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Abstract

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used in equine
veterinary practice. These drugs exert their effect by inhibiting
cyclooxygenase (COX) enzymes, which control prostaglandin production, a
major regulator of tissue perfusion. Two isoforms of COX enzymes exist:
COX-1 is physiologically present in tissues, while COX-2 is up-regulated
during inflammation and has been indicated as responsible for the
negative effects of an inflammatory response. Evidence suggests that
NSAIDs that inhibit only COX-2, preserving the physiological function of
COX-1 might have a safer profile. Studies that evaluate the effect of
NSAIDs on COX enzymes are all performed under experimental conditions
and none uses actual clinical patients. The biochemical investigations in
this work focus on describing the effect on COX enzymes activity of
flunixin meglumine and phenylbutazone, two non-selective COX inhibitors
and firocoxib, a COX-2 selective inhibitor, in clinical patients undergoing
elective surgery. A separate epidemiological investigation was aimed at
describing the impact that the findings of biochemical data have on a
large population of equids. Electronic medical records (EMRs) from
454,153 equids were obtained from practices in the United Kingdom,
United States of America and Canada. Information on prevalence and
indications for NSAIDs use was extracted from the EMRs via a text mining
technique, improved from the literature and described and validated
within this Thesis. Further the prevalence of a clinical sign compatible
with NSAID toxicity, such as diarrhoea, is reported along with analysis
evaluating NSAID administration in light of concurrent administration of
other drugs and comorbidities. This work confirms findings from
experimental settings that NSAIDs firocoxib is COX-2 selective and that
flunixin meglumine and phenylbutazone are non-selective COX inhibitors
and therefore their administration carries a greater risk of toxicity.

However the impact of this finding needs to be interpreted with caution as



epidemiological data suggest that the prevalence of toxicity is in fact

small and the use of these drugs at the labelled dose is quite safe.
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SID = Once Daily (“Semel In Die”)

TDDA = Term Domain Distribution Analysis
TID = Three times daily (“Tris In Die”)

TXA = Thromboxane A

TXB = Thromboxane B

USA = United States of America

VeNom = Veterinary Nomenclature
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CHAPTER 1 - Review of the Literature

1.1 General non-steroidal anti-inflammatory drug history: from

aspirin to coxibs

The earliest recorded usage of a non-steroidal anti-inflammatory drug
(NSAID) dates back to over 3500 years ago, from Ebers papyrus,
Hippocrates, Celsus, Pliny the elder, Dioscorides and Galen, which all
recommended preparations containing salicylate for the treatment of pain
(Vane, 2000). The modern era of anti-inflammatory drug usage starts
about 250 years ago with the study by Reverend Edward Stone who
described the beneficial properties of willow bark (containing "salicine”) to
treat pain (Stone, 1763). Initially isolated in 1828 by Buchner, salicine was
first synthesised in 1853 by Gerhardt and finally in 1897, in Bayer's
laboratories, by Felix Hoffman, who also demonstrated its anti-
inflammatory efficacy (Botting, 2010; Jerie, 2006). After two years of
clinical trials with low doses, Bayer's management decided to start the
production and launched aspirin, as an analgesic drug, worldwide in
summer 1899 (Vane, 2000). The introduction of aspirin in the market was
a major breakthrough economically and socially in human medicine.
Recent reports suggest that the average worldwide consumption of aspirin
is approximately 80 tablets/person/year (total production of 50,000 tons a
year)(Vane, 2000). Although these numbers refer only to aspirin, they
suggest how NSAIDs are part of everyday life for most and that they are

among the most frequently administered medications in people.

Although aspirin had been marketed from the start as an anti-
inflammatory drug, its mode of action remained elusive for 74 years until
the break-through discovery that these drugs act by inhibiting
prostaglandin (PG) synthesis (Vane, 1971). Whilst researching the actions
of the newly discovered prostaglandins, the same group of authors
demonstrated that aspirin interferes with their production in vitro
(Ferreira et al., 1971; Smith and Willis, 1971). The existence of the
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cyclooxygenase (COX) enzyme family, also known as prostaglandin
endoperoxide synthase enzymes, was for the first time demonstrated by
three independent research groups in the late 1980s (DeWitt and Smith,
1988; Merlie et al., 1988; Yokoyama et al., 1988). For a few years the
knowledge was limited to a single enzyme (COX-1), until a second,
inducible form of cyclooxygenase (COX-2) was identified (Laneuville et al.,
1994). As the roles of the constitutively expressed isoform of
cyclooxygenase (COX-1), and the inducible isoform (COX-2) were
investigated the deleterious effects associated with NSAID use were
attributed to the inhibition of COX-1 (Bakhle and Botting, 1996; Vane et
al., 1998). Although the mechanism of action will be further discussed in
Chapter 2 of this Thesis, the undesirable side-effects resulting from the
use of these drugs is considered to be strongly related to the inhibition of
prostaglandin production. In people these include gastrointestinal
irritation, renal and hepatic toxicity, interference with haemostasis and
reproductive tract problems (Bergh and Budsberg, 2005). It has been
estimated that in the late 90s more than 30 million people would take
NSAIDs daily and that of the approximately 100,000 humans that were
treated for adverse gastrointestinal effects induced by NSAIDs 15% died as
a consequence of toxicity (Singh, 1998; Singh and Triadafilopoulos, 1999).
In 1999 the gastrointestinal side effects of NSAIDs were the 15" most
common cause of death in the USA (Wolfe et al., 1999). These figures may
explain why both human and veterinary researchers have recently focused
on the production of new NSAIDs, which specifically inhibit the COX-2 iso-
enzyme, whilst allowing the physiologic regulation of prostaglandin
production by COX-1 iso-enzyme. These so called “selective COX-2
inhibitors” may maximize the beneficial anti-inflammatory effects, with
reduced potential for development of side-effects. Drugs that emerged
from this work include celecoxib, valdecoxib and rofecoxib. These are
often referred to as the coxibs and they have been among the top-selling
prescription drugs of any category in human medicine (FitzGerald and
Patrono, 2001).
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Up to just over a decade ago, non-selective NSAIDs (flunixin meglumine
and phenylbutazone) were reported as most commonly used veterinary
analgesics in Australia and South Africa (Joubert, 2001; Watson et al.,
1996). More recently, coxibs have also been evaluated in veterinary
medicine for the treatment of pain and inflammation in dog, cat, and
horse (Brideau et al., 2001; Giraudel et al., 2009; Kvaternick et al., 2007;
Marshall et al., 2011; Orsini et al., 2012; Punke et al., 2008).

1.2 Structure and function of cyclooxygenase enzymes

Despite the different physiologic functions, COX-1 and COX-2 enzymes
share a rather similar structure with 61% amino acid homology (Appleby et
al., 1994). Their structure constitutes approximately 600 amino acids
organized to form a long hydrophobic channel with a hairpin turn at the
end (Picot et al., 1994). The change with a valine residue in place of an
isoleucine at the position 434 and 523 results in a 25% enlargement of the
hydrophobic channel and active site of COX-2 due to a conformational
change in phenylalanine 518. This larger diameter allows larger molecules,
such as coxibs, to selectively bind to COX-2 but not to COX-1 (Kurumbail
et al., 1996; Luong et al., 1996).

Currently, three isoforms of COX enzymes have been identified, namely
COX-1, COX-2 and COX-3. The COX-3 enzyme is a variant of COX-1 rather
than a distinct isomer, but is expressed mainly in the cerebral tissue and
only to a minor extent in other tissues (Chandrasekharan et al., 2002) and
will not be mentioned further in this review. The localization and activity
of COX-1 and COX-2 enzymes have been investigated intensely since the
early 1990s (Vane et al., 1998). COX-1 is present under basal conditions in
many cells, including mucosal cells of the gastrointestinal tract,
endothelial cells, platelets and the renal medullary collecting ducts and
interstitium (Harris et al., 1994; Kargman et al., 1996). The COX-2 isoform
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is physiologically present in low concentrations in monocytes,
macrophages, smooth muscle cells, fibroblasts and chondrocytes (Smith,
1998), but is also constitutive in some tissues, such as kidney, brain or in
canine pyloric and duodenal mucosa (Mitchell and Warner, 1999; Vane and
Botting, 1995; Wooten et al., 2008). While COX-1 is considered a
constitutive isoform, expressed mainly during physiological conditions, the
expression of COX-2 is induced in determinate conditions, such as after
stimulation of inflammatory cytokines or exposure to toxins, such as
lipopolysaccharide (LPS). Further differences include a TATA box sequence
located 25 base pairs upstream of the transcriptional start site, which is
present in COX-2 but not in COX-1 enzyme (Appleby et al., 1994). The
COX-2 gene also contains several potential transcription regulatory
sequences (Appleby et al., 1994). During inflammation and injury, these
elements allow COX-2 to respond to a wide variety of stimuli through up-
regulation of protein expression. In contrast, the COX-1 gene lacks these
elements and possesses the characteristics of a ‘housekeeping’ gene
(Garavito and DeWitt, 1999; Luong et al., 1996). Although the genes,
mMRNA transcripts, and protein structures of the COX enzymes differ, the
COX enzymes both use the same substrate to produce an identical product
(Garavito and DeWitt, 1999). The first reaction catalysed by the COX
enzymes is the oxidation and cyclization of arachidonic acid to
prostaglandin G, (PGG;) at the COX site. This is followed by the reduction
of PGG, to prostaglandin H, (PGH;) at the peroxidase site (Tazawa et al.,
1994). The final product of the COX enzymes, PGH,, is subsequently
metabolized further into products with a wide range of biological
activities (Garavito and DeWitt, 1999). Thromboxane synthase in platelets
converts PGH, into thromboxane A, (TXA;), essential for platelet

aggregation (Garavito and DeWitt, 1999; Tazawa et al., 1994).

During inflammation, at the site of injury, the expression of COX-2 leads
to increased PGE,, while inhibition of COX-2 results in a decreased

inflammatory response (Vane et al., 1998). However, the perception that
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COX-2 is a “bad” enzyme and COX-1 is a “good” enzyme is probably overly
simplistic as there is some overlap in the functions of these isoforms and
COX-2 has been shown to have physiologic function in certain tissues such

as pyloric and duodenal mucosa in the dog (Wooten et al., 2008).

1.3 Evaluation of cyclooxygenase selectivity

Selectivity of COX-2 versus COX-1 is often expressed as the COX-1 to COX-
2 inhibitory ratio (COX-1:COX-2), usually expressed as the concentration
necessary to inhibit 50% of COX activity (ICso), usually measured by
stimulating cells capable of expressing products of these enzymes (Streppa
et al., 2002). Recently it has been debated whether using IC5, is an
accurate reflection of selectivity ratio and of concentrations and activity
in vivo and that ICg (the concentration that inhibits 80% of COX activity)
would be more appropriate for this purpose (Furst, 1999; Hinz and Brune,
2008; Kay-Mugford et al., 2000; Warner et al., 1999). In general terms,
the higher the value, the more selective for COX-2 the drug is. In relation
to their effect on COX-1 and COX-2 activity, NSAIDs are included in one of
four categories (Frolich, 1997). The first of these includes the so called
selective COX-1 inhibitors, routinely used in clinical settings to reduce
platelet aggregation (e.g. aspirin) (Heath et al., 1994; Warner et al.,
1999). At higher doses these drugs may exert an effect at sites other than
the vascular bed and may result in severe gastrointestinal and renal
toxicity (Frolich, 1997). The second group includes NSAIDs that non-
selectively inhibit both isoforms of the COX isoenzymens and include the
drugs most commonly used in equine medicine such as flunixin meglumine
and phenylbutazone, but also other drugs routinely used in human as well
as veterinary patients such as indomethacin, piroxicam, ibuprofen and
ketoprofen (Frolich, 1997; Lees et al., 2004b). The third group of NSAIDs
includes drugs with a higher affinity for COX-2 but that still induce some
degree of COX-1 inhibition (COX-2 preferential inhibitors). Meloxicam,

nimesulide and carprofen are the most popular of these drugs. Meloxicam
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has been evaluated in double blinded studies with a significant reduction
in the number of gastrointestinal complications in comparison to non-
selective NSAIDs (Valat et al., 2001; Yocum et al., 2000) and these
findings support the increased safety of NSAIDs with increased COX-2
selectivity. However a study on meloxicam showed that this drug might
have variable effect on prostanoid production despite serum concentration
well within the therapeutic range for this drug (Blain et al., 2002). The
last group includes drug with a high affinity for COX-2 and are called
selective COX-2 inhibitors (FitzGerald and Patrono, 2001). Drugs of this
group include the coxibs and their potent inhibition of COX-2 along with a
normal function of COX-1 has been shown to offer significant
improvements compared with NSAIDs of the previous three groups in
veterinary studies (Beretta et al., 2005; FitzGerald and Patrono, 2001;
Lees et al., 2004b; Punke et al., 2008). These NSAIDs are also referred to
as COX-1 sparing, COX-2 specific, COX-2 preferential or COX-2 selective
without however any true definition of the magnitude of the ratio used to
define each term (Papich, 2008).

1.4 Cyclooxygenase selectivity among species, in vivo and ex vivo

Some disagreement between studies with respect to COX selectivity for
different NSAIDs is present in the peer reviewed veterinary literature.
Whilst earlier studies using purified enzymes in vitro reported a COX-
1:COX-2 ratio of 1275 (Gierse et al., 2002) for deracoxib in dogs,
subsequent studies performed on a whole blood model had a ratio of only
12 (McCann et al., 2004). For carprofen the measured COX selectivity was
~100 fold different using purified canine enzyme systems compared to
canine macrophages (Kay-Mugford et al., 2000; Ricketts et al., 1998) or
~1000 fold difference comparing whole blood with cell culture methods
(Wilson et al., 2004). These findings suggest that COX selectivity may vary
significantly depending not only on the assay used but also on the model

adopted (e.g. in vitro or ex vivo) (Vane and Botting, 1995). Further, COX
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selectivity for various NSAIDs varies widely among species and data
regarding one species may not necessarily apply to another (Brideau et
al., 2001). Marked difference in carprofen selectivity has been reported in
studies using canine cell lines (COX-1:COX-2 ICs, ratio of 129) (Ricketts et
al., 1998) compared to sheep and rodent cell lines (COX-1:COX-2 ICsq ratio
of 1) (Vane and Botting, 1995). Further, COX-2 selectivity of etodolac, an
acetic acid derivative NSAID, is 10 times greater in people than in dogs
(Glaser, 1995; Gierse et al., 2002). While a COX-2 preferential inhibitor
(ICso of 16.6) in the dog (Streppa et al., 2002), carprofen is non-selective
in the horse (ICso of 1.9) (Beretta et al., 2005). In conclusion these studies
evidence not only the importance of assessing species-specific COX
selectivity but also that evaluating ex vivo as well as in vivo models is of
pivotal importance to assess the effect that these drugs have on a clinical

patient.

1.5 Assays for cyclooxygenase activity determination

It is relatively well accepted that whole blood assays are the gold standard
for the determination of COX selectivity in vitro (Patrignani et al., 1994)
compared to other models using isolated cells or enzyme systems (Li et
al., 1995; Noreen et al., 1998; Ogino et al., 1997; Pairet, 1998; Vago et
al., 1995). In fact, whole blood assays include most of the components
that may normally affect drug activity such as proteins, cells, platelets
and circulating enzymes all at physiological concentrations. Whole blood
assay measures thromboxane (TXB,) produced by stimulated platelets
which is a product proportional to the activity of COX-1 enzyme, whilst
COX-2 activity is inferred from the amount of prostaglandin E, produced
by leukocytes (Brideau et al., 2001). Non-steroidal anti-inflammatory
drugs are usually highly protein bound which in turn means that only a
small amount of free active drug is present in blood, which is better
expressed in whole blood assays compared to cell cultures or purified

enzyme assays (Wilson et al., 2004).
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Whole blood ex vivo models are considered most clinically relevant as the
blood samples for COX activity assays are obtained following drug
administration and therefore account for differences in drug metabolism,
pharmacokinetic variables and drug accumulation in tissues and are more
likely to reflect physiologic and pathologic conditions and predict clinical

outcome (Blain et al., 2002).

Pharmacokinetic-pharmacodynamic studies have also been performed to
derive the clinically most appropriate dosage for each NSAID (Giraudel et
al., 2005; Lees et al., 2004a, 2004b). An inhibition of COX-2 of about 80%
(ICgo) is necessary to predict a clinical effect and drugs producing 50% of
inhibition may not produce a significant therapeutic effect (Hinz and
Brune, 2008).

1.6 Non-steroidal anti-inflammatory drug toxicity in horses

Phenylbutazone, an NSAID, is one of the most commonly used drugs for
treatment of equine athletes with signs of musculoskeletal pain (Soma et
al., 2012), and it is generally believed to be reasonably tolerated in horses
when administered at the recommended dosage and dosing interval. In
1979 and again in 1981, two separate research groups (Lees and Michell,
1979; Snow et al., 1981, 1979) demonstrated that administration of this
drug to horses (4-8 mg/kg /day) can cause severe adverse effects,
including gastric ulceration, renal dysfunction and inflammation and
ulceration of the mucosa of the large colon, particularly of the right dorsal
colon. These effects have subsequently been confirmed by several other
studies (Cohen et al., 1995; Collins and Tyler, 1985, 1984; Hough et al.,
1999; Karcher et al., 1990; MacAllister et al., 1993; MacKay et al., 1983;
Meschter et al., 1990a, 1990b, 1984; Simmons et al., 1990).

Earlier studies on phenylbutazone used high dosages that today would be
beyond what are considered safe. Dosages at 10mg/kg daily for 14 days
(Snow et al., 1979) or 13.5mg/kg daily (Meschter et al., 1990a, 1984) were
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administered and very frequently resulted in significant renal, gastric and
colonic damage. In a study, overdosing phenylbutazone (4.4mg/kg TID)
and flunixin meglumine (1.1mg/kg IV TID) and ketoprofen (2.2mg/kg IV
TID) for 12 days resulted in gastric glandular ulceration in all treated
horses, whilst colonic ulceration was present only in phenylbutazone
treated horses (MacAllister et al., 1993). The study by Collins and Tyler
(1984) determined that total daily doses up to 8.8mg/kg were generally
safe while toxicity was more likely to ensue at higher doses. The findings
of this study determined the currently recommended dose for

phenylbutazone in horses.

Albeit side effects are generally rare when NSAIDs are administered at
labelled doses, concurrent dehydration has also been shown to increase
the risk for renal medullary crest necrosis in horses (Gunson and Soma,
1983), which appear to be a species more susceptible to this side effect
than others, such as dogs and rabbits (Black, 1986; Faulkner et al., 1984;
Read, 1983). Overdosing has also shown to cause renal crest necrosis in
horses receiving either phenylbutazone and flunixin meglumine, while

horses receiving ketoprofen did not (MacAllister et al., 1993).

The gastrointestinal system is also sensitive to NSAID toxicity and gastric
mucosa and the right dorsal colon appear to be most susceptible (Hough et
al., 1999). A decrease in mucosal blood flow secondary to prostaglandin
production inhibition by COX-1 enzyme has been suggested as the main
mode of action (Richter et al., 2002). A study looking at the effect of
flunixin meglumine on renal plasma and blood flows failed to find a
significant effect (Held and Daniel, 1991), but the concurrent effect on
gastrointestinal blood flow remains undetermined. The study by Meschter
and colleagues (1984) described that overdosing of phenylbutazone caused
wall degeneration of small mucosal veins, with dilation and hyaline
degeneration resulting in erythrodiapedesis and leukodiapedesis,
submucosal oedema and ulceration. Another study has documented an

increase in gastrointestinal mucosa permeability, particularly at gastric
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level (D’Arcy-Moskwa et al., 2012). In that study sucrose permeability test
(Hewetson et al., 2006; O’Conner et al., 2004) was used to ascertain the
permeability of the gastric epithelium and found that the effect of
phenylbutazone was significantly greater than that of meloxicam (D’Arcy-
Moskwa et al., 2012). Another study comparing the effect of
phenylbutazone to that of suxibuzone on the gastric mucosa found that
both drugs induced gastric ulcers but phenylbutazone much more so than
suxibuzone, compared to a placebo group (Monreal et al., 2004). That
study aimed to compare the effect of these two drugs and concluded that
suxibuzone is generally safer than phenylbutazone. However, significant
flaws in study design make the results of that study difficult to interpret.
The study consisted of a comparison of gastric ulceration score in three
groups of horses receiving either a placebo, phenylbutazone or suxibuzone
(Monreal et al., 2004). Whilst the study found that the majority of horses
with gastric ulceration had received phenylbutazone and only a small
proportion suxibuzone, none of the horses had undergone gastroscopy
before the start of the study. Therefore the prevalence of gastric
ulceration in the population before the study commenced was unclear.
This was a major limitation since gastric ulceration is often present
without clinical signs (Murray et al., 1989). Further, once metabolized by
the liver, suxibuzone is converted to active phenylbutazone and released
in the blood stream. Ultimately the effect of suxibuzone is similar to that
of oral phenylbutazone without the “topical” direct effect on the gastric
mucosa after ingestion and could therefore be comparable to intravenous
phenylbutazone (Andrews et al., 2009). Some argued that suxibuzone may
be more palatable than phenylbutazone, but a study found that a
commercial preparation of suxibuzone has similar palatability to that of
phenylbutazone (Longhofer et al., 2008) while others found that
acceptability was better with suxibuzone (Sabaté et al., 2009). Another
later study that compared these drugs at label doses but examined the
gastric mucosa before and after the administration of these drugs found

no difference between drugs or the placebo (Andrews et al., 2009).
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The potential for hepatotoxicity of NSAIDs has also been described in many
species (Lee, 2003), including horses although this appears to be less
common than gastrointestinal and renal toxicity (Lees et al., 1983). In
humans, hepatotoxicity from NSAIDs administration has been described as
an intrinsic, dose related reaction but also as an idiosyncratic reaction
(Bjorkman, 1998; Tolman, 1998). Most of NSAIDs undergo some degree of
hepatic metabolic pathway and severe liver disease might affect drug
metabolism. However, the concern of using NSAIDs in patients with liver
disease is more focused on the excessive active drug that remains
available once the liver is unable to metabolise it effectively (Papich,
2008; Sanchez, 2010).

1.7 Knowledge discovery in databases

Medical record computerisation has been introduced since the mid-1960s
(Salton, 1971; Salton and Lesk, 1968). Initially information was stored
using one of two main types of systems. The first used a rigid but
structured protocol that offered optimal retrievability of the stored
information. However, it lacked flexibility and limited the freedom of
expression of clinicians storing the information and poorly adapted to
unique characteristics of certain clinical cases. The alternative system
allowed the storage of free unstructured text in a manner similar to paper
records. Although this did not restrict freedom of expression it made data
retrieval rather troublesome (De Bruijn and Martin, 2002; Garten et al.,
2010).

Systems for the automated retrieval of information from these databases
have also been developed for 40 years (Anholt et al., 2014a; Harman,
1996; Heinze et al., 2001; Krallinger et al., 2008; Salton, 1971). For
unstructured free-text database most effective systems involve keyword
frequency analysis (Anholt et al., 2014a; Kreis and Gorman, 1997; Petrova

et al., 2012). The main goal of these retrieval systems is to find the right
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index terms so that a query will identify and retrieve the most appropriate

documents, cases or records (Kreis and Gorman, 1997).

Tools for text-based data mining have proved useful in human medicine
for over a decade in knowledge discovery in databases (KDD) which has
been defined as the use of systems to seek and extract similarities of
documents in a collection automatically or determine what is unusual
about a particular collection (Frawley et al., 1992). A pattern that is
interesting according to predefined criteria and certain enough is defined
as “knowledge”, whilst “discovered knowledge” is the output of a program
that monitors the patterns of a set of facts in a database (Frawley et al.,
1992).

Automated KDD uses Artificial Intelligence (Al) to discover useful
knowledge from a collection of data. Data mining, referred to as the
analysis step of KDD, aims to extract information of interest from a
dataset and transform this information into an understandable structure
for further use (Piatetsky-Shapiro 2000). A practical application of KDD has
been described by Goldman and colleagues (1999). In their study these
authors, through the use of Term Domain Distribution Analysis (TDDA),
identified that human thoracic lung cancer tumours affect more
frequently the right rather then the left lung with a ratio of 3:2 in a small
dataset (178 cases, with records of ~250 words/case and a total collection
size of 321kbytes). The TDDA used in that study consisted of the
automated tracking of the frequencies for specific predefined terms and
subsequently highlighting any significant difference from the expected

term distribution and frequency (Goldman et al., 1999).

Current research of KDD is focused on methodologies to structure the
unstructured textual information to conform free-text information to a
predefined format (Garten et al., 2010). Traditional information retrieval
systems simply rank documents relevant to a given query, mostly using a

threshold function based on keyword frequency analysis with the ultimate
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goal of identifying similar documents (Garten et al., 2010). The Electronic
Medical Record (EMR) has been a major goal in Health Information
Management for decades (Heinze et al., 2001). Heinze and colleagues
(2001) reported the findings of LifeCode®, a project using a state-of-the-
art Natural Language Processing (NLP) search engine, designed to mine the
transcriptions of dictated clinical records from a wide range of medical
specialties to facilitate clinical and epidemiological studies on topics of
interest for both medical and pharmaceutical industries. The success of
previous systems had been seriously limited due to the relative
inaccessibility of the information in free-text clinical documentation
(Heinze et al., 2001). Attempts to change the documentation habits of
physicians have not had significant success largely due to the increased
time and inconvenience associated with using computer interfaces that
require formatted input. Further, numerous consultations with practicing
physicians have taught us that there is a basic inability of fully structured
systems to fully adapt to the unique characteristics of each case (Garten
et al., 2010). Nowadays the most common applications of these systems in
medical research are represented by Medline or Pubmed, which enhance
the role of NLP by integrating statistical algorithms to refine search results
(Workman and Stoddart, 2012).

The biomedical literature holds almost all our understanding on a wide
variety of topics, but remains dispersed across many journals. In order to
integrate medical knowledge, connect important facts across publications
and generate new hypotheses, authors must organize and encode the
contents of the literature. By creating databases that structure the
knowledge available on a specific topic, the value of the literature
becomes much greater than the sum of the individual reports (Garten et
al., 2010).
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1.8 Text mining in knowledge discovery in databases

Recent work in biomedical text mining has focused on techniques
developed for NLP, and text mining can be thought of as a subset of NLP,
which is defined as a conversion of human language into computable
formats (Garten et al., 2010). However, text mining also uses techniques
developed in the field of machine learning that automatically recognize
complex patterns in large text datasets (Garten et al., 2010). Text mining
consists of two main steps: identification of documents that may contain
the desired information, and subsequent extraction of the information
from this set of documents (Krallinger et al., 2008). Text mining is the
automated equivalent of reading for people, as just like a reader, the
machine selects what they will read, then identifies important entities
and relations amongst these entities and finally combines the new
information to other parts of the article (De Bruijn and Martin, 2002). The
identification process, or “automated reading” can also be subdivided in
four general subtasks: text categorization, named entity tagging, fact
extraction and collection-wide analysis (De Bruijn and Martin, 2002). The
process of text categorisation is an information retrieval process that
divides the document into separate subsets belonging to predetermined
categories (lliopoulos et al., 2001). Named entity tagging processes use
character-by-character or word-by-word pattern analysis to identify
entities fitting a named category (De Bruijn and Martin, 2002). Fact
extraction is the identification of entities and their interactions or
relationships, which is hardly achievable by an automated process, but can
somewhat be obtained by statistical co-occurrence, imperfect parsing or
co-reference resolution (De Bruijn and Martin, 2002). Collection-wide
analysis includes the processes of integrating information between
documents to discover new knowledge (De Bruijn and Martin, 2002;

Weeber et al., 2000). This process is summarised in Figure 1.1.
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1.9 Electronic medical records in medical practice

The National Health Service (NHS) is the publicly funded health care
system in place in the United Kingdom. In April 2004 the United Kingdom
department of Health formed NHS Connecting for Health, a group that
among it’s aims had that of creating a centralised electronic clinical
record system that connects practice management systems software

(PMSS) of general practitioners and hospitals.

Document categorisation

Division of the document in disjoint subjects

NS

Named entity tagging

eg. protein/gene names

N/

Fact extraction, information extraction

Extraction of more elaborate patterns out of the text

NS

Collection-wide analysis

Combines facts that were extracted from various text into inferences,
ranging from combined probabilities to newly discovered knowledge

Figure 1.1: Text mining as a modular process (adapted from De Bruijn & Martin
2002)

Among many other benefits, it was envisaged that this could ultimately
provide an invaluable pool of information suitable for epidemiological
research for authorized health professionals. Due to several political,

social and ethical reasons the aims of this project have proved
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problematic to achieve and at a great cost as the initial budget of £2.3
billion over three years have been revised to £12.4 billion over 10 years
according to the Department of Health’s National Program for IT in the
NHS of 2006. The project aimed to provide integrated care records
services, electronic prescribing and appointments booking, integrating the
use of software for access of digital medical imaging and to improve
performance management of primary care, but also to provide a central
email and directory service. In 2007 the Public Accounts Committee (PAC)
expressed some serious concerns that the project would not result in any
significant clinical benefit for the patients and in 2011 a lack of significant
progress of the project was still noted by PAC (House of Commons
Committee of Public Accounts, 2011; House of Commons Health
Committee, 2007).

The current record systems adopted by the NHS include entries that are a
mixture of text and “Read codes”. General practitioners (GPs) are free to
adopt whichever PMSS they think would best suit the needs of their
practice, which complicates how data can be accessed for research
purposes. It is interesting to note that EMR are assessed to see if general
practitioners meet NHS targets through qualitative outcome frameworks
(QOF) and GPs’ good compliance with read codes is followed with a
financial incentive. Previously the validity and utility of the information of
preliminary electronic patient record systems have been subject to
validation against paper records or patient surveys (Pringle et al., 1995;
Whitelaw et al., 1996; Wilson et al., 1995). In Britain the Primary Care
Information Service (PRIMIS), developed by the University of Nottingham in
2000, was designed to assist general practitioners to effectively use their
PMSS to optimize clinical record management and ultimately improve
patient care. This software package contains an internal toolkit for
measuring reliability of data collection, which offers a form of internal
validation system regarding patient clinical and personal data (reference
website www.primis.nottingham.ac.uk) (Hassey, 2001). Currently the

EMIS system is one of the most common PMSS (53% of general practitioners
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in 2011) in use in the United Kingdom that allows storage of data including
medical history, acute and repeat medication records and results of blood
and radiology investigations posted back to a surgery from a hospital
(www.emishealth.com). In September 2014 the system was connected
online linking 3750 general practices out of the approximately 9800
present in the United Kingdom and enables other connected medical
practices and patients to access their medical records online. The validity
of this clinical record system was evaluated by comparing the stored data
with information obtained directly from the patients through a
questionnaire and results have shown that the information retrieved by
this system is valid, complete and accurate (Hassey, 2001). SystemOne is
also a commonly used system, available since 2008, which also uses Read
codes extensively, but unlike other systems, all data is stored on remote
servers. In 2015 the company IMS MAXIMS released a free PMS, which is
pioneering open-source software usage in the NHS and might offer a more
cost effective alternative for the future. Clinical Practice Research
Datalink (CPRD) is a governmental, non-profit research service funded by
the NHS National Institute for Health Research (NIHR) and the Medicines
and Healthcare products Regulatory Agency (MHRA), a part of the
Department of Health. This service provides anonymised primary care
records for public hearth research since 1987. In Scotland the Primary
Care Clinical Information Unit (PCCIU) was founded in 1999 to collect data

from and provide a reporting service to general practice in Scotland.

One of the main issues with these systems relates to the confidentiality of
patient data shared by General Practitioners who are obliged to follow the
law in the Data Protection Act, but at the same time have the “duty to

share” when this is in the best interest of the patient.

In 2013 the Department of Health created the Health and Social Care
Information Centre (HSCIC) as an initiative aimed at gathering and
analysing data from general medical practice clinical systems in NHS

England to help decision makers improve the quality and efficiency of
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frontline medical care. The program was called care.data and is managed
by Atos, a French company, which has received controversial criticism for
the lack of clarity around the ability for patients to opt out the project so
that the project was stopped in May 2014, only to be resumed for few
months in 2015 before being again paused due to the confidentiality
concerns still remaining unresolved. The project was very expensive and
data acquisition was mostly suitable for the industry and not for public

health research.

1.10 Electronic patients records in companion animal and equine

veterinary practice

Compared to the human health sector, the veterinary market lacks a
centralised body such as the NHS that attempts to govern patient data
management. Although several PMSS are available to veterinary practices,
there has been little attempt to centralize the stored information and no
attempt has been made to validate these systems for their usefulness in
using the stored information for epidemiological research. Further the
many available systems seldom allow a simple transfer of patient clinical
detail between practices. This offers several challenges to data collection
and the gathering of specific clinical information regarding the animal

population in a specific country such as the United Kingdom or worldwide.

Recent efforts have focused on the prospective collection of data from
veterinary practices selected on the criteria of using a certain PMSS and
being willing to participate. The Veterinary Companion Animal
Surveillance System, also known as VetCompass, is a project operated by
the Royal Veterinary College, University of London in collaboration with
the University of Sydney in Australia, to investigate the range and
frequency of small animal health problems seen in veterinary practice
(http://www.rvc.ac.uk/vetcompass). This project uses a predefined

coding system (VeNom - Veterinary Nomenclature) that Veterinary

42



surgeons from participating practices must utilise to classify each case
they deal with into one of these categories. In March 2015 the project
included data from over four million small animal patients, from 450
veterinary practices in the UK. The Small Animal Veterinary Surveillance
Network (SAVSNET) project is another initiative born from the
collaboration between the British Small Animal Veterinary Association
(BSAVA) and the University of Liverpool to monitor the current and future
disease status, gather data for research and educate public and
professionals to improve the management of disease in the small animal
population in the United Kingdom (http://www.savsnet.co.uk/). The
project in late 2015 involved over 50 small animal veterinary practices.
Data is collected using a point-and-click application integrated in the
practice’s PMSS. Veterinary surgeons from participating practices must
then use this application to classify cases they see under a certain
category (e.g. body system involved) (Radford et al., 2011). For a random
subset of the clinic population a further set of detailed questions are
asked to further describe/fit the case into a predetermined category. Both
these projects offer the advantage that data are classified in
predetermined categories by the veterinary clinicians that input the
clinical data to the PMSS and therefore data is already ordered and ready
for research. The downside is that clinicians are forced to fit the finding
of a clinical case to a certain category, even though the clinical case they
are evaluating might subsequently turn out to belong to another category
or might just not fit well into any of the categories available. Also these
processes require a serious long-term commitment by clinicians that are
required to learn these coding systems. Ultimately, to date no validation
has been performed comparing the free-text clinical records to that of
these ad-hoc categorisations and their sensitivity and specificity remain

undetermined.

These projects will offer an excellent support in infectious disease
surveillance as they aim to provide veterinary surgeons with real-time

information regarding disease outbreaks which would result in prompt
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patient testing and effective implementation of preventive strategies
(O’Neill et al., 2012a; Radford et al., 2011; Ward and Kelman, 2012). As in
human medicine, this could have positive repercussions on both animal
welfare and economically for society and veterinary practice (Erstad,
2003). However, these projects suffer significant limitations at the
present time, such that only practices using PMSS that allow third parties

to access the clinical records in real time can be included.

Other examples utilizing computer-based patient record analysis for
retrospective descriptive studies are sparse in veterinary medicine
although they have been published in increasing number over the past few
years (Boden et al., 2005; Boden and Parkin, 2008; Cameron et al., 2014;
Lam et al., 2007a; Ortiz-Pelaez and Pfeiffer, 2008; Oswald et al., 2010).

Another example includes ProActive Insight, a service sponsored by Merial
offered to veterinary practices using Merial vaccines since 2013, which
uses large datasets from equine practices in the United Kingdom. This
service does not aim to use clinical data for epidemiological research, but
has the sole intent to maximise income generation while reducing costs
for veterinary practices (http://www.proactiveinsight.co.uk). This service
is run by a third party company, Veterinary Insights ltd., partly supported
by Merial and works by identifying areas that might improve business
efficiency and profitability. This is achieved by analysis of key
performance indicators aimed at building a picture of how the practice is
performing compared to other similar practices throughout the country.
This service aims to provide veterinary practices with business intelligence
to exploit market trends and support better business decision-making.
Since this project is aimed at improving the business aspect of veterinary
practice, data has not been used for scientific knowledge advancement to
date.

Like in human public health, there are limitations to collection of

representative data samples from veterinary practice as it would be
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difficult, if at not impossible, to convince the vast majority of veterinary
practices to conform to a universal format for data storage. A solution
might be to have a ruling institution, such as the Royal College of
Veterinary Surgeons in the United Kingdom, to guide this process.
Although this may seem logical in general terms, such a process would be
impossible to impose as it would effectively limit the freedom of
veterinary practices to choose one PMSS system over another. Further, an
agreement between research groups would be necessary to decide what
the most appropriate system would be in terms of providing data suitable
for research. Ultimately, the lack of compliance by veterinary surgeons
that often do not wish to share the clinical information of their patients
with external investigators is also a major limiting factor. In fact many see
disclosing anonymous clinical details to third parties, even if for the
simple scope of scientific research, as a breach of client confidentiality.
This is why clients enrolled in recent prospective projects are given the
opportunity to opt out of these studies when their animal presents for
clinical evaluation (O’Neill et al. 2011). Whilst this is going to be gold
standard for data acquisition and real time disease surveillance, this is not
possible for the studies that use a retrospective analysis of clinical
records. However, secure handling of large anonymised datasets is
unlikely to ever be a threat to confidentiality between veterinary surgeons
and their clients (Balas et al., 2015).

An alternative strategy might consist of convincing veterinary practices of
the importance of collecting good quality data suitable for epidemiological
research, as the results of such research might in return provide
veterinary practice with useful information to improve patient care,
owner satisfaction and ultimately increasing client trust and yearly
revenues. This approach might pay in the longer term, but its
implementation is expected to be slow and would require a significant
effort in terms of public engagement and advertising with veterinary

practices.
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1.11 Non-steroidal anti-inflammatory drugs in veterinary practice

Most information on the preferences of NSAID choice by veterinary
surgeons has been obtained through questionnaire-based studies (Dujardin
and van Loon, 2011; Hubbell et al., 2010; Joubert, 2001; Watson et al.,
1996). Although this may give information on what veterinary surgeons
know and think about these drugs, none of these studies provide objective
details on what is actually used in practice. Because of their nature,
questionnaires may be subject to bias as interviewed subjects are likely to
give answers that are more compliant with official recommendations for
the topic investigated so that the reliability is usually moderate at best
(Helmerhorst et al., 2012). The results of questionnaire-based studies
applied to drug usage should therefore be interpreted more as reflection
of veterinary surgeon’s knowledge rather than an indication of what is
actually being administered to the patients. One of the earliest surveys
came from Australia from nearly 20 years ago and describes the use of
analgesics, including corticosteroids and opioids along with NSAIDs, in dogs
and cats (Watson et al., 1996). In that study descriptive statistics were
applied to describe preferences by veterinary surgeons to treat a variety
of conditions. A similar study was performed in South Africa a few years
later and reported similar findings with phenylbutazone and flunixin
meglumine being the NSAIDs of choice (Joubert, 2001). It is interesting to
note how phenylbutazone was the drug of choice for many
musculoskeletal conditions in these studies. It is legitimate to hypothesize
that the type of NSAIDs used have largely changed since those studies
were performed, as a wide variety of newer NSAIDs with fewer side
effects have become available over the past decade, especially for use in
small animal practice. Several studies have provided evidence of a lower
potential for side effects (King et al., 2010; Moreau et al., 2003; Slingsby
and Waterman-Pearson, 2001). Ideally this type of survey should be
repeated periodically to ensure that an up-to-date evaluation of drug

preferences is provided. In fact, newer drugs such as meloxicam,
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carprofen and ketoprofen were reported as those being most frequently
prescribed to small animal patients in a survey conducted a few years
later among French veterinarians (Hugonnard et al., 2004). However, a
similar more recent survey performed among equine veterinary surgeons
in the Netherlands reported that phenylbutazone and flunixin meglumine
were most used (Dujardin & van Loon 2011). This lack of change in the
type of NSAID prescribed is not entirely surprising as the number of new
NSAIDs licensed for horses remains limited to meloxicam and only more
recently to firocoxib. A list of veterinary products containing NSAIDs in
United Kingdom, United States of America and Canada is available in

Appendix 1.11).

Despite the significant effort required to obtain data through survey-based
research projects, the results obtained should be interpreted as reflection
of veterinary knowledge and experience rather that an actual direct
assessment of what is actually used. This is where automated mining of
digital clinical records has great potential, as it allows a direct objective
measurement of amount and type of drug prescribed. A recent study has
described a practical application of this methodology to describe the
usage of corticosteroids in small animals (O’Neill et al., 2012b).
Descriptive statistics were applied to a large dataset of over 30,000
clinical records from three small animal practices in England. The results
of that study provided evidence of a significant difference in prescription
patterns between practices, which may be a reflection of several factors
including personal experience and preference by veterinary surgeons from
different practices (O’Neill et al., 2012b). The authors concluded that this
was a preliminary study that although including a relatively large humber
of clinical records, was unlikely to be reflective of the overall population
due to the limited number of veterinary practices and veterinary surgeons
involved. While these studies include often thousands of medical records
it is relevant to consider that, particularly when looking at prevalence of

drug usage, there remains a potential effect of practice, which should be
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accounted for during analyses. It is therefore important that the number
of practices is as large as possible to minimise the intrinsic bias of large

veterinary practices.

1.12 Aims of the overall study

This study aims to provide an insightful investigation of the role of COX
selectivity in the development of NSAID toxicity in equine clinical

practice.

Biochemical investigations in Chapter 2 aim to provide evidence that COX
selectivity can affect the potential development of toxic side effects in

actual equine clinical patients.

Epidemiological investigations in Chapters 3 to Chapter 5 look at the
impact that NSAID usage has on equine practice. This is achieved by
interrogating hundreds of thousands of patients’ medical records to
describe how often NSAIDs are used, for which conditions, and how often
toxicity is actually encountered in every day practice and also if there is
evidence that administration of COX-2 selective NSAIDs carry a lower risk

of side effects.



CHAPTER 2 - Effect Of Flunixin Meglumine,
Phenylbutazone And Firocoxib On Cyclooxygenase

Activity In The Horse

2.1 Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are a common treatment
for pain and inflammation in horses undergoing surgery. These drugs exert
their effects mostly by regulating cyclooxygenase (COX) enzyme activity
and subsequent tissue prostaglandin production. Two main COX isoforms
have been identified: COX-1 is the constitutive form and regulates tissue
blood flow in physiologic states, while COX-2 is mainly expressed during
inflammatory states and its uncontrolled action is considered responsible
for many of the undesired effects of the inflammatory process (Vane et
al., 1998). In horses, a relationship has been described between the use of
non-selective COX inhibitors, including phenylbutazone and flunixin
meglumine, and development of significant gastrointestinal and renal
toxicity (Hough et al., 1999; Jones et al., 2003; MacAllister et al., 1993;
Snow et al., 1979). These adverse effects are the likely result of inhibition
of mucosal and renal medullary perfusion by reducing COX-1 activity
(Moses and Bertone, 2002). Selective COX-2 inhibitors have been
evaluated in horses to ascertain whether they could reduce the risks of
side toxic side effects subsequent to COX-1 inhibition (Davis et al., 2011;
Doucet et al., 2008; Letendre et al., 2008; Marshall et al., 2011;
Tomlinson and Blikslager, 2005).

While traditional NSAIDs, phenylbutazone and flunixin meglumine, are not
selective COX inhibitors (Doucet et al., 2008; Marshall et al., 2011),
coxibs, such as robenacoxib and firocoxib, have recently been evaluated in
horses (Davis et al., 2011; Doucet et al., 2008; Letendre et al., 2008;
Marshall et al., 2011; Tomlinson and Blikslager, 2005) and were found to
have high COX selectivity ratio in vitro (Marshall et al., 2011). Currently,



firocoxib is the only COX-2 selective drug licensed for use in the horse and
its licencing covers the alleviation of pain and inflammation associated

with osteoarthritis and reduction of associated lameness in horses.

The COX selectivity of an NSAID may be vastly influenced by the assay
used as well as the model adopted i.e. in vitro or ex vivo (Blain et al.,
2002; Vane and Botting, 1995). Whilst earlier studies using purified
enzymes in vitro reported a COX selectivity ratio of 1275 (Gierse et al.,
2002) for deracoxib in dogs, subsequent studies performed on a whole
blood model had a ratio of only 12 (McCann et al., 2004). Some studies
have shown little difference in clinical effect or rate of side effects for
NSAIDs with different COX selectivity in vitro (Borer et al., 2003) and
discrepancies between in vitro and ex vivo COX inhibition (Blain et al.,
2002; Giuliano and Warner, 1999). These studies demonstrate not only the
importance of assessing species-specific COX selectivity, but also that
evaluating ex vivo as well as in vitro models is of pivotal importance to
assess the effect that these drugs have on clinical patients (Lees et al.,
2004a). In vitro models allow determination of inhibition concentration
curves, which illustrate well the effect of these drugs at different
concentrations and provide useful data to predict COX-1 enzyme inhibition
at a given concentration. In vitro data can be subsequently used to
evaluate if any discrepancy exists between expected COX-1 inhibition as
calculated from an in vitro model and the actual COX-1 inhibition
obtained with the drug used at the labelled dose in an ex vivo model. The
comparison of in vitro and ex vivo data would provide an objective insight
of the reliability of in vitro models to assess in vivo COX inhibition. To the
authors’ knowledge published equine studies assess the effects of NSAIDs
only in vitro or ex vivo in experimental animals (Beretta et al., 2005;
Cuniberti et al., 2012; Davis et al., 2011) and data obtained from ex vivo

clinical models is greatly needed.
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Several studies have described the pharmacokinetic and pharmacodynamic
properties of NSAIDs in horses (Coakley et al., 1999; Gerring et al., 1981;
Kvaternick et al., 2007; Lees et al., 2004a; Lees and Higgins, 1985;
Letendre et al., 2008; Toutain et al., 1994). For phenylbutazone at the
dose of 4.4mg/kg intravenously the serum concentration producing 50% of
the maximal effect (ECsq) was found to be 3.6+2.2ug/ml (Toutain et al.,
1994). For flunixin meglumine at the dose of 1.1mg/kg intravenously the
ECso was 0.93+0.35ug/ml (Toutain et al., 1994). To the authors knowledge
no data is available of the ECsy of firocoxib in horses. However, a study
comparing the efficacy of phenylbutazone and firocoxib in managing
naturally occurring osteoarthritis in horses found no significant difference
at label doses (Doucet et al., 2008). Since in vivo the ECsy of firocoxib in
clinical patients cannot be determined for ethical reasons, as a study
protocol would require several serial blood samples collection, describing
the serum concentration of firocoxib at 2 and 24 hours would provide an
indirect rough estimation of the drug’s ECsq. These two time points
correspond to when the drug has its maximum effect and the lowest effect
prior to administration of the subsequent dose respectively. Also, from a
practical point of view, residual blood samples could be available as these

could be collected for intra- and post-anaesthetic monitoring purposes.

These studies are conducted under controlled research conditions, where
animals do not concurrently receive other medications nor undergo
procedures that might interfere with drug metabolism. The effect of the
concomitant use of other pharmaceuticals and concurrent undergoing of
surgical procedures on drug metabolism, which is the typical scenario in
clinical patients is unknown. To the best of the author’s knowledge the
concentration of phenylbutazone, flunixin meglumine and firocoxib
administered peri-operatively in actual clinical cases has not been

described before.

The aims of this chapter are to:
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1. Compare the in vitro selectivity of a non-selective COX inhibitor
such as flunixin meglumine and the COX-2 selective firocoxib

2. Investigate the effect of phenylbutazone, flunixin meglumine and
firocoxib on the activity of COX enzymes in equine clinical patients
receiving these drugs for clinical reasons by use of an ex vivo
method

3. Describe the concentration of these drugs in horses undergoing
elective surgery, which are also administered with other peri-

operative medications.

2.2 Materials and methods

2.2.1 Evaluation of cyclooxygenase-1 inhibition in vitro

2.2.1.1 Animal selection

A convenience population, the teaching and blood donation herd of the
Weipers Centre Equine Hospital of the University of Glasgow, was included
in the study on the basis of a history of having received no NSAIDs in the
previous two weeks and having residual blood available collected for
reasons unrelated to the study. None of these horses had a history of
systemic disease or had received any medication in the 3 months prior to
the study; all horses were up to date with regard to vaccination status,
had no abnormal physical examination findings (Byars and Gonda, 2015)
and had a blood total protein concentration and packed cell volume (PCV)
within the respective reference ranges (Staempfli and Oliver-Espinosa,
2015).

2.2.1.2 Evaluation of cyclooxygenase-1 activity

The effect of the firocoxib and flunixin meglumine on in vitro COX-1

activity was determined by measuring coagulation-induced thromboxane
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B, (TXB,) as described elsewhere (Beretta et al., 2005; Brideau et al.,
2001). Briefly, whole blood (500ul) was added to polypropylene micro-
centrifuge tubes containing either firocoxib or flunixin meglumine at a
final concentration ranging from 0.01pM and 1000uM for a total of six
dilutions for each drug in duplicate. A 500ul sample of heparinized
(uncoagulated) blood was collected to serve as a negative control. Whole
blood (500ul) was treated with vehicle (positive) control in triplicate. The
blood was allowed to clot for one hour at 37°C before being centrifuged at
2000g for 10 minutes. Following centrifugation, 100ul of serum was added
to 400ul of methanol, and the resulting solution was centrifuged at 6000g
for 10 minutes. A 50ul aliquot of the supernatant was collected and
diluted in 150ul of buffer from a commercially available TXB, enzyme
immunoassay (EIA) kit'. This kit was used to determine the amount of TXB,

in each sample.

Inhibition of COX-1 activity was calculated as the percentage change in
TXB, concentration compared to the result from the negative control
sample. The percentage change was plotted against the corresponding
drug concentration, and the best sigmoid curve fit was obtained by use of

nonlinear regression using Sigmaplot?.

2.2.2 Evaluation of cyclooxygenase activity ex vivo

2.2.2.1 Animal selection, group allocation and sample collection

Horses presenting to the Weipers Centre Equine Hospital, University of
Glasgow, between April and September 2012 with no history of medication
including NSAIDs for a minimum of two weeks prior to admission, that
were systemically healthy and scheduled to undergo an elective surgical

procedure were recruited. Only horses from which sufficient blood (2.5ml)

1 Thromboxane B,, Express EIA kit-monoclonal, Cayman chemical Europe, Tallinn, Estonia
2 Sigmaplot, version 11.2, Systat Software Inc., Chicago, Ill., USA
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was remaining from samples obtained prior to surgery, during surgery and
the day after surgery for clinical reasons (i.e. pre-, intra- and post-
operative monitoring of blood parameters) were included in the study.
Horses less than one year of age were excluded to minimise variability due

to patient size and diet.

Horses were allocated to one of three groups based on the NSAID chosen
by the attending clinician before surgery. The choice of NSAID used was
independent from the purposes of the study. These were phenylbutazone?
(4.4.mg/kg IV BID, n=6), flunixin meglumine* (1.1mg/kg IV BID, n=6) or
firocoxib® (0.09mg/kg IV SID, n=6). There was no standardisation of other

medications administered to the horses included in the study.

For each horse, blood samples were collected before NSAID administration
(To), 2 hours after administration (intra-operatively, T,) and 24 hours after
the first administration (T,4) before a further dose of NSAID was give the
morning following surgery. The timing of sample collection is represented
in Figure 2.1. Residual blood samples were retrieved within one hour of
collection and transported immediately to the laboratory for preparation
for COX-1 and COX-2 activity determination as previously described
(Beretta et al., 2005; Brideau et al., 2001).

NSAID Surgery Further NSAID
administration started administration
TO T2 T24
<24 hours 2 hours
24 hours

Figure 2.1: Representation of the timing of sample collection for the study
evaluating cyclooxygenase activity ex vivo.

3 Equipalazone, Dechra Veterinary Products Ltd, Shrewsbury, Shropshire, England
4 Finadyne, MSD Animal Health, Milton Keynes, Buckinghamshire, England

5 Equioxx, Merial Animal Health Ltd, Harlow, Essex, England
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2.2.2.2 Determination of cyclooxygenase activity ex vivo

Measurement of ex vivo COX-1 activity was performed as described in
section 2.2.1.2 by measuring coagulation-induced TXB, (Beretta et al.,
2005; Brideau et al., 2001).

Measurement of ex vivo COX-2 activity was performed using a modification
of a previously described technique (Beretta et al., 2005). Briefly, the
heparinised blood (500ul) was transferred into 1.5ml polypropylene tubes
and LPS (Escherichia coli 0111:B4) in 0.1% bovine serum albumin in PBS
solution was added to a final concentration of 100ug/ml. A second aliquot
of blood was used as the negative (un-stimulated) control specimen.
Samples were incubated at 37°C for 24 hours. Following incubation,
samples were centrifuged at 2000g for 5 minutes to harvest plasma and
100ul of plasma was added to 400ul of methanol and centrifuged at 6000g
for 10 minutes. A 50ul aliquot of the supernatant was collected and
diluted in 150pl of Prostaglandin E; (PGE;) enzyme immunoassay (EIA) kit
buffer. The amount of PGE; in each sample was determined using a

commercially available PGE; EIA kit®.

The amount of prostaglandin E metabolites (PGEM) in plasma collected at
each time point was measured as an indicator of COX-2 activity using a
commercially available PGEM EIA kit as previously described (Cook et al.,
2009a). Briefly, all unstable metabolites of PGE, were converted to the
stable 13,14-dyhydro-15-keto PGA, for quantification by means of a
commercial ELISA kit 7 following manufacturer’s instructions. Each
measurement was performed in triplicate on a 96-well plate and the
average of the three measurements was subsequently used for the
analysis. The R-square of each calibration curve was >99%, indicating the

assay was reliable.

6 Prostaglandin E; EIA kit-monoclonal, Cayman Chemical Europe, Tallinn, Estonia

7 Prostaglandin E Metabolite EIA kit-monoclonal, Cayman Chemical Europe, Tallinn, Estonia
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2.2.2.3 Data analysis

The relative change in concentration of TXB,, PGE, and PGEM between the
baseline sample (To) and T, and T,4 samples was calculated. The effect of
time and treatment on COX-1 (TXB,) and COX-2 (PGE, and PGEM) activity
and drug metabolites concentration was determined by Mann-Whitney
test. Bonferroni corrections were used to account for multiple
comparisons. The relationship between drug concentration and COX
activity overall and at each time point was determined by Spearman’s
rank correlation (significance set for p<0.05). Analysis was performed
using Rv.3.0.0 software 2013,

2.2.3 Determination of ex vivo non-steroidal anti-inflammatory serum

concentration

Aliquots of serum obtained at each time point were submitted to an
external laboratory ° . Flunixin meglumine, phenylbutazone and its
metabolite oxyphenbutazone and firocoxib concentrations were
determined by use of high performance liquid chromatography (HPLC)
(Cox and Yarbrough, 2011; Higgins et al., 1987).

2.2.4 Comparison of in vitro and ex vivo cyclooxygenase inhibition

The relationship between drug concentration and COX activity overall and
at each time point was determined by Spearman’s rank correlation
(significance set for p<0.05). On the basis of the drug concentrations
obtained by use of HPLC, the predicted percentage inhibition of COX-1
activity was calculated from in vitro inhibition-concentration curves and
compared with the ex vivo inhibition of COX-1 activity. Bland-Altman

analysis was performed to determine the level of agreement between the

8 R, version 3.0.0, R Foundation for Statistical Computing, Vienna, Austria

9 UNIRELAB srl, Unipersonale, Rome Italy
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in vitro and ex vivo methods of measuring inhibition of COX activity (Bland

and Altman, 1986). Analysis was performed using Rv.3.0.0 software 2013.

All procedures were approved by the Ethics and Welfare Committee of the

School of Veterinary Medicine at the University of Glasgow.

2.3 Results

2.3.1 Evaluation of cyclooxygenase-1 inhibition in vitro

2.3.1.1 Animal selection

Animals included in the in vitro study were two mares and two geldings;
two Thoroughbreds, one Warmblood and one pony; ages were 8, 23, 19
and 28 years and each animal weighed 563kg, 534kg, 615kg and 296kg

respectively.

2.3.1.2 Evaluation of cyclooxygenase-1 inhibition

The equation that best predicted the relative inhibition of COX-1 activity
expressed as the change in TXB, concentration relative to the

concentration of the drug was as follows:

Percentage inhibition = y, + a/[1 + e ¢*~%0)/P]

where y, is the minimum COX activity, a is the difference between the
maximum and minimum COX activity, e is the base of the natural
logarithm, x is the concentration of the drug, x, is the drug concentra-

tion required for 50% inhibition of COX activity, and b is the slope.



For flunixin meglumine, the best fit (r* = 0.999) of the inhibition-
concentration curve was obtained by use of a 4-point sigmoid function

represented by the following equation (Figure 2.2):

Percent inhibitiongpixin = - 11.4541 + [111.509/ (1 + e~(x - 18841)/11.7442]
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Figure 2.2: 4-point sigmoid curve representing the best fit of the inhibition-
concentration curve of COX-1 activity measured as TXB; concentration for flunixin
meglumine calculated from in vitro data for concentrations ranging from 0.01pM and
1000pM; dotted lines represent 95% confidence interval limits.

For firocoxib, the best fit (r* = 0.952) of the inhibition-concentration curve
was obtained by use of a 3-point sigmoid function represented by the

following equation (Figure 2.3):

Percent inhibitiong; oconiy = 46.7088/(1 + e (¥ - 6:61021)/2.6457)
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Figure 2.3: 3-point sigmoid curve representing the best fit of the inhibition-
concentration curve of COX-1 activity measured as TXB; concentration for firocoxib
calculated from in vitro data for concentrations ranging from 0.01uM and 1000puM;
dotted lines represent 95% confidence interval limits.

2.3.2 Evaluation of cyclooxygenase activity ex vivo

2.3.2.1 Animal selection and group allocation

Horses in the phenylbutazone group had a median age of seven years
(mean: nine years) and a median weight of 536kg (range: 260-759kg) and
included two Warmbloods, one Thoroughbred and three ponies of which
there were three geldings, one mare and two stallions. Horses in the
flunixin meglumine group had a median age of eight years (range: 1-17
years), median weight of 588kg (range: 350-636kg) and included three
Warmbloods and three Thoroughbreds (four geldings, one mare and one
stallion), which underwent elective soft tissue (n=4) or orthopaedic
surgical procedures (n=2). Horses in the firocoxib group had a median age
of four years (range: 1-10 years), median weight of 538kg (range: 323-
651kg) and included two Warmbloods, two Thoroughbreds and two ponies
(five mares and one stallion), which underwent elective orthopaedic

surgical procedures (n=6).

A more detailed description of horses and procedures is included in Table
2.1.
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Table 2.1. Summary of the demographic information of the study population and

procedures performed for horses in each group.

60

Group Horse Age Breed Gender Weight Diagnosis Procedure

1 5 WB G 580 DDFT tear Tenoscopy
2 16 Pony G 468 DDFT tear Tenoscopy
3 5 WB F 573 OCD Hock Arthroscopy

Pz 4 9 Pony S 499 Castration
5 14 TB G 759 PSD Neurectomy fasciotomy
6 5 Welsh B S 260 Cryptorchid Castration
7 1 B S 350 Castration
8 4 WB G 625 Sarcoids Surgery+Cryo+Chemo
9 8 TB F GCT Ovariectomy

FM 10 8 WB G 636 Over-riding DSP  DSP resection
11 17 B G 588 Echinococcosis Cyst lavage
12 9 WB G 566 ;léirﬁr;?:ry Neurectomy
13 7 Highland S 651 och Arthroscopy
14 1 Trakhener F 323 MT3 Cyst Arthroscopy
15 4 WB F 528 oCch Arthroscopy

IR 16 1 WB F 323 och Arthroscopy
17 4 TB F 549 oCch Arthroscopy
18 10 TB F 578 oCch Arthroscopy

PBZ: phenylbutazone; FM: flunixin meglumine; FIR: firocoxib; WB: warmblood; TB:
thoroughbred; G: gelding; F: female; S: stallion; DDFT: deep digital flexor tendon; OCD:
osteocondrosis dissecans; PSD: proximal suspensory desmitis; GCT: granulosa cell tumor;
DSP: dorsal spinous processes; MT3: metatarsal 3; Age in years; Weight in kilograms.

2.3.2.2 Determination of cyclooxygenase activity ex vivo

The concentrations of PGE, and TXB, varied widely among horses.
Therefore, the results are expressed also as the percentage change from
the baseline concentration. At T, and T,4, COX-1 activity was reduced
compared to baseline in horses receiving phenylbutazone or flunixin
meglumine (Fig 2.4). At T, and T4, the relative COX-1 activity was
significantly greater in horses receiving firocoxib compared to horses
receiving phenylbutazone (p=0.008) or flunixin meglumine (p=0.005)
(Figure 2.4). The effect on COX-2 activity was not significantly different
between drugs (p=0.5; Figure 2.5 and Figure 2.6).



Considering the samples as a whole without dividing by time point the
results of Spearman’s rank analysis evidenced one significant correlation
that was between phenylbutazone and absolute TXB, concentrations
(p=0.03). No other significant correlations were present when considering

the overall samples without dividing in time-points.

When subdividing the samples by time-point at T, the relative
concentration of PGE, was significantly correlated to the concentration of
oxyphenbutazone (p=0.03). When considering the absolute TXB, and PGEM
concentration they were significantly correlated to flunixin meglumine

concentration (p=0.02) and firocoxib concentration (p=0.02) respectively.

At the third time-point the relative phenylbutazone concentration was
significantly correlated with the absolute TXB, and PGEM concentrations
(p=0.01). Flunixin meglumine was significantly correlated with absolute
TXB, (p=0.03) and PGEM (p=0.04) concentrations.

Spearman’s rank analysis of all samples revealed no significant correlation
between flunixin meglumine, phenylbutazone or firocoxib concentration
and either TXB,, PGE, or PGEM relative or absolute concentrations. At T,,
the absolute metabolite concentration TXB, and PGE; were significantly
correlated to flunixin meglumine concentration (p=0.02) and firocoxib
concentration (p=0.02) respectively. At the third time-point flunixin
meglumine concentration was significantly correlated with absolute TXB,
(p=0.03) and PGEM (p=0.04) concentrations.
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Figure 2.4: Box-and-whiskers plots of the percentage change in the amount of
coagulation-induced TXB; representing COX-1 activity, compared with the value
before NSAID administration (baseline; value set at 100% - horizontal dotted line), in
horses at 2 and 24 hours after treatment with phenylbutazone (n=6), flunixin
meglumine (n=6) or firocoxib (n=6).

Each box represents the second and third quartile ranges, the solid horizontal line in
each box represents the median, the whiskers represents first and fourth quartile
ranges, and the circles represent outlier data points. *: relative COX-1 activity differs
significantly (p<0.05) between treatment groups. PBZ: phenylbutazone; FM: flunixin
meglumine; FIR: firocoxib
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Figure 2.5: Box-and-whiskers plots of COX-2 activity expressed as the percentage
change in LPS stimulated PGE; concentration, compared with the baseline value (set
at 100% - horizontal dotted line).

PBZ: phenylbutazone; FM: flunixin meglumine; FIR: firocoxib
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Figure 2.6: Box-and-whiskers plots of COX-2 activity expressed as the percentage
change in plasma PGE metabolite concentration, compared with the baseline value
(set at 100% - horizontal dotted line).

PBZ: phenylbutazone; FM: flunixin meglumine; FIR: firocoxib

2.3.3 Determination of ex vivo non-steroidal anti-inflammatory drug

serum concentration

The concentration of phenylbutazone at Ty was Oug/ml for all but one
horse that had a concentration of 1.30ug/mL. The median phenylbutazone
concentration at the second time-point two hours after drug
administration was 28.88ug/mL (mean: 29.05ug/ml; range: 21.35-
37.40pg/mL). At the third time-point the median concentration of
phenylbutazone was 24.02pg/mL (mean: 22.29upg/ml; range: 12.03-
34.26ug/mL).

The baseline concentration of oxyphenbutazone prior to phenylbutazone
administration was Oug/ml for all but one horse that had a concentration
of 0.18ug/ml. At the second time-point (2h after administration) the
median oxyphenbutazone concentration was 1.19ug/mL (mean:
1.15pg/ml; range: 0.59-1.66pug/mL). At the third time-point the median
concentration of oxyphenbutazone was 3.32ug/mL (mean: 3.45ug/ml;
range: 2.42-4.42ug/mL).
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For flunixin meglumine the baseline concentration (before drug
administration) was Oug/ml for all horses. At the second time-point (2h
after administration) the median flunixin meglumine concentration was
2.55pug/mL (mean: 2.84pg/ml; range: 2.45-3.82ug/mL). At the third time-
point the median concentration of flunixin meglumine was 1.29ug/mL

(mean: 2.60ug/ml; range: 0.18-8.74ug/mL).

For firocoxib the baseline concentration (before administration) was
Ong/ml for all horses. At the second time-point (2h after administration)
the median firocoxib concentration was 53.00ng/mL (mean: 65.17ug/ml;
range: 30.8-134.8ng/mL). At the third time-point the median
concentration of firocoxib was 35.4pug/mL (mean: 33.33ug/ml; range:
21.6-40.7pg/mL).

These results are summarized in Figure 2.7, Figure 2.8 and Figure 2.9.
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PBZ and oxyPBZ Concentration (ug/mL)

Oxyphenylbutazone Phenylbutazone Oxyphenylbutazone Phenylbutazone
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Figure 2.7: Box-whiskers plot depicting the concentration of phenylbutazone and its
metabolite oxyphenbutazone after 2 and 24 hours from intravenous administration
of phenylbutazone at 4.4mg/kg BID. The horizontal dotted line represents the serum
concentration of phenylbutazone at ECs5o (Toutain et al., 1994).
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Flunixin Meglumine Concentration (ug/mL)

Figure 2.8: Box-whiskers plot depicting the concentration of flunixin meglumine
after 2 and 24 hours from intravenous administration at the dose of 1.1mg/kg BID.
The horizontal dotted line represents the serum concentration of flunixin
meglumine at ECs, (Toutain et al., 1994).
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Figure 2.9: Box-whiskers plot depicting the concentration of firocoxib after 2 and 24
hours from intravenous administration at 0.1mg/kg SID.

2.3.4 Comparison of in vitro and ex vivo cyclooxygenase inhibition

In vitro and ex vivo COX-1 inhibition was significantly different for both
flunixin meglumine (p<0.001, Figure 2.10) and firocoxib (p=0.04, Figure
2.11).
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Figure 2.10: Comparison of flunixin meglumine concentration and in vitro and ex
vivo inhibition of COX-1 activity. The sigmoid curve represents the calculated in
vitro concentration-inhibition curve and the dotted lines represent the 95% Cls.
Circles represent ex vivo measurements of inhibition of COX-1 activity at known
drug concentrations. Notice that inhibition of COX-1 activity is higher ex vivo than
in vitro (p<0.001).
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Figure 2.11: Comparison of firocoxib concentration and in vitro and ex vivo
inhibition of COX-1 activity. The sigmoid curve represents the calculated in vitro
concentration-inhibition curve and the dotted lines represent the 95% Cls. Circles
represent ex vivo measurements of inhibition of COX-1 activity at known drug
concentrations. Notice that in some cases the ex vivo inhibition of COX-1 activity
corresponds to inhibition expected from in vitro data, whereas in the remaining
cases, COX-1 activity is not inhibited by firocoxib. Overall data obtained in vitro and
ex vivo were significantly different (p=0.04).
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Figure 2.12: Bland-Altman plots of in vitro and ex vivo COX-1 activity after
administration of flunixin meglumine to 6 horses. The mean bias (solid line) is high
and 95% Cls (dotted lines) is >0% which suggests poor agreement. Flunixin
meglumine concentration was determined for ex vivo samples collected from 6
horses and calculated from the inhibition concentration curve determined in vitro.
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Figure 2.13: Bland-Altman plots of in vitro and ex vivo COX-1 activity after
administration of firocoxib to 6 horses. The mean 95% Cls (dotted lines) is extremely
wide, which suggests that the in vitro curve for inhibition of COX-1 activity is not
useful for predicting ex vivo inhibition of COX-1 activity. Firocoxib concentration
was determined for ex vivo samples collected from 6 horses and calculated from the
inhibition concentration curve determined in vitro.

Bland-Altman analysis revealed a mean difference between in vitro and ex
vivo COX-1 activity. The mean difference was 69.8% (95% ClI, 37.0% to
102.6%) for flunixin meglumine (Figure 2.12) and -42.0% (95% ClI, -181.5%
to 97.6%) for firocoxib (Figure 2.13).
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2.4 Discussion and conclusions

The investigations in this chapter provide a biochemical perspective of the
potential for toxicity of NSAIDs in horses. Clinically, most severe side
effects from their use mainly involve the gastrointestinal and urinary
systems as these are more susceptible to changes in physiologic COX
activity, which might affect mucosal blood flow (Cohen et al., 1995; Jones
et al., 2003; Read, 1983; Warner et al., 1999).

This chapter determined the effect of flunixin meglumine and firocoxib on
COX activity in vitro as well as that of flunixin meglumine,
phenylbutazone and firocoxib ex vivo in horses undergoing elective
surgery. Comparison of in vitro data of COX-1 inhibition and ex vivo data
highlights the importance in following up in vitro research with studies on
ex vivo models, as highlighted in other species, as well as for other NSAIDs
(Blain et al., 2002; Gierse et al., 2002; Giuliano and Warner, 1999).

Section 2.3.1 describes the inhibition of COX-1 activity by flunixin
meglumine and firocoxib in horse’s blood in vitro. These data were
obtained to calculate inhibition-concentration curves used to determine
whether any significant discrepancy was present between in vitro and ex
vivo COX-1 activity for the two drugs. The calculation of COX-2 activity in
vitro was not performed. Assessing the effect on COX-2 activity would
have been useful to calculate the ICso or ICg of these drugs (Beretta et
al., 2005). However, this was not the goal of the study. This study was
primarily to evaluate the potential for toxic side effects of these drugs
arising from the excessive inhibition of COX-1. Further only 1Cso and 1Cg

were also not determined to reduce costs.

Similarly no in vitro study on phenylbutazone was performed because of
the similar COX inhibitory activity to flunixin meglumine, as illustrated in

section 2.3.2 and to reduce the costs associated with the analysis.
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The results of the study in section 2.2.2 show that firocoxib administration
induced no significant inhibition of COX-1 activity in clinical patients,
while flunixin meglumine and phenylbutazone administration induced
profound inhibition of COX-1 activity. This supports the findings of another
study (Cook et al., 2009a) in which investigators found less inhibition of
COX-1 activity by firocoxib than by flunixin meglumine in small intestinal
ischemia-reperfusion injury. No significant change in indicators of COX-2
activity, LPS-stimulated PGE, concentration, and PGEM concentration
after surgery in either treatment group was present. Given that this was a
clinical study, ethically it was not possible to include a control group
without NSAID administration to quantify the effect of surgery on COX-2
activity. However, our findings indicated that the effect of firocoxib on
COX-2 activity was comparable to that of 