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Abstract

It has been recently demonstrated that interleukin-1p (IL-1p) plays a central role in monosodium
urate (MSU) crystal-induced inflammation and that the NALP3 inflammasome plays a major role
in IL-1p production. These discoveries have offered new insights into the pathogenesis of acute
gouty arthritis. In this review, we discuss the molecular mechanisms by which MSU crystals
induce acute inflammation and examine the mechanisms of action (MOAS) of traditional anti-
inflammatory drugs (eg, nonsteroidal anti-inflammatory drugs [NSAIDs], colchicine, and
glucocorticoids) and biologic agents (eg, the IL-1p antagonists anakinra, rilonacept, and
canakinumab) to understand how their MOAs contribute to their safety profiles. Traditional anti-
inflammatory agents may act on the IL-1f pathway at some level; however, their MOAs are
broad-ranging, unspecific, and biologically complex. This lack of specificity may explain the
range of systemic side effects associated with them. The therapeutic margins of NSAIDs,
colchicine, and glucocorticoids are particularly low in elderly patients and in patients with
cardiovascular, metabolic, or renal comorbidities that are frequently associated with gouty
arthritis. In contrast, the IL-1p antagonists act on very specific targets of inflammation, which may
decrease the potential for systemic side effects, although infrequent but serious adverse events
(including infection and administration reactions) have been reported. Because these IL-1p
antagonists target an early event immediately downstream from NALP3 inflammasome activation,
they may provide effective alternatives to traditional agents with minimal systemic side effects.
Results of ongoing trials of IL-1p antagonists will likely provide clarification of their potential
role in the management of acute gouty arthritis.
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Introduction

Although gouty arthritis has been recognized as a distinct pathologic entity since ancient
times, the molecular pathogenesis of acute gouty attacks and the sequence of pathologic
events resulting in chronic tophaceous gout are only now becoming fully understood.
Clearly, monosodium urate (MSU) crystals are at the center of the pathophysiologic
sequence, and although their role in gout was well described by Garrod in the 19t Century
[1], their role in the pathogenesis of acute gouty arthritis had to be rediscovered in 1966 [2].
The broader understanding of the pathogenesis of acute gouty arthritis has led to a new
understanding of the mechanism of action (MOA) of agents commonly used to treat gouty
arthritis and has resulted in the development of novel therapies for acute gouty arthritis. In
this review, we will discuss the molecular mechanisms by which MSU crystals induce acute
inflammation, the mechanisms by which current therapies interfere with and suppress the
inflammation associated with acute gouty arthritis, the mechanisms associated with typical
adverse events (AEs) associated with traditional gouty arthritis anti-inflammatory therapies,
and the potential mechanistic advantages of biologic therapies that specifically target the
interleukin-1p (IL-1p) inflammation pathway.

Inflammation, an Overview

Inflammation is characterized by rubor, tumor, calor, dolor, and functio laesa (redness,
swelling, heat, pain, and loss of function) [3]. Vascular events, including dilatation,
leakiness, and expression of molecules involved in the recruitment of leukocytes, play a
major role in the first three characteristics and result in the accumulation of neutrophils,
macrophages/monocytes, and other inflammatory cells at inflamed sites [3]. The vascular
endothelium plays a central role in these events and may be influenced by a variety of
intercellular messengers ranging from small molecules (eg, eicosanoids, histamine) to
peptide messengers (eg, cytokines and chemokines) [3-6]. In turn, the vascular endothelium
will secrete agents including eicosanoids and cytokines, which influence the inflammatory
process [3]. Vascular endothelial cells recruit leukocytes through the expression of adhesion
molecules at inflamed sites, and different vascular adhesion molecules recruit different cell
types. In acute gouty attacks, neutrophils are the predominant cell type, and these cells
adhere to the endothelial surface proteins E-selectin, P-selectin, and intercellular adhesion
molecule-1 (ICAM-1), which are expressed or upregulated at inflamed sites [7]. Cytokines,
such as IL-1p and tumor necrosis factor-a. (TNF-a), are the primary stimuli for endothelial
expression and upregulation of these adhesive molecules. Older studies have implicated
MSU-induced release of IL-1 as central to the initiation of inflammation [4,5], and recent
studies indicate that uptake of MSU crystals by cells activates the NALP3 inflammasome,
leading to the elaboration of activated IL-1 [8]. In acute gouty attacks, the predominant
cellular infiltrate is comprised almost exclusively of neutrophils. IL-8 and its receptor on
neutrophils, CXCR2, are required for the development of an acute inflammatory response to
MSU crystals [9].

Monosodium Urate Crystals and Inflammation

In individuals who suffer from both acute gouty attacks and chronic tophaceous gout, MSU
crystals are present in both symptomatic and asymptomatic joint tissue and joint fluid. Many
events can set off acute gouty attacks, including overindulgence in alcohol, metabolic
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stresses such as those that accompany acute myocardial infarctions or surgery, or, most
predictably, major shifts in serum uric acid levels leading to resorption of MSU crystals,
such as occurs after starting urate-lowering therapy (ULT) [10,11]. It is now clear that in
response to MSU crystals, the cells in the joints that initiate the inflammatory cascade are
macrophages; these cells phagocytose MSU crystals and release chemo-attractants, such as
leukotrienes, IL-8, and others, that recruit neutrophils to the site and start the inflammatory
cascade [12,13]. Once recruited to the joint, neutrophils phagocytose MSU crystals and
further contribute to the inflammation that characterizes acute gouty attacks.

The mechanisms by which cells take up MSU crystals and activate the inflammatory
cascade have been under study for many years, and a number of mechanisms have been
proposed and investigated to explain uptake of MSU crystals by leukocytes. MSU crystals
are hygroscopic and bind many different proteins to their surface, including immunoglobulin
G (IgG) and complement proteins [14-19], which interact with specific receptors on
leukocytes to promote leukocyte recruitment and crystal phagocytosis. One experimental
problem that has hindered our understanding of the mechanism by which MSU crystals
interact with and activate leukocytes is that many MSU preparations used for in vitro studies
are contaminated by endotoxin, which directly stimulates Toll-like receptors (TLRs) on
leukocytes. Subsequent studies in which endotoxin contamination was eliminated indicated
that MSU crystals directly interacted with CD14, a leukocyte cell-surface molecule that
interacts with TLR2 and TLR4 to stimulate leukocytes [20], in addition to promoting
phagocytosis via complement and immunoglobulin receptors. Regardless of the mechanism
by which the MSU crystals are phagocytosed, the crystals interact with TLR2 and TLR4 as
well as with the NALP3 inflammasome to stimulate leukocyte activation, leading to the
inflammatory cascade [8].

In 2006, Martinon and colleagues [8] first demonstrated that MSU crystals activate a
specific inflammatory cascade in leukocytes leading to production of IL-1. Essentially, these
authors demonstrated that crystals (MSU and calcium pyrophosphate dihydrate [the crystals
that cause calcium pyrophosphate dehydrate disease]) engage the cryopyrin (NALP3)
inflammasome, a signaling protein complex in leukocytes that, linked by the adaptor protein
apoptosis-associated speck-like protein (ASC), activates caspase-1. Caspase-1, or the
neutrophil protease proteinase 3 (PR3) [21], cleaves pro-IL-1f to generate IL-1p, permitting
the release of IL-1p into the extracellular space. Once secreted, IL-1f leads to activation of
vascular endothelium and production of other chemokines and cytokines, resulting in the
recruitment of leukocytes. Based on their homology to caspase-1 and proteinase 3, other
neutrophil proteases are likely to play a role in activation of pro-11-1 to IL-1p as well [22]. In
addition to the in vitro evidence of NALP3 activation, increased caspase-1 activation, and
increased IL-1 production by cells exposed to crystals, mice lacking NALP3 did not mount
much of an inflammatory response to challenge with MSU crystals, with few leukocytes
present in the exudate. Thus, the demonstration that the NALP3 inflammasome plays a
central role in response to pathogenic crystals leading to IL-1p production and that IL-1
plays the central role in crystal-induced inflammation offered a new insight into the
pathogenesis of gouty arthritis [8].

Subsequent work has provided evidence that other factors contribute to MSU-mediated
activation of the inflammasome [23,24]. Joosten and colleagues [24] reported that free fatty
acids, which activate TLR2, further drive MSU-induced IL-1p production. Moreover, prior
studies had demonstrated that MSU crystals induce increased expression of
cyclooxygenase-2 (COX-2) with enhanced production of inflammatory prostaglandins that
also likely contribute to the enhanced IL-1p production [25-28].
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It did not take long for investigators to carry out confirmatory experiments in patients with
acute gouty attacks. Administration of an IL-1p/IL-1a blocker (the recombinant IL-1
receptor [IL-1R] antagonist anakinra) [29,30], a chimeric IL-1 TRAP dimeric fusion protein
consisting of portions of IL-1R and the IL-1R accessory protein that neutralizes both IL-18
and IL-1a (rilonacept) [31], or a fully human monoclonal antibody that neutralizes the
activity of human IL-1p (canakinumab) [32], all have some efficacy in the treatment of
acute gouty arthritis [33]. Intracellular IL-1p signals for inflammation via activation of
nuclear factor-xB (NFxB) and other studies have shown that signaling molecules
downstream of the IL-1 receptor (MyD88) are required for MSU to activate NFxB and for
the development of crystal-induced arthritis [34].

Termination of Acute Gouty Attacks

Acute gouty arthritis attacks are generally self-limited and last less than 3 to 4 weeks. Very
little is understood at present about how gouty arthritis attacks spontaneously terminate
despite the ongoing presence of the inciting agent. One suggestion has been that monocytes/
macrophages that take up the apoptotic neutrophils from the joint secrete transforming
growth factor-B1 (TGF-B1) and other anti-inflammatory mediators that terminate the attack
[35]. Similar uptake of apoptotic neutrophils occurs in rheumatoid arthritis without
termination or amelioration of inflammation, so there must be other factors at work as well
[36]. Recent work has indicated that interaction of free fatty acids with TLR2 is required for
urate crystal-mediated activation of the inflammasome, production of active IL-1, and acute
inflammation [24]. This finding has suggested that the elevation of free fatty acids following
a heavy meal plays a critical role in the induction of acute gouty attacks. Interestingly, it has
long been known that low density lipoprotein (LDL,; specifically apolipoprotein B in the
LDL), commonly elevated in many patients with gout, bind to MSU crystals and prevent
neutrophil activation by crystals, another potential mechanism for suppression of
inflammation during intercurrent gout.

Clinical Management of Inflammation in Acute Gouty Arthritis: How Do
Therapies Work and How Do Their Mechanisms of Action Affect Safety?

Overview of Acute Gouty Arthritis Management and Treatment Limitations

The goals of gouty arthritis treatment are 2-fold. First, rapid anti-inflammatory therapy is
necessary to manage the significant pain, swelling, and disability associated with acute
attacks [10,11]. Once an acute attack has terminated, ULT should be initiated to prevent
future acute attacks and long-term complications associated with chronic tophaceous gout
(eg, joint destruction) [11].

Long before the development of biologic agents that target IL-1p, other therapies had been
used successfully and are still currently used for the prevention and treatment of acute gouty
attacks, including nonsteroidal anti-inflammatory drugs (NSAIDs), colchicine, and
glucocorticoids. Figure 1 provides an overview of the sites of action of traditional therapies
and new biologic agents involved in mediating crystal-induced inflammation. These
traditional therapies are effective in reducing inflammation, with symptomatic relief
occurring within 24 hours [37,38]. Research on traditional agents continues, with the
AGREE study demonstrating that low doses of colchicines are as effective as high doses
over 24 hours, with safety similar to placebo [38]. Glucocorticoids are a good option in
patients with contraindications to NSAIDs and colchicine or in refractory cases [39],
although a meta-analysis showed inconclusive evidence for their effectiveness compared
with other anti-inflammatory agents [40].
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Current gouty arthritis treatment guidelines recommend oral NSAIDs or colchicine a first-
line systemic treatment for acute attacks [41] However, the MOAs through which NSAIDs
and colchicine reduce inflammation are not specific, and the systemic actions of these drugs
are known to cause severe AEs in some patients [42,43]. For example, NSAIDs are
associated with adverse gastrointestinal, renal, and cardiovascular effects [43,44], and at
therapeutic doses, colchicine is associated with safety concerns such as blood dyscrasias,
drug-drug interactions, neuromuscular toxicity, and gastrointestinal AEs [42].

Because gouty arthritis is associated with several comorbidities (including cardiovascular
disease, hypertension, type 2 diabetes mellitus, obesity, hyperlipidemia, metabolic
syndrome, chronic kidney disease [CKD], and nephrolithiasis) [45,46], contraindications to
NSAIDs and/or colchicine are common [47]. In a study that reviewed medical records from
the Department of Veterans Affairs, of 575 patients diagnosed with gouty arthritis, more
than 88% of patients had at least 1 comorbid condition [47]. In the same study, more than
90% of patients had at least 1 contraindication to NSAIDs and approximately 50% of
patients had at least 1 contraindication to colchicines [47].

In patients who cannot tolerate NSAIDs or colchicine, and in patients with polyarticular
gouty arthritis or CKD, glucocorticoids are recommended for the management of acute
gouty arthritis attacks [48]. However, even with short-term use, glucocorticoids have been
associated with AEs, such as hypertension and diabetes mellitus [49]. In patients with pre-
existing impaired glucose tolerance, the diabetogenic effects associated with glucocorticoids
can be particularly substantial [49].

Below, we present a detailed examination of the MOAs of traditional anti-inflammatory
drugs and how their varied actions may contribute to the safety profiles of these agents. We
then discuss newer agents that act specifically on the IL-1p pathway.

Nonsteroidal Anti-inflammatory Drugs

Prostaglandins generated by the inducible COX-2 enzyme play a major role in the
stimulation of inflammatory responses and contribute to the development of the cardinal
signs of acute inflammation in gouty arthritis attacks [3,50]. Unlike COX-1, which is
expressed constitutively in most cells and is responsible for homeostatic functions (including
epithelial cytoprotection, platelet aggregation, and regulation of renal blood flow), COX-2 is
the product of an immediate-early gene that is rapidly inducible and tightly regulated [51].
COX-2 is the dominant source of prostaglandins in inflammation. However, recent evidence
suggests that both COX-1 and COX-2 may contribute to prostanoid production during both
acute inflammatory responses and the resolution phase of inflammation [3]. COX-1
accounts for approximately 10% to 15% of prostanoid formation induced by
lipopolysaccharide, and both COX-1 and COX-2 are expressed in circulating inflammatory
cells ex vivo [52]. Human data indicate that COX-1-derived prostanoids drive the initial
phase of acute inflammation, while COX-2 upregulation may not occur until several hours
later [3,52]. The roles of different prostanoids formed by COX-1 and/or COX-2 are
extremely complex; depending on whether a given prostanoid is formed by COX-1 or
COX-2, the same molecule may either stimulate or resolve inflammation [3].

The biological consequences of COX inhibition with NSAIDs are potentially broad-ranging
and not well understood. It is hypothesized that NSAID-based COX inhibition can be
tolerated in most patients because prostanoid formation is a homeostatic response system.
Under most physiologic conditions, only small amounts of prostanoids are formed, and their
biological importance may be minimal. However, under conditions of physiologic stress (ie,
in elderly patients and patients with comorbid renal, cardiovascular, or gastrointestinal
conditions), alterations in prostanoid expression are associated with increased safety
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concerns [3]. These safety concerns can be particularly problematic when relatively high
doses of NSAIDs are prescribed, as is common practice in the management of acute gouty
arthritis attacks [53].

Safety of Nonsteroidal Anti-inflammatory Drugs—It is well established that
NSAIDs are associated with an increased risk of gastrointestinal side effects. The
mechanisms associated with NSAID-induced gastric damage are outlined in Figure 2 [43].
Most nonselective NSAIDs that inhibit both COX-1 and COX-2 are organic acids, and their
ulcerogenic potential is associated with their pKa and lipophilicity. NSAIDs with pKa
values between approximately 2.8 and 4.4 are most likely to cause ulcers, as are lipophilic
NSAIDs that interact with phospholipids and disrupt gastric mucosal membranes. In
contrast, most selective COX-2 inhibitors are not acidic and have much higher pKa values.
Thus, selective COX-2 inhibitors are less likely than nonselective NSAIDs to cause
gastrointestinal mucosal irritation [43]. However, the United States Food and Drug
Administration does not distinguish between the gastrointestinal safety profiles of selective
and nonselective NSAIDs and applies the same package insert warning labels for all
NSAIDs.

The comparative incidence of serious gastrointestinal events associated with selective
COX-2 inhibitors is roughly half that of nonselective NSAIDs [3]. However, selective
COX-2 inhibitors are still associated with the potential to cause serious gastrointestinal
events in high-risk patients, as these inhibitors block the synthesis of gastroduodenal
epithelial COX-2—dependent prostanoids that accelerate ulcer healing [3]. In addition, when
COX pathways are blocked by NSAIDs, some arachidonic acid is diverted through the
lipoxygenase (LOX) pathway, which increases leukotriene synthesis, which can further
propagate mucosal damage.

Selective COX-2 inhibitors were developed to reduce the risk of gastrointestinal
complications associated with nonselective NSAIDs; however, selective COX-2 inhibitors
were found to be associated with an increased risk of cardiovascular events Of note, 2
widely used COX-2 inhibitors, rofecoxib and valdecoxib, were withdrawn from the global
market due to cardiovascular safety concerns [54]. The cardiovascular risks associated with
selective COX-2 inhibitors have been confirmed in several studies [55-57], and these
findings have recently been extended to some nonselective NSAIDs [44,54,58]. The
cardiovascular risks associated with NSAIDs (including increased risk of recurrent
myocardial infarction and death) have been observed even with short-term use (ie, <1 week),
as is common for the management of acute gouty arthritis flares [54].

COX-2 inhibition promotes cardiovascular injury through several mechanisms. Selective
COX-2 inhibition leads to a loss of the majority of COX-2—derived vascular prostacyclin
synthesis without alteration in platelet thromboxane synthesis [51]. Prostacyclin is a potent
vasodilator and inhibitor of platelet aggregation, leukocyte adhesion, and vascular smooth
muscle cell proliferation in the kidneys, liver, lungs, and heart. Therefore, suppression of
COX-2—derived prostacyclin by both nonselective NSAIDs and selective COX-2 inhibitors
increases the risk of thrombosis, hypertension, atherosclerosis, and myocardial infarction
[3,51].. It has also been hypothesized that the increase in leukotriene biosynthesis that
results from the shunting of arachidonic acid to the LOX pathway may increase the risk of
atherosclerosis [51,59].

COX-1 and COX-2 are both expressed in the kidneys. The effects of NSAID-induced
inhibition of renal prostaglandin E, can result in sodium retention, edema, and exacerbation
of hypertension. Inhibition of prostacyclin expression can decrease renal blood flow and
glomerular filtration rate, which can lead to hyperkalemia as a result of decreased potassium

J Clin Rheumatol. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cronstein and Sunkureddi Page 7

Colchicine

excretion. COX-2 inhibition can be especially problematic in elderly patients, in whom
COX-2 expression has been detected in the macula [60].

The earliest recorded use of colchicine to treat gouty arthritis dates back to the ancient
Greeks and Egyptians (extracts of Colchicum autumnalis), and colchicine has been used
extensively for the treatment of acute gouty arthritis flares since the 18t century [61].
Colchicine is an antimitotic alkaloid that binds to specific sites on the cytoskeletal protein
tubulin and disrupts microtubule polymerization. This disruption of normal cytoskeletal
assembly results in a range of biologic effects on essential cell functions, including
inhibition of intracellular vesicle transport, decreased secretion of chemokines and
cytokines, impairment of cell migration, and inhibition of cell division [62].

In line with the current understanding of the pathogenesis of gouty arthritis, in vitro studies
have shown that high concentrations of colchicine suppress inflammation by blocking IL-16
processing in monocytes stimulated by MSU, but do not affect IL-1( activation by
extracellular adenosine triphosphate. This suggests that colchicine acts upstream of NALP3
inflammasome-driven caspase-1 activation [8]. Despite these findings, it is unlikely that this
mechanism accounts for colchicine’s therapeutic effects in crystal-driven inflammation,
because these effects have only been observed at colchicine concentrations that are 10-fold
to 100-fold higher than those achieved in patients during the treatment of acute gouty
arthritis and 100-fold to 1000-fold higher than the concentrations required to mediate
prophylaxis of chronic gouty arthritis [8,62,63].

Other studies have reported that pharmacologically relevant concentrations of colchicine
directly inhibit intracellular signaling molecules (eg, tyrosine kinases and phospholipases) in
neutrophils that inhibit some, but not all, of the inflammatory actions of these cells (eg,
chemotaxis, superoxide anion production, adhesion to cellular substrata, and mobilization
and release of lysosomal enzymes during phagocytosis) [6,64—70]. Evidence also shows that
colchicine inhibits neutrophil migration following crystal activation without changes in
production of the chemokine IL-8 [71]. Colchicine induces COX-1 and COX-2 gene
expression and does not inhibit COX-1 or COX-2 in neutrophils [72].

Previous observations have shown that concentrations of colchicine that are similar to those
achieved during prophylaxis of acute attacks (ie, nanomolar concentrations) alter the
expression of endothelial adhesion molecules (E-selectin) on cells required for the
recruitment of neutrophils [73], thereby suppressing the development of acute gouty
arthritis. At higher concentrations, colchicine induces shedding of neutrophil adhesion
molecules (L-selectin), thus preventing further neutrophil recruitment [73]. All of the actions
of colchicine in this setting have been attributed to the capacity of colchicine to disrupt
microtubules.

Safety of Colchicine—Colchicine has a narrow therapeutic index between efficacy and
treatment-limiting gastrointestinal side effects, including diarrhea and abdominal pain
caused by increased peristaltic activity [42,62]. The pharmacokinetics and safety of
colchicine are driven in large part by its binding to tubulin. Because tubulin-bound
colchicine has a slow dissociation rate, the half-life of this complex is approximately 20 to
30 hours. After colchicine therapy is discontinued, its terminal elimination half-life is
roughly 16 hours and the biologic effects of colchicine require 24 to 48 hours to dissipate
[62]. Colchicine’s long half-life may contribute to its narrow therapeutic margin
(particularly in patients with renal or hepatic impairment), as colchicine is predominantly
metabolized in the liver and up to 20% of an administered dose is cleared by the kidneys.
The half-life of colchicine in patients with severe renal impairment is 2-fold to 3-fold longer
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compared with patients with normal renal function, which significantly increases the risk of
colchicine accumulation and toxicity [62,74].

Colchicine is metabolized in the liver by the cytochrome P450 enzyme CYP3A4. Therefore,
interactions between colchicine and drugs with CYP3A4 inhibitory activity have the
potential to cause colchicine accumulation, increase colchicine’s pharmacologic effects, and
predispose patients to colchicine toxicity. Drug-drug interactions have been observed
between colchicine and CYP3A4 inhibitors including cimetidine, clarithromycin,
erythromycin, fluoxetine, paroxetine, nefazodone, indinavir and other protease inhibitors,
tolbutamide, and azole antifungals [62,63]. For example, cimetidine decreases the hepatic
clearance of colchicine by roughly 30%, which prolongs the plasma elimination half-life
[62], and clarithromycin markedly increases colchicine exposure, which has been associated
with fatalities in patients with renal insufficiency [75].

Colchicine also binds to P-glycoprotein (P-gp), an adenosine triphosphate-binding protein
widely distributed in cell membranes in the intestinal epithelium, biliary tract, blood-brain
barrier, and renal proximal tubules. P-gp influences absorption, bioavailability, and
elimination of its substrates [62]. These substrates include chemotherapeutic agents,
macrolide antibiotics, protease inhibitors, and glucocorticoids, as well as some statins (eg,
simvastatin and fluvastatin) and calcium-channel blockers (eg, verapamil) that are
commonly prescribed in patients with cardiovascular comorbidities associated with gouty
arthritis [62]. Similar to CYP3A4 inhibitors, the use of P-gp modulating agents in
combination with colchicine can lead to intracellular colchicine accumulation, with
increases in pharmacologic effects or toxicity [62].

Colchicine’s interactions with microtubules can cause accumulation of lysosomes and
autophagic vacuoles in the cytoskeleton, resulting in pathologic alterations in skeletal
muscle and induction of significant axonal neuropathy. These adverse consequences may
present as myopathy (eg, rhabdomyolysis), neuropathy, or bone marrow suppression [76].
Although the likelihood of serious AEs associated with colchicine is generally considered to
be dose-dependent (ie, mortality rates are estimated at 10% at doses >0.5 mg/kg) [42,62], an
analysis by Wilbur and Makowsky [76] identified cases of colchicine-induced myotoxicity
at lower doses. In the 75 cases identified, the mean (standard deviation) cumulative daily
dose of colchicine was only 1.4 (0.96) mg [76] (for comparison, standard therapeutic doses
of colchicine for acute gouty arthritis attacks are 1.2 mg at the first sign of a flare followed
by 0.6 mg 1 hour later) [63]. In many of the cases, patients had been receiving standard
doses of colchicine for long periods of time but experienced recent declines in renal function
or other underlying conditions [76].

Glucocorticoids

Glucocorticoids have long been used to treat acute gouty arthritis attacks, particularly in
patients who are intolerant to NSAIDs or colchicines [48]. This class of agents has many
well-described anti-inflammatory actions that are mediated through binding interactions
with glucocorticoid receptors, which are localized in the cytoplasm of target cells found in
almost all tissues in the human body [77,78]. The complex molecular architecture of
glucocorticoid-induced antagonism of inflammation is outlined in Figure 3.

The clinical success of glucocorticoids as effective anti-inflammatory agents is largely
attributed to their ability to reduce the expression of pro-inflammatory genes via activation
of the glucocorticoid receptor and the concomitant inhibition pro-inflammatory transcription
factors (eg, NFxB and activating protein-1 [AP-1]) through a mechanism known as
transrepression [78]. In acute gouty arthritis, the most notable anti-inflammatory action of
glucocorticoids is the capacity of these agents to prevent activation of NFxB by either TNF-
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a or IL-1p. Glucocorticoids increase the expression of the inhibitor of xB (IxB), which is
the cytoplasmic chaperone that prevents translocation of NFxB to the nucleus [79]. Thus,
glucocorticoids prevent IL-1p from stimulating the inflammatory cascade.

However, much of the anti-inflammatory efficacy of glucocorticoids results from pleiotropic
effects of the glucocorticoid receptor on diverse signaling pathways through direct and
indirect genomic effects. This pleiotropy, along with known nongenomic effects involving
second-messenger and membrane-associated receptor signaling, can result in a broad range
of side effects [80]. In addition to NFxB and AP-1, other transcription factors that are
negatively regulated by the glucocorticoid receptor via transrepression include cyclic
adenosine monophosphate (CAMP) response element-binding protein, interferon regulatory
factor 3, nuclear factor of activated T cells, signal transducer and activator of transcription,
T-box expressed in T cells, and GATA-binding protein 3. Target genes involved in
transrepression include those encoding for a broad range of inflammatory cytokines,
enzymes, receptors, and adhesion molecules, notably, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-8, IL-12, COX-2, E-selectin, and TNF-a [77,78]. In addition, glucocorticoids can
suppress inflammation through transactivation of genes that are associated with increased
synthesis of anti-inflammatory proteins, including lipocortin-1, IL-1 receptor agonist, 1xB,
and B»-adrenoceptor [77,80].

Safety of Glucocorticoids

Side effects associated with glucocorticoid therapy mainly arise from the ability of the
steroid-activated glucocorticoid receptor to activate target genes involved in the metabolism
of sugar, protein, fat, muscle, and bone via transactivation and to suppress the hypothalamic-
pituitary-adrenal axis via transrepression [78,81]. The most common AEs associated with
steroid use for the management of acute gouty arthritis attacks are typically related to the
complex effects of glucocorticoids on metabolism and the endocrine system. The most
clinically relevant metabolic consequence associated with glucocorticoid therapy is
generally considered to be hyperglycemia related to glucocorticoid-induced upregulation in
glucose synthesis. This increase in glucose synthesis results from transactivation of a
complex network of hepatic enzymes that control gluconeogenesis, mobilization and
degradation of proteins, and increased glycogen storage in the liver [78,81].

Glucocorticoid therapy is also associated with adverse cardiovascular effects, most notably,
hypertension, dyslipidemia, and reduced fibrinolytic potential [81,82]. These AEs are most
common in patients treated with high doses of glucocorticoids and in elderly patients with a
family history of essential hypertension [82]. The relationship between glucocorticoids and
blood pressure regulation is complex; however, it is thought that the primary mechanisms
involved are increases in systemic vascular resistance, extracellular volume, and cardiac
contractility [81,82].

Development of psychiatric problems and aggravation of pre-existing psychoses in patients
receiving acute glucocorticoid therapy have also been reported; moreover, when acute
treatment is discontinued, patients may experience psychiatric withdrawal symptoms,
including fatigue and depression [80,81]. These symptoms are more common in women and
usually develop within 2 weeks of beginning treatment, particularly with doses of
prednisolone that are above 40 mg/day. Glucocorticoids can also have reversible adverse
effects on memory and cognition. The underlying mechanisms associated with steroid-
induced psychoses are thought to be related to hippocampal damage caused by direct
glucocorticoid exposure, including decreased dendritic branching, altered synaptic
structures, neuron loss, and inhibition of neuronal regeneration. Glucocorticoids can also
cause hypothalamic-pituitary-adrenal axis function abnormalities and dysregulation of the
serotonin (5-HT) system. One of the most important mechanisms associated with the
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pathophysiology of depression is suppression of the 5-HT; 5 receptor, which occurs via
glucocorticoid receptor-mediated transrepression of NFxB [81].

Despite the use of glucocorticoids in clinical practice, the actual incidence of AEs when they
are used as a short-term course in gouty arthritis is not known. Recently, the European
League Against Rheumatism (EULAR) developed recommendations to monitor AEs
associated with low-dose glucocorticoid therapy for rheumatoid arthritis. Per these
recommendations, patients treated with glucocorticoid therapy should be monitored for
diabetes/glucose intolerance, hypertension, electrolyte shifts, infections, mood changes, and
mental problems, which may occur as possible side effects of steroid treatment [83].
Whether similar recommendations need to be followed while using steroids during an acute
attack of gouty arthritis is not clear; however, since gouty arthritis is often associated with
comorbidities, the occurrence of some of these side effects cannot be ruled out. Also, some
of these AEs can occur following single injections of intra-articular or intramuscular
corticosteroids. Therefore, patients receiving glucocorticoids for the management of acute
gouty arthritis must be observed carefully.

Biologic Therapies: Interleukin-18 Antagonists

From the earlier discussion of the role of IL-1f in inflammation, it is clear that agents that

target IL-1p or prevent the actions of IL-1f on cells are likely to be useful therapies for the
treatment or prevention of acute gouty attacks. As noted above, binding of IL-1p by either

rilonacept or canakinumab or binding of IL-1R1 by anakinra may be effective mechanisms
for treating or preventing acute gouty arthritis attacks (Figure 4) [33].

Although all 3 agents target IL-1p, their MOAs are different. Anakinra is an IL-1R
antagonist that binds to IL-1R1 and blocks IL-1f and IL-1a [84]. Rilonacept is a
recombinant dimeric fusion protein consisting of portions of IL-1R and the IL-1R accessory
protein linked to the Fc portion of 1gG1. Rilonacept acts as a receptor to neutralize both
IL-1B and IL-1a and as a soluble decoy receptor [85]. Canakinumab is a fully human
monoclonal antibody that binds to human IL-1p and neutralizes its activity by blocking its
interaction with 1L-1 receptors. However, it does not bind IL-1a or IL-1 receptor antagonist
(IL-1RA) [86]. The specificity of these agents in targeting IL-18 may have positive
implications for safety and tolerability.

Published studies in gout include two phase 111 trials for canakinumab [89] and one phase 111
trial for rilonacept [90]. Results suggest that these biologic therapies may provide
improvement in pain and inflammation associated with acute gouty arthritis attacks. There
are no published trials evaluating anakinra in patients with gouty arthritis.

Safety of Interleukin-1B8 Antagonists—Early safety findings from phase I trials of
canakinumab and rilonacept (8—16 weeks’ duration) and a pilot study of anakinra (4-weeks’
duration) demonstrated that IL-1p antagonists are generally well tolerated in patients with
gouty arthritis [29,32,88,91], although infrequent but serious AEs, including infections and
administration reactions, have been reported. Safety results of recently published phase I11
trials (of short duration of 16—24 weeks) for canakinumab and rilonacept are consistent with
these earlier phase 1l results [89,90]. In the canakinumab phase 111 trials [89], the most
common AEs were back pain, hypertension, and headache. In the rilonacept phase 11 trial
[90], the most common AEs were injection-site reactions, upper respiratory tract infections,
and headache. As mentioned above, there are no published phase 11 or 111 trials evaluating
anakinra in patients with gouty arthritis.

As with other biologics, the potential for increased bacterial infections is of concern with
IL-1 antagonist [92], with the immunosuppressant effect of these agents likely the
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mechanism for the increased risk [93]. In the phase Il trials, infections were reported in
20.4% of patients receiving canakinumab and 12.2% of patients receiving the active
comparator (triamcinolone acetonide) [89], and in 18.0% of patients receiving rilonacept and
22.8% of patients receiving placebo [90]. No opportunistic infections were reported with
either of these agents. As there are no head-to-head comparative gouty arthritis studies
between rilonacept, canakinumab, and anakinra, no safety comparisons can be made. Of
note, none of these agents are yet approved by the FDA for gouty arthritis. A long-term
study of rilonacept is ongoing (NCT01459796) and a long-term study of canakinumab has
recently been completed (NCT00927810), both in gouty arthritis. Results, when available,
will provide information on the long-term safety of these agents in this patient population.

Conclusion

The NALP3 inflammasome and IL-1p are crucial players in the inflammatory pathway
associated with acute gouty arthritis attacks [8]. While the traditional agents, NSAIDs,
colchicine, and glucocorticoids, may act on this pathway at some level, their MOAs are not
specific. The anti-inflammatory actions of these agents are broad-ranging and biologically
complex. In many cases, these agents target pathways that are high upstream in the
inflammatory process [3,8]. Although inhibition of these upstream pathways produces a net
benefit in reducing pain and inflammation for most patients with acute gouty arthritis, the
benefit/risk margin of these agents is generally low and varies substantially from one
individual to another. The therapeutic margin for colchicine is always very low, with the
potential for serious AEs in patients with renal or hepatic comorbidities and in patients
taking other drugs that inhibit CYP3A4 or P-gp [62]. The therapeutic margin for NSAIDs
may be particularly low in elderly patients and in patients with comorbidities [3]. The
incidence of AEs associated with short courses of glucocorticoid therapy for the treatment of
acute gouty arthritis is not known; however, glucocorticoids act on many body systems and
based on recent guidelines, patients treated with glucocorticoids should be monitored for
diabetes/glucose intolerance, hypertension, electrolyte shifts, infections, mood changes, and
mental problems [78,81,83]. NSAIDs, colchicine, and glucocorticoids may have contrasting
effects in different body systems, which may contribute to the wide array of AEs associated
with these drugs. For these reasons, it has been suggested that more specific, downstream
targeting of the inflammation pathway may result in safer and more effective therapies [3].

The IL-1pB antagonists being studied for the management of acute gouty arthritis attacks
(anakinra, rilonacept, and canakinumab) act on very specific targets of inflammation [33].
Because these agents target an early event immediately downstream from NALP3
inflammasome activation by MSU crystals, it is possible that they will provide effective
alternatives to the less specific traditional agents without the associated systemic side
effects. Data from long-term studies will further elucidate the potential role of IL-1p
antagonism in the management of acute gouty arthritis.
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Figure 1. The most common mechanisms of therapeutic anti-inflammatory action of gouty
arthritisdrugs

Colchicine, NSAIDs, and glucocorticoids act on many different molecular targets; the
mechanisms displayed herein are the most likely targets for reduction of monosodium urate
crystal-induced inflammation when these drugs are administered at the recommended
therapeutic doses. Anti-1L-1, IL1-RA, and IL1-Trap therapies act specifically to block
IL-1p.
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Figure 2. M echanisms of NSAID-induced gastric damage [43]
Figure reproduced with permission from Scarpignato et al. Gastroenterol Clin North Am.
2010;39:433-464. <Note: permission to be provided upon acceptance>>

NSAIDs cause both epithelial and microvascular injury, which occur early in the series of
pathophysiologic events leading to gross gastrointestinal lesion formation. This injury is
mainly caused by increased leukotriene mucosal concentration, with consequent increased
expression of adhesion molecules, leading to microvascular ischemia and free radical
release. Epithelial damage is caused by both topical (direct) and systemic (prostaglandin-
mediated) effects of NSAIDs. Reduction in prostaglandin mucosal concentration is followed
by impairment of the gastric mucosal barrier and an increase in acid secretion, which tips the
balance between aggressive and defensive factors toward the former.

LT, leukotriene; NSAID, nonsteroidal anti-inflammatory drug; PG, prostaglandin; TNF-a,

tumor necrosis factor-a.
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Figure 3. Partial molecular architecture underlying the glucocorticoid-induced antagonism of
inflammation [80]

Figure reproduced with permission from Rhen et al. N Engl J Med. 2005;353:1711-1723.
KNote: permission to be provided upon acceptance>

Inflammatory pathways are characterized by positive feedback loops (ie, cytokines activate
NF-xB, which in turn stimulates the synthesis of more cytokines) and by redundancy (ie,
cytokines also activate c-Jun—Fos). The glucocorticoid receptor inhibits these pathways at
multiple points by directly blocking the transcription of inflammatory proteins by NF-xB
and activator protein 1 and by inducing the expression of anti-inflammatory proteins such as
IxB, annexin |, and MAPK phosphatase 1. Red lines denote inhibition, and black arrows
activation.

COX-2 cyclooxygenase 2; cPLA2a, cytosolic phospholipase Asa; I1xB, inhibitor of xB; 5-
LOX, 5-lipoxygenase; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor-xB.
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Figure 4. M echanisms of inflammation and interleukin-1 antagonism in acute gouty arthritis
[33]

Figure reproduced with permission from Neogi. Arthritis Rheum. 2010;62:2845-2849.
KNote: permission to be provided upon acceptance>

In acute gouty arthritis, phagocytosed MSU crystals activate the NALP3 inflammasome,
leading to caspase-1 activation, which in turn leads to cleavage of prolL-1p and secretion of
mature IL-1p. IL-1p must bind to both IL-1R1 and IL-1RACcP for signal transduction to
occur. In endothelial cells, IL-1p appears to be a major trigger for altered adhesion molecule
and chemokine expression, which, together with other inflammatory events, results in
neutrophil recruitment that drives the initiation of gouty inflammation. Anakinra binds to
IL-1R1, blocking IL-1p and IL-1a,; rilonacept acts as a soluble receptor, comprising both
IL-1R1 and IL-1RACP fused to the Fc portion of immunoglobulin G1, neutralizing IL-1p as
well as IL-1a; and canakinumab, a monoclonal antibody with IL-1p specificity, neutralizes
IL-1B only.

IL, interleukin; IL-1R1, IL-1 receptor type 1; IL-1RACP, IL-1 receptor accessory protein;
MSU, monosodium urate; TNF-a, tumor necrosis factor-a.
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