 
some research as pretreatment of experi-
mentally induced ovine endotoxaemia 
models. When this corticosteroid is ad-
ministered at 30 min prior to endotoxae-
mia induction, the initial pulmonary hy-
pertension is less, and the increase in the 
late phase of lung vascular permeability is 
prevented. Methylprednisolone begins to 
act during the initial pulmonary hyperten-
sive response to endotoxin, further pre-
venting the late phase increase in lung 
vascular permeability; however the drug 
has no effects once vascular permeability 

is increased. Large doses of methylpredni-
solone given before or soon after en-
dotoxaemia prevent the increase in lung 
vascular permeability caused by endo-
toxin, but do not reverse the abnormality 
once it occurs (Poli-de-Figueiredo et al., 
2008). Ertmer et al. (2007) reported that 
methylprednisolone reversed vasopressin 
hyporesponsiveness in ovine endotoxae-
mia. 

Newnham et al. (2003) evaluated the 
effects of betamethasone on chorioamnio-
nitis induced by intra-amniotic endotoxin 
in sheep. Their findings confirmed that 
betamethasone treatment was able to sup-
press the initial inflammation in the am-
nion-chorion; on the other hand, inflam-
matory cells and cytokines in amniotic 
fluid were not suppressed following be-
tamethasone treatment, presumably due to 
the slow clearance of bioactive endotoxin 
from the amniotic fluid. In another study, 
betamethasone was used at 1 mg/kg fol-
lowing intravenous endotoxin infusion in 
sheep (Heidari et al., 2016), and be-
tamethasone reduced the circulating levels 
of acute phase proteins and inflammatory 
cytokines at this dose. Chalmeh et al. 
(2014a,b) utilised dexamethasone at  
1 mg/kg 60 minutes following endoto-
xaemia induction in sheep. They reported 
that this drug, unlike the control group, 
combated the acute phase response fol-
lowing endotoxaemia.  

Non-steroidal anti-inflammatory drugs 

Non-steroidal anti-inflammatory drugs 
(NSAIDs) have been generally used for 
the treatment of endotoxaemia due to their 
analgesic, antiinflammatory and antipy-
retic properties. They suppress the pro-
duction of thromboxane and prostaglan-
dins and reduce the acute haemodynamic 
response to endotoxaemia (Constable et 
al., 2017). 
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Administering indomethacin before 
endotoxin infusion prevents or markedly 
reduces pulmonary vasoconstriction in the 
sheep. Meclofenamate and ibuprofen at-
tenuate the hypoxaemia and early pulmo-
nary hypertension caused by endotoxae-
mia, but have no effects on the late in-
crease in lung fluid and solute exchange. 
Ibuprofen reverses the early pulmonary 
hypertensive changes and early haemody-
namic alterations associated with en-
dotoxaemia (Byrne et al., 2018). Flunixin 
meglumine was administrated to en-
dotoxic sheep at 2.2 mg/kg, dexamethaso-
ne was injected at 1 mg/kg (Chalmeh et 
al., 2013a), betamethasone at 1 mg/kg 
(Heidari et al., 2016) and insulin regular 
at 3 IU/kg (Chalmeh et al., 2013b); the 
ability of flunixin meglumine to reduce 
acute phase response was similar to both 
dexamethasone and betamethasone, but 
lower than that of insulin regular. Flunixin 
meglumine is a potent inhibitor of cyclo-
oxygenase, and its ability to inhibit the 
synthesis of eicosanoids such as pros-
taglandin E2 may explain the anti-inflam-
matory action of the drug. Flunixin me-
glumine also modulates the acute haemo-
dynamic changes and hyper L-lactataemia 
commonly observed during endotoxaemia, 
which may increase the survival rate. En-
dotoxin-stimulated production of throm-
boxane B2 and prostaglandin F1α are 
blocked by flunixin meglumine (Consta-
ble et al., 2017). Rahmani Shahraki et al. 
(2016) showed that ketoprofen, another 
commonly used NSAIDs in sheep, attenu-
ated the acute phase response at 3 mg/kg 
following ovine experimental endotoxae-
mia induction. 

Drugs affecting the cardiovascular system 

In endotoxic sheep, cardiocirculatory sup-
port with exogenous catecholamines is 
often required to maintain adequate organ 

perfusion pressure. Norepinephrine is 
frequently employed in this setting owing 
to its strong α-adrenergic properties re-
sulting in vascular smooth muscle contrac-
tion and, ultimately, an increase in sys-
temic arterial blood pressure (Rivers et 
al., 2001). Although high norepinephrine 
doses are often required to re-establish a 
sufficient perfusion pressure of vital or-
gans, they may contribute to clinically 
relevant side effects, such as reduction in 
microvascular blood flow and develop-
ment of multiple organ dysfunctions (Kre-
jci et al., 2006). Lange et al. (2007a) 
evaluated the haemodynamic effects of 
titrated norepinephrine in healthy versus 
endotoxic sheep. Their findings confirmed 
that endotoxaemia led to an early hypore-
sponsiveness against norepinephrine cau-
sed by a drug-independent mechanism 
rather than a tachyphylaxis due to long-
term administration of norepinephrine. 
Also, the effects of titrated arginine vaso-
pressin alone or in combination with nor-
epinephrine on haemodynamics and oxy-
gen transport in healthy and endotoxaemic 
sheep were evaluated by other researchers 
(Westphal et al., 2003). They reported 
that during ovine endotoxaemia, arginine 
vasopressin reduced cardiac index, com-
promised oxygen delivery and increased 
pulmonary vascular resistance index, side 
effects possibly limiting its use as a sole 
vasopressor during sepsis. Potentially, a 
simultaneous infusion of arginine vaso-
pressin and norepinephrine could repre-
sent a useful therapeutic option. Westphal 
et al. (2004) observed that dopexamine, a 
synthetic analogue of dopamine, reversed 
the vasopressin-associated impairment in 
tissue oxygen supply, yet reduced sys-
temic blood pressure in ovine endotoxae-
mia. 

Vasopressin is an endogenous peptide 
hormone synthesised in the hypothalamus. 
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Although it induces vasodilation via V2-
receptors by increasing adenosine 3',5'-
cyclic monophosphate in smooth muscles, 
it exerts a much stronger effects on V1-
receptors. V1-receptors are coupled with 
phospholipase C, increasing intracellular 
Ca2+ concentration. Thus, the activation of 
V1-receptors leads to the contraction of 
vascular smooth muscles, hence vasocon-
striction (Silverstein & Beer, 2015). 
Silverstein & Beer (2011) evaluated the 
vasoconstrictive activity of terlipressin, 
the synthetic analog of vasopressin, at 15 
µg/kg on ovine endotoxaemia. They found 
that during endotoxaemia, terlipressin 
increased pulmonary vascular resistance 
index. This was accompanied by a signifi-
cant decrease in cardiac index, whereas 
mean pulmonary arterial pressure did not 
change after the application of terli-
pressin. In another study, researchers 
found out that during ovine endotoxaemia, 
titrated terlipressin reversed hypotension 
but impaired the pulmonary circulation 
(Westphal et al., 2002). Lange et al. 
(2001) compared the continuous versus 
bolus infusion of terlipressin in ovine en-
dotoxaemia model. They concluded that 
the continuous infusion of terlipressin 
stabilised haemodynamics and improved 
myocardial performance in endotoxemic 
ewes without obvious side effects. Con-
tinuous low-dose terlipressin infusion may 
represent a useful alternative treatment for 
arterial hypotension related to sepsis and 
systemic inflammatory response syn-
drome.  

Levosimendan, a new calcium-sensi-
tising inotropic drug, improves cardiac 
function and survival in patients with con-
gestive heart failure and acts as a vasodi-
lator by stimulating ATP-sensitive potas-
sium channels in vascular smooth muscle 
cells (Dubin et al., 2007). Dubin et al. 
(2006) reported that high doses of 

levosimendan improved oxygen transport 
and prevented the development of intra-
mucosal acidosis in a normodynamic 
sheep model of endotoxaemia. In another 
study, Dubin et al. (2007) compared the 
oxygen transport and haemodynamic re-
sponses of an ovine experimental model 
of septic shock infused with levosimendan 
or dobutamine. They revealed that levosi-
mendan, in comparison with dobutamine, 
increased intestinal blood flow and dimi-
nished intramucosal acidosis. Some stu-
dies have revealed that dobutamine has 
favourable effects on ovine endotoxaemia, 
but the occurrence of tachycardia and ar-
terial hypotension may limit its therapeu-
tic use under septic conditions (Bröking et 
al., 2008).  

Adrenomedullin is a vasodilatory pep-
tide hormone, playing a key role in the 
regulation of cardiovascular homeostasis. 
In view of the circulatory failure in sepsis, 
it is still debated whether the occurrence 
of vascular hyporeactivity against adreno-
medullin plays a causative or protective 
role (Karpinich et al., 2011). Westphal et 
al. (2003) evaluated the haemodynamic 
response following a titrating infusion of 
human adrenomedullin in healthy and 
endotoxaemic sheep. Their findings cor-
roborated the fact that adrenomedullin 
produces a hyperdynamic circulation in 
the presence and absence of systemic in-
flammation. 

The nuclear enzyme Poly (ADP-
Ribose)-Polymerase (PARP) has been 
hypothesised as playing a major role in 
various forms of inflammation. PARP 
activation is induced by DNA strand 
breakage and can lead to intracellular en-
ergy depletion and, ultimately, cell death. 
It is further thought to influence cardio-
vascular function and organ failure in en-
dotoxaemia (Morales et al., 2014). Schar-
te et al. (2003) evaluated the effect of 
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PARP inhibitor nicotinamide on cardio-
vascular function in healthy and chroni-
cally endotoxaemic sheep. They revealed 
that treatment with nicotinamide resulted 
in a significantly higher systemic vascular 
resistance index and lower cardiac index 
in endotoxemic sheep, but not in controls. 

Lange et al. (2007b) intravenously in-
fused glipizide, an adenosine triphos-
phate-sensitive potassium channel inhibi-
tor, in endotoxaemic sheep. They found 
that continuous (Lange et al., 2007b) and 
short-term (Lange et al., 2006) glipizide 
infusion may represent a useful therapeu-
tic alternative for the treatment of arterial 
hypotension associated with sepsis and 
systemic inflammatory response syn-
drome. Hessler et al., (2019) mentioned 
that glipizide infusion increased systemic 
vascular resistance index and decreased 
cardiac index and heart rate in endotoxin 
sheep compared to control group.  

Detergents 

Detergents are known to be enzyme in-
hibitors and nonspecific blockers of many 
receptor-mediated processes. Nonionic 
detergents block the endocytosis of LPS 
by endothelial cells in culture. The release 
of cytokines by LPS-stimulated macro-
phages can be inhibited by detergents 
which can also block macrophage activa-
tion in intact animals (Jacobson, 2015). 
For therapeutic use, a suitable detergent 
should be biodegradable and have a high 
safety margin, requirements met by certain 
detergents of the Triton family. The arche-
type detergent Triton X-100 is a nonionic 
polyoxyethylene-phenol detergent. Unfor-
tunately, Triton is heavily toxic to cells 
and animals if inserted into the cell mem-
brane, and insufficient concentrations 
leads to the formation of pores that cause 
cell lysis. The main biological use of Tri-
ton is cell disruption. Triton WR-1339 

(tyloxapol) is a mixture of linear polymers 
of Triton X-100 ranging between 7 and 10 
Triton repeats. Tyloxapol is much less 
toxic than Triton X-100 (Staub et al., 
2001). Staub et al. (2001) infused intrave-
nously 1 mg/kg E. coli endotoxin in 10 
instrumented sheep with chronic lung 
lymph fistulas. One week later, they ad-
ministred intravenously 40 mmol/kg ty-
loxapol 14 h before infusing the same 
dose of endotoxin. In those paired studies, 
they compared pulmonary haemodynam-
ics, lung lymph dynamics, body tempera-
ture, circulating leukocyte concentrations 
and circulating TNF for 6 h. In all 10 
sheep, tyloxapol blocked 8090% of the 
pulmonary responses and 7090% of the 
systemic responses. They concluded that 
tyloxapol was safe, inexpensive, easy to 
use and immediately effective. In another 
research, phenol LPS extracted from E. 
coli serotype O55:B5 was intravenously 
infused at 2 µg/kg in clinically healthy  
1-year-old Iranian fat-tailed ewes. Ty-
loxapol was intravenously injected to en-
dotoxaemic sheep at two different doses 
containing 200 and 400 mg/kg at 90 min 
following endotoxaemia induction (Hei-
dari et al., 2016). Serum concentrations of 
haptoglobin, serum amyloid A, TNF-α 
and IFN-γ in treatment groups were sig-
nificantly lower than in positive controls. 
However, there were no significant differ-
ences among the doses of tyloxapol. They 
concluded that tyloxapol acts as an anti-
inflammatory mediator through reducing 
pro-inflammatory cytokines and hepatic 
acute phase proteins after endotoxaemia 
induction in sheep. Heidari et al. (2016) 
reported that the efficacy of tyloxapol at 
200 and 400 mg/kg was significantly 
higher and lower than betamethasone at  
1 mg/kg and flunixin meglumine at 2.2 
mg/kg, respectively. They further revealed 
that tyloxapol did not induce its effects in 
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a dose-dependent manner, and its anti- 
and pro-inflammatory effects at 200 and 
400 mg/kg were statistically similar. 

Endothelin receptor antagonists 

Endothelin receptor antagonists are a type 
of targeted therapy used to treat patients 
with pulmonary hypertension. Targeted 
therapies slow the progression of pulmo-
nary hypertension and may even reverse 
some of the damage to the heart and lungs 
(Kowalczyk et al., 2015). Snapper et al. 
(1998) reported that BMS-182874, a se-
lective, nonpeptide endothelin receptor 
antagonist, blocked the effects of exoge-
nously administered endothelins in 
chronically instrumented awake sheep. A 
possible role was investigated for endo-
thelin in endotoxin induced pulmonary 
hypertension in sheep by studying animals 
given intravenous endotoxin with and 
without pretreatment with BMS-182874. 
Administration of BMS-182874 alone 
caused a reduction in pulmonary artery 
pressure and systemic arterial pressure. 
Endotoxin alone caused an acute, nearly 
three-fold increase in pulmonary artery 
pressure, followed by a sustained but less 
severe increase in pulmonary artery pres-
sure 25 h after endotoxin. These changes 
were accompanied by a three-fold in-
crease in lung lymph flow and dramatic 
increases in the concentrations of plasma 
and lung lymph thromboxane B2. Pre-
treatment with BMS-182874 significantly 
attenuated the early endotoxin-induced 
acute increase in pulmonary artery pres-
sure and completely blocked the late sus-
tained pulmonary hypertension, but had 
no effect on the increase in thromboxane 
levels. BMS-182874, in addition to func-
tioning as an endothelium receptor an-
tagonist, appears to counteract the activity 
of thromboxane at the receptor level. Te-
zosentan is a non-selective endothelin 

receptor antagonist, reported by Kuklin et 
al. (2005) to attenuate lung injury in en-
dotoxic sheep. 

Thromboxane synthesis inhibitors 

The pulmonary vasoconstriction in ovine 
endotoxaemia is mediated by a substantial 
pulmonary production of thromboxane A2, 
a potent vasoconstrictor and platelet ag-
gregant (Kowalczyk et al., 2015). In this 
regard, some researchers have hypothe-
sised that pre-treatment with a thrombo-
xane synthetase inhibitor prior to en-
dotoxin administration may prevent the 
increase in pulmonary artery pressure and 
inhibit thromboxane A2 synthesis. Henry 
et al. (1991) reported that pulmonary vas-
cular response to endotoxin infusion was 
attenuated by a thromboxane synthesis 
inhibitor (UK-38485) in unanesthetised 
sheep. Pre-treatment with BM-13.177, a 
thromboxane antagonist, (bolus 5 mg/kg, 
followed by 0.75 mg/kg/min intrave-
nously) abolished the increase in pulmo-
nary artery and airway pressure. These 
findings revealed that BM-13.177 specifi-
cally antagonised thromboxane A2 on the 
putative receptor in pulmonary vascular 
and airway smooth muscle following en-
dotoxaemia in sheep. OKY-046 is another 
selective thromboxane synthetase inhibi-
tor utilised by Redl et al. (1991) as pre-
treatment in ovine endotoxaemia. They 
reported that OKY-046 attenuated the 
endotoxin-induced increase in pulmonary 
arterial pressure and prevented the early 
decrease in right ventricular ejection frac-
tion and cardiac output. However, throm-
boxane synthetase inhibition failed to pre-
vent endotoxin-induced hypoxaemia. The 
marked increase in plasma thromboxane 
concentrations, usually observed follow-
ing the administration of endotoxin, was 
prevented by pretreating the animals with 
OKY-046. On the other hand, increased 
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plasma prostacyclin concentrations were 
observed in the sheep treated with the 
thromboxane synthetase inhibitor. 

Antioxidants 

Endotoxaemia can be considered as an 
oxidative stress condition in sheep (Chal-
meh, 2013), hence the use of antioxidant 
therapies in endotoxaemic sheep per-
formed by several researchers. Taurine (2-
amino-ethanesulfonic acid) is a sulphur-
containing amino acid (β) and naturally-
occurring antioxidant (Aydın et al., 2016) 
which is not a constituent of mammalian 
proteins. One of its main roles is to pro-
tect tissues against attack by chlorinated 
oxidants, particularly hypochlorous acid. 
Taurine is found in high concentrations in 
human leukocytes, particularly polymor-
phonuclear leukocytes. Some studies have 
revealed that taurine possesses potent an-
timicrobial properties as it is able to in-
crease neutrophil phagocytic ability and 
respiratory burst activity (Amir Aslani & 
Ghobadi, 2016). Taurine upregulates con-
stitutive nitric oxide synthase, known to 
be a cytoprotectant and the only known 
endogenous inhibitor of inducible nitric 
oxide synthase. This antioxidant is also 
thought to be the main mediator that regu-
lates the dramatic systemic hypotension 
observed in endotoxaemia (Aydın et al., 
2016). Egan et al. (2001) administred 300 
mg/kg of taurine to Suffolk sheep 1 h be-
fore endotoxin infusion and revealed that 
pretreatment with intravenous taurine sig-
nificantly reduced pulmonary myelope-
roxidase activity and peripheral neutro-
penia and increased neutrophil respiratory 
burst activity. Their data suggested that 
taurine may have a therapeutic role in 
preventing the lung injury seen in ovine 
endotoxaemia. 

N-acetyl-cysteine is yet another anti-
oxidant which is quite famous for its abi-

lity to minimise oxidative stress and the 
downstream negative effects that are 
thought to be associated with oxidative 
stress. N-acetyl-cysteine inhibits granulo-
cyte aggregation and scavenges free radi-
cals (Parker, 2017). Koyama et al. (1992) 
studied the effect of recombinant-human 
superoxide dismutase, an enzyme that 
catalyses the dismutation of superoxide 
anion, on both the physiologic and bio-
chemical lung changes in endotoxic sheep. 
They reported that this antioxidant agent 
prevented the endotoxin-induced lung 
injury in sheep. 

Dimethyl sulphoxide, an oxygen free 
radical scavenger and anti-inflammatory 
agent, has been employed as an antioxi-
dant substance for the treatment of en-
dotoxaemia in sheep (Samimi et al., 
2014). Samimi et al. (2014) infused 1 and 
2 g/kg of dimethyl sulfoxide in endotoxic 
sheep, and reported that dimethyl sulfo-
xide improved clinical signs and reduced 
acute phase response following endotox-
aemia induced by E. coli serotype O55:B5 
in rams. 

Prostaglandins  

As important mediators of inflammation, 
some prostaglandins, especially pros-
taglandin E (PGE) and prostacyclin 
(PGI2), have properties that would theo-
retically be beneficial in the septic state. 
Both PGE and PGI2 are vasodilators and 
inhibitors of platelet aggregation, used by 
certain investigators to stabilise mem-
branes in experimental models. Pros-
taglandins also can inhibit the release of 
lysosomal enzyme products from leuko-
cytes (Durand & Gutterman, 2013). Re-
searchers have evaluated the effects of 
prostaglandins on endotoxin induced pul-
monary injuries in sheep. Prostaglandins 
reduced the pulmonary hypertension and 
the interstitial oedema produced by en-
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dotoxin primarily through their vasodila-
tory properties (Danek & Żurek, 2014). 
Demling et al. (1981) evaluated the effect 
of PGI2 on endotoxin-induced lung injury 
in sheep. They administrated PGI2 at 0.1 
to 0.2 µg/kg/min for a 5-hour period, re-
porting that PGI2 protected the lung 
against injury from endotoxin. 

Xanthine derivatives 

Xanthine derivatives are a group of alka-
loids commonly used for their effects as 
bronchodilators and respiratory centre 
stimulators. These substances not only 
affect the airways but also stimulate the 
heart rate, contraction force, and cardiac 
arrhythmias at high concentrations. Pen-
toxifylline, a methylxanthine derivative 
and a nonspecific phosphodiesterase in-
hibitor, is a drug widely prescribed for the 
management of vascular disorders charac-
terised by defective regional microcircula-
tion (Tjon & Riemann, 2001). This drug 
also possesses other important pharma-
cological actions such as anti-inflamma-
tory activities in toxin-induced paw oede-
ma, adjuvant-induced arthritis, oedema 
caused by carrageenan in the rat, and the 
cutaneous inflammatory response to ultra-
violet light (Abdel-Salam et al., 2003). It 
is stated that pentoxifylline may be bene-
ficial in endotoxaemia (Krysztopik et al., 
2000). Ji et al. (2004) revealed that pen-
toxifylline suppressed both endotoxin-
induced TNF-α and IL-6 production in the 
intestine of rats, a suppression achieved 
by down-regulating the mRNA expres-
sion. Pentoxifylline modulates the produc-
tion of inflammatory cytokines and acute 
phase proteins induced by endotoxin in 
sheep (Rahmani Shahraki et al., 2017). 
Chalmeh et al. (2016) evaluated the ef-
fects of pentoxifylline (at 30 and 60 
mg/kg) on endotoxin-induced acute phase 
response in sheep. They observed that 

pentoxifylline acted as an anti-inflamma-
tory mediator by reducing pro-inflam-
matory cytokines and hepatic acute phase 
proteins, and modulated oxidative enzy-
mes activities following endotoxaemia 
induction in sheep. However, they stated 
that the efficacy of pentoxifylline at two 
different doses was fairly similar. Rahma-
ni Shahraki et al. (2016) showed that the 
efficacy of pentoxifylline (30 and 60 
mg/kg) on attenuating acute phase res-
ponse following ovine experimental en-
dotoxaemia was significantly higher and 
lower compared with dexamethasone  
(1 mg/kg) and ketoprofen (3 mg/kg), re-
spectively. 

Insulin therapy 

Experimental studies in sheep have indi-
cated that insulin can act as an anti-
inflammatory agent through reducing the 
proinflammatory response and increasing 
the anti-inflammatory cascade. Insulin 
treatment was reported to dampen in-
flammatory and acute phase responses by 
reducing cytokines and acute phase pro-
teins in ovine endotoxaemia models 
(Obese et al., 2001; Chalmeh et al., 
2013a,c,d,e). Moreover, the administra-
tion of insulin subcutaneously has been 
reported to lower the proinflammatory 
cytokine expression in the liver and serum 
levels of TNF-α, IL-1β and IL-6 in en-
dotoxic rats (Jeschke et al., 2004). Obese 
et al. (2001) reported that insulin can re-
duce fever at a dose of 12 mU/kg in sheep 
challenged with LPS. Some studies have 
revealed the anti-inflammatory effect of 
insulin by increasing the anti- and de-
creasing the pro-inflammatory cascade, 
thereby restoring homeostasis in thermally 
injured and endotoxaemic rats. In addi-
tion, insulin prevented liver damage and 
preserved liver function in these animals 
(Jeschke et al., 2004). Antiendotoxic and 
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anti-inflammatory effects of insulin regu-
lar at different doses have been compared 
with flunixin meglumine at 2.2 mg/kg 
(Chalmeh et al., 2013c) and dexametha-
sone at 1 mg/kg (Chalmeh et al., 2013b); 
the efficacy of insulin regular was signifi-
cantly higher than both flunixin meglu-
mine and dexamethasone in terms of re-
ducing the acute phase response following 
experimental endotoxaemia induction in 
sheep. Kang et al. (2003) demonstrated 
that the antiapoptotic action of insulin is 
paralleled by reducing the production of 
reactive oxygen species. The generation 
of reactive oxygen species in response to 
insulin is integral to the activation of dis-
tal insulin signaling cascade (Mahadev et 
al., 2001). Insulin is becoming more and 
more attractive as an agent for improving 
the outcome of critically ill patients and 
attenuating the pro-inflammatory cascade 
(Leffler et al., 2007). Following inflam-
mation, insulin exerts an anti-inflam-
matory effect on cellular mediators and 
hepatic acute phase proteins. In an animal 
model, insulin exerted its anti-inflamma-
tory effects through reducing the pro-
inflammatory signal transcription factors 
and pro-inflammatory cytokines, while 
increasing anti-inflammatory cytokines 
(Jeschke et al., 2004). Insulin acts as an 
anti-inflammatory molecule through direct 
rather than indirect cellular effects. It al-
ters the intracellular signal cascade in the 
liver and decreases some pro-inflamma-
tory signal transcription factors (Jeschke 
et al., 2004). Therefore, it may act as an 
anti-inflammatory molecule via two dif-
ferent pathways: decreasing pro-inflam-
matory mediators, and increasing anti-
inflammatory mediators. Chalmeh et al. 
(2013d) administrated different doses of 
insulin regular to endotoxic sheep, sho-
wing that insulin regular did not induce its 
effects in a dose-dependent manner; 

moreover, the anti- and pro-inflammatory 
effects of insulin regular at 3 IU/kg were 
significantly higher than other doses of 
this drug in terms of decreasing the acute 
inflammatory conditions in Iranian fat-
tailed sheep.  

Immunotherapy 

LPS can activate biological mediators of 
shock even if the amount of free, solubi-
lised endotoxin is below detectable levels. 
Furthermore, the clinical features of Gram-
negative bacteraemia such as fever, com-
plement activation, disseminated intravas-
cular coagulation and transient leukopae-
nia followed by leukocytosis, are identical 
to the effects of intravenously adminis-
tered endotoxin, hence the fact that anti-
biotics cannot reverse these phenomena 
(Constable et al., 2017). For these rea-
sons, anti-endotoxin or anti-LPS immuno-
therapy has raised considerable scientific 
interest as a potential therapeutic mode that 
might improve survival in Gram-negative 
bacteremia (Karlsson et al., 2014).  

Neutralisation of endotoxin (lipopoly-
saccharide, LPS) would be of consider-
able benefit in the treatment of Gram-
negative sepsis. Administration of anti-
LPS antibodies is an old approach which 
has been renewed by improvements in 
monoclonal antibody technology. The 
antibodies directed at the conserved core 
region of LPS or at the lipid A which have 
been studied in humans are discussed in 
this review. In humans, two main ap-
proaches have been used to obtain serum 
with anti-endotoxin activity, including 
antibody to endotoxin-core glycolipid (J5 
antiserum) and high titer anti-LPS plasma 
(naturally occurring) (Cross, 2014). Anti-
body to complete LPS is directed prima-
rily against the side chains, which differs 
widely from strain to strain. Such antise-
rum acts against the effects of LPS be-
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longing to the immunising bacterial strain, 
but is much less effective against LPS 
from other strains. The core regions of 
most Gram-negative bacteria contain very 
similar LPS core-structures. Therefore, a 
strain of bacteria defective in side chains 
and containing only core elements in its 
LPS was selected for the production of 
antiserum (Karlsson et al., 2014). Peake et 
al. (2002) evaluated the effects of anti-
ovine interleukin-1β monoclonal antibody 
immunotherapy on an ovine model of en-
dotoxaemia. They reported that this thera-
peutic regimen improved haemodynamic 
performance, but the beneficial effects 
were incomplete and survival was not 
significantly improved. 

Chemotherapy 

Recent insights into the structure and bio-
synthesis of the toxic portion of en-
dotoxin, lipid A, may provide new thera-
peutic insights. Certain E. coli mutants 
deficient in phosphatidylglycerol have 
been found to accumulate 2,3-diacyl-
glucosamine-1-phosphate, in which P-
hydroxymyristoyl moieties are the sole 
fatty acid substituents. The discovery of 
this monosaccharide, designated lipid X, 
helped facilitate the elucidation of the 
correct structure of lipid A. It was subse-
quently shown that lipid X and a nucleo-
tide derivative of lipid X are condensed to 
form the disaccharide backbone of lipid A 
(Molinaro et al., 2015). Lipid X has some 
of the activities of lipid A and endotoxin, 
yet has little toxicity. Like LPS, it causes 
the Limulus amebocyte lysate gelation, 
murine B lymphocyte mitogenesis, and 
macrophage activation, though to a much 
lesser degree compared with LPS or vari-
ous lipid A-related disaccharides. Lipid X 
creates a transient rise in pulmonary artery 
pressure, and a modest increase in lung 
lymph flow, in a biphasic manner similar 

to that of LPS; however, lipid X does not 
cause pulmonary vasculature protein per-
meability as is observed following LPS 
challenge (Scior et al., 2013). Large doses 
of lipid X (1,000 µg/kg), minimally pyro-
genic in animals, do not kill sheep (Bur-
hop et al., 1985). Golenbock et al. (1987) 
revealed that lipid X did not prevent en-
dotoxin-induced neutropaenia or moderate 
hypotension in response to LPS in sheep. 
They also suggested that Lipid X is a po-
tential prototype compound for a new type 
of chemotherapy directed at blocking the 
harmful effects of LPS during bacterial 
septicaemia. 

Toll-like receptors inhibitors 

The recent discovery of the toll-like re-
ceptors (TLRs) has furthered the under-
standing of the signalling pathways for 
pathogen recognition and immune activa-
tion in sepsis, in particular when Gram-
negative bacteria are the origin. Lipopoly-
saccharide, a component of the cell wall 
of Gram-negative bacteria and a main 
ligand for TLRs, may play a significant 
role in the development of sepsis. TLR 
mediates the actions of lipopolysaccharide 
through the production and release of cy-
tokines and the stimulation of inflamma-
tory cells (Constable et al., 2017). Anti-
TLR4 antibodies in mice reduce mortality 
following endotoxaemia and experimental 
polymicrobial sepsis (Daubeuf et al., 
2007). Fenhammar et al. (2011) pre-
treated conscious Texel crossbred ewes 
with the selective TLR4 inhibitor, TAK-
242. They reported that TAK-242 reduced 
renal injuries following endotoxaemia 
induction in treatment groups. 

Nitric oxide 

The endotoxin reaction involves the for-
mation of arachidonic acid metabolites 
and cytokines. Furthermore, endotoxin 
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stimulates endothelial and inflammatory 
cell nitric oxide synthase, producing nitric 
oxide from L-arginine. Vasodilation se-
condary to nitric oxide generation, with or 
without impairment of cardiac output, is 
believed to be one of the main reasons for 
the systemic arterial hypotension follow-
ing endotoxaemia (Bogdan, 2015). The 
hypotension, but not the impaired cardiac 
output, is effectively blocked by NG-
methyl-L-arginine, a nitric oxide synthase 
inhibitor. During endotoxaemia, a possi-
ble pulmonary vasodilator effect of en-
dogenous nitric oxide may be obscured by 
opposing vasoconstrictive forces. This is 
mainly due to thromboxane A2 in the early 
phase and release of leukotrienes, and 
endothelin, the potent endothelium-deri-
ved vasoconstrictor protein, during the 
late phase (Byrne et al., 2018). Previous 
investigations have shown that inhaled 
nitric oxide can alleviate the pulmonary 
hypertension and derangement in gas ex-
change subsequent to endotoxin lung in-
jury (Parker, 2017). Bjertnaes et al. 
(1998) studied the effects of inhaled nitric 
oxide on lung lymph flow and protein 
concentration during the late phase of 
endotoxaemia in awake sheep. They con-
cluded that inhaled nitric oxide reduces 
lung fluid filtration by reducing microvas-
cular pressure and, apparently, microvas-
cular permeability during the late phase of 
endotoxaemia. 

Protein C 

Protein C is an inactive precursor of the 
serine protease activated protein C which 
is catalysed by thrombin/thrombomodulin 
complex when it is bound to its endothe-
lial receptor. Activated protein C attenu-
ates inflammation by inhibiting the trans-
location of NF-κB and activator protein-1 
in LPS-stimulated monocytes, thereby 
suppressing the release of proinflamma-

tory cytokines (Joyce et al., 2004). More-
over, activated protein C reduces leuko-
cyte rolling and adhesion to the endothe-
lium by suppressing adhesion molecules, 
causing reduced migration and accumula-
tion of pulmonary leukocytes (Nick et al., 
2004). Recombinant human activated pro-
tein C with its anticoagulant, anti-inflam-
matory, fibrinolytic and antiapoptotic ef-
fects, reportedly reduces the respirator-de-
pendent days and the mortality of patients 
with severe sepsis. Waerhaug et al. (2008) 
reported that recombinant human activa-
ted protein C in awake endotoxic sheep 
alleviated endotoxin-induced lung injury 
as characterised by the improvements in 
oxygenation, coagulation and inflamma-
tion, as well as the reversal of pulmonary 
haemodynamic and volumetric changes. 

Fructose-1,6-diphosphate 

Fructose-1,6-diphosphate reduces the 
mortality rate in experimental sepsis, ame-
liorates haematological and histological 
alterations and pulmonary function pa-
rameters (Hattori et al., 2017), and inhib-
its respiratory burst and oxyradical gen-
eration of activated neutrophils (Markov 
et al., 2007); it has further been shown 
that fructose-1,6-diphosphate has immu-
nosuppressive properties (Cohly et al., 
2004). Markov et al. (2007) evaluated the 
effect of fructose-1,6-diphosphate on en-
dotoxin-induced lung injuries in sheep. 
They revealed that fructose-1,6-diphos-
phate treatment significantly attenuated 
the characteristic pulmonary hypertension, 
lung lymph protein clearance, and pul-
monary vascular leakage observed in 
sheep infused with endotoxin. 

Methylene blue 

A nonselective inhibitor of nitric oxide 
and soluble guanylate cyclase, methylene 
blue markedly attenuates the increment in 



Therapeutic regimens of endotoxaemia in sheep 

BJVM, 25, No 4 556 

lung fluid filtration. The effect of methyl-
ene blue is associated with reduced pul-
monary capillary pressure and permeabi-
lity surface area product. Furthermore, 
methylene blue enhances gas exchange 
and precludes the increase in the lung 
lymph of endotoxic sheep (Evgenov et al., 
2001). Researchers have stated that this 
substance reduces the early endotoxin-
induced declines in stroke volume, left 
ventricular stroke work and cardiac indi-
ces, preventing the mean arterial pressure 
from falling. Moreover, methylene blue 
increases pulmonary arterial pressure and 
pulmonary vascular resistance index, re-
duces the increments in venous admixture 
and the falls in oxygen delivery, maintains 
oxygen consumption, prevents the in-
crease in body temperature and plasma 
nitrites and nitrates, and delays the in-
crease in plasma lactate (Evgenov et al., 
2001). Evgenov et al. (2002) investigated 
the effects of methylene blue on pulmo-
nary haemodynamics in endotoxic sheep. 
They concluded that methylene blue at-
tenuates the endotoxin-induced pulmonary 
hypertension and oedema, at least in part, 
by inhibiting the cyclo-oxygenase pro-
ducts of arachidonic acid. 

POTENTIAL THERAPEUTIC 
PROTOCOLS 

Given the pathophysiological aspects of 
endotoxaemia, which causes acute sys-
temic inflammatory responses and multi-
ple organ dysfunctions, it seems that pay-
ing attention to new anti-inflammatory 
drugs and protocols can be effective in 
treating endotoxaemia. As mentioned ear-
lier, the sheep is a very suitable model to 
evaluate endotoxaemia and the effect of 
drugs on it. Therefore, this animal species 
can be used in experimental studies in the 
evaluation of anti-inflammatory or any 

other drugs against endotoxaemia and can 
be generalised to other related species. 

CONCLUSION  

Sheep are among the species most suscep-
tible to inflammatory conditions following 
the endotoxaemia, hence the necessity of 
adopting powerful therapeutic methods. 
Furthermore, sheep are a common animal 
model to evaluate the endotoxaemia, with 
results generalisable to other large ani-
mals. Several researchers have experimen-
tally induced ovine endotoxaemia and 
have evaluated different various treatment 
modalities, presented in the current re-
view. Introduced drugs have been used in 
experimental models, however, their use 
in clinical trials in sheep that are naturally 
affected with endoxaemia is also recom-
mended. 
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