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Abstract

:

Pharmacogenetics (PGx) is an emerging field of pharmacology focusing on how gene variations affect the patient’s response to treatment. Pharmacogenetics is a promising tool to optimize the selection and dosing of medications, including urate-lowering therapies (ULTs) among patients with gout. The global prevalence of gout is rising, and it disproportionately affects specific racial groups and individuals with select socioeconomic status. Genetic and experimental findings have provided evidence that genetic polymorphisms associated with serum urate pathology are also of pharmacogenetic interest. Patients with gout present with several comorbidities, warranting the use of several acute and long-term medications that increase their pill burden and the risk of adverse drug events. Implementing PGx testing can identify individuals who are more or less likely to benefit from a given treatment, improve medication adherence, and reduce pill burden. The purpose of this non-systematic review was to evaluate the contemporary evidence for PGx use in gout management, especially treatment modalities associated with specific genetic polymorphisms that could impact medication safety and efficacy. Strong evidence suggests that individuals carrying the HLA-B*58:01 allele are at a higher risk of serious and life-threatening skin reactions when taking allopurinol. Additionally, racial disparities in the frequency of HLA-B*58:01 warrant genetic screening in high-risk populations, specifically some Asian subgroups and African Americans. Individuals that are G6PD-deficient can develop hemolytic anemia and methemoglobinemia with pegloticase and probenecid use. Patients with the less active form of the drug-metabolizing CYP2C9 are at higher risk for NSAID-related upper gastrointestinal (GI) bleeding. Emerging evidence of clinically significant drug-gene pairs among various gout therapies is growing. Genes found to modulate the response to allopurinol include AOX, ABCG2, and SLC22A12. Meanwhile, UGT1A1 appears to modulate the response to Febuxostat. While CYP2C9 may modulate the toxicity of benzbromarone, SLC22A12 and ABCB1 were found to modulate the response to both benzbromarone and probenecid. The genes CYP2D6, ABCB1, gene cluster (rs6916345 G>A), and SEPHS1 were recently reported to modulate the safety and efficacy of colchicine. Finally, HCG22 and IL1RN are linked with the response to corticosteroid and anakinra, respectively. This review examines and synthesizes the most current level of evidence for using PGx to maximize gout pharmacotherapy.
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1. Background


Pharmacogenetics (PGx) is an emerging field of pharmacology focusing on how gene variations affect the patient’s response to treatment. Pharmacogenetics leverages patient genetics to ascertain the response to pharmacotherapy, including gout treatments. Including pharmacogenetics in clinical practice could enable providers to make optimal and informed decisions about drug selection, dose modifications, and treatment options. The ultimate goals of PGx are to individualize medicine and improve patient treatment outcomes by minimizing the risk of adverse drug events [1]. Indeed, pharmacogenetics could usher in a new era in targeted therapy to reduce the risks associated with the trial-error prescribing strategies. Moreover, pharmacogenetics could improve adherence to treatment by identifying optimal responders or those at risk for drug toxicity [1]. Adherence to urate-lowering therapy (ULT) is a challenge despite published guidelines and evidence-based recommendations, urging the need for patient-centered treatment decisions. In a large longitudinal study, patients with gout achieved the lowest adherence rates to ULT relative to patients with six common diseases [2]. A more recent meta-analysis suggested that gouty patients had poor adherence with only a 45% adherence rate [3]. To this end, the role of pharmacogenetics in avoiding trial-error prescribing and improving adherence to ULT is worth exploring [4]. Additionally, gout patients present with multiple comorbidities, warranting several acute and long-term medications, which increase their pill burden and the risk of drug-drug interactions. We believe that the use of PGx could help determine those more or less likely to benefit from given treatments and improve the already existing poor adherence to ULT. Therefore, this review aimed to highlight the most recent advancements in precision medicine and the potential role of pharmacogenetics in improving gout pharmacotherapy to optimize patient treatment outcomes.




2. Methods


A Medline search was conducted using PubMed to inform our non-systematic review. Specifically, our approach involved a literature search of PubMed using the search terms [“pharmacogenomics “ OR “pharmacogenetics” AND “gout”]. Titles and abstracts were scanned for relevant articles. References for selected studies were scanned for the inclusion of additional relevant articles. Information was extracted to synthesize the most contemporary levels of evidence of pharmacogenetics in gout pharmacotherapy. Additionally, we used the Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines, the Food and Drug Administration (FDA), and the Pharmacogenetic Knowledge Base (PharmGKB) to assess the level of evidence for testing specific drug-gene pairs.




3. Epidemiology of Hyperuricemia and Gout


Gout is an inflammatory disease and the most common form of arthritis. Gout disease affects 3.9% (9.2 million) of the United States adults [5]. The prevalence of gout among individuals of African American, European (EUR), and Hispanic descent was estimated to be 4.8%, 4%, and 2%, respectively. Notably, Asian Americans are 2.7-fold higher to have a gout visit in ambulatory care settings and have a higher prevalence of gout risk alleles than Caucasians [6,7]. Further, select Asian subgroups may also present with a higher incidence and prevalence of gout than the overall population. For example, a relatively outdated study in Hawaii demonstrated that Filipino males had a 2.5% incidence of gout compared with 0.13% in non-Filipinos. The non-Filipino group included “other Asian”, Pacific Islander, and Caucasian populations [7,8]. Hyperuricemia (HU), a risk factor for gout, may accumulate in articular and non-articular tissue structures, forming monosodium urate (MSU) crystals [5]. Urate underexcretion is considered the predominant pathogenesis of hyperuricemia. The increased dietary intake of purine-rich sources, endogenous cell turnover, and decreased extrarenal elimination of serum uric acid (SUA) can also contribute to the pathogenesis of high urate levels. Multiple risk factors associated with HU include diet, comorbid diseases, certain drugs, and genetics [5,9]. Consistent with the contribution of genetics and risk of gout or HU [7], specific gout-related genes were significantly more prevalent in Japanese (JPT), Filipinos, and Han-Chinese (CHS) compared to EUR (p-value: <0.005) [7,10,11].



Patients with gout may present with acute inflammatory arthritis, subcutaneous accumulation of MSU crystals (i.e., tophi), joint damage, and chronic gouty arthritis [5]. Other non-articular clinical features, such as renal or kidney stones, may also result from chronic HU [12]. Further, HU has been significantly associated with the incidence of hypertension (HTN) in adults aged ≥ 40 years [13]. Additionally, it is associated with a 20% increased prevalence of HTN [14], and a higher risk of insulin resistance [15]. Based on those observations, reducing urate levels has become an important therapeutic target beyond gout management, and it potentially prevents and maximizes the treatment of other comorbid conditions [16].




4. Genetics of Hyperuricemia and Gout


Two-thirds of SUA is eliminated through the renal proximal tubule (RPT), while the remaining one-third is eliminated through the small intestine and metabolized by the gut microflora (Figure 1) [17].



Approximately, ninety percent of UA, processed by the kidney, is reabsorbed through the proximal tubular cells [18]. Though several aspects of UA elimination and reabsorption remain unknown, extensive population genetic studies, particularly genome-wide association studies (GWAS), have identified significant genetic polymorphisms in the UA disposition pathway [18,19,20,21]. Variations in genes regulating UA excretion (ABCG2, SLC17A1), UA reabsorption (SLC22A12, SLC2A9, and SLC22A11), and a lipid metabolizing gene (GCKR), as well as a scaffolding protein (PDZK1) have all been linked to SUA levels (Figure 1) [18].



The major urate transporter proteins encoded by the above genes are involved in various functions in the UA disposition pathway. For instance, the solute carrier family 22 member 12 (SLC22A12) encodes the kidney-specific urate transporter URAT1, which is found on the apical surface of the renal proximal tubule epithelial cells [22]. Secondly, the apical ATP-binding cassette transporter G2 (ABCG2) (i.e., breast cancer resistance protein) is involved in urate excretion into the distal renal tubule [23,24]. Thirdly, the key player in transporting UA into the interstitial space and circulation is the GLUT9 (SLC2A9) [25,26]. Other transporters identified in GWAS, including OAT1, OAT3, and OAT4, are thought to play minor roles in the urate transportome (Figure 1) [23]. Considering the inhibition of urate reabsorption as a therapeutic target in managing gout, the interplay between the single nucleotide polymorphisms (SNPs) within these transporters and the uricosuric pharmacotherapies highlights the potential of pharmacogenetics to guide and personalize drug therapy in patients with gout and HU.




5. Gout Management Pharmacotherapy


The pharmacotherapy management of gout includes rapid and effective control of the inflammation in acute gout flares, continued ULT to prevent future flares, and ultimately improve gout treatment outcomes [5]. Contemporary gout treatment guidelines recommend allopurinol as the preferred first-line treatment for managing chronic gout. Pharmacotherapies, such as non-steroidal anti-inflammatory drugs (NSAIDs), colchicine, and corticosteroids, are also appropriate first-line agents to manage gout flares [5]. Pharmacotherapies, including interleukin-1 inhibitors (i.e., canakinumab and rilonacept), are also used to control gout flares when alternatives are contra-indicated or ineffective. Social and environmental factors, as well as diet and genetics, could affect a patient’s adherence and response to ULTs. As the field of pharmacogenomics continues to evolve, multiple studies have evaluated the effect of gene variants, including G6PD, HLA-B*58:01, and CYP2C9, on predicting the response to ULTs and possible adverse drug reactions (Table 1) [5,27].




6. Allopurinol


The purine analog and xanthine oxidase (XO) inhibitor, allopurinol, is widely utilized to manage HU and gout [5]. Allopurinol inhibits the conversion of hypoxanthine to xanthine, mediated by XO, ultimately reducing uric acid production [49]. Allopurinol is metabolized to oxypurinol, the active metabolite of allopurinol. Oxypurinol and allopurinol are known substrates for the efflux transporter, so-called breast cancer resistant protein (BCRP). Hence, a few studies have investigated the interplay between the BCRP protein and the intestinal disposition of allopurinol and renal elimination of oxypurinol [30,50].



Allopurinol is generally safe; however, it is associated with the risk of a life-threatening adverse drug event. This event is characterized by significant eosinophilia and serious cutaneous adverse reaction (SCAR), the so-called allopurinol-induced hypersensitivity syndrome (AHS), in specific patient populations [51,52]. Ethnicity, renal impairment, diuretic use, allopurinol starting dose, and the presence of HLA-B*58:01 are risk factors that contribute to the development of AHS [51,52,53]. The human leukocyte antigen B (HLA-B), part of the Major Histocompatibility Complex-I (MHC-I) is considered the most polymorphic gene in the human genome, with more than 1500 alleles [51]. Carriers of the HLA-B*58:01 variant are at greater risk for SCARs than non-carriers. Thus, the use of allopurinol in patients carrying HLA-B*58:01 is contra-indicated [28]. The latter is associated with an 80-97-fold increased risk of allopurinol-induced hypersensitivity syndrome [54].



The prevalence of HLA-B*58:01 is markedly higher in African Americans and Asian subgroups, mainly Korean, Han Chinese, and Thai descents, which substantiates the recommendation for HLA-B*5801 genotyping in these population groups [5]. Nonetheless, the United States Food and Drug Administration (FDA) did not include PGx recommendations on the drug label. However, it listed the drug in the pharmacogenetic association table [55]. The CPIC and the American College of Rheumatology (ACR) provide clinical guidance on pharmacogenetic testing for HLA-B*58:01. Collectively, it is highly recommended to test for HLA-B*58:01 before commencing allopurinol among high-risk populations to determine alternative therapies in the allele carriers [5,56].



Oxypurinol levels have been used to ascertain allopurinol adherence and allopurinol-therapeutic monitoring among patients with gout. Thus, genetic polymorphisms in the allopurinol-metabolizing enzyme gene are of great interest. Theoretically, oxypurinol formation, the endpoint of allopurinol metabolism with the longest half-life, could partly explain the heterogeneity of response to allopurinol therapy. Therefore, processes involved in oxypurinol formation could influence active metabolite exposure and the magnitude of urate reduction. It is believed that aldehyde oxidase (AOX) converts allopurinol to oxypurinol. The SNP rs3731722 A>G leads to a nonsynonymous amino acid change (His1297Arg) in AOX that can alter the catalytic function for the enzyme substrates [29]. It is associated with achieving the SUA target with a standard dose of allopurinol (300 mg daily) relative to non-carriers (i.e., A allele) [29]. Though the association is intriguing, it remains of low clinical significance [29]. Furthermore, other genes involved in the metabolism and clearance of allopurinol were also studied. Firstly, the XO protein is the therapeutic target for febuxostat and allopurinol, encoded by the XO gene. Secondly, Molybdenum cofactor sulfurase (MOCOS) incorporates molybdenum cofactor in purine oxidases (e.g., AOX and XO). Plausibly, genetic variation in the MOCOS gene may result in defective purine oxidases, altering allopurinol metabolism [29].



Besides the potential impact of HLA-B in predicting toxicity to allopurinol, ABCG2 could also modulate the response to allopurinol [30,57]. A single nucleotide polymorphism (SNP) within ABCG2, specifically the missense variant p.Q141K (rs2231142 C>A), results in a reduced function in the secretory transporter in the kidney and gut, affecting the pharmacokinetic (PK) and pharmacodynamic (PD) of allopurinol and oxypurinol; both of which are ABCG2 transporter substrates [30,57]. Paradoxically, the variant allele of rs2231142 C>A was linked to a lower reduction in SUA levels in response to allopurinol therapy in one GWAS [57]. The reduced function in ABCG2 due to genetic polymorphism, supposedly, leads to a decreased clearance and greater systemic plasma levels of the drug and its metabolite; hence a more considerable SUA decrease is expected. In a prospective clinical study, utilizing real-world data, relative to the homozygous (CC) wild-genotype, the homozygous for the reduced function genotype (AA) had a significantly longer half-life of oxypurinol (t1/2 19.1 ± 1.42 vs. 34.2 ± 12.2; p-value: 0.047) [30].



The exact mechanism by which the polymorphism induces a decreased allopurinol response remains unknown. Nonetheless, some evidence suggests that allopurinol and oxypurinol could be modulating UA reabsorption besides inhibiting its production [58]. For example, in-vitro studies have demonstrated that allopurinol and oxypurinol have uricosuric effects through the inhibition of UA reabsorption via competitive inhibition of URAT1 [31] or potent inhibition of GLUT9 [59], well-established UA reabsorption transporters. Further research, particularly the analysis of uncommon polymorphisms in ABCG2, will undoubtedly improve our knowledge of the genetic basis of the response to allopurinol.



URAT1, encoded by SLC22A12, is considered the predominant transporter for UA reabsorption in the kidney. Presumably, a gain-of-function polymorphism in URAT1 could result in high SUA, whereas loss-of-function mutations cause idiopathic renal hypouricemia due to increased urinary urate clearance [32]. The T allele of the intergenic SNP rs505802 C>T in SLC22A12 was linked with lower SUA than the allele (C). The prevalence of the T allele was significantly lower in Asian (18–35%), Native Hawaiian, and Pacific Islanders (5–37%), relative to EURs (~72%) [11,32]. The disparity in the prevalence of the T allele may not only indicate that Asian and Pacific Islanders populations are more prone to HU relative to EURs but also provides the basis for inquiring about the response to allopurinol and oxypurinol among the same populations [32]. An in-vitro study suggested that the inhibition of URAT1 by benzbromarone facilitated renal clearance of the active metabolite of allopurinol [31]. This drug-drug-transporter interaction illustrates the potential of urate genetic polymorphisms to be of great pharmacogenetic interest.



While genetics are important covariates in predicting drug response, sex and concomitant medications use (e.g., diuretics, cyclosporin, tacrolimus) may also influence the response to allopurinol [30]. The volume of distribution (Vd) of oxypurinol is significantly lower in females than in males (−0.248 L, 95% CI: −0.395, −0.067) [30]. The lower Vd in females compared to males could plausibly translate to a lower dose requirement of the drug to achieve the target plasma concentration. In a retrospective cohort study, the mean dose difference of allopurinol at the time of reaching the target SUA (<6.5 mg/dL) was significantly lower in women (216 mg) compared to men (271 mg) (difference: −55mg; 95% CI: −73, −37) [60]; however, sex did not affect the overall response to allopurinol after six months of the follow-up period in the same study [60].




7. Febuxostat


Febuxostat is structurally unrelated to purine and a potent XO inhibitor [49]. Febuxostat has FDA approval for the chronic management of HU in patients with gout [61]. Although it is well-tolerated at the recommended dose, febuxostat is associated with a higher prevalence of abnormal hepatic enzymes than allopurinol [49,62]. Additionally, an inconsistent body of evidence suggests that febuxostat is associated with an increased risk of death from cardiovascular disease (CVD). Notably, febuxostat users are 34% more likely to have CVD-related mortality and 22% all-cause mortalities than allopurinol. Hence, the conditional recommendation to switch to an alternative ULT in patients with a history of CVD or a new CVD-related event [5,63]. However, recent studies have found no association between febuxostat and CVD or all-cause mortality [64,65].



Patients who utilize XO inhibitors require varying doses to achieve the SUA target. It is reasonable to assume that some of those dose variations are due to polymorphisms in metabolism and clearance genes of XO inhibitors [29]. The uridine diphosphate (UDP) glucoronosyl-transferase (UGT) enzyme metabolizes febuxostat by conjugation (i.e., glucuronidation) [49,62]. The UGT family 1 member A cluster (i.e., members A1, and A3 to 10) gene encodes UGT protein [29,49]. UGT1A1 is considered clinically actionable drug-gene or very important pharmcogenes (VIP) [66]. A single-nucleotide polymorphism (SNP), rs34650714 C>T, in the UGT1A1 appears to be significantly associated with lower febuxostat dose requirement, dose lower than 300 mg daily equivalent to allopurinol, relative to the C allele in patients with gout. However, this SNP is an intronic variant in a non-amino acid coding region [29]. Further, the nonsynonymous polymorphism rs28898617 A>G of UGT1A4 is associated with a difference of 5.1 mg/dL in mean SUA versus the A allele [29]. These findings reflect the effects of genetic polymorphisms on phase II drug-metabolizing encoding genes (UGT1A1 and UGT1A4) and their implications in responding to XO inhibitors [29].




8. Uricosurics


Managing hyperuricemia could also be mediated by increasing excretion or inhibiting urate reabsorption through the kidney. Uricosuric drugs, including probenecid and benzbromarone, are used as a second option to manage gout and HU. Most uricosuric pharmacotherapies block the URAT1 transporter, preventing renal UA reabsorption [23,67]. Besides URAT1, probenecid inhibits other transporters, including OAT1, OAT3, and GLUT9 [67]. Several studies have demonstrated the interplay between genetic polymorphisms within urate transporters, the pathology of hyperuricemia, and the clinical response to uricosuric drugs [33,34].



The 774 G>A mutation carriers in SLC22A12 had significantly lower SUA concentration and higher urate clearance rates relative to healthy control in patients with renal HU [33]. Notably, homozygous carriers or heterozygous for the mutant allele (G774A) had impaired response to loading tests with probenecid and benzbromarone [33]. Following the previous study results, Hamada et al. [34] studied the effect of loss-of-function SLC22A12 mutations on urate clearance rates using benzbromarone and losartan in patients with idiopathic hyperuricemia and hypertension. Neither losartan nor benzbromarone affected urate clearance in patients carrying mutant SLC22A12 (G774A). Conversely, when either drug was used, the wild-type of SLC22A12 allele had significantly increased urate clearance (7 to 13% with benzbromarone; p-value < 0.01) [34]. These experimental observations provide evidence that genetic polymorphisms within SLC22A12 are also of PGx relevance.



The ABCB1 (P-glycoprotein), the adenosine triphosphate (ATP)-binding cassette subfamily B member 1, is an efflux transporter of various drugs. It is essential for the disposition and transport of multiple drugs across the brain, kidney, and liver [68]. With multiple genetic polymorphisms, ABCB1 is considered an important pharmacogenetic biomarker with clinical relevance [68]. The induction or inhibition of ABCB1 by a drug (i.e., an underlying mechanism of drug-drug-transporter interactions) is a critical determinant of the PK profile of the affected drug. A PK randomized-controlled study demonstrated the implication of a drug-drug and ABCB1 interaction and the possibility of a genetic-based response. In the forementioned study, the investigators used probenecid to determine the role of ABCB1 in explaining the increased excretion of dicloxacillin transport in cystic fibrosis patients [35]. When administered with probenecid, the clearance and distribution of dicloxacillin decreased, implying that probenecid is an inhibitor of ABCB1, and the latter is a substrate for the same transporter [35]. On the contrary, dicloxacillin urinary excretion was significantly higher when administered with probenecid in patients with CC genotype of the ABCB1 (i.e., rs1045642 C>T) than CT. While this phenomenon highlights the point that there is a possible genetic effect on probenecid efficacy, as an inhibitor of ABCB1, additional studies are needed to reproduce these findings in gout patients [35].



The probenecid label indicates that risks of hematologic ADRs (i.e., aplastic, hemolytic anemia, or leukopenia) are associated with probenecid administration in patients with glucose-6-phosphate-dehydrogenase (G6PD) deficiency. However, this annotation was listed under the ADRs list, and there were no PGx recommendations [69]. A small cohort study found that G6PD deficiency was not associated with hemolysis when using probenecid in East Asians [36].



Benzbromarone (BBR) is a potent and effective uricosuric drug. However, the FDA withdrew the drug from the United States market due to multiple reports of severe drug-induced hepatotoxicity [70]. Nonetheless, BBR remains widely used in different parts of the world with well-established efficacy in gout management [71,72]. Benzbromarone is primarily metabolized in the liver by the drug-metabolizing enzyme, CYP2C9; however, the metabolizing capacity varies between individuals due to genetic polymorphisms in CYP2C9 [70]. Especially, genetic polymorphisms associated with the reduced and absent enzymatic activity of CYP2C9 could prolong the exposure to BBR, ultimately increasing the risk of significant adverse drug reactions [70]. A single oral dose study of 100 mg BBR among 20 healthy Japanese subjects found that the CYP2C9 intermediate metabolizers (CY2C9*1/*3) had a 2-fold increased elimination half-life of the BBR active metabolite (6-hydroxy BBR) than the CYP2C9 normal metabolizers (CYP2C9*1/*1) (33.2 h ± 18.1 and 18.2 h ± 8.7, respectively; p-value <0.05) [37]. However, the limited sample size, coupled with a low prevalence of CYP2C9*3 in Japanese compared with EUR, meant the study was severely underpowered to meaningfully compare the pharmacokinetic differences between CYP2C9*3/*3 and CYP2C9*1/*1 [37,73]. While the study did not show significant pharmacodynamic differences across CYP2C9 genotype, the same results suggested a critical role for CYP2C9 in the metabolism of BBR in humans [37]. Variability in BBR metabolism could dictate the risk of hepatotoxicity and become higher in the CYP2C9*3/*3 due to low drug clearance. In theory, pharmacogenetic testing of CYP2C9 may provide a personalized approach to minimize the risk of BBR-induced hepatotoxicity and determine uricosuric alternatives for gout patients with moderate renal impairment. Despite the limited sample size, the study demonstrated the possible role genetic polymorphisms have in identifying patients at risk for drug-related toxicity and resurrecting certain drugs once deemed ineffective or toxic. Nonetheless, multiple long-term studies across diverse populations are needed to support preemptive pharmacogenetic testing in gout management.




9. Recombinant Uricases


Rasburicase and pegloticase are recombinant forms of the uricase enzyme. Higher hominoids (apes and humans) lost the uricase gene millions of years ago. In lower primates, uricase converts plasma uric acid to allantoin.The latter is more soluble than uric acid and readily excreted [39,74]. Rasburicase use is mainly for the prevention and treatment of HU. However, it is not suitable for chronic gout treatment due to its limited pharmacokinetic parameters (short half-life and fast-acting). Additionally, it is more effective in reducing plasma uric acid levels in cancer patients than allopurinol in tumor lysis syndrome management [75,76]. Unlike rasburicase, pegloticase is more suitable for and commonly used to treat chronic gout.



The enzyme G6PD transforms glucose-6-phosphate to 6-phosphogluconolactone, resulting in synthesizing reduced nicotinamide adenine dinucleotide phosphate (NADPH) from nicotinamide dinucleotide phosphate. The enzyme G6PD is fundamental in erythrocyte integrity because G6PD and 6-phosphogluconate dehydrogenase (6-PD) are the primary sources of NADPH. The latter protects the red blood cells (RBCs) from oxidative stress, such as oxygen radicals or hydrogen peroxide. While oxidative stress may occur due to abnormal physiological changes, it could be induced by exposure to specific drug therapy [77].



The G6PD-deficient RBCs, for example, have a significantly decreased NADPH production capacity, and hence, they are more susceptible to hemolytic anemia (AHA). Moreover, the oxidation of hemoglobin iron results in the formation of methemoglobin, which cannot carry oxygen or carbon dioxide. This condition is known as methemoglobinemia (MGM), which is characterized by cyanosis, and in severe cases, it may lead to arrhythmias, seizures, and death [39].



Pegloticase is associated with an increased risk of developing MGM and AHA in some patients. These significant adverse drug events could originate from reactive oxygen species formation due to urate oxidation to allantoin. Notably, MGM and AHA are strongly linked to the activity levels in G6PD. Notably, specific genetic polymorphisms in G6PD may result in different activity levels and hence, modulate the risk of developing MGM or AHA. Therefore, genetic testing of G6PD, especially in specific patient populations (i.e., African, South European, Middle Eastern, South Asian), could garner improved outcomes before initiating pegloticase therapy [39].



Similar to PEG, rasburicase is contra-indicated in patients with G6PD deficiency. Rasburicase administration may also lead to oxidative damage to RBCs. However, this risk is only limited to patients who are G6PD-deficient. A G6PD-deficient person is characterized as a male who has one allele of the World Health Organization (WHO) class-II or -III, or a female who carries two alleles (e.g., class II-III variants “II/II, III/III, or II/III”) [78]. The prevalence of the G6PD-deficiency varies between different populations, with a marked increase in African (i.e., Sub-Saharan African countries) or Mediterranean ancestry patients [79]. Therefore, a prompted genotype testing for the G6PD gene is advised in these patients [39]. Additionally, the FDA issued a Blackbox warning for rasburicase and pegloticase due to the risk of hemolysis or methemoglobinemia in patients with G6PD deficiency (i.e., <10–60% of normal enzyme activity). Although uncommon (<1%), these adverse drug events are significantly severe and could be life-threatening [29].




10. Non-Steroidal Anti-Inflammatory Drugs


Non-steroidal anti-inflammatory drugs (NSAIDs) have been extensively used to manage various disease conditions, including acute gout flares, due to their anti-inflammatory and pain-relieving mechanism of action. The NSAIDs inhibit the cyclooxygenase (COX) enzyme reducing the conversion of arachidonic acid to prostaglandins, which are involved in the pain signaling cascade during the inflammatory response. Thus, targeting the prostaglandins and inhibiting the inflammatory cascade is a biological mechanism to resolve acute gout flares-associated pain [80].



While NSAIDs are efficacious and less costly medications to manage gout pain, prescribers need to balance the different risks associated with various NSAIDs and the use of concomitant drugs that would potentiate these risks. The NSAIDs are associated with significant side effects, including cardiovascular (CVD) events, gastrointestinal (GI) bleeding, and renal impairment. These significant side effects require thoughtful considerations and a balanced approach before prescribing them [80].



Most NSAIDs (e.g., indomethacin, ibuprofen, naproxen, diclofenac, meloxicam, and celecoxib) are substrates for the hepatic metabolism via CYP2C9, 1A2, and 3A4 enzymes. Furthermore, the majority of NSAIDs are renally excreted while being nephrotoxic, especially when used chronically [80]. The CYP2C9 is a phase-I cytochrome P450 drug-metabolizing enzyme isoform involved in oxidizing endogenous and exogenous compounds. The CYP2C9 is a major metabolizing enzyme accounting for more than 25% of NSAIDs metabolic clearance and commonly prescribed drugs [81]. In vivo, losartan [82], diclofenac, flurbiprofen, and tolbutamide are commonly utilized as probe drugs for CYP2C9 phenotyping assays [83,84,85]. The gene coding for the CYP2C9 is highly polymorphic with more than 70 known variants [86]. Variations in the CYP2C9 gene could result in varying drug-metabolizing capacity. Hence, the predicted metabolizer phenotypes, based on the individual’s CYP2C9 genotype, are normal (NM), intermediate (IM), and poor (PM) metabolizers [87,88]. Nonetheless, the enzymatic activity also depends on the individual’s age, sex, comorbid diseases, and concomitant use of certain medications (i.e., other CYP2C9 substrates, inhibitors, or inducers) [40]. Furthermore, variability in the metabolic activity of CYP2C9 could well affect the exposure to and outcomes of NSAIDs [40].



Noteworthy, the CYP2C9*2 (i.e., decreased function) variant is in strong linkage disequilibrium (LD) with the CYP2C8*3 allele [40]. This LD might have therapeutic implications for medications like diclofenac and ibuprofen. Both drugs are CYP2C9 and CYP2C8 substrates [40,89,90]. A case-control study found that the odds of NSAID-related upper GI bleeding were 16.92 (95% CI 4.96–57.59) in CYP2C9*3 (i.e., no function allele) carriers and NSAID users (with higher average maintenance daily dose), compared to non-carriers 9.72 (95% CI 4.55–20.76) [41]. In addition, the CPIC guidelines provide CYP2C9 genotype-guided recommendations on specific NSAIDs, such as ibuprofen, celecoxib, meloxicam, and piroxicam, to reduce the toxicity risk associated with their use [39].



Patients with CYP2C9 PM phenotype (i.e., *3/*3 or *2/*2) have a substantially reduced metabolism and prolonged exposure to ibuprofen and celecoxib, thus increasing the likelihood of severe adverse outcomes. Unlike the NM and IM, individuals with the PM phenotype are permitted to start with only a quarter to half of the recommended starting dose [40].



The evidence linking the CYP2C9 genetic variants to indomethacin, diclofenac, and naproxen pharmacokinetics is not significant in vivo and/or not sufficient to warrant a recommendation to guide their use in practice by the CPIC guidelines [40]. The GI and CVD adverse outcomes associated with NSAIDs may have considerable public health consequences due to the large proportion of the population exposed to them. Moreover, an individualized approach that considers multiple risk factors, including genetic predisposition, older age, concomitant drug use, and pre-existing comorbidities, should be employed before NSAID use [40]. Hence, knowledge of the CYP2C9 genetic status of a patient with gout may further guide the selection between different NSAIDs or adjust the dose to minimize GI bleeding risk.




11. Colchicine


Colchicine is an alkaloid derived from meadow saffron. It relieves pain by inhibiting the inflammation response and the infiltration of the immunological cells at the site where MSU crystals deposit. Colchicine interferes with neutrophil functions, lysosomal degradation, and leukocyte chemotaxis by disrupting the microtubule’s polymerization and mobilization [91]. Additionally, colchicine halts the MSU-induced inflammasome-driven caspase-I activation and interleukin-1 (IL-1) beta processing [91]. The most prominent adverse effects of colchicine use are gastrointestinal (GI) adverse events, including diarrhea, nausea, and vomiting [92]. Probably, these ADRs are due to colchicine binding to free tubulin that hinders the fusion of autophagic vacuoles with lysosomes in smooth muscles, resulting in damage to these organs [93], or increasing GI secretions and motility [94]. Other adverse effects of colchicine include myotoxicity and neuropathy [94].



The metabolism of colchicine is mediated by the cytochrome P450 2D6 (CYP2D6) enzyme [95]. About 40 to 65% of colchicine is eliminated renally and excreted via the efflux p-glycoprotein (P-gp) transporter [62]. The drug-metabolizing enzyme CYP2D6 is encoded by the CYP2D6 gene, a highly polymorphic drug-metabolizing gene [95]. The enzyme CYP2D6 is responsible for the metabolism of 25% of prescribed medication; thus, it is considered one of the most critical pharmacogenes [96]. Studies on PGx linking CYP2D6 to clinical response to colchicine in gout patients are limited; nevertheless, the role of CYP2D6 was evaluated in a Middle Eastern ethnic population taking colchicine for Familial Mediterranean Fever (FMF).



Colchicine effectively controlled pain flares in FMF, an inherited disorder of Mediterranean origin [97]. However, approximately 10–20% of patients taking colchicine treatment were resistant, and some showed a diminished response due to potential genetic variations [98]. Colchicine non-responders with FMF were found to have a higher CYP2D6*4 allele (no function allele) frequency than responders (0.16% versus 0.12%, respectively). However, in the colchicine-responders group, the frequency of CYP2D6 *1/*1 (homozygous normal function allele) was higher than the non-responders (80% versus 30%, respectively) [42]. This observation plausibly indicates that individuals with the reduced drug-metabolizing activity of CYP2D6 could not garner the anti-inflammatory benefits of colchicine.



The pharmacogenetic relevance of ABCB1 with the response to colchicine was assessed in FMF subjects of Turkish descent in a case-control study (n = 120) [44]. The study suggested that the odds of diminished response to colchicine in the C allele carriers of the ABCB1 SNP rs10455642 C>T, relative to the TT, were 9.7 (p-value < 0.001) [44]. In another study of an Israeli cohort (n = 105), colchicine-resistant FMF patients were more likely to carry the T allele (66% for TT, 59% for CT, and 39% for CC) than responders (33% for TT, 41% for CT, and 61% for CC) (p-value: 0.047) [43]. These conflicting findings propose that ABCB1 polymorphism could be subject to inter-ethnic variations [99]. Other research on medication responsiveness, which did not include colchicine, showed inconsistent findings regarding the association between ABCB1 alleles and alterations in P-gp transporter function for specific drugs in EUR and Asian populations, highlighting the need for a robust pharmacogenetic study design [100]. Although the results from the previous studies might generate a pharmacogenetic-based hypothesis of colchicine efficacy, these findings were not corroborated in patients with gout.



Considering the anti-inflammatory effects of colchicine, a recent trial, the Colchicine Cardiovascular Outcomes Trial (COLCOT), found low-dose colchicine (0.5 mg daily) to be beneficial in lowering the rates of ischemic heart disease events (composite primary endpoint) by 23% in subjects with post-myocardial infarction (MI) versus placebo (hazard ratio (HR): 0.77, p-value: 0.02) [48]. Additionally, a GWAS of the same study, COLCOT, identified two SNPs, rs6916345 G>A and rs74795203 A>G, that were significantly associated with the GI adverse events from colchicine (secondary safety endpoint) [45].



The risk allele (A) of the intergenic SNP rs6916345 G>A is within a poorly annotated gene. This candidate gene region spans KIF13A and RNU6-793P on chromosome 6 [48]. The same genetic variant was associated with the increased occurrence of GI adverse events (i.e., diarrhea) in the colchicine group by 89% (HR: 1.89, p-value: <0.001) relative to the ancestral allele (G) [45]. In addition, the homozygous patients with the risk allele (AA) in the colchicine group reported GI adverse events that were more than 2-fold higher than those reported by patients in the placebo group (HR: 2.42, p-value: <0.001) [45]. The same allele was previously identified in a GWAS and found to be associated with Crohn’s disease (CD) (OR: 1.07, p-value < 0.001) [101].



The second SNP rs74795203 A>G identified in the COLCOT GWAS was found on chromosome 10 and located in intron 4 of SEPHS1 [45]. The gene SEPHS1, selenophosphate synthase 1, encodes for the enzyme SEPHS1 that synthesizes selenophosphate, the selenium donor, to ultimately incorporate it into selenoproteins [102,103]. The enzyme SEPHS1 plays a role in the modulation of oxidative stress and cell growth, and it is associated with CD [104]. While the allele G increased the risk of adverse GI events by 2.5-fold in the colchicine group (HR: 2.51, p-value: <0.001) [45], the overall GI events were more likely to be reported carrying one or two copies of the G allele in the colchicine group (47.1%) than the placebo group (18.9%) (HR: 3.98, p-value: <0.001) [45].




12. Corticosteroids


Corticosteroids (CORTs) are effective agents used to alleviate pain associated with acute gout flare, mainly when patients are intolerant of oral NSAIDs or colchicine [5]. Due to the ability to administer these agents in various routes (oral, parenteral, or intra-articular), it allowed for expanded utilization in different clinical settings. Corticosteroids act by blocking the eicosanoids production, leukotriene synthesis, and various leukocyte inflammatory processes by suppressing the phospholipase A2 [5].



Multiple genetic polymorphisms in receptor binding (e.g., CRHR1, and NR3C1), Chaperone/Cochaperone protein (e.g., ST13, STIP1, and FKBP5), metabolizing enzymes (e.g., CYP3A4, CYP3A5, CYP3A7, and GSTT1), and transporters (e.g., ABCB1) [105] have been linked to the response to CORTs and associated toxicities. The CORTs are also substrates for P-gp, and hence polymorphisms in ABCB1 may result in different P-gp expressions, resulting in PK differences among CORTs or other transporter substrates [105,106].



Today, there is no robust PGx data regarding the efficacy of CORTs in managing gout flares; however, the pseudogene HLA complex group 22 (HCG22) was studied for PGx relevance in patients with retinal diseases and treated with intravitreal triamcinolone acetonide (injectable CORT) [46]. The SNPs rs3873352 C>G and rs2523864 C>T in HCG22, particularly the G and T alleles of each SNP, respectively, were linked to steroid-induced ocular hypertension (OH) in triamcinolone users [46]. All in all, the CORT’s molecular and metabolic pathways are daunting, and limited genomic factors with enough evidence for therapeutic applicability to gout have not been established.




13. Interleukin-1 Inhibitors


The members of the Interleukin-1 (IL-1) family are essential cytokines in the innate, and partly, adaptive immunity, and are found in high clusters in the articular tissue of human joints [107]. The IL-1 alpha (i.e., IL-1F1) and IL-1 beta function as intracellular pro-inflammatory ligands for specific IL-1 complex receptors [107]. The current and novel pharmacotherapies that target IL-1 include anakinra (recombinant IL-1 receptor antagonist “IL-1RN”) and canakinumab (anti-IL-1 Beta), and rilonacept (IL-1 trap). Anakinra and canakinumab showed promising results in reducing gout flares. However, rilonacept was inferior to NSAID monotherapy over a 72-h follow-up [107].



A cluster of high-expression SNPs in the noncoding region of the interleukin-1 receptor antagonist (IL-1RN) gene were associated with poor response to anakinra. This SNP cluster included rs7580634 G>T, rs55709272 T>C, rs62158853 C>T, rs62158854 T>G, rs55663133 (deletion of the triplet AAT), and rs4251961 T>C [47]. These six IL-1RN SNPs are inherited as a common haplotype in the studied sample. Furthermore, carriers of homozygous genotypes of one or more of the aforementioned SNPs had higher IL-1RN messenger RNA (IL-1RN mRNA) and a 6-fold higher risk of nonresponse to anakinra [47]. Although the associations between those SNPs and poor response to anakinra may seem intriguing, they were not studied in patients with gout.




14. Pharmacogenetic Challenges and Opportunities in Gout Management


The findings of pharmacogenetic studies are sometimes inconsistent and in disagreement concerning conclusions rendered. Study design, sample size, and population enrolled have contributed to this incongruency. Specifically, the lack of racial diversity in pharmacogenetic research has contributed to conflicting findings. Increasing diversity in genetic research studies is a roadmap for expediting the clinical translation of genetic research into practice [108,109,110,111]. The paucity of pharmacogenetic research in gout management is another roadblock that has hindered clinical practice guidelines to provide additional guidance on using pharmacogenetic testing beyond HLA-B*58:01 [28] and G6PD [5] deficiency. These gaps in clinical guidelines strongly suggest the need for robust pharmacogenetic research to maximize gout treatment, especially in high-risk populations. Predominantly, gout patients present with multiple comorbidities and receive care in a primary care setting; therefore, clinical adoption of pharmacogenetic testing requires educating primary care providers on pharmacogenetics in optimal patient care beyond gout [112,113]. Implementing pharmacogenetic testing in gout management is an emerging field with limited research. Therefore, targeted sequencing of well-validated actionable SNPs that carry clinical relevance beyond gout appears to be a logical first step to establishing the benefits of pharmacogenetic testing in gout management. While genetic testing for HLA-B*58:01 has shown to be cost-effective before commencing allopurinol therapy [114,115], there is a lack of economic data on the genetic testing of other genetic variants. More cost-benefit studies assessing the potential of genetic testing patients in achieving serum urate targets are needed to guide the optimal circumstances for genetic testing among patients with gout. Cost-benefit analyses of pharmacogenetic testing will further inform reimbursement policies and empower physicians, pharmacists, and patients to make informed decisions to choose the most effective gout treatment.




15. Conclusions


Pharmacogenomics is gaining prominence as it could be a tool to improve the already existing low adherence to ULT in the context of gout management. The CPIC and FDA have identified several pharmacogenetic occurrences as having meaningful clinical significance in prescribing ULT and other medications used during acute gout flares. First, allopurinol-induced hypersensitivity (AHS) risk is significantly high in HLA-B*58:01 carriers when taking allopurinol, whereas the risk of hemolysis and methemoglobinemia is markedly increased when using recombinant uricase in G6PD deficient patients. These occurrences are linked to significant morbidity and mortality; hence preemptive pharmacogenetic testing for HLA-B*58:01 and G6PD is conditionally recommended for high-risk populations. Third, CYP2C9 *3/*3 or *2/*2 diplotypes are associated with prolonged exposure to ibuprofen and celecoxib, warranting dose reductions to prevent NSAID-induced GI bleeding risk. While preemptive pharmacogenetic testing in gout management is recommended for specific ULT treatments, more pharmacogenetic research is needed to characterize its clinical utility versus the standard of care in other gout therapies to improve adherence to ULT. Adopting pharmacogenetic testing in clinical practice requires a multifaceted approach and robust and diverse clinical trials, especially among high gout risk populations. Optimizing the safety and efficacy of gout pharmacotherapies warrants educating healthcare professionals to be knowledgeable about relevant PGx occurrences. Educating healthcare professionals on PGx could empower clinicians to consider and incorporate PGx testing into patient care, especially when adherence to ULT is in question.




16. Future Perspective


With the recent advancement in genetic research, personalized medicine could influence multiple facets of gout (e.g., stratifying disease risk, assessing disease progression, selecting medications and their dosage, and avoiding adverse drug reactions). The rapidly evolving technology in genetic sequencing has also facilitated significant landmark findings, leading to granular and novel gout-specific genetic discoveries. Though GWAS has led to the identification of many genetic biomarkers of disease risk, specific knowledge gaps in the role of genetics in urate-lowering therapy persist. Collectively, well-characterized data that include the progression from hyperuricemia to gout, explicit drug information (e.g., dose-response outcomes and ADRs), and lifestyle factors will empower clinicians to personalize gout therapy and optimize gout prevention strategies. With most of the GWAS conducted on people of EUR descent, increasing the representation of diverse populations, particularly populations with a high prevalence of gout, is needed to move us beyond one genotype fits all. Additionally, the intricacies of the urate transportome and urate metabolism coupled with clinical factors invite a polygenic assessment approach to refine the prediction of response to gout pharmacotherapy and provide personalized dietary recommendations. Finally, a holistic gout treatment approach involving patient-centered outcomes, genetic information, lifestyle factors, and patient education could significantly improve gout management outcomes and increase adherence to ULT.
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Figure 1. Regulation and handling of uric acid. 
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Table 1. Pharmacogenetics Summary of Gout Treatment and CPIC Guideline Level of Evidence.
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Drug

	
Mapped Genes

	
Effect

	
Clinical Outcomes

	
CPIC Guideline Level of Evidence a

	
References






	
Xanthine oxidase inhibitors (XO)




	
Allopurinol or Oxypurinol

	
HLA-B

	
Safety

	
HLA-B*58:01 allele significantly increases the risk of allopurinol-induced serious cutaneous reaction

	
A

	
[5,28]




	
AOX

	
Response

	
rs3731722 A>G is associated with a better response to the standard dose of allopurinol (300 mg/day) vs. non-carriers

	
NA

	
[29]




	
ABCG2

	
Response/PK

	
rs2231142 C>A (Q141K) is associated with poor response to allopurinol

	
NA

	
[30]




	
SLC22A12

	
Response/PK

	
rs505802 C>T may influence the response to allopurinol and the PK of oxypurinol as they are substrates for the URAT1

	
NA

	
[11,31,32]




	
Febuxostat

	
UGT1A1

	
Response/PK

	
rs34650714 C>T is associated with lower doses of febuxostat

	
NA

	
[29]




	
Uricosuric Agents




	
Probenecid

	
SLC22A12

	
Response

	
Homozygous or heterozygous for the mutant allele (G774A) have impaired response to loading tests of probenecid

	
NA

	
[33,34]




	
ABCB1

	
PK

	
rs1045642 C>T could influence the PK effect of probenecid as an inhibitor when co-administered with Beta-lactam

	
NA

	
[35]




	
G6PD

	
Safety

	
Possible hematologic adverse reactions in G6PD deficient patients

	
B

	
[36]




	
Benzbromarone

	
CYP2C9

	
Safety

	
Carriers of the no-function allele (CYP2C9*3) have reduced metabolic activity leading to prolonged exposure to benzbromarone relative to normal metabolizers

	
NA

	
[37,38]




	
Recombinant Uricase




	
Pegloticase

	
G6PD

	
Safety

	
Risk of hemolysis or methemoglobinemia in G6PD deficient patients

	
B

	
[39]




	
Non-steroidal anti-inflammatory drugs (NSAIDs)




	
Ibuprofen, celecoxib, and other NSAIDs

	
CYP2C9

	
Safety/PK

	
Increased risk of NSAID-related GI bleeding in no-function allele (*3) carriers relative to normal function, as well as reduced metabolism and prolonged exposure to ibuprofen and celecoxib in CYP2C9 poor metabolizers

	
A (ibuprofen and celecoxib); C (indomethacin, diclofenac, naproxen)

	
[40,41]




	
Anti-inflammatory




	
Colchicine

	
CYP2D6

	
Response

	
Diminished response to colchicine in CYP2D6*4 variant carriers

	
NA

	
[42]




	
ABCB1

	
Inconsistent evidence wherein one study indicates good response in the T allele carriers of the SNP rs10455642 C>T, while another study suggests no response with the T allele

	
NA

	
[43,44]




	
SEPHS1

	
Safety

	
The risk allele G of rs74795203 A>G significantly increases the risk of gastrointestinal adverse events by 2.5-fold with using colchicine

	
NA

	
[45]




	
KIF13A, RNU6-793Pb

	
Safety

	
The risk allele A of rs6916345 G>A (intergenic) was significantly associated with a ~2-fold increased risk of gastrointestinal adverse events with colchicine compared with the G allele

	
NA

	
[45]




	
Corticosteroids




	
Injectable triamcinolone acetonide

	
HCG22

	
Safety

	
The G and T alleles of rs3873352 C>G and rs2523864 C>T, respectively, increase the risk of steroid-induced ocular hypertension

	
NA

	
[46]




	
IL-1 inhibitor




	
Anakinra

	
IL1RN

	
Response

	
SNP cluster in strong linkage disequilibrium associated with poor response to anakinra

	
NA

	
[47]








PK, Pharmacokinetics; SNP, Single nucleotide polymorphism; CPIC Clinical Pharmacogenomic Implementation Consortium; HLA-B, Human leukocyte antigen B; AOX, Aldehyde oxidase; ABCG2, ATP-binding cassette transporter G2; UGT1 (members A1 and A3-10), Uridine diphosphate (UDP) glucoronosyl-transferase family 1; SLC22A12, Solute carrier family 22 member 12; ABCB1, Human adenosine triphosphate (ATP)-binding cassette subfamily B member 1; G6PD, Glucose-6-phosphate-dehydrogenase; CYP2C9, Cytochrome P450 2C9; CYP2D6, Cytochrome P450 2D6; SEPHS1, selenophosphate synthase 1; HCG22, HLA complex group 22; IL-1RN, Interleukin-1 receptor antagonist. Bolded letters indicate the risk allele. a CPIC level in the clinical context for rapid interpretation by clinicians includes A: Genetic information should be used to change prescribing of the affected drug (quality of evidence is high and in favor of changing prescribing); B: genetic information could be used to change prescribing of the affected drug, but alternative drugs are as effective and safe as non-genetically based dosing (optional change in prescribing); C: evidence levels vary and no prescribing actions recommended; and D: evidence is weak and conflicting, and no prescribing actions recommended. b The intergenic SNP rs6916345 G>A is in a candidate gene region spanning KIF13A, RNU6-793P located on chromosome 6 [48].
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