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Uric Acid in Inflammation 
and the Pathogenesis of Atherosclerosis: 
Lessons for Cholesterol from the Land 
of Gout

Binita Shah, Gary Ho, Sonal Pruthi, Michael Toprover, 
and Michael H. Pillinger

1 � Introduction

Gout is a chronic, inflammatory, crystal-driven condition and patients who suffer 
from it have increased cardiovascular risk and related comorbidities [1–3]. The 
biology and management of gout may therefore provide insights relevant to under-
standing the role that inflammation and other mechanisms play in cardiovascular 
disease (CVD) both among patients with gout and in the general population. The 
fact that both gout and CVD are driven in part by crystals [monosodium urate 
(MSU) for gout, cholesterol for CVD] underline potential similarities and lessons 
to be learned. Here, we provide an overview of gout, its mechanisms of action and 
inflammation, and possible lessons for how crystals and chronic inflammation con-
tribute to CVD.
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2 � Gout and Inflammation

2.1 � Overview

Gout is the most common inflammatory arthritis, affecting approximately 4% of the 
adult US population [4]. The sine qua non of gout is systemic hyperuricemia, which 
on a biochemical basis is defined as serum urate (SU) ≥6.8 mg/dL, the solubility 
point at which urate precipitates into MSU crystals at pH  7.4 [5]. Alternative, 
population-based definitions of hyperuricemia set the threshold as SU two standard 
deviations or greater above the mean, or typically as >7.0 mg dL in men and >6.0 mg/
dL in women. Epidemiologic studies establish the prevalence of hyperuricemia in 
the USA at approximately 20% of the adult population [4]; estimates around the 
world vary [6]. When individuals experience hyperuricemia for an extended time, 
they gradually accrue MSU crystals in tissues, most typically on the surface of car-
tilage. Eventually, these crystals can trigger the acute, excruciatingly painful inflam-
matory attacks known as gout flares. The biology of the gout flare is increasingly 
well understood and reviewed below; the onset of a first gout flare signals the transi-
tion from the so-called asymptomatic hyperuricemia to a diagnosis of gout. Early 
gout flares tend to occur in the first metatarsal phalangeal joint and other joints of 
the lower extremities; later attacks may occur in almost any joint and may be poly-
articular. During flares, inflammatory markers such as C-reactive protein and the 
erythrocyte sedimentation rate rise precipitously. Even without treatment, early 
gout flares typically self-resolve in a matter of weeks. It was previously thought that 
the periods between flares (intercritical periods) represented gouty quiescence; it is 
now appreciated that between flares most gout patients are subject to low, subclini-
cal levels of chronic ongoing systemic inflammation, presumed to be driven by 
low-level responses to persistent MSU crystal deposition. If not properly managed, 
flares become more frequent, and may eventually coalesce into chronic joint swell-
ing and pain. In addition to flares, poorly managed gout patients may experience the 
formation of nodule-like accretions of MSU crystals, or tophi, in and around joints 
and soft tissue structures. Tophi are complex structures that include a surrounding 
inflammatory rind composed of mixed populations of lymphocytes, macrophages 
and histiocytes, and neutrophils. Tophi also serve as reservoirs of monosodium urate 
(total body urate burden) that may resist dissolution, and/or support persistent SU 
levels even as urate lowering drugs are instituted (Fig. 1).

2.2 � Mechanisms of Hyperuricemia

Hyperuricemic individuals can be broadly categorized into overproducers of urate, 
underexcreters of urate, or a combination of both. To understand hyperuricemia and 
its associated pathogenic mechanisms, it is crucial to first examine purine metabo-
lism (Fig. 2). The catabolic end-product of purine nucleic acids (e.g., adenine and 
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Fig. 1  Hyperuricemia to Gout. The progression from hyperuricemia to the various phases of gout 
is depicted from left to right. High serum urate levels under the appropriate conditions will deposit 
within tissues and joints as monosodium urate (MSU), most commonly of the surface of cartilage. 
Progression to acute gout is characterized by an acute immune response against the MSU, with 
numerous factors potentially contributing to the hyperuricemia-gout transition. Intercritical gout is 
defined as the period between gout flares, and characterized by persistence of and potential for 
accumulating of MSU deposition (depicted in yellow on the surface of the knee cartilage) with 
associated subclinical inflammation. Chronic tophaceous gout develops in the setting uncontrolled 
hyperuricemia and extensive MSU deposition. The tophus, which is the hallmark of this stage, 
houses a microenvironment that promotes the cellular secretion of pro-inflammatory cytokines and 
induces both local and systemic inflammation, as well as bone and cartilage erosion. (Created with 
BioRender)

guanine) is uric acid. Thus, the production of urate mainly stems from the degrada-
tion of exogenously consumed dietary, and/or endogenously synthesized, purine 
compounds, which occurs in all cells but is most prevalent in hepatocytes. Dietary 
sources rich in purine precursors include organ meats and other animal and seafood 
sources, and beer (owing to its high content of hops) [7]. Accelerated hepatic ATP 
(adenosine triphosphate) turnover triggered by metabolism of alcohol and/or fruc-
tose, along with increased nucleotide turnover in myeloproliferative and lymphop-
roliferative disorders, are examples of endogenous sources of urate production; a 
small minority of patients possess genetic mutations that lead to accelerated urate 
production and are considered primary overproducers. Degradation of purine mono-
nucleotides generates hypoxanthine. Xanthine oxidase catalyzes the conversion of 
hypoxanthine to xanthine, and xanthine to uric acid [8]. Evolutionarily, humans 
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Fig. 2  Purine Catabolic Pathway. Dietary and endogenously synthesized purines are sources of 
purine nucleotides and purines that feed into this metabolic pathway. The nucleotides adenosine 
triphosphate (ATP) and guanosine triphosphate (GTP) are dephosphorylated into adenosine mono-
phosphate (AMP) and guanosine monophosphate (GMP) respectively. Inosine monophosphate 
(IMP) serves as an intermediate nucleotide during the de novo purine synthesis. Nucleotides are 
metabolized into their respective nucleosides (i.e., adenosine, inosine, and guanosine), nucleo-
bases (e.g., guanine), and subsequently the urate precursors hypoxanthine and xanthine. Xanthine 
oxidase (XO) catalyzes the oxidation of hypoxanthine to xanthine, and xanthine to uric acid. 
Inhibition of xanthine oxidase has been one of the main therapeutic targets in gout to lower serum 
urate (e.g., allopurinol, febuxostat). The left side of the figure depicts how the dietary intake of 
fructose rapidly depletes ATP and contributes to an excess of purine precursors. (Created with 
BioRender)

have lost their capacity to produce a functional final enzyme, uricase, that is still 
present in other mammals, who retain the ability to convert highly insoluble uric 
acid to the readily excretable allantoin. Thus, humans have higher levels of SU than 
all other mammals. The inhibition of xanthine oxidase by allopurinol or febuxostat 
is an effective means of lowering urate, and may also reduce oxidant burden since 
urate production is accompanied by oxidant generation [7].
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Fig. 3  Urate Handling at the Proximal Tubule, Reabsorption and Secretion. This cartoon depicts 
key transporters of uric acid in the proximal tubule. URAT1 is a principal anion transporter respon-
sible for uric acid reabsorption through the apical membrane. Uric acid is exchanged with anions 
such as lactate and hydroxybutyrate via URAT1, which in pathophysiologic states of acidosis may 
lead to hyperuricemia. Low-dose aspirin and pyrazinamide are also known to contribute to hyper-
uricemia through facilitating urate/anion exchange. The medications probenecid and losartan com-
petitively inhibit URAT1, thus inducing uricosuria and lowering serum urate. AGBC2, present in 
the gut and kidneys, is an ATP-driven urate-excreting pump; reduced activity of ABCG2 leads to 
hyperuricemia. Other proximal tubule urate transporters (e.g., GLUT9, OAT1, OAT3, and OAT4) 
are recognized to facilitate urate secretion and reabsorption at the proximal tubule. (Created with 
BioRender)

Underexcretion of urate is the primary driver of hyperuricemia in up to 90% of 
hyperuricemic individuals (Fig. 3). The kidneys secrete roughly two-thirds of the 
total body urate load while the gut secretes about one-third. Urate in the kidneys is 
freely filtered by the glomerulus (with glomerular insufficiency leading to rises in 
SU levels), but only a fraction of filtered urate is excreted since most is subject to 
proximal tubule reabsorption. Well-defined transporters that regulate uric acid 
transport at the proximal tubule apical membrane include URAT1 (encoded by 
SLC22A12), a urate-anion exchanger that promotes reabsorption, and ABCG2/
BRCP (encoded by the ABCG2 gene), an ATP-driven efflux pump that promotes 
glomerulus-independent excretion. Such transporters are influenced by pathophysi-
ologic states and medications, leading to anti-uricosuric (e.g., lactic acidosis, keto-
acidosis, pyrazinamide) and pro-uricosuric effects (e.g., probenecid, lesinurad) [8].

Genome-wide association studies (GWAS) strongly support a genetic compo-
nent to hyperuricemia, with most GWAS data to date identifying genes that relate to 
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renal urate handling rather than urate generation [9]. For example, single nucleotide 
polymorphisms (SNPs) in SLC22A12, SLC2A9, and ABCG2 genes have been asso-
ciated with variance in SU levels across populations in multiple countries [10]. In 
the gut, urate excretion is less responsive to SU than in the kidneys, but in the setting 
of chronic kidney disease gut excretion may play a bigger role, with the ABCG2 
efflux pump again contributing significantly. Furthermore, the gut microbiota and 
their metabolites have been the focus of recent translational research as a contribu-
tor to SU, through intraluminal nucleotide salvage, de novo purine biosynthesis, and 
the catabolism of purine precursors [11].

2.3 � Effects of Soluble Urate on Inflammation

Although many physicians think of gout as being entirely crystal-mediated, an 
extensive body of literature indicates that soluble, non-crystalline urate may have 
multiple effects both on the vasculature and on the mechanisms of inflammation and 
innate immunity. Evidence suggests that intracellular urate, whether produced 
endogenously within the cells, or taken up by cells via transporters, may have pro-
found effects. Consistent with a role for soluble urate in inflammation, asymptom-
atic hyperuricemia, even in the absence of gout, has been shown to be an independent 
risk factor for CVD, albeit at a lower level than is the case for gout [12]. Asymptomatic 
hyperuricemia in patients with established cardiac disease therefore deserves con-
sideration as a disease accelerant. Moreover, the ability of one soluble molecule 
(urate) to impact inflammation suggests the possibility that others, for example ure-
mic toxins that are often found in patients with chronic kidney disease–and, like 
urate, stimulate both oxidant effects and caspase-1 activation–could do so as well 
[13–16].

Soluble urate acts directly on vascular cells. Exposure of endothelial cells to 
soluble urate—at both supersaturated and unsaturated concentrations, and in a dose-
dependent manner—inhibits the ability of those endothelial cells to produce nitric 
oxide and other vasodilators, potentially impairing vascular function [17]. On the 
other hand, soluble urate promotes the proliferation of vascular smooth muscle cells 
[18]. Thus, exposure of the vasculature to soluble urate may result in a “muscle 
bound” state wherein endothelial cells have less vasodilator capacity, and the vascu-
lar smooth muscle is hyperproliferative and less responsive to vasodilator signals. In 
this context, recent studies suggest that urate lowering with xanthine oxidase inhibi-
tors may restore impaired vasodilator capacity in gout patients. Specifically, patients 
with gout have impaired brachial artery endothelial responsiveness compared to 
healthy controls, but guideline-concordant treatment including allopurinol can sig-
nificantly restore responsiveness toward normal levels [19, 20]. Finally, although 
urate is biochemically an anti-oxidant, when taken up in endothelial cells via trans-
porters the evidence shows that it may drive pathways that lead to oxidative 
stress [21].
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Fig. 4  Soluble Urate-induced Trained Innate Immunity. The left portion of the figure depicts a 
non-primed peripheral blood mononuclear cell (PBMC), which will develop a self-limited inflam-
matory response during its initial exposure to monosodium urate (MSU) crystals. In the setting of 
prolonged hyperuricemia, intracellular urate induces DNA methylation changes, thus priming the 
monocyte for subsequent exposure to MSU crystals. The right portion of the figure depicts trained 
innate immunity, where the PBMC has been epigenetically modified and becomes hyperresponsive 
to MSU and/or other stimuli. Upon subsequent interactions with MSU crystals, there is a more 
robust inflammatory response characterized by enhance secretion of IL-1β and other mediators. 
(Created with BioRender)

Intriguing recent work suggests an alternative and potentially important pro-
inflammatory effect of soluble urate on leukocytes and endothelial cells (Fig. 4). In 
studies by Joosten et al., in vitro exposure of peripheral blood mononuclear cells or 
enriched monocytes to high concentrations of soluble urate resulted in alterations in 
DNA methylation, which were also seen in patients with hyperuricemia but not 
those with normouricemia, and the genes that undergo methylation changes include 
a number relevant to inflammatory signaling. Strikingly, subsequent exposure of 
these leukocytes to MSU crystals resulted in enhanced production of IL-1ß and other 
inflammatory responses [22]. Thus, persistently high levels of SU (hyperuricemia) 
may prime leukocytes (innate immune training) for future inflammatory responses 
to crystal stimulation and may provide a model for the progression and worsening of 
gout over time. Importantly, these cells also are primed for increased inflammatory 
responses to other stimuli, suggesting a possible impact of hyperuricemia on inflam-
mation and CVD even in the absence of gout [23]. The process of epigenetic modi-
fication, while potentially reversible, creates durable changes that may be slow to 
resolve, and/or require longer management to undo [24]. The accrual of such changes 
over time suggests at least one explanation for the fact that gout severity tends to 
progress, and be harder to treat, if the disease is not adequately managed early.
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2.4 � From Asymptomatic Hyperuricemia to Gout: Factors 
in Crystallization

In contrast to cholesterol, the formation of MSU into graceful, diclinic needle-
shaped crystals typically occurs extracellularly, and involves several factors that are 
well appreciated and common to all forms of crystallization. Concentration clearly 
plays a role in crystal formation, and the risk of gout increases with higher levels of 
SU. Thus, patients with asymptomatic hyperuricemia are more likely to experience 
MSU formation and deposition, and subsequent gout, at higher levels of SU. Recent 
studies by Dalbeth et al. indicate that for patients with SU levels just above the satu-
ration point, the probability of developing gout is approximately 10% over 10 years, 
whereas for individuals with SU greater than 12  mg/dL, the probability rises to 
about 50%; still, the risk of progression to gout is never 100%, indicating that other 
factors must be involved [25]. Among these, as expected, are pH and temperature. 
As noted above, the most common first location for a gout attack is in the first meta-
tarsal phalangeal joint of the toe, which as the structure most distal from the heart in 
the circulatory system, and with a large surface-to-volume ratio, is prone to lower 
pH and cooler temperatures [5].

Most crystallization processes occur around the formation of seed crystals. In the 
case of gout, the identity of such seed crystals is not known. However, the fact that 
MSU crystals tend to form or deposit predominantly within tissues and joints sug-
gests that various tissue components, particularly when aberrantly expressed or 
exposed, may serve as nidi for crystal formation [5]. In this regard, it has long been 
recognized that gout and/or MSU deposition is more common in joints that are 
affected by osteoarthritis, particularly in the distal interphalangeal joints [26]. Some 
investigators have suggested that the decortication of osteoarthritic cartilage exposes 
the synovial fluid to deeper layers characterized by the presence of type 4 chondroi-
tin sulfate, which provide a surface that promotes MSU crystallization [27].

It is also possible that multiple crystal types may promote each other’s crystalli-
zation. In patients whose joints are aspirated during acute flares, it is not uncommon 
to find both MSU and calcium pyrophosphate crystals in the synovial fluid; whether 
one promotes the other, or vice-versa, is intriguing to consider. In the urine, where 
microcrystal formation may contribute to kidney stones, the presence of hyperurice-
mia and microscopic urinary uric acid crystals has been associated not only with 
uric acid stones, but also with calcium and struvite stones, suggesting that uric acid 
crystals may serve as nidi for other crystals. Whether similar phenomena occur in 
the vasculature, with cholesterol and/or calcium crystals promoting MSU crystalli-
zation, or vice-versa, is not known.

One of the more intriguing observations about the mechanisms of MSU crystal 
formation has come from studies suggesting that urate crystallization may be at 
least in part immune mediated. In vitro, supersaturated solutions urate at pH 7.4 
crystallize slowly, over weeks. However, when mice were repeatedly injected with 
MSU crystals, fractionation of the serum revealed an immunoglobulin-rich fraction 
that, when added in  vitro to supersaturated urate solutions, accelerated the 
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precipitation of MSU crystals [28]. In other studies, similar results were obtained in 
a rabbit model, and using an immunoglobulin fraction isolated from the synovial 
fluid of gout patients but not non-gout controls [29]. These observations suggest that 
over an extended period of exposure to MSU crystals (e.g., as in longstanding gout), 
an immune reaction to MSU crystals may develop, wherein anti-MSU crystal anti-
bodies might serve as a catalyst, or at least a stabilizer for further MSU crystalliza-
tion. Such an observation could explain, at least in part, the fact that when not 
properly treated, gout over time tends to become more severe and treatment resis-
tant, with more frequent flares and more deposition of crystals in situ. Overall, how-
ever, the process of MSU crystallization is not well understood, and aside from 
controlling SU levels, strategies for modulating the crystallization process have not 
yet been pursued, in contrast to studies intended to modulate the crystallization of 
cystine in kidney stones [30, 31]. Cholesterol crystal formation shares similar issues 
with regard to saturation, pH, and temperature and inflammatory response with 
NLRP3 [32, 33].

2.5 � Biology of the Gout Flare: Triggering of the Acute 
Inflammatory Response, Role of the Inflammasome

In murine models, MSU is recognized as a danger-associated molecular signal 
(DAMP), provoking immune responses to dying (e.g., infected, cancerous) cells 
[34]. In gout, the precipitation of extracellular MSU provokes a localized, inflam-
matory response driven by the innate immune system and characterized by neutro-
phil influx and the production of pro-inflammatory cytokines, including IL-1β and 
IL-18 (Fig. 5). The inflammatory cascade within joints and potentially other tis-
sues is initiated by resident macrophages, in what is currently appreciated to be a 
two-step process. First, MSU crystals are recognized through pathogen recogni-
tion receptors (PRRs) such as toll-like receptors on the surface of resident macro-
phages (Signal 1), triggering the production of pro-IL1β and pro-IL-18. Second, 
MSU crystals are phagocytosed and subsequently escape their phagolysosomes, 
causing potassium efflux and creation of reactive oxygen species via NADPH oxi-
dase (Signal 2). These latter events trigger the assembly of the nucleotide-binding 
and oligomerization domain (NOD)-like receptor family pyrin domain containing 
3 (NLRP3) inflammasome within macrophages. Inflammasomes are multiprotein 
complexes primarily found in myeloid cells that function as intracellular sensors. 
The oligomerization of NLRP3 triggers the aggregation and cleavage of the 
enzyme pro-caspase 1 into its active form, caspase-1. Caspase-1 then cleaves pro-
IL-1β and pro-IL18, leading the cell to activate and secrete these cytokines. Under 
alternative conditions, the NLRP3 inflammasome also activates gasdermin D, 
inducing pyroptosis (inflammatory cell death) through the formation of plasma 
membrane pores, leading to cytokine and danger signal release, and cell lysis 
[35, 36].
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Fig. 5  Monosodium Urate and the Inflammasome. The top left of the figure depicts resident syno-
vial macrophage phagocytosing monosodium urate (MSU) crystals at the site of a gout flare (1). 
Under certain circumstances toll-like receptors recognize MSU crystals as a danger signal (2), 
activating the NF-kB pathway (3) and triggering the production of pro-IL-1β and pro-IL-18 (4) 
(Signal 1). Phagocytosed MSU crystals escape from their phagolysosomes, inducing potassium 
efflux, resulting in decreased intracellular potassium concentrations (5–7), as well as activating the 
NADPH oxidase and leading to the generation of reactive oxygen species (ROS) (8, 9). These trig-
ger the oligomerization of the NLRP3 inflammasome (10) (Signal 2). Caspase-1 becomes acti-
vated (11), and cleaves pro-IL-1β to active IL-1β, and pro-IL-18 into active IL-18 (12). Caspase-1 
can also cleave and activate gasdermin (GSDMD) to release its pore-forming amino-terminal 
domain (N-GSDMD) (12). (Created with BioRender)

Once generated, IL-1β acts in an autocrine and paracrine manner to amplify the 
gouty inflammatory cascade. Key actions include inducing fever, stimulating 
RANK-ligand release and bone resorption, hepatic production of acute phase reac-
tants, and activation of macrophages, neutrophils and endothelial cells to promote 
neutrophil adhesion and influx, trigger other cytokines and inflammatory mediators 
(e.g., IL-6, TNFα, prostaglandins), and drive Th17 differentiation [37, 38]. These 
observations place IL-1β front and center in the inflammatory response to 
MSU. Importantly for the current context, recent studies have similarly underlined 
the importance of IL-1β as a participant in CVD, as discussed further below and 
elsewhere in this volume.

Although MSU crystals are perhaps the most potent of crystal inflammation 
stimuli, their ability to activate the inflammasome is shared by a number of other 
crystals, including calcium pyrophosphate dihydrate [39]. These mechanisms also 
apply to cholesterol crystals [33] (which are known to be pro-inflammatory in olec-
ranon bursae, pericardial and synovial fluid of patients with rheumatoid arthritis 
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[40]), potentially identifying yet another link between the inflammatory states of 
gout and CVD. Interestingly, both gout flares and myocardial infarctions are more 
likely to occur in the morning, although gout flares peak at 2–5 AM and myocardial 
infarctions peak somewhat later [41, 42]. Despite minor timing differences, these 
observations suggest circadian commonalities in crystal formation or exposure, or 
inflammatory responses that warrant further study.

2.6 � Between Flares: The Role of Articular Urate Deposition 
in Chronic Systemic Inflammation

For centuries, gout was presumed to be exclusively an intermittent disease, and that 
between attacks—in the intercritical period—the organism returned to a state of 
non-inflammatory equilibrium. Indeed, during the intercritical period MSU crystals 
can still be found, usually at lower concentrations, in the now relatively uninflamed 
joint, suggesting that other factors, possibly including protein or lipid adherence, 
may regulate the phlogistic capacity of MSU crystals. Nonetheless, recent evidence 
indicates that in addition to hyperuricemia, other active processes go on intercriti-
cally. Advanced imaging has revealed that MSU deposition persists on cartilage 
between flares—and that MSU deposition on cartilage often occurs early, in the 
setting of asymptomatic hyperuricemia. Howard et al. used musculoskeletal ultra-
sound to compare the knee and first MTP joints of patients with intercritical gout, 
asymptomatic hyperuricemia, or neither, and found that whereas 50% of gout 
patients had evidence of MSU deposition on cartilage in these structures, 29% of 
asymptomatic hyperuricemics did as well [43]. Similarly, Dalbeth et al. employed 
dual energy CT (DECT) to assess for MSU deposition in the feet of 58 subjects, 
reporting that while 79–84% of gout patients demonstrated MSU deposits, so did 
24% of asymptomatic hyperuricemics [44]. Since MSU deposition appears to cor-
relate with low-level inflammation (including the fact that patients with intercritical 
gout tend towards mildly to moderately elevated baseline inflammatory markers), 
these observations suggest that MSU on cartilage serves as an engine of “quiet” 
inflammation, and underline the fact that inflammation must be thought of as both a 
local and a systemic process. In this case, MSU on cartilage, and perhaps on other 
tissues, may generate a chronic, low-level local inflammatory state whose effects 
are felt elsewhere in the body, potentially including in the cardiovascular system.

2.7 � Resolution of the Gout Flare: Lessons 
for Controlling Inflammation

The fact that gout flares can self-resolve implies that regulatory processes exist to 
hold inflammation in check and may offer insight into potential novel targets for 
chronic inflammation in both gout and CVD.  Multiple anti-inflammatory 
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molecules, including resolvins [45], have been reported to play a role in gout flare 
resolution. Interestingly, animal models suggest that some of the pro-inflammatory 
mechanism that promote gout flares may also have anti-inflammatory capacities, 
underlining the importance of context and timing in inflammatory disease. For 
example, although prostaglandins are generally thought of as pro-inflammatory lip-
ids, several, including PGD2 and PGJ2 are largely anti-inflammatory and may serve 
to turn inflammation off. Even PGE2, generally recognized as pro-inflammatory, 
has been reported in some models to play an anti-inflammatory role once the flare 
has reached its peak. One possibility is that PGE2 tends to become anti-inflamma-
tory once intracellular inflammatory pathways (such as NF-κB) are upregulated, 
providing late targets for PGE2 inhibition [46]. Bannenberg and Serhan additionally 
suggest that, once the process of inflammation has resulted in the co-localization of 
several diverse cell types (e.g., macrophages, eosinophils or neutrophils, in combi-
nation with neutrophils and platelets, and endothelial cells or platelets), these may 
exert a coordinated, transcellular metabolism to “hijack” cyclooxygenase 2 and 
allow its products to be acted on by other enzymes, to produce anti-inflammatory 
lipoxins rather than the typical PGE2 produced early in inflammation [47]. Thus, at 
least in the acute setting, the choice and timing of anti-inflammatory therapy may 
be as important as the target. Interestingly, aspirin has the capacity to trigger a simi-
lar process and generate lipoxins, suggesting a possible anti-inflammatory alterna-
tive mechanism to platelet COX-1 inhibition for its cardiovascular benefit. Another 
example of an anti-inflammatory effect of an often-pro-inflammatory process is that 
of neutrophil extracellular traps (NETs). NETs are a product of highly-stimulated 
and/or dying neutrophils and consist of extruded chromatin decorated with neutro-
phil catalytic enzymes such as elastase and myeloperoxidase. The impact of NETs 
is complex. In infection they serve to trap and degrade microorganisms, but NETs 
may also contribute to autoimmunity. For example, in systemic lupus they serve as 
autoantigens (DNA), drive cytokine production, and induce renal cell death [48]. In 
gout on the other hand, the generation of large aggregated NETs by activated neu-
trophils has been shown to promote flare abrogation, mainly through the degrada-
tion of cytokines by NET-associated serine proteases [49]. The role of NETs in 
CVD is less clear, but NETs accumulate in the vulnerable regions of human carotid 
erosion-like and rupture-prone (but not stable) plaque [50]. Although the role of 
NETs in acute myocardial infarction remains incompletely elucidated, luminal 
NETs appear to adhere to damaged endothelium, other leukocytes and platelets, 
causing endothelial dysfunction, increased inflammatory activity, and thrombus 
formation [51, 52]. Indeed, NET burden is significantly elevated in thrombi aspi-
rated from patients with AMI, and thrombus NET burden correlates with infarct 
[52]. Thus, in contrast to gout, in CVD NETs may represent a novel therapeu-
tic target.

B. Shah et al.



333

2.8 � Tophi as a Special Case: The Effect of Massive MSU 
Deposition on Chronic Inflammation

A tophus is a collection of MSU crystals surrounded by a granuloma-like inflam-
matory response by the immune system, similar to a chronic foreign body [53]. 
Tophi are a hallmark of more advanced, chronic gout, and can be found periarticu-
larly, adjacent to tendons, in bursae (e.g., the olecranon bursa), in the pulps of the 
fingertips, in the earlobe and rarely in other locations (see below) [54]. Their mor-
phology would seem to mimic the composition of an atheromatous plaque, with 
cholesterol crystals forming within the plaque core and inflammatory cell infiltra-
tion, including macrophages and lymphocytes that may lead to plaque instabil-
ity [55].

Tophi are composed of three distinct zones [56]. In the center, a core of MSU 
crystals is interspersed sparsely with inflammatory cells. Surrounding the MSU 
core is a hypercellular corona zone, which in turn is surrounded by a fibrovascular 
zone. Both outer zones contain a variety of inflammatory cells, predominantly mac-
rophages, neutrophils, histiocytes, plasma cells, and T and B lymphocytes [57]. 
These cells release various pro-inflammatory cytokines including IL-1β, IL-6, and 
TNFα, as well as anti-inflammatory/pro-fibrotic cytokines such as transforming 
growth factor-β [57, 58]. Thus, the tophus effectively functions as a granuloma, with 
similar although non-identical clinical impact to other granulomatous diseases. 
When present adjacent to bone, tophi drive both mechanical damage and enzymatic 
erosion, leading to the classic punched-out lesions seen on X-rays of patients with 
advanced gout. In particular, elucidation of RANK-ligand by tophi activates osteo-
clasts to resorb bone matrix.

In addition to local inflammatory changes, there is evidence of increased eleva-
tion of systemic inflammation in tophaceous gout. Cavalcanti and colleagues 
found an association between the presence of tophi and serum IL-6 levels and in a 
group of gout patients, compared with control patients without gout [59]. IL-6 is a 
pro-inflammatory cytokine released by macrophages and monocytes that stimu-
lates hepatic production of acute phase reactants including C-reactive protein 
(CRP), serum amyloid A (SAA), fibrinogen, and haptoglobin [60], which in turn 
promote further systemic inflammation. (IL-6 has also been shown to have a 
potentially pro-atherogenic role in CVD [61]). In the Canakinumab Anti-
inflammatory Thrombosis Outcome Study (CANTOS) trial, risk reduction using 
canakinumab was directly related to the amount of IL-6 reduction achieved [62]. 
Another study comparing cytokine levels among gout patients found significant 
elevations in serum IL-1β, IL-6, IL-18, and IL-37 levels in gout patients with ver-
sus without tophi. These elevated cytokine levels correlated with elevations in 
CRP and ESR [63].
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2.9 � Beyond the Joint: MSU Is in More Places Than 
We Thought It Was

A common misconception is that MSU crystals deposit exclusively within and 
around peripheral articular joints as well as other cartilaginous and musculoskeletal 
structures [64]. In fact, multiple case reports and series indicate that the geography 
of MSU deposition varies widely. For example, increasing evidence now points to 
the deposition of MSU within the axial skeleton, including sacroiliac joints and 
along various levels of the spine. Typically, spinal MSU deposition has been discov-
ered when patients presenting with back pain or cord compression symptoms were 
incidentally found to have a compressing or erosive tophus on surgical excision or 
biopsy of a mass discovered on imaging [65]. With the increasing use of dual energy 
CT (DECT) to identify MSU deposits noninvasively, MSU appears to be deposited 
more diffusely within the spines of as many as 40% of gout patients, although the 
definitive confirmation and impact of this putative non-tophaceous MSU spinal 
depositions are still ongoing [66] .

Given the role of the kidneys in filtering urate, it is not surprising to find urate 
and/or uric acid in the kidneys, particularly in the form of uric acid kidney stones, 
which constitute 4–10% of all renal calculi. DECT has played a significant role 
in the imaging of kidney stones, given its ability to not only image the stones but 
to differentiate between calcium and uric acid containing stones with a specificity 
of 98.1% [67]. However, MSU deposition has also been documented within the 
renal parenchyma, including the medulla, the collecting ducts and the intersti-
tium [68]. For example, Ayoub et al. found that among a cohort of 7409 native 
kidney biopsies, 36 patients had medullary tophi, 35 of whom had CKD.  The 
authors postulated that based upon the location and bulk of these tophi, they may 
have played a role in the contribution of CKD by upstream damage to the neph-
rons [69].

MSU has also been found within other organ systems. Birefringent crystals were 
found in almost half of all prostate specimens resected during cancer surgery [70]. 
Cases have been reported of patients with severe tophaceous gout who developed 
symptoms of blockage or perforation of the intestines secondary to intra-intestinal 
tophi [71, 72]. MSU deposition has been found in different parts of the eye mani-
festing as scleritis, episcleritis, and uveitis [68, 73]. Urate crystals have even been 
documented within breast tissue in five published cases, initially seen on mammog-
raphy, before a biopsy of the mass revealed tophi [74].

In sum, although MSU crystals are typically found within and around joints 
where they can cause gout flares, they may deposit in virtually any organ in the 
body, where they may cause a variety of symptoms, including mechanical damage 
to surrounding tissue, and local as well as systemic inflammation. These widely 
disbursed deposits complicate the case of already sick gout patients, and contribute 
to the total body burden of urate, potentially contributing to resistance to standard 
doses of urate lowering therapy.
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3 � GOUT and CVD: A Complex Relationship

Though patients with gout often have concomitant traditional cardiovascular risk 
factors (male sex, hypertension, dyslipidemia, chronic kidney disease), both hyper-
uricemia and gout are recognized as independent, non-traditional cardiovascular 
risk factors [75]. A subgroup analysis of 6912 patients from the first National Health 
and Nutrition Examination Survey showed that increasing SU level was an indepen-
dent predictor of cardiovascular mortality in both men and women [76]. A meta-
analysis of 12 cohort studies comprised of a total of 457,915 participants without 
CVD found that SU concentrations greater than 7.0 mg/dL significantly increased 
the risk of coronary artery disease [77]. In a 12-year follow-up study of 51,297 
patients, men with history of gout had higher death from all causes, particularly 
cardiovascular death [78]. Another study reported that gout was independently asso-
ciated with increased coronary artery calcium scores and increased incidence of 
major adverse cardiovascular events [79].

3.1 � Gout as a Metabolic Disease

Unpacking the independent association between gout and CVD was initially chal-
lenging, since gout is also associated with multiple other conditions that themselves 
are associated with cardiovascular risk. In general, gout patients have significantly 
higher rates of chronic kidney disease, diabetes, hypertension, hyperlipidemia, non-
alcoholic fatty liver and obesity, all of which contribute to cardiovascular risk [80, 
81]. In fact, gout patients are at markedly increased risk for metabolic syndrome, 
confirming that these conditions form a web of associations of which gout is an 
integral strand [82]. The initial presumption that gout (and more specifically hyper-
uricemia) is a consequence of some of these other conditions (e.g., kidney disease 
leading to hyperuricemia), while broadly true, has given way to a more nuanced 
view in which hyperuricemia and/or gout may themselves predispose to some of 
these conditions, thus indirectly promoting cardiovascular risk. How these relation-
ships operate, however, remains incompletely elucidated. An evolving body of lit-
erature suggests that proper gout treatment may help ameliorate several of these 
comorbidities, suggesting that gout treatment may have indirect benefits on CVD.

One area that is increasingly being recognized is intracellular urate’s ability to 
regulate the enzyme adenosine monophosphate kinase (AMPK). In the liver, AMPK 
serves as a master down regulator of multiple metabolic-syndrome-interrelated 
pathways, inhibiting gluconeogenesis and promoting glycogenolysis, inhibiting 
lipid production and reducing the development of fatty liver. Within hepatic cells, 
urate has been shown to inhibit AMPK, thus reversing its activity and promoting 
these cardiac-related comorbidities. Moreover, in animal models the application of 
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allopurinol, which blocks intracellular production of urate, reverses the effects of 
urate and reduces adverse metabolic activities. It is likely that AMPK inhibition 
therefore provides a point of intersection between gout and cholesterol crystal depo-
sition in CVD. AMPK activity also appears to downregulate inflammation. In mac-
rophages, Wang et al. have reported that exposure to MSU crystals results in AMPK 
downregulation which mediates the inflammatory response (including inflamma-
some activation), and that these inflammatory effects can be blocked by treatment 
with an AMPK activator [83]. Strategies to maintain AMPK activation may thus 
hold promise for suppressing both gouty and other inflammation, and gout-related 
cardiovascular comorbidities.

Gout has long been associated with hypertension, and although the direction of 
causality remains somewhat murky, recent clinical evidence suggests that urate may 
adversely impact blood pressure [84, 85]. In a study of adolescents with new-onset 
essential hypertension and asymptomatic hyperuricemia, treatment with the urate 
lowering drug allopurinol reduced or normalized both systolic and diastolic blood 
pressure [86]. It has been harder to document similar findings in adults, perhaps 
because aging blood vessels may be characterized by additional disease (e.g., arte-
rial rigidity) that is not remediable to SU lowering [87]. However, in at least two 
studies with the very potent urate lowering agent pegloticase, reduction and in some 
cases normalization of blood pressure was observed [88, 89]. Consistent with these 
observations, in one study in which gout treatment resulted in improved endothelial 
function with potential implication for blood pressure, the allopurinol response was 
significantly greater in patients with fewer comorbidities [20]. Collectively, these 
data underline that early gout treatment may be an important strategy to limit CVD-
related comorbidities.

3.2 � MSU Deposition in the Vasculature

As early as 1933, reports identified MSU crystals found posthumously in the cardio-
vascular system [90]. With the advent of advanced imaging including DECT, reports 
of MSU in cardiac and vascular tissues have become more common. In one study, a 
group of cadavers were examined by DECT to identify the presence of MSU depos-
its in the thoracic aorta and coronary arteries. Subsequently, the identified tissues 
were resected, and MSU deposition was histologically confirmed by polarized 
microscopy [91]. Several other autopsies have been done that have revealed MSU 
deposition in various parts of the heart, including the myocardium [92].

Vascular MSU deposition has been identified during surgical vascular proce-
dures including carotid endarterectomies [93] and aortic aneurysm repairs [94]. In 
both cases, the MSU was found adjacent to cholesterol deposition of atherosclerotic 
plaques, themselves inflammatory lesions, as previously mentioned. It is unclear 
from these studies whether the MSU deposition is primary or secondary to the 
inflammatory atherosclerotic process, but it is possible that MSU deposition in these 
areas serves as either a nidus, or a response to a nidus of other crystals including 
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cholesterol and calcium. Most recently, plaques collected during carotid endarterec-
tomy were found to contain MSU crystals, and these were more commonly detected, 
and greater in concentration, in patients with ischemic cerebrovascular symptoms 
compared with asymptomatic disease [95]. The presence of MSU crystals in the 
carotid plaque also correlated with greater long-term risk for MACE. While further 
study is needed, these observations suggest that in some cases, the deposition and/
or formation of MSU crystals in the vasculature could directly participate in local 
inflammation and contribute to cardiovascular risk.

Consistent with the above observations, Feuchtner et al. applied DECT imaging 
to 37 gout patients, 33 hyperuricemic patients without gout, and 26 controls. MSU-
containing plaques were found in 91.9% of gout patients, 2.9% of hyperuricemic 
patients without gout, and only 0.38% of controls (P < 0.0001) [96]. Interestingly, 
most plaques were a mixture of MSU and calcium (74.2%), with only 26.7% being 
solely MSU. Gout patients also had a higher coronary artery calcium score than the 
other two groups. Although these data are striking, one limiting factor is the accu-
racy of DECT scans in differentiating non-massive MSU (for which DECT is less 
specific than for tophi) from calcium or artifact (such as image noise in smaller pixel 
images, beam hardening, streak or motion artifacts, or dehydrated cartilage). The 
recent development of multi-energy energy photon detectors should improve the 
accuracy of detecting low concentration MSU and may permit the validation of the 
current DECT findings.

Other reports suggest that gout and/or MSU may also impact valvular structures, 
including case reports of MSU deposition involving all of the cardiac valves in 
tophaceous gout patients [68]. These cases were often discovered after the patients 
presented with valvular dysfunction and/or cardiac murmurs, indicating that the 
deposition was a pathologic rather than an incidental finding. Independent of these 
rare events of tophus formation, recent reports suggest that gout is more common 
among patients with aortic stenosis, and that patients with gout experience more 
rapid progression of aortic stenosis than those without [97, 98]. Given the associa-
tion between gout, cardiovascular risk factors and the presence of cholesterol-driven 
inflammation, there are also likely co-infiltration of cholesterol crystals in cardiac 
valves, with a larger burden observed in the aortic valve in rabbit models [99]. These 
data serve as a reminder that the vasculature consists of multiple components, all of 
which may be affected by gout and/or inflammation.

4 � Lessons from Treatment: Impact of Colchicine on CVD 
in Patients with and Without Gout

Colchicine has been used for millennia to treat gout. The first reference to the thera-
peutic use of Colchicum appeared in the Egyptian Papyrus Ebers, circa 1500 BC, 
and nearly a millennium later, Aetius of Amida and Alexander of Tralles described 
its anti-inflammatory properties [100, 101]. The inflammatory pathway plays a 
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prominent role in CVD. Colchicine has long been used for pericarditis, and emerg-
ing data demonstrating value for atherosclerotic heart disease has recently led the 
FDA to approve colchicine use for the prevention of acute cardiovascular events in 
high-risk patients. The translation of colchicine to cardiac disease, in both patients 
with and without gout, underlines the insights discussed above.

4.1 � Mechanisms of Action of Potential Benefit 
in the Cardiovascular Setting

Due to a deficiency of the P-glycoprotein efflux pump, colchicine concentrates in 
neutrophils, but also exerts anti-inflammatory effects on macrophages and endothe-
lia [102]. Colchicine predominantly acts by binding to soluble tubulin monomers. 
Colchicine/tubulin complexes incorporate into elongating microtubule structures, 
limiting their extension [103]. Colchicine also effects signal transduction, subcel-
lular trafficking, adhesion of leukocytes to endothelium (by altering quantitative 
L-selectin and qualitative E-selectin expression), and chemotaxis-directed migra-
tion into inflamed tissues [104, 105]. Importantly, colchicine suppresses the NLRP3 
inflammasome, decreasing production of interleukin (IL)-1β and IL-18, which in 
turn decreases IL-6 and C-reactive protein, a pathway implicated in cardiovascular 
inflammation [33, 106]. Colchicine also inhibits neutrophil release of α-defensin, a 
peptide associated with large thrombus burdens [107]. All of these actions hold 
relevance for both gout and cardiac disease. Finally, at clinically used doses, colchi-
cine does not suppress platelet-platelet aggregation but does decrease neutrophil-
platelet aggregation, suggesting a preferential impact at the inflammatory-thrombosis 
interface [108].

4.2 � Targeting IL-1β in Coronary Artery Disease

Atherosclerosis is an inflammatory disease prevalent in patients with gout, acting 
through both low-density lipoprotein (LDL)-mediated inflammation and an inde-
pendent IL-β/IL-6/CRP pathway [109, 110]. In the early stages of atherosclerosis, 
oxidized lipids promote recruitment and activation of leukocytes, uptake of lipids 
into macrophages, and subsequent conversion of macrophages into pro-inflammatory 
foam cells. As noted earlier, cholesterol crystals share with MSU the capacity to 
activate the NLRP3 inflammasome and further amplify the inflammatory process 
[33]. Multiple observational studies demonstrated an increase in cardiovascular risk 
in patients with LDL at goal but elevated CRP, and CANTOS established that spe-
cific targeting of IL-1β, using the anti-IL-1β-directed biologic canakinumab, reduces 
major adverse cardiovascular events (MACE) in high-risk patients [106, 111]. In 
CANTOS, patients in the canakinumab arm also experienced significant reductions 
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in incident gout [112]. While colchicine does not affect the LDL-mediated inflam-
matory pathway, it inhibits the IL-β/IL-6/CRP pathway by inhibiting assembly of 
the inflammasome, as well as inhibiting leukocyte activation, adhesion, and migra-
tion. Importantly, colchicine reduces CRP concentration in patients with CAD even 
in the setting of aspirin and high-intensity statin [113]. In gout patients, reduction in 
CRP is seen upon colchicine treatment initiation, with further reduction after urate 
lowering [20].

4.3 � Colchicine in Coronary Artery Disease

Incident Coronary Artery Disease--Observational data suggest colchicine may 
reduce the development of new-onset CAD, at least in patients with rheumatic dis-
ease. A case-control series of patients with familial Mediterranean fever (another 
disease for which colchicine is a first-line treatment agent) suggested that long-term 
prophylactic colchicine was associated with a lower incidence of CAD compared to 
those not on colchicine therapy [114]. Similarly, a retrospective study of patients 
with gout without known CAD were followed for 96 months and showed an asso-
ciation between use of colchicine and lower rate of development of incident CAD in 
patients without chronic kidney disease [115].

Established CAD—Studies have also shown a reduction in acute cardiovascular 
events in patients at high risk for, or with known CAD, including patients with gout. 
One retrospective study in a gout cohort reported a 54% lower rate of MI in patients 
on colchicine versus those not on colchicine, while another observational study in a 
gout cohort demonstrated a 49% relative risk reduction in the composite of MI, 
stroke, or transient ischemic attack, and a 73% relative risk reduction in all-cause 
mortality compared with untreated patients [116, 117]. Beyond the gout population, 
an open-label randomized study of patients with angiographically-proven CAD on 
optimal medical therapy showed a lower composite rate of MACE at 3 years follow-
up [118]. This was followed by the large, multicenter, placebo-controlled Low Dose 
Colchicine 2 (LoDoCo2) trial in which colchicine reduced the risk of MACE by 
31% at 29 months follow-up [119]. As-yet unpublished data from our own group, 
examining 239 gout patients with established CAD, indicated that those who used 
colchicine consistently had significantly fewer MACE events, over a 10-year obser-
vation period, compared with those who used colchicine less than 50% of the time 
(manuscript in preparation).

During and post-MI—The role and timing of colchicine in the setting of acute 
coronary syndrome is an area of ongoing investigation. Although in vivo data sug-
gested that colchicine could reduce infarct size when administered early post-MI, 
this area remains a matter of further research given paucity of data from small trials 
[120, 121].

Several relatively small, randomized studies in the setting of acute MI demon-
strated no difference in CRP concentrations, infarct size on cardiac magnetic 
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resonance imaging, and left ventricle remodeling with 30 days of low-dose colchi-
cine treatment in patients with acute MI [122, 123]. Similarly, the Colchicine in 
Patients With Acute Coronary Syndromes (COPS, n = 795), a study of low-dose 
colchicine versus placebo during index hospitalization, failed to demonstrate a dif-
ference in MACE [124]. However, the much larger, double-blind, placebo-con-
trolled, randomized Colchicine Cardiovascular Outcomes Trial (COLCOT, 
n  =  4745) trial of patients within 30  days after MI (median time for initiation 
14 days) reported a 23% reduction in MACE [125]. This reduction, unlike in the 
gout cohort studies and LoDoCo2, was driven by a reduction in stroke (not MI) and 
the “soft” endpoint of urgent coronary revascularization. The ongoing international, 
double-blind, placebo-controlled, 7000 patient colchicine and spironolactone in 
patients with MI (CLEAR, NCT03048825) trial randomizes patients with a large 
MI to therapy within 72 h of percutaneous coronary intervention and planned to 
follow-up for extended period of 5 years will hopefully provide some more clarity 
on the impact of colchicine on individual cardiovascular endpoints, optimal timing 
of starting colchicine therapy, and any potential impact on non-cardiovascular mor-
tality. Nonetheless, based on the totality of the currently available data, the 2021 
European Society of Cardiology guidelines on the prevention of CVD recommend 
colchicine be considered for the secondary prevention of CVD, especially in patients 
at higher risk of recurrent events [126]. Whether more aggressive colchicine therapy 
should be recommended for patients with gout, with or without active cardiovascu-
lar disease, remains unknown. Current recommendations for gout treatment from 
the American College of Rheumatology recommend colchicine exclusively for 
treating gout flares and/or prophylaxis against flares during initiation of urate lower-
ing therapy (a period of several months), with no consideration given for cardiovas-
cular risk [127].

5 � Conclusion and Final Thoughts

Gout, the archetypal inflammatory arthritis, drives inflammation via both metabolic 
and crystal-driven pathways. Beyond arthritis, gout has implications for multiple 
other conditions, including cardiovascular disease. The mechanisms by which MSU 
crystals trigger both local and systemic inflammation, as well as the toxic and pro-
inflammatory effects of soluble urate on the vasculature, contribute to cardiovascu-
lar disease in gout, and offer molecular and cellular clues into the mechanisms 
through which cardiovascular disease progresses even in the absence of gout. In 
particular, the manner in which MSU crystals form, and how they activate myeloid 
lineage and other inflammatory cells, may provide a window into the mechanisms 
through which cholesterol and cholesterol crystals drive similar effects. Within the 
vasculature, the ways in which these crystals interact and synergize with each other 
may promote more cardiovascular risk than either crystal alone.
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