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Editorial on the Research Topic 


Advances in Pathogenesis and Therapies of Gout


Gout is one of the most common metabolic disorders in human caused by inflammatory responses to the deposition of monosodium urate (MSU) crystals, which form in the presence of increased urate concentrations. The pathogenesis of gout is that MSU crystal triggers a strong inflammatory response by activating macrophages in tissues and promoting the collection of neutrophils to tissues or organs (1). It has been reported that many soluble mediators are implicated in the initiation and amplification of the gout flare, including pro-inflammatory cytokines, lipid mediators, and complement (2). However, activation of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome by monosodium urate crystals with release of IL-1β plays a major role in the initiation of the gout flare (3). Interestingly, the gout flare is a self-limiting inflammation, and several mechanisms of resolution have been proposed, such as neutrophil extracellular traps (4), negative regulators of inflammasome and TLR signaling, and anti-inflammatory cytokines (5). It is noteworthy that gout is closely related to many comorbidities (6), especially cardiovascular diseases. To further our understanding of inflammatory regulation in the molecular pathophysiology of gout and to explore potential therapeutic approaches, this Research Topic exhibits a number of original research articles and review papers on the topic of advances in pathogenesis and therapies of gout.

In this Research Topic, Zhang et al. investigated the nationwide prevalence of hyperuricemia in China and evaluate its trends and associated risk factors. And significant escalating trends were observed between 2015-16 and 2018-19. Qiu et al. performed a series of bioinformatics analyses to identify molecular mechanisms related to gout, and found that pro-ADM can be used as a new inflammation related biomarker to predict and diagnose gout. Advanced imaging technology enables early gout diagnosis and can be used to evaluate the therapeutic effect. Li et al. summarized the role of ultrasonography, dual-energy computed tomography,and magnetic resonance imaging in the management of gout.

The activation of NLRP3 inflammasome and subsequent induction of the release of IL-1β exerts a central role in the initiation of gout flares. Besides MSU, various purine metabolites bind to different purine receptors for regulating IL-1β secretion implicated in the pathogenesis of gout flares (7). Given that the purine signaling pathway exerts different regulatory effects on inflammation, Tao et al. reviewed the role of purinergic receptor-mediated signaling pathways in the regulation of gout flare and resolution. The possibility that epigenetic mechanisms may contribute to gout pathogenesis offers the potential of a set of completely different therapeutic options (8). Georgel and Georgel reviewed the current mechanistic understanding of several components provided by food intake that are capable of modulating inflammation through epigenetic modification/reprogramming of innate cells.

Both psoriasis and gout are associated with increased risk of cardiovascular diseases (CVD) (9, 10), Chen et al. reported in this Research Topic that gout augments the risk of CVD independently of traditional risk factors in patients with psoriasis. This finding suggests that the management of gout/hyperuricemia may be beneficial in reducing the risk of developing CVD in patients with Psoriasis.

Galectin-9 (Gal-9) is a modulator of innate and adaptive immunity with both pro- and anti-inflammatory functions, dependent upon its expression and cellular location (11). Using mouse models of gout, Mansour et al. investigated the action of exogenous Gal-9 in MSU-gouty inflammation, which provide a new therapeutic strategy for preventing tissue damage in gouty arthritic inflammation. El Sayed et al. examined the anti-inflammatory mechanism of proteoglycan 4(rhPRG4) in MSU stimulated monocytes by animal model, Their work indicates that rhPRG4 exerts an anti-inflammatory activity in gout PBMCs, mediated by its ability to reduce urate crystal phagocytosis. Si-Miao-San (SMS)is a traditional Chinese medicine that has been reported to relieve the symptoms of gouty arthritis (12). A research by Cao et al. explored the anti-inflammatory mechanism of SMS on gout through animal and cellular experiments. Uric acid is excreted mainly through the kidneys and intestines. A mini review by Yin et al. summarized the effects of intestinal uric acid transporters and intestinal flora on uric acid excretion.

Collectively, the original research and review articles in this Research Topic cover a series of important aspects in the field of inflammatory regulation and clinical management in gout which may provide new insights into the diagnosis and treatment of gout and hyperuricemia.
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Objective

Patients with psoriasis (PsO) have a high frequency of concomitant gout and increased risk of cardiovascular diseases (CVD). We aimed to estimate the synergistic impact of gout on the risk of CVD in patients with PsO.



Methods

A population-based cohort of patients registered in the National Health Insurance Research Database of Taiwan between 2000 and 2013 was stratified according to the presence of PsO and gout. Propensity score analysis was used to match age and gender at a ratio of 1:4. Cox proportional hazard models and subgroup analyses were used to estimate the hazard ratios (HRs) for CVD adjusted for traditional risk factors. The Kaplan–Meier method was used to plot the cumulative incidence curves.



Results

Patients with combined PsO and gout (n = 97), PsO alone (n = 388), gout alone (matched, n = 388) and matched controls (n = 388) were identified. Compared with the patients with PsO alone, the patients with combined PsO and gout had a significantly higher risk of CVD (relative risk 2.39, 95% CI 1.56 to 3.65). After adjustment for traditional risk factors, the risk of CVD was higher in patients with gout alone (HR 2.16, 95% CI 1.54 to 3.04) and in patients with combined PsO and gout (HR 2.72, 95% CI 1.73 to 4.28).



Conclusions

Gout augments the risk of CVD independently of traditional risk factors in patients with PsO.
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Introduction

Psoriasis (PsO) is a common systemic chronic inflammatory disease. It is estimated that approximately 125 million people worldwide have PsO (1). In addition to cutaneous involvement, patients with PsO have an increased prevalence of concomitant psoriatic arthritis (PsA), hyperuricemia, dyslipidemia, hypertension, diabetes, stroke, coronary heart disease, acute myocardial infarction, obesity and depression (1). A recent study found that the standardized mortality rate of PsO is significantly elevated when compared with the general population, and that circulatory disease is one of the leading causes of death in patients with PsO (2). Gout is one of the most prevalent forms of inflammatory arthritis worldwide. It is generally accepted that gout is caused by hyperuricemia and the deposition of monosodium urate crystals in and around joints (3). Similar to PsO, patients with gout also have high frequencies of hypertension, type 2 diabetes, dyslipidemia, cardiac diseases (including coronary heart disease, heart failure and atrial fibrillation), stroke, chronic kidney disease and obesity (3).

The high prevalence of hyperuricemia and gout in patients with PsO has been documented in several observational studies (4–6) and has been confirmed recently by a large prospective cohort study from the USA, in which Merola et al. found that PsO is associated with an increased risk of subsequent gout, with a multivariate hazard ratio (HR) of 1.71. The risk of gout was substantially increased among those with PsO and concomitant PsA, with an HR of 4.95 when compared with participants without PsO (7). Thus, it is rational to speculate that gout or hyperuricemia may augment the risk of developing cardiovascular diseases (CVD) in patients with PsO. However, to the best of our knowledge, the impact of gout on the incidence of CVD in patients with PsO remains unknown. In particular, it has not been investigated in a large prospective cohort study.

To address this issue, we investigated the association between gout and the incidence of CVD in patients with PsO in a population-based, matched cohort study using the National Health Insurance Research Database (NHIRD) with a population of 1 million and 14 years of follow-up.



Patient and Methods


Data Sources

This is a population-based prospective cohort study. Data were obtained from NHIRD. The NHIRD enrolls approximately 99% of the 23 million beneficiaries in Taiwan and contains data including diagnoses, drug prescriptions, inpatient care, outpatient visits, emergency hospitalization and diagnoses. The study was approved by the Institutional Review Board of Chung Shan Medical University Hospital.



Study Participants and Matching

As shown in Figure 1, the longitudinal health insurance database (LHID) consisting of data from 1 million individuals was compiled from 2000 to 2013. Diagnoses were identified according to the International Classification of Diseases (ICD), Ninth Revision, Clinical Modification (ICD-9-CM) codes. Between January 1, 2000 and December 31, 2002, 2447 patients were diagnosed as having PsO (ICD-9-CM code 696) in the LHID. This code has also been used in previous population-based epidemiologic study of PsO (8). In the general clinical practice in Taiwan, the diagnoses of PsO, gout and CVD were made at least once by the specialist. Among these patients, 186 were diagnosed as having gout (ICD-9-CM code 274). Patients receiving at least three outpatient visits or one hospitalization were considered as having PsO and gout. The index date was set as January 1, 2003. Patients diagnosed as having CVD (ICD-9-CM code 410 to 414 for ischemic heart diseases; 430 to 438 for cerebrovascular diseases) before the index date were excluded. Finally, 97 patients were included in the group of patients with combined PsO and gout. Follow-up started on the index date and ended at CVD occurrence, the date of withdrawal from the national insurance system or the end of the study (December 31, 2013). New cases of CVD were identified from the database using the records of ICD-9-CM codes mentioned above, with at least three outpatient visits or one hospitalization.




Figure 1 | Flow chart of the study design. PsO, psoriasis; OPD, outpatient department; ICD-9-CM, International Classification of Diseases, Ninth Revision, Clinical Modification.



In each group of patients with PsO alone, patients with gout alone, and the general population (persons without PsO or gout), 388 individuals were matched for sex and age (± 2 years) at the index date to minimize potential confounding effects.



Covariates

The following comorbidities and medications were included in the multivariate analysis to identify the independent risk factors for the incidence of CVD: hypertension (ICD-9-CM codes 401 to 405); hyperlipidemia (ICD-9-CM codes 272.0 to 272.4); chronic liver diseases (ICD-9-CM code 571); chronic kidney diseases (ICD-9-CM code 585); diabetes (ICD-9-CM code 250); chronic obstructive pulmonary diseases (COPD; including ICD9-CM code 491 for chronic bronchitis, ICD-9-CM code 492 for emphysema, ICD-9-CM code 496 for chronic airway obstruction, not elsewhere classified); autoimmune diseases (including ICD-9-CM code 710 for diffuse diseases of connective tissue, ICD-9-CM code 714 for rheumatoid arthritis and other inflammatory polyarthropathies, ICD-9-CM code 720 for ankylosing spondylitis and other inflammatory spondylopathies); arrhythmia (ICD-9-CM codes 426 to 427); and the use of aspirin (defined as at least 30 days of use during the study period). The comorbidities were defined as those receiving a diagnosis within three years before the index date and associated with at least three outpatient visits or one hospitalization.



Statistical Analysis

The chi-square or Fisher exact test for categorical variables and Student’s t-test for continuous variables were used to compare the demographic data between groups. A Kaplan–Meier analysis was performed to assess the cumulative incidence of CVD and a log-rank test was used to test the significance. A Cox proportional hazard model was used to estimate the HR for CVD between groups. A p-value < 0.05 was considered statistically significant. Analyses were performed using SPSS software (version 18.0; SPSS Inc., Chicago, IL, USA).




Results

Compared with general population, participants with PsO alone, with gout alone, and with combined PsO and gout had higher prevalence of hypertension, hyperlipidemia, chronic liver diseases, chronic kidney diseases, diabetes, COPD, autoimmune diseases, arrhythmia and aspirin use (Table 1).


Table 1 | Baseline characteristics of the study population according to the history of psoriasis and gout.



The number of patients who developed CVD during the follow-up period is shown in Table 2. The incidence density (ID) was 14.83 (95% confidence interval (CI) 11.41 to 19.27) per 1,000 person–years (PY) in the general population, and the patients with gout alone had a 2-fold increased ID compared with patients with PsO alone (36.3/1,000 PY and 18/1,000 PY, respectively). The patients with combined PsO and gout had the highest ID (42.99/1,000 PY; 95% CI 30.40 to 60.80). Using the general population as a reference, the relative risk (RR) of the development of CVD was 2.44 (95% CI 1.78 to 3.36) in patients with gout alone and 2.90 (95% CI 1.88 to 4.48) in patients with combined PsO and gout. In comparison with patients with PsO alone, the combination of PsO and gout was associated with a 239% increase in the relative risk of CVD.


Table 2 | Incidence density of cardiovascular diseases among different groups.



The Kaplan–Meier curves (Figure 2) revealed that the cumulative incidence of CVD increased gradually in the general population, in patients with PsO alone, in patients with PsO (with or without gout), in patients with gout alone, and in patients with combined PsO and gout (log-rank test, overall p < 0.001). The risk of CVD in patients with PsO alone tended to be increased but there was no significant difference compared with the general population. The cumulative incidence of CVD was significantly higher in patients with PsO (with or without gout) and in patients with gout alone than in the general population (p = 0.017 and p < 0.001, respectively). Moreover, the cumulative incidence of CVD in patients with combined PsO and gout was greatly increased when compared with patients with PsO alone (p < 0.001).




Figure 2 | Kaplan–Meier curve of cumulative incidence of cardiovascular diseases in the study groups. PsO, psoriasis.



In the Cox proportional hazard model, the multivariate-adjusted HRs for CVD were increased, ranging from 1.15 (PsO alone) to 2.72 (PsO and gout). The multivariate adjusted HR appeared to be higher among patients aged 40–64 years (HR = 2.80; 95% CI 1.82 to 4.30) and among patients aged ≥ 65 years (HR = 5.68; 95% CI 3.55 to 9.07) than among patients aged 39 years or younger. The presence of hypertension (HR = 1.93; 95% CI 1.45 to 2.58) and COPD (HR = 1.61; 95% CI 1.06 to 2.45) were also associated with increased risk of CVD (Table 3).


Table 3 | Cox proportional hazard model analysis for risk of cardiovascular diseases.



We further performed a subgroup analysis stratified by age and sex to investigate the impact of the presence of concomitant gout on the incidence of CVD in patients with PsO (Table 4). The HRs were adjusted for age, gender, hypertension, hyperlipidemia, chronic liver diseases, chronic kidney diseases, diabetes, COPD, autoimmune diseases, arrhythmia, and aspirin use. In the subgroup of age < 65 years, the patients with gout alone (aHR = 1.99; 95% CI 1.31 to 3.01) and patients with combined PsO and gout (aHR = 2.85; 95% CI 1.66 to 4.88) had a significantly higher risk of CVD than the general population. In the subgroup of age ≥ 65 years, patients with gout alone (aHR = 2.73; 95% CI 1.45 to 5.13) and patients with PsO alone (aHR = 2.00; 95% CI 1.10 to 3.64) had a higher risk of CVD than the general population. Among women, a higher risk of CVD was observed in patients with gout alone (aHR = 6.16; 95% CI 1.56 to 24.39) and in patients with PsO alone (aHR = 3.99; 95% CI 1.16 to 13.69). Among men, we also observed a significantly higher risk of CVD in patients with gout alone (aHR = 2.12; 95% CI 1.49 to 3.03) and in patients with combined PsO and gout (aHR = 2.96; 95% CI 1.86 to 4.72) than in the general population. However, the risk of CVD in male patients with PsO alone was comparable with that in the general population.


Table 4 | Subgroup analysis of risk for cardiovascular diseases.





Discussion

In this prospective, population-based, matched cohort study, we confirmed that the presence of PsO (with or without gout) and the known risk factors such as age, hypertension and COPD were associated with an increased risk of CVD. The presence of PsO alone increased the risk of CVD in females and individuals aged ≥ 65 years, but not in males or individuals aged < 65. Importantly, we found that the ID for CVD was highest in patients with combined PsO and gout (42.99/1,000 PY). In comparison with patients with PsO alone, the combined presence of PsO and gout was associated with a 239% increase in the relative risk of CVD.

It is well known that PsO is associated with an increased risk of major adverse cardiovascular outcomes such as myocardial infarction (9–12) and stroke (13, 14), and is associated with an increased cardiovascular mortality (15). PsO is also an independent risk factor for coronary artery calcification (16). A high prevalence of metabolic syndrome (MetS) components such as diabetes, hypertension, hyperlipidemia and obesity has been observed in patients with PsO in a previous cross-sectional study (17). These traditional risk factors are generally considered to be the causes of the increased incidence of CVD in patients with PsO. However, the risk of CVD for patients with PsO has not been fully investigated in any large prospective cohort study and has not been analyzed in detail by adjusting for the traditional risk factors in East Asians. In our study, the presence of gout alone was associated with the risk of CVD in all subgroups and in multivariate analyses after adjustment for traditional risk factors. However, the association between the presence of PsO alone and CVD was not statistically significant in multivariate analyses after adjusting for traditional risk factors, and was seen only in females and in individuals aged ≥ 65 years. The discrepancy between the present study and previous studies (9–14) might be explained by the differences in ethnicity, outcomes and confounders included in the analysis. To date, gout or hyperuricemia has not been included in the definition of MetS (18). Our results indicate that there are at least two independent categories of risk factor for CVD in patients with PsO: gout and the components of MetS.

Hyperuricemia is the critical mechanism of the pathogenesis of gout. Various factors can influence serum uric acid (UA) levels, and the serum UA level itself is closely related to conditions such as dyslipidemia, obesity, hypertension, and impaired glucose metabolism, which may contribute to CVD pathophysiology (19). The mechanisms by which hyperuricemia is involved in the pathogenesis of CVD may include but are not limited to the following findings. First, hyperuricemia may induce endothelial dysfunction, which is a key pathophysiological trigger in atherosclerosis. Endothelial cells secrete a number of vasodilators such as nitric oxide, prostaglandin I-2, and endothelium-derived hyperpolarizing factor. It has been found that hyperuricemia can induce human umbilical vein endothelial cell apoptosis and endothelial dysfunction through endothelial nitric oxide synthase (eNOS) phosphorylation and endoplasmic reticulum stress, reducing eNOS activity and nitric oxide production, activating NF-κB, and increasing the levels of inflammatory cytokines (20, 21). It has been suggested that the beneficial effect of allopurinol on CVD may rely more on its ability to reduce oxidative stress than on its impact on urate levels (22). Second, hyperuricemia can increase reactive oxygen species production and inhibit insulin-induced glucose uptake by increasing the phosphorylation of insulin receptor substrate 1 and inhibiting the phosphorylation of Akt. As a result, hyperuricemia can inhibit insulin signaling, induce insulin resistance and accelerate the process of atherosclerosis (23, 24). Third, hyperuricemia may participate in the pathogenesis of CVD by activating the inflammasome pathway. Several studies have shown that UA activates the nod-like receptor protein 3 inflammasome and induces interleukin-1β release in monocytes, macrophages, vascular smooth muscle cells, and endothelial cells (25–28). Other pathogenic roles of UA in CVD may include induction of an imbalance in macrophage M1/M2 polarization (29), HDL dysfunction (30) and increasing the risk of developing high LDL cholesterol and hypertriglyceridemia (31). Several studies have revealed a significant correlation between serum UA levels and increased carotid intima–medial thickness among patients with PsA (32–34).

In the subgroup analyses, we found that the presence of gout alone was associated with increased risk of CVD in all subgroups, with the highest HR (6.16) in females. Although the statistical power may have been insufficient owing to the relatively small number of females, our results suggest a stronger impact of gout/hyperuricemia on the risk of CVD in females than in males. Although the mechanism underlying the impact of gender on the association between UA and CVD remains elusive, our findings are consistent with the previous studies. Fang et al. found that the association between serum uric acid levels and cardiovascular mortality was more robust in women than in men and persisted regardless of traditional cardiovascular risks. They also found that there was no association of serum UA with cardiovascular mortality among men at high traditional cardiovascular risk (35). Hoieggen et al. found also that the association between serum UA and cardiovascular events was stronger in women than in men, with or without adjustment of Framingham risk score (36). An earlier study revealed that an increased serum UA level was an independent predictor of all-cause and heart disease mortality for woman only. Women with a serum UA level of ≥ 416 μmol/L had an almost 5-fold higher risk of ischemic heart disease mortality than those with a level < 238 μmol/L (37).

We found that the presence of COPD was associated with an increased risk of CVD both in univariate analysis (HR = 2.97) and in multivariate analysis (HR = 1.61), which is in line with previous reports. It has been reported that patients with COPD have a 2–3-fold increased risk of CVD compared with age-matched controls after adjustment for tobacco smoking (38). Patients with COPD often have hypoxia during exercise, high resting heart rates, impaired vasodilatory capacity and peripheral, cardiac and neurohumoral sympathetic stress, which may cause CVD. Mechanistically, cytokines involved in the pathogenesis of COPD, such as interferon-γ, interleukin (IL)-1, tumor necrosis factor-α, and IL-6, may contribute to the development of CVD (39). As a well-known risk factor for COPD, smoking is also prevalent in patients with PsO. Our results suggest that the management of COPD and recommendation of smoking cessation may be important for CVD prevention in patients with PsO.

Several guidelines and recommendations for the management of common comorbidities of PsO have been developed (40). However, most of them focus on comorbidities such as MetS, inflammatory bowel disease, psychologic dysfunction and cancer. The management of gout or hyperuricemia is not included in the latest guideline for the care of comorbidities of patients with PsO (41). In addition, a low purine diet was not included in recent dietary recommendations for adults with PsO or PsA (42). A pharmaco-epidemiological study revealed that allopurinol decreased the risk of myocardial infarction by 20% (43). The significant impact of gout on the risk of developing CVD found in the present study strongly suggests that targeted education and therapeutic intervention of gout/hyperuricemia may help to reduce the risk of CVD in patients with PsO, and should be included in the guidelines or recommendations for PsO in the future. Cardiovascular risk is consistently increased in multiple types of arthritis including rheumatoid arthritis, gout, PsA and osteoarthritis (12). Cardiovascular risk algorithms developed for the general population are not accurate in these patients (44, 45). Our study suggests that a PsO specific cardiovascular risk score is needed, in which the presence of gout/hyperuricemia should be included.

The advantages of the present study include that the study involved a population-based prospective design. The large number of participants with a relatively long follow-up period allowed us to perform matching and subgroup analysis to adjust for several possible confounders.

The limitations should also be addressed. First, despite that in the general clinical practice in Taiwan, the diagnoses of PsO, gout and CVD were made at least once by the specialist in LHID, we cannot rule out completely the over- or under-diagnoses of these diseases. Second, owing to the relatively small size of patients with combined PsO and gout, several potential confounding factors such as the use of medications (e.g. allopurinol, statins, anticoagulants and other cardiovascular medications) were not adjusted. Third, laboratory data such as the values of erythrocyte sedimentation rate, C-reactive protein and serum UA were unavailable in the NHIRD. Therefore, the associations between the levels of UA and disease activity of PsO and the risk of CVD could not be investigated in the present study, although it is reported that the association between PsO and metabolic syndrome increases with increasing disease severity of PsO (46). The CVD related life style factors such as smoking, diet preference and body mass index were also not analyzed because of the lack of relevant data.

In summary, our prospective, population-based matched cohort study revealed that concomitant gout is an independent risk factor for CVD in patients with PsO. In addition to control of the traditional CVD risk factors, physicians should consider relevant education and management of gout/hyperuricemia in the care of patients with PsO.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Chung Shan Medical University Hospital (IRB, CS15134). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

S-MD and JC-CW conceptualized the research. ZC, YX, MC, RC and JC-CW interpreted the data and drafted the manuscript. Y-HW performed data analysis and graph generation and critically revised the manuscript. All authors contributed to the article and approved the submitted version.



References

1. Armstrong, AW, and Read, C. Pathophysiology, Clinical Presentation, and Treatment of Psoriasis: A Review. JAMA (2020) 323:1945–60. doi: 10.1001/jama.2020.4006

2. Colaco, K, Widdifield, J, Luo, J, Rosen, CF, Alhusayen, R, Paterson, JM, et al. Trends in Mortality and Cause-Specific Mortality Among Patients With Psoriasis and Psoriatic Arthritis in Ontario, Canada. J Am Acad Dermatol (2020) S0190-9622:32843–7. doi: 10.1016/j.jaad.2020.10.031

3. Bardin, T, and Richette, P. Impact of Comorbidities on Gout and Hyperuricaemia: An Update on Prevalence and Treatment Options. BMC Med (2017) 15:123. doi: 10.1186/s12916-017-0890-9

4. Gisondi, P, Targher, G, Cagalli, A, and Girolomoni, G. Hyperuricemia in Patients With Chronic Plaque Psoriasis. J Am Acad Dermatol (2014) 70:127–30. doi: 10.1016/j.jaad.2013.09.005

5. Kwon, HH, Kwon, IH, Choi, JW, and Youn, JI. Cross-Sectional Study on the Correlation of Serum Uric Acid With Disease Severity in Korean Patients With Psoriasis. Clin Exp Dermatol (2011) 36:473–8. doi: 10.1111/j.1365-2230.2010.03988.x

6. Li, X, Miao, X, Wang, H, Wang, Y, Li, F, Yang, Q, et al. Association of Serum Uric Acid Levels in Psoriasis: A Systematic Review and Meta-Analysis. Med (Baltimore) (2016) 95:e3676. doi: 10.1097/MD.0000000000003676

7. Merola, JF, Wu, S, Han, J, Choi, HK, and Qureshi, AA. Psoriasis, Psoriatic Arthritis and Risk of Gout in US Men and Women. Ann Rheum Dis (2015) 74:1495–500. doi: 10.1136/annrheumdis-2014-205212

8. Tollefson, MM, Crowson, CS, McEvoy, MT, and Maradit Kremers, H. Incidence of Psoriasis in Children: A Population-Based Study. J Am Acad Dermatol (2010) 62:979–87. doi: 10.1016/j.jaad.2009.07.029

9. Gelfand, JM, Neimann, AL, Shin, DB, Wang, X, Margolis, DJ, and Troxel, AB. Risk of Myocardial Infarction in Patients With Psoriasis. JAMA (2006) 296:1735–41. doi: 10.1001/jama.296.14.1735

10. Lin, HW, Wang, KH, Lin, HC, and Lin, HC. Increased Risk of Acute Myocardial Infarction in Patients With Psoriasis: A 5-Year Population-Based Study in Taiwan. J Am Acad Dermatol (2011) 64:495–501. doi: 10.1016/j.jaad.2010.01.050

11. Ahlehoff, O, Gislason, GH, Charlot, M, Jørgensen, CH, Lindhardsen, J, Olesen, JB, et al. Psoriasis Is Associated With Clinically Significant Cardiovascular Risk: A Danish Nationwide Cohort Study. J Intern Med (2011) 270:147–57. doi: 10.1111/j.1365-2796.2010.02310.x

12. Schieir, O, Tosevski, C, Glazier, RH, Hogg–Johnson, S, and Badley, EM. Incident Myocardial Infarction Associated With Major Types of Arthritis in the General Population: A Systematic Review and Meta-Analysis. Ann Rheum Dis (2017) 76:1396–404. doi: 10.1136/annrheumdis-2016-210275

13. Gelfand, JM, Dommasch, ED, Shin, DB, Azfar, RS, Kurd, SK, Wang, X, et al. The Risk of Stroke in Patients With Psoriasis. J Invest Dermatol (2009) 129:2411–8. doi: 10.1038/jid.2009.112

14. Ahlehoff, O, Gislason, GH, Jorgensen, CH, Lindhardsen, J, Charlot, M, Olesen, JB, et al. Psoriasis and Risk of Atrial Fibrillation and Ischaemic Stroke: A Danish Nationwide Cohort Study. Eur Heart J (2012) 33:2054–64. doi: 10.1093/eurheartj/ehr285

15. Mehta, NN, Azfar, RS, Shin, DB, Neimann, AL, Troxel, AB, and Gelfand, JM. Patients With Severe Psoriasis Are at Increased Risk of Cardiovascular Mortality: Cohort Study Using the General Practice Research Database. Eur Heart J (2010) 31:1000–6. doi: 10.1093/eurheartj/ehp567

16. Ludwig, RJ, Herzog, C, Rostock, A, Ochsendorf, FR, Zollner, TM, Thaci, D, et al. Psoriasis: A Possible Risk Factor for Development of Coronary Artery Calcification. Br J Dermatol (2007) 156:271–6. doi: 10.1111/j.1365-2133.2006.07562.x

17. Neimann, AL, Shin, DB, Wang, X, Margolis, DJ, Troxel, AB, and Gelfand, JM. Prevalence of Cardiovascular Risk Factors in Patients With Psoriasis. J Am Acad Dermatol (2006) 55:829–35. doi: 10.1016/j.jaad.2006.08.040

18. Kassi, E, Pervanidou, P, Kaltsas, G, and Chrousos, G. Metabolic Syndrome: Definitions and Controversies. BMC Med (2011) 9:48. doi: 10.1186/1741-7015-9-48

19. Wu, AH, Gladden, JD, Ahmed, M, Ahmed, A, and Filippatos, G. Relation of Serum Uric Acid to Cardiovascular Disease. Int J Cardiol (2016) 213:4–7. doi: 10.1016/j.ijcard.2015.08.110

20. Cai, W, Duan, XM, Liu, Y, Yu, J, Tang, YL, Liu, ZL, et al. Uric Acid Induces Endothelial Dysfunction by Activating the HMGB1/RAGE Signaling Pathway. BioMed Res Int (2017) 2017:4391920. doi: 10.1155/2017/4391920

21. Li, P, Zhang, L, Zhang, M, Zhou, C, and Lin, N. Uric Acid Enhances PKC-Dependent eNOS Phosphorylation and Mediates Cellular ER Stress: A Mechanism for Uric Acid-Induced Endothelial Dysfunction. Int J Mol Med (2016) 37:989–97. doi: 10.3892/ijmm.2016.2491

22. Harzand, A, Tamariz, L, and Hare, JM. Uric Acid, Heart Failure Survival, and the Impact of Xanthine Oxidase Inhibition. Congest Heart Fail (2012) 18:179–82. doi: 10.1111/j.1751-7133.2011.00262.x

23. Zhi, L, Yuzhang, Z, Tianliang, H, Hisatome, I, Yamamoto, T, and Jidong, C. High Uric Acid Induces Insulin Resistance in Cardiomyocytes In Vitro and In Vivo. PLoS One (2016) 11:e0147737. doi: 10.1371/journal.pone.0147737

24. Forstermann, U, and Munzel, T. Endothelial Nitric Oxide Synthase in Vascular Disease: From Marvel to Menace. Circulation (2006) 113:1708–14. doi: 10.1161/CIRCULATIONAHA.105.602532

25. Martinon, F, Petrilli, V, Mayor, A, Tardivel, A, and Tschopp, J. Gout-Associated Uric Acid Crystals Activate the NALP3 Inflammasome. Nature (2006) 440:237–41. doi: 10.1038/nature04516

26. Matias, ML, Romao, M, Weel, IC, Ribeiro, VR, Nunes, PR, Borges, VT, et al. Endogenous and Uric Acid-Induced Activation of NLRP3 Inflammasome in Pregnant Women With Preeclampsia. PLoS One (2015) 10:e0129095. doi: 10.1371/journal.pone.0129095

27. Kim, SK, Choe, JY, and Park, KY. Anti-Inflammatory Effect of Artemisinin on Uric Acid-Induced NLRP3 Inflammasome Activation Through Blocking Interaction Between NLRP3 and NEK7. Biochem Biophys Res Commun (2019) 517:338–45. doi: 10.1016/j.bbrc.2019.07.087

28. Yin, W, Zhou, QL, OuYang, SX, Chen, Y, Gong, YT, and Liang, YM. Uric Acid Regulates NLRP3/IL-1beta Signaling Pathway and Further Induces Vascular Endothelial Cells Injury in Early CKD Through ROS Activation and K(+) Efflux. BMC Nephrol (2019) 20:319. doi: 10.1186/s12882-019-1506-8

29. Jia, G, Habibi, J, Bostick, BP, Ma, L, DeMarco, VG, Aroor, AR, et al. Uric Acid Promotes Left Ventricular Diastolic Dysfunction in Mice Fed a Western Diet. Hypertension (2015) 65:531–9. doi: 10.1161/HYPERTENSIONAHA.114.04737

30. Onat, A, Can, G, Ornek, E, Altay, S, Yüksel, M, and Ademoğlu, E. Elevated Serum Uric Acid in Nondiabetic People Mark Pro-Inflammatory State and HDL Dysfunction and Independently Predicts Coronary Disease. Clin Rheumatol (2013) 32:1767–75. doi: 10.1007/s10067-013-2339-7

31. Kuwabara, M, Borghi, C, Cicero, AFG, Hisatome, I, Niwa, K, Ohno, M, et al. Elevated Serum Uric Acid Increases Risks for Developing High LDL Cholesterol and Hypertriglyceridemia: A Five-Year Cohort Study in Japan. Int J Cardiol (2018) 261:183–88. doi: 10.1016/j.ijcard.2018.03.045

32. Gonzalez-Gay, MA, Gonzalez-Juanatey, C, Vazquez-Rodriguez, TR, Dierssen, T, and Llorca, J. Role of Asymptomatic Hyperuricemia and Serum Uric Acid Levels in the Pathogenesis of Subclinical Atherosclerosis in Psoriatic Arthritis: Comment on the Article by Chen et al. Arthritis Rheum (2009) 61:856–7; author reply 57-8. doi: 10.1002/art.24584

33. Lin, YC, Dalal, D, Churton, S, Brennan, DM, Korman, NJ, Kim, ES, et al. Relationship Between Metabolic Syndrome and Carotid Intima-Media Thickness: Cross-Sectional Comparison Between Psoriasis and Psoriatic Arthritis. Arthritis Care Res (Hoboken) (2014) 66:97–103. doi: 10.1002/acr.22144

34. Gonzalez-Gay, MA, Gonzalez-Juanatey, C, Vazquez-Rodriguez, TR, Gomez-Acebo, I, Miranda-Filloy, JA, Paz-Carreira, J, et al. Asymptomatic Hyperuricemia and Serum Uric Acid Concentration Correlate With Subclinical Atherosclerosis in Psoriatic Arthritis Patients Without Clinically Evident Cardiovascular Disease. Semin Arthritis Rheum (2009) 39:157–62. doi: 10.1016/j.semarthrit.2008.06.001

35. Fang, J, and Alderman, MH. Serum Uric Acid and Cardiovascular Mortality the NHANES I Epidemiologic Follow-Up Study, 1971-1992. National Health and Nutrition Examination Survey. JAMA (2000) 283:2404–10. doi: 10.1001/jama.283.18.2404

36. Hoieggen, A, Alderman, MH, Kjeldsen, SE, Julius, S, Devereux, RB, De Faire, U, et al. The Impact of Serum Uric Acid on Cardiovascular Outcomes in the LIFE Study. Kidney Int (2004) 65:1041–9. doi: 10.1111/j.1523-1755.2004.00484.x

37. Freedman, DS, Williamson, DF, Gunter, EW, and Byers, T. Relation of Serum Uric Acid to Mortality and Ischemic Heart Disease. The Nhanes I Epidemiologic Follow-up Study. Am J Epidemiol (1995) 141:637–44. doi: 10.1093/oxfordjournals.aje.a117479

38. Chen, W, Thomas, J, Sadatsafavi, M, and FitzGerald, JM. Risk of Cardiovascular Comorbidity in Patients With Chronic Obstructive Pulmonary Disease: A Systematic Review and Meta-Analysis. Lancet Respir Med (2015) 3:631–9. doi: 10.1016/S2213-2600(15)00241-6

39. Brusselle, GG, Joos, GF, and Bracke, KR. New Insights Into the Immunology of Chronic Obstructive Pulmonary Disease. Lancet (2011) 378:1015–26. doi: 10.1016/S0140-6736(11)60988-4

40. Roubille, C, Richer, V, Starnino, T, McCourt, C, McFarlane, A, Fleming, P, et al. Evidence-Based Recommendations for the Management of Comorbidities in Rheumatoid Arthritis, Psoriasis, and Psoriatic Arthritis: Expert Opinion of the Canadian Dermatology-Rheumatology Comorbidity Initiative. J Rheumatol (2015) 42:1767–80. doi: 10.3899/jrheum.141112

41. Elmets, CA, Leonardi, CL, Davis, DMR, Gelfand, JM, Lichten, J, Mehta, NN, et al. Joint AAD-NPF Guidelines of Care for the Management and Treatment of Psoriasis With Awareness and Attention to Comorbidities. J Am Acad Dermatol (2019) 80:1073–113. doi: 10.1016/j.jaad.2018.11.058

42. Ford, AR, Siegel, M, Bagel, J, Cordoro, KM, Garg, A, Gottlieb, A, et al. Dietary Recommendations for Adults With Psoriasis or Psoriatic Arthritis From the Medical Board of the National Psoriasis Foundation: A Systematic Review. JAMA Dermatol (2018) 154:934–50. doi: 10.1001/jamadermatol.2018.1412

43. Grimaldi-Bensouda, L, Alperovitch, A, Aubrun, E, Danchin, N, Rossignol, M, Abenhaim, L, et al. Impact of Allopurinol on Risk of Myocardial Infarction. Ann Rheum Dis (2015) 74:836–42. doi: 10.1136/annrheumdis-2012-202972

44. Hippisley-Cox, J, Coupland, C, Vinogradova, Y, Robson, J, Minhas, R, Sheikh, A, et al. Predicting Cardiovascular Risk in England and Wales: Prospective Derivation and Validation of QRISK2. BMJ (2008) 336:1475–82. doi: 10.1136/bmj.39609.449676.25

45. Crowson, CS, Gabriel, SE, Semb, AG, van Riel, PLCM, Karpouzas, G, Dessein, PH, et al. Rheumatoid Arthritis-Specific Cardiovascular Risk Scores Are Not Superior to General Risk Scores: A Validation Analysis of Patients From Seven Countries. Rheumatol (Oxford) (2017) 56:1102–10. doi: 10.1093/rheumatology/kex038

46. Langan, SM, Seminara, NM, Shin, DB, Troxel, AB, Kimmel, SE, Mehta, NN, et al. Prevalence of Metabolic Syndrome in Patients With Psoriasis: A Population-Based Study in the United Kingdom. J Invest Dermatol (2012) 132(3 Pt 1):556–62. doi: 10.1038/jid.2011.365




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Chen, Xu, Chen, Cui, Wang, Dai and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 17 September 2021

doi: 10.3389/fimmu.2021.752359

[image: image2]


Where Epigenetics Meets Food Intake: Their Interaction in the Development/Severity of Gout and Therapeutic Perspectives


Philippe T. Georgel 1*† and Philippe Georgel 2,3*†


1 Department of Biological Sciences, Cell Differentiation and Development Center, Joan C. Edwards School of Medicine, Byrd Biotechnology Science Center, Marshall University, Huntington, WV, United States, 2 Laboratoire d’ImmunoRhumatologie Moléculaire, Institut National de la Santé et de la Recherche Médicale (INSERM) UMR_S 1109, Institut thématique interdisciplinaire (ITI) de Médecine de Précision de Strasbourg, Transplantex NG, Faculté de Médecine, Fédération Hospitalo-Universitaire OMICARE, Fédération de Médecine Translationnelle de Strasbourg (FMTS), Université de Strasbourg, Strasbourg, France, 3 Unité de Recherche et d'Expertise Immunity and Inflammation, Institut Pasteur in New Caledonia, Pasteur Network, Nouméa, New Caledonia




Edited by: 

Xiaoxia Zhu, Fudan University, China

Reviewed by: 

Hongbing Guan, Guangzhou Medical University, China

Ming-Kuei Shih, National Kaohsiung University of Hospitality and Tourism, Taiwan

*Correspondence: 

Philippe T. Georgel
 georgel@marshall.edu 

Philippe Georgel
 pgeorgel@unistra.fr

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 02 August 2021

Accepted: 31 August 2021

Published: 17 September 2021

Citation:
Georgel PT and Georgel P (2021) Where Epigenetics Meets Food Intake: Their Interaction in the Development/Severity of Gout and Therapeutic Perspectives. Front. Immunol. 12:752359. doi: 10.3389/fimmu.2021.752359



Gout is the most frequent form of inflammatory arthritis in the world. Its prevalence is particularly elevated in specific geographical areas such as in the Oceania/Pacific region and is rising in the US, Europe, and Asia. Gout is a severe and painful disease, in which co-morbidities are responsible for a significant reduction in life expectancy. However, gout patients remain ostracized because the disease is still considered “self-inflicted”, as a result of unhealthy lifestyle and excessive food and alcohol intake. While the etiology of gout flares is clearly associated with the presence of monosodium urate (MSU) crystal deposits, several major questions remain unanswered, such as the relationships between diet, hyperuricemia and gout flares or the mechanisms by which urate induces inflammation. Recent advances have identified gene variants associated with gout incidence. Nevertheless, genetic origins of gout combined to diet-related possible uric acid overproduction account for the symptoms in only a minor portion of patients. Hence, additional factors must be at play. Here, we review the impact of epigenetic mechanisms in which nutrients (such as ω-3 polyunsaturated fatty acids) and/or dietary-derived metabolites (like urate) trigger anti/pro-inflammatory responses that may participate in gout pathogenesis and severity. We propose that simple dietary regimens may be beneficial to complement therapeutic management or contribute to the prevention of flares in gout patients.
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Introduction

Gout is probably the oldest known joint disease, already described by Hippocrates of Kos in the fifth century B.C (1). Gout has been dubbed the “disease of Kings” and indeed, considering only the French royalty, 20 of the 34 kings of France were said to have been afflicted by it (2). Since then, gout has been associated with a decadent and unhealthy lifestyle, caused by excessive calorie-rich food intake. Unfortunately, such considerations are still prevalent, and gout continues to be considered a self-inflicted disease. Importantly, a recent meta-analysis (3) revealed that, in contrast to this common belief, diet actually only explained some of the variation(s) in serum urate levels, compared to the importance of the genetic contribution. Such data have important psychological consequences, as they should help to relieve the stigmatization of gout patients and encourage them to seek medical help during the first crisis, improve their therapeutic observance, limit the duration of their therapy, and diminish the social and economic burden of the disease. Although this meta-analysis concerned patients of European ancestry and may not be generalized to other ethnic groups (specifically those, like Oceanians (4) in which gout represents a major public healthcare issue), it highlights the importance of genetic variants identified in genome-wide association studies (GWAS), which account for almost one fourth (23.9%) of the variation of serum urate levels compared to 0.3% associated with diet. This study does not however explain what is responsible for the majority of the variation(s) of serum urate levels (approximately 75%). This indicates that, even though hyperuricemia and the subsequent formation of urate crystals have been known for a long time as major determinants of gout etiology, many facets of this disease, which remains the most prevalent form of inflammatory arthritis worldwide, are still unexplained.

Epigenetics describes the mechanisms by which changes in genes expression occur independently from the primary DNA sequence (genome) of an organism. They are divided into three main categories: (i) changes in DNA methylation affecting chromatin compaction, (ii) chromatin alterations through histone post-translational modifications (PTM) and/or incorporation of histone variants and (iii) regulation by non-coding RNAs (ncRNAs), such as microRNAs (miRs) or long non-coding RNAs (lncRNAs) (5). Such modifications are considered as important responses to environmental triggers, enabling adaptive changes of gene expression patterns (6). In the context of gout pathogenesis, epigenetic mechanisms might be of particular interest to account for the remarkable variability seen in patients (7) in terms of crisis intensity or frequency and to assess the relationship [or sometimes the absence of relationship (8)] between uricemia levels and MSU crystals-dependent joint inflammation. In line with these assumptions, it is noteworthy to highlight that genome-wide association studies (GWAS) comparing gout patients to control groups have identified variants in genes encoding important players in epigenetic regulation mechanisms, such as DNA Methyl Transferase 1 (DNMT1) (9) and lncRNAs (10). Furthermore, and as noted above, food intake, despite the recent re-evaluation of its importance in gout development, remains an important environmental source of precursors of uric acid, a molecule that has been shown to affect the physiological and inflammatory properties of monocytes through epigenetic-driven reprogramming (11). This process, coined “trained innate immunity”, appears nowadays as a major player in the defense against pathogens and in autoimmunity (12). Finally, besides providing urate precursors, diet is also a source of short-chain fatty acids (which can also originate from the microbiota) that are known to induce epigenetic changes through, most commonly, changes in histone acetylation, and consequently affect pathophysiological responses (13), as shown using a gout mouse model (14).

Up to now, the therapeutic management of gout patients aims, in the short term, at treating the gout flares, and in the long term, at reducing urate levels (15). For these purposes, several molecules are available, among which are colchicine, IL-1β blockers, non-steroidal anti-inflammatory drugs (NSAID), and drugs facilitating urate renal excretion (like Probenecid) or decreasing its production (such as the Xanthine Oxidase inhibitors Allopurinol and Febuxostat). Unfortunately, these treatments can generate serious side effects, including renal and cardiac damages or hepatotoxicity (16). Further, these drugs focus on diminishing the symptoms rather than curing the patient. Of note, novel molecules targeting the aggregation of neutrophil extracellular traps are in development (17). In the long term, though with limited expected benefits, lifestyle modifications are also recommended (15). The possibility that epigenetic mechanisms may contribute to gout pathogenesis offers the potential of a set of completely different therapeutic options and, more importantly, lasting management of patients through epigenetic reprogramming of innate immune cells such as monocytes/macrophages (for instance with the Histone DeAcetylase -HDAC - inhibitor Vorinostat), which are the main producers of Il-1β, a crucial cytokine in gout pathogenesis. This strategy has been already considered for other rheumatic diseases, such as rheumatoid arthritis or systemic lupus erythematosus (18), and implemented in animal models (19). Diet counseling could also be adapted, as indicated by recent findings linking salt (20) or other components (such as hydrogen sulfide) (21) and inflammation as a result of innate immune cells reprogramming (22).

Here, we review the current mechanistic understanding of how several components provided by food intake are capable of modulating inflammation through epigenetic modification/reprogramming of innate cells and how that knowledge could be translated into actionable decisions for the benefit of gout patients.



Gout and Food Intake: Not Only Urate, Not Only Inflammasome-Dependent

Excessive uric acid in the blood circulation (hyperuricemia) and the subsequent formation and deposition of MSU crystals have been known for more than a century [with the work of Sir Alfred Garrod (2)] to be the etiological trigger of gout (23). However, the connections between elevated urate, MSU, and gout flares are more complex than a simple cause and effect relationship. Indeed, only 2-15% of hyperuricemic individuals develop clinical gout and conversely, some patients exhibit urate levels within normal range at the time when they suffer acute gout flares (23). Nevertheless, the impact of MSU crystals on inflammation and pain is widely recognized. Of note, the loss of URICASE activity in Humans and other Primates explains high urate levels in these species (23). The mutations inactivating the URICASE gene that have been selected suggest that urate also carries some beneficial effects, including antioxidant and adjuvant properties, which protect the host against neurodegenerative or infectious diseases (24). As mentioned above, diet has always been associated with gout flares, but this assumption has been recently objectified in a meta-analysis regrouping 16,760 individuals (3). This work demonstrated that the consumption of specific nutrients (beer, liquor, wine, potato, poultry, soft drinks, and meat) increased serum urate levels, while others (eggs, cheese, peanuts) were associated with lower levels. These data are in line with observations linking Mediterranean diet (in which red meat intake is moderate) with reduced gout incidence (25). However, the mechanisms by which nutrition modifies urate production and impacts on gout crises remain elusive. Indeed, urate, the end-product of purine metabolism, can have endogenous or exogenous origins and it is widely accepted that purines originate equally from diet and synthesis under normal circumstances (26). Hyperuricemia can therefore result from two kinds of perturbations: (i) those resulting from excessive purine-rich food, infections, or neoplasms and (ii) those resulting from reduced excretion of urate (Figure 1).




Figure 1 | Excessive uric acid in the blood (hyperuricemia) can originate from endogenous or exogenous sources. Various nutrients (purin-rich such as red meat or sugar-rich beverages) have been shown to be environmental (exogenous) factors participating in hyperuricemia; similarly intrinsic (endogenous) determinants from the host, like genetic defects affecting urate excretion, can also participate to hyperuricemia. Metabolism of elevated DNA concentration resulting from infections (exogenous) or cell cytotoxicity (endogenous) is also suspected to generate high levels of urate.



With regards to the exogenous origin of hyperuricemia, several nutrients, such as red meat (rich in purines) and fructose-rich beverages appear as clear contributors. Of note, fructose metabolism in the liver, through unregulated phosphorylation of adenosine triphosphate into adenosine monophosphate, increases urate production (27). However, such direct connection is more difficult to validate when one considers that others purine-rich foods of vegetable origin (bean, lentils, peas…) are not known to contribute to any increased risk of hyperuricemia and gout flares (28). Such contradiction indicates that other dietary components, besides those which drive purine-derived uric acid overproduction, are involved in gout pathogenesis.

Indeed, high protein diet-induced gout in chicken has recently been described in a recent report (29). While this regimen also induced serum urate levels, another study in human’s suffering hypertension (30) provided contradictory insights by showing lower serum urate levels in patients (mean BMI 30.2) which received a protein-rich diet for 6 weeks. Such contrasting data might reflect differences between chicken and human metabolism, or alternatively between the composition and the origin of the proteins that were enriched in these dietary regimens.

Comparatively to that of proteins and sugar, the impact of lipids on the ignition of gout flares or the severity of the symptoms has seldom been investigated, which is surprising given the strong association between this disease and obesity (31, 32). This issue has been recently explored in a gout mouse model following footpad injections of MSU crystals in animals which were simultaneously fed with a high fat diet (containing 10% yeast extracts, likely to be an ω-6 Fatty acid-rich diet, low in ω-3 Fatty acids) (33). Interestingly, this model reproduced the rise in inflammatory cytokines seen in patients during acute gout flares, as well as the intestinal dysbiosis (commonly associated with high PUFA diet) which is also a hallmark of the disease (34). In another study, the authors analyzed the impact of a fiber-rich food on gout induced by intra-articular injections of MSU crystals in mice (35). Indeed, consumption of fibers, which are abundant in the Mediterranean diet, was shown to limit gout symptoms in humans. Of note, this study reported a faster resolution of the MSU crystal-induced inflammation in high fiber diet-fed animals. Mechanistically, this effect appears to be mediated by short chain fatty acids (SCFA) such as acetate which are produced upon fibers digestion. Of note, an increase of free acetyl Co-A has been shown to contribute to global and local histone hyper-acetylation (to be discussed in sections C and D). Remarkably, providing acetate in the drinking water of mice reduced inflammatory responses, even after MSU crystals injection. Overall, this work suggests that food processing by the intestinal flora can generate lipid compounds, such as acetate, which exhibit a beneficial action (anti-inflammatory) on immune cells. Other lipids, like Omega-3 polyunsaturated fatty acids (ω-3 PUFA), are considered potentially beneficial in gouty arthritis patients. This assumption relies on investigations in gout patients in which questionnaires enabled to observe that the regular consumption of ω-3 PUFA-rich fish was associated to reduced risk of gout flares (36). Of note, taking ω-3 PUFA alone (as a dietary supplement) seemed to have no impact, but the limited number of participants who reported to use such supplements did not enable the authors to be conclusive. Importantly, serum urate levels were not quantified in this study; it is therefore possible to explain the beneficial effect of ω-3 PUFA-rich fish diet by concomitant reduced red meat consumption, anti-inflammatory properties of this compound, or other mechanisms. Indeed, this family of molecules was shown to inhibit the activation of the Nlrp3 (NOD-like receptor family, pyrin domain containing 3) inflammasome (see below) in murine bone marrow-derived macrophages, an effect that could very well account for their anti-inflammatory properties and efficacy against gout, a disease in which the NLRP3 inflammasome has been strongly implicated (37, 38).

Altogether, it appears that the contribution of diet in the development/severity of gout is far more complex than previously anticipated and cannot be simply reduced to a purin rich/poor dichotomic classification. This likely contributes to the poor impact and optimization of dietary education and counseling in the management of gout patients (39, 40).

Finally, in addition to this information showing that diet-derived urate production appears, at best as a contributing factor to gout pathogenesis, it must also be emphasized that the mechanisms linking MSU crystals and severe inflammation remain partially uncovered. While association between the presence of these crystals in the joints and the incidence of gout flares is undisputable (28), several questions are still unanswered. For instance, the mechanisms by which MSU crystals induce an inflammatory response awaits definitive answers. While it has been known for several years that the NLRP3 inflammasome plays a crucial role in this process (37), the model of its activation has been described in cells (mostly macrophages) in which a “priming signal” is delivered by Lipopolysaccharide (LPS) addition, prior to the “activation signal” provided by MSU crystals. In vivo, however, MSU crystals alone can induce an inflammatory response manifested by IL-1β secretion and the nature of the priming signal in these conditions remains to be identified. In addition, several groups reported that injection of MSU crystals is able to promote inflammation, even in the absence of the Nlrp3 inflammasome, at least in mouse models (41–43).

All these gaps in knowledge about the relationships between diet, urate production and inflammatory responses prompted us to consider alternative (but not exclusive) explanations to account for their respective involvement in gout pathogenesis. In the next sections, we are attempting to develop an alternative (and under-explored) hypothetical model based on evidences linking epigenetics and trained immunity as critical determinants playing an important role in the modulation of inflammatory responses in the presence of MSU crystals and depending on dietary components.



Genetics and Epigenetics of Gout

Many GWAS performed to identify variants involved in hyperuricemia revealed the importance of genes (such as SL2A9 or ABCG2) regulating the metabolism/transport/excretion of urate. Some of these genes/variants were also associated in gout patients vs controls GWAS studies, which, in addition, revealed the importance of genes (like IL-1β or TLR4) participating in inflammatory pathways [reviewed in (44, 45)]. These observations had important therapeutic ramifications, as they permitted consideration of gout not only as a metabolic, but also as an auto-inflammatory disease. These studies also demonstrated that although monogenic disorders can be associated to gout, its genetic origin is usually complex, involving multiple genomic loci. Importantly, heritability of urate levels (performed in twin studies) was estimated to average 50%, while that of gout appeared variable, from very low (46) to 30% (47). Some of the genes identified by this approach offer opportunities to develop important therapeutic improvement and enable precision medicine, for instance in gout patients carrying a loss-of-function allele of the main urate transporter gene SLC22A12 (48, 49) and in which uricosuric agents, like probenecid, are inefficient. However, genetic defects still cannot be identified as the main trigger of the disease for many patients, since known sequence variants explain less than 10% of the risk of developing gout (50). This leaves room for additional mechanisms accounting for gout pathogenesis and eventually ensuing progression from hyperuricemia to gout flares. Interestingly, gout-related polymorphisms were recently identified in genes encoding epigenetic players which are known to modulate immune cell activity (51), opening novel avenues of research and unsuspected mechanistic insights in gout pathogenesis.

Epigenetic-related genes involved in gout pathogenesis encode microRNAs, such as miR-302F, which was identified in GWAS studies (52) or miR-221-5p, which is differentially expressed in the serum of gout patients compared to controls (53). Importantly, this miRNA can modulate IL-1β expression, as evidenced by a luciferase assay (53). Long Intergenic Non-Coding RNAs (LINC) were also associated with gout in various studies [reviewed in (10)]. MicroRNAs and long non-coding RNAs are transcripts which are not translated into proteins, but affect the expression of multiples genes through various mechanisms (translational inhibition, enhancement of mRNA degradation). While the identification of the genes that are targeted by non-coding RNAs remains challenging in vivo, the stability of these molecules and the possibility to easily quantify them in body fluids makes non-coding RNAs attractive circulating biomarkers (54). Additionally, the role of DNA methylation in gout was demonstrated through the discovery of a variant (rs2228611) in the DNA MethylTransferase 1 (DNMT1) gene whose presence is statistically increased in gout patients compared to controls (9). In line with this information, an innovative multi-OMICs study, in which the cell-specific methylome was compared between gout patients and controls, revealed that many differentially methylated gene regulatory genomic sites were associated with IL-1β expression in monocytes (55).

Epigenetic mechanisms can affect gout physiopathology through various ways, like changes in gene expression resulting from modifications of DNA methylation levels or histone post-translational modifications, including acetylation/deacetylations and methylation/demethylation processes. Such genes may encode proteins regulating urate metabolism/excretion. More recently, epigenetic-driven modifications of gene expression were also shown to sustain innate immune memory, a feature of innate immune cells which is also termed “trained immunity” [reviewed in (56)] and that occurs following cell stimulation with Pathogen- or Danger-Associated Molecular Patterns (PAMPs, DAMPs) such as β-glucans (57). While the impact of urate on histone methylation and IL-1Ra inhibition was described several years ago (58), the concept of innate immune reprogramming has gained considerable interest and has now major consequences for inflammatory diseases, including gout (11). These different mechanisms are schematized in Figure 2.




Figure 2 | Epigenetic mechanisms modulate gouty inflammation. DNA and histone modifications (by DNA Methyl Transferases – DNMTs or Histone Acetyl Transferases – HATs/Histone Deacetylases - HDACs) affect DNA compaction and subsequent gene transcription. At the mRNA level, gene expression is modulated by microRNAs (miRNAs) and long non-coding RNAs (lnc RNAs). At least two categories of gout-related genes can be affected: (i) those directly regulating urate metabolism/excretion and (ii) those affecting macrophages polarization and activation status. Increased levels of circulating uric acid, in combination with a pro-M1 macrophage polarization (which can also be favorized by high urate conditions) can lead to monosodium urate (MSU) crystals formation and concomitant inflammation.





Diet-Derived Epigenetic Modifiers

Because epigenetics has now been identified as an important player in gouty arthritis, we thought to re-evaluate the impact of diet in light of nutrient-derived epigenetic modifiers. As described in the previous section, a significant number of epigenetic factors potentially affect gout onset and can contribute to further inflammation events worsening the symptoms (9, 55). Among such factors influencing epigenetic changes are multiple compounds (listed in Table 1) that are commonly found in one’s diet. A recent review by Li and colleagues (90) describes the multiple epigenetic effects engendered by bioactive dietary compounds (summarized in Figure 3). DNA methylation (9, 53), as well as changes in histone post-translational modifications (99), and microRNA and long non-coding RNA can be modulated by dietary input and play a role in reducing inflammation (100). A subset of diet-derived epigenetic modifiers has already been identified as modulators of risk of developing gout (65, 91). The meta-analysis performed by Li et al. (90) linked red meat, seafoods, alcohol, sweetened drinks, and dairy products to the list of factors increasing risks of gout and hyperuricemia.


Table 1 | List of dietary-derived epigenetic modifiers classified according to their mode of action and corresponding references.






Figure 3 | Dietary compounds affecting epigenetic regulatory events. Multiple compounds have pleiotropic effects on chromatin modifiers, transcription factors, and microRNAs (miRs). Vitamin D, Resveratrol and Sulforaphane, for example, can affect DNA methylation levels, as well as histone acetylation and microRNA levels. Resveratrol can additionally affect the transcription factor MeCP2 ‘s expression levels. DNMT, DNA-Methyl Transferase (60–64, 66, 67, 69, 71–73, 75, 91–93); HDAC, Histone De-acetylase (74, 77–80, 88, 91, 92, 94); KAT, Lysine Acetyl Transferase; HMT, Histone Methyl Transferase (67, 72, 77, 81, 84, 95, 96); HDM, Histone De-Methylase; PTM, Post-Translational Modification; MeCP2, Methyl CpG Binding Protein 2 (67); BRCA, BRCA1 DNA Repair-Associated protein (86); miR, microRNA (9, 68, 70, 81, 83, 85, 87, 91, 97, 98).



In addition to these factors, specific DNA methylation or demethylation changes can be mediated by DNMT activation or inhibition [DNMT1 in particular, but also DNMT3A and DNMT3B (9)] induced by dietary compounds (Figure 3). Two specific dietary compounds have been identified as affecting gout’s severity by controlling changes in DNA methylation levels of genes inflammation (65). Deficiencies in folic acids in the diet results in dis-regulation of IL-1β, IL-6 and TNF-α genes methylation patterns (101). Similarly, polyphenolic compounds, such as curcumin, genistein, or resveratrol, mediate changes in DNA methylation patterns (65). Curcumin, specifically plays a role in reducing activation of NF-κB, as well as affecting microRNA expression (102).

Methyl donors, in addition to potentially changing DNA methylation patterns are also involved in histone methylation/demethylation processes. For example, the inflammatory response associated with gout can be mediated by tri-methylation of histone H3 Lysine 4 (H3K4me3) (103). Similarly, urate-induced inflammation priming can be reduced by using the histone methyl transferase inhibitor (HMTI) 5’-deoxy-5’-methylthioadenosine (MTA), resulting in limited cytokine production (11, 82). Significant evidence has been gathered to indicate that dietary compounds affecting the DNA methylation level, such as choline (81), vitamin C (95), have also an effect on histone methylation levels and genomic distribution, suggesting a complex interplay between various epigenetic regulatory mechanisms.

The next major epigenetic regulatory component involves histone acetylation. Multiple studies have identified Histone De-Acetylase inhibitors (also referred to as HDACi) as drugs capable of reducing inflammation. Romidepsin, an HDACi for HDAC class1 and class 2, increases Suppressor Of Cytokine Signaling protein 1 (SOCS1) expression leading to a decrease in IL-1β (104). Treatment of peripheral blood mononuclear cells (PBMCs) with sodium butyrate, a less selective HDACi, results in decreased NF-κB expression, and helps suppressing MSU-induced inflammation through a reduction of IL-6, IL-8 and IL-1β transcription in PBMCs (105). As was discussed in the preceding section, dietary compounds are also capable of regulating the level of histone acetylation. Vitamin D can reduce inflammation through its action on IL-17A (76). The polyphenolic Epigallocatechin-3 Gallate (EGCG) has been shown to prevent acute gout through its anti-inflammatory activity by suppressing the activation of the NLRP3 inflammasome, acting as a modulator of Lysine Acetyl Transferase (KAT) (50). Short Chains Fatty Acid (SCFA) and ω-3 FAs can also contribute to lowering IL-1β release and NLRP3-mediated caspase 1 activation. Diets using longer poly-unsaturated fatty acids (PUFA), such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), have been shown to have beneficial effects on cancer cell lines and patients suffering of various types of cancer, through lowering inflammation [for review, see (77)], but perhaps most importantly in the context of this review, through a mechanism leading to a global hyper-acetylation of histone N-termini, as well as at specific loci (94). The high ω-3 FA diet, by inhibiting the enzyme acetyl-CoA carboxylase which function is to convert two acetyl-Co-A into a malonyl-Co-A, leads to an increase in the free pool of acetyl Co-A (which is the acetyl donor for histone acetylation) (106, 107). An unexpected secondary effect of diets rich in ω-3 FA is a modification in the expression level of several microRNAs related to gouty inflammation, specifically miR-146a and miR-155 (100). Note that the mode of action for these observed changes in miR levels is likely to be indirect and mediated by changes in chromatin accessibility through histone hyper-acetylation of the target genes’ regulatory elements. miR-155, when over-expressed, has been associated with an increased production of MSU-induced pro-inflammatory cytokines (100).

MicroRNAs expression levels have often been shown to be modulated by various types of dietary polyphenolic compounds. For example, curcumin, which was previously mentioned as affecting DNA methylation pattern (see previous section), is also involved in lowering inflammation (decreased NF-κB expression) through modifying the patterns of expression of miRs (65). Another aspect of the importance of miRs as part of the diet is suggested by the concept of «dietary xenomiRs», miRs coming directly from one’s diet (plants (108) or other origins) and used by the consumer’s cells (109). It indicates that not only do dietary compounds influence the miR expression in the host cells, but the xenomiRs themselves can provide an additional level of complexity to the effects of diet on gout and inflammation, although this effect is still debated (110). As shown in Figure 3, multiple dietary chemicals can act on various aspects of epigenetic regulation in the cells. Resveratrol can affect DNA methylation, histone methylation, histone acetylation, miRs, and histone PTM readers. Genistein can modify levels of DNA methylation, miRs, and histone PTM readers. Sulforaphane affects DNA methylation, histone acetylation, and miRs. The potential for pleiotropic effects, which could be additive, synergistic, or possibly antagonistic, makes the choice of a specific optimal diet a very complex issue. The meta-analysis by Li and colleagues (90) identified families of food which contain dietary factors associated with gout risk. This list should probably be used as the first screen to determine an optimal diet to minimize the negative effects of high uric acid in the blood, and subsequent formation of MSU crystals, thereby avoiding the risk to develop gout and/or reducing inflammatory crises.



Epigenetic Modifiers, Novel Preventive/Therapeutic Options in Gout?

As the role of epigenetic events in various aspects of gout onset and worsening symptoms become more evident, it opens the door for the development of novel therapeutic strategies. Early studies have demonstrated that drugs acting as inhibitors of histone modifiers (HDACi, HMT or HDM inhibitors) (104, 105) and drugs modifying the DNA methylation status (65) can prevent or reduce gout symptoms at least in certain cell types. One may consider designing a combination of these epigenetic modifying drugs to be provided to gout patients to reduce MSU crystal accumulation (using HDACi), as well as inflammation (through modifying DNA methylation patterns and use of HDACi). One of the main issues to be addressed, as is the case for many other diseases, remains tissue targeting and cell-specificity. Different cell types may react in opposite ways in response to exposure to drugs such as Sodium Butyrate or Vorinostat. Several HDACi, such as valproic acid (VPA), have been tested in patients suffering neurological disorders or cancer with variable levels of success (111). Issues of toxicity on patients for the HDACi drug Trichostatin A limited its therapeutic use (112). A comparable approach to gout prevention or treatment is likely to result in similar adverse effects. As was done in the context of cancer therapy, modulation of DNA methylation using specific DNMT inhibitors (113) might also provide another option to fight gout onset and symptoms. Similarly to what may reduce the efficiency of HDACi-based treatments, targeting and cell-specificity might be a limiting factor.

If one considers prevention or mitigation of gout symptoms through controlling diet, evidence indicate that specific foods should be avoided (3, 90). Red meat, alcohol, fructose, and certain types of seafood were identified as positively correlated with gout and hyperuricemia, where dairy products and soy foods were deemed beneficial. Dairy products should be a source of short-chain FAs and soy food would provide several of the polyphenolic compounds, such as genistein, known to affect DNA methylation (89), miR expression profile (68), histone methylation (68), and histone PTM readers (67). The other polyphenolic compounds common in human diet and displaying potential beneficial effects in reducing inflammation include sulforaphane [in cruciferous plants (88, 91, 92)] resveratrol [in red wine (83, 87)], and curcumin [in turmeric (67, 70, 93)].

Early results from clinical trials on the effect of high ω-3 FA intake on various types of cancers have yielded results showing decreases in symptoms, as well as reduction in inflammation mostly evidenced by lowered NF-κB (114–117). A similar biological response may be expected for gout-suffering patients exposed to a therapeutic regimen of EPA and DHA using a standard dose of 3-9 gram per day (114). A sustained high ω-3 FA daily diet may be considered as a preventive method, but would likely have to be combined with other dietary restrictions.



Conclusion

Better knowledge of the interactions between diet-derived epigenetic modifiers will be necessary to elaborate an adapted diet, which, combined to pharmacological epigenetic modifiers, should provide long term benefits to gout patients, complementing present therapies (like uricosuric) that act on the short term. As illustrated in Figure 4, macrophage polarization appears as an attractive target on which diet can leverage to promote a protective environment towards the risk of MSU crystals-dependent inflammation that may occur in hyperuricemic individuals.




Figure 4 | Epigenetic-driven macrophage polarization: an important actionable lever that can be targeted by food-derived inflammatory modifiers. In this model, gout flares result from the conjunction MSU crystals and pro-inflammatory dietary components promoting M1 polarization (red arrows). On the contrary, M2-orienting nutrients favor macrophages that would be more tolerant to crystals and thus confer protection (blue arrows).



Many additional factors (previous infections, vaccination, physical activities, stress) which are not considered here also have an impact on trained immunity (118) and the activation status of macrophages. While the difficulty to assess and describe the contribution of these non-heritable, environmental factors on inflammation in general and gout in particular, poses a real challenge, the possibility to change them, as opposed to heritable features, makes their identification an exciting field of research and a promising preventive/therapeutic opportunity. With regards to food intake, variations around the Mediterranean diet, rich in fatty acids from fish, high in polyphenols provided by fruits, vegetables, coffee, tea and red wine, shown to reduce age-related decline of cognitive functions (59), might provide a reasonable basis for a compromise aimed at preventing gout’s onset and controlling its progression.
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Gout is caused by depositing monosodium urate (MSU) crystals within the articular area. The infiltration of neutrophils and monocytes drives the initial inflammatory response followed by lymphocytes. Interestingly, emerging evidence supports the view that in situ imbalance of T helper 17 cells (Th17)/regulatory T cells (Treg) impacts the subsequent damage to target tissues. Galectin-9 (Gal-9) is a modulator of innate and adaptive immunity with both pro- and anti-inflammatory functions, dependent upon its expression and cellular location. However, the specific cellular and molecular mechanisms by which Gal-9 modulates the inflammatory response in the onset and progression of gouty arthritis has yet to be elucidated. In this study, we sought to comprehensively characterise the functional role of exogenous Gal-9 in an in vivo model of MSU crystal-induced gouty inflammation by monitoring in situ neutrophils, monocytes and Th17/Treg recruited phenotypes and related cyto-chemokines profile. Treatment with Gal-9 revealed a dose-dependent reduction in joint inflammation scores, knee joint oedema and expression of different pro-inflammatory cyto-chemokines. Furthermore, flow cytometry analysis highlighted a significant modulation of infiltrating inflammatory monocytes (CD11b+/CD115+/LY6-Chi) and Th17 (CD4+/IL-17+)/Treg (CD4+/CD25+/FOXP-3+) cells following Gal-9 treatment. Collectively the results presented in this study indicate that the administration of Gal-9 could provide a new therapeutic strategy for preventing tissue damage in gouty arthritic inflammation and, possibly, in other inflammatory-based diseases.
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Introduction

Inflammation is broadly defined as a host response to homeostatic imbalance triggered by conditions such as infection, tissue injury and noxious stimuli, including exposure to chemicals or radiation (1). One of the preliminary steps in the onset of inflammation is the recruitment of leukocytes to the site of injury or infection (2). Leukocyte recruitment is a highly intricate process comprising of several well-defined steps which include capture, rolling, adhesion/activation, intraluminal crawling and paracellular or transcellular transmigration (3). The infiltration of innate immune cells drives the initial inflammatory response followed by lymphocytes (3, 4). Emerging evidence supports the view that, in different inflammatory-based responses such as gouty arthritis, systemic imbalance of Th17/Treg induces their infiltration in situ and related damage to target tissues (5, 6). Tregs represent a small subset of T cells that control both innate and adaptive immune responses and are critical in maintaining self-tolerance and homeostasis (7). Treg have been shown to inhibit osteoclastogenesis by secreting immunosuppressive cytokines interleukin (IL)-10, transforming growth factor-β (TGF-β), and reducing gout bone damage (8, 9). Moreover, an increase in Treg levels has been shown to prevent an excessive immune response, while their loss is associated with major autoimmune diseases (10, 11). In contrast, Th17 cells are a subset of CD4+ T cells, characterised by IL-17 cytokine production that plays a powerful pro-inflammatory role in the immune system amplifying, rather than dampening, the progression of the inflammatory cascade (12). Indeed, the Th17/Treg balance provides a basis for understanding the immunological mechanisms that induce and regulate autoimmune and some inflammatory-based diseases (13).

Galectins are a family of carbohydrate-binding proteins that have a range of physiological functions, including regulation of cellular migration, cell cycle, proliferation, apoptosis and signal transduction (14). Galectins are found in the cytoplasm as well as the nucleus and are structurally characterised by the presence of one or two conserved ~130 amino-acid long carbohydrate recognition domains (CRDs) (15). To date, 15 genes encoding galectins have been identified in mammals, among which 12 have been identified in humans. The galectins can be broadly categorised into three sub-types: (a) prototype single CRD-galectins with the ability to form non-covalent homodimers (Gal-1, -2, -7, -10, -13, -14) in solution via non-covalent interaction, (b) chimeric-type comprising of a single CRD at the c-terminal and an n-terminal domain with an intrinsically disordered sequence (Gly-Pro-Tyr rich) which aids in oligomerisation (Gal-3) (16) and (c) tandem repeat-type which contain two unique CRD motifs at their n- and c-termini that are connected by a flexible linker of variable length (Gal-4, -8, -9, -12).

Here we focus on Gal-9 which was first identified as a novel eosinophil chemoattractant secreted by T cells (17). Among its major roles, in the context of inflammation, Gal-9 has been shown to have a range of pro- and anti-inflammatory functions dependent upon its expression and cellular localisation (18). It was shown that Gal-9 modulates the adaptive immune response by stimulating the maturation of antigen-presenting cells (APCs), specifically dendritic cells (19). This interaction elicits a selective production of IL-12 by dendritic cells which promotes the secretion of Th1 cytokines by CD4+ T cells (19). A study from Hafler et al., showed that this inflammatory activity observed in dendritic cells was dependent upon interaction with the T cell immunoglobulin mucin-3 (TIM-3) receptor (20). It has been further suggested that Gal-9 may have a beneficial role in the treatment of several inflammatory and autoimmune diseases (21, 22). Therapeutic application with recombinant Gal-9 was shown to inhibit the development of pathogenic Th17 cells and promote the expansion of Treg in a preclinical model of autoimmune arthritis (23).

In the context of gouty inflammation, MSU crystals promote the expansion of Th17 cells and their cognate cytokines. This inflammatory response can be inhibited by targeting IL-17 with neutralising antibodies, thereby reducing leukocyte infiltration into the inflamed tissue (5). As Gal-9 has previously been shown to both suppress the generation of Th17 (23, 24) and promote the induction of anti-inflammatory Treg cells (5, 23), we sought to investigate the action of exogenous Gal-9 in MSU-gouty inflammation in this current study. To address this, we assessed changes in both the innate and adaptive compartments (i.e. the numbers and types of cells infiltrating the joint and the severity of the disease) and local mediator production at the site of inflammation in a mouse model of gouty arthritis.



Materials and Methods


Reagents

Collagenase (Type VIII), dimethyl sulfoxide (DMSO), E-Toxate™ reagent from Limulus Polyphemus, fetal bovine serum (FBS), hyaluronidase, monosodium urate crystals (MSU), and RPMI-1640 cell medium were purchased from Sigma‐Aldrich Co. (Milan, Italy). Flow cytometry fixation and permeabilization buffer kit I, proteome profiler mouse cytokine array kit and recombinant mouse Gal-9 were purchased from R&D System (Milan, Italy). FACS buffer and conjugated antibodies from BioLegend (London, UK). Ficoll-Paque Plus (endotoxin tested, ≤ 0.12 EU/ml) was obtained from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). Unless otherwise stated, all the other reagents were from BioCell (Milan, Italy).



Animals

Mice care and experimental procedures were performed in accordance with international and national laws and policies. Mice experiments were designed in accordance with ARRIVE guidelines and the recommendations of the European Directive 2010/63/EU for animal experiments and the Basel Declaration, including the 3R concept (25, 26). Male mice CD-1 (age 10-14 weeks and weight 25-30 g) were obtained from Charles River (Milan, Italy) and preserved in a temperature- and humidity-controlled animal care facility, with a 12-h light/dark cycle, with ad libitum access to water and standard laboratory diet. All procedures were performed to reduce the number of animals used (n = 6 per group).



Preparation of MSU Crystals

MSU crystals were prepared as previously described (27). Briefly, 800mg of MSU was dissolved in 155ml of boiling milli-Q water containing 5ml of NaOH, and the pH was adjusted to 7.2. The solution was cooled gradually by stirring at RT and crystals collected after centrifugation at 3000rpm for 5 mins at 4°C. The crystals were washed twice with 100% ethanol, dried, autoclaved (180°C for 2h), and weighed under sterile conditions. Crystals were resuspended in PBS by sonication and stored in a sterile environment until use. MSU crystals were confirmed as endotoxin-free by a commercial test kit of limulus polyphemus lysate assay (<0.01 EU/10 mg).



MSU-Induced Acute Gouty Arthritis Model and Drug Administration

Acute gouty arthritis was induced by intra-articular (i.a.) administration of MSU crystals (200μg/20μl) into the right tibio-tarsal joint (ankle) of mice under isoflurane anaesthesia (28). Control (CTRL) group mice received an i.a. injection of sterile PBS (20μl). The successful establishment of the gouty arthritis model was judged by obvious swelling 2-3h after MSU injection (29). Animals from the groups treated with MSU received 1, 3 and 9µg (i.a.; in 20µl) of Gal-9 (single dose), 30 mins after MSU crystal administration. At the peak of inflammation (18h), tissues (knee joints) were collected, processed, and stored (-80°C) for further ex vivo analysis.



Evaluation of Joint Scoring and Oedema

A first set of experiments were carried out to validate the dose-responsive effect of Gal-9. Mouse Joints were evaluated macroscopically using a scale ranging from 0 to 3, where 0 = no inflammation, 1 = mild inflammation, 2 = moderate inflammation and 3 = severe inflammation, in 0.25 increments. A score of 0.25 was given when the first signs of swelling and redness were present. Simultaneously, knee joint oedema was measured with a calliper before and after i.a. injection of MSU crystals or MSU crystals plus Gal-9 at the indicated times (4, 18, 24 and 48h). Knee joint oedema was determined by subtracting (for each mouse) the basal paw value from the value measured at each time point and expressed as Δ mm.



Isolation and Characterisation of Joint-Infiltrating Cells

At the experimental end-point (18h) mice ankle joints were digested with hyaluronidase (2.4mg/ml) and collagenase (1mg/ml) in RPMI 1640 plus 10% FBS for 1h at 37°C, as previously described (30). Cells collected after digestion were filtered through a 70-μm nylon mesh filter (Becton Dickinson, Franklin Lakes, NJ, USA) and washed with RPMI 1640 plus 10% FBS. Subsequently, cells were washed in PBS for total cell counting prior to flow cytometry analysis.



Cytokines and Chemokines Protein Array

Ankle joints were homogenised in ice-cooled Tris-HCl buffer (20mM, pH 7.4) containing 1mM EDTA, 1mM EGTA, 1mM PMSF, 1mM sodium orthovanadate, and one protease inhibitor tablet per 50ml of buffer. Protein concentration was determined by the BioRad protein assay kit (BioRad, Italy). According to the manufacturer’s instructions, equal volumes (1.5ml) of the pooled knee joint homogenates for all experimental conditions were then incubated with the pre-coated proteome profiler array membranes. Proteins were detected using the enhanced chemiluminescence detection kit and GE Healthcare Image Quant 400 software (GE Healthcare, Italy) and subsequently quantified using the GS 800 imaging densitometer software (Bio-Rad, Italy).



In Vitro Treg Differentiation

Blood was collected from healthy donors with written and verbal informed consent and approval from the University of Birmingham Local Ethical Review Committee (ERN_18-0382). Human peripheral blood mononuclear cells (PBMCs) were isolated as previously described (31) and naive CD4+ T cells were isolated by negative selection using a commercial kit (Miltenyi, Biotec, Germany). Briefly, PBMCs were incubated with a biotin antibody cocktail for 5 mins at 4°C to bind with unwanted non-T cells, followed by incubation with anti-CD4+ microbeads for 10 mins at 4°C. Cells were added to MACS LS separation columns, and flow through containing the enriched CD4+ T cell fraction was collected.

On day one, CD4+ T cells were resuspended in 36ml of RPMI containing penicillin (50U/ml), streptomycin (50µg/m), L-glutamine (2mM) (Sigma), 5% FBS, and split into 6-well plates (6ml/well) and rested overnight in 5% CO2 at 37°C. 48-well plate was coated with anti-CD3 antibodies (1μg/ml, clone OKT3, BioLegend, UK) and incubated overnight at 4°C). On day two, CD4+ T cells were transferred into a 50 ml falcon tube and centrifuged at 250g for 10 mins at RT. The supernatant was discarded, and cell pellet was resuspended at a concentration of 8x105 cells/ml in ImmunoCult™-XF T cell expansion medium (StemCell Technologies, Oxford, UK). Anti-CD3 antibody coated plates were washed with 150μl PBS without Ca2+ and Mg2+.

Separate plates were prepared by firstly adding either 50μl of blank T cell expansion medium or 50μl of a 4x concentration of a T cell polarization cocktail (final concentration: anti-CD28 1µg/ml (clone CD28.2, BioLegend), TGF-β 1ng/ml (R&D), IL-2 20U/ml (Roche). 50μl of blank T cell expansion medium or 50μl of Gal-9 was then added, followed by the addition of T cells (8x104 cells/well). Cell suspensions were then mixed, transferred to the CD3-coated plate and incubated for 5 days at 37°C in 5% CO2. Treg expansion and purity was quantified by flow cytometry. Briefly, cells were washed in FACS buffer (PBS containing 1% BSA and 0.02% NaN2) and directly stained with the following conjugated antibodies (all from BioLegend, London, UK): CD3 (1:100, clone UCHT-1), CD4, (1:100, clone SK3), CD25 (1:50; clone AF-700) for 20 mins at 4°C. After washing, cells were fixated, permeabilized, and stained intracellularly with FOXP-3 antibody (1:50: clone 206D). At least 1×104 cells were analysed per sample, and determination of positive and negative populations was performed based on the staining obtained with related IgG isotypes. After staining, samples were resuspended in PBS without Ca2+ and Mg2+ and analysed using the CyAn flow cytometer (Beckmann Coulter, USA). The flow cytometry data was analysed using Flowjo.



Gal-9 Binding Human CD4+ T Cells

CD4+ T cells were incubated with or without recombinant Gal-9 (10nM) for 20 mins at RT. Cells were washed twice and incubated with anti-human Gal-9 antibody goat IgG (1:200, R&D Systems) and stained with the following conjugated antibodies (BioLegend, London, UK): CD4 (1:50, clone RPAT4), donkey anti-goat IgG (1:200, polyclonal) for 20 mins at 4°C. After washing, cells were fixated fixed in 1% PFA for storage before analysis with CyAn flow cytometer (Beckmann Coulter, USA).



Human IL-10 ELISA

IL-10 Duo Set (R&D Systems, Abingdon, UK) was used to measure IL-10 levels in cell culture supernatants following manufacturer guidelines. Briefly, 96 well plates were coated with a human IL-10 capture antibody and incubated at RT overnight. Plates were washed 3 times with washing buffer to remove unbound antibodies and blocked for 1h at RT. 100µl of samples or standards (diluted with assay diluent) were added to the plate and incubated for 2h at RT. Plates were washed three times before the addition of 100µl of human IL-10 detection antibody for 1h at RT. Plates were washed three times before the addition of streptavidin-HRP for 20 mins at RT. Plates were washed three times before the addition of 100µl of substrate and left for 20 mins protected from light. Lastly, 50µl of stop (2M H2SO4) solution was added. A microplate reader was used to measure absorbance at 450nm.



Flow Cytometry

Cells from digested joints were washed in FACS buffer (PBS containing 1% BSA and 0.02% NaN2) and directly stained with the following conjugated antibodies (all from BioLegend, London, UK): CD3 (1:200, clone 17A2), CD4 (1:200; clone GK1.5), CD25 (1:200; clone 3C7) for 60 mins at 4°C. After washing, cells were fixated, permeabilized, and stained intracellularly with IL-17A (1:200; clone TC11-18H10.1) and FOXP-3 antibody (1:200: clone MF-14). Moreover, for the characterization of joint-infiltration, cells were stained for CD45 (1:100; clone 30-F11), Ly6-C (1:100; clone HK1.4), Ly6-G (1:100; clone 1A8), CD11b (1:100; clone M1/70), CD115 (1:100; clone AFS98), prior to analysis. Th17, Treg, neutrophils, and patrolling/inflammatory monocytes were defined according to the flow cytometry procedure previously described (32). At least 1×104 cells were analysed per sample, and determination of positive and negative populations was performed based on the staining obtained with related IgG isotypes (data not shown). Flow cytometry was performed on BriCyte E6 flow cytometer (Mindray Bio-Medical Electronics, Nanshan, China) using MRFlow and FlowJo software operation (28). Absolute numbers of positive cells for neutrophils (CD45+/Ly6-Ghi/Ly6-Chi), monocytes (inflammatory: CD11b+/CD115+/Ly6-Chi; patrolling: CD11b+/CD115+/Ly6-Clo), Th17 (CD4+/IL-17+) and Treg (gated for CD4+ and then for CD25+/FOXP3+) were calculated converting the % of positive cells (for the mentioned staining) on the total number of leukocytes and CD4+ positive cells.



Data and Statistical Analysis

All data are presented as means ± SEM and were analysed using students T-test or a one- or two-way ANOVA followed by Bonferroni’s or Tukey’s test for multiple comparisons. GraphPad Prism 8.0 software (San Diego, CA, USA) was used for analysis. Differences between means were considered statistically significant when P ≤ 0.05 was achieved. Sample size was chosen to ensure alpha 0.05 and power 0.8. Animal weight was used for randomisation and group allocation to reduce unwanted sources of variations by data normalisation. No animals and related ex vivo samples were excluded from the analysis. In vivo study was carried out to generate groups of equal size (n = 6 of independent values), using randomisation and blind analysis.




Results


Gal-9 Attenuates the Severity of MSU-Induced Gouty Inflammation

To investigate the potential anti-inflammatory effect of Gal-9, we used a mouse model in which MSU crystals were injected into knee joints, to mimic the etiologic cause of human gouty inflammation (33). MSU crystals injection (200µg/20µl) evoked an intense and robust joint inflammatory score (peak at 18h) that was dose-dependently attenuated by Gal-9 (1-9µg/20µl) administration (Supplementary Figure 1A), with maximum inhibition observed at a dose of 9µg/20µl (Figure 1A). In addition to joint inflammation scores, we evaluated ankle swelling and found Gal-9 treatment (9µg/20µl) significantly reduced ankle swelling between 18 and 24 h (Figure 1B), indicating an enhanced resolution profile in the presence of Gal-9. A significant reduction was also observed at 18 h at a concentration of 3µg/20µl, however at a lower concentration of 1μg/20µl no appreciable effects were observed on joint scores or swelling (Supplementary Figure 1). Based on the results obtained, we selected the most effective dose of Gal-9 (9µg/20µl) for all subsequent experiments.




Figure 1 | Gal-9 attenuates MSU crystals-induced gouty inflammation in mouse knee joints. Mice were treated with intra-articular (i.a.) dose of Gal-9 (9μg/20μl) or vehicle (PBS, 20μl) 30 mins after i.a. stimulation with MSU crystals (200μg/20μl) in the right knee joints. (A) Joint inflammation score (0-3 in increments of 0.25) and (B) joint inflammation oedema was evaluated at 4, 18, 24 and 48h after the stimulus with MSU. Data (expressed as joint inflammation score and Δ increase of knee joints mm respectively) are presented as means ± SEM of n = 6 mice per group. Statistical analysis was conducted by one- or two-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ####P ≤ 0.0001 vs Ctrl group; **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs MSU group.





Gal-9 Modulates, In Situ, the Recruitment of Leukocytes

During the onset and resolution phases of gouty arthritis, a major hallmark of disease pathogenesis is the infiltration of immune cells, with mainly neutrophils and inflammatory monocytes in the early phases (34, 35) followed by CD4+ T cells in the latter (9, 36). We, therefore, characterised the phenotype of recruited cells following MSU injection and Gal-9 administration. Flow cytometry was employed to determine neutrophil, monocytes, Th17 and Treg populations in single cell suspensions following digestion of knee joint tissues harvested from the 18h time-point. To identify leukocyte subpopulations, total cells followed by single-cells were gated, and CD45 (pan leukocyte/immune cell marker) in combination with CD11b (myeloid marker) and CD4 (accessory protein for MHC class-II antigen/T-cell receptor interaction) were used to identify neutrophils, monocytes and T cells. Neutrophils were further characterised as CD45+/Ly6-Ghi/Ly6-Chi (Figure 2A) and monocytes were delineated based upon Ly6-C and CD115 expression to distinguish CD11b+/CD115+/Ly6-Clo patrolling monocytes from CD11b+/CD115+/Ly6-Chi inflammatory monocytes (Figure 2B). In agreement with our previous studies (5), injection of MSU crystals resulted in a significant increase in the total number of leukocytes recruited to joints when compared to CTRL (Figure 2C). A significant reduction in total leukocytes was observed in mice administered with Gal-9 when compared to MSU alone (Figures 2C). Moreover, mice injected with MSU crystals alone compared to CTRL showed significant recruitment of neutrophils (Figure 2D) and inflammatory monocytes (Figure 2E). In line with total leukocyte counts, treatment with Gal-9 significantly reduced neutrophil and inflammatory monocytes levels when compared to MSU-injected mice alone, in terms of cell percentages as well as absolute numbers (Figures 2A, B, D, E). In all experimental conditions, no significant differences were found in the proportion of patrolling monocytes (data not shown).




Figure 2 | Gal-9 modulates the recruitment of innate immune cells. Flow cytometry analysis was employed to determine in situ neutrophil and monocyte subsets. At the peak of inflammatory reaction (18h), ankle joints were digested, and single cell suspensions were obtained. Flow cytometry strategy applied to identify neutrophils (A), and monocytes (B), after Gal-9 treatment are shown. Cells were washed and stained with: CD45, LY6-C, LY6-G, CD11b, and CD115/CD45+ cells were plotted for LY6-C and LY6-G expression to identify CD45+/LY6-Chi/LY6-Ghi as neutrophils (A). CD11b+ cells were plotted for LY6-C and CD115 expression to distinguish CD11b+/CD115+/LY6-Clo patrolling monocytes from CD11b+/CD115+/LY6-Chi inflammatory monocytes (B). (C) Total infiltrated leukocytes, (D) neutrophil and (E) inflammatory monocytes were quantified in the different experimental conditions. Representative FACS plots of three independent experiments with similar results are shown. Values are presented as means ± SEM of n = 6 mice per group. Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01 vs Ctrl group; *P ≤ 0.05, **P ≤ 0.01 vs MSU group.



To clarify if potential differences in inflammatory/resolution profiles in situ were a result of alterations in T cell subset ratios, we stained knee joint homogenates for CD3/CD4 (Figures 3A, B) and CD4 to identify Th17 and Treg populations defined as CD4+/IL-17+ and CD4+/CD25+/FOXP-3+ respectively (Figures 3A, C–E). MSU-injected mice displayed a significant increase in total CD4+ T cells compared to control mice (Figure 3F). This increase was associated with elevated Th17 cells and reduced Treg levels when compared to CTRL (Figures 3G, H). In stark contrast mice treated with Gal-9 displayed a significant reduction in Th17 cells and sustained levels of Tregs (Figures 3G, H). We also analysed the circulating Th17/Tregs profile but did not see differences between groups after Gal-9 injection (data not shown).




Figure 3 | Gal-9 sustains local Treg levels. Flow cytometry analysis was employed to determine in situ levels of CD4+ T cells, Th17 and Tregs subsets. At the peak of the inflammatory reaction (18h), ankle joints were digested, and single cell suspensions were obtained. Flow cytometry strategy applied to identify the modulation of CD3/CD4 (A, B), CD4+ T cells (A, C), Th17 (A, C, D) and Tregs (A, C, E) after Gal-9 treatment are shown. Cells were washed and stained with: CD3, CD4, CD25, and intracellular antibodies IL-17A and FOXP-3. Th17 and Treg populations were defined as CD4+/IL-17+ (A, C, D) and CD4+/CD25+/FOXP-3+ (A, C, E) respectively. (F) Total CD4+ T cells, (G) Th17 and (H) Tregs were quantified in the different experimental conditions. Representative FACS plots of three independent experiments with similar results are shown. Values are presented as means ± SEM of n = 6 mice per group. Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s test for multiple comparisons. #P ≤ 0.05, ##P ≤ 0.01 vs Ctrl group; *P ≤ 0.05 vs MSU group.





Gal-9 Treatment Reduces Local Production of Pro-Inflammatory Cyto-Chemokines

Considering the importance of pro-inflammatory mediators in driving recruitment and local immune cell activation in disease onset and progression (37), we next sought to determine the effect of Gal-9 treatment on local cytokine and chemokine production. As shown in Figure 4, knee joint homogenates (collected at 18h time-point) obtained from MSU-administered mice showed a large increase of pro-inflammatory cyto-chemokines compared to CTRL group (Figures 4A, B). Interestingly, after Gal-9 treatment, there was a significant decrease in a range of mediators (Figure 4C). According to cellular profile previously characterised by FACS, densitometric analysis, presented as a heatmap (Figure 4D), revealed that the Gal-9 treated group had a significant (P ≤ 0.0001) modulation in the following factors: B lymphocyte chemoattractant (BLC), component 5a (c5/c5a), soluble intercellular adhesion molecule-1 (sICAM-1), IL-1α, IL-1β, IL-1ra, IL-16, keratinocyte chemoattractant (KC), macrophage colony-stimulating factor (M-CSF), monokine induced by interferon-γ (MIG), macrophage inflammatory protein (MIP)-1α, MIP-1β, MIP-2, IL-1β stromal cell-derived factor-1 (SDF-1), TNF-α and triggering receptor expressed on myeloid cells-1 (TREM-1). To a lesser extent, we also observed a modulation (P ≤ 0.01) of granulocyte colony-stimulating factor (G-CSF), IL-17 and junctional epithelium (JE) compared to MSU group. A minor inhibitory profile (P ≤ 0.05) was found for IL-7, IL-10, monocytes chemoattractant protein-5 (MCP-5), and metallopeptidase inhibitor-1 (TIMP-1) (Figure 4D). Major cytokines and chemokines involved in driving disease (IL-10, IL-17, KC, JE, MIP-1α and TNF-α) have been extrapolated from the heatmap and represented graphically (Figure 4E).




Figure 4 | Gal-9 decreases the release of cyto-chemokines in knee joints. Inflammatory fluids obtained from knee joint homogenates at 18h time-point, were assayed using a proteome profiler cytokine array for (A) CTRL, (B) MSU and (C) MSU + Gal-9 group. Densitometric analysis is presented as heatmap (D). Thereafter, IL-10, IL-17, KC, JE, MIP-1α and TNF-α were extrapolated from heatmap and represented graphically (E). Data (expressed as INT/mm2) are presented as means ± SEM. of positive spots of three separate independent experiments run each with n = 6 mice per group pooled. Statistical analysis was performed by using two-way ANOVA followed by Bonferroni’s test for multiple comparisons. ###P ≤ 0.001, ####P ≤ 0.0001 vs Ctrl group; *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 vs MSU group.





Gal-9 Promotes the Differentiation of Naïve CD4 T Cell Towards Treg Phenotype

Previous reports and data in this study support the view that therapeutic application of Gal-9 in vivo promotes Treg induction which dampens inflammation and promotes resolution. We, therefore, carried out in vitro assays with purified human naive CD4+ T cells to test the capacity of Gal-9 to induce Treg differentiation. Initially, we confirmed with flow cytometry that exogenously added Gal-9 binds to CD4+ T cells (Figures 5A, B). Moreover, we found that Gal-9 alone did indeed promote Treg differentiation, defined as CD4+/FoxP3+, and that this effect was concentration-dependent, with 10nM far more efficient (similar degree to the activation cocktail) compared to 2nM Gal-9 (Figures 5C, D). We also measured IL-10 release into cell culture supernatants, a functional readout of Tregs, and found a similar significant increase in cells treated with 10nM Gal-9 compared to control (Figure 5E).




Figure 5 | Gal-9 induces Treg differentiation of naïve human CD4+ T cells. CD4+ T cells were isolated from PBMCs and incubated with 10nM Gal-9 before staining with anti-Gal-9. (A) Representative histogram showing exogenous Gal-9 binding in CD4+ cells compared to isotype control levels. (B) Quantification of Gal-9 protein levels using median fluorescence intensity (MFI) of Gal-9. Data are expressed as mean ± SEM (n=4). Statistical analysis was performed with Students T-test; *P < 0.05 vs BSA. Naïve CD4+ T cells were differentiated with activation cocktail (CD3/CD28, IL2, TGFβ) or Gal-9 alone for 5 days. (C, D) Flow cytometry was used to measure % positive expression of CD4+,CD25+ and Foxp3+. (E) Cell culture supernatants were collected, and IL-10 levels were measured by ELISA. Data are expressed as mean ± SEM (n=3). Statistical analysis was performed with one-way ANOVA with Tukey multiple comparisons; *P < 0.05.






Discussion

In the presence of sodium, uric acid from purine metabolism precipitates as MSU needles and can contribute to the development of gouty arthritis, characterised by redness, heat, and swollen joints (37). Analyses of synovial fluids and tissue sections of patients suffering from gout has revealed the presence of granuloma and neutrophil extracellular traps (NETs) formation which, after prolonged exposure, carries the risk for the development of chronic inflammation (38). The pathogenesis of chronic gouty arthritis is intricate, and its progression involves a variety of immunological factors. T-cell dysfunction (in particular the imbalance between Treg/Th17) plays an essential role in the occurrence and development of disease. Indeed, restoring the protective levels of Treg (36) or reducing the self-perpetuating inflammatory Th17 subset (5) represents one of the key immunological features in gouty arthritis.

Findings from several studies have shown that expression profile of Gal-9 is highly elevated in many inflammatory autoimmune diseases, such as systemic lupus erythematosus (39), rheumatoid arthritis (RA) (40, 41), and systemic sclerosis (42). Gene polymorphisms in LGALS2, LGALS3 and LGALS9 have been linked with predisposition to RA (43). Studies have also proposed the participation of Gal-9 in the immunopathogenesis of systemic inflammatory processes (44) and as a pro-active serum checkpoint molecule in RA (45).

The current study used an MSU-driven model of acute gouty arthritis and, in that context, our results showed that injection of MSU crystals (200µg/20µl) induced ankle swelling (with a peak at 18h) and inflammation. Therapeutic application of Gal-9 (9µg/20µl) significantly reduced ankle swelling observed at 18h and 24h after MSU crystal administration. Moreover, our results showed that Gal-9 administration reduced inflammatory cell infiltration and levels of pro-inflammatory mediators produced by neutrophils/inflammatory monocytes (e.g. IL-1α/β, TNF-α, JE, KC) and by Th17/Treg cell subtypes (e.g. IL-10, IL-17, G-CSF) at the local site of inflammation, which suggests an anti-inflammatory mode of action for Gal-9 in this model.

To investigate which types of immune cells were preferentially recruited in response to MSU crystals and those to MSU in combination with Gal-9 treatment, we employed flow cytometry. Cytometric data showed that neutrophils and inflammatory monocytes were the main hallmarks of the MSU group compared to CTRL, with a significant increase in Th17 infiltration. In contrast, Gal-9 treatment maintained the total CD4+ and Treg numbers at CTRL levels, whilst abolishing any MSU-induced increase in Th17 numbers, thereby maintaining a Th17/Treg balance. Furthermore, treatment with Gal-9 clearly suppressed the initial innate immune response, with a significant reduction observed in neutrophil and inflammatory monocyte recruitment. This coupled with the reduction in local inflammatory mediators could have a major impact on the secondary wave of T cell recruitment and subsequent amplification of the inflammatory response. Raucci and colleagues recently demonstrated the importance of T cells in driving pathogenesis in this model of gouty arthritis (5). They highlighted that suppressing Th17 cells using a neutralizing antibody against IL-17, resulted in elevated circulating Treg levels, which in turn accelerated inflammation resolution, thus indicating a potential modulatory role for Tregs in MSU gouty inflammation. In another experimental model of autoimmune induced arthritis, therapeutic application of Gal-9 was shown to inhibit the development of Th17 cells and promote the expansion of Tregs cells (23). The authors showed that Gal-9 suppressed arthritis in a dose-dependent fashion by inhibiting the expression of pro-inflammatory cytokines, mainly IL-17, IL-12, and IFN-γ in the joints. Previous studies have shown that Gal-9 selectively induces apoptosis in Th1 and Th17 cells through its interaction with TIM-3 (46, 47). This could also be a potential mode of action in this current study and warrants further investigation.

In human settings, Gal-9 expression and role in autoimmune arthritis has been previously demonstrated, with elevated expression of this protein in the synovial fluid of RA patients compared to those with osteoarthritis (21). More recently a study from Sun et al., demonstrated that Gal-9 expression in T cells positively correlated with disease activity and could be potentially used as a novel biomarker for evaluating RA activity and therapeutic effect (40). Gal-9 modulation of RA via the regulation of synovial fibroblast activity/viability has been shown to be complex, with endogenous Gal-9 protecting synovial fibroblasts against apoptosis (48), while exogenous Gal-9 has been shown to induce apoptosis in fibroblast-like synoviocytes in RA patients (21). Here, we selectively isolated human naive CD4+ T cells and treated them with Gal-9, to assess the ability of Gal-9 to drive human T cell differentiation. In line with previous studies (49, 50), we found that Gal-9 alone was effective at inducing Treg differentiation in a dose-dependent manner. Moreover, there was also a dose-dependent increase in IL-10 levels in supernatants from Gal-9 treated T cell cultures, suggesting a specific role for Gal-9 in inducing Treg functions (i.e., IL-10 production).

In conclusion, our findings suggest that Gal-9 has a crucial role in regulating the acute inflammation and resolution associated with gouty arthritis through sustaining anti-inflammatory Treg populations locally at the site of inflammation, while simultaneously reducing Th17 levels. Administration of Gal-9 could provide a new therapeutic strategy for preventing tissue damage associated with gouty arthritis.
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Gout flares require monosodium urate (MSU) to activate the NLRP3 inflammasome and secrete sufficient IL-1β. However, MSU alone is not sufficient to cause a flare. This is supported by the evidence that most patients with hyperuricemia do not develop gout throughout their lives. Recent studies have shown that, besides MSU, various purine metabolites, including adenosine triphosphate, adenosine diphosphate, and adenosine bind to different purine receptors for regulating IL-1β secretion implicated in the pathogenesis of gout flares. Purine metabolites such as adenosine triphosphate mainly activate the NLRP3 inflammasome through P2X ion channel receptors, which stimulates IL-1β secretion and induces gout flares, while some purine metabolites such as adenosine diphosphate and adenosine mainly act on the G protein-coupled receptors exerting pro-inflammatory or anti-inflammatory effects to regulate the onset and resolution of a gout flare. Given that the purine signaling pathway exerts different regulatory effects on inflammation and that, during the inflammatory process of a gout flare, an altered expression of purine metabolites and their receptors was observed in response to the changes in the internal environment. Thus, the purine signaling pathway is involved in regulating gout flare and resolution. This study was conducted to review and elucidate the role of various purine metabolites and purinergic receptors during the process.
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Introduction

Gout is an inflammatory disease that manifests clinically as redness, swelling, and pain in the joints. Research involving multiple ethnicities has reported that the prevalence of gout in adults ranges between 0.68% and 3.90% (1). With the development of the economy, the incidence of gout is increasing every year, while the social danger of the disease is becoming a growing concern among scholars. Hyperuricemia underlies the pathogenesis of gout, with supersaturated uric acid being deposited in the joint cavity to form monosodium urate (MSU). The MSU stimulates abnormal IL-1β secretion to cause gout flares, which is achieved through recognition by Toll-like receptors (TLRs) or NOD-like receptors (NLRs) to activate the innate immune system (1). The activation of NLRP3 inflammasome releases large amounts of IL-1β is a central process of MSU-mediated gout flares (2). However, clinical studies have shown that most patients with hyperuricemia do not experience gout flares (3). Additionally, the presence of triggering factors, including alcohol abuse, overeating, and exertion, is often required for a gout flare, which suggests that MSU alone is not sufficient to induce gout flares, and there is a need for other causative signals to act in vivo for gout flares.

The activation of NLRP3 inflammasome and subsequent induction of the release of IL-1β exerts a central role in the initiation of gout flares. Besides MSU, extracellular DAMPs and PAMPs, including bacteria, viruses, and adenosine triphosphate (ATP), are known to be responsible for the activation of the NLRP3 inflammasome. Among them, ATP-mediated activation of the P2X7R-NLRP3 signaling pathway has gradually been recognized in the pathogenesis of gout (4, 5). Following tissue necrosis caused by MSU deposition, local ATP arising from the cellular release is increased, which can activate the P2X7 receptor leading to intra-and extracellular ion flow, activation of the NLRP3 inflammasome, and secretion of IL-1β, ultimately triggering a gout flare. Furthermore, gene polymorphisms in the P2X7 receptor have been shown to regulate IL-1β secretion in vivo. Several studies have demonstrated that a gain-in-function of the P2X7 receptor is associated with an elevated rate of gout flares (6–8). Moreover, colchicine, a classical drug for treating acute gout flares, was found to inhibit the activation of ATP-induced P2X7 receptor (9), which could be the mechanism of action against gout. This indirectly confirmed the role of ATP and P2X7 receptor in gout resolution. Therefore, as an important messenger of the purinergic pathway, ATP is considered a second pathogenic signal for gout.

Besides ATP, other purinergic metabolites, such as adenosine diphosphate (ADP) and adenosine, can bind to the corresponding purinergic receptors affecting IL-1β secretion in gout. However, the purine signaling pathway exerts different regulatory effects on inflammation. For example, in contrast to ATP and ADP, adenosine exerts an inhibitory effect on inflammation in vivo (10). In addition, the expression of purine metabolites and their receptors varies in response to changes in the inflammatory internal environment during a gout flare. MSU was found to regulate the expression of the P2X7 receptor (11). Thus, the interaction between purinergic metabolites and purinergic receptors mediates the intracellular signaling communication, which jointly regulates the onset and resolution of gout flares. In this article, we have reviewed the possible regulatory role of the purinergic signaling pathway in gout flares to understand and combat gout in a more precise manner.



Classification and Function of Purinergic Receptors

The existence of purinergic receptors in the body was first proposed by Burnstock (12) in 1972. Since then, an increasing number of purinergic receptors have been identified, and researchers have gradually noticed the role of purinergic signaling pathways in the biological effects of diseases. The purinergic receptors, also known as P receptors, are classified as P1 and P2 receptors based on their ligands; the former binds to adenosine while the latter binds to ATP, ADP, uridine triphosphate (UTP), and uridine diphosphate (UDP). The P1 receptors are G protein-coupled receptors, which can be classified into four subtypes (A1, A2A, A2B, and A3) depending on the structure of the G proteins and intracellular conductance. The A2A and A2B receptors preferentially couple to Gs and exert their effects via the AC-cAMP-PKA pathway while the A1 and A3 subtypes couple to Gi and inhibit the AC activity (13). The P2 receptors, on the other hand, are divided into two major groups, P2X and P2Y receptors, depending on the signal transduction pathway. The P2X receptors are ligand-gated ion channel receptors that recognize ATP. Upon activation, the pore channels open and allow the flow of extracellular Na+, Ca2+, K+, and the entry of macromolecules. Seven P2X receptors have been identified so far (P2X1–7 receptors). The P2Y receptors are G protein-coupled receptors that primarily recognize ATP, UTP, and its metabolites. They can be further classified into P2Y1-like receptors (coupled to Gq, including P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors) and P2Y12-like receptors (coupled to Gi, including P2Y12, P2Y13, and P2Y14 receptors) based on the intracellular signaling proteins coupled to the G proteins (14). The former receptors exert their effect via the PLC-IP3/DAG-PKC pathway while the latter inhibits the activity of AC, thus, producing different biological effects (Supplementary Table 1).

The purinergic receptors are distributed in almost all cell types, and upon recognition of the corresponding ligands, they mediate a variety of biological effects and enable the development of many diseases, including cardiovascular (15, 16), metabolic (17, 18), neurological diseases (19), and cancer (20, 21). In inflammatory diseases, purinergic receptors play an important regulatory role and participate in immune- (22), infectious- (23), and neurotransmission (24)-mediated inflammatory responses to maintain homeostasis in the organism. In the regulation of inflammation, the role of different purine signals varies. For example, the activation of P2X7 receptors promotes the inflammatory response, whereas the activation of P1 receptors inhibits it. Therefore, the P receptors can coordinate the initiation, persistence, and resolution of the inflammatory response (25). Gout is an inflammatory disease caused by abnormal purine metabolism. The purine metabolites exert complex regulatory effects on the inflammatory response, influencing the onset and resolution of gout to varying degrees.



Effect of Purinergic Signaling Pathway on Gout Flares

Gout flares are a result of a complex acute inflammatory response, where the macrophages recognize MSU deposited on the joint surface, leading to the secretion of IL-1β. This is thought to be the central process in the initiation of gout flares (26). Immediately after the release of IL-1β, the inflammatory cascade response induces neutrophil accumulation in the joints, thus, exacerbating gout flare (27). Therefore, overproduction of IL-1β is a central link in the MSU-induced gouty joint inflammation. It is essential to explore the mechanism of activation of IL-1β for investigating the pathogenesis of gout flares, and it is found that the purinergic signaling pathway is involved in the regulation of IL-1β secretion in gout.


Activation of the P2X Receptor Signaling Pathway Leads to the Promotion of Gout Flares

The P2X receptors are ATP-gated ion channel receptors, and of these P2X receptors, the P2X7 receptor, initially defined as the P2Z receptor, possesses a unique sequence and rich function despite being the latest identified (28). Activation of the P2X7 receptor by ATP opens ion channels causing Ca2+ influx and K+ outflux to activate the NLRP3 inflammasome in the innate immune system, where Ca2+ may represent the second messenger of inflammasome activation (29). Also, the P2X7 receptor has a unique structure and function, which does not only form ion channels but also forms the pore channels, allowing the passage of up to 900 Da molecules upon continuous activation by high concentrations of ATP. The formation of such pores appears to be required to activate the NLRP3 inflammasome (30, 31). Upon activation, the NLRP3 proteins interact with apoptosis-associated speck-like protein containing a CARD (ASC), which then recruits the pro-caspase-1 forming the NLRP3 inflammasome, which subsequently undergoes cleavage to form active caspase-1. This is further processed, leading to the secretion of mature IL-1β and IL-18 that exert inflammatory effects (32). Following pharmacological inhibition of the P2X7 receptor, the level of ATP-induced IL-1β release is reduced in inflammatory cells (33). A similar reduction was observed in the levels of the P2X7 receptor, ASC, or NLRP3-deficient mouse macrophages. These findings suggested that the activation of the ATP-mediated P2X7 receptor plays a crucial role in promoting IL-1β secretion in inflammatory cells (34). Currently, it is recognized that the P2X7 receptor, among the family of P2XRs, is the most relevant in the inflammatory response.

Gout is an acute inflammatory disease based on hyperuricemia. Predisposing factors, including alcohol abuse, overeating, cold, and late nights, are required to initiate a gout flare. We evaluated the pathogenic signals embedded in these factors associated with gout flares and found that under these conditions, ATP fluctuations were observed in vivo. This, for example, included mechanical stimulation during strenuous exercise promotes ATP release (35), and the adaptive febrile response of the body during cold increases ATP (36). Dramatic changes in ATP levels can activate the P2X7R-NLRP3 signaling pathway and promote the IL-1β secretion associated with gout flares. Thus, ATP is considered to be involved in gout flares. A study by Tao et al. observed no difference in the IL-1β concentrations in peripheral blood leukocyte cultures from gout and hyperuricemia patients when stimulated with MSU alone, but upon stimulation with MSU and ATP together, IL-1β concentrations were found to be significantly higher in gout patients than that of the hyperuricemia patients (6). Thus, it is suggested that ATP is the second pathogenic signal for gout besides MSU. Importantly, the ability of the P2X7 receptor to promote IL-1β secretion upon activation may be a major determinant of gout flares, which is influenced by the gene polymorphisms of the P2X7 receptor. Studies have confirmed that gout patients possess single nucleotide polymorphism in functionally enhanced P2X7 receptor compared to hyperuricemia patients (37), thus establishing an essential role of P2X7 receptor in gout flares.

In hyperuricemic patients, synergistic action between MSU and ATP is required to fully activate the NLRP3 inflammasome, which causes sufficient secretion of IL-1β, leading to the onset of gout flares. Thus, it can be argued that as a receptor for ATP, the P2X7 receptor is an important regulator in determining gout flares, explaining why most hyperuricemic patients do not develop gouty arthritis throughout their lives.

Besides the P2X7 receptor, the P2X4 receptor can also be activated by ATP, causing an inflammatory response, which is functionally similar to the P2X7 receptor. Upon activation, it forms large-conductance pores in the cell membrane facilitating the ion flow, which subsequently activates the NLRP3 inflammasome. This further enhances the body’s inflammatory response through its synergy with the P2X7 receptor (38).



Different Roles of Activated P2Y Receptor Signaling Pathway in Gout Flares

P2Y receptors belong to the G protein-coupled receptor family and are further divided into P2Y1-like receptors (coupled to Gq) and P2Y12-like receptors (coupled to Gi), which exert regulatory effects on inflammation by affecting the activity of PLC and AC, respectively (39). Upon recognizing the corresponding nucleotide, P2Y1-like receptors coupled to Gq activate the PLC-IP3/DAG-PKC pathway, promoting Ca2+ mobilization and inflammatory response. Also, the P2Y1-like receptors can activate AC; for example, the P2Y11 receptor promotes the activation of the AC-cAMP-PKA pathway to initiate the inflammatory response (40). The P2Y12-like receptors coupled to Gi can exert an inhibitory effect on AC, further reducing the conversion of dephosphorylation of ATP to cAMP, thus, inhibiting the cAMP-PKA pathway-mediated inflammatory response.

The P2Y1-like receptors, including the P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors, can promote inflammation either through the PLC-IP3/DAG-PKC pathway or through the activation of AC. Among these P2Y1-like receptors, the P2Y2 receptor may be closely associated with gout flares. Besides its inflammatory function, the P2Y2 receptor can activate the NLRP3 inflammasome by stimulating the action of ATP release to further activate the P2X7 receptor (41).

The P2Y2 receptors are expressed on various cells, including macrophages, lymphocytes, neutrophils, and eosinophils, and are activated by multiple nucleotides such as ATP and UTP to participate in immune regulation and inflammatory responses. The activated P2Y2 receptors exhibit upregulated expression of inflammatory cytokines and chemokines, while the release of inflammatory factors is blocked by the treatment used to inhibit the P2Y2 receptors (42, 43). Furthermore, the activated P2Y2 receptors open pannexin-1 channels by inducing PLC activation and Ca2+ mobilization, which leads to further release of ATP promoting IL-1β maturation and secretion through the P2X7R-NLRP3 pathway (41). Thus, the binding of the P2Y2 receptors to ligands promoted the release of inflammatory factors and initiated the inflammatory response in multiple ways. The absence of the P2Y2 receptor is observed to reverse the increase of the nucleotide-induced IL-1β release (44).

The current study suggested that the P2Y6 receptor activated by UDP and UTP is involved in the pathogenesis of gout. Uratsuji et al. found that the P2Y6 receptors were involved in the MSU-induced inflammatory responses. The activation of the P2Y6 receptors in a variety of cells was observed to contribute to the production of inflammatory cytokines; particularly, the inhibition of the P2Y6 receptor in THP-1 cells could reduce MSU-induced IL-1β production (45). Additionally, the P2Y6 receptor affected the MSU-induced neutrophil function associated closely with gout. Sil et al. found that the inhibition of the P2Y6 receptors reduced neutrophil migration and IL-8 production, which is responsible for recruiting neutrophils to the joint cavity during a gout flare, thereby amplifying the effects of gout (46). In addition, treatment with the P2Y6 receptor antagonist MRS2578 inhibited the formation of MSU-induced neutrophil extracellular traps (NETs) in gout (46). Therefore, activation of the P2Y6 receptor may contribute to the persistence of gout flares.

The P2Y12-like receptors coupled to Gi, including P2Y12, P2Y13, and P2Y14 receptors, inhibit the cAMP-PKA pathway-mediated inflammatory response and theoretically inhibit gout pathogenesis. However, due to the complexity of the mechanisms of action in different internal environments, the regulation of inflammation by P2Y12-like receptors is also diverse. For example, cAMP has long been considered an inducer of inflammation. Activation of the cAMP-PKA-ERK signaling pathway promotes IL-1β secretion (47). Additionally, the AC/cAMP/PKA upregulates IL-1β-induced IL-6 production by enhancing the JAK2/STAT3 pathway (48). However, cAMP has also been recently pointed out as an important factor in regulating inflammation relief (49). The cAMP inhibits NF-κB transcription by activating downstream PKA to reduce the production of pro-inflammatory factors. Also, it promotes the phosphorylation of CENP to increase the production of anti-inflammatory factors and stimulate macrophage polarization. Moreover, cAMP has been found to inhibit the assembly of the NLRP3 inflammasome by directly binding to NLRP3 proteins, and promotes their ubiquitination and degradation (50, 51), thus acting as a negative regulator of the NLRP3 inflammasome reducing the secretion of IL-1β. Therefore, the P2Y12-like receptors can not only exert inhibitory inflammatory effects but can also often exhibit pro-inflammatory effects through the regulation of cAMP. In microglia, extracellular ADP was observed to act on P2Y12 receptors that activated NF-κB and NLRP3 inflammasomes while the inhibition of the P2Y12 receptors reduced the IL-1β levels (52). Similarly, the P2Y14 receptors promoted the secretion of inflammatory factors IL-1α, IL-8, and IL-6 in response to MSU stimulation (53).

Complex regulatory effects of inflammation are manifested in the P2Y14 receptor. In a gout study, Li et al. found that the P2Y14 receptors on macrophages negatively regulated cAMP, which enhanced the MSU-induced activation of the NLRP3 signaling pathway. The knockdown of the P2Y14 receptor then limited the activation of the NLRP3 inflammasome, which in turn attenuated the MSU-induced inflammatory infiltration of synovial tissue (54). Thus, in acute gouty arthritis, the activation of the P2Y14 receptor can exert a pro-inflammatory effect through the cAMP/NLRP3 signaling pathway.

The P2Y receptors in gout often play conflicting roles both in promoting remission of inflammation and maintaining the persistence of inflammation. As mentioned earlier, the P2Y12-like receptor signaling pathway that inhibits inflammation can have pro-inflammatory effects through activation of NLRP3 inflammasome. Similarly, the P2Y1-like receptor signaling pathway that promotes inflammation may exhibit an inhibitory effect on inflammation. For example, in a gout mouse model, the activation of the P2Y6 receptors reduces 1-palmitoyl-2-linoleyl-3-acetyl-rac-glycerol-induced neutrophil infiltration, alleviating joint symptoms (55). Thus, the P2Y receptors play a complex role in inflammatory diseases, either as a friend or foe. Besides modulating the pro-inflammatory factors in the regulation of inflammatory responses, P2Y receptors can also influence the expression of anti-inflammatory cytokines. TGF-β and IL-10 are the major cytokines responsible for gout resolution (56). The P2Y1 receptors were found to enhance the effects of TGF-β1 and IL-10 (57, 58), while the P2Y11 receptor, although reported to inhibit TGF-β1 production through activation of cAMP, was found to upregulate the IL-10 expression (57, 58). Overall, the data suggested that the P2Y receptor signaling pathway was involved in the pathogenesis of gout in different ways.



Activation of the P1 Receptor Signaling Pathway Inhibits Inflammation in Gout Flares

The P1 receptors belong to the family of G protein-coupled receptors and include A1, A2A, A2B, and A3 receptors. These are widely expressed on immune cells and exhibit anti-inflammatory effects. The ligand of the P1 receptor, adenosine, is the main product of sequential hydrolysis of extracellular ATP, which is catalyzed by CD39 and CD73. Under physiological conditions, the adenosine concentration is maintained at low levels, but under certain conditions such as inflammation, hypoxia, and cellular injury, the concentration of adenosine is increased by degrading extracellular ATP and ADP. Adenosine is then rapidly metabolized to AMP and inosine by the action of adenosine kinase or adenosine deaminase. The contribution of adenosine in alleviating inflammation and maintaining homeostasis in the organism has been recognized widely (10).

The P1 receptor signaling exerts anti-inflammatory effects through a variety of pathways. The adenosine-activated P1 receptors (A1, A3) increase the inhibition of neutrophil adhesion, reducing the production of superoxide and secretion of inflammatory cytokines (59–61). Furthermore, the interaction of adenosine with A1, A2A, and A3 receptors inhibits the release of IL-1β from activated human peripheral blood mononuclear lymphocytes (62). Also, the interaction of adenosine with A3 receptors was found to reduce TNF-α production in the macrophage cell lines (63), while the interaction of adenosine with A1 receptors was found to reduce parasite-stimulated production of reactive oxygen species (ROS) and IL-8 from neutrophils (64). Besides its inhibitory effect on the secretion of inflammatory factors, the activation of the P1 receptor signaling pathway also promotes the secretion of anti-inflammatory cytokines, including TGF-β1 and IL-10, by the immune cells (57, 60).

The targeting of adenosine receptors has been efficient in the treatment of several inflammatory diseases. The activation of adenosine-mediated A2A receptor contributed to block the activity of NLRP3 inflammasome, thereby reducing the production of pro-inflammatory cytokines while increasing the production of anti-inflammatory cytokines (65, 66). In post-traumatic brain injury events, agonizing the A3 adenosine receptor could improve the neurocognitive function by inhibiting the activation of the NLRP3 inflammasome (67). Similarly, in arthritic mice, activating the A3 adenosine receptors could reduce the production of TNF-α and alleviate arthritic symptoms (68). Thus, increased adenosine levels following an inflammatory episode could activate the P1 receptors, exerting anti-inflammatory effects through modulation of the NLRP3 inflammasome, thus, contributing to the resolution of gout flares.

Currently, only limited evidence is available to directly demonstrate the involvement of P1 receptors in suppressing gout inflammation or promoting gout resolution. However, based on the anti-inflammatory effect of the P1 receptor signaling pathway, we can see an inevitable impact on the pathogenesis of gout through changes in adenosine concentrations during the different stages of gout flares.




Alterations in Purine Signaling Pathway During Gout Flares

As previously mentioned, the purine signaling pathway plays a different role in the inflammatory regulation of gout, with ATP playing a central role in its initiation. The type and concentration of purinergic metabolites during a gout flare are altered by various mediators in the inflammatory environment, which can influence the onset and resolution of gout.


Conversion of Purinergic Metabolites During Gout Flares

MSU alone is not sufficient for initiating a gout flare; the synergistic effect of high levels of extracellular ATP is also required. After the initiation of gout, an increased expression of nucleoside triphosphate dihydrolase 1 (CD39) and 5’-nucleotidase (CD73) can be seen in an inflammatory environment. CD39 dephosphorylates extracellular ATP to ADP and adenosine monophosphate (AMP), which is further converted to adenosine by CD73 (69, 70). Thus, the changes in the expression of CD39 and CD73 during a gout flare can determine the level of nucleotides and the state of inflammation that affects the course of gout disease.

The CD39 and CD73 are extracellular nucleotidases expressed on monocytes, macrophages, B cells, T cells, natural killer cells, dendritic cells, and neutrophils. They mainly maintain a balance between the extracellular ATP and the concentration of adenosine. This homeostasis is important for the persistence and extent of the inflammatory state (71). Changes in the levels of nucleotide enzymes can occur during gout flares. Inflammatory cytokines, oxidative stress, and a hypoxic environment may increase the activity of CD39 and CD73 (72), thereby reducing ATP levels and increasing adenosine concentration. Further, tissue hypoxia can also reduce the expression of nucleoside transporters, increasing the adenosine levels. CD39 is the main enzyme that metabolizes ATP. In vitro studies in macrophages have found that activated P2X7 receptor could upregulate the expression of cytosolic CD39 by triggering a lipid raft-dependent mechanism (73). In contrast, the elevated CD39 could limit the P2X7R-mediated pro-inflammatory response. The knockdown of CD39 results in excessive IL-1β release (74, 75). This implies that in addition to catabolizing ATP and promoting adenosine production, the interaction between CD39 and the P2X7 receptor can modulate the upregulated inflammatory state of the organism in time to restore cellular homeostasis.

Macrophages are the primary sites of signaling events that regulate the onset and remission of gout. During the disease progression, macrophages show a shift from a pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype. Zanin et al. found (76) that M1 macrophages showed a decrease in the expression of CD39 and CD73 along with a reduction in ATP and AMP hydrolysis, whereas the M2 macrophages displayed higher CD39 and CD73 expression, as well as increased ATP and AMP hydrolysis. Also, the addition of adenosine led to an increase in the expression of the M2 macrophage gene, which in turn promoted the conversion of M1 phenotype to M2 phenotype (77). Moreover, after the initiation of inflammation, adenosine was found to decrease the production of pro-inflammatory cytokines and increase the secretion of anti-inflammatory cytokines by macrophages (78). These data suggested that purinergic signaling may be involved in gout resolution by regulating the conversion of macrophages from the M1 to M2 phenotype.



Changes of Purinergic Receptors During Gout Flares

Besides changes in the purine metabolites, the expression of purinergic receptors seems to be altered in response to the internal environment during the inflammatory process of gout flares. Among them, the changes in the expression of the P2X7 receptor have the most important impact. In addition to directly activating the NLRP3 inflammasome, MSU was found to stimulate the expression of P2X7 receptors and P2X4 receptors, secreting IL-1β and causing gout flares (11). Besides, an interesting experiment found that ethanol can upregulate the expression of P2X7 receptors to induce NLRP3 inflammasome activation (79), which partly explains why alcohol consumption predisposes to gout flares.

The expression of the P2Y receptor is also altered during a gout flare. The MSU stimulation of human keratinocytes resulted in an increased expression of P2Y6 receptors and P2Y14 receptors (45, 53). The P2Y6 receptor belongs to the P2Y1-like receptor family, which promotes the inflammatory responses and the upregulation by MSU facilitates the initiation and persistence of gout. In contrast, the P2Y14 receptor belonging to the P2Y12-like receptors inhibits cAMP and exhibits an inflammatory suppressive effect. The upregulation of P2Y14 by MSU appears to be detrimental to the development of gout. However, its upregulation can also promote gout pathogenesis through the negative effect of cAMP on the NLRP3 inflammasome (54).

The transition of macrophages from the phenotypes M1 to M2 promotes remission of gout inflammation. Upon macrophage activation, an increase was observed in the expression of P1 receptors (A1 and A3), which was accompanied by a decrease in the production of pro-inflammatory cytokines IL-6 and TNF-α and an increase in the production of anti-inflammatory factor IL-10. This promoted macrophage polarization and contributed to the suppression of inflammation (80, 81).



Modulation of Purinergic Signaling in Different Stages of Gout Flares

The previous section showed in vivo conversions of purine metabolites at different stages of a gout flare. Early in the flare, large amounts of ATP were released extracellularly by the necrotic, apoptotic, and inflammatory cells through pannexins or connexin channels (82). First, ATP was bound to the P2X7 receptors in the cytosol. Then, in concert with MSU, it stimulated the activation of the NLRP3 inflammasome, thus, prompting IL-1β secretion. Next, the expressions of CD39 and CD73 were increased in the inflammatory hypoxic environment following gout initiation, which promoted the dephosphorylation of ATP to adenosine. This inhibited the inflammatory response and promotes the self-resolution of gout flares by activating the P1 receptor signaling pathway. During the process, changes in the expression of purinergic receptor induced by the internal environment contributed to the ordered changes in purine signaling that regulated both gout flare and resolution (Figure 1). The main reasons for this seemingly contradictory mechanism are the ordered changes in the expression of purine metabolites and their receptors in the inflammatory environment, as well as the different purine signaling pathways they mediate in response to inflammation. Also, the accumulation of acidic metabolites in the inflammatory environment inhibits the cAMP/PKA signaling pathway reducing the IL-1β production (83), which indirectly counteracts the purinergic signaling-mediated cAMP/PKA pathway activity, favoring gout resolution.




Figure 1 | Mechanisms underlying purinergic signaling pathways in the regulation of gout flares and resolution. A series of purinergic receptor-mediated intracellular signaling events in macrophages are involved in gout flare and resolution, with the regulation of IL-1β levels being a central event. Gout flare: (A) The binding of extracellular MSU to TLR induces intracellular transcription and accumulation of the pro-IL-1β gene through activation of MyD88-NFκB signaling. (B) The uptake of MSU then activates the NLRP3 inflammasome, releasing active caspase-1, which cleaves pro-IL-1β to mature IL-1β. (C) Increased extracellular ATP binds to P2X7 receptors causing Ca2+ influx, which stimulates the NLRP3 inflammasome activation in concert with MSU, leading to massive IL-1β secretion. (D) Extracellular ATP and ADP stimulate the P2Y1-like receptors coupled to Gq, activating the PLC-IP3/DAG-PKC signaling pathway and cAMP-PKA pathway, which promotes the release of IL-1β. The stimulation of P2Y12-like receptors coupled to Gi exerts an inhibitory effect on the AC-cAMP-PKA pathway reducing the IL-1β production. However, inhibition of IL-1β production via other pathways also exists. Gout resolution: (E) In an inflammatory hypoxic environment, the activation of CD39 and CD73 during gout flares results in the progressive degradation of ATP and ADP to adenosine. (F) The resultant adenosine activates P1 receptors, decreasing the secretion of pro-inflammatory cytokine IL-1β, thus, promoting the production of anti-inflammatory cytokines TGF-β1 and IL-10. (G) Under the inflammatory conditions of gout, ATP is degraded, which affects the sustained stimulation of the P2X7R-NLRP3 signaling pathway. This results in a marked reduction of IL-1β secretion by MSU stimulation alone, which is not sufficient to sustain gout, and the condition then tends toward inflammatory remission.



Gout is a self-limiting disease with numerous causes contributing to its self-resolution. It is widely recognized that after initiating the inflammatory response in gout, neutrophils phagocytose MSU to form NETs. The aggregated NETs act by reducing the expression of pro-inflammatory cytokines (IL-1β, IL-6, IL-8), which promote the production of anti-inflammatory cytokines (TGF-β1, IL-1Ra, IL-10, IL-37), attenuating the inflammatory response (1, 84). Additionally, CD14 plays a role in the self-relief of gout. The knockdown of CD14 can reduce the activation of MSU-induced NLRP3 and release IL-1β (85). Studies have observed that a reduction of CD14 expression in gout patients may contribute to gout resolution (86). Besides neutrophils and CD14, purinergic signaling pathways play a synergistic role in gout resolution through the regulation of inflammatory responses.




Conclusion and Outlook

In summary, purinergic signaling pathways are involved in regulating the entire process of gout flare and resolution. After the initiation of the inflammatory response in gout, inflammation-induced microenvironmental changes lead to an orderly alteration in the type of purinergic metabolites in the body, gradually converting a large amount of ATP released from necrotic cells into ADP and adenosine. These purinergic metabolites stimulate the corresponding purinergic receptors and exert different regulatory effects on the inflammatory response. With the conversion of ATP to adenosine, the pro-inflammatory response mediated by the P2X and P2Y receptor signaling pathway shifts to an anti-inflammatory effect mediated mainly by the P1Y receptor signaling pathway, which then balances and restores the body’s homeostasis. These changes may therefore be an important mechanism of action for self-resolution of gout flares.

The purinergic signaling pathways can be potential targets for future interventions in gout pathogenesis. Currently, attempts are made to use targeted purinergic receptor therapy in gout. In a recent study, researchers designed and synthesized a novel P2Y14 receptor antagonist, which reduced the MSU-induced joint swelling and inflammatory infiltration in an acute gouty arthritis mouse model (87, 88), thus, improving the clinical value of targeted purinergic signaling in gout. However, the regulation of inflammation by purinergic signaling is much more complex than expected. It is not only manifested by the complexity of purinergic receptor-mediated signaling mechanisms, for example, the same receptor exhibiting opposite effects on inflammation in different settings, but it is also manifested by the diversity of their ligands. Besides activation by purinergic metabolites, receptors can be activated by additional endogenous ligands. A complex regulation network is formed between the endogenous ligands and P2Y receptors, finely tuning the nucleotide receptor signaling pathway (89). Therefore, the internal environment also has an important influence on purinergic signaling. An in-depth study of the regulatory mechanisms underlying different purinergic signals and the integration of various upstream and downstream influencing factors can accurately determine the role of purinergic signaling in gout flares, providing effective strategies for clinical intervention.
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Objectives

To compare phagocytic activities of monocytes in peripheral blood mononuclear cells (PBMCs) from acute gout patients and normal subjects, examine monosodium urate monohydrate (MSU) crystal-induced IL-1β secretion ± recombinant human proteoglycan 4 (rhPRG4) or interleukin-1 receptor antagonist (IL-1RA), and study the anti-inflammatory mechanism of rhPRG4 in MSU stimulated monocytes.



Methods

Acute gout PBMCs were collected from patients in the Emergency Department and normal PBMCs were obtained from a commercial source. Monocytes in PBMCs were identified by flow cytometry. PBMCs were primed with Pam3CSK4 (1μg/mL) for 24h and phagocytic activation of monocytes was determined using fluorescently labeled latex beads. MSU (200μg/mL) stimulated IL-1β secretion was determined by ELISA. Reactive oxygen species (ROS) generation in monocytes was determined fluorometrically. PBMCs were incubated with IL-1RA (250ng/mL) or rhPRG4 (200μg/mL) and bead phagocytosis by monocytes was determined. THP-1 monocytes were treated with MSU crystals ± rhPRG4 and cellular levels of NLRP3 protein, pro-IL-1β, secreted IL-1β, and activities of caspase-1 and protein phosphatase-2A (PP2A) were quantified. The peritoneal influx of inflammatory and anti-inflammatory monocytes and neutrophils in Prg4 deficient mice was studied and the impact of rhPRG4 on immune cell trafficking was assessed.



Results

Enhanced phagocytic activation of gout monocytes under basal conditions (p<0.001) was associated with ROS generation and MSU stimulated IL-1β secretion (p<0.05). rhPRG4 reduced bead phagocytosis by normal and gout monocytes compared to IL-1RA and both treatments were efficacious in reducing IL-1β secretion (p<0.05). rhPRG4 reduced pro-IL-1β content, caspase-1 activity, conversion of pro-IL-1β to mature IL-1β and restored PP2A activity in monocytes (p<0.05). PP2A inhibition reversed rhPRG4’s effects on pro-IL-1β and mature IL-1β in MSU stimulated monocytes. Neutrophils accumulated in peritoneal cavities of Prg4 deficient mice (p<0.01) and rhPRG4 treatment reduced neutrophil accumulation and enhanced anti-inflammatory monocyte influx (p<0.05).



Conclusions

MSU phagocytosis was higher in gout monocytes resulting in higher ROS and IL-1β secretion. rhPRG4 reduced monocyte phagocytic activation to a greater extent than IL-1RA and reduced IL-1β secretion. The anti-inflammatory activity of rhPRG4 in monocytes is partially mediated by PP2A, and in vivo, PRG4 plays a role in regulating the trafficking of immune cells into the site of a gout flare.





Keywords: acute gout flare, PRG4, monocytes, interleukin-1 receptor antagonist (IL-1 ra), urate crystals



Introduction

Gout is the most common form of crystal induced arthritis with an estimated 2012 global prevalence of 0.6% (1). The country-specific prevalence estimates vary significantly with a reported prevalence in the U.S. of 3.9%, compared to 1% or lower in China and Northern Europe (2–5). The incidence of newly diagnosed gout has more than doubled over the past decade, with greater incidences observed in males and in the later decades of life (1, 6). Hyperuricemia is the most significant risk factor for gout development where gout-associated inflammation is triggered by the deposition of poorly soluble monosodium urate monohydrate (MSU) crystals in peripheral joints and tissues (7). The most affected joints include the first metatarsophalangeal joint, and the knee, where gout often presents as an acute flare of pain and inflammation that usually resolves within one week (7, 8). Interspersed between acute gout flares are asymptomatic periods of low-grade chronic inflammation and progressive joint damage (7). Acute gout flares are treated with anti-inflammatory agents e.g., colchicine, non-steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids, either alone or in combination (9, 10). None of these pharmacological agents have demonstrated superiority in controlling acute gout inflammation and their use is complicated by considerable side effects, toxicities, and relative contraindications (7, 11, 12). For patients with comorbid diabetes, renal or cardiovascular diseases, the use of interleukin-1 receptor antagonist (IL-1RA) was shown to be efficacious in the management of acute gout (13, 14). However, suboptimal clinical treatment outcomes are prevalent, with significant economic and humanistic burdens and therefore the development of novel and safer therapeutics remains an unmet clinical need.

The pathophysiology of acute gout involves the recognition of urate crystals by monocytes/macrophages in joint tissues and their subsequent phagocytosis (15, 16). Urate crystals initiate NOD-, LRR- and pyrin domain containing protein 3 (NLRP3) inflammasome activation in a mechanism that involves the generation of reactive oxygen species (ROS), resulting in recruitment of pro-caspase-1 and its conversion to active caspase-1 (16, 17). Active caspase-1 catalyzes the conversion of pro-interleukin-1 beta (pro-IL-1β) to mature IL-1β, which is the primary effector pro-inflammatory cytokine in gout (15, 16). Damage-associated molecular patterns (DAMPs) can also activate the NLRP3 inflammasome in gout and increase IL-1β gene expression via activation of toll-like receptors 2 and 4 (TLR2 and TLR4) (7, 18, 19). During an acute gout flare, circulating monocytes are recruited to the affected joint, where they contribute to inflammation via phagocytosis of urate crystals and differentiation into M1-like inflammatory macrophages (15, 16, 20). In response to TLR2 ligands and crystals, monocytes in peripheral blood mononuclear cells (PBMCs) from gout patients were shown to secrete higher IL-1β and other pro-inflammatory cytokines and chemokines compared to PBMCs from normal subjects, and the extent of IL-1β secretion was positively correlated to the annual number of acute gout attacks (21). The enhanced production of mature IL-1β by gout PBMCs was shown to likely be due to enhanced caspase-1 mediated conversion of pro-IL-1β (21). A possible explanation for the enhanced generation of mature IL-1β by gout PBMCs is chronic hyperuricemia where uric acid priming enhances IL-1β secretion by human PBMCs, via activating the AKT-PRAS40 autophagy pathway (22).

In our laboratory, we have previously shown that proteoglycan 4 (PRG4) and its receptor CD44, and one of several CD44 transducers, protein phosphatase-2A (PP2A) signaling axis plays a biologically significant role in regulating urate crystal inflammation. Recombinant human PRG4 (rhPRG4) inhibited urate crystal phagocytosis by murine and human macrophages, NLRP3 inflammasome activation and conversion of pro-IL-1β to mature IL-1β (23). rhPRG4 also attenuated pain and inflammation in a rat model of acute gout in the knee (23). The efficacy of rhPRG4 was likely due to its binding CD44 receptor, as CD44 was shown to mediate phagocytic uptake of urate crystals by murine and human macrophages (24, 25). The significance of the PRG4/CD44/PP2A axis was further highlighted by our recent observations that uptake of urate crystals by human monocytes was associated with a reduction in PP2A activity and that a small molecule PP2A activator reduced IL-1β secretion in human monocytes via attenuating pro-IL-1β production (26). While available in vitro and in vivo data suggest that rhPRG4 may be of considerable utility as a novel therapeutic in acute gout, the efficacy of rhPRG4 in gout monocytes remains unclear.

In this investigation, we aimed to quantify the pro-inflammatory response of normal and gout PBMCs towards combined TLR2 ligand and urate crystal stimulation with a particular focus on monocytes’ phagocytic activation and downstream IL-1β secretion. We compared the anti-inflammatory efficacy of IL-1RA and rhPRG4 and investigated how rhPRG4 regulates the activation of gout PBMCs. We also studied urate crystal stimulated THP-1 monocytes and evaluated whether rhPRG4’s effect was mediated by PP2A activity enhancement. We supplemented our in vitro assays with an in vivo peritoneal model of acute gout flare where we studied the impact of Prg4 expression on the peritoneal influx of inflammatory classical monocytes (CMs), anti-inflammatory non-classical monocytes (NCMs) and neutrophils as well as IL-1β and CXCL1 levels (24, 27). We hypothesized that gout PBMCs display enhanced IL-1β secretion due to increased phagocytosis of urate crystals by monocytes which can be suppressed by rhPRG4, and rhPRG4’s anti-inflammatory effect is PP2A-dependent.



Methods


Patient Characteristics and Study Overview

Blood samples were collected from patients presenting to the Emergency Departments at Rhode Island and The Mariam Hospitals (located in Providence, RI, USA and are members of the Lifespan network) with a chief complaint of an acute gout flare. The acute gout cohort included 36 patients (28 males and 8 females) whose median age was 68 years with a range between 42 and 91 years. A total of 22 patients were on a urate-lowering therapy at the time of admission and 5 patients were using oral colchicine. PBMCs were isolated from blood samples using the Ficoll-Paque density gradient centrifugation method (28), and cells were stored in liquid nitrogen until the time of experimentation. Our study was approved by the Institutional Review Board (IRB) at Lifespan. PBMCs from twelve normal subjects were obtained from a commercial source (ATCC, USA). Monocytes in normal and gout PBMCs were identified by flow cytometry using CD14 and CD45 surface markers (29) and their phagocytic activity was determined using FITC-labeled rabbit IgG coated latex beads. Urate crystal phagocytosis by monocytes was determined by estimating the percentage of monocytes with elevated side-scatter values above a pre-determined threshold (23). Generation of reactive oxygen species (ROS) in monocytes from normal and gout PBMCs and THP-1 monocytes, following urate crystal exposure, was determined fluorometrically, and the contribution of ROS generation to IL-1β secretion by PBMCs was investigated by treating PBMCs with urate crystals ± the antioxidant N-acetylcysteine. The anti-inflammatory dose-response efficacies of IL-1RA and rhPRG4 were investigated in normal PBMCs and doses that produced maximal IL-1β attenuation by both biologics were used in follow-up experiments utilizing urate crystal stimulated gout PBMCs. The modulation of monocytes’ phagocytic activity by IL-RA and rhPRG4 was also studied in normal and gout PBMCs. To further investigate the anti-inflammatory mechanism of rhPRG4, we studied urate crystal stimulated THP-1 monocytes and assessed the impact of rhPRG4 treatment on NLRP3 protein levels, caspase-1 activation, and conversion of pro-IL-1β to mature IL-1β. Since PRG4 is a ligand of the CD44 receptor and building on our previous report that a CD44 antibody treatment activated PP2A in murine and human macrophages (24), we aimed to study the impact of rhPRG4 on PP2A activity in THP-1 monocytes. To further characterize the contribution of PP2A to rhPRG4’s mechanism of action, we evaluated the effect of co-incubating rhPRG4 with okadaic acid, a potent PP2A inhibitor (30). Normal and gout PBMCs and THP-1 monocytes were primed with a TLR2 ligand, Pam3CSK4, for 24h prior to adding urate crystals, as PBMCs and monocytes fail to secrete significant IL-1β in response to crystals alone (22, 26). Across all experiments, assays were performed with two technical replicates per experimental group, with 3-4 independent experiments for THP-1 monocytes. Our in vivo experiments were approved by the IACUC committee at Chapman University. We utilized the peritoneal model of acute gout flare after intraperitoneal administration of urate crystals (24). We studied the peritoneal influx of CMs (identified as CD11b+ Ly6Chi CCR2+), NCMs (identified as CD11b+ Ly6Clo CD43hi CX3CR1+), and neutrophils (Ly6G+ Ly6B.2+) at 6h and 24h in Prg4 gene-trap (Prg4GT) mice. We also determined IL-1β and CXLC1 levels in peritoneal lavages. The Prg4GT mouse (stock no. 025740, JAX, USA) is born lacking Prg4 expression which can be restored via CRE-mediated recombination (31). We compared the peritoneal influx of immune cells in the Prg4GT/GT animals to that in Prg4+/+ animals (stock # 101045, JAX; B6/129S background).



Immunophenotyping of Monocytes and Determinations of Phagocytic Activity and ROS Generation

Normal and gout PBMCs were washed, centrifuged at 300xg for 10 min and seeded in RPMI 1640 media (ATCC) supplemented with 2% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-Streptomycin (Sigma Aldrich, USA) at a density of 1.0 x 106 cells per well. Culture media was supplemented with 50 IU benzonase (Sigma Aldrich) to avoid cell clumping. Human THP-1 leukemic monocytic cells (ATCC) were seeded as described above. Immunophenotyping of monocytes in PBMCs was performed by flow cytometry using APC/Cyanine7 anti-human CD14 antibody (monocyte marker; 1:20 dilution) (BioLegend, USA) and PE-anti human CD45 antibody (pan-leukocyte marker; 1:25 dilution) (BioLegend). Following treatments, PBMCs were collected and centrifuged at 3,000 rpm for 5 min. Cells were then incubated with Zombie Violet viability dye in FACS blocking buffer (0.5% BSA, 2% FBS in PBS) for 10 min on ice. Subsequently, cells were stained with anti-CD14 and anti-CD45 antibodies in FACS staining/washing buffer (0.5% BSA, 0.05% sodium azide in PBS) for 20 min. Cells were then washed twice with FACS washing buffer followed by flow cytometric analysis (BD FACSAria). Flow cytometry plots and analyses were generated using Flow Jo® software (BD Biosciences, USA), and positive staining thresholds were determined using fluorescence minus one (FMO) control.

Phagocytic activity of monocytes was performed using FITC-labeled rabbit IgG-coated latex beads (Cayman Chemicals, USA). PBMCs or THP-1 monocytes were incubated with Pam3CSK4 (1μg/mL) (Invivogen, USA) for 24h. Subsequently, fluorescently labeled beads were co-incubated with cells for 4h and the fluorescence intensity (FI) geometric means of bead-positive cells were calculated. Bead-positive cells were determined using an FMO control.

ROS generation in monocytes of normal and gout PBMCs and THP-1 monocytes was determined using the DCFDA/H2DCFDA cellular ROS Assay Kit (Abcam, USA). The principle of the assay is based on the oxidation of a non-fluorescent probe by cellular hydroxyl, peroxyl and other ROS species into a fluorescent product. PBMCs were incubated with DCFDA/H2DCFDA for 30 min at 37°C followed by incubation with MSU crystals (200μg/mL) (Invivogen) for 2h. Subsequently, PBMCs were collected and stained with anti-CD14 and anti-CD45 antibodies as described above to identify monocytes. Quantitation of ROS generation in monocytes was performed by initially gating for AlexFluor-488 positive monocytes and then calculating the FI geometric means of this population. Supernatant mature IL-1β levels were also measured at 2h using an ELISA kit (R&D Systems, USA).



Dose Response and Anti-Inflammatory Efficacies of IL-1RA and rhPRG4 in Urate Crystal Treated Normal and Gout PBMCs

Normal PBMCs were stimulated with Pam3CSK4 (1μg/mL) ± recombinant human IL-1RA (GenScript, USA; MW ~ 25 kDa) (100, 250, 500 ng/mL, 1 and 2μg/mL) or rhPRG4 (Lubris, USA; apparent MW ~ 460 kDa and ~ 1M Da as disulfide bonded dimer) (10, 50, 100 and 200μg/mL) (32) for 24h followed by MSU crystals (200μg/mL) for 6h and secreted IL-1β levels were determined by ELISA (R&D Systems). Gout PBMCs were stimulated with Pam3CSK4 (1μg/mL) ± IL-1RA (250ng/mL) or rhPRG4 (200μg/mL) for 24h followed by adding urate crystals and measurement of secreted IL-1β levels as described above. The efficacy of IL-1RA (250ng/mL) or rhPRG4 (200μg/mL) in modulating the extent of bead phagocytosis by normal and gout monocytes was determined as described above following Pam3CSK4 (1μg/mL) priming ± IL-1RA or rhPRG4 for 24h.



Impact of N-Acetylcysteine (NAC) Treatment on ROS Generation in Normal PBMCs and Related IL-1β Secretion

Normal PBMCs were primed with Pam3CSK4 (1μg/mL) for 24h followed by treatment with MSU crystals (200μg/mL) ± N-acetylcysteine (20 mM) (Sigma Aldrich) and ROS generation and secreted IL-1β levels were determined as described above at 2h and 6h, respectively. In these ROS experiment, we used 20μM DCFDA while in the gout and normal monocyte ROS experiments, we used 10μM DCFDA. THP-1 monocyte ROS experiments were performed as described above using 20μM DCFDA.



Impact of IL-1RA or rhPRG4 Treatments on IL-1β Gene Expression, Intracellular Pro-IL-1β and Secreted IL-1β in Urate Crystal Stimulated THP-1 Monocytes

THP-1 monocytes were treated with Pam3CSK4 (1μg/mL) for 24h followed by MSU crystals (200μg/mL) ± IL-1RA (250ng/mL) or rhPRG4 (200μg/mL) for 6h. IL-1β gene expression was performed as previously described (26), using commercially available primers and probes for IL-1β (Hs01555410_m1) and β-actin (Hs00194899_m1) (ThermoFisher Scientific, USA), and the cycle threshold (Ct) value of IL-1β was normalized to the Ct value of β-actin in the same sample, and the relative expression in the different experimental groups compared to untreated controls was computed using the 2-ΔΔCt method (26). In another set of experiments, cells were treated and subsequently collected and lysed using RIPA buffer + 1% protease inhibitor (ThermoFisher Scientific), and cell lysate total protein was determined using the micro-BCA assay kit (Sigma Aldrich). Pro-IL-1β levels in cell lysates (MyBioSource, USA) and supernatant mature IL-1β levels were determined by ELISA and analyte concentrations in cell lysates were normalized to total protein.



Role of PP2A in Mediating rhPRG4’s Anti-Inflammatory Efficacy in Urate Crystal Stimulated Human THP-1 Monocytes

PP2A was immunoprecipitated from THP-1 monocyte cell lysates following Pam3CSK4 priming for 24h and MSU crystals (200μg/mL) ± IL-1RA (250ng/mL) or rhPRG4 (200μg/mL) for 6h. PP2A activity was determined as previously described (26), and normalized to cell lysate total protein. To further investigate the role of PP2A in mediating rhPRG4’s effect, THP-1 monocytes were stimulated with Pam3CSK4 for 24h followed by MSU crystals (200μg/mL) ± rhPRG4 (200μg/mL) ± okadaic acid (5nM) (Cayman Chemicals) for 6h. Intracellular pro-IL-1β, NLRP3 protein (MyBioSource) and secreted IL-1β levels were determined as described above. To determine caspase-1 activity in THP-1 monocytes, 500,000 cells were seeded in black 96-well plate with clear bottoms (Sigma Aldrich) and stimulated as described above. Caspase-1 activity was determined using the cell based active capase-1 staining kit (Abcam).



In Vivo Peritoneal Model of Acute Gout Flare in Prg4GT/GT and Prg4+/+ Mice and Impact of rhPRG4 Treatment on Peritoneal Influx of Monocytes and Neutrophils and Peritoneal Lavage IL-1β and CXCL1 Levels

We have utilized the murine peritoneal model of acute gout as previously described (24), and compared the influx of pro-inflammatory CMs, anti-inflammatory NCMs and neutrophils at 6h and 24h following intra-peritoneal administration of MSU crystals (2mg in 200μL) in Prg4GT/GT and Prg4+/+ mice. Animals were 2-3 months old and included equal numbers of males and females (n=4 in each group at each time point). Lavaging was performed by injecting 3 mL of cold PBS into the peritoneal cavity followed by shaking for 30–60 seconds and lavage aspiration. Lavage fluids were centrifuged at 450 g for 10 min and cell pellets were resuspended in 1 mL PBS and subjected to immunophenotyping, as described above, while supernatants were used for ELISAs. The following fluorochrome-conjugated antibodies were used at manufacturer’s recommended dilutions: APC-Cy7-anti-CD11b, Alexa-488-anti-Ly6C, PE-anti-CCR2, APC-anti-CD43, PerCP-Cy5.5-anti-CX3CR1, APC-Cy7-anti-Ly6G (BioLegend) and Alexa-488-anti-Ly6B.2 (Fisher Scientific). Immunophenotyping for CMs and NCMs was performed independently of neutrophil immunophenotyping, and the number of cells in populations of interest were estimated using Precision Counting Beads (BioLegend). In another set of experiments, rhPRG4 (50μL; 1 mg/mL) or PBS (50μL) were administered at 6h following urate crystal administration and peritoneal lavaging and immunophenotyping were performed at 24h. IL-1β and CXCL1 levels were determined by ELISA (R&D Systems).



Statistical Analyses

Continuous variables were initially evaluated to determine if they satisfy the requirements of parametric statistical tests. Statistical comparisons between two groups were performed using Student’s t-test or the non-parametric Mann-Whitney U test. Statistical comparisons of multiple groups were performed using one-way and two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test for parametric data or the equivalent ANOVA on the ranks for non-parametric data. A p value of < 0.05 was considered statistically significant. Data are graphically represented as scatter plot bar graphs with mean ± standard deviation indicated.




Results


Monocytes From Gout Patients Demonstrated Enhanced Basal Bead Uptake and Elevated IL-1β Secretion in Response to TLR2 Ligand Priming and Urate Crystal Exposure

The flow cytometry gating strategy to identify monocytes in PBMCs and quantitation of FITC-labeled beads’ uptake by monocytes are shown in Figure 1A. We initially identified monocytes using a combination of side scatter area (SSC-A) and forward scatter area (FSC-A) values (29). Singlet cells were subsequently identified based on FSC-A and FSC-height (FSC-H) and monocytes were confirmed by dual positive staining for CD14 and CD45 markers. Monocytes’ phagocytic activity was determined by estimating the percentage of monocytes positive for FITC-labeled beads. Representative flow cytometry plots showing enhanced bead uptake in gout monocytes are shown in Figure 1B. We observed that uptake of FITC-labeled beads by gout monocytes under basal condition was higher than their uptake by normal monocytes (p<0.001; Figure 1C). Under TLR2 stimulated condition, bead phagocytosis by normal monocytes increased (p<0.05) while gout monocytes showed no significant change in their bead uptake (p>0.05). In stimulated samples, bead phagocytosis was not different between normal and gout monocytes (p>0.05). The enhanced basal phagocytic activity of gout monocytes indicates that these cells may have already been primed towards urate crystal uptake, potentially due to the systemic inflammatory environment in acute gout. In contrast, normal subjects’ monocytes had to be primed with a TLR2 ligand to increase their phagocytic activity, to a level comparable to that of gout monocytes at baseline. A combination of TLR2 ligand and urate crystals resulted in greater IL-1β secretion from gout PBMCs compared to normal PBMCs (p<0.05; Figure 1D).




Figure 1 | Analysis of the phagocytic activity of monocytes in peripheral blood mononuclear cells (PBMCs) of normal subjects (n=3) and gout patients (n=7) and its relationship to interleukin-1 beta (IL-1β) release in response to priming with Pam3CSK4, a toll-like receptor 2 ligand, and treatment with monosodium urate monohydrate (MSU) crystals. To assess phagocytic activation, PBMCs were treated with Pam3CSK4 (1μg/mL) for 24h followed by co-incubation with FITC-labeled rabbit IgG-coated latex beads and determination of percent bead-positive monocytes. Alternatively, PBMCs were incubated with MSU crystals (200μg/mL) and secreted IL-1β levels were determined by ELISA at 6h. Analysis of FITC-bead positive monocytes was performed using 2-way ANOVA followed by Tukey’s post-hoc test, and analysis of IL-1β levels was performed by multiple t-tests followed by a post-hoc false discovery rate analysis using two stage step-up approach. ns, non-significant; *p < 0.05; ***p < 0.001. (A) Flow cytometry gating strategy for monocytes in PBMCs. Identification of monocytes was conducted using the expected forward and side scatter (FSC-A and SSC-A) ranges and single cells were gated using FSC-A and FSC-H. Viable cells were identified using Zombie Violet viability dye and monocytes were confirmed using CD14 and CD45 surface markers. Subsequently, bead positive monocytes were gated based on thresholds established using fluorescence minus one control. (B) Representative flow cytometry histograms depicting a higher percentage of bead-positive monocytes in a gout patient compared to a normal subject. (C) Monocytes of gout patients had higher basal phagocytic activities compared to normal subjects. TLR2 ligand priming increased phagocytic activities of normal subjects’ monocytes but not gout patients and phagocytic activities in primed samples were not different between normal and gout subjects. (D) A combination of TLR2 ligand priming and MSU crystal challenge resulted in higher secreted IL-1β levels from gout patients’ PBMCs.





IL-1RA and rhPRG4 Displayed Dose-Dependent Reductions in IL-1β Secretion From Normal PBMCs and the Anti-Inflammatory Effect of Both Treatments Was Related to Reducing Phagocytic Activation of Normal Monocytes

IL-1RA treatment reduced IL-1β secretion by MSU stimulated normal PBMCs with efficacy observed at 250 ng/mL and higher (p<0.0001; Figure 2A), whereby the anti-inflammatory efficacy of IL-1RA did not change above the 250 ng/mL level. Meanwhile, rhPRG4 reduced IL-1β secretion in the same model at 100 and 200 μg/mL (p<0.01; p<0.001; Figure 2B), with the 200 μg/mL concentration appearing to produce marginally better reduction in IL-1β secretion compared to the 100 μg/mL concentration. The magnitudes of IL-1β secretion from positive control groups were different between the IL-1RA and rhPRG4 experiments, with approximately 30% less IL-1β secretion in the rhPRG4 dose-response experiment. This might be attributed to the different normal PBMCs specimens used between the two experiments. Nonetheless, IL-1RA and rhPRG4 produced robust maximal reductions in IL-1β secretions. At dose levels that maximally reduced IL-1β secretion, IL-1RA (250 ng/mL) and rhPRG4 (200 μg/mL) reduced normal monocytes’ phagocytic activity following TLR2 ligand treatment (p<0.01; p<0.0001; Figure 2C) but rhPRG4 displayed a greater reduction in FITC-labeled beads’ uptake by normal monocytes compared to IL-1RA (p<0.05).




Figure 2 | Dose-response of interleukin-1 receptor antagonist (IL-1RA) and recombinant human proteoglycan 4 (rhPRG4) in Pam3CSK4 (P), a toll-like receptor 2 ligand, and monosodium urate monohydrate (M) crystal-stimulated peripheral blood mononuclear cells (PBMCs) of normal subjects and efficacy of IL-1RA and rhPRG4 in modulating phagocytic activation of monocytes of normal subjects (n=3) and gout patients (n=7 to 12) and secretion of mature interleukin-1 beta (IL-1β) by urate crystal-stimulated gout PBMCs. To assess phagocytic activation, PBMCs were treated with Pam3CSK4 (1μg/mL) for 24h followed by co-incubation with FITC-labeled rabbit IgG-coated latex beads and determination of percent bead-positive monocytes, using the gating strategy shown in Figure 1A. Alternatively, PBMCs were incubated with urate crystals (200μg/mL) and secreted IL-1β levels were determined by ELISA. Gout PBMCs were categorized, based on urate crystal-induced IL-1β secretion, as either high IL-1β secreting (IL-1β concentrations > 500pg/mL) (n=6) or low IL-1β secreting (IL-1β concentrations < 500pg/mL) (n=6) and the differential efficacies of IL-1RA and rhPRG4 on both populations was investigated. Statistical analyses included one and two-way ANOVAs followed by Tukey’s post-hoc test. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) IL-1RA (250ng/mL and higher) reduced IL-1β secretion by PBMCs of normal subjects. (B) rhPRG4 (100&200μg/mL) reduced IL-1β secretion by PBMCs of normal subjects. (C) IL-1RA (250ng/mL) and rhPRG4 (200μg/mL) reduced phagocytic activation of monocytes in PBMCs of normal subjects. rhPRG4 treatment reduced bead phagocytosis by normal monocytes compared to IL-1RA. (D) rhPRG4 (200μg/mL) reduced bead phagocytosis by gout monocytes, while IL-1RA (250ng/mL) did not alter fluorescent bead uptake by the same monocytes. (E) IL-1RA (250ng/mL) and rhPRG4 (200μg/mL) reduced IL-1β secretion by gout PBMCs by similar magnitudes. PBMCs from patients receiving colchicine (n=5) are highlighted in red. 4 out of 5 samples are classified as low-IL-1β secreting gout PBMCs. (F) IL-1RA (250ng/mL) and rhPRG4 (200μg/mL) reduced IL-1β secretion from high-IL-1β secreting gout PBMCs but not from low-IL-1β secreting PBMCs.





rhPRG4 But Not IL-1RA Reduced Basal and TLR2 Ligand Stimulated Bead Uptake by Gout Monocytes and the Anti-Inflammatory Effects of Both IL-1RA and rhPRG4 Were Dependent on the Magnitude of IL-1β Secretion by Gout PBMCs

rhPRG4 (200 μg/mL) reduced basal and TLR2 stimulated bead uptake by gout monocytes compared to IL-1RA (250 ng/mL) treatment (p<0.0001 for both comparisons; Figure 2D). We observed high variability in the anti-inflammatory effects of IL-1RA and rhPRG4 in urate crystal stimulated gout PBMCs (Figure 2E). The mean reduction in IL-1β (95% CI) in the gout cohort was 27.3% (15.2%-39.4%) with IL-1RA and 30.9% (21.1%-40.6%) with rhPRG4. PBMCs from patients on oral colchicine had blunted IL-1β secretion, as 4 out of 5 specimens (all 5 specimens are highlighted in red) were in the low IL-1β secreting group (Figure 2E, left panel). In addition, percentage reductions in IL-1β secretion by IL-1RA or rhPRG4 in the majority of these specimens were lower than the average for the entire cohort (Figure 2E, right panel). IL-1RA and rhPRG4 treatments reduced IL-1β secretion by gout PBMC specimens that exhibited high urate crystal stimulated IL-1β release (>500 pg/mL) (p<0.01; p<0.001; Figure 2F). In gout PBMCs with IL-1β secretion < 500 pg/mL, IL-1RA and rhPRG4 treatments showed no significant reductions in IL-1β release (p>0.05). These findings argue that rhPRG4 exerts its anti-inflammatory effect by virtue of reducing monocytes’ phagocytic activation and thus their ability to internalize urate crystals and that the greater the stimulation of monocytes by urate crystals, the more significant is the anti-inflammatory effect of rhPRG4.



Enhanced Urate Crystal Uptake by Gout Monocytes Elicited Higher ROS Levels and NAC Treatment Reduced IL-1β Secretion in Urate Crystal Stimulated Normal PBMCs

We identified monocytes with urate crystal uptake according to changes in SSC-A values as shown in representative flow cytometry histograms in Figure 3A. In gout monocytes, we detected higher crystal positive fractions compared to normal monocytes (p<0.05; Figure 3B). The enhanced urate crystal phagocytosis by gout monocytes was associated with a significant increase in secreted IL-1β levels, at 2h, by gout PBMCs compared to normal PBMCs (p<0.05; Figure 3C). The gating strategy to quantify ROS generation in normal and gout monocytes is shown in Figure 3D. Monocytes were gated according to the strategy presented in Figure 1A and the percentage of monocytes positive for ROS was quantified. The positivity threshold was determined using control untreated samples, and the FI geometric means in ROS-positive monocytes were determined and compared across treatment groups. Urate crystals did not appreciably increase ROS levels in normal monocytes (p>0.05; Figure 3E), which might be due to the quantity of urate crystals vis-à-vis the number of monocytes in the PBMC specimen, as well as the concentration of the DCFDA reagent used. In contrast, ROS levels in urate crystal stimulated gout monocytes were higher than corresponding levels in normal monocytes (p<0.05). Collectively, our findings argue that the higher secreted IL-1β levels in gout PBMCs were associated with increased ROS levels in monocytes, potentially due to increased urate crystal uptake. To further evaluate the significance of ROS generation in urate crystal stimulated monocytes in the context of IL-1β secretion, we neutralized ROS using NAC. Representative flow cytometry histograms showing attenuated ROS signal in TLR2 ligand primed and urate crystal stimulated normal monocytes with NAC are presented in Figure 3F. We optimized the staining protocol for normal PBMCs to detect a positive ROS signal with TLR2 ligand priming and MSU crystals at 2h. Gating of monocytes was performed as shown in Figures 1A, 3A. NAC treatment reduced basal and urate crystal stimulated ROS levels (p<0.05; p<0.0001; Figure 3G). The reduction in ROS levels resulted in a reduction in secreted IL-1β levels (p<0.05; Figure 3H). This indicates that ROS generation plays a causal role in IL-1β secretion by urate crystal stimulated monocytes.




Figure 3 | Analysis of monosodium urate monohydrate (MSU) crystal phagocytosis and its relationship to reactive oxygen species (ROS) generation in monocytes of peripheral blood mononuclear cells (PBMCs) of normal subjects (n=3) and gout patients (n=7) and secretion of interleukin-1 beta (IL-1β). PBMCs were primed with Pam3CSK4 (1μg/mL) for 24h followed by MSU crystals (200μg/mL) and MSU crystal phagocytosis was determined by assessing the change in monocytes’ side scatter (SSC-A) profile and mature IL-1β levels were determined by ELISA at 2h. ROS generation in monocytes was determined using DCFDA/H2DCFDA probe, and geometric means of fluorescence intensities (FI) of Alexa Fluor 488-positive monocytes were calculated and compared across groups. To further delineate the role of ROS in IL-1β secretion, PBMCs of normal subjects (n=4) were primed with Pam3CSK4 (1μg/mL) for 24h followed by MSU crystals (200μg/mL) ± N-acetylcysteine (NAC) (20 mM). Statistical analyses included Student’s t-test and one-way ANOVA followed by Tukey’s post-hoc test. ns, non-significant; *p < 0.05; ****p < 0.0001. (A) Representative flow cytometry histograms showing increased monocytes with SSC-A values above a pre-determined threshold indicative of MSU crystal phagocytosis. (B) Phagocytosis of MSU crystals by gout monocytes was higher than normal monocytes. (C) IL-1β secretion from MSU-challenged gout PBMCs was higher than normal PBMCs. (D) Representative flow cytometry histograms of DCFDA/H2DCFDA stained normal monocytes at baseline and following MSU crystal incubation. Monocytes with Alexa Fluor 488 FI values above 1.0 x 103 were considered positive and the FI geometric mean of this population was determined. Gating of monocytes was performed as shown in Figure 1A. (E) ROS generation was higher in gout monocytes compared to normal monocytes. (F) Representative flow cytometry histogram showing an increase in ROS generation in monocytes as a result of MSU crystal exposure compared to control, which was attenuated with NAC treatment. (G) NAC treatment reduced ROS generation in monocytes of MSU crystal challenged PBMCs. (H) NAC treatment reduced IL-1β release by MSU challenged PBMCs.





rhPRG4 Reduced TLR2 Ligand Stimulated Bead Uptake, ROS Generation, Intracellular Pro-IL-1β and Secreted Mature IL-1β Levels and Enhanced PP2A Activity in Human THP-1 Monocytes

Representative flow cytometry histograms depicting uptake of FITC-labeled beads by TLR2 ligand primed THP-1 monocytes ± IL-1RA (250 ng/mL) or rhPRG4 (200 μg/mL) are presented in Figure 4A. rhPRG4 treatment reduced uptake of FITC-labeled beads by THP-1 monocytes (p<0.0001; Figure 4B). In contrast, IL-1RA treatment did not alter bead uptake by THP-1 monocytes (p>0.05). Representative flow cytometry histograms showing qualitatively blunted ROS generation in rhPRG4-treated THP-1 monocytes are shown in Figure 4C. Quantitatively, FI geometric means of rhPRG4-treated monocytes were reduced (p<0.01; Figure 4D), supporting a significant reduction in urate crystal associated ROS generation with rhPRG4 treatment. rhPRG4 reduced IL-1β gene expression (p<0.05; Figure 4E). In addition, rhPRG4 reduced intracellular pro-IL-1β (p<0.05; Figure 4F) and secreted IL-1β (p<0.001; Figure 4G) levels in urate crystal stimulated THP-1 monocytes. Urate crystals reduced PP2A activity in THP-1 monocytes (p<0.05; Figure 4H), and rhPRG4 treatment restored PP2A activity to basal levels (p<0.05; Figure 4H). In summary, the reduction in monocytic phagocytic activity by rhPRG4 was associated with a reduction in ROS generation, IL-1β expression, pro-IL-1β production and ultimately secretion of mature IL-1β. The phagocytosis of urate crystals was associated with a reduction in PP2A activity which was reversed with rhPRG4. Since ROS generation plays a causal role in IL-1β secretion by urate crystal stimulated monocytes, rhPRG4’s anti-inflammatory mechanism appears to be mediated by reducing ROS generation, subsequent to reducing monocyte phagocytic activation.




Figure 4 | Impact of recombinant human proteoglycan-4 (rhPRG4) or interleukin-1 receptor antagonist (IL-1RA) treatments on phagocytic activation of human THP-1 monocytes, intracellular pro interleukin-1 beta (pro-IL-1β), secreted mature IL-1β and activation of NLRP3 in response to monosodium urate monohydrate (MSU) crystal challenge and role of protein phosphatase-2A (PP2A) in mediating rhPRG4’s effect. Reactive oxygen species (ROS) generation in THP-1 monocytes ± rhPRG4 was determined using the DCFDA/H2DCFDA probe, and geometric means of fluorescence intensities (FI) of Alexa Fluor 488-positive cells were calculated and compared across groups at 2h post treatments. THP-1 monocytes were primed with Pam3CSK4 (1μg/mL) for 24h ± rhPRG4 (200μg/mL) or IL-1RA (250ng/mL) followed by co-incubation with FITC-beads for 2h and THP-1 phagocytic activation was determined as shown in Figure 1A. Alternatively, THP-1 monocytes were challenged with MSU crystals (200μg/mL) for 6h ± rhPRG4 (200μg/mL) or IL-1RA (250ng/mL) followed by analysis of IL-1β gene expression, intracellular pro-IL-1β and secreted mature IL-1β by ELISA and PP2A activity following PP2A immunoprecipitation. Intracellular pro-IL-1β and PP2A activity were normalized to total isolated protein. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) Representative flow cytometry histograms showing enhanced phagocytosis of FITC labeled beads by TLR2 ligand primed THP-1 monocytes and rhPRG4 treatment appeared to reduce phagocytosis of FITC-labeled beads (shown by arrows). (B) rhPRG4 treatment reduced FITC-labeled beads’ phagocytosis by THP-1 monocytes. (C) Representative flow cytometry histograms showing reduced ROS fluorescence intensity with rhPRG4 treatment (shown by an arrow). (D) rhPRG4 treatment reduced ROS generation in THP-1 monocytes. (E) rhPRG4 reduced IL-1β gene expression in THP-1 monocytes. (F) rhPRG4 reduced pro-IL-1β levels in THP-1 monocytes. (G) rhPRG4 reduced mature IL-1β secreted by THP-1 monocytes. (H) rhPRG4 treatment increased PP2A activity in MSU challenged THP-1 monocytes.





The Anti-Inflammatory Effect of rhPRG4 in Urate Crystal Stimulated THP-1 Monocytes Is Partially Mediated by PP2A

Okadaic acid and rhPRG4 co-treatment increased intracellular pro-IL-1β levels compared to rhPRG4 treatment alone (p<0.01; Figure 5A). Similarly, okadaic acid co-treatment increased secreted IL-1β levels (p<0.001; Figure 5B) in urate crystal stimulated THP-1 monocytes. NLRP3 protein levels in THP-1 monocytes did not change with urate crystals ± rhPRG4 ± okadaic acid treatments (p>0.05 for all comparisons; Figure 5C). Casepase-1 activity in THP-1 monocytes increased following urate crystal exposure, which was reversed with rhPRG4 treatment (p<0.0001; Figure 5D). PP2A activity enhancement appeared to contribute to rhPRG4’s inhibition of capsase-1 activity as okadaic acid co-treatment partially reversed rhPRG4’s effect (p<0.05). These results support the conclusion that rhPRG4’s biological effects in urate crystal stimulated THP-1 monocytes were partially mediated by PP2A, where PP2A activation was seen with rhPRG4 addition and inhibition of PP2A activity significantly reduced rhPRG4’s anti-inflammatory effect.




Figure 5 | Role of protein phosphatase-2A (PP2A) in mediating rhPRG4’s anti-inflammatory effect in monosodium urate monohydrate (MSU) crystals challenged THP-1 human monocytes. THP-1 monocytes were primed with Pam3CSK4 (1μg/mL) for 24h followed by MSU (200μg/mL) crystals ± rhPRG4 (200μg/mL) ± okadaic acid (OKA) (5nM) for 6h and intracellular pro-interleukin-1 beta (pro-IL-1β), secreted mature IL-1β, NLRP3 protein, and caspase-1 activity were quantified. Intracellular pro-IL-1β, NLRP3 and caspase-1 activity were normalized to total isolated protein. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) OKA co-treatment increased pro-IL-1β content in rhPRG4-treated THP-1 monocytes. (B) OKA co-treatment increased secreted IL-1β levels in rhPRG4-treated THP-1 monocytes. (C) NLRP3 protein content did not change as a result of rhPRG4 ± OKA treatments. (D) OKA co-treatment increased caspase-1 activity in rhPRG4-treated THP-1 monocytes.





Lack of Effective Resolution of Gout Inflammation Was Observed in Prg4GT/GT Animals, and rhPRG4 Treatment Increased Anti-Inflammatory NCMs Influx and Reduced Neutrophil Accumulation in the Peritoneal Acute Gout Flare Model

The gating strategies to identify CMs and NCMs are illustrated in Figure 6A. Singlets were identified followed by gating for viable cells using Zombie Violet dye as shown in Figure 1A. CMs were identified as CD11b+ Ly6Chi CCR2+ while NCMs were identified as CD11b+ Ly6Clo CD43hi CX3CR1+. Neutrophils were identified in lavages using dual positivity for Ly6G and Ly6B.2 (Figure 6B). We observed that in Prg4GT/GT and Prg4+/+ animals, CMs were higher at 6h compared to 24h (p<0.05) with no difference between the two genotypes (p>0.05) (Figure 6C). This was expected since peak inflammation in this model is typically seen at 4h to 6h, and rhPRG4 treatment at 6h did not affect CMs at 24h (p>0.05). NCMs were higher at 24h compared to 6h (p<0.05) with no difference observed between the two genotypes (p>0.05) (Figure 6D). rhPRG4 treatment increased NCMs in Prg4GT/GT peritoneal lavages (p<0.05) (Figure 6D). At 24h, we also observed more neutrophils in Prg4GT/GT indicative of unresolved inflammation (p<0.01) (Figure 6E) and rhPRG4 treatment appeared to reduce neutrophil accumulation at 24h compared to PBS (p<0.05) (Figure 6E). IL-1β lavage levels were not different between the two genotypes at 6h but higher IL-1β levels were detected at 24h in Prg4GT/GT animals (p<0.05) (Figure 6F). While rhPRG4 treatment showed a trend towards a reduction in PL IL-1β at 24h in Prg4GT/GT animals, this trend was not statistically significant (p>0.05), due to a high degree of variability in calculated IL-1β concentrations in specimens from the same experimental group. CXCL1 levels in Prg4GT/GT PLs decreased with rhPRG4 treatment (p<0.05) (Figure 6G). Our in vivo data support that in the absence of Prg4 expression, the tissue microenvironment is shifted towards lack of resolution of acute gout inflammation, as indicated by higher neutrophil tissue accumulation and IL-1β levels, and that rhPRG4 promotes effective resolution by increasing the influx of anti-inflammatory NCMs and decreasing CXCL1 and neutrophil tissue accumulation.




Figure 6 | Recruitment of inflammatory classical monocytes (CMs), anti-inflammatory nonclassical monocytes (NCMs) and neutrophils in monosodium urate (MSU) crystal induced peritoneal inflammation model in proteoglycan 4 (Prg4) gene-trap (Prg4GT/GT) and Prg4 competent (Prg4+/+) mice. Peritoneal lavages (PLs) were collected at 6h and 24h. CMs were identified as CD11b+ Ly6Chi CCR2+ and NCMs were identified as CD11b+ Ly6Clo CD43hi CX3CR1+. Neutrophils were identified using Ly6G and Ly6B.2 surface markers. PL cell populations of interest were determined using Precision Counting Beads. PL IL-1β and CXCL1 levels were determined by ELISAs. Recombinant human PRG4 (rhPRG4) (50μL; 1 mg/mL) or PBS (50μL) were administered intra-peritoneally at 6h following MSU crystal injection in the Prg4GT/GT mice with PLs collected at 24h. We utilized 4 animals in each group at each time point balanced between males and females with an age range of 2-3 months. Statistical analyses included Student’s t-test and two-way ANOVA followed by Tukey’s post-hoc test. ns, non-significant; *p < 0.05; **p < 0.01. (A) Flow cytometry gating strategy to identify inflammatory CMs and anti-inflammatory NCMs. Singlets were initially identified followed by gating for viable cells using Zombie Violet dye as shown in Figure 1A. CMs were identified as CD11b+ Ly6Chi CCR2+ and NCMs were identified as CD11b+ Ly6Clo CD43hi CX3CR1+. (B) Flow cytometry gating strategy to identify neutrophils. Singlets were initially identified followed by gating for viable cells using Zombie Violet dye as shown in Figure 1A. Neutrophils were identified as Ly6G+ Ly6B.2+. (C) CMs in Prg4GT/GT and Prg4+/+ PLs were higher at 6h. rhPRG4 treatment did not alter CMs in Prg4GT/GT PLs at 24h. (D) NCMs in Prg4GT/GT and Prg4+/+ PLs were higher at 24h. rhPRG4 treatment increased NCMs in Prg4GT/GT PLs. (E) Neutrophils in Prg4GT/GT PLs were higher at 24h. rhPRG4 treatment reduced neutrophils in Prg4GT/GT PLs. (F) PL IL-1β levels in Prg4GT/GT animals at 24h were higher than Prg4+/+ animals and rhPRG4 did not significantly modify IL-1β levels in Prg4GT/GT animals. (G) PL CXCL1 levels in Prg4GT/GT animals were not different from Prg4+/+ animals at 6h and 24h. rhPRG4 treatment reduced CXCL1 levels in Prg4GT/GT animals at 24h.






Discussion

In this study, we have documented biologically relevant differences between monocytes from normal and gout patients that advance our understanding of the pathophysiology of acute gout flares. Gout monocytes were phagocytically active under basal conditions, while normal monocytes required a TLR2 stimulatory signal for their phagocytic activation. The phagocytic activation of gout monocytes is potentially related to the systemic inflammatory nature of acute gout which sets it apart from normal monocytes that are not typically exposed to pro-inflammatory signals, and thus require priming to be phagocytically active. Gout monocytes showed a greater propensity to uptake antibody-coated beads and urate crystals and the phagocytosis of the latter resulted in enhanced ROS generation and downstream IL-1β production. Phagocytosis is an important cellular process to maintain tissue homeostasis and is a salient component of innate immune defenses against invading microorganisms and foreign particles (33). In phagocytes, internalization of apoptotic cells, microorganisms or insoluble particles is carried out by different receptors, depending on the nature of the ingested particles (33). Antibody-driven phagocytosis of latex beads typically occurs via the FCγ receptor (33), while urate crystals are internalized by a receptor-mediated mechanism with CD44, TLR2 and TLR4 being the most prominent mediating receptors (23, 24, 34). IL-1RA and rhPRG4 exhibited interesting differences in modulating normal and gout monocytes under basal and TLR2-stimulated conditions. rhPRG4 has consistently shown superiority in arresting the phagocytic activation of normal and gout monocytes irrespective of their priming status, while the anti-phagocytic effect of IL-1RA was only manifested in normal monocytes following TLR2 ligand priming. Such difference is likely attributed to rhPRG4’s ability to bind multiple cell surface receptors in addition to CD44 e.g., TLR2, TLR4 and other integrins where PRG4 shields monocytes from recognizing extracellular innate immune danger signals (35–37). In contrast, IL-1RA has a specific mechanism of action where it functions through the IL-1 receptor (IL-1R) to inhibit IL-1β mediated signaling. IL-1R and TLR2 belong to the same receptor superfamily and activate similar signaling pathways (38). Furthermore, there is evidence of a crosstalk between TLR2 and IL-1R (39), raising the possibility that IL-1RA inhibits phagocytic activation of normal monocytes by interfering with this crosstalk circuit and thus attenuating the priming effect of TLR2 ligands on monocytes. This conclusion is further supported by IL-1RA’s inability to modulate the phagocytic activity of gout monocytes, where such activity was not dependent on TLR2 ligand priming.

We have also observed that both IL-1RA and rhPRG4 demonstrated dose-dependent reductions in IL-1β release from normal PBMCs with IL-1RA exhibiting higher potency compared to rhPRG4, with an estimated 20-fold potency difference between the two biologics. However, the maximal efficacy of rhPRG4 against normal PBMCs was higher than that of IL-1RA, where rhPRG4 reduced IL-1β release by ~50% compared to 35% with IL-1RA. While gout PBMCs had variable responses to IL-1RA and rhPRG4, both treatments showed biologically meaningful anti-inflammatory effects against gout PBMCs with substantial IL-1β release. In our experiments, both IL-1RA and rhPRG4 were introduced at the TLR2 priming step, and as such most of their anti-inflammatory effect is potentially related to attenuating TLR2 priming of monocytes. In our THP-1 monocyte experiments, rhPRG4 and IL-1RA were introduced at the time monocytes were challenged with urate crystals, allowing for the full TLR2 priming effect to occur. Under these conditions, rhPRG4 suppressed IL-1β to a greater extent, and this suppression was a direct downstream effect of attenuating monocyte phagocytic activation, and ROS generation. Taken together, our data suggests that IL-1RA’s efficacy was dependent on interfering with monocyte priming through the TLR2 pathway while rhPRG4 exerted its biological effect independent of the priming status of monocytes.

The classical NLRP3 inflammasome activation pathway is described as a two-signal pathway with signal one, the priming step mediated by IL-1β or TLR agonists (40). As a result of TLR or IL-1R activation, cellular levels of pro-IL-1β and the inflammasome components increase. The second signal is triggered by DAMPs e.g., urate crystals which results in ROS generation, K+ efflux, activation of the inflammasome and generation of mature IL-1β (40). In monocytes, NLRP3 inflammasome activation is non-classical in nature and several studies have described an alternative inflammasome activation pathway where the priming step is dispensable and the inflammasome activation is gradual in nature with no pyroptotic cell death (41–43). Interestingly, expression of the NLRP3 inflammasome components was not affected by TLR2 priming or urate crystal activation in gout monocytes (44). In our cohort, we have detected higher ROS levels with priming and urate crystal activation in gout monocytes. Gout monocytes displayed increased crystal uptake associated with enhanced ROS generation and IL-1β release, which raises the prospect of a putative mechanism by which higher urate crystal phagocytosis triggers increased ROS burden, which in turn activates the inflammasome. To further examine whether ROS played a causal role in IL-1β release, we treated PBMCs with NAC, which caused a significant reduction in ROS levels in monocytes and a parallel reduction in IL-1β release. This finding lends support to the significant role of urate crystal-generated ROS in IL-1β secretion and provides a rationale for the enhanced IL-1β secretion from gout PBMCs. Our THP-1 monocyte experiments further support that rhPRG4’s anti-inflammatory effect is linked to its ability to reduce ROS generation in monocytes. NLRP3 protein levels remained unchanged in THP-1 monocytes following priming and urate crystal activation, consistent with our previous observation (26). In our experiments, transcriptional priming of pro-IL-1β was observed along with an increase in caspase-1 activity, which combined explain IL-1β release by THP-1 monocytes. rhPRG4’s anti-inflammatory effect was mediated by attenuation of pro-IL-1β transcriptional priming and normalization of caspase-1 activity and therefore, its effect is a combination of inflammasome activation dependent and independent effects. The blunted priming step with rhPRG4 treatment is likely due to the latter’s ability to attenuate nuclear factor kappa B (NFκB) signaling axis downstream of TLR2 activation (23, 35). We observed that PP2A activity in monocytes was impaired with TLR2 priming and urate crystals. While the underlying mechanism remains unknown, one potential explanation is the inactivation of PP2A by ROS, generated following urate crystal uptake by monocytes (45). PP2A is a cytosolic serine/threonine phosphatase that is expressed in multiple organs and in the immune system (46). In monocytes and macrophages, PP2A functions to regulate the innate immune response by TLR ligands including urate crystals. Conditional knockout of the PP2A catalytic subunit enhanced tumor necrosis factor alpha (TNF-a) expression in lipopolysaccharide (LPS)-stimulated murine macrophages (47). Using THP-1 monocytes, we have also shown that PP2A catalytic subunit knockdown exacerbated IL-1β secretion in response to urate crystals (26). CD44 receptor engagement can activate various signaling pathways dependent on the nature of the ligand and the specific cell type (48). In our study, rhPRG4 activated PP2A, potentially due to its binding CD44, which in turn contributed to its anti-inflammatory efficacy. Using okadaic acid, we showed that PP2A inhibition reverses rhPRG4’s effect, magnifies pro-IL-1β production and increases caspase-1 activity in monocytes without altering NLRP3 levels. While okadaic acid was shown to also inhibit protein phosphatase-1 (PP-1), okadaic acid’s potency against PP2A is more than 50 times higher than that of PP-1 (30). Considering the concentration of okadaic acid in our experiments, it is reasonable to expect that its effect was solely due to PP2A inhibition. Our data indicate that the biological effect of rhPRG4 in urate crystal stimulated monocytes was partially mediated by PP2A activation resulting in attenuating pro-IL-1β production and caspase-1 activity and thus suppressing mature IL-1β secretion.

In acute gout flares, tissue influx of immune cells e.g., monocytes and neutrophils is temporally regulated, where these cells play important roles in orchestrating the onset, progression and resolution of inflammation (7). CMs are pro-inflammatory and are characterized by high expression levels of Ly6C and predominantly express the pro-recruitment receptor CCR2 (27, 49). CMs extravasate into inflamed tissues where they differentiate into inflammatory M1 macrophages (49). In contrast, NCMs aid in wound healing, clearance of debris and preferentially differentiate into the alternatively activated wound-healing macrophages (50). In the peritoneal model of acute gout, an initial surge of CMs and neutrophils was observed at 6h, coinciding with peak inflammation, followed by delayed tissue influx of NCMs coinciding with resolution of inflammation. We did not detect meaningful differences in the numbers of recruited CMs or neutrophils between Prg4 null and competent animals, which indicates that the inflammatory response in this model is not dependent on Prg4 expression. However, the absence of Prg4’s biological function was associated with accumulation of viable neutrophils and hence inadequate resolution of inflammation. This assumption is buttressed by detectable IL-1β at 24h in Prg4 deficient mice but not Prg4 competent counterparts. This is especially true since the introduction of exogenous PRG4 had a resolving effect, demonstrated by enhanced NCM tissue influx and proper clearance of neutrophils. Our CXCL1 data are also in line with less neutrophils recovered from rhPRG4-treated animals, since CXCL1 is a neutrophil chemoattractant, where its reduced levels may have contributed to resolution of inflammation (7). Our in vivo observations should be rationalized in the context of our recent discoveries regarding PRG4’s role in tissue macrophage homeostasis and function. We have recently shown that in Prg4GT/GT mice, the synovial microenvironment skews the balance of resident macrophages towards a pro-inflammatory M1 phenotype with age-dependent progressive decline in the numbers of anti-inflammatory wound-healing macrophages (51). Furthermore, macrophages from Prg4GT/GT animals had reduced anti-inflammatory interleukin-10 (IL-10) expression at baseline and in response to TLR2 ligand stimulation (51). Extending these findings to our peritoneal model, it is plausible to expect that the impaired expression of IL-10 in Prg4GT/GT mice contributed to the lack of adequate resolution of inflammation (27). Furthermore, the re-introduction of PRG4 may have blunted the overall pro-inflammatory tissue microenvironment in Prg4GT/GT animals (51), therefore allowing for more NCM influx and clearance of neutrophils.

PRG4 is a mucinous glycoprotein with the highest expression seen in the synovial joint, bone and liver (52). PRG4’s protein core is 1,404 amino acid long with N and C termini globular domains, and a central mucin domain that is heavily glycosylated via O-linked β (1-3) Gal-GalNac oligosaccharides (53). In the articular joint, PRG4 fulfills a multifaceted role as a cartilage boundary lubricant and a homeostatic regulator of the synovium (54–56). PRG4 has anti-inflammatory activity, mediated by its CD44 interaction, resulting in attenuating NFκB nuclear translocation (55, 57). This activity may explain rhPRG4’s disease-modifying activity seen in pre-clinical osteoarthritis models (58, 59). The anti-inflammatory activity of rhPRG4 was also demonstrated in an in vitro sepsis model, where rhPRG4 at 50 or 100μg/mL reduced interleukin-6 (IL-6) secretion from murine and human endothelial cells (60). rhPRG4 was also shown to reduce cytokine and chemokine secretions from immortalized corneal epithelial cells at 300μg/mL in vitro and inflammation in an experimental dry eye disease model (61). rhPRG4 reduced neuroinflammation and influx of monocytes in a rat model of traumatic brain injury, mediated by its regulation of the ERK1/2 pathway, downstream of CD44 and TLR2/4 engagements (62). Our current study extends the anti-inflammatory activity of rhPRG4 to controlling IL-1β secretion by PBMCs from patients with acute gout flares, where the efficacious rhPRG4 concentration was in the range of what was reported as efficacious in in vitro models of human synoviocytes, macrophages, endothelial and corneal epithelial cells. Our study was limited by the sparse clinical characteristics data collected on our acute gout patient cohort, e.g., comorbidities and medication history. The use of oral colchicine probably reduced the amounts of IL-1β secreted from gout PBMCs. In addition, the conclusions of our study are limited by the small size of the cohort, as we plan to investigate the efficacy of rhPRG4 using monocytes from a large gout cohort.

In summary, our study is the first to show experimental evidence supporting the anti-inflammatory activity of rhPRG4 using PBMCs from patients with acute gout flares. rhPRG4 reduced phagocytic activation of gout monocytes both under basal and primed conditions and this reduction resulted in a downstream attenuation of IL-1β secretion, and rhPRG4’s efficacy was equivalent to a clinically approved biologic, IL-1RA. The anti-inflammatory activity of rhPRG4 was mediated by its ability to reduce ROS generation, IL-1β expression and caspase-1 activity, and hence conversion of pro-IL-1β to mature IL-1β, in human monocytes following TLR2 ligand priming and urate crystal activation. rhPRG4’s effect was a combined result of inhibiting phagocytic activation of monocytes and cytosolic PP2A activity enhancement. PRG4 may also play a significant role in mediating the resolution of acute gout inflammation. We conclude that rhPRG4 is a potential new therapeutic for treatment of acute gout flares.
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Background

Si-Miao-San (SMS) is a well-known traditional Chinese medicine. This study aims to evaluate the anti-inflammatory effects of SMS on gouty arthritis and its potential mechanism of action.



Methods

The effects and mechanism of SMS were evaluated in monosodium urate (MSU)-treated mice or macrophages. The expression of cytokines and PI3K/Akt was analyzed using real-time PCR and Western blotting analyses. Macrophage polarization was assessed with immunofluorescence assays, real-time PCR, and Western blotting. Mass spectrometry was used to screen the active ingredients of SMS.



Results

Pretreatment with SMS ameliorated MSU-induced acute gouty arthritis in mice with increased PI3K/Akt activation and M2 macrophage polarization in the joint tissues. In vitro, SMS treatment significantly inhibited MSU-triggered inflammatory response, increased p-Akt and Arg-1 expression in macrophages, and promoted M2 macrophage polarization. These effects of SMS were inhibited when PI3K/Akt activation was blocked by LY294002 in the macrophages. Moreover, SMS significantly reduced serum uric acid levels in the hyperuricemia mice. Using mass spectrometry, the plant hormones ecdysone and estrone were detected as the potentially effective ingredients of SMS.



Conclusion

SMS ameliorated MSU-induced gouty arthritis and inhibited hyperuricemia. The anti-inflammatory mechanism of SMS may exert anti-inflammatory effects by promoting M2 polarization via PI3K/Akt signaling. Ecdysone and estrone might be the potentially effective ingredients of SMS. This research may provide evidence for the application of SMS in the treatment of gout.
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Introduction

Gouty arthritis is a common inflammatory arthropathy induced by monosodium urate (MSU) crystals deposited in joints and soft tissues (1–3). Hyperuricemia is the key pathophysiological condition for the development of symptomatic gout (4, 5). The prevalence of hyperuricemia was about 2.6%-36.0% (6), the prevalence of gout was about 0.03%-15.3% (7). Clinical remission can be achieved in most patients through anti-inflammatory treatment and urate-lowering therapy (ULT) (8–10). However, some patients experience recurrent flares during ULT. Currently, the anti-inflammatory treatments, such as colchicine, glucocorticoid, and non-steroidal anti-inflammatory drugs are restricted in the patients with digestive diseases (e.g., peptic ulcer, gastrointestinal bleeding) or renal insufficiency (11). Therefore, it is imperative to explore new approaches for the treatment of gouty arthritis, especially with complementary and alternative medicine.

Si-Miao-San (SMS), a well-known traditional Chinese medicine, was first described in the monograph “Dan Xi Xin Fa” (Chinese comprehensive medicinal book) in the Yuan Dynasty in China (12). SMS has been widely used in the treatment of gout and gouty arthritis for approximately 700 years, showing clinically confirmed efficacy as effective therapy in patients with gout (13–15). SMS comprises four individual herbs, namely Phellodendron chinese SCHNEID (Rutaceae), Atractylodes lancea (Thunb.) DC. (Asteraceae), Achyranthes bidentata BL. (Amaranthaceae), and Coix lacryma-jobi L. (Poaceae), each of which was reported to be safe in clinical application in Chinese medicine theory (16). Previous studies have reported that SMS can significantly relieve the symptoms of gouty arthritis through its anti-inflammatory effects (17–19).

Clinically, SMS has been safely used in gouty patients with concomitant complications such as chronic renal insufficiency, heart problems, gastrointestinal bleeding, or ulcers (20). However, further studies are needed to investigate the mechanism of action for SMS in the treatment of gout. We have recently shown that resident macrophages trigger the inflammation in gouty arthritis (21) while depletion of tissue resident macrophages or blocking M1 macrophages polarization significantly decreased IL-1β expression and neutrophil infiltration (22). In this study, we aim to examine anti-inflmmatory effects of SMS in gouty arthritis and further investigate the potential mechanism of SMS on macrophages polarization.



Material And Methods


SMS Preparation

Simiao San were purchased from Jiling Zixin Pharmaceutical Industrial Company, LTD. (Jiling,China) and authenticated by Guang’anmen Hospital, China Academy of Chinese Medical Sciences (Beijing, China). SMS comprises a mixture of 66.7 g of Phellodendron chinese SCHNEID, 33.3 g of Atractylodes lancea, 33.3 g of Coix lacryma-jobi L., and 66.7 g of Achyranthes bidentata BL. SMS medicinal juice was prepared using a well established protocol (18). The four herbs were mixed with distilled water for 2 h, added to a volatile oil extractor, refluxed, and extracted twice for 1.5 h each. A 7-fold excess of distilled water was added for the first extraction, whereas a 6-fold excess of distilled water was added for the second extraction. The mixture was then filtered, sealed for storage, concentrated, and mixed with the volatile oil. Finally, we dispensed the mixture into a 1 g/mL medicinal juice and sterilized it for packaging.



Mass Spectrometry

Mass spectrometry as performed using an Agilent 1290 UHPLC and 6530 QTOF-MS/MS LC-MS system (Agilent Technologies, Santa Clara, CA, USA), and an Agilent Eclipse Plus C18 column (2.1 × 100 mm, 1.8 μm) column (Agilent Technologies) was used for the acquisition of metabolic data. Gradient elution was performed using 0.1% formic acid and methanol.

For sample preparation, 1 mL of SMS concentrate was added to 4 mL of methanol solution, and the mixture was sonicated for 30 min, centrifuged, and filtered through a 0.1-µm microporous filter.

Liquid chromatography–mass spectrometry was performed on an Agilent 1290 UHPLC and 6530 QTOF-MS/MS system with a 2.1 m × 100 mm × 1.8 μm Agilent Eclipse Plus C18 column. The atomizing temperature was 350°C, the nebulizer flow rate was 10 L/min, the atomization gas pressure was 30 psi, the capillary voltage was 3500 V, the Skimmer voltage was 65 V, the octopole RF voltage was 750 V, and the papillary outlet voltage was 150 V. The data matrix comprised the retention times, m/z 50–1500 values, and the corresponding peak areas for subsequent statistical analysis.



MSU Crystal Preparation

MSU crystals were prepared as we previously reported (23) and then assessed using compensated polarized light microscopy. Endotoxin was present at <0.015 EU/mL in the MSU crystal preparations, as determined using the Limulus amebocyte lysate assay (Sigma-Aldrich, St Louis, MO, USA). Before each experiment, the MSU crystals were milled and then sterilized for 2 h.



Cell Culture

THP-1 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in complete medium comprising RPMI supplemented with 2 mM l-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum (FBS) (Gibco BRL, Grand Island, NY, USA). THP-1 cells were used after treatment with 100 ng/μL PMA for 48 h. Cells were seeded in 24-well culture plates (2×105 cells/mL/well), pretreated with 1 or 2 μg/mL SMS for 12 h, and then incubated with 100 μg/mL MSU for 48 h. To block the PI3K/Akt pathway, cells were pretreated with 50 μM LY294002 (Selleckchem) for 1 h before MSU treatment. SMS was added for 30min after LY294002 treatment.



Animals

Specific pathogen-free male C57BL/6 mice (6-8 weeks old) were purchased from the Shanghai Laboratory Animal Center (Chinese Academy of Sciences, China) and maintained at the Animal Center of Shanghai Medical School of Fudan University. This study was approved by the Ethics Committee of the Department of Laboratory Animal Science, Fudan University (No. 20160981A302).

To establish mice with gout, 50 μL of an MSU suspension (1 mg/50 μL Normal saline) was intra-articularly injected in the right footpad of each animal, whereas the left footpad was injected with 50 μL of Normal saline (N.S). The joint index evaluation was performed as we previously reported (23–27). In the SMS treatment group, mice were intra-gastrically injected with a low dose (1 mg/kg·day) or high dose (10 mg/kg·day) of SMS for 14 days before MSU administration, samples were collected at 8h after MSU injection. The foot joint tissues were immediately isolated, snap-frozen in liquid nitrogen, and stored at -80°C.

Hyperuricemic mice were established via treatment with yeast polysaccharide (YP) and potassium oxonate (OP) for 3 weeks as previously described (28). Mice were orally feed containing 1/4 yeast polysaccharide (Sigma, USA) or intraperitoneally injected with potassium oxonate (250 mg/kg; OP, Sigma, USA) at 8:00 a.m. every day. In the SMS treatment group, different concentrations (1 or 10 mg/kg·day) of SMS were intra-gastrically administered to mice simultaneously with OP for 3 weeks. Samples were collected after the last drug administration. Blood samples were obtained from the eye socket vein of each mouse and centrifuged at 2500rpm for 10 min at 4°C. The kidney tissues were immediately isolated, snap-frozen in liquid nitrogen, and stored at -80°C.



Histological Studies and Immunostaining

After the joint index evaluation, mice were sacrificed, and joint tissue and kidneys sections were prepared for hematoxylin and eosin (H&E) staining and immunostaining. The paraffin-embedded sections were cut at a thickness of 4 μm and placed on positively charged slides for staining. In H&E staining, inflammatory cells were counted using ImageJ software (version 1.51p, National Institutes of Health, Bethesda, MD, USA).

For immunofluorescence, slides were placed in target retrieval solution, and staining was performed manually at room temperature with anti–Arg-1 antibody (Clone #CI:A3-1, 1:500 dilution, Abcam, Cambridge, MA, USA) or anti-F4/80 antibody (Clone #SP156, 1:400 dilution, Abcam, Cambridge, MA, USA). Arg-1 expression was visualized using Alexa Fluor 647 secondary antibody (ab150115, 1:400 dilution, Abcam, Cambridge, MA, USA). F4/80 expression was visualized using Alexa Fluor 488 secondary antibody (ab150077, 1:400 dilution, Abcam, Cambridge, MA, USA). Slides were counterstained with Vectashield hard-set mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and kept in the dark at 4°C until visualization using fluorescence microscopy. Images were obtained via optical sectioning using a Nikon epifluorescence microscope for analysis. F4/80+/Arg-1+ cells (M2 macrophage) analysis was performed using ImageJ software from randomly chosen fields [the average of 5 to 10 fields (× 200) in the section]. F4/80+/Arg-1+ cells were determined by using a standardized custom histogram-based colored thresholding technique and then subjected to “particle analysis” using ImageJ.

For immunohistochemistry, slides were placed in target retrieval solution, and staining was performed manually at 4°C for 18 hours with Akt (Clone #11E7, 1:1000 dilution, Cell Signaling Technology, Boston, USA). Then goat anti-Rabbit IgG H&L (HRP) (ab6721, 1:500 dilution, Abcam, Cambridge, MA, USA) was added and incubation continued for 20 minutes. Staining was visualized using DAB and the sections were then observed. Finally, sections were further dyed and sealed with hematoxylin. Images were obtained via optical sectioning using a Nikon epifluorescence microscope for analysis. To display the results more intuitively, the average optical density of positive areas (40×,100X) was calculated using ImageJ software.



Determination of Serum Uric Acid (SUA) and Creatinine Levels

SUA concentrations and creatinine levels were separately determined using colorimetric method (#MAK077, #MAK080, Sigma, USA).



Real-Time Quantitative PCR (qPCR) Detection System

Total RNA was extracted from joint tissue or cells with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, and reverse translation was conducted using an iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The PCR primers (BioTNT, Shanghai, China) used for qPCR were as shows in Supplementary Table 1.

The RNA expression in samples was normalized to that of control housekeeping genes (murine Gapdh), and the relative mRNA levels of target genes were calculated using the 2−ΔΔCt method.



Western Blot Analysis

The joint samples were homogenized by tissue tearor, and added with 10 equivalent volumes of RIPA lysis buffer supplemented with 1 mM PMSF (protease inhibitor) in an ice bath for 30 min and then centrifuged (12,000g, 10 min) to extract total proteins. The protein concentration was determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). Mouse joint tissues or cell lysates from different groups were prepared, and equal aliquots of protein extract were electrophoresed via SDS-PAGE. Protein levels were expressed as a ratio of the protein level to that of β-actin.

The following antibodies were obtained from commercial sources as indicated: NLRP3(Clone #Ala306, 1:1000 dilution, Cell Signaling Technology, Boston, USA), p-Akt (Ser473) (Clone #587F11, 1:1000 dilution, Cell Signaling Technology, Boston, USA), Akt (Clone #11E7, 1:1000 dilution, Cell Signaling Technology, Boston, USA), β-actin(Clone #8H10D10, 1:1000 dilution, Cell Signaling Technology, Boston, USA), anti-rabbit IgG HRP-conjugated antibody(#7074, 1:5000 dilution, Cell Signaling Technology, Boston, USA), anti-moude IgG HRP-conjugated antibody(#7076, 1:5000 dilution, Cell Signaling Technology, Boston, USA). The immunoblots were visualized via ECL (Pierce, Rockford, IL, USA). The results were normalized to β-actin. Gel quantification was performed using the ImageJ software.



Statistical Analysis

Data were analyzed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA) and presented as the mean ± SEM or median (range). Repeated-measures analysis of variance followed by the Student-Newman-Keuls test was used for post hoc analyses of differences among groups. P < 0.05 indicated statistical significance.




Results


SMS Ameliorate MSU-Induced Acute Gouty Arthritis in Mice

Mice were pretreated with different doses of SMS (1 or 10 mg/kg.day) for 2 weeks, and then acute gouty arthritis was induced by MSU. Eight hours after MSU injection, joint thickness and the mRNA expression of Nlrp3, IL-6, IL-1β, IL-4, Tgf-β in the joints were significantly elevated. The joint swelling was significantly reduced in the mice treated with SMS compared with that in the MSU mice (Figure 1A). Moreover, the over-expression of Nlrp3, IL-6, and IL-1β mRNA in MSU-injured joints was inhibited by SMS, especially the high-dose SMS (10mg/kg.day). Notably, the anti-inflammatory factors, IL-4 and Tgf-β, were further increased by SMS treatment (Figure 1B). H&E pathological staining further revealed that inflammatory cell infiltration in gouty joints was notably inhibited by SMS pretreatment, especially in the SMS high-dose group (Figure 1C).




Figure 1 | SMS ameliorate MSU induced acute gouty arthritis in mice. Joint swelling and the joint thickness index at 8 hours after MSU injection in the mice (A). The mRNA expression of Nlrp3, IL-1β, IL-6, IL-4, Tgf-β in the injured joints of the mice (B). H&E staining, and inflammatory cells infiltration in the joints (C). (mean ± SEM. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6/group; LD SMS: 1mg/kg.day low dose SMS; HD SMS:10mg/kg.day high dose SMS).





SMS Ameliorate Gouty Arthritis via the PI3K/Akt Pathway

Nlrp3 protein expression was significantly increased in the injured joints of MSU mice, whereas p-Akt (S473) expression was decreased. SMS treatment suppressed the upregulation of Nlrp3, but further increased the expression of p-Akt (S473), especially in the SMS high-dose group (10mg/kg) (Figure 2Aa). No significant difference of the total Akt expression was detected in mice joint of all the groups.




Figure 2 | SMS ameliorate gouty arthritis by PI3K/Akt pathway. The expression of Akt, p-Akt (Ser473) and Nlrp3 protein was detected by Western blot analysis in the MSU injured joints of the mice, and total Akt expression was detected by IHC staining (Aa). In vitro, p-AKT (Ser473), AKT and NLRP3 protein was detected by Western blot analysis in the THP-1 cells treated by MSU with/without SMS (Ab). Akt activation was inhibited by LY294002, the expression of NLRP3, IL-6 and IL-1β were detected by RT-PCR (Ba) or Western blot analysis (Bb). (mean ± SEM. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6/group; LD SMS: 1mg/kg.day low dose SMS; HD SMS:10mg/kg.day high dose SMS).



In vitro, inflammatory factors NLRP3, IL-6, and IL-1β were also reduced by SMS treatment in the MSU stimulated THP-1 cells, while p-AKT (S473) was upregulated (Figures 2Ab, 2Ba). However, the inhibitory effects of SMS on NLRP3 were notably suppressed by pre-treatment with the PI3K/Akt inhibitor LY294002 (Figure 2Bb).



SMS Promote M2 Macrophage Polarization

To identify the macrophage polarization, joint tissue from mice was subjected to double immunofluorescence staining for the marker F4/80 and Arg-1. F4/80+/Arg-1+ cells were ubiquitously observed in mouse joints (Figure 3Aa), and were significantly increased by SMS treatment (Figure 3Ab). In MSU-treated THP-1 cells, iNOS expression was induced, whereas ARG-1 remained stable. Upon SMS administration, iNOS expression was inhibited but ARG-1 was elevated. After blocking Akt activation with LY294002, Arg-1 upregulation and the anti-inflammatory effects of SMS were simultaneously suppressed in macrophages (Figure 3B).




Figure 3 | SMS promote M2 macrophage polarization. IF co-localization staining of F4/80, Arg-1, DAPI in joint sections of mice were performed to estimate macrophage polarization (Aa), the red arrows represent F4/80+/Arg-1+ cells, white arrows represent F4/80+/Arg-1- cells. The F4/80+/Arg-1+ cells were counted (Ab). The mRNA expression of ARG-1 and iNOS were detected by RT-PCR (B). (mean ± SEM. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6/group; LD SMS: 1mg/kg.day low dose SMS; HD SMS:10mg/kg.day high dose SMS).





SMS Inhibit Hyperuricemia in Mice

In this study, we further evaluated the effects of SMS on SUA levels. As presented in Figure 4A, hyperuricemia was induced in mice treated with PO and YP for 3 weeks. However, hyperuricemia was inhibited when the mice were simultaneously treated with SMS. Compared with the control group, the hyperuricemia and the SMS-treated mice did not show histological changes in the kidney (Figure 4B).




Figure 4 | SMS inhibit hyperuricemia in mice. Serum uric acid and serum creatinine were detected in the different groups of mice (A). H&E staining of kidney in the different groups of mice (B). (mean ± SEM. ns p > 0.05, *p < 0.05, ***p < 0.001; n = 6/group; LD SMS: 1mg/kg.day low dose SMS; HD SMS:10mg/kg.day high dose SMS).





Ecdysone and Estrone Detected in SMS via Mass Spectrometry

Because of the anti-inflammatory and uric acid lowering effects of SMS, mass spectrometry was used to screen the ingredients responsible for the observed benefits. Total Ion Chromatography of SMS was presented in Figure 5A with mass spectrometry. SMS did not exhibit any ion currents of the common ingredients of steroid (the spectra of the ingredients screened were listed in the Supplement Table 2) or non-steroidal anti-inflammatory drugs (the spectra of the ingredients screened were listed in the Supplement Table 3). Then phytohormones, estrogen and its analogs, and other potential hormones in plants were further examined by mass spectrometry (Figure 5B), ecdysone and estrone were finally detected in SMS (Figure 5C).




Figure 5 | Ecdysone and estrone detected in SMS via mass spectrometry. Total Ion Chromatography of SMS was detected by mass spectrometry (A). Common phytohormone, estrogen and its analogs, and other potential hormones in plants to be screened in our study are listed (B). Ecdysone and estrone were detected in SMS (C).






Discussion

Gout was first recorded in “Gezhiyulun” by DanXi Zhu in 1347 (Yuan Dynasty), and some effective traditional Chinese medicines against gout were described in ancient medical records. Colchicine, NSAIDs, or glucocorticoids were suggested as appropriate first-line therapy for gout flares in the recent recommendations for gout management (8). But the use of these drugs are often limited in gouty patients with concomitant complications such as chronic renal insufficiency, heart problems, gastrointestinal bleeding, or ulcer (29–31). Among the various Chinese medicines against gout, SMS was clinically confirmed to be effective and safe as an anti-inflammatory therapy for gout, and remains in use to the present day (18). In this study, we further researched its effects on gouty mice and examined the potential mechanism of SMS.

Gout is an inflammatory disease caused by serum uric acid oversaturation and MSU crystal irritation (3). Inflammatory cells infiltrated the joints release inflammatory mediators such as cytokines and chemokines, which result in acute gouty inflammation (32–36). Therefore, anti-inflammatory therapy is the primary approach for preventing gouty arthritis. In this study, SMS was found to ameliorate joint swelling and local inflammatory cell infiltration. Expression of the specific inflammatory factors Nlrp3 and IL-1β in gouty joints was notably inhibited by SMS treatment. These results confirmed that SMS is effective against MSU-induced gouty arthritis. Based on its characteristics, SMS may be an effective treatment of gout.

According to our previous research, Akt phosphorylation was increased in the MSU-induced inflammatory environment (21). Studies suggested that activation of the PI3K/Akt pathway inhibits inflammation, and these effects are mainly attributed to its inhibitory effects on nuclear factor-κB activity (37). The results suggested that PI3K/Akt pathway activation may be a beneficial response to inflammation or injury. In our study, Akt phosphorylation at Ser473 was significantly increased after SMS treatment in the injured joints of gouty mice. When PI3K/Akt activation was blocked by the specific inhibitor LY294002 in macrophages, the inhibitory action of SMS on inflammation was consequently suppressed. The results suggested that SMS can prevent gouty inflammation through activating the PI3K/Akt pathway.

Recent studies have shown the involvement of the neutrophils, macrophages and other immune cells in the inflammation progress and alleviation of gout (3). Macrophages usually exhibit distinct phenotypes in different tissue microenvironments (22, 38–40). In previous research, we found that the activation status of macrophages determines their function in gouty inflammation progression or restoration (21). Generally, there are two major phenotypes of activated macrophages depending on the inflammatory microenvironment, classically activated (M1) and alternatively activated (M2) macrophages (41). M1 macrophages exhibit high iNOS expression and mainly play pro-inflammatory roles, whereas M2 macrophages exhibit high Arg-1 expression and play anti-inflammatory roles (42–44). In our research, macrophages exhibited abundant iNOS expression upon MSU stimulation. After SMS administration, MSU-induced iNOS overexpression was suppressed, while Arg-1 was upregulated. It showed that SMS induced macrophage polarization toward M2 phenotype. In macrophages treated with LY294002 to block the PI3K/Akt pathway, Arg-1 expression was consequently inhibited. It suggested that SMS induces M2 macrophage polarization by activating the PI3K/Akt pathway, which might be the mechanism of its anti-inflammatory effects on gout.

From the aforementioned results, SMS was confirmed to inhibit gouty inflammation, which prompted us to examine its potential anti-inflammatory ingredients. However, no such compound was detected in SMS by screening for the common ingredients of steroid and non-steroidal anti-inflammatory drugs via mass spectrometry. Then, the spectra of phytohormones, estrogen and its analogs, and potential insect hormones in plants were further screened. Interestingly, ecdysone and estrone were finally detected in SMS.

Ecdysone (20-hydroxyecdysone) is a phytoecdysteroid with biological activity that has not been thoroughly investigated to date. It has been reported to regulate the immune response and inhibit bacterial infection in Drosophila embryos (45, 46). Ecdysone inhibited the inflammatory cascade and oxidative stress process in rats with collagen-induced rheumatoid arthritis (47). Based on its effect, ecdysone might be the ingredient responsible for the anti-inflammatory effects of SMS against gout.

In this study, estrone was another plant hormone detected in SMS. It is a relatively abundant hormone that is widely distributed in tissues of animal and plant origin (48). As the predominant estrogen, estrone was reported to regulate metabolism (49) and increase uric acid excretion (50). Women of productive age are well known to seldom experience hyperuricemia or gout because of the regulatory effects of estrogen on SUA content (51). SMS might prevent hyperuricemia because of being rich in estrone. In this study, we found that SMS treatment in hyperuricemia mice resulted in significantly decreases in SUA levels. This result was consistent with previous studies in which SMS ameliorated high fructose-induced insulin resistance, dyslipidemia, high uric acid levels, and kidney injury in rats (52). However, further research is needed to verify the specific role of ecdysone and estrone in gout and hyperuricemia.



Conclusion

This study demonstrated that SMS ameliorate MSU-induced gouty arthritis and inhibit hyperuricemia. The anti-inflammatory mechanism of SMS might involve M2 macrophages polarization via activation of the PI3K/Akt pathway. These findings provided insight for developing therapeutic approaches to treat gout. The plant hormones ecdysone and estrone were detected in SMS. However, further research is needed to clarify their anti-inflammatory function and mechanism of action for uric acid lowering effects.
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Gout is a common form of inflammatory arthritis where urate crystals deposit in joints and surrounding tissues. With the high prevalence of gout, the standardized and effective treatment of gout is very important, but the long-term treatment effect of gout is not satisfied because of the poor adherence in patients to the medicines. Recently, advanced imaging modalities, including ultrasonography (US), dual-energy computed tomography (DECT), and magnetic resonance imaging (MRI), attracted more and more attention for their role on gout as intuitive and non-invasive tools for early gout diagnosis and evaluation of therapeutic effect. This review summarized the role of US, DECT, and MRI in the management of gout from four perspectives: hyperuricemia, gout attacks, chronic gout, and gout complications described the scoring systems currently used to quantify disease severity and discussed the challenges and limitations of using these imaging tools to assess response to the gout treatment.
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Introduction

Gout is a chronic disease of monosodium urate (MSU) crystal deposition and is one of the most common forms of inflammatory arthritis in adults, especially men. The incidence and prevalence of gout are increasing worldwide, with recent data estimating that the prevalence of gout ranges from roughly <1% to 6.8% in Western countries and about 1.1% in China (1, 2). People with metabolic syndrome are more likely to have higher serum urate levels (3). Persistent serum urate levels (sUA, >360 μmol/l or >6 mg/dl) may lead to much MSU crystal deposition in tendons, joints, or other unusual tissues (4) and trigger acute joint inflammation (gout flares) or chronic joint inflammation (gouty arthritis and joint structural damage) (5). The typical symptoms of a gout flare are rapid painfulness, hotness, redness, and swelling in the joints (6), which are self-limiting inflammatory responses that usually disappear within 14 days. Alone or in combination, use of NSAIDs, colchicine, or corticosteroids is recommended in treating gout flares with an effective and rapid control of acute inflammatory attack. Urate-lowering therapy (ULT) is a long-term management of gout to reduce serum urate levels, which can lead to dissolution of MSU crystals deposition, reduction or prevention of gout attacks, and joint damage (7, 8). Although gout is “curable” through ULTs, this disease is poorly managed worldwide, because of poor adherence in gout patients to the medications (e.g., febuxostat or allopurinol) of ULTs.

MSU crystals from tophi or joint synovial fluid aspiration by microscopic detection are negatively birefringent and needle-shaped (9), which is still the gold standard in gout diagnosis, while with the rapid development of imaging techniques, particularly US, DECT, and MRI, which provide non-invasive and clear identification of MSU crystal deposition, they are considered to be a promising tool for gout diagnosis (10, 11). In 2015, the classification criteria recommended by the European League Against Rheumatism (EULAR) and the American College of Rheumatology (ACR) endorsed the US and DECT as a new and effective diagnostic tool for gout (12). What is more, these advanced imaging techniques can be used to assess the severity of gout and monitor the response to treatment in gouty patients. Although MRI is not specific enough in gout disease, it can be valuable in the assessment of soft tissue and bone damage in gout.

The main ultrasound imaging findings of gout include the double contour sign (DCs), tophus, aggregates, and erosion. These definitions were developed by the US group of Outcome Measures in Rheumatology (OMERACT) in 2015 (13). DCs are a deposit of urate on the surface of articular cartilage, forming two hyperechoic bands with the bone cortex, which are present regardless of the angle of the irradiation. Tophus refers to a large collection of hypoechoic or uneven hyperechoic MSU crystals. Aggregates are small inhomogeneous hyperechoic crystal depositions, and erosion is the discontinuity of the bone cortex and can be seen in two different vertical planes. DECT is a new imaging technique developed from conventional CT, which uses a dual-source scanner to irradiate two X-ray beams onto different materials for identification. Differences in the energy absorption curves of chemical entities are used to accurately calculate the composition of an object (14). The MSU deposits are often coded in green and can be seen in DECT images. MRI has good soft-tissue resolution and can show cartilage damage, soft tissue inflammation, and bone erosion very well. There are four main elements to the MRI assessment of gout, tophi, synovitis, bone marrow edema, and bone erosion (15). The rheumatoid arthritis magnetic resonance image scoring system (RAMRIS) is now commonly used to assess the disease progression of gout in MRI (16). This review mainly focuses on the role of US, DECT, and MRI in the management of gout.



Hyperuricemia

Hyperuricemia is defined as a serum uric acid level above 7 mg/dl. Most people with asymptomatic hyperuricemia (AH) do not develop gout (17), and the predictors of the transition from hyperuricemia to gout are unknown, leading us to overlook the possibility that this population may benefit from early uric acid-lowering treatment. Recent studies have shown that US and DECT imaging techniques can be used to detect MSU deposits in asymptomatic hyperuricemia. The consistency between MSU crystals and US gouty features (DCs and hyperechoic areas) in asymptomatic hyperuricemia patients was first reported in 2012, validating the role of US in the early diagnosis and detection of structural damage in AH patients (18). Metatarsophalangeal 1 (MTP1) and femoral condyle were the most common US scan sites for DCs and tophi, and a high prevalence of gouty damage in AH patients was observed (19). MSU deposits could also be detected with DECT in AH patients, but they were larger and occurred significantly more frequently in gouty patients. This suggested that a certain threshold of MSU deposition may be required during the transition from AH to gout (20). 15% of AH individuals had subclinical MSU depositions on foot or ankles by DECT detection (21). These findings highlight the important role of subclinical MSU deposition in disease progression and the need to explore the clinical significance of crystals; the use of US and DECT may provide greater insight and understanding of asymptomatic hyperuricemia.

According to the current gout classification criterion put forward by EULAR and ACR in 2015, the pain characteristics of gout are acute onset, generally reaching the maximum pain within 24 h and lasting less than 14 days, which is an episode pain (12). However, clinically, we also encounter many symptomatic hyperuricemia patients who have persistent foot pain that does not fit typical gout. Little is known about this special population. Recently, a study included 16 patients with hyperuricemia and persistent foot pain as an experimental group, compared to 15 AH individuals (22). The experimental group was given 80 mg/day with febuxostat for 3 months; the US imaging and 24-h and 7-day visual analog scores were assessed in baseline, the first month (M1), and the third month (M3) after ULTs. The results showed that sUA and foot pain scores of patients in the experimental group decreased significantly under the treatment of febuxostat. Then, the experimental group was divided into two groups based on the presence or absence of DCs; further analysis demonstrated that DC-positive patients had obviously lower 24-h and 7-day pain scores at M3, but with no significant difference of sUA levels between the two groups. These results suggested that hyperuricemia patients who have sustaining foot pain and positive US features may be the alternative gouty presentation and responsive to the ULTs, which may also be included in the gout classification criteria to identify and treat gout at an earlier stage, increasing diagnostic sensitivity and treatment effectiveness.



Gout Flares

Serum uric acid levels have long been considered the endpoint of conventional uric acid-lowering therapy. It was previously thought that the altered sUA concentrations were a risk factor of flares (23), and controlling serum uric acid levels could prevent gout attacks. However, this has been challenged by several studies, including those from ACR, who have argued that the correlation between targeting sUA and gout flares reduction was inadequate (24–27). In the febuxostat trial, for example, there was no significant reduction in gout attacks compared with placebo, even when the uric acid level was controlled (28, 29). Similarly, in a 6-month randomized controlled ULT study, the frequency of gout attacks actually increased (30). Thus, there is a missing part between sUA and gout flares, and recent studies suggested that MSU crystals might be the key link between them. It has been hypothesized that the decrease in serum uric acid leads to the instability and dissolution of urate, exposing it to the autoimmune system and producing a strong immune response that leads to an outbreak of gout (23). Therefore, the volume and level of urate crystals are closely related to the onset of gout and need to be monitored continuously, which is also a good way to guide treatment to reduce uric acid.

In a follow-up observational study of 62 patients under ULTs, their MSU deposits were assessed by DECT and US, suggesting that MSU crystal burden may be a predictive risk of gout flares (31). Patients attended the visits at 0, 3, 6, and 12 months, and their knees and feet were all scanned. The study revealed that the presence and volume of urate deposits in feet measured by DECT were significantly associated with flares, rather than the number of joints bearing DCs assessed by US. The analysis of DECT evaluation displayed that for every 1-cm3 increase in urate deposition volume in feet, the risk of gout attacks increased 2.03-fold during the first 6 months compared to the baseline. Moreover, the optimal threshold for differentiating the patients with or without gout flares was 0.81 cm3 in this research. All these data verified the concept that urate burden was related to the risk of gout flares. Interestingly, the change in sUA levels from M0 to M6 was not obviously different among the participants undergoing or not undergoing gout flares. The role of DECT in the management of gout was supported, beyond diagnosis. It may be decisive to assess MSU burden by using DECT to identify which one was still at a high risk of gout flares when considering maintain or interruption of ULTs, especially for patients who have reached the targeted sUA level but still have urate deposition.

In the treatment of gout, a basic principle is to prevent the onset of gout in the initial stage of ULTs, but there is no consensus on how long prophylaxis drugs should be used to prevent gout attacks during ULTs. EULAR recommends at least 6 months of prophylaxis (e.g., NSAIDs or colchicine) (7), while ACR recommends that 3–6 months of prophylaxis should be followed, and screening for gout activity and continued use of anti-inflammatory drugs are needed if patients have a recurrence of gout after cessation (8). A recent study including 79 patients might shed some light on this question (32). The study was divided into two stages: the first stage was a 6-month ULTs with gout attack prophylaxis, and the second phase was 6 months of ULT maintenance therapy with stopped gout prophylaxis. Nearly half of the patients in this study had at least one episode of gout within 6 months of discontinuing their gout prophylaxis drugs; the high incidence was in line with existing research (28, 29, 33). The authors found that DCs, tophi, and sUA levels all changed significantly after treatment. Among them, DCs were the earliest indicator that changed (appear at M3). However, changes in sUA were not associated with the prevalence of gout attacks, which was consistent with other results that there was no confirmed relationship between sUA and gout flares (30, 34). Interestingly, the low rate of gout relapse was found in patients with a greater than 50% reduction in tophi volume, suggesting that changes in tophi volume could be a predictor of gout onset. These results might provide some ideas for research on the duration of gout prophylaxis and emphasize the big role of MSU crystal depositions in gout flares. It is reasonable that follow-up of MSU depositions with US and DECT can help physicians predict the onset of gout and discontinue gout prophylaxis at an appropriate time.

In addition to the four main features of US in gout mentioned above, the altered Doppler flow signal, which is unique to US, can also clearly show the inflammatory signs of an acute attack of gout. The ultrasound Doppler flow signal is more suggestive of an acute attack of gout than an assessment of the clinical presentation of the gout patient (35). It has been suggested that the ultrasound Doppler signal is more pronounced during an acute gout attack than during the intercritical phase (36). In addition, Doppler ultrasound can also indicate the responsiveness of gout patients to ULT. A study revealed that after more than 2 years of ULT, the Doppler signal was still present in a large number of gout patients, although it has been reduced to varying degrees. This finding raised reflections on the accuracy of current outcome measures and treatments (37). These data show that ultrasound Doppler signaling also played a role in the assessment of gout progression.



Chronic Gout


DECT

There is growing interest in the important role of MSU deposition in the development of gout. Many studies have concluded that MSU crystals were the key pathology of gout. Instead of merely controlling serum uric acid levels, treatments that address urate crystals are truly effective. Importantly, the link between sUA and MSU crystals was weak (38), which made it difficult to assess the dynamics of MSU depositions by just measuring sUA levels. Such a view manifested the importance of monitoring MSU deposits during ULTs, and DECT was an appropriate approach. DECT has a high sensitivity in detecting even very small urate crystals and allows the testing of some special sites such as tenders, spine, blood vessels, which cannot be measured by other imaging or joint fluid aspiration (11). Furthermore, DECT allows automatic calculation of uric acid crystal volume for quantitative analysis, which is an important parameter in the outcome of the disease and can better evaluate the treatment from the starting point to the follow-up (39).

Allopurinol is the first-line drug for the treatment of gout, and DECT can visualize the therapeutic effect of allopurinol on serum uric acid levels and MSU depositions. A prospective study recruited 152 patients treated with allopurinol ≥ 300 mg/day for at least 3 months and then used DECT to assess the total number and volume of crystal deposition (40). The result showed that uric acid deposition occurred in approximately 69.1% of patients despite a mean of 5.1 years of treatment with allopurinol 300 mg/day or higher. More specifically, the presence of MSU deposition was 90% among patients with sUA ≥6.0 mg/dl and tophus and 46.9% among those with sUA <6.0 mg/dl and without obvious tophi. DECT demonstrated that the volume of the MSU crystal was greater in those with sUA ≥6.0 mg/dl, and higher crystal deposition was positively related to higher gout flares, more tophi, and worse disease activity scores in patients. In this paper, DECT detection confirmed that nearly half of the patients still had urate deposition even though the serum uric acid level had been controlled (<6.0 mg/dl), prompting us to consider whether more intensive ULTs was needed for better gout control.

Another longitudinal study of 77 patients was undertaken to assess MSU deposition depletion by DECT under the treatment of conventional ULT drugs or lifestyle (41). The first choice was allopurinol with the dose of 100 mg/day initially and gradually increased to the maximum dose of 600 mg/day if sUA was not satisfied. Participants who were intolerable to allopurinol were treated with the drug febuxostat in 80 mg/day and gradually titrated up to 120 mg/day to control the sUA level. The result showed that both the lifestyle and ULTs were useful in dissolving MSU deposits after 18 months. Urate precipitation dissipated the most in the febuxostat group, followed by the allopurinol group, and finally in the lifestyle improvement group, suggesting the better effect of febuxostat than allopurinol in MSU depletion. Moreover, it was encouraging that these data confirmed the use of lifestyle intervention on MSU decline, beyond preventing gout flares. In a word, it is necessary to observe whether urate crystals are completely relieved through DECT under long-term treatment of ULTs.

Recurrent gout attacks and chronic gout inflammation can lead to severe structural damage to the painful bones, causing great harm to patients. How to reduce bone damage in the treatment of gout is a very important and urgent issue to be addressed. A randomized controlled trial of 87 patients (dose-escalation group, n = 42, control group, n = 45) discovered a benefit of allopurinol escalation on bone damage by DECT detection (42). Patients in the dose-escalation group were initially treated with increased allopurinol to rapidly reach the targeted sUA. On the other hand, the controlled group was treated with a conventional dose of allopurinol in Year 1, followed by an increased dose of allopurinol in Year 2. The DECT data suggested that the strategy of allopurinol dose escalation prevented bone erosion compared with the control group after a 2-year treatment, although the change was small. However, the result of XR imaging did not show any differences between the two groups. These findings confirmed that gout treatment was a long-term battle. The study of structural damage in gout joints is a huge challenge, and we need advanced imaging methods such as DECT to monitor the treatment effectiveness with its better sensitivity than plain radiographs. Also, the reduction in the volume of MSU crystals was much larger compared to the small change in bone erosion, revealing a big lag between the deposition disappearance and radiographic changes. This study suggested that high levels of allopurinol might facilitate bone reconstruction in gouty joints, and other cytological studies support this concept. Allopurinol and oxypurinol drugs could promote the differentiation and development of osteoblasts and promote bone repair (43). The mean sUA level here was 0.33 mmol/l, and the results showed slight prevention of bone destruction. In contrast to the result, another research showed that serum uric acid level was undetectable under pegloticase treatment and a significant improvement in bone erosion was observed (44). Taken together, lower serum uric acid levels may be required to reverse or improve bone erosion.

Pegloticase is recommended for patients with severe intractable gout, which could cause a dramatic drop in sUA level (45). A previous study was conducted using pegloticase in 10 patients by DECT. The data demonstrated that both sUA levels and tophi were very sensitive to pegloticase, with 71.4% of tophi disappearing after a few weeks, especially in the joints, while tendon tophi were broken down more slowly (45). Similar results were found in another paper. In a patient with refractory gout, 6 months of treatment of pegloticase resulted in a significant reduction in tophi. At the same time, compared with physical measurement and US detection, DECT reflected changes in urate volume better (46). To sum up, DECT is a remarkable imaging means for a comprehensive assessment of MSU burden and longitudinal monitoring of the response to ULTs. Moreover, the state of being tophi-free can be measurable and perceptible by DECT, even for those refractory gouty patients when the right medicine is used.

In addition to ULTs, anti-inflammatory treatment should be administered at the same time, which is very beneficial for gout management. Both soft tissues and urate crystals in tophi are closely related to bone damage. Cytological studies have found that soft tissues surrounding tophi mainly contain immune cells, chemokines, cytokines, and osteoclasts, forming such a chronic inflammatory microenvironment (47, 48). Among them, mononuclear macrophages play a major role in promoting the growth and development of osteoclasts by secreting COX-2, PGE2, IL-1β, and TNF (49). Meanwhile, osteoblasts, which play a role in bone remodeling and bone repair, are significantly inhibited in their activity, function, and morphology by MSU crystals (50). A study led by conventional CT, DECT, and XR techniques showed that urate crystals and soft tissue composition of tophi were directly associated with bone destruction scores, a significant reduction in soft tissue inflammation was associated with improved bone destruction after ULTs (51). These data further intuitively confirmed the role of inflammatory soft tissues in the progression of gout disease, reflecting the value of ULTs in combination with anti-inflammatory drugs or the latest biological agent intervention. Moreover, imaging is of great value in monitoring these therapeutic effects.



US

The MSU load was identified by the OMERACT working group as one of the therapeutic targets in gout management (52), and the reduction in urate deposition can also be demonstrated by US imaging, which mainly includes four features of gout lesions. In a related study, 79 patients were treated with ULTs and underwent US monitoring of MSU deposition over a 6-month period (53). The results showed that DCs and tophus features on US were significantly reduced during treatment. Among them, the DCs could be an early marker with an obvious change after 3 months of treatment, while tophi changed more significantly after 6 months of treatment. In line with other studies (54, 55), the reduction in urate deposition was associated with low sUA levels and was more pronounced in the group with lower serum sUA (<5 mg/dl), suggesting that lower levels of sUA were one of the effective therapeutic targets and consistent with last EULAR recommendations (7). Similarly, several other research also showed that the DCs, tophi, and aggregates decreased obviously measured by US under ULTs (55–57).

The concept of treat-to-target (T2T) is well established in many chronic diseases, including rheumatism, and the first T2T recommendations for gout were put forward by EULAR in 2016, ushering in a new era of targeted treatment for gout (7). One of the first principles is to keep the patient’s serum levels below the target level throughout the whole life to eliminate urate crystal deposition. This strategy also provided some remission criteria for gout patients, but there were some limitations. For example, the proposals do not provide substantive recommendations on clinical practical issues such as the optimal target value of blood uric acid and imaging criteria for remission.

In 2020, one of the largest US studies revealed the imaging changes with a T2T approach. The study manifested an apparent crystal dissolution in 209 gout patients by adopting a T2T way in ULTs (58). The DCs were found to be the most sensitive and earliest variable marker, which was consistent with the results of other paper (53). At 12 months, nearly half of the patients had no DCs here. A reasonable explanation for the early disappearance of DCs may be that MSU deposits are in close contact with cartilage and joint fluid. During the progress of ULTs, serum uric acid levels fall rapidly, causing the reduction of the uric acid levels in joint fluid to equilibrate them with blood concentrations. They also found that MTP1 joints were the most common site of MSU depositions, and the erosion in MTP1 was highly related to the three other sonographic findings. Meanwhile, US results indicated that about 1/6 of the participants had DCs on proximal talar cartilage and distal femur and had tophi in distal patellar tendon and triceps, showing that these sites also were involved in the development of gout. This US study provided an important result that gouty patients who followed a T2T approach in ULTs in clinical practice significantly reduced the MSU crystal burden.

Another study also used OMERACT defined US gout lesions to assess MSU changes after ULTs. The study examined a number of sites in each patient, including 28 joints and 26 tendons, to better understand urate depositions (59). The results showed that MTP1 was the most prone to MSU deposition, followed by MTP2-4s and the knee joint. Importantly, they found that the most easily affected by MSU crystals were also the site of the best treatment response. Detection of so many locations by US was time-consuming, but it was meaningful to determine which sites were significant in gout diagnosis and treatment monitoring. Here, the mutual involvement and rapidly effective responsiveness to ULTs in MTP1–3s and knee joints display the possible essential of choosing these positions. Consistent with the results mentioned above, the authors also found that the changes of DCs were most sensitive, with a significant reduction even in the first 3 months of treatment. More interestingly, the study also observed obvious improvement in inflammation response through US imaging and biological markers. The results indicated that the synovitis and tenosynovitis were significantly improved; the inflammatory molecule CRP was dramatically decreased.

To date, there were still no clear criteria for which locations and at least how many areas are needed for more accurate gout diagnosis and treatment monitoring. Different groups chose different sites for imaging measures of MSU deposits. One of the groups identified the bilateral evaluation of the radiocarpal joint, two tendons (patellar tendon and triceps tendon) for aggregates, and three articular cartilages (including MTP1, second metacarpal, and talar) for DCs, having a satisfying sensitivity and specificity in gout diagnosis (60). Another group reported that the scanning of two knees and two MTP1 for DCs and aggregates was sufficient (61).



MRI

A 2-year study enrolling 314 individuals revealed the protective effects of febuxostat on the joints of patients with early gout (62). This was the first randomized controlled trial of ULTs in early gout patients to use imaging to assess the damage within the gouty joints. At baseline, there was little evidence of joint erosion, and after 2 years of observation, there were no significant changes in joint erosion or joint space narrowing in either the experimental or the control group of patients. This suggested that damage to joint structures may be a manifestation of advanced gout. Importantly, the presence of synovitis was initially detected by MRI in most subjects, and after 2 years, patients in the febuxostat group had significantly better RAMRI synovitis scores and significantly fewer acute gout attacks compared to the placebo group. The clinical significance of synovitis in gouty patients is unclear, and whether synovitis is a risk factor for gout flares or joint damage has yet to be investigated. The results of this study showed that febuxostat improved intra-articular synovitis and also reduced the frequency of acute gout flares, providing some indication of the role of synovitis in disease progression. Febuxostat not only reduced serum uric acid levels but also had a better therapeutic effect on early gouty synovitis, suggesting the need for early treatment of gout.

Uric acid deposits in the knee joint lead to restricted knee movement and can seriously affect the patient’s daily life. A study has shown that ULTs can significantly reduce gout tophi deposits in the knee joint (63). The study used MRI to assess the size of gout tophi within the patient’s knee joint and vernier calipers to measure the size of subcutaneous gout tophi throughout the body and continued to assess intra-articular and subcutaneous gout nodules under 18 months of ULTs. The results showed a significant improvement in knee mobility after ULTs, which also correlated positively with a reduction in intra-articular tophi. Further analysis revealed that increased knee mobility was also significantly associated with a reduction in subcutaneous tophi. Combining these data, and taking into account the relatively expensive nature of MRI, we were able to use subcutaneous tophus nodules to assess the dissipation of gout tophi within the knee joint in order to predict and monitor improvements in knee mobility. Knee gaps were still present within the knee joint in the patients included in this study, suggesting that aggressive application with ULTs prior to irreversible knee destruction could significantly improve knee motion and avoid permanent joint damage.

In conclusion, imaging methods are well managed and monitored at all stages of gout disease progression (Table 1).


Table 1 | The role of imaging in monitoring treatment in the different stages of gout.






Gout Complications

Severe gout is often accompanied by various complications, such as diabetes, obesity, cardiovascular disease, and kidney disease, especially in terms of damage to the heart and kidney organs (2).

Currently, there were many studies on the relationship between gout and coronary heart disease. It has been suggested that gout can significantly increase the incidence of coronary heart disease (64). In acute coronary syndromes, high sUA levels have been found to significantly increase the risk of coronary heart disease (65). Moreover, there were also some contradictory conclusions: one study showed no significant association between gout and myocardial infarction (66), and another suggested that urate deposition burden on knees and feet in gouty patients did not increase the risk of cardiovascular events (67). However, none of these directly indicated the cardiovascular system with gout involvement. A recent study of 59 gouty patients and 47 controls visually illustrated the MSU deposits on the coronary artery by DECT. The results showed that patients with gout had more MSU deposits on coronary arteries and were also found to have more coronary calcification (68). Urate deposits in this study were confirmed by polarizing microscopy, rather than the so-called artifacts seen in other studies.

For the renal manifestations of gout, both US and DECT can detect MSU deposition in the renal medulla of patients with severe gout (69). The former one was characterized by strong echogenicity in the renal medulla accompanied by a posterior acoustic shadow, while the latter could analyze the composition of deposits. US is commonly used to detect urolithiasis in gout, but also its usefulness in gouty nephropathy, especially its cheapness and ease to be used compared to DECT.

A large cross-sectional study also confirmed the role of US in detecting the changes in the kidney induced by gout. They found that 36% of 502 untreated gouty patients showed hyperechoic uric acid crystal deposits in the renal medulla by US, while none was observed in the 515 controls (70). Multivariate analysis found that hyperechoic patterns in the medulla were associated with gout arthritis, DC thickness, disease duration, and reduced glomerular filtration rate. These findings provided a basis for gout-induced microcrystalline nephropathy and also provided a new therapeutic target for gout.

In addition, MSU can be deposited in some unusual areas such as the ribs, spine, wrists, and lower extremity enthesopathy, causing pain to the patient. Many recent reports in the literature have found evidence of gout involvement in the spine of patients by means of DECT and MRI, as a means of identifying the cause of their pain and also allowing assessment of the efficacy of ULTs on MSU deposits in the spine and reducing unnecessary surgery (71–73). It was noted that MRI showed that some gouty patients already had significant synovitis and bone erosion at the time of the first acute gout attack, suggesting that damage to the involved joints had already occurred during the subclinical period of gout (74). Our previous study showed that the lower-extremity enthesopathy was also a location that could accumulate in gouty patients but was often overlooked, and we found that the patellar ligament, quadriceps femoris tendon, and quadriceps patellar insertion site were very likely to be deposited by MSU. Moreover, Doppler flow signals indicated acute inflammation of the quadriceps tendon (75) (Figure 1). The management and monitoring of gout complications are an important part of gout treatment; by using modern and advanced imaging methods, we can clearly know MSU depositions so as to better understand disease development and dynamic manifestations.




Figure 1 | Ultrasound evaluation in gouty patients. Longitudinal scans of the patellar ligament and the quadriceps tendon in B-mode and power Doppler ultrasound. (A) The asterisk shows the tophus of the patella ligament. (B) Doppler flow signals indicate acute inflammation of quadriceps tendon. (C) The asterisk shows the tophus of the quadriceps tendon.





Imaging Limitations and Challenges

Overall, imaging methods play an important role in the treatment and management of gout, but there are some limitations. Artifact is common in DECT, especially in nail beds, nose, skin, and peroneal tendons, leading to false-positive results (76, 77). A study displayed that compared to the parameter of 130 HU, adding a tin filter and setting a minimum attenuation of 150 HU could effectively reduce artifacts (78). In addition, DECT cannot effectively evaluate the internal structure of the joint including cartilage, ligament, tendon, and synovial membrane. Compared to US, DECT and MRI are relatively expensive. Moreover, the machine is not easy to move, which has limitations for patients with acute attacks. US is cheaper and more convenient than DECT or MRI. However, unlike DECT, urate deposition volume on US cannot be calculated automatically. The evaluation of crystal volume by US is related to the experience and ability of the readers. In addition, there is a large heterogeneity in the ultrasound instruments and probes used, which might affect the consistency and accuracy of image results. When we use DECT and US imaging methods to monitor the dispersion of crystal deposition under ULTs, we must take into account that DECT only shows the MSU crystal itself, whereas US fully shows the entire tophus volume, including the inflammatory tissues around the crystals, as confirmed by some histological analysis (39, 79). Therefore, the evaluation of DECT for tophi is usually smaller than US. At the same time, we should also note that the tophi often attach to the surface of the joint and the measurement of depth by US is affected by acoustic shadow, leading to the overestimation of its volume by US. On the other hand, compared to US, MRI has better visualization of deep structures and can image multiple planes for a single part, which shows disease pathology in depth.



Imaging Scoring Systems

These advanced imaging have a certain role in evaluating the effect of ULTs, but the current studies are scattered and independent, making it difficult to combine all imaging findings. We need a suitable scoring system with good reproducibility and sensitivity to obtain standardized results. Currently, available US studies use either a binary scoring system or a semiquantitative scoring system. A binary scoring system means that a patient is defined as 1 if they have one of the US features (DCs, tophus, aggregates, or bone erosion) and 0 if they do not (59). A semiquantitative score is defined in terms of the degree to which the US features are present: 0 = none, 1 = a little, 2 = sure, and 3 = large (58). Both scoring systems were found to be sensitive to changes during treatment. However, it should be noted that both scoring methods may overlook minor lesions during follow-up.

Two related studies referred to a scoring system for DECT imaging (41, 80) and proved to be sensitive and effective. The DECT scoring system mainly consists of 4 regions: 1) MTP1 joints; 2) toes; 3) midfoot and ankle joints; and 4) soft tissues (tendons). Results were scored based on the maximum amount of MSU depositions at each site, each scored from 0 to 3 (0 = none, 1 = little dots, 2 = deposit >2 mm, 3 = fused depositions). Moreover, the ultimate score was obtained by adding the scores of the four areas, with a maximum score of 12. The inter-reader correlation coefficient (95% confidence interval) for the DECT MSU deposit score was 0.98 (0.97–0.98). This method could be used to detect the most affected areas of the crystal, and the results were highly consistent with the full-scan results and required significantly less time. Not only is it effective in distinguishing people with and without gout, but also it clearly identifies whether they are responsive to ULTs.

More research is needed to validate the above method, and in the meantime, future research should try to explore whether a more sensitive and accurate scoring system can be found.



Conclusions

Advanced imaging technologies allow us to visualize the pathological process of tissue destruction in gout, providing a new way to explore the disease in vivo. The use of US, DECT, and MRI is beneficial for earlier gout diagnosis and monitor of patients’ response to ULTs and anti-inflammatory drug treatment. The combination of clinical manifestations, laboratory indicators, and imaging techniques can improve the understanding and adherence to treatments of gouty patients, improve their prognosis, reduce complications, and improve their quality of life. At the same time, we need to consider the challenges and limitations of using these imaging technologies. We need a better scoring system and the ultimate location of image examination to explore the optimal serum urate acid levels and the best monitoring methods for gout management.
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Objective

Gout is a local inflammatory disease caused by the deposition of monosodium urate (MSU) crystals in joints or adjacent tissues. When some gout occurs without hyperuricemia, or its clinical symptoms and signs are not typical, the diagnosis of gout will be delayed, so there is an urgent need to find a new biomarker to predict and diagnose of gout flare. Our research attempts to find the key genes and potential molecular mechanisms of gout through bioinformatics analysis, and collected general data and blood biochemical samples of patients with gout and healthy, then analyzed and compared the expression of factors regulated by key genes.



Method

GSE160170 were downloaded from GEO database for analysis. The data were normalized to identify the differentially expressed genes (DEGs), then GO and KEGG enrichment analysis were applied. Protein-protein interaction (PPI) networks and hub genes between DEGs were identified. Then collect general information and blood samples from male patients with acute gout, hyperuricemia and healthy. ELISA method was used to detect pro-ADM levels of different groups, and the data was input into SPSS statistical software for analysis.



Result

We identified 266 DEGs (179 up-regulated and 87 down-regulated) between gout patients and healthy controls. GO analysis results show that DEGs are mostly enriched in inflammatory response, growth factor activity, cytokine activity, chemokine activity, S100 protein binding and CXCR chemokine receptor binding. KEGG pathway analysis showed that DEGs are mainly related to Chemokine signaling pathway and Cytokine-cytokine receptor interaction. ADM, CXCR1, CXCR6, CXCL3, CCL3, CCL18, CCL3L3, CCL4L1, CD69, CD83, AREG, EREG, B7RP1, HBEGF, NAMPT and S100B are the most important hub genes in the PPI network. We found that the expression of pro-ADM in the gout group and hyperuricemia group was higher than that in the healthy group, and the difference was statistically significant.



Conclusion

In this study, a series of bioinformatics analyses were performed on DEGs to identify key genes and pathways related to gout. Through clinical verification, we found that pro-ADM can be used as an inflammation-related biomarker for acute attacks of gout, providing new ideas for the diagnosis and treatment of gout.





Keywords: gout, pro-ADM, comprehensive analysis, inflammation, biomarker



Introduction

Gout is a local inflammatory disease caused by the deposition of monosodium urate (MSU) crystals in joints or adjacent tissues. The pain is often described as burning, tingling or biting (1). Clinically, it can be manifested as gouty arthritis, tophi, uric acid kidney stones or gouty nephropathy. According to data reported in different studies, the global incidence rate is between 0.6-2.9/1000 person-years, and the prevalence rate is between 0.68%-3.90% in adult (2, 3). The incidence and prevalence of gout increase with age, and it is more common in men than in women. In Asia, the sex ratio of gout is about 8:1, which is much higher than in Europe and America (4–6).

The risk factors of gout include both genetic and non-genetic. Among them, hyperuricemia is the most important risk factor for the gout flare. There is a concentration-dependent relationship between serum uric acid levels and the risk of gout (7). Factors which lead to elevated uric acid are also risk factors for gout, such as alcohol, red meat, seafood, sugary drinks, diuretics and chronic kidney disease (8–10). For genetics part, 55 loci have been determined to be related to the risk of gout in the genome-wide association study (11).

The gold standard for diagnosis of gout is the presence of MSU crystals in synovial fluid or tophi under the microscope. MSU crystals are damage-related molecules that stimulate the innate immune pathway. In the pathogenesis of gout, NLRP3 inflammasome is the main way for MSU crystals to trigger cellular inflammatory response. Inflammatory cytokines, especially IL-1β, are key mediators of gout inflammation (12). A variety of regulatory pathways have been found to regulate the activity of inflammasomes and the release of IL-1β (12–15). Many studies have confirmed that the expression levels of some inflammatory factors, including IL-1β, IL-6, IL-8 and TNF-α, are significantly increased in patients with acute gout flare (16, 17), while α1­antitrypsin (AAT) or some anti- Inflammatory factors such as IL-37, TGF-β, IL-10 and IL-1RA (IL1RN) are negative regulators of gout inflammation (18–21). The study by Yu Wang et al. confirmed that the serum levels of xanthine and hypoxanthine in patients with gout were significantly increased, xanthine and hypoxanthine have clinical application value in the diagnosis of gout especially in patients with normal uric acid (22). Xueshan Bai et al. found that serum CA72-4 levels are elevated in patients with frequent attacks of gout and can be used as a predictor of gout attacks (23). However, the biomarkers related to gout inflammation are still unknown, which limits the prediction of gout flare and makes atypical gout misdiagnosed or delayed in diagnosis. The basic research on the pathogenesis of gout and clinical diagnosis and treatment are still in continuous progress and exploration. Our research attempts to find the key genes and potential molecular mechanisms of gout through bioinformatics analysis, and then collect general data and blood biochemical samples of gout patients and normal patients, analyze and compare the expression of key gene regulatory factors, and verify it in the clinic, finally providive a basis for finding novel biomarkers of gout.



Materials and Methods


Data Selection

The GSE160170 data set is downloaded from the GEO official website, and the expression matrix uses GPL21827 [HuGene-1_0-st] Affymetrix human gene 1.0 ST array [transcript (gene) version]. The data set includes six gout samples and six normal samples.



Data Processing

Evaluating the GSE160170 raw data set by using the limma R package. Our study first corrected the data, obtained the expression matrix data set required by the experiment by taking the form of a subset, and then extracted the clinical information of the corresponding sample according to the data sample of the expression matrix for subsequent sample classification, and finally performed the data on GSE160170 according to the gene ID. The normalization process eliminates the influence caused by the batch effect. Through data processing, we finally obtained normal samples (6 cases) as the control group and gout samples (6 cases) as the treat group, using |log2 FC|>2 and adjusted p<0.05 to identify gout-deg.



Enrichment Analysis

The database uses the org.Hs.eg.db database file on the bioconductor platform. The file contains 28 mainstream data files. We analyze the differential genes of gout. GO enrichment analysis (24) and KEGG pathway enrichment analysis (25) analyze the biological processes and key pathways that differential genes are mainly involved in. Among them, GO enrichment analysis P<0.01 is the selection criterion, and KEGG pathway analysis is based on P<0.05 for selection criteria.



Construction of PPI Network

The search tool for searching interacting genes (STRINGv-11.0, https://string-db.org/) database is an online tool for evaluating PPI information. To evaluate the interaction relationship between DEGs, DEGs are mapped to STRING, and the interaction relationship between DEGs is screened from the protein level, and a PPI network that up-regulates and down-regulates DEGs is constructed. Then we used Cytoscape software to construct PPI network visualization. The cytohHubba plug-in was used to screen the HUB genes of the PPI network in Cytoscape, and TOP25 HUB genes were selected for analysis by using Density of Maximum Neighborhood Component (DMNC) in the local-based method and EcCentricity (EC) in the global-based method respectively.



Clinical Patient Selection

This study included 4 patients with acute gout, 6 patients with asymptomatic hyperuricemia (HUA) (no clinical manifestations of gouts, erum uric acid ≥428mol/L), and 4 healthy people (serum uric acid <428mol/L), These patients were all male and selected from the Department of Endocrinology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology. The exclusion criteria are: 1. Patients with Cushing syndrome and patients who have previously used glucocorticoids and non-steroidal anti-inflammatory drugs; 2. Patients suffering from diabetes, hypertension, tumors, liver and kidney insufficiency, acute or chronic infectious diseases, immune system diseases, cardiovascular diseases.



Enzyme-Linked Immunosorbent Assay (ELISA)

Pro-ADM levels were determined by using the human Pro-ADM ELISA kit (CSB-E14356h, CUSABIO, Wuhan, China) according to the manufacturer’s instructions.



Statistical Analysis

The clinical data was analyzed by SPSS28.0 software (IBM, Armonk, NY, USA). The measurement data is represented by the mean ± standard deviation. A one-way analysis of variance (ANOVA) was used to assess the differences between the three groups. P value<0.05 is considered statistically significant.




Results


Identification of Differentially Expressed Genes for Gout

We found 266 DEGs in gout patients, including 179 up-regulated genes and 87 down-regulated genes compared with the healthy control group. We drew a volcano map (Figure 1) and a hierarchical clustering heat map of differential genes (Figure 2). The results show that there is a good difference between these DEGs between the gout group and the control group. PTPRS and DCLRE1C were identified as the most up-regulated and down-regulated genes in gout patients respectively.




Figure 1 | Volcano map of DEGs.






Figure 2 | Heat map of DEGs.





Functional Enrichment Analysis

We use R language to perform GO analysis of differential genes by using the org.Hs.eg.db database file on the bioconductor platform and use David (https://david.ncifcrf.gov/) online tools to perform KEGG enrichment analysis. For biological processes, molecular function and cell composition, a total of 12 GO (Figure 3 and Table 1) and 23 KEGG pathways (Figure 4) were identified. BP mainly focuses on inflammatory response, negative regulation of cell proliferation, immune response,positive regulation of transcription from RNA polymerase II promoter and positive regulation of GTPase activity, CC mainly focuses on extracellular space and extracellular region, MF mainly focuses on chemokine activity and cytokine activity, Growth factor activity, CXCR chemokine receptor binding and S100 protein binding. In addition, KEGG pathway analysis showed that DEGs are closely related to Salmonella infection, Chemokine signaling pathway and Cytokine-cytokine receptor interactio. We can conclude that ADM is located in the extracellular region and region, and participates in the negative regulation of cell proliferation.




Figure 3 | The results of GO of DEGs.




Table 1 | The results of GO of DEGs.






Figure 4 | The results of KEGG of DEGs.





PPI Network and Hub Gene Identification

We submitted DEGs to STRING database to obtain PPI data, and used Cytoscape 3.8.2 to construct a PPI network (Figure 5), and used two algorithms to determine the top 25 genes as key genes (Figures 6 and 7). We intersect the key genes of the two algorithms to obtain a total of 16 key genes, namely ADM, CXCR1, CXCR6, CXCL3, CCL3, CCL18, CCL3L3, CCL4L1, CD69, CD83, AREG, EREG, B7RP1, HBEGF, NAMPT and S100B.




Figure 5 | PPI network of the DEGs.






Figure 6 | Hub genes in the PPI network by DMNC.






Figure 7 | Hub genes in the PPI network by EC.





Verification of Pro-ADM in Clinical Samples

Through bioinformatics methods, we found that ADM is not only an up-regulation of DEG for gout, but also highly correlated with pathways obtained by differential gene enrichment analysis, and it is also one of the hub genes in the PPI network of the DEGs. In order to verify the clinical application potential of ADM gene, ELISA method was used to detect the protein level encoded by ADM gene in clinical samples. ADM is a peptide hormone isolated from human adrenal medulla chromaffin cells and belongs to the calcitonin gene-related peptide superfamily. Due to the short half-life of ADM, pro-adrenomedullin (pro-ADM) detection is used clinically instead.

The average age of the three groups was: 34 years old in the gout group, 35 years old in the HUA group, and 44 years old in the healthy control group. There was no significant difference in age (P> 0.05) (Table 2). The blood uric acid level of the gout group and the hyperuricemia group was higher than that of the control group, and the difference was statistically significant (Table 2). The expression of serum pro-ADM of the acute gout group and the hyperuricemia group was higher than that of the control group, and the difference was statistically significant (Figure 8).


Table 2 | Comparison of datas of patients in three groups (*P < 0.05 vs. control).






Figure 8 | Comparison of serum Pro-ADM levels among gout patients, hyperuricaemia patients and control (*P < 0.05 vs. control).






Discussion

Gout is a metabolic disease that seriously endangers human health. It is caused by local inflammation caused by the deposition of monosodium urate (MSU) crystals in joints or adjacent tissues. In this study, we downloaded and analyzed data from 6 gout patients and 6 healthy controls from the GEO database. We identified a total of 266 DEGs, including 179 up-regulated DEGs and 87 down-regulated DEGs. These genes include PTPRS, SLED1, ACSL1, CXCL8, DCLRE1C, FAM217A and ADM, etc. Then we use the database to enrich and analyze these differential genes. The results show that these genes are mainly involved in immune response, inflammatory response and other processes, and are enriched in chemokine signaling pathways and cytokine-cytokine receptor interactions. Process-related genes include CXCL8, CCL3L1, ADM, CXCL1, TNF, IL1A, IL6, etc., among which ADM is highly related to these pathways. Finally, by constructing a PPI network, we took the intersection of the hub genes obtained by two algorithms, and obtained a total of 16 key genes, namely CXCR1, CXCR6, CXCL3, CCL3, CCL18, CCL3L3, CCL4L1, CD69, CD83, AREG, EREG, B7RP1, HBEGF, NAMPT, S100B and ADM.

We analyzed these 16 genes in the next step. CXCR1, CXCR6, CXCL3, CCL3, CCL18, CCL3L3, CCL4L1 are all family members related to chemokines. The protein encoded by the CXCR1 gene is a member of the G protein-coupled receptor family and is a receptor for interleukin 8 (IL8). The combination of two leads to the activation of neutrophils (26). CXCR1 related diseases include acute pyelonephritis, cancers and human immunodeficiency virus type 1 (27), etc. related pathways include Akt signaling pathway and CCR5 pathway in macrophages. Yangang Wang et al. conducted a case-control study to investigate the relationship between the onset of gouty arthritis in Chinese Han men with CXCR1 and CXCR2 gene polymorphisms. The study found that the CXCR1 gene rs2234671 and CXCR2 gene rs1126579 in the gouty arthritis group were not related to the susceptibility of gout in Chinese men. The CXCR2 gene rs2230054 is related to the susceptibility of gout in Chinese men (28). Research by Ying Ye et al. showed that CXCR1/CXCR2 antagonist G31P can reduce the inflammatory progression of chronic uric acid nephropathy and play a role in renal protection (29). CXCR6’s exclusive ligand Chemokine Ligand 16 (CCL16) is a part of the signaling pathway that regulates the migration of T lymphocytes to various peripheral tissues (lung, intestine, liver, skin and spleen red pulp), and promotes cell-cell migration. The diseases associated with CXCR6 include tumors, diabetes, respiratory diseases and immunodeficiency (30–32). Studies have found that the concentration of CXCL16 is significantly increased in the synovial fluid of patients with gout, and the migration of polymorphonuclear neutrophils in response to CXCL16 has been observed in vitro (33). CCL3 encodes macrophage inflammatory protein 1 α (M1P-1 α), which plays a role in inflammation by binding to CCR receptors. Related pathways include Akt signaling pathway and CCR5 pathway in macrophages (34). Studies have shown that the combination of TNF-α, GM-CSF and MSU will cause neutrophils to produce IL-8 and eliminate the release of MIP-1α, leading to the recruitment of neutrophils, which is consistent with the pathological state of gout (35). The expression of CD69-encoded protein is induced when T lymphocytes are activated, and may play a role in proliferation. Studies have found that the expression of CD69 in mucosal-associated invariant T (MAIT) cells in gout patients is increased, and it is increased by the stimulation of MSU crystals (36), and studies have suggested that allopurinol, a gout treatment drug, can attenuate the upregulation of CD69 (37)..

ADM is a peptide hormone isolated from human adrenal medulla chromaffin cells and belongs to the calcitonin gene-related peptide superfamily. ADM is mainly synthesized and secreted by vascular endothelial cells and smooth muscle cells, and mRNA is highly expressed in adrenal gland, heart, lung, kidney and other tissues. ADM can bind to CGRP receptors or its specific receptors, and exert various physiological effects through nitric oxide (NO), cyclic adenosine monophosphate (cAMP), IP3-Ca2+ or cyclic guanosine monophosphate (cGMP) pathways. ADM has a wide range of physiological effects. It has the effects of inhibiting the secretion of aldosterone, natriuretic and diuretic, inhibiting the proliferation of vascular smooth muscle, and anti-infection. ADM is closely related to diseases such as heart failure, myocardial infarction, sepsis. The plasma ADM can not only be used for the treatment of heart failure, but its elevated index is also an independent factor for the poor prognosis of chronic congestive heart failure (38). ADM can be used as an independent indicator of the prognosis of acute myocardial infarction (39). ADM can also help diagnose sepsis and assess its severity. Because ADM has a short half-life, clinically, the intermediate products that are stable when ADM is cleared in the circulation, namely adrenomedullin precursor (pro-ADM) and intermediate adrenomedullin precursor (MRpro-ADM) are used instead. ADM is generated from the ADM precursor consisting of 185 amino acids (preproadrenomedullin) by post-translational enzymatic processing (40). ADM is processed from proadrenomedullin as glycine-extended ADM (ADM-glycine), an intermediate form of ADM. Subsequently, mature ADM is converted from ADM-glycine by enzymatic amidation (41). Another 20-amino acid peptide is also generated and called proadrenomedullin N-terminal 20 peptide (PAMP) (42, 43).The mechanisms of the increase of pro-ADM in different diseases are not completely the same, but they are all related to the physiological effects of ADM. The increase in blood volume and activation of sympathetic nerves in patients with chronic heart failure leads to an increase in plasma ADM concentration. The increased secretion of ADM can dilate blood vessels, maintain vascular integrity, inhibit the renin-angiotensin-aldosterone system, and inhibit ventricular remodeling (44). The increase in ADM in patients with infectious diseases such as sepsis is due to its bactericidal, anti-inflammatory, and immune-regulating effects (45). In addition to its own antibacterial and anti-infective effects, ADM can also bind to complement regulatory factor H and interact with it. Complement regulatory factor H prolongs the action time of ADM, and ADM accelerates the clearing of C3b (46).

As an emerging indicator of inflammation, pro-ADM has not been studied to show changes in patients with gout. We speculate that the involvement of ADM in gout may be related to the following aspects. Immune cells such as macrophages, lymphocytes, neutrophils and microglia in the body can synthesize and secrete ADM. ADM secreted by immune cells can inhibit the up-regulation of neutrophil CD11b levels and increase the content of neutrophil cAMP. Under the stimulation of bacterial mucopolysaccharide, ADM can increase IL-6 and decrease the secretion of TNF-α. Macrophages are important innate immune cells in the human body. They differentiate into different phenotypes at different stages of gout, and participate in the occurrence and alleviation of inflammation. Studies have shown that monocytes/macrophages should be considered as the main source of ADM in the circulating blood, and the secreted ADM may regulate the function of macrophages (47). In addition, TNF-α and IL-1β can enhance the synthesis and secretion of ADM (48, 49). We already know that the key step of gout attacks also include neutrophil activation leading to apoptosis inhibition and degranulation. ADM can inhibit mitochondrial-mediated apoptosis through the Akt/GSk-3β pathway, reducing the activity of caspase3, cytochrome C translocation from mitochondria to Cytoplasmic is inhibited, the mRNA and protein expression of Bcl-2 increases, and the Bcl-2/Bax ratio increases. This may also be one of the ways ADM participates in the regulation of gout. When gout affects the kidneys in the late stage, renal insufficiency and even acute and chronic renal failure may occur, manifested by symptoms such as water and sodium retention, high blood pressure, and heart failure. These symptoms can lead to increased blood volume and activation of sympathetic nerves, thereby promoting the secretion of ADM and the increase of pro- ADM levels. This theoretical speculation is consistent with the conclusion we have reached through bioinformatics methods: ADM is not only an up-regulation of DEG for gout, but also highly correlated with pathways obtained by differential gene enrichment analysis, and it is also one of the hub genes in the PPI network. Finally, through the detection of pro-ADM levels in clinical samples, we confirmed that pro-ADM is involved in gout flare. Patients with gout and hyperuricemia are relatively easy to distinguish by clinical symptoms and signs. The difficulty in clinical diagnosis of gout is that the blood uric acid level of gout patients is not necessarily elevated, so it is difficult to distinguish it from other arthralgia diseases. We also conducted DEGs analysis on rheumatoid arthritis and spondyloarthritis through bioinformatics methods. GSE134087 (rheumatoid arthritis) and GSE58667 (spondy arthritis) were downloaded from GEO database. We found that ADM is a stably expressed gene for rheumatoid arthritis and spondyloarthritis. Therefore, we believe that detecting the level of Pro-ADM is helpful for diagnosing gout, which is also the clinical significance of this study.

The main limitations of this study are that the sample size is small and all the participants are male, which may lead to the non-universal results. In future work, we will further expand the sample size and include female investigators in the study. In addition to gout, pro-ADM may also be affected by other factors. Finally, all subjects in this study are Chinese, and it is uncertain whether the results of this study can be generalized to other races. Despite these limitations, this is still the first one to study the potential biomarkers and pathogenesis of the acute attacks of gout through bioinformatics methods combined with clinical sample verification.



Conclusions

Our data provides a comprehensive DEGs bioinformatics analysis to find molecular mechanisms related to gout. We found that pro-ADM can be used as a new inflammation-related biomarker to predict and diagnose the acute attacks of gout in male patients, which provides new insights for the development of it. In the future, further experiments at the cellular and molecular levels will be needed to confirm its role in pathogenesis of gout.
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Objective

To determine the nationwide prevalence of hyperuricemia in China and evaluate its trends and associated risk factors.



Methods

Using a multi-stage, stratified, cluster-randomized sampling design, two cross-sectional surveys (representative of national and provincial information) were conducted in 31 provinces (autonomous regions and municipalities) in mainland China, with 166, 861 Chinese adults in 2015–16 and 168, 351 in 2018–19. Serum uric acid (SUA) levels of all participants were measured after a >10-hour overnight fast. Hyperuricemia (HUA) was defined when SUA was >420 μmol/L. Prevalence estimates were weighted to represent the total population considering the complex sampling design. Multivariable logistic regression models was used to estimate factors associated with HUA.



Results

The overall hyperuricemia prevalence in the Chinese adult population was 11.1% (95% confidence interval 10.3% to 11.8%) in 2015–16 and 14.0% (13.1% to 14.8%) in 2018–19; an alarming rise was observed in the three years. Hyperuricemia was more common in men with 19.3% (17.9% to 20.7%) in 2015–16 and 24.4% (23.0% to 25.8%) in 2018–19, although the prevalence also escalated from 2.8% (2.5% to 3.0%) in 2015–16 to 3.6% (3.2% to 4.0%) in 2018–19 in women. The hyperuricemia risk factors include the urban culture, settlement in the East, Zhuang descent, high education, heavy or frequent beer drinking, high red meat intake, physical inactivity, high body mass index, central obesity, hypertension, hyperlipidemia, and low glomerular filtration rate.



Conclusion

The estimated hyperuricemia prevalence among Chinese adults was 14.0% in 2018-19; significant escalating trends were observed between 2015-16 and 2018-19.





Keywords: hypeuricemia, prevalence, trends, Chinese, gout



Introduction

Hyperuricemia (HUA) has gradually become an important worldwide public health issue (1). HUA is critically involved in the development of gout (2), and elevated serum uric acid (SUA) is associated with increased risks of onset and progression of chronic kidney disease, end-stage kidney disease (3, 4), cardiovascular events, and death (5, 6). People with high SUA have shown an increased risk of readmission for heart failure and longer hospital stays (7). A national health and nutrition examination survey in the United States revealed similar mortality risks for HUA and diabetes (8).

The prevalence of HUA among Chinese adults in 2009–2010 was 8.4% (9). Miao et al. reported a significantly higher HUA prevalence (18.32% in men; 8.56% in women) in coastal cities in 2008 (10), and a recent study showed HUA prevalence of 11.3% (20.7% in men; 5.6% in women) in the eastern Chinese population (21 cities from the five provinces of Shanghai, Zhejiang, Jiangsu, Anhui, and Jiangxi) in 2014-15 (11). According to a recent meta-analysis, the HUA prevalence has been increasing steadily in China in the past few decades (12). However, large-scale national population-based data is lacking in China.

In this study, data from two representative surveys, presenting national and provincial data, conducted from 2015–16 and 2018–19, were researched to determine the nationwide prevalence of HUA in China and evaluate its trends and associated risk factors.



Methods


Study Population

The Chinese Chronic and Risk Factor Surveillance (CCDRFS) is the national system that conducts health-related surveys on Chinese adults regarding chronic and noncommunicable diseases and their risk factors. Established in 2004, CCDRFS has conducted six field surveys so far; four in 2004, 2007, 2010, and 2013 and the other two, the most recent ones, in 2015 and 2018 within the Disease Surveillance Points (DSPs) system covered 31 province (autonomous regions and municipalities) (Supplementary 1 and Supplementary Figure 1). Since CCDRFS 2013, 298 surveillance counties/districts were randomly selected from the DSPs system (13, 14). These surveys were designed to represent both national and provincial data. The target population included adults aged 18 years and above and living in mainland China. The residents who met the following inclusion criteria were included: aged 18 years or older; having lived in the address for more than 6 months in the past 12 months; not pregnant; not having a serious health condition or illness that prevents from participating, including intellectual disability or language disorder. The ethical review committee of the Chinese Center for Disease Control and Prevention (China CDC) approved the CCDRFS 2015 (approval number 201519-B) and that of the National Center for Chronic and Noncommunicable Disease Control and Prevention, China CDC approved the CCDRFS 2018 (approval number 201819). All participants of the CCDRFS study consented in writing.



Sampling Methods

The CCDRFS 2015 and CCDRFS 2018 used a complex multi-stage cluster sampling method to select eligible participants within every surveillance district/county for every survey. First, three townships or subdistrict were selected using the systematic sampling method. Second, two administrative villages or communities were selected using the same sampling technique as in each chosen township/subdistrict. Third, each administrative village or community was divided into several residential quarters, each with nearly 60 households. Finally, 45 households from one residential quarter were selected to be the target households. The selected households and eligible family members were invited to participate in the survey. Both of two surveys started on Auguest and by June of the next year. In total, 82 995 of the 87 086 households in 2015–16 and 83 902 of the 89 689 households in 2018–19 completed the survey, giving a 94.4% family response rate. Of 389 617 eligible participants, 374 630 completed the interview, giving an individual response rate of 96.2%. Figure 1 shows the detailed sampling frames.




Figure 1 | Flow diagram of study sample.





Data Collection

Each field survey started in August of the survey year, with most interviews and exams finished in the same year. All remaining visits were completed by June of the next year. In both surveys, a householder or adult who knew the details of the household well was interviewed using a questionnaire. The economic information of the household and basic information of all family members (e.g., birth date, sex, and name) were collected. Participants who met the inclusion criteria were given individual questionnaires to obtain detailed information on demographic characteristics, lifestyle factors, and the history of chronic diseases. Smoking status was obtained using the Global Adult Tobacco Survey questionnaire. The Global Physical Activity Questionnaire was used to assess physical activity. Dietary behavior in the preceding 12 months was evaluated using a food frequency questionnaire. The participants were also invited to a community health service station for measuring physical attributes and collecting biological samples. Weight and height were measured using a standard protocol, and body mass index (BMI) was calculated by dividing the weight in kilograms by the square of height in meters. Waist circumference was measured in the standing position, midway between the lower edge of the costal arch and upper edge of the iliac crest. Systolic and diastolic blood pressures were measured three times, with one-minute intervals in between, using an electronic sphygmomanometer (HBP-1300; OMRON Healthcare Product Development Dalian Co., Ltd., Dalian, China) after the participants had rested for 5 minutes in a seated position. Therefore, each parameter was recorded three times and the average of the last two readings was used for data analysis. Blood samples were collected in the morning, after an overnight fast of ≥10 hours. In 2018-19, an oral glucose tolerance test (OGTT) was also performed; the participants without a self-reported history of diabetes were given a standard 75 g glucose solution, and plasma glucose levels were measured at 0 and 2 hours after its administration. Besides, in 2018-19, the participants were asked to collect samples of their first-morning urine at home and submit them to the interviewers when they arrived at the health service station. After pretreatment at the health service station, the plasma, serum, and urine samples were transported at 4°C within 2 h of pretreatment to the laboratories of the local Centers for Disease Control and Prevention (CDCs), and stored in a deep freezer or dry ice at −20 or −80°C, respectively. Plasma glucose was detected within 48 h after sample collection. Within one month of collection, all serum and urine samples frozen at −80°C with dry ice were shipped by air to the central laboratories. The uric acid, total cholesterol (TC), triglycerides (TG), and creatinine in serum, and creatinine and microalbumin in urine, were tested using an automatic biochemical analyzer. Supplementary Table 1 shows the details of the methods and equipment used in the two surveys to test for biochemical indicators. Trained interviewers from the local CDCs carried out all the interviews and measurements and collected biochemical samples. All local labs were certified for quality before the analysis, and the quality was maintained and validated through daily quality checks. The central labs were certified by the College of American Pathologists and followed stringent quality control procedures for all tests.



Definition of HUA and Related Factors

Given that the level at which uricemia becomes abnormal is still disputed, we have defined HUA according to the commonly used cut-off point of 420 μmol/L, for both men and women. Besides, for HUA in women, we exclusively used a sex-specific cut-off of 360 μmol/L (9). The participants were categorized into six groups based on age: 18–29, 30–39, 40–49, 50–59, 60–69, and ≥70 years. The neighborhood committees and villages were considered as urban and rural areas, respectively. According to the geographical location, the 31 provinces (autonomous regions and municipalities) were classified into three regions: the East, Middle, and the West (Supplementary Figure 1). Participants were divided into the following groups based on educational attainment: those who finished primary school or less, those who finished secondary school, those who finished high school, and those who finished college or above. Seven ethnic groups were presented: Han, Hui, Manchu, Tibetan, Uighur, Zhuang, and others (including 50 ethnic minority groups). Household per capita income was classified into four groups with tertile, and participants who refused to provide or did not know the income was categorized as a separate group. Participants who were smoking during the survey period were defined as smokers. Male participants who drank pure alcohol ≥25 g/d and female participants who drank pure alcohol ≥15 g/d were defined as heavy drinkers (15). Insufficient intake of vegetables and fruits and physical inactivity were identified based on WHO definitions (16). According to standard WHO criteria, overweight was defined by a BMI of 25.0 to 29.9 kg/m2, and obesity by a BMI of 30.0 kg/m2 or higher. Having a waist circumference of 90 cm or more in men and 85 cm or more in women was defined as central obesity. Hypertension was diagnosed when the systolic blood pressure was ≥140 mmHg, diastolic blood pressure was ≥90 mmHg, or the participants were taking medications for the treatment of high blood pressure during the survey period (17). High total cholesterol (TC) was defined by TC ≥ 6.22 mmol/L and high low-density lipoprotein cholesterol (LDL-C) was defined by LDL-C ≥ 4.14 mmol/L (18). Among participants without a self-reported diabetes history before the survey, those with fasting blood glucose ≥7.0 mmol/L or/and OGTT glucose ≥11.1 mmol/L were regarded as participants with newly diagnosed diabetes, and those with fasting blood glucose in the range of 6.1–6.9 mmol/L or/and OGTT glucose in the range of 7.8–11.0 mmol/L were regarded as prediabetic (19). The estimated glomerular filtration rate (eGFR) was considered low when the eGFR was <60 ml/min*1·73m2. Albuminuria was defined as urine microprotein/creatinine >30 mg/g (20).



Statistical Analysis

We excluded 24 313 participants with missing or abnormal values for demographic or socio-economic characteristics and 15105 participants with missing or abnormal blood uric acid data. Therefore, a total of 335 212 individuals (166 861 from CCDRFS 2015 and 168 351 from CCDRFS 2018) were included in this analysis. We described the sample size of the study population and the general characteristics of Chinese adults aged 18 years and above. All estimates, including those of prevalence, proportions, and means, were adjusted for age based on China’s 2010 census released by the National Bureau of Statistics. Logistic regression models were used to study the linear trends in the prevalence of hyperuricemia over the survey years. The chi-square test was used to compare prevalence estimates between groups (e.g., divided based on residential status, smoking history, and hypertension history), and logistic regression models were used to examine the trends of ordered categorical variables (e.g., age, education attainment, and income). Based on mixed data from two surveys, survey, multiariable logistic regression was used to examine the association of the odds of hyperuricemia with potential risk factors, including demographic characteristics, behaviro habits, and chronic conditions. Taylor series linearization method with a finite population correction was used to estimate standard errors (SE), accounting for the complex sampling design. All tests were two-sided, and a P-value < 0.05 was considered statistically significant. All analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, North Carolina, USA). Choropleth maps were generated using the R software (version 3.6.1).
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Results

The general characteristics of the study population and distribution of potential risk factors are shown in Table 1. A total of 166,861 and 168,351 adults were included in the surveys of 2015–16 and 2018–19, respectively. The weighted mean age was 43.9 (SD 16.0) years in the 2015–16 survey and 43.7 (SD 16.1) in the 2018–19 survey. Compared to those in 2015–16, the adults in 2018–19 were better educated, earned a higher income, consumed red meat more commonly, were physically inactive, and had higher TC and TG levels.


Table 1 | General Characteristics of Samples in Two Surveys*.



In 2018–19, the weighted prevalence of HUA was 14.0% (95% CI, 13.1–14.8%) in Chinese adults, with a higher estimate in men (24.4% [95% CI, 23.0–25.8%]) than in women (3.6% [95% CI, 3.2–4.0%]) (P<0·001). Significant age-based differences were also observed. The prevalence was the highest at 32.3% in the 18–29 years old group and then decreased with age; the lowest was at 17.0% in men in the 60–69 years old group. However, in women, the prevalence decreased in the childbearing age and increased after menopause. Besides, the prevalence increased with education and income; it was 19.0% in adults who had high education (finished college or above) and 16.9% in those with the highest income. Comparing the major ethnic groups, the HUA prevalence was the highest in Zhuang (17.1% [95% CI, 14.3–20.0%] and the lowest in Uighur (2.1% [95% CI, 0.6–3.0%]). The prevalence also differed significantly based on geography and human settlement; it was higher in the urban areas, Eastern China, and the coastal provinces (Table 2 and Figure 2). And the prevalence was also higher in participants with specific health-related risk factors (e.g., smoking, heavy drinking, high red meat intake, physical inactivity, overweight or obesity, etc.; Table 3).


Table 2 | Prevalence of hyperuricemia among adult in mainland China by characteristics, 2015-16 and 2018-19*.






Figure 2 | Geographic distribution of hyperuricemia prevalence in 2018–19 and changes from 2015–16 to 2018–19.




Table 3 | Prevalence of hyperuricemia among adults in mainland China by risk factors and major chronic diseases, 2015-16 and 2018-19*.



Between 2015–16 and 2018–19, the HUA prevalence had increased by 2.9% (95% CI, 2.5–3.3%, P<0.05). The increase was higher in men, younger people (18-29 and 30-39 years old), the best educated (those who finished college or above), urban adults, and those living in Eastern China (all P <0.05). Compared to 2015–16, the HUA prevalence increased in 2018–19 in the Han (P <0.05) and Manchu (P <0.05) groups, while no significant changes were observed in the other ethnic groups (Table 2). Furthermore, the prevalence increased more rapidly between the two periods in adults with health-related risk factors, including smoking, heavy drinking, high red meat intake, physical inactivity, BMI ≥25 kg/m2, central obesity, high TC and TG levels (all P <0.05, Table 3). The estimated HUA prevalence in women increased from 9.6 to 11.5% between 2015–16 and 2018–19, when HUA was defined as SUA >360 µmol/L (Supplementary Table 3).

We further estimated the mean levels of SUA. From 2015–16 to 2018–19, the mean levels of SUA among Chinese adults increased from 310.0 µmol/L (95% CI 306.6– 313.4 µmol/L) to 320.8 µmol/L (95% CI 317.8–323.9 µmol/L, P<0.0001), with a higher increase observed in men (Supplementary Table 2). It reached 387.3 µmol/L (95% CI 379.7–394.9 µmol/L) in men aged 18–29 years in 2018–19 (Supplementary Table 4). Furthermore, the percentage with severely high SUA levels increased notably; 15.3% had SUA values >540 µmol/L and 5.3% had SUA values >600 µmol/L. Severely high SUA levels were more common in the urban residences, and the adults with younger age or higher education (Supplementary Table 5).

The risk factors for HUA were evaluated using data combined from the two surveys (Figure 3). Factors that were significantly associated with HUA include age between 18 and 29 years or above 70 years, urban residency, location in East, Zhuang descent, high income, red meat intake >100 g/d, physical inactivity, high BMI, central obesity, hypertension, and high TC and TG levels. In addition, Tibetan descent, age 30–39 years, heavy alcohol/beer drinking at least once a week, and high educational qualification were risk factors of HUA in men. Smoking was inversely correlated with HUA in men. Based on the 2018–19 data, prediabetes, diabetes, low eGFR, and albuminuria were notable risk factors associated with HUA.




Figure 3 | Risk factors associated with hyperuricemia among adults in mainland China.





Discussion

This nationwide study estimated that approximately 14.0% of Chinese adults (18 years or older) had HUA in 2018–19, among them 15.2% had an SUA value >540 µmol/L and 5.3% had an SUA value >600 µmol/L. HUA prevalence had significantly increased in three years from 11.1% in 2015–16 to 14.0% in 2018–19. In the national survey in 2009–10, the overall HUA prevalence in Chinese adults was 8.4% (9). The sustained increase in the prevalence of HUA in the past decade indicates that HUA has reached warning levels in the general Chinese population.

The HUA prevalence in China is similar to that in developed countries. A national survey in Japan reported an HUA prevalence of 13.4% in 2016–17 (21), while national research in the United States (US) reported HUA prevalences of 14.6% in 2015–16 and 15.9% in 2007–08, suggesting that the HUA prevalence in the US was stable over the past decade (22). However, the HUA prevalence is steadily growing in China, attributed to its booming economy and large-scale urbanization (23). Economic development has brought about lifestyle changes that have increased the prevalence of metabolic diseases, such as HUA, obesity, diabetes, and hypertension (24). Moreover, increased red meat intake, physical inactivity, higher BMI, and central obesity were observed in 2018–19 compared to that in 2015–16.

HUA appears to be more common in men. A prevalence of 24.7% in men and 5.2% in women was reported in the US in 2015–16 (22). Our values were similar to these, with a prevalence of 24.4% in men and 3.6% in women in 2018–19 in China. The lower HUA prevalence and SUA levels in women may be hormonal, attributed to the effects of estrogen, or their lifestyles (25, 26). HUA prevalence in women in China was reported to be 7.0% in a national survey in 2009–10 with HUA defined as SUA>360 µmol/L. This percentage rose to 11.5% in 2018–19, when HUA was defined to be SUA >360 µmol/L in our survey; 7.9% of Chinese women had SUA levels between 360 and 420 µmol/L. However, it is inappropriate to classify women with SUA levels of 360–420 µmol/L as positive for HUA because there is lacking of definited evidence that SUA levels >360 µmol/L in women are beyond the saturation level in blood and cause possible pathological injury. In this study, we have defined HUA with an SUA level >420 µmol/L, regardless of sex (27, 28), although research has shown that the SUA threshold for all-cause mortality was 320 µmol/L in men and 280 µmol/L in women in Italian cohorts (29). Above all, The prevalence of HUA in Chinese women has been rising steadily in the past decade, and the female population with SUA levels of 360–420 µmol/L may be at a high risk of developing HUA.

The risk factors for HUA were evaluated in this study. Age (18–29 or >70 years), urban culture, geographical location (settlers in the East), high education, Zhuang descent, heavy drinking or frequent beer drinking, high red meat intake, physical inactivity, high BMI or central obesity, hypertension, hyperlipidemia, prediabetes, diabetes, and low eGFR were risk factors for HUA. We observed a significantly high prevalence amongst young people aged 18-29 years old in China, which may be a result of unhealthy lifestyles, including high-stress levels at work, the habit of eating out, physical inactivity, and high-fructose intake (7, 26, 30–32). Recent research has shown that HUA occurs earlier than other metabolic disorders, including hypertension, hypertriglyceridemia, and diabetes mellitus, suggesting that HUA may play an upstream role in cardio-metabolic disease development (33). HUA has been confirmed to be an independent risk factor for metabolic disorders, and in our research the metabolic disorders, including obesity, hypertension, hyperlipidemia, and diabetes, have shown associations with HUA.

Eastern China has a relatively higher prevalence of metabolic diseases than the rest of the country (34, 35). A regional survey of the eastern Chinese population from January 2014 to December 2015 sh2owed an HUA prevalence of 11.3% (11). Our results showed that the prevalence, which was 12.2% in 2015–16, ascended to 17.1% in 2018–19. It may be attributed to the developed economy (36) and abundant seafood consumption in the coastal areas (10).

We observed notable differences in HUA prevalence among different ethnicities in China. The prevalence was 14.1% in the Han, as high as 17.1% in the Zhuang, as low as 2.1% in the Uighur in 2018–19. The mean SUA level was also strikingly lower in the Uighur than in the other ethnic group. These ethnic variations of HUA prevalence may be associated with their different lifestyles. A recent survey in Xinjiang reported a similarly low HUA prevalence in the Uighur community (37), and correlated it with the low alcohol intake in Uighur. However, apart from lifestyles, genetic backgrounds may potentially influence the HUA prevalence among the different ethnic groups.

To our knowledge, the CCDRFS is the only surveillance that provide both national and preovincial representative information on chronic diseases and risk factors, including uric acid level in China. Standardized survey instruments, consistent sampling method, high participants acceptance rate, and quality control protocol guarantee the reliablitly and comparability of the results over the years. Espeicially, all blood samples were tested for uric acid by standard option process in the central laboratory, which provide us high quality data. Nevertheless, two limitations should be considered when interpreting the study results. First, women and rural people were overly sampled in this study. To control this, all results were weighted by the Chinese population distribution. Second, it was a cross-sectional survey, which hampered the study’s ability to determine the causal relationship between risk factors and hyperuricemia development.

In conclusion, from the two large-scale national surveys, we observed an HUA prevalence of 14.0% in the Chinese population (approximately 19.19 million individuals) in 2018–19. The prevalence has been constantly increasing, with the younger generation being affected more. These findings indicate the importance of HUA as a public health problem in China.
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Gout is a common inflammatory arthritis caused by the deposition of sodium urate crystals in the joints. Hyperuricemia is the fundamental factor of gout. The onset of hyperuricemia is related to purine metabolism disorders or uric acid excretion disorders. Current studies have shown that the intestine is an important potential organ for the excretion of uric acid outside the kidneys. The excretion of uric acid of gut is mainly achieved through the action of uric acid transporters and the catabolism of intestinal flora, which plays an important role in the body’s uric acid balance. Here we reviewed the effects of intestinal uric acid transporters and intestinal flora on uric acid excretion, and provide new ideas for the treatment of hyperuricemia and gout.
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Introduction

Gouty arthritis is an inflammatory disease caused by the deposition of sodium urate crystals in and around the joints caused by long-term hyperuricemia (1). Uric acid is the final product of human purine metabolism. Uric acid in the human body maintains a dynamic balance under the action of the liver, kidneys and intestines. When the balance is lost, the serum uric acid level will increase (2). Hyperuricemia (>6.8mg/dL) is the main cause of gout and a risk factor for cardiovascular disease, kidney disease, metabolic syndrome and other diseases (3–6). Under physiological conditions, two thirds of uric acid is excreted from the kidneys and one third is excreted through the intestines (7). Hyperuricemia was divided into overproduction of uric acid and insufficient excretion (8, 9). In recent years, the hypothesis of “kidney overload” is increasingly recognized, suggesting that the types of hyperuricemia should be changed to renal excretion disorders and renal overload types, which including insufficient extrarenal excretion and excessive uric acid production (10). The extrarenal excretion of uric acid is mainly achieved through the intestinal tract. The current uric acid lowering drugs mainly include three categories: inhibiting the production of uric acid, promoting the dissolution of uric acid, and promoting the excretion of uric acid in the kidneys (11). Several drugs can inhibit the production of uric acid, such as allopurinol, febuxostat, and topiroxostat. Allopurinol reduces the synthesis of uric acid by inhibiting xanthine oxidase. However, allopurinol hypersensitivity syndrome (AHS), in which allopurinol has a fatal risk, warrants attention, and the incidence of AHS is higher in Asians, especially Han people (12). As a non-purine xanthine oxidase inhibitor, febuxostat is better than allopurinol in inhibiting the production of uric acid. However, it has been reported that febuxostat can increase the mortality of cardiovascular events in patients with gout. Other adverse reactions include muscle pain, elevated liver enzymes, etc. (11, 13). Recombinant uricase that promote the dissolution of uric acid, such as rasburicase, pegloticase, and pegloticase have a higher probability of infusion-related reactions such as rash, headache, and dyspnea (14, 15). Benzbromarone, probenecid, and lesinurad can promote the excretion of uric acid in the kidney. Benzbromarone inhibits the reabsorption of uric acid in the renal tubules to achieve the purpose of lowering uric acid, which can lead to the formation of uric acid kidney stones and liver toxicity (16). Probenecid and lesinurad reduces uric acid reabsorption by inhibiting the activity of renal uric acid transporter, but adverse reactions may occur in various systems (17). A clinical trial has shown that lesinurad monotherapy treats increased serum creatinine and the occurrence of renal-related adverse events (18). At present, the target of drugs for promoting uric acid excretion is mainly concentrated in the kidneys, which will increase the burden on the kidneys, especially for patients with chronic kidney disease. As the largest organ of the human body, the intestine has a huge potential for uric acid excretion, and it is hoped that it will become a safer and more effective target organ for lowering uric acid drugs. This article reviews the metabolic pathways of uric acid in the intestines and the possible therapeutic targets derived therefrom.



Metabolic Pathway of Uric Acid

Uric acid is mainly synthesized in the liver, and a small amount is produced in the small intestine. It is the final product of human purine metabolism. Purine nucleotides generate adenosine, inosine and guanosine under the action of adenosine deaminase, adenosine is deaminated to form inosine, and inosine and guanosine are further converted into hypoxanthine and guanine, hypoxanthine Purine forms xanthine under the action of xanthine oxidase, and guanine deaminates to form xanthine. Xanthine is oxidized again by xanthine oxidase and finally produces uric acid (Figure 1) (19, 20). In most mammals, uricase can oxidatively degrade uric acid into the soluble compound allantoin. In the process of human evolution, the gene encoding uricase has undergone inactivation mutations, resulting in a lack of uricase (21). It has been shown that two-thirds of the uric acid in the human body is excreted from the kidneys, one-third is excreted from the intestines and bile, and the proportion of uric acid excreted by bile is very small. The kidney regulates the excretion of uric acid through the reabsorption and secretion of proximal tubules, and this process is mainly achieved through uric acid transporters (22, 23). Uric acid transporter dysfunction plays an important role in the pathogenesis of hyperuricemia. Genome-wide association studies (GWAS) found that many genes related to hyperuricemia and gout. The genes encoding proteins referred to as uric acid transporter (24, 25), including URAT1, OAT4 and SLC2A9 that mediate the reabsorption of uric acid, and transporters such as ABCG2, OAT1, OAT2, OAT3, and MRP4 that mediate the secretion of uric acid (Figure 2) (26).




Figure 1 | Metabolism of uric acid.






Figure 2 | Urate transporters in the kidneys and intestine in humans. GLUT9 and URAT1 on the proximal tubule cells mediate renal urate reabsorption, while GLUT9 on the enterocytes mediate urate excretion in the intestine. ABCG2 is involved in urate export in both the intestine and the kidney. OAT1, OAT2 and OAT3 are present on the basolateral membrane of renal proximal tubule cells and mediates urate secretion.





The Effect of Intestinal Uric Acid Transporters on Level of Uric Acid

The blood uric acid concentration is related to a variety of transporter-encoding genes. Among them, the uric acid transporter in intestinal epithelial cells transports uric acid from the blood to the intestinal lumen, which involves the participation of multiple transporters, mainly ABCG2 and SLC2A9 (27).


ABCG2

ABCG2, also known as breast cancer resistance protein (BCRP), containing 1 transmembrane domain and 1 ATP binding domain. ABCG2 gene is located at the gout susceptibility site of chromosome 4q (28), and expressed on the apical membrane of cells in various tissues such as the intestine, liver and kidneys (29, 30). ABCG2 is a high-volume uric acid transporter. More and more studies have found that ABCG2 plays an important role in intestinal uric acid excretion and the pathogenesis of hyperuricemia. The dysfunction of ABCG2 reduces the excretion of uric acid in the intestinal tract, resulting in increased blood uric acid levels.

Dehghan et al. first proposed the correlation between the ABCG2 gene and uric acid level and gout (31). It has been found that the uric acid content was significantly reduced by 75.5% in ABCG2 expressed oocytes when compared with the control (32). Consistently, the serum uric acid level is increased in ABCG2 gene knockout mice in a established a hyperuricemia mouse model by using the urinase inhibitor potassium oxonate. Interestingly, the intestinal uric acid clearance rate is significantly reduced, while the renal uric acid excretion compensatoryly increases (10). To explore the distribution of uric acid in the body, a mouse model of hyperuricemia with 14 C-labeled uric acid was established. The results showed that the expression of uric acid in the intestine was second only to that in the kidney, and ABCG2 transporter inhibitor elacridar can significantly reduce the clearance rate of uric acid in the intestine (33). The above data show that inhibiting ABCG2 expression can reduce the excretion of uric acid in the intestine, confirming that intestinal ABCG2 dysfunction is one of the pathogenesis of hyperuricemia.

The expression of ABCG2 is regulated by a variety of transcription factors and hormones, and the mechanism is still unclear. Previous study has shown that toll-like recepter 4 (TLR4)-NLRP3(NOD-,LRRand pyrin domain-containing 3) inflammasome and phosphatidylinositol 3-kinase protein kinase B (PI3K/Akt) signaling pathway up-regulates the expression of ABCG2 through PDZK1 on the HT-29 and Caco-2 cells membrane (34, 35). Consistently, ABCG2 gene mutation has the greatest impact on human serum uric acid levels through affecting its protein expression level and uric acid transport efficiency. Q141K and Q126K are the two variants of ABCG2 that cause hyperuricemia (36). The Q141K variant causes a 54% reduction in ABCG2 uric acid excretion, and the latter almost loses its transport function (37). Targeted drugs for ABCG2 mutations have been reported, Woodward et al. found histone deacetylase (HDAC) inhibitor, namely 4-phenylbutyric acid, can correct the conformation of 141K ABCG2 mutant protein and restore its function (38). Uric acid-lowering drugs for ABCG2 dysfunction are expected to become a new treatment direction.



SLC2A9

The SLC2A9 gene is located on human chromosome 4p and encodes glucose transporter 9 (GULT9), which is expressed in the liver, kidney, small intestine and chondrocytes. A large number of studies have found that SLC2A9 has a strong correlation with uric acid levels (39). SLC2A9 is a voltage-dependent high-volume uric acid transporter, which is involved in the reabsorption of uric acid (40, 41). The genetic variation of the SLC2A9 locus is quite complex. Many other SNPs that are closely related to gout, such as rs4447863, rs737267, rs13129697, rs6449213, rs1014290, rs6449213, rs737267, and rs16890979 (31, 39). A meta-analysis showed that rs3733591 may be a protective SNP in the Caucasian population, while it is a cause for the Asian population (42). Therefore, SLC2A9 mutations may mediate the onset of gout and can become a target for the treatment of gout.

It has shown that SLC2A9 is abundantly expressed in intestinal epithelial cells, especially jejunum and ileum, and is mainly located on the top and basolateral membrane of intestinal epithelial cells, which suggests that SLC2A9 may also mediate the excretion of uric acid from the intestine. Actually, the intestinal cell-specific SLC2A9 gene knock-out mice had elevated serum urate levels, and the mice lacking the SLC2A9 gene were prone to metabolic syndrome (high uric acid, hypertension, hyperglycemia, hyperlipidemia), indicating that SLC2A9 mediates the excretion of uric acid from the intestine (43). However, the mechanism of uric acid metabolism mediated by SLC2A9 in the intestinal tract needs to be further studied.

Studies have shown that the expression of nuclear factor receptor HNF4α can up-regulate the expression of SLC2A9 (44). Peroxisome proliferator-activated receptor PPARγ is a ligand-regulated transcription factor that participates in various pathophysiological processes, including metabolism, inflammation, and tumorigenesis (45). It was also found that the activation of PPARγ can induce the expression of SLC2A9 in the ileum and jejunum. However, the specific regulation mechanism of SLC2A9 in intestinal uric acid excretion needs further study.



Other Intestinal Uric Acid Transporters

In addition, other intestinal uric acid transporters are also involved in the regulation of serum uric acid levels. A Meta-analysis pointed out that SLC16A9 is related to human serum uric acid concentration (46). It was found that the common rs2242206 mutation of SLC16A9 increased the risk of renal non-low excretion overload hyperuricemia, suggesting that SLC16A9 plays a role in intestinal uric acid excretion (47). Besides, SLC17A4 protein exists in the apical membrane of small intestinal epithelial cells and transports various organic anions including urate, confirming that SLC17A4 is related to serum uric acid levels (48).




The Influence of Intestinal Flora on Uric Acid and Gout

Intestinal microbes are composed of various microorganisms such as bacteria, fungi and viruses in the intestine. At least 100 trillion bacteria in the intestinal microecosystem live in the human intestines. They participate in host metabolism, immune regulation, and maintenance of internal environment homeostasis, etc. (49–51). Increasing evidences show that there are differences in the distribution of intestinal flora between gout patients and healthy people (52, 53). Studies have found that supplementing probiotics can improve uric acid levels. It is promising that probiotics may become a new direction for the treatment of gout and hyperuricemia (54–57). Current research suggests that the impact of intestinal flora on gout is mainly achieved through the following three aspects: participation in purine metabolism and decomposition of uric acid to reduce uric acid levels; metabolites produced by intestinal flora promote the excretion of uric acid (Figure 3); participation in immune-inflammatory regulation of gout.




Figure 3 | The role of the intestinal tract in uric acid excretion. The intestinal flora decomposes the uric acid directly. Intestinal flora metabolites upregulate the expression of uric acid transporters. Metabolites produced by intestinal flora promote the excretion of uric acid by providing energy for intestinal epithelial cells.




Intestinal Flora Is Involved in the Catabolism of Uric Acid

It has been shown that intestinal bacteria can decompose uric acid (58). In addition to the intestinal flora participating in the biosynthesis of various substances including essential amino acids, some symbiotic bacteria in the intestine, such as lactobacillus and pseudomonas, which can express uricase, allantoicase, and allantoinase participating in the breakdown of uric acid (59, 60). Under the action of the flora, the uric acid in the intestines eventually produces oxalate and glycine, which provide carbon and nitrogen to the body (61, 62). Lactic acid bacteria isolated from sauerkraut exert the ability to degrade inosine and guanosine, the two key intermediates of purine metabolism. In addition, gavage of specific strains could effectively reduce the serum uric acid level in hyperuricemia rats (63).



Metabolites of the Intestinal Flora Promote the Excretion of Uric Acid

The intestinal flora can produce some small molecular metabolites that affect host metabolisms, such as short-chain fatty acids (SCFAs), taurine, succinic acid, lipopolysaccharide, acetic acid, butyric acid, and propionic acid (64, 65). It has shown that the types and numbers of the intestinal flora of gout patients and healthy people are significantly different through the 16S rRNA sequencing (66). Further study showed that butyrate-producing bacteria in gout patients decreased by metagenomic analysis, indicating that butyrate may promote intestinal uric acid excretion (67). Besides, a study also showed that the content of glucose, acetic acid, butyric acid in the stool of patients with gout is different from that of the control group (53), and these metabolites are involved in energy metabolism (68, 69), which can provide energy for intestinal epithelial cells and participate in the excretion of uric acid.



Regulation of Gut Microbiota Metabolites in the Gout Inflammation

As a metabolite of intestinal flora, SCFAs can regulate the function of intestinal epithelial cells, alleviate inflammation and maintain intestinal mucosa homeostasis (70). Previous study showed that the intake of dietary fiber will increase SCFAs and regulate related immune responses (71). Interestingly, high-fiber dietary feeding alleviates the inflammatory response induced by monosodium urate (MSU) through SCFAs production (72). Consistently, a clinical research observation also found that increasing intake of dietary fiber can reduce the symptoms of gout (73). It is currently believed that SCFAs mainly exert their biological effects through the activation of G-protein-coupled receptors (GPCRs) GPR41, GPR43, and GPR109α in intestinal epithelial cells (74, 75). Another intestinal metabolite butyrate also exerts anti-inflammatory effect through GPR43 and GPR109α on macrophages (76, 77). In addition, as an HDAC inhibitor, butyrate can inhibit the acetylation of a variety of proteins in the NF-κB signaling pathway family, thereby reducing IL-1β, IL-2, IL-6, TNFα, and other pro-inflammatory factor releases (78, 79). Furthermore, Angélica et al. found that acetic acid induces caspase-dependent neutrophil apoptosis by inhibiting the NF-κB pathway and promotes the production of IL-10, TGF-β, and annexin A1 to alleviate the inflammatory response (72). These studies suggest that intestinal products also play an important role in the regulation of gout inflammation resulted from the macrophage and neutrophil activation.




Crosstalk Between Intestine Flora and Uric Acid Transporters

It has shown that intestinal flora has a regulatory effect on expression of uric acid transporters. Anserine, a natural carnosine derivative, shows an anti-hyperuricaemic effect, which was closely associated with an increasing abundance of clostridium and lactobacillus in the gut. Importantly, anserine-mediated regulation of uric acid transporters ABCG2, URAT1, and GLUT9 is dependent on intestinal flora (80). In addition, intestinal ABCG2 expression was significantly suppressed by gingko biloba leaf extract (GLE) administration, which is closely related to decreased populations of proteobacteria and deferribacteres at the phylum level. It is worth noting that GLE treatment did not affect ABCG2 expression, but treatment with the lysates of GLE-treated mouse stool significantly suppressed ABCG2 expression. These findings reveal a role for intestinal flora in regulating ABCG2 expression (81). Not only does the intestinal flora plays an important role in intestinal immune homeostasis, studies have also shown it can regulate uric acid transporters through its metabolites. In SCFAs treated rats, the expression and function of intestinal ABCG2 were increased. Similar results were also observed in mouse primary enterocytes and Caco-2 cells treated with SCFAs (82). These findings showed that microbiota has a regulatory effect on expression of uric acid transporters.

In keeping with in vitro and animal studies, data from large-scale metagenome genome-wide association studies (mgGWAS) for the oral microbiome revealed unequivocal human genetic loci associated with the oral microbiome, including uric acid transporter SLC2A9. SLC2A9 showed a strong correlation with species-level clusters belonging to oribacterium and lanchnoanaerobaculum in tongue dorsum samples (83). A previous study reported that oral cavity and stool bacteria overlapped in more than 45% of subjects (84). Interestingly, the tongue dorsum microbiota related gene SLC2A9 was correlated with the abundance of Bifidobacterium animalis in the gut (83). These results demonstrated that gut microbial diversity also has an impact on uric acid transporters.



Summary

Currently uric acid lowering drugs are mainly achieved through the kidneys, while the intestine is the second largest uric acid excretion organ. The decrease in intestinal uric acid excretion will increase the burden on the kidneys. At present, the intestinal excretion of uric acid has been used as a new direction for the treatment of gout and hyperuricemia, which can avoid side effects such as aggravating kidney damage and urinary tract stone formation. In summary, there is a bright prospect for drug and gut microbiota research targeting intestinal uric acid transporters to treat hyperuricemia and gout (Figure 3). However, there are scarce studies about the association between intestinal flora and uric acid transporters, and the specific mechanism of the interaction between these need to be further elucidated.
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OPS/images/fimmu.2021.798719/table1.jpg
Category Term Count  PValue Genes
BP inflammatory response 18 6.43E-09 CXCL8, CCL3L1, CCL4L2, TNFAIP3, CXCL1, CXCRS, LYZ, CXCL3, PTGS2, CXCL2, TNF, IL1A,
IL6, CXCRT1, IL1B, NFKBIZ, CCL3, CCL18
BP positive regulation of transcription 16 0.009519  CSRNP1, LUM, NRG1, AATF, TNF, CDC73, NR4A2, IL1A, NR4A1, IL6, NR4A3, IL1B, NAMPT,
from RNA polymerase Il promoter MAFK, OGT, ATF3
BP negative regulation of cell 13 6.36E-05 BTG1, CXCL8, CCL3L1, ADM, CXCL1, PTGS2, CDC73, EREG, IL1A, IL6, ADAMTSH, IL1B, FKTN
proliferation
BP immune response 13 0.000114  CXCL8, CCL4L2, CXCL1, CXCL3, SLED1, CXCL2, TNF, IL1A, IL6, RGS1, IL1B, CCL3, CCL18
BP positive regulation of GTPase 12 0.004734  FARP1, PLEKHG1, ARHGEF9, CCL3L1, ADGRB3, RGS1, CCL4L2, CCL3, NRG1, CCL18, EREG,
activity HBEGF
CC extracellular space 27 3.06E-06 CXCL8, CCL3L1, CCL4L2, ADM, CXCL1, CXCL3, TNF, CXCL2, AREG, GPC1, NAMPT, CCL3,
CCL18, PTGDS, FKTN, SLF2, EDN2, LUM, NRG1, S100B, LYZ, EREG, IL1A, IL6, IL1B, EZR,
HBEGF
CC extracellular region 23 0.002473 EDN2, CXCL8, OVCH1, CCL3L1, LUM, SPINK6, CCL4L2, ADM, CXCL1, NRG1, LYZ, CXCL3,
S100B, C140RF93, CXCL2, TNF, EREG, IL1A, IL6, IL1B, CCL3, PTGDS, HBEGF
MF chemokine activity 8 8.05E-08 CXCL8, CCL3L1, CCL4L2, CCL3, CXCL1, CXCL3, CCL18, CXCL2
MF cytokine activity 7 0.002241  IL1A, IL6, IL1B, NAMPT, NRG1, TNF, AREG
MF growth factor activity 6 0.00786  IL6, CXCL1, NRG1, AREG, EREG, HBEGF
MF CXCR chemokine receptor 3 0.001983 CXCL1, CXCL3, CXCL2
binding
MF $100 protein binding 3 0.004213 S100A1, EZR, S100B
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Indicator (median) Gout (n=4) Hyperuricaemia (n = 6) Control (n = 4)

Age (years) 34 35 44
Uric acid (umol/L) 512.08" 505.8* 361.7
Pro-ADM (pmol/L) 5373.35 + 1291.41* 5005.04 + 691.23* 3331.3 + 1370.85
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Epigenetic regulation
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VicroRNA|

Food Ingredient
Sdenium

Biochanin A
Quercetin

Resveratrol

Ghoine
Suforaphane
Genistein

Curcumin

Lutecin
Catechin

Agigenin
Vitarin D
Vitamin G
Suforaphane
Isotniogynanate
Vitamin D
Omega:3 FA

‘Sdenium
Cafic acd
Resveratrol
Kamferol
Folate
Vitamin G
Omega:3 FA
Choine
Wihalern
Agigenin
Genistein
Catechin
Resveratrol
Curcumin
Equol
Vitamin D

Anthocyanin
Curcumin
Choine
Suforaphane
Resveratrol

Genistein

Foate

Reference

Xang etal. (59)
Dais et al. (50
Itoetal. (51)
Leoetal. (52)
Fang et al. (60)
Kaaot d. (54)
Gao et al. (65)

Wol et al. (66)
Lietal (67)
Miza ot a. (c6)
Nagaraju et al. (69)
Miza et a. (c6)
Zneng et a. (10)
Kanwal etal. (71)
Lee etal. (52)
Kanwal etal. (71)
Fang et . (60)

Tapp etal. (72)
Young et al. (73)
Gaoetal. (65)
Beklemisheva et al. (74)
Fetahu et al. (75)
Patterson et al. (76)
Abbas et al. (77)
Xang et al. (59)
Bora-Tatar et al. (78)
Gao et al. (65)
Berger et al. (79)
Mentch & Locasale (50)
Yinetal. 81)
Aobas et al. (77)
Pogribny et al. (82)
Miza ot a. (6)
Kanwal etal. (71)
Mirza et al. (68)
Mirza et al. (68)
Mirza et al. (68)
Marzei ot a. (33
Bosviel et al. (84)
Nunez-Lopez et al. ()
Fan et al. (56)
Avola-Amal & Blade (86)
Arola-Amal & Blade (56)
Maraei ot a. (33
Xinetal. (87)
Pogribny et al. (82)
Gao et al. (65)

Xin et al. (87)
Qnetal. 63)
Znong et al. ()
Hrataet . (59
Pogriboy et al. (22)

DNMT, ONA-Methyl Transterase; HDAC, Histone De-acetylase; KAT, Lysine Acey
Transtorase; HMT, Histono Methyl Transferase; HOM, Htono Do-Mothyiase; PTM,
Post-Transiatonal Modifcaton; MeCP2, Methyi CoG Bincing Protei 2; BRCA, BRCAT
DINA Repair-Associated protein: miR, microANA.
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Men Women Overall
2015-16 2018-19 2015-16 2018-19 2015-16 2018-19
(n = 77480) (n =74184) (n =89381) (n =94167) (n =166861) (n = 168351)
Age group (years), n (%)
18-29 6356 (8.2) 3707 (6.0) 8045 (9.0) 5025 (5.3) 14401 (8.6) 8732 (5.2)
30-39 8834 (11.4) 6743 (9.1) 11114 (12.4) 9838 (10.4) 19948 (12.0) 16581 (9.8)
40-49 16420 (21.2) 12666 (17.1) 20403 (22.8) 17767 (18.9) 36823 (22.1) 30433 (18.1)
50-59 18762 (24.2) 18850 (25.4) 22182 (24.8) 25618 (27.2) 40944 (24.5) 44468 (26.4)
60-69 18056 (23.3) 21104 (28.4) 19166 (21.4) 24662 (26.2) 37222 (22.3) 45766 (27.2)
>70 9052 (11.7) 11114 (15.0) 8471 (9.5) 11257 (12.0) 17523 (10.5) 22371 (13.3)
Urban, n (%) 30677 (39.6) 28859 (38.9) 37731 (42.2) 39727 (42.2) 68408 (41.0) 68586 (40.7)
Location, n (%)
East 29115 (37.6) 27534 (37.1) 33888 (37.9) 35811 (38.0) 63003 (37.8) 63345 (37.6)
Middle 22718 (29.3) 20984 (28.3) 25969 (29.1) 27193 (28.9) 48687 (29.2) 48177 (28.6)
West 25647 (33.1) 25666 (34.6) 29524 (33.0) 31163 (33.1) 55171 (33.1) 56829 (33.8)
Education, n (%)
Primary school or less 32173 (41.5) 30915 (41.7) 49609 (55.5) 52840 (56.1) 81782 (49.0) 83755 (49.8)
Secondary school 27514 (35.5) 26516 (35.7) 23506 (26.3) 24528 (26.0) 51020 (30.6) 51044 (30.3)
High school 11794 (156.2) 11409 (15.4) 9821 (11.0) 10511 (11.2) 21615 (13.0) 21920 (13.0)
College or higher 5999 (7.7) 5344 (7.2) 6445 (7.2) 6288 (6.7) 12444 (7.5) 11632 (6.9)
Ethnicity, n (%)
Han 68607 (92.4) 65275 (88.0) 78915 (88.3) 82805 (87.9) 147522 (88.4) 148080 (88.0)
Hui 987 (0.5) 1075 (1.4) 1228 (1.4) 1366 (1.5) 2215 (1.3) 2441 (1.4)
Manchu 979(1.2) 974 (1.3) 1141 (1.3) 1304 (1.4) 2120 (1.3) 2278 (1.4)
Tibetan 1012 (1.3) 1397 (1.9) 1342 (1.5) 1627 (1.7) 2354 (1.4) 3024 (1.8)
Uighur 1119 (1.4) 903 (1.2) 1091 (1.2) 1174 (1.2) 2210 (1.3) 2077 (1.2)
Zhuang 748 (1.0) 917 (1.2) 955 (1.1) 1311 (1.4) 1703 (1.0) 2228 (1.3)
Others 4028 (5.2) 3643 (4.9) 4709 (6.3) 4580 (4.9) 8737 (5.2 8223 (4.9)
Income per capita (CNY), n (%)
Q1 (<¥6000) 17204 (22.2) 14681 (19.8) 18418 (20.6) 17164 (18.2) 35622 (21.3) 31845 (18.9)
Q2 (¥6000-11999) 15549 (20.1) 13329 (18.0) 17750 (19.9) 16104 (17.1) 33299 (20.0) 29433 (17.5)
Q3 (¥12000-23999) 17491 (22.6) 15050 (20.3) 20558 (23.0) 19323 (20.5) 38049 (22.8) 34373 (20.4)
Q4 (2¥24000) 14521 (18.7) 15673 (21.1) 17253 (19.3) 20471 (21.7) 31774 (19.0) 36144 (21.5)
Refused/Don't know 12715 (16.4) 15451 (20.8) 15402 (17.2) 21105 (22.4) 28117 (16.9) 36556 (21.7)
Current smoking, n (%) 40884 (52.8) 37841 (51.0) 2642 (3.0) 2627 (2.8) 43526 (26.1) 40468 (24.0)
Heavy drinking, n (%) 156745 (20.3) 13172 (17.8) 4231 (4.7) 1327 (1.4) 19976 (12.0) 14499 (8.6)
Beer drinking, n (%)
Never 53902 (69.6) 57113 (77.0) 82836 (92.7) 88517 (94.0) 136738 (81.9) 145630 (86.5)
At least once a year 13779 (17.8) 9683 (13.1) 5386 (6.0) 4614 (4.9) 19165 (11.5) 14297 (8.5)
At least once a week 9799 (12.6) 7388 (10.0) 1159 (1.3) 1036 (1.1) 10958 (6.6) 8424 (5.0)
Fruit/vegetable intake <400g/d, n (%) 42127 (54.4) 35319 (47.6) 48289 (54.0) 43688 (46.4) 90416 (54.2) 79007 (46.9)
Red meat intake > 100g/d, n (%) 23561 (30.4) 31229 (42.1) 18777 (21.0) 29353 (31.2) 42338 (25.4) 60582 (36.0)
Physical inactivity (<150min/w), n (%) 15670 (20.2) 16276 (21.9) 14654 (16.4) 16683 (17.7) 30324 (18.2) 32959 (19.6)
BMI group (kg/m?), n (%)
<18.5 2720 (3.5) 2164 (2.9) 3470 (3.9) 2819 (3.0) 6190 (3.7) 4983 (3.0)
18.5-24.9 45399 (58.6) 41001 (55.3) 51300 (57.4) 51418 (54.6) 96699 (58.0) 92419 (54.9)
25.0-29.9 25087 (32.4) 26228 (35.4) 28466 (31.8) 32685 (34.7) 53553 (32.1) 58913 (35.0)
>30.0 4274 (5.5) 4791 (6.5) 6145 (6.9) 7245 (7.7) 10419 (6.2) 12086 (7.1)
Central obesity, n (%) 23410 (30.2) 27369 (36.9) 30794 (34.5) 39639 (42.1) 54204 (32.5) 67008 (39.8)
Hypertension, n (%) 32309 (41.7) 32429 (43.7) 33928 (38.0) 37145 (39.4) 66237 (39.7) 69574 (41.3)
High TC, n (%) 5077 (6.6) 6819 (9.2) 7537 (8.4) 11331 (12.0) 12614 (7.6) 18150 (10.8)
High TG, n (%) 13743 (17.7) 15288 (20.6) 12316 (13.8) 16696 (17.7) 26059 (15.6) 31984 (19.0)
Glycemia status, n (%)
Normal NA 42288 (58.7) NA 56177 (62.1) NA 98465 (60.6)
Prediabetes NA 16772 (23.3) NA 19501 (21.6) NA 36273 (22.3)
Newly diagnosed diabetes NA 7799 (10.8) NA 7778 (8.6) NA 16577 (9.6)
Diagnosed diabetes NA 5148 (7.1) NA 7000 (7.7) NA 12148 (7.5)
Low eGFR, n (%) NA 3073 (4.3 NA 3528 (3.9) NA 6601 (4.1)
Albuminuria, n (%) NA 5999 (8.3) NA 8582 (9.5) NA 14581 (9.0)

*Percentages may not sum to 100 due to rounding. NA, data not available; BMI, body mass index; TC, total cholesterol; TG, triglycerides; eGFR, estimated glomerular fittration rate. ¥ 100,

£11: €13 $15.5.
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Characteristics

Prevalence, % (95%Cl)

Men Women® Overall
2015-16  2018-19 Changes of 2015-16 2018-19 Changes of 2015-16  2018-19 Changes of
prevalence, 2018-19 prevalence, 2018-19 prevalence, 2018-19
vs 2015-16 vs 2015-16 vs 2015-16
Overall 19.3 24.4 5.1(4.458)" 238 3.6 0.8(0.6,1.1)" 1.1 14.0 2.9(2.5,3.3)
(17.9,20.7) (23.0,25.8) 253.0F (3240 (10.3,11.8) (13.1,14.8)
Age group
(years)
18-29 23.9 32.3 8.4 (6.7,10.1)" 2.7 4.2 15(09,2.1)" 13.4 18.0 46(3.7,5.6)
(21.7,26.1) (29.4,35.3) (2231) (3252 (12.2,14.6) (16.1,19.8)
30-39 20.6 28.4 7.8 (6.6,8.9)" 1.7 2.3 0.7 (0.3,1.0) 11.3 15.5 4.3(3.6,4.9"
(19.1,22.1) (26.0,30.7) (1320 (1829 (10.4,12.1) (14.2,16.9)
40-49 18.6 21.4 2.8(1.54.1) 2.1 2.2 0.1 (-0.2,0.3) 10.4 1.8 1.4(0.7,2.1)
(16.1,21.1) (20.0,22.9) (1.725) (19,25 9.011.7) (11.1,12.5)
50-59 15.4 181 2.7(1.9.35) 2.8 3.7 0.9(0.6,1.2)" 9.2 109 1.8(1.3,2.2)"
(14.4,16.5) (17.0,19.3) (2531) (32,4.1) 8697 (102,11.6)
60-69 15.0 17.0 201227 40 4.4 0.4 (0.1,0.7) 9.5 107 120.7,1.7)
(13.9,16.0) (15.9,18.0) (354.4) (4048 (8.9102) (10.1,11.4)
>70 17.0 195 2.4 (1335 6.3 8.0 1.7 (0.9,2.4) 1.3 13.4 2.1(1.2,2.9"
(15.3,18.7) (18.2,20.7) (6572 (7.09.) (102,12.4) (12.4,14.4)
P for trend <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
Residence
Urban 225 28.1 5.7 (4.6,6.8) 29 4.1 1.1(0.7,1.5)7 12.8 16.1 3.3(2.7,39"
(20.4,24.6) (26.1,30.2) (2633) (34,4.7) (11.7,13.9) (14.8,17.3)
Rural 16.0 20.4 4.43.752" 26 3.1 0.5 (0.3,0.8)" 9.3 1.7 2.4(2.0,2.9/
(15.1,16.9) (19.1,21.8) (2329 (2835 8.7.98) (109,12.5)
P for difierence  <0.0001  <0.0001 0.1316  0.0099 <0.0001  <0.0001
Location
East 215 29.6 8.1(7.09.3)" 2.8 4.8 2.0 (1.6,2.5)" 122 17.1 5.0 (4.35.6)
(18.9,24.1) (27.0,32.2) (2531) (405.6) (10.8,13.6) (15.5,18.8)
Middle 16.3 18.4 2.1(1.23.0/" 26 2.6 0.0 (-0.2,0.3) 9.4 10.4 1.0(05,1.5)"
(14.7,17.9) (17.0,19.8) (2230 (22,3.0) 65102 (9.7,11.2)
West 195 23.1 3.6 (2.4,4.8) 30 2.8 -0.2(-05,02) 1.4 13.0 1.7 (11,29
(17.921.1) (21.2,25.0) (24,36) (24,33 (10.4,12.3) (12.0,14.1)
P for difference  <0.0001  <0.0001 0.4642  <0.0001 <0.0001  <0.0001
Education
Primary school 15.8 18.1 2.4(1.632" 3.2 3.8 0.6 (0.4,0.8)" 8.4 9.6 1.3(0.9,1.6)
or less (14.7,16.8) (16.9,19.3) (2935) (34,4.2) (7889 (9.0,10.2)
Secondary 181 21.4 3223427 2.3 34 1.1(0.8,1.5) 1.1 133 2.3(1.7,2.8)"
school (16.5,19.8) (19.9,22.8) (1927) (29,4.0) (102,12.0) (12.4,14.2)
High school 22.7 29.1 6.4 (4.9,7.9 25 3.7 120.7,1.7) 143 18.1 3.8(2.8,4.8)]
(19.4,26.0) (26.3,32.0) (203.0) (29,45 (12.2,16.4) (16.3,19.9)
College or 24.8 34.9 101 (8.3,11.9)" 2.7 34 0.6 (-0.1,1.4) 14.0 19.0 4.9(3.86.0/
higher (22.7,26.9) (32.1,37.7) (2035 (2345 (12.9,15.1) (17.3,20.6)
P for trend <0.0001  <0.0001 0.0781  0.4927 <0.0001  <0.0001
Ethnicity
Han 19.1 24.7 5.6 (4.8,6.9" 27 36 0.9(0.6,1.1)" 11.0 14.1 3.1 (27,36
(17.6,20.6) (23.2,26.2) (2530 (32,4.0) (102,11.8) (13.2,15.0)
Hui 17.3 18.1 0.8 (-4.1,5.7) 3.7 17 2.0 (-3.4,-0.5) 9.8 9.2 0.6(-3.0,1.8)
(12.4,22.2) (8.9,27.4) (126.1) (06,2.8) (7.4122) (47,13.7)
Manchu 17.2 19.2 2.1 (-0.6,4.8) 4.1 7.5 3.4 (1.3,5.5) 10.3 135 3.1(1.64.7)
(13.321.1) (16.3,22.1) (255.8) (4.1,10.9) 68.4,12.3) (11.5,15.5)
Tibetan 27.6 23.4 4.1 (-13.1,4.9) 35 1.8 -1.6 (-2.8,-0.4) 13.9 124 -15(-5.7,2.6)
(11.7,435) (19.2,27.7) (1653) (02,35 (6.822.0) (9.7,15.1)
Uighur 5.0 40 -1.0(-2.6,0.6) 03 0.2 0.2 (-05,02) 2.8 2.1 -0.7 (17,03
(3566) (1.36.6) 00,08 (0.0,0.4) (1838 (0636)
Zhuang 28.4 32.2 3.8 (-1.4,8.9) 80 4.5 35 (-53,-1.8) 17.1 17.1 0.0 (-2.6,2.5)
(24.0,32.9) (23.7,40.7) 6.099) (2.0,7.0) (14.320.0) (12.7,21.5)
Others 26.3 24.7 -1.6(-3.8,0.6) 29 30 0.1 (-0.5,0.6) 14.4 133 -1.1(-2.1,-0.2)
(23.5,29.1) (20.8,28.5) (1840 (21,38 (12.9,16.0) (11.3,15.4)
Pfor difierence  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
Income per
capita (CNY)
Q1 (¥<6000) 15.1 17.4 2.3(1.23.4) 27 29 0.2 (-0.2,06) 9.0 102 1.3(0.7,1.9/
(13.8,16.3) (15.6,19.1) 2332 (2.435) 8.396) (9.3,11.2)
Q2 (¥6000- 16.4 205 41 (2.7,5.6) 2t 32 0.5(0.1,0.9) 95 11.9 2416327
11999) (15.0,17.7) (18.2,22.8) 2332 (2538) (8.8,10.3) (10.6,13.2)
Q3 (¥12000- 19.5 25.9 6.4 (5.1,7.6)" 26 40 1.4 (0.9,1.8) 11,2 14.8 3.7 (2.9,4.4)
23999) (18.1,20.9) (23.7,28.0) 2330 (334.7) (10.4,12.0) (13.5,16.1)
Q4 (2¥24000) 24.6 29.6 5.0 (4.0,6.0)" 28 41 1.3(09,1.7)" 139 16.9 3.0(2536)
(21.927.2) (27.1,32.1) 253.1) (3348) (12.4,15.4) (15.3,18.5)
Refused/Don’t 19.6 25.1 5.4 37,72 3.0 35 0.4 (0.0,0.8) 11.1 139 2.8(1.93.7)
know # (17.4,21.8) (22.5,27.6) 2536) (2.94.1) (10.0,122) (12.5,15.3)
P for trend <00001  <0.0001 09119 0.0060 <0.0001  <0.0001

“Data are presented incorporating sample weights and adjusted for clusters and strata of the complex sample design of CCDRFS. P values for changes from 2015-16 to 2018-19
are <0.05. *Participants who answered “/ don't know or | don’t want to tell you" are not included in the trend test. P values for difference between men and women are <0.05. 95% Cl=95%
confidence interval. NA, data not available. ¥ 100= £11/€13/$15.5.
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Characteristics Prevalence, 95% CI

Men Women Overall
2015-16  2018-19 Changes of 2015-16  2018-19 Changes of 2015-16  2018-19 Changes of
prevalence, 2018-19 prevalence, 2018-19 Prevalence, 2018-19
vs 2015-16 vs 2015-16 vs 2015-16
Current smoking
Yes 18.4 22.7 4.33.5,5.0)" 3.7 3.7 0.0(-0.7,1.0) 17.9 21.9 413448
(17.2,19.7) (21.3,24.1) @747 (@747 (16.7,19.0) (20.6,23.3)
No 20.3 26.2 5.9(4.9,6.8)" 2.8 36 0.9(0.6,0.0)" 85 13.0 2.7233.1)
(18.5,22.1) (24.2,28.1) 2530 (38240 (7.992) (122,138
Pfor difierence  0.0047  <0.0001 00436 0.8691 <0.0001  <0.0001
Heavy drinking
Yes 225 26.2 3.7(2.05.4)" 34 55 2.2(1.0,0.1) 18.5 24.8 6.3(5.0,7.7)
(19.5,25.6) (24.2,28.2) (2542 (3575 (16.2,20.7) (23.0,26.6)
No 18.5 24.1 5.6(4.9,6.3)" 27 3.6 0.9(0.6,0.0) 10.0 13.0 3.02.63.4)
(17.4,19.7) (22.7,25.6) 2530 (8240 9.4,106) (122,13.8)
P for difierence  <0.0001  <0.0001 0.1588  0.0309 <0.0001  <0.0001
Beer drinking
Never 17.9 23.0 5.1(4.35.9) 2.8 37 0.9(0.6,1.1)" 9.0 1.9 29(2.43.3)
(17.0,18.9) (21.6,24.4) (26,3.1) (3.34.1) (859.4) (11.1,12.6)
At least once/ 20.5 26.0 5.5(4.2,6.9) 2.0 2.8 0.7(0.2,1.2) 15.6 19.3 3.7(2.7,4.6)
year (17.9,23.1) (23.5,28.5) (1526) (2035 (13.6,17.6) (17.4,21.1)
At least once/ 23.1 29.2 6.2(4.4,7.9)" 4.7 37 -1.0(-2.6,06) 215 27.1 5.6(4.0,7.3)"
week (19.926.2) (26.7,31.8) @172 (2153 (18.5,24.4) (24.8,29.4)
P for trend <0.0001  <0.0001 09621  0.1290 <0.0001  <0.0001
Fruit & vegetable
intake <400g/d
Yes 18.8 25.1 6.35.2,7.4)" 2.9 33 0.40.2,0.7) 11.0 14.4 3.42.84.1)
(17.6,20.0) (22.8,27.4) 2633 (8037 (10.2,11.7) (13.1,15.7)
No 19.9 239 4.08.1,49" 2.6 3.8 1.200.9,1.5) 1.2 13.6 242029
(18.1,21.7) (22.6,25.1) (2429 (8343 (10.3,12.1) (12.9,14.4)
P for diference  0.1026 0.33 01077 0.1112 05070  0.2584
Red meat intake
>100g/d
Yes 23.2 29.2 6.05.2,6.8) 2.9 47 1.7(1.1,2.2) 15.3 19.0 3.7(3.1,4.4)
(21.7,24.7) (27.331.1) (2633 (3855 (14.4,162) (17.6,20.5)
No 17.3 19.8 2.5(1.5,3.5)" 2.6 30 0.3(0.1,0.5) 10.7 13.3 0.9(0.4,1.4)
(16.0,18.7) (18.321.3) 2429 (2734 9.9,11.5) (12.4,14.1)
P for difference <0.0001 <0.0001 0.2911 <0.0001 <0.0001 <0.0001
Physical
inactivity
(<150min/w)
Yes 20.0 26.1 6.1(4.9,7.3)" 3.0 4.6 0.7(0.4,1.0/ 12.5 16.4 3.9@.1,4.7)
(18.5,21.6) (24.0,28.2) (2536 (3859 (11.5,13.4) (15.0,17.7)
No 19.1 23.9 4.8(4.0,5.5)" o7 3.4 1.3(0.9,1.8)" 10.7 133 2.6(2.2,3.0)"
(17.5,20.8) (22.4,25.3) (2529 (3038 9.911.5) (12.4,14.1)
Pfor diference  0.3864  0.0349 00372 0.0021 0.0018  <0.0001
BMI group
(kg/m?)
<185 9.8 175 7.735,11.9) 1.4 08 -0.6(-0.9,-0.2) 5.2 8.4 3.2(1.1,5.3)
(7.212.3) (11.1,23.8) 091.8) (04,12 “.164) (50118
18.5-24.9 14.6 17.6 3.0(2.1,3.8) 1.9 2.4 0.5(0.3,0.7) 8.0 9.5 1.4(1.0,1.8)
(12.8,16.4) (16.3,18.9) (1.62.1)  (2.1,2.7) (71,900 (88,102
25.0-29.9 25.4 29.8 4.3(3.35.4) 3.6 5.0 1.5(1.0,1.9)" 15.4 18.5 3.2(2.53.8)
(23.7,27.2) (28.0,31.5) 3140 (4358 (14.3,16.4) (17.4,19.7)
>30.0 35.8 46.9 11.18.7,13.5)" 9.1 10.0 09(-0.3,2.1) 22.6 30.1 7.565.9,9.1)
(33.3,38.2) (43.0,50.7) (7.8,10.4) (8.1,11.8) (21.3,24.0) (27.4,32.9)
P for trend <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
Central obesity
Yes 27.4 33.4 6.04.9,7.2) 5.0 6.1 1.1(0.7,1.6)" 16.5 20.5 4.08.34.7)
(25.6,29.1) (31.5,35.3) 4655 (54,69 (15.5,17.5) (19.2,21.8)
No 15.9 191 3.3(2.54.0)" 1.9 2.4 0.5(0.3,0.7)" 8.8 105 1.6(1.2,2.0)
(14.3,17.4) (17.6,20.7) (1621 (2027 8.096) (9611.3)
P for difference  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
Hypertension
Yes 2241 27.0 4.93.9,5.8) 4.8 6.3 1.5(1.0,1.9)" 142 17.8 3.6(3.0,4.3)
(20.7,23.5) (25.5,28.5) (4.353) (6570 (13.3,15.0) (16.8,18.8)
No 18.0 23.3 5.3(4.5,6.1)" 2.0 2.8 0.7(0.5,1.0)" 10.6 125 27(2.33.1)
(16.4,19.7) (21.7,24.9) (1823) (24,32 9.9,11.4) (116,135
P for difference  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
Diabetes status
Normal NA 24.1 NA NA 2.6 NA NA 12.9 NA
(22.5,25.7) (2.3,3.0) (12.0,13.8)
Prediabetes NA 26.9 NA NA 5.6 NA NA 17.2 NA
(24.9,29.0) (4.7,6.5) (15.8,18.5)
Diabetes NA 26.0 NA NA 7.3 NA NA 18.2 NA
without treatment (23.6,28.4) (6.2,84) (16.6,19.7)
Diabetes treated NA 16.8 NA NA 6.9 NA NA 1.7 NA
(14.3,19.4) (5.9,8.0) (10.1,13.2)
P for difference <0.0001 <0.0001 <0.0001
Low eGFR
Yes NA 52.6 NA NA 25.3 NA NA 38.0 NA
(49.3,56.0) (22.6,28.0) (35.7,40.3)
No NA 238 NA NA 3.1 NA NA 13.4 NA
(22.4,25.3) (2.7,34) (12:6,14.3)
P for difference <0.0001 <0.0001 <0.0001
Albuminuria
Yes NA 31.4 NA NA 6.8 NA NA 185 NA
(28.7,34.1) (5.9,7.7) (16.8,20.2)
No NA 239 NA NA 3.4 NA NA 13.8 NA
(22.6,25.3) (3.0,3.8) (12.9,14.6)
P for difference <0.0001 <0.0001 <0.0001
High TC
Yes 303 36.2 5.94.1,7.7) 65 8.9 2.4(1.2,3.5)" 17.9 22.7 4.9(3.7,6.0"
(27.333.2) (32.4,39.9) (5.4,7.6) (7.1,10.7) (16.5,19.2) (20.4,25.1)
No 18.7 23.3 4.7(3.9,5.4) 25 31 0.6(0.4,0.8)" 10.6 132 2.5(2.1,2.9)
(17.320.0) (22.0,24.7) (2328 (2835 9.9,11.4) (12.4,139)
P for difference  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001
High TG
Yes 344 40.7 6.6(5.2,8.0)" 8.5 8.8 0.3(-0.5,1.1) 24.6 29.3 4.6(3.6,5.7)
(32.3,35.9) (38.4,43.1) (7.49.6) (7.798) (23.4,25.8) (27.4,31.1)
No 15.9 19.4 3.5(2.7,4.2)" 21 2.8 0.8(0.5,1.0)" 87 105 1.8(1.5,2.2)"
(14.3,17.5) (18.1,20.7) (1922) (2532) (7995 (98113
P for difference  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001

“Data are presented incorporating sample weights and adjusted for clusters and strata of the complex sample design of CCDRFS. P values for changes from 2015-16 to 2018-19
are <0.05. 95% CI, 95% confidence interval. NA, data not available; BMI, body mass index; TC, total cholesterol: TG, triglycerides; eGFR, estimated glomerular filtration rate.
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Patients Patients with cardiovascular diseases aHR' (95% CI) p value

Age < 65
Group
General 316 38 Reference
Gout alone 313 82 1.99 (1.31 t0 3.01) 0.001
PsO alone 312 32 0.82 (0.51 to 1.31) 0.400
PsO and gout 79 25 2.85 (1.66 to 4.88) <0.001
Age 2 65
Group
General 72 18 Reference
Gout alone 75 36 273 (1.45t0 5.13) 0.002
PsO alone 76 32 2.00 (1.10 to 3.64) 0.023
PsO and gout 18 7 2.23 (0.91 t0 5.49) 0.081
Female
Group
General 32 4 Reference
Gout alone 32 " 6.16 (1.56 to 24.39) 0.010
PsO alone 32 10 3.99 (1.16 to 13.69) 0.028
PsO and gout 8 0 NA NA
Male
Group
General 356 52 Reference
Gout alone 356 107 212 (1.49 t0 3.03) <0.001
PsO alone 356 54 1.03 (0.70 to 1.51) 0.894
PsO and gout 89 32 2.96 (1.86 t0 4.72) <0.001

aHR, adjusted hazard ratio; PsO, psoriasis; NA, not applicable.
*Adjusted for age, gender, hypertension, hyperippidemia, chronic liver diseases, chronic kidney diseases, diabetes, chronic obstructive pulmonary diseases, autoimmune diseases,
arrhythmia and aspirin use.
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Patients Person-years Patients with cardiovascular diseases ID (95% CI) Relative risk (95% CI)
General 388 3775 56 14.83 (11.41 t0 19.27) Reference
Gout alone 388 3254 118 36.26 (30.28 to 43.43) 2.44 (1.78 to 3.36)
Pso 485 4296 96 22.34 (18.29 t0 27.29) 1.51(1.08 to 2.09)
PsO alone 388 3662 64 18.02 (14.10 t0 23.02) 1.21(0.85t0 1.74) Reference
PsO and gout 97 744 32 42.99 (304010 60.80)  2.90(1.88104.48)  2.39 (1.56 to 3.65)

ID, incidence density (per 1,000 person—years); Cl, confidence interval: PsO, psoriasis.
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Univariate Multivariatet

HR (95% CI) p value HR (95% CI) p value

Group

General Reference Reference

Gout alone 2.40 (1.74 10 3.29) <0.001 2.16 (1.54 to 3.04) <0.001

PsO alone 1.21(0.8410 1.73) 0.299 1.15(0.80 to 1.65) 0.462

PsO and gout 2.81(1.8210 4.34) <0.001 272 (1.73 t0 4.28) <0.001
Age

<40 Reference Reference

40 to 64 3.17 (2.08 to 4.84) <0.001 2.80 (1.82 to 4.30) <0.001

=65 7.43 (4.77 to 11.56) <0.001 5.68 (3.55 t0 9.07) <0.001
Sex

Female Reference Reference

Male 0.89 (0.59 to 1.35) 0.588 0.79 (0.52 to 1.21) 0.280
Hypertension 3.25 (2.52 t0 4.18) <0.001 1.93 (1.45 t0 2.58) <0.001
Hyperlipidemia 1.37 (0.95 t0 1.98) 0.095 0.70 (0.47 to 1.04) 0.074
Chronic liver diseases 1.038 (0.72 to -1.48) 0.874 0.88 (0.60 to 1.28) 0.495
Chronic kidney diseases 3.01 (1.34 t0 6.76) 0.008 1.31 (0.57 to 3.04) 0.523
Diabetes 2.29 (1.65 t0 3.19) <0.001 1.34 (0.95 to 1.90) 0.096
COPD 2.97 (2.00 to 4.39) <0.001 1.61 (1.06 to 2.45) 0.026
Autoimmune diseases 1.16 (0.60 to 2.26) 0.659 0.77 (0.39 to 1.51) 0.445
Arrhythmia 2.95 (1.52 t0 5.74) 0.001 1.22 (0.60 to 2.48) 0.587
Aspirin use 1.60 (1.13102.28) 0.008 0.78 (0.58 to 1.14) 0.204

HR, hazard ratio; COPD, Chronic obstructive pulmonary diseases; PsO, psoriasis.
TAdjusted for age, sex, hypertension, hyperlipidemia, chronic liver diseases, chronic kidney diseases, diabetes, COPD, autoimmune diseases, arrhythmia and aspirin use.





OPS/images/fimmu.2021.771677/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.845684/fimmu-13-845684-g003.jpg
enterocyte

D enterocyte

B® uric acid tansporters
== @ intestinal flora metabolites
I  intestinal flora

A uric acid





OPS/images/fimmu.2022.890204/crossmark.jpg
©

2

i

|





OPS/images/cover.jpg
ADVANCES IN PATHOGENESIS
AND THERAPIES OF GOUT

@ frontiers Research Topics





OPS/images/fimmu.2021.798719/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.777522/fimmu-12-777522-g005.jpg
+ESI TIC scan Frag=125.0v SMS-pos.d

1 2 3 4 5 6 7 8 © 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 31 35 36 37 38 39

Counts VS Acquisition ime (min)

Molecular formula Molecular weight
Phytohormone
Auxin C10H9NO2 175.19
Gibberellin C19H2206 346.37
Cytokinin C10H9N50CIH 251.67
Abscisic acid C15H2004 264.32
Ethylene C2H4 28.06
Brassinosteroid C28H4606 480.68
Estrogen and analogues
Epicatechin C15H1406 290.26806
Puerarin C21H2009 416.38
Huang Censu C15H1005 270.24
Myricin C15H1008 318.24
Kaempferol-3-O-galactoside C21H20011 448.38
Astragalin C21H20011 448.38
Quercetin C15H1007 302.23
Foxglove C15H1006 286.23
Kaempferol C15H1006 286.24
Apigenin C15H1005 270.24
Isorhamnetin C16H1207 316.27
Astaxanthin C15H1004 358.39
Estrone C18H2202 270.37
Puerarin C20H2206 358.39
Oxysqualene C30HS50 410.7
Potential insect hormones in
plants
Juvenile hormone C16H2603 266.37584
Ecdysone C27H4407 480.63406
x105 Cpd 1: 2: +ESI EIC(481.3160, 482.3194, 498.3425, 499.3459 ...) Frag=125. 0V simiaowan—pos. d
g 5 Estrone
E 075
0.5
0.25 31. 613 -
0 A
x104 |Cpd 5: 15: +EST EIC(271.1693, 288.1958, 293.1512, 309.1251) Frag=125.0V simiaowan-pos. d
, : 38. 149
g 1 2 i Ecdysone]
o ; 16.707 it

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 31 35 36 37 38 39

Comnis VB Acosition time: G





OPS/images/fimmu.2021.811323/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.811323/fimmu-12-811323-g001.jpg





OPS/images/fimmu.2021.811323/table1.jpg
Stages

Hyperuricemia

Gout flares

Chronic gout

Imaging
modality

us

DECT

us

DECT

DECT

DECT

DECT

DECT

us

us

us

MRI

MRI

Management or treatment of gout

Experimental group

16 patients (hyperuricemia
and persistent foot pain)
with 80 mg/day febuxostat
62 gouty patients under
allopurinol/febuxostat

79 individuals with a 6-
month ULT and gout
prophylaxis

1562 patients with allopurinol
> 300 mg/day for a mean of
5.1 years

77 gouty patients with
lifestyle improvement or
allopurinol or febuxostat

42 patients with dose
escalation of allopurinol
during 2 years

10 refractory gouty patients
under 8 mg/day pegloticase
intravenously every 2 weeks
A patient with refractory
gout with a 6-month
pegloticase

79 gouty patients under
allopurinol/febuxostat

209 gouty patients under
allopurinol/febuxostat

50 gouty patients with
allopurinol/benzbromarone/
febuxostat

157 early stage gouty
patients with febuxostat

26 patients with
tophaceous gout and
limited knee motion

Control group

15 individuals with AH

79 individuals with
continuous 6-month ULTs
and stopped prophylaxis

45 patients with no change
dose of allopurinol at Year 1
and dose escalation in Year
2

157 early-stage gouty
patients with placebo

Outcome

Scanned
sites

Sustaining foot pain and DCs positive patients MTP1

had obviously lower pain scores under ULTs

Every 1-cm® increase in MSU volume in feet,
the risk of gout attacks increased 2.03-fold

The low rate of gout relapse was found in
patients with a greater than 50% reduction in
tophi volume, s

The volume of MSU crystal was greater in
those with SUA > 6.0 mg/dl and tophi

Urate precipitation dissipated the most in the
febuxostat group, followed by allopurinol
group, and finally in the lifestyle improvement
group

Higher levels of allopurinol benefits bone
reconstruction in gout joints

sUA levels and tophi were both sensitive to
pegloticase, 71.4% of tophi disappeared

A significant reduction in tophi

DCs and tophi features were significantly
reduced

The T2T under ULTs can reduce all MSU
depositions, especially for DC

A significant deduction of DC, tophus and
aggregate sum scores

Patients on febuxostat had better RAMRI
synovitis scores and significantly fewer acute
gout attacks

A significant improvement in knee mobility
and a reduction in intra-articular tophi

Feet

MTP1, knees

Hands/wrists
feet/knees

MTP1, toes
Feet/ankle
Soft tissues

Feet

Hands/wrists
feet/ankles

Hands and
feet

Knees and
MTP1s
Hands/wrists
feet/knees

28 joints and
26 tendons

Hands and
feet

Knees and all
subcutaneous
nodules

Follow-
up visit

M1, M3

M3,
M8,
M12
Ms,
M12

Day 1
Day 28

M18

Year 1,
Year 2

Mean of
13.3
weeks
M6

M3, M6

M3,
M8,
M12
M3, M6

Me,

M12
M18,
M24
M18

Ref.

(1)

(30)

(36)

(37)

(38)

(1)

(42)

(49)

(54)

(55)

(58)

(59)
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