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KEY POINTS

� Experimental models of sepsis/systemic inflammatory response syndrome (SIRS)-associ-
ated laminitis have helped to elucidate the pathophysiological mechanisms of inflamma-
tion and their signaling cascades. This information will further advance the development of
preventative therapies for this devastating disease.

� Prolonged and sustained systemic inflammatory response may increase the risk and
severity of laminitis in horses with SIRS; therefore, rapid identification and initiation of pre-
ventative measure are recommended.

� Although there are several preventative therapies that can be used in the horse with SIRS,
digital hypothermia (also known as cryotherapy) is the one anti-inflammatory therapy with
extensive evidence to support its use clinically. Anti-inflammatory effects of cryotherapy
are the greatest when applied before the development of lameness.
INTRODUCTION

Laminitis is a severely debilitating, life-threatening disorder affecting the dermal and
epidermal tissues of the equine digit (Table 1). The development of laminitis occurs
as a sequela to many clinical conditions in the horse, including various gastrointes-
tinal disorders, pneumonia, metritis, and grain overload. Many of these disorders
elicit a severe inflammatory response known as systemic inflammatory response
syndrome (SIRS). SIRS may result from an infectious process that enters the circu-
lation (sepsis) or can result from trigger factors produced/released by injured or
damaged tissues. Uncontrolled SIRS can lead to organ failure, which is most often
manifested in the horse as laminitis. Acute laminitis is also associated with the endo-
crine conditions equine metabolic syndrome (EMS) and pituitary pars intermedia
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Table 1
Equine systemic inflammatory response syndrome criteria17

SIRS Criteria

Heart rate >52 bpm

Respiratory rate >20 bpm

Rectal temperature >101.3�F or <98.6�F

White blood cell count >12.5 � 10⁹ cells/L or <5 � 10⁹ cells/L
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dysfunction (see Nora S. Grenager’s article, “Endocrinopathic laminitis,” in this
issue.) and may occur secondary to mechanical overload owing to severe support
limb (contralateral) lameness (see Andrew van Eps and colleagues’ article,
“Supporting Limb Laminitis,” in this issue.).1,2 Because many diverse conditions
are associated with the development of laminitis, the pathogenesis is likely complex.
Although researchers have attempted to discover 1 unifying theory regarding the
pathogenesis of this devastating disease in the horse, it has become increasingly
clear that the numerous proposed mechanisms are most likely interconnected.3,4

An improved understanding of the pathophysiologic mechanisms involved in the
development of laminitis can enhance the ability of clinicians to prevent its onset;
however, it remains a challenge to successfully treat laminitic horses once clinical
signs appear. Therefore, early and aggressive therapies are recommended in horses
at risk for the development of sepsis/SIRS-related laminitis.
PATHOPHYSIOLOGY OF SYSTEMIC INFLAMMATORY RESPONSE SYNDROME

SIRS refers to the uncontrolled inflammatory processes that occur following the host’s
response to pathogens, pathogen-associated molecular patterns (PAMPs), or dam-
age associated molecular patterns (DAMPs).5 Although SIRS can occur in both infec-
tious and noninfectious diseases, it is often a sequela to sepsis owing to the liberation
of bacteria and PAMPs released into the circulation during the septic state. Dysregu-
lation of the inflammatory response, dysregulated coagulation, increased cellular
death, and energy loss through mitochondrial dysfunction all play roles in SIRS. The
presence of a pathogen, PAMP, or DAMP triggers the innate immune system by
recruiting phagocytes to the effector site (Fig. 1). Production of proinflammatory cyto-
kines by phagocytes and other effector cells, such as endothelial and epithelial cells,
results in the upregulation of adhesion molecules, chemokines, and additional inflam-
matory cytokines (see Fig. 1). Leukocyte migration to the lamellae and other organs
occurs during SIRS in the horse. Although essential for eradication of pathogens
and injured cells, the release of reactive oxygen species (ROS) and proteases by leu-
kocytes and other cells can injure surrounding tissue and subsequently precipitate a
worsening of the inflammatory response.
MULTIORGAN DYSFUNCTION SYNDROME

The profound systemic inflammatory effects of SIRS can lead to remote organ
dysfunction and the development of multiorgan dysfunction syndrome (MODS; see
Fig. 1). Typical organs involved in MODS include, but are not limited to, the heart,
lungs, kidney, and liver.6 In the horse, the primary remote “organ” to fail is the lamellae
of the hoof, resulting in the development of laminitis7; therefore, specific therapies tar-
geting the developmental stage of laminitis should be used and are discussed later in
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Fig. 1. SIRS pathway from insult to activation of immune and effector cells to overall effects
on multiple organs. Experimental models have shown that the inflammatory response in the
lamellae is greater than other organs, such as the liver, lung, and kidney, and therefore, is
the most likely to fail in patients with SIRS. aPPT, activated partial thromboplastin clotting
time; AT, antithrombin 3; CRP, C-reactive protein; ECM, extracellular matrix; LBP, lipopolysac-
charide binding protein; PT, prothrombin. (Adapted from Reinhart et al.; Clin Microbiol Rev
(2012) 25:610.)

Sepsis/SIRS-Associated Laminitis 641
this article. Advancement of SIRS to MODS indicates severe illness, significantly
complicating treatment and decreasing the patient’s prognosis for survival.8,9
EXPERIMENTAL MODELS OF SYSTEMIC INFLAMMATORY RESPONSE SYNDROME–
ASSOCIATED LAMINITIS

There are 3 well-known experimental models used to study SIRS-associated laminitis.
One of the first experimental laminitis models developed was the carbohydrate over-
load (CHO) model,10 which was established to mimic grain overload in the horse.10,11

In this model, horses receive a 17.6 g/kg mixture of corn starch (85%) and wood flour
(15%) via nasogastric intubation. Microbial alterations in the cecum result in
decreased pH, an increased number of gram-positive bacteria, death of gram-
negative bacteria followed by liberation of endotoxin, and substantial mucosal disrup-
tion with an increase in permeability.12–14 This results in a systemic inflammatory pro-
cess, exhibited clinically by fever, diarrhea, colic, and dehydration 12 to 20 hours post-
CHO administration. Onset of clinical Obel grade 1 laminitis occurs 24 to 48 hours
post-CHO administration, and Obel grade 3 laminitis occurs between 40 and 72 hours
post-CHO administration.10,11,15 A more recent carbohydrate model has been
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developed to mimic laminitis resulting from ingestion of fructans in lush pasture. This
model uses the administration of the nonstructural carbohydrate, oligofructose (OF),
which is extracted from the roots of chicory and is administered at 5 to 10 g/kg of
body weight via nasogastric intubation.16,17 Administration of OF results in self-
limiting diarrhea with electrolytes and fluid losses similar to that seen in horses with
colitis.17 Changes in cecal flora and production of endotoxin also occur in this
model.17,18 Clinical signs of Obel grade 1 laminitis occur approximately 20 to 30 hours
post-OF administration. The last experimental model of SIRS-associated laminitis is
the black walnut extract (BWE) model, which was developed from the observation
that horses bedded on black walnut shavings would commonly develop laminitis.19

Horses are administered BWE at 2 g/kg of body weight via nasogastric intubation
that is obtained by soaking shavings from the heartwood of a black walnut tree. A
classic drop in circulating white blood cells (WBC; leukopenia) occurs 3 to 4 hours
post-BWE administration followed by relatively rapid onset of lameness at 10 to
12 hours post-BWE administration.20 Although this model has a rapid onset of lame-
ness with mild side effects, gross evidence of lamellar destruction/failure rarely occurs
when compared with the CHO and OF models.21 Differences between the carbohy-
drate models and BWE model have similarities to models of sepsis studied in mice.
The BWE model closely mimics intraperitoneal administration of endotoxin, resulting
in a rapid, intense peak of inflammation, whereas the CHOmodel more closely mimics
the polymicrobial cecal ligation and puncture model, resulting in a prolonged and sus-
tained inflammatory response (Fig. 2). Duration and severity of the inflammatory
response is the main difference between these models,20,22 suggesting that a pro-
longed systemic inflammatory response is more likely to result in severe disease.
Several studies have been conducted using these experimental models to deter-

mine the pathophysiology of sepsis/SIRS-associated laminitis. Administration of
CHO, OF, or BWE via nasogastric intubation results in alterations within the gastroin-
testinal tract, including changes in microbial flora, injury to mucosa, and increased
permeability of PAMPs and DAMPs followed by their release into the circulation.
Fig. 2. Cytokine and chemokine gene expression in the lamellae of horses with BWE-
induced laminitis and CHO-induced laminitis. The peak of expression is early in the develop-
mental period within the lamellar tissue of horses receiving BWE and is later at the onset of
lameness in horses receiving CHO. The intense rapid peak with BWE is like a rapid infusion
of endotoxin, whereas the CHO administration results in a slower onset but longer effect.
This prolonged inflammatory effect results in more severe lamellar injury in this model
and more closely mimics that of clinical cases with sepsis or SIRS. CON, control; DEV, devel-
opmental time point; ICAM, intercellular adhesion molecule-1; LAM, onset of lameness.
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Circulation of these PAMPs and DAMPs extends to systemic organs, such as the liver,
lung, and kidney, and results in systemic inflammation. Interestingly, horses that did
not develop a systemic inflammatory response after administration of CHO or OF
also did not develop laminitis.22,23 This suggests limiting or preventing SIRS prevents
the development of laminitis. Although there are some differences in the overall inflam-
matory response between experimental models, systemic inflammation is followed by
local chemokine production,24,25 leukocyte migration,26,27 and proinflammatory medi-
ator production within the digital lamellae.22,28 Furthermore, expression of proinflam-
matory mediators, such as interleukin-1b (IL-1b), stimulates the production and
activation of extracellular matrix proteases (eg, matrix metalloproteinase [MMPs])
that result in breakdown of the basement membrane and the lamellar keratinocyte at-
tachments. The addition of mechanical stress through weight bearing further stretches
and tears the injured lamellar tissue, thereby ultimately resulting in lamellar failure.
SIGNALING PATHWAYS INVOLVED IN SEPSIS/SYSTEMIC INFLAMMATORY RESPONSE
SYNDROME–ASSOCIATED LAMINITIS

Multiple signaling pathways are involved in the development of sepsis/SIRS-
associated laminitis. Interaction of these pathways results in redundancies of complex
mechanisms and consequently causes dysregulation of the inflammatory response in
various disease states.
The initiation of SIRS begins with the recognition of infective agents and/or injured

cells through toll-like receptor (TLR) binding of PAMPs and DAMPs, respectively. Cells
of the innate immune system as well as epithelial cells in various organs possess TLRs,
which bind conserved molecular structures of pathogens and damage-associated
proteins.29 Of the 10 TLRs known, the first and best described is TLR-4, which binds
lipopolysaccharide (LPS) from gram-negative bacteria.30 Initial exposure to LPS re-
sults in binding of the lipid A portion of the LPS molecule to a LPS binding protein
(Fig. 3).31 This, along with CD14, facilitates binding to the TLR-4 receptor.
Fig. 3. TLR-4 signaling cascade.
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Downstream signaling cascades are activated, and nuclear factor-kB (NF-kB) is sub-
sequently translocated to the nucleus, where it stimulates transcription of more than
40 different proinflammatory genes (see Fig. 3). Increased expression of TLR-2 and
TLR-4 has been found in the lamellar epithelial basal cells of horses with CHO-
induced laminitis.28

The signal transducing activators of transcription factors (STATs) are latent intracyto-
plasmic proteins that when activated are translocated to the nucleus to produce various
inflammatory genes.32 Phosphorylation or activation of STATs can occur by several
different pathways. The best-described pathway is the Janus kinase (JAK)-STAT
pathway, which is activated through cytokine (eg, IL-6) binding of a cell surface receptor
(Fig. 4).33 Cytokine binding results in apposition of 2 JAK proteins, which are subse-
quently phosphorylated. STAT proteins are then activated and form dimers, which are
translocated to the nucleus, to serve as transcription factors for the production of proin-
flammatory mediators.34,35 Although activation of both STAT1 and STAT3 has been re-
ported in models of human sepsis/SIRS,36–38 only STAT3 activation was seen in the
laminae from the CHO and BWEmodels of laminitis.39 The authors suspect that the pre-
dominate stimulator of STAT3 activation was due to IL-6, as a profound increase in
messenger RNA expression is known to affect the lamellae in experimental models.
An alternative pathway of gp130/IL-6 receptor binding is through PI3K-mTOR

signaling. Binding of IL-6 to the IL-6/gp130 receptor results in a series of downstream
phosphorylation events (Fig. 5) of Akt, mTOR, and RPS6.40 Phosphorylation of ribo-
some protein, RPS6, at the serine moieties results in the translation of proteins
Fig. 4. IL-6/gp130 signaling through STAT3 activation.



Fig. 5. IL-6/gp130 signaling through PI3K-mTOR activation.
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regulating cytoskeletal structure and cell adhesion dynamics. Lamellar concentrations
of signaling proteins downstream of IL-6/gp130, through the PI3K pathway, were
increased post-OF administration.40 Application of digital hypothermia resulted in
downregulation of mTOR-RPS6 signaling, demonstrating a potential mechanism for
the protective effects cryotherapy exerts on the digital lamellae.40 Interestingly, the
PI3K pathway has also been reported to be activated secondary to IGF-1 receptor
binding of insulin. This finding supports a common mechanism of cytoskeletal dysre-
gulation and cell adhesion disruption. Inhibitors of this pathway may provide additional
therapies for the prevention of sepsis/SIRS-associated laminitis in the future.
EVALUATION OF THE SEPSIS/SYSTEMIC INFLAMMATORY RESPONSE SYNDROME
PATIENT

The presence of sepsis/SIRS in equine patients has been associated with the devel-
opment of laminitis7; therefore, rapid identification of sepsis/SIRS allows for prompt
initiation of therapeutic measures to limit inflammation and prevent lamellar injury.
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The presence of a fever along with an increase in WBC count (with or without the pres-
ence of band neutrophils) and hyperfibrinogenemia is often associated with infection
but may also be present with noninfectious inflammatory diseases. A definitive diag-
nosis of sepsis is made when a microorganism (such as bacteria or virus) has been
isolated. The clinical definition for SIRS in the horse has been extrapolated from exam-
ination parameters described in humans (Table 1).5 An equine patient is considered to
have SIRS if at least 2 of the following 4 parameters are present: (1) heart rate greater
than 52 bpm, (2) respiratory rate greater than 20 bpm, (3) rectal temperature less than
98.6�F or greater than 101.3�F, and (4) WBC count less than 5 � 109 cells/L or greater
than 12.5 � 109 cells/L.9 In 1 study, adult horses with an SIRS score of 3 or 4 out of 4
had an increased risk of death compared with those with lower scores.9

In addition to the parameters used to identify the presence of SIRS in the horse,
other clinical findings that have been associated with endotoxemia include hemocon-
centration (indicated by increased packed-cell volume (PCV)/total protein (TP)), hyper-
emic or toxic mucous membranes with prolonged capillary refill time, and
hyperlactemia.9,41 The presence and severity of these findings have been reported
to be associated with outcome. In 1 retrospective study, horses with signs of endotox-
emia were 5 times more likely to develop laminitis when hospitalized than horses
without clinical signs.41

Biomarkers of sepsis and SIRS have been studied intensely in humans with more
than 170 different compounds evaluated for their diagnostic and prognostic abili-
ties.42 Nevertheless, despite numerous studies, the ideal biomarker has yet to be
identified. Experimentally induced SIRS-associated laminitis has identified the upre-
gulation of numerous proinflammatory cytokines within the lamellar tissue, including
IL-6, IL-1b, and cyclooxygenase-2 (COX-2).22 Circulating inflammatory mediators
and biomarkers have been more challenging to identify because of difficulties in
obtaining equine-specific reagents. However, serum amyloid A (SAA), procalcitonin
(PCT), and calprotectin have been identified as potential markers for SIRS in the
horse.43,44

SAA is an acute phase protein released into the circulation, mainly by the liver, in
response to inflammatory and infectious stimuli. Circulating levels of SAA are usually
low or unmeasurable, but can increase rapidly in less than 4 hours when induced by IL-
1b and reach maximal levels in 24 to 48 hours.45 SAA was found to be significantly
increased in horses with SIRS secondary to gastrointestinal disease.43

PCT can be secreted by numerous cell types in response to inflammation.44

Because of its rapid increase in plasma concentrations and relatively short half-life
of 22 to 26 hours, it has been studied extensively as a biomarker for sepsis and other
inflammatory conditions in human medicine, but has only recently begun to be inves-
tigated in veterinary medicine.44 Although there are limited data regarding equine
PCT, significant increases in plasma concentrations have been reported in horses
with SIRS when compared with controls.46 Plasma PCT concentrations were also
increased in horses administered LPS as an experimental model of endotoxemia/
sepsis.47

Calprotectin is an inflammatory protein produced mainly by neutrophils and is
released into the circulation following cell disruption and death.48 It has been used
in human medicine as a biomarker for acute and chronic inflammatory diseases;
however, equine calprotectin has only been studied to a small extent and is mostly
limited to immunohistochemical evaluation within various tissues. Experimental
models of SIRS-associated laminitis have all demonstrated increased calprotectin
staining within the digital lamellae as well as in the colon of horses administered
BWE.27,49
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PREVENTIONS AND THERAPEUTICS
Treatment of the Primary Disease

As SIRS-related laminitis is a sequela to systemic inflammatory disease, a cornerstone
of therapy is to halt the primary disease or condition affecting the patient and provide
supportive care. Surgical correction and removal of ischemic bowel, debridement of
necrotic tissue, and antibiotic therapy for known bacterial infections are examples of
treatments necessary to remove the inciting cause of the systemic inflammatory
response. Fluid resuscitation and maintenance of normal cardiovascular function are
particularly important in horses with signs of shock; however, once the cardiovascular
status is stable, judicious fluid therapy rates should be used to minimize effects of Star-
ling forces by which excessive intravenous (IV) fluids could result in lamellar edema.

Digital Cryotherapy

Digital hypothermia, also known as cryotherapy, has been used to ameliorate exper-
imentally induced laminitis when applied during the developmental stage and is dis-
cussed in more detail in Daniela Luethy’s article, “Cryotherapy techniques – Best
protocols to support the foot in health and disease,” in this issue..50–52 Suggested pro-
tocol for cryotherapy of the equine digit requires maintenance of hoof temperatures
�5�C via submergence in an ice-water boot until the resolution of the primary disease.
Continuous cryotherapy has been found experimentally to significantly reduce the
expression of MMP-251 and numerous proinflammatory mediators within the lamellae
when initiated before the onset of lameness.53 Cryotherapy also decreased expres-
sion of chemotactic mediators, which subsequently prevented leukocyte migration
into the lamellae after OF administration.53 However, when delayed until the onset
of lameness, the anti-inflammatory effects of cryotherapy were not noted despite its
ability to minimize histologic changes within the lamellae.54 In addition to experimental
evidence, cryotherapy, when used prophylactically, has also been reported to
decrease the incidence of laminitis in clinical cases of SIRS.55

Nonsteroidal Anti-Inflammatories

It is well documented that the lamellae of the equine digit demonstrates a strong proin-
flammatory response to systemic disease. In particular, an increase in COX-2 expres-
sion has been reported to occur with experimentally induced SIRS-associated
laminitis.22,56 Nonsteroidal anti-inflammatory drugs (NSAIDs) by far are one of the
most common therapies used in the treatment and prevention of laminitis. In an epide-
miologic study of laminitis,57 it was reported that 68% of cases were treated with
phenylbutazone and 19% of cases were treated with flunixin meglumine. Despite their
common use, only minimal lamellar protection was achieved with phenylbutazone or
flunixin meglumine when used as a sole treatment in a model of CHO-induced lami-
nitis.58 Typical doses for phenylbutazone range between 2.2 mg/kg and 4.4 mg/kg
of body weight administered orally or IV every 12 to 24 hours. Doses for flunixin meglu-
mine range from 0.25 mg/kg of body weight IV every 8 hours to 1.1 mg/kg of body
weight IV every 12 hours. Both phenylbutazone and flunixin meglumine are COX-1
and COX-2 inhibitors and therefore have the potential to induce side effects associ-
ated with COX-1 inhibition, including gastrointestinal ulceration and renal papillary ne-
crosis. Firocoxib, an equine COX-2-specific NSAID, has potential benefits over the
traditional NSAIDs, by decreasing the risk of gastrointestinal side effects while still
blocking COX-2 activity within the lamellar tissue. However, negative cardiovascular
effects have been associated with the use of COX-2-specific inhibitors in humans.
Because of this, there has been some question regarding the use of firocoxib early
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in the developmental stages of laminitis.59 It is unknown what affects firocoxib may
have on the balance of thromboxane-A2 and prostacyclin at the level of the lamellar
vessels. A shift in this balance could possibly result in procoagulative state, thereby
increasing the risk of thrombi formation, which could adversely affect patients with
laminitis. Despite this concern, many clinicians use firocoxib in both acute and chronic
cases of laminitis for both its anti-inflammatory and its pain-relieving effects. The re-
ported recommended dosage for firocoxib is 0.1 mg/kg orally every 24 hours.

Polymyxin B

Polymyxin B, a cationic polypeptide antibiotic, binds the lipid-A portion of LPS and
neutralizes the actions of endotoxin in vitro.60 It also neutralizes the gram-positive
toxins lipoteichoic acid (LTA) and peptidoglycan, demonstrated by decreased tumor
necrosis factor-a (TNF-a) activity in equine whole blood stimulated by these media-
tors.61 Nephrotoxicity is possible when polymyxin B is used at the antimicrobial
dose; however, polymyxin B exerts antiendotoxic effects at serum concentrations
substantially lower than those required for antimicrobial effectiveness. Clinically, poly-
myxin B is administered to horses at a dosage of 6000 U/kg60 IV every 8 to 12 hours
diluted in 1 L of saline. Typically, this therapy is continued for up to 5 treatments or until
the signs of endotoxemia subside. Although polymyxin B administered at 6000 U/kg IV
every 8 hours did not accumulate in the vasculature and had no effect on urine GGT-
to-creatinine ratio,60 caution should be used in horses that are obviously dehydrated,
hypovolemic, or azotemic until these abnormalities are corrected. Polymyxin B has
been reported to have its greatest effect when given before endotoxin release62; there-
fore, it should ideally be administered early in the course of treatment, particularly in
cases whereby reperfusion and/or microbial death may occur secondarily to manage-
ment of the primary disease. However, even when administered after the onset of
endotoxemia, polymyxin B significantly reduced fever, tachycardia, and serum TNF-
a concentrations.62

Pentoxifylline

Pentoxifylline (PTX) is a phosphodiesterase inhibitor used by clinicians in the treatment
of laminitis for its rheologic and anti-inflammatory effects. PTX improves capillary
blood flow by reducing blood viscosity and increasing erythrocyte deformability. Its
anti-inflammatory effects most likely result from decreased inflammatory mediator
transcription because of its ability to inhibit phosphodiesterase and increase intracel-
lular cyclic adenosine monophosphate.63 These effects include decreased cytokine
expression and release, neutrophil inhibition, and decreased ROS synthesis and activ-
ity. The ability of PTX to inhibit TNF-a and other inflammatory cytokines suggests that
it may be an effective treatment for endotoxemia/SIRS. In an in vitro model of endo-
toxemia, PTX decreased TNF-a and IL-6 concentrations in whole blood exposed to
LPS.64 This occurred in a dose-dependent manner regardless of PTX treatment
time in regard to the addition of LPS; however, tissue factor activity was inhibited
only with pretreatment of PTX.64 PTX also had an inhibitory effect on LPS-induced
equine neutrophil activation ex vivo, evident by decreased CD11/CD18 expression.65

In vivo PTX administration for the treatment of experimental endotoxemia yields vary-
ing results. When given post-LPS administration, PTX had little effect on the inflamma-
tory variables measured, although it did decrease rectal temperature, respiratory rate,
and whole blood recalcification time.66 In another study, PTX administered before the
induction of endotoxemia decreased plasminogen activator inhibitor-1 concentrations
and increased prostacyclin concentrations; however, PTX had no effect on TNF-a or
IL-6 concentrations.67 MMP activity, which is thought to play an important role in
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basement membrane breakdown between the lamellar dermal-epidermal interface,
increases during inflammation, resulting in tissue destruction and further activation
of proinflammatory mediators. Endotoxin-induced MMP-2 and -9 activity in horses
was significantly decreased by the administration of PTX,68 and in a preliminary report,
PTX was also found to decrease the severity of CHO-induced laminitis when
compared with controls69; therefore, PTX has been recommended as a therapeutic
for the prevention of laminitis in horses with SIRS. Dosages for PTX vary; however,
1 study found PTX reached plasma concentrations equivalent to therapeutic doses
in people when administered at 10 mg/kg orally every 12 hours.70 Clinically, a dosage
range of 8.5 to 10 mg/kg orally every 8 to 12 hours is commonly used. PTXmay also be
administered slowly IV at a dose of 8.5 mg/kg every 8 to 12 hours.

Dimethyl Sulfoxide

Dimethyl sulfoxide (DMSO) is administered to horses for its putative anti-inflammatory
effects related to its ability to scavenge oxygen free radicals. Administration of high-
dose DMSO (1 g/kg) attenuated endotoxin-induced fever experimentally; however,
no other significant changes were reported in heart rate, respiratory rate, WBC count,
blood glucose concentration, or blood lactate concentration after DMSO administra-
tion at either the high (1 g/kg IV) or the low (20 mg/kg IV) dose.71 One retrospective
study found that DMSO was used in 27% of laminitic cases,57 despite that no
controlled studies have been reported to support definitive benefits of this therapy.
The lack of benefit may be due to the fact that little evidence of oxidant stress has
been found during the developmental phases of laminitis.72

Clopidogrel, Aspirin, and Heparin

Systemic inflammation can lead to activation of coagulation and downregulation of
anticoagulant pathways and subsequent thrombin production.73 In addition, activa-
tion of coagulation can influence endothelial and inflammatory cell function, thereby
further affecting inflammatory activity. Horses with SIRS have been reported to have
significantly lower platelet counts compared with horses without SIRS; however, in
that study there was no difference in platelet aggregation.74 Increased platelet aggre-
gation and plasma LPS concentrations have been reported in horses 8 to 12 hours
post-OF administration.75 Treatment with a platelet fibrinogen receptor antagonist in
ponies administered CHO ameliorated the production of platelet-neutrophil aggre-
gates and prevented the development of laminitis.76 Based on this study, therapeutics
that inhibit activation of coagulation may be beneficial in the prevention of sepsis/
SIRS-related laminitis.
Administration of clopidogrel, an antagonist of the platelet P2Y12 adenosine diphos-

phate receptor, has been reported to inhibit platelet aggregation in normal horses but
did not affect serotonin release.77 This inhibition of platelet function was prolonged,
continuing 6 days postadministration, suggesting that the effects of clopidogrel are
irreversible.77 Clopidogrel is administered to horses at a loading dose of 6 to
6.5 mg/kg of body weight followed by 2.0 mg/kg PO every 24 hours. Although clopi-
dogrel appears to have benefits in inhibiting platelet aggregation in normal horses, its
effects on horses with SIRS and its ability to prevent the development of laminitis have
yet to be determined. Other medications that have been purportedly used for their
antithrombotic effects include aspirin (10–20 mg/kg orally every 48 hours) and heparin
(40–80 IU/kg IV or subcutaneously every 8 hours). Although aspirin administration de-
creases thromboxane production in normal horses, platelet aggregation was not
inhibited.77 Low-molecular-weight heparin downregulates the prothrombotic state
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and has been reported to decrease the prevalence of laminitis in postoperative
colics.78

Lidocaine and Ketamine

Lidocaine and ketamine may be used in horses with laminitis for their analgesic effects
but also have potential anti-inflammatory benefits in some species. Conflicting results
regarding the anti-inflammatory effects of lidocaine in horses exist. Experimentally,
lidocaine given as a constant rate infusion of 0.05 mg/kg/min decreased clinical signs
of endotoxemia and TNF-a concentrations in the peritoneal fluid of horses after intra-
peritoneal administration of LPS. However, neutrophil migration and adhesion were
not inhibited by therapeutic concentrations of lidocaine in vitro.79 In addition, systemic
administration of lidocaine to horses with BWE-induced laminitis did not affect leuko-
cyte migration into the lamellar tissue or inflammatory mediator expression within the
lamellae.80 Although lidocaine’s anti-inflammatory effects are questionable, its use for
pain management in clinical cases of laminitis may have some benefits.
Ketamine, a dissociative anesthetic and NMDA receptor antagonist, has immuno-

modulating effects on endotoxin-induced shock in rats.81 Inhibition of NF-kB signaling
and subsequent decreased pro-inflammatory cytokine expression have been reported
in equine cell lines after LPS exposure.82 However, horses receiving subanesthetic
doses of ketamine (loading dose of 2.4 mg/kg/h followed by CRI of 1.5 mg/kg/h for
a total infusion period of 6 hours) did not demonstrate improved clinical signs or in-
flammatory parameters after LPS infusion.83 In addition, transient excitation was
noted during administration of the loading dose; therefore, further study is needed
to determine if ketamine has significant in vivo anti-inflammatory effects before being
used for this purpose clinically.

Leukapheresis

Leukapheresis, the process of removing leukocytes from the systemic circulation, has
been evaluated in horses with experimentally induced SIRS.84 Four hours of apheresis
resulted in 31% reduction in neutrophils and 59% reduction in monocytes from the cir-
culation compared with basal values.84 Clinically, horses receiving leukapheresis
before SIRS induction had significantly improved outcomes. Horses receiving leuka-
pheresis did not develop signs of SIRS (defined by tachycardia and hyperthermia)
or MODS (defined by increased blood concentrations of glucose, creatinine, and liver
enzymes).85 Although they are currently only used experimentally, findings from this
study suggest that mechanisms to reduce leukocyte activity (such as IL-8 inhibitors)
may improve outcomes in horses with SIRS.

Mechanical Support

Mechanical stabilization of the forces placed on the digit is essential to limit injury to
the lamellar tissue during sepsis or SIRS. Treatment of local and systemic inflamma-
tion may not be enough to prevent some lamellar injury from occurring, and weight-
bearing forces should be minimized to prevent further damage. It is important to
neutralize these forces appropriately, and methods used should be tailored to the in-
dividual patient. More information on mechanical support can be found Raul Bras and
Scott Morrison’s article, “Mechanical Principles of the Equine Foot,” in this issue, and
Andrew van Eps and colleagues’ article, “Supporting Limb Laminitis,” in this issue.

Novel Therapies

Although the inflammatory response accompanying the development of sepsis/SIRS-
associated laminitis is well documented and recent studies have elucidated several
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downstream signaling markers (eg, NF-kB, STAT3, and mTOR), there remains poten-
tial therapies that have yet to be evaluated for their ability to prevent the development
and treat laminitis in the horse. For example, the use of STAT3 inhibitors has been
found to improve survivability in a cecal ligation puncture model of sepsis.86 In
contrast, other reports suggest that STAT3 activation is necessary for the liver to
mount an appropriate immune response in the face of sepsis.87,88 These mixed re-
ports suggest that more research is needed before determining if STAT3 inhibitors
would result in beneficial effects when treating sepsis/SIRS-associated laminitis.
Another exciting, potential therapeutic drug is the mTOR inhibitor, rapamycin. Rapa-
mycin inhibition of serine phosphorylation was found to protect epithelial structural
integrity through the preservation of desmosomal adhesion. As downstream activation
of mTOR has been reported in both the sepsis/SIRS model and endocrine model of
laminitis, inhibitors of this signaling pathway may have benefit in laminitis resulting
from varying causes.40 In addition to downstream signaling inhibitors, IL-6 receptor
antagonist may also provide potential therapeutic benefits. Lamellar expression of
IL-6 during sepsis/SIRS-associated laminitis is overwhelming22 and is followed by
both STAT3 and PI3K-mTOR signaling.40 Inhibition of IL-6 could theoretically prevent
downstream signaling and prevent cytoskeletal dysregulation and subsequently
lamellar failure. Monoclonal antibodies developed to block IL-6 have been used in
people with sepsis/SIRS with varying results. However, IL-6 signaling is complex hav-
ing a membrane-bound (eg,“classical”) as well as a soluble (eg, “trans”) receptor. Un-
fortunately, further studies are needed to determine how these 2 varying components
are affected by receptor antagonists in the horse before the development of new
therapies.

CLINICS CARE POINTS
� Diagnosis of SIRS in the horse can be made based off of clinical findings including:
temperature, heart rate, respiratory rate, and total white blood cell count.

� Laminitis is a common sequela to SIRS in the horse.

� Laminitis preventions, such as digital cryotherapy, anti-inflammatory medications, and anti-
endotoxic therapies should be initiated early in the course of SIRS and continued throughout
until clinical signs have resolved.

� Research has recently revealed a potential common signaling pathway (mTOR) that may
allow the development of new therapies that can be directed towards preventing and
treating laminitis in the future.
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