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Abstract

Objective: To prospectively investigate population-based metabolomics for incident gout and 

reproduce the findings for recurrent flares, accounting for serum urate.

Methods: We conducted a pre-diagnostic metabolome-wide analysis among 105,615 UK 

Biobank participants with NMR metabolomic profiling (N=168 metabolites) from baseline blood 

samples (2006–2010), without history of gout. We calculated hazard ratios (HRs) for incident 

gout, adjusted for gout risk factors, excluding and including serum urate levels, overall and 

according to fasting duration of sampling. Potential causal effects were tested with two-sample 

Mendelian randomization. Poisson regression was used to calculate rate ratios (RR) for the 

association with recurrent flares among incident gout cases.

Results: Correcting for multiple testing, 88 metabolites were associated with risk of incident 

gout (N=1303 cases) before urate adjustment, including glutamine and glycine (inversely), 

and lipids, branched-chain amino acids, and most prominently, glycoprotein acetyls (GlycA; 

P=9.17×10−32). Only GlycA remained associated following urate adjustment (HR=1.52 [95% CI: 

1.22, 1.88] between extreme quintiles); the HR increased progressively with fasting duration, 

reaching 4.01 (1.36, 11.82) for ≥8 hours’ fasting. Corresponding HR per SD was 1.10 (1.04, 1.17) 

overall and 1.54 (1.21 to 1.96) for ≥8 hours’ fasting. GlycA levels were also associated with 

recurrent gout flares among incident gout cases (RR=1.90; 1.27, 2.85 between extreme quintiles) 

with larger associations with fasting. Mendelian randomization corroborated a potential causal role 

for GlycA on gout risk.

Conclusion: This population-based prospective study implicates GlycA, a stable long-term 

biomarker reflecting neutrophil overactivity, in incident and recurrent gout flares (central 

manifestation from neutrophilic synovitis) beyond serum urate.

Graphical Abstract
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INTRODUCTION

Gout, a metabolic condition causing the most common form of inflammatory arthritis, leads 

to excruciatingly painful flares and joint damage.(1, 2) With urate a causal metabolite,(3, 4) 

gout risk is affected by genetics as well as environmental factors,(5, 6) and its disease burden 

has risen globally,(7, 8) affecting 4% of US adults (>9 million)(1) with rising emergency 

room visits and hospitalizations.(9)

While substantial advances have been made over the past two decades in identifying 

these genetic and environmental risk factors for gout, fundamental questions remain in 

the progression to clinical gout,(3, 4) as prolonged hyperuricemia (HU) is necessary, 

but not sufficient (only 20% develop gout(10)). Similarly, the predictors for the risk 

of gout flares among gout patients beyond serum urate levels remain elusive. The 

metabolome, representing an intermediate trait between genome and phenome, is ideally 

suited for investigating disease mechanisms, predisposition, progression, and prediction,(11–

13) especially for metabolic-inflammatory conditions like gout. A few prior, small-scale, 

cross-sectional studies of Asian men with preexisting gout implicated certain amino acids, 

including branched-chain amino acids (BCAAs).(14–19) While promising, it is unknown 

if these metabolites contribute to gout risk, or represent ‘markers’ of established disease 

(reverse causation from cross-sectional, prevalent case studies) or confounding (e.g., gout 

medications or lifestyle influence).(16–18) Importantly, none were population-based and 

their generalizability beyond Asian countries or males is unclear.

In this study, we first analyzed metabolomics data from a population-based cohort of 

>100,000 UK adults of European ancestry to prospectively identify novel metabolomic 

biomarkers associated with the future risk of incident gout (hypothesis-free, untargeted 

approach), and then reproduced the observed associations for recurrent flares (central target 

of clinical gout care) among the incident gout cases, accounting for serum urate levels. 

We also sought to prospectively evaluate metabolites that were associated with prevalent 

gout or hyperuricemia from those prior studies, in a hypothesis-driven, targeted approach.

(14–16, 18–20) Finally, we corroborated our findings using Mendelian randomization 

analyses, leveraging genome-wide association study (GWAS) data from a European ancestry 

population, for a putative causal role of novel associations.

METHODS

Study Population

The UK Biobank resource (UKB) is a prospective cohort of more than 500,000 UK 

residents who were aged between 40 and 69 years upon enrollment (years 2006–2010).(21) 

Participants provided written informed consent and attended a baseline assessment where 

they provided information on sociodemographics, lifestyle exposures, medical history, 

and current medications through touch-screen questionnaires and an in-person interview; 

anthropometric measures were obtained, along with biospecimens for biomarker studies. 

These data were linked retrospectively and prospectively to primary care, hospitalization, 

and death records data. A subset of participants were invited to attend a follow-up visit 

over 2012–2013 at which additional data and biospecimens were obtained. The UK Biobank 
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obtained ethical approval from the North West - Haydock Research Ethics Committee 

(16/NW/0274).

Assessment of metabolite levels

Details about the UKB blood collection,(21) and metabolomic biomarker assessment, 

quality control, and pre-processing procedures have been reported previously.(22, 23) 

Briefly, absolute concentrations of 168 nuclear magnetic resonance (NMR) metabolic 

biomarkers, including lipoprotein lipids, fatty acids, glycolysis metabolites, and amino acids 

were quantified from blood samples for a random sample of UKB participants, and have 

been made available for a total of 121,657 participants after quality control, including for 

117,994 from the baseline measurement.

We performed a hypothesis-free, untargeted metabolome-wide study to identify novel 

biomarkers of incident gout among 105,615 participants of European ancestry with 

metabolomic biomarkers quantified at the baseline assessment, and no prior diagnosis of 

gout or urate lowering therapy use. For robustness of the untargeted metabolomic findings, 

we explored among a non-overlapping sample of European ancestry participants (n= 4,804) 

who had metabolomic biomarkers measured at the first follow-up assessment (average 

4.2 years after the baseline assessment).(24) Furthermore, in a hypothesis-driven, targeted 

approach, we evaluated 8 metabolites implicated at least twice in prior studies (all from 

East Asia) based on prevalent cases (glycine, (14, 19) glutamine,(14, 18) BCAAs [leucine,

(14, 16, 18) isoleucine,(14, 18, 19) valine(14–16)], alanine,(14, 15) tyrosine,(18, 20) and 

phenylalanine.(14, 16, 19) We required at least two prior reports for each target metabolite to 

minimize false positivity, given the small scale of these prior studies.(14–19) Nevertheless, 

stability of these metabolites is supported by their 10-year intraclass correlation coefficients 

(ICCs) (range, 0.39 ~ 0.64)(25) and these metabolites have been found associated with 

incident type 2 diabetes over a median 11.9 years of follow-up in the UKB.(26)

Ascertainment of incident and recurrent gout

In UKB, data on health-related conditions, including gout, were available by one or more 

of the following: self-report at the baseline or follow-up assessment, linkage to hospital 

inpatient records, linkage to primary care records, and linkage to death records. For the 

endpoint of incident gout, individuals were followed from the date of baseline assessment 

until the date of the first gout diagnosis recorded in any of the four modalities. The analysis 

for recurrent flares was performed among 835 incident gout cases from the first analysis 

whose individual primary care clinical diagnoses and prescription data were available to 

ascertain recurrent flares in UKB. Per a study recently conducted in the UK Clinical 

Practice Research Datalink,(27) recurrent flares were defined as (1) hospitalization with 

gout (ICD-10 M10) as the primary diagnosis; (2) primary care encounter with Read code for 

acute gout; or (3) primary care encounter with Read code for gout and prescription issued 

on the same day for corticosteroids, colchicine, or non-steroidal anti-inflammatory drugs 

(NSAIDs). Flare encounters occurring within 30 days of a previous flare encounter (or the 

date of gout diagnosis) were considered as part of the same episode.
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Ascertainment of covariates

Covariates were ascertained from data collected at the UKB baseline assessment and linked 

medical records, and included age, sex, body mass index (BMI; kg/ m2, continuous),(28) 

smoking status, alcohol intake,(29) coffee intake,(30) red meat and poultry intake,(31) 

current use of diuretic medications,(28) prevalent diabetes and hypertension,(28) fasting 

time (categorical: < 4, 4 to 7, or ≥ 8 hours since last food or drink), and serum creatinine, 

urate, and high-sensitivity C-reactive protein (hs-CRP) levels (continuous). The latter 

three were measured on a Beckman Coulter AU5800 platform.(32) Creatinine levels were 

included as a measure of kidney function which could, in turn, impact serum urate levels.

Statistical Analysis

We conducted prospective analyses to examine associations between pre-diagnosis 

metabolome and risk of incident gout and to reproduce the findings for recurrent flares, 

accounting for serum urate. For the endpoint of incident gout, follow-up for each participant 

began 6 months after blood draw, to reduce chances of undiagnosed prevalent gout cases at 

blood draw, and ended at the occurrence of first recorded diagnosis of gout, death, or study 

period end (December 31, 2019), whichever came first. For the endpoint of recurrent gout, 

participants were followed from the date of first recorded gout diagnosis until death or end 

of study period. To test for associations between individual metabolites and gout risk, we 

used Cox Proportional hazards modeling to obtain hazard ratios (HRs) and 95% confidence 

intervals (CIs) comparing the highest and lowest quintiles of levels of each metabolite, as 

well as per standard deviation (SD) change in metabolite levels. Our multivariable model 

adjusted for age (continuous), sex, the first four genomic principal components, BMI, 

smoking status, frequency of alcohol intake, coffee intake, use of diuretics, serum creatinine 

levels (continuous), fasting time, history of diabetes, history of hypertension, and servings 

per week of red meat and poultry. We then additionally adjusted for serum urate levels; 

further adjustment for hs-CRP was also evaluated.

Of the 168 metabolites profiled in the UKB, two metabolites, creatinine (~4.7% missing) 

and 3-hydroxybutyrate (~1.5% missing), failed quality control based on >1% sample 

missingness. These two metabolites were dropped from subsequent analysis, though serum 

creatinine levels (assessed as baseline laboratory data) were retained as a covariate. Since 

missing values were present only for a very small proportion of UKB participants for the 

remaining 166 metabolites (ranging from 0% of values missing [for n=135 metabolites] to 

0.28% of values missing for pyruvate), metabolite imputation was not undertaken, and each 

metabolite assessment was conducted only for participants with complete information.

For the metabolome-wide, hypothesis-free assessment of individual metabolites, we 

performed multiple comparisons correction using a principal components approach that 

accounts for the high correlation among metabolites, as done previously.(33, 34) We 

found 28 principal components explained 99.5% of the variation; as such, the number of 

effective tests was 28, and significance was met if P values were less than the Bonferroni-

corrected α-threshold of 1.8×10−3 (0.05/28). For the hypothesis-driven, targeted analysis 

of the metabolites associated with prevalent cases, no multiple comparison correction was 

performed. As variability in metabolite measures may be affected by recent food intake,(35) 
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we stratified by fasting time. We additionally conducted analyses stratified by sex. To test 

for associations between metabolites and recurrent gout rate, we used Poisson regression 

to obtain rate ratios (RR) and 95% CI comparing extreme quintiles and per-SD changes in 

levels of each metabolite identified in the above analysis, adjusting for the same covariates 

including serum urate.

Metabolites were grouped into clusters based on data-driven co-abundance patterns using 

weighted gene co‐expression network analysis (WGCNA).16 Co-abundance patterns were 

determined using Pearson correlation and modules were identified by unsupervised 

hierarchical clustering, with a soft thresholding power value of 6 (default values), followed 

by dynamic tree cutting specifying a minimum of 5 metabolites in a cluster. Functional 

enrichment for each module was determined by the ontology information/ class of majority 

of eigen-metabolites in each module.

Mendelian randomization—We used two-sample Mendelian randomization to assess the 

potential causal effects of the identified metabolites on gout risk. Summary statistics for 

the metabolites were sourced from a previously conducted GWAS of metabolic biomarkers 

in the UK Biobank (N=115,078 of European ancestry),(36) with estimates adjusted for 

sex, genotyping array and fasting time, and accounting for relatedness and population 

stratification. Summary statistics for gout were sourced from the largest-available GWAS 

of serum urate levels and gout (N=13,179 cases and 750,634 controls), adjusted for 

age, sex, and genetic principal components, and study-specific covariates.(37) The latter 

were generated from the Chronic Kidney Disease Genetics (CKDGen) consortium, which 

consisted of many European-ancestry cohorts, but not the UKB. Inverse-weighted variance 

(IVW) meta-analysis was used to assess the relationship between genetically predicted 

levels of the identified metabolites on gout risk. We assessed the presence of horizontal 

pleiotropy using the MR-Egger intercept test,(38) wherein the intercept represents the 

average pleiotropic effect. An intercept term that is significantly different from zero 

indicates the presence of unbalanced (directional) pleiotropy. The MR-PRESSO(39) test 

was then used to generate an outlier-corrected IVW estimate. Analyses were performed in R 

Studio using the TwoSampleMR package and the MR-Base portal.(40)

RESULTS

Our overall metabolome-wide analysis included 105,615 UKB participants (45% male, 

mean age 56.7 years at baseline) with no history of gout or current urate-lowering therapy 

use. Their baseline characteristics, as well as those for individuals who developed incident 

gout during the follow up, are summarized in Table 1. As expected, individuals who 

developed gout were characterized by older age at baseline, male predominance, higher 

urate and creatinine levels, cardiometabolic comorbidities, greater alcohol and red meat 

intake, and diuretic use. The mean and median time between participant’s last food or 

drink consumption and the blood draw were 3.75 and 3 hours, respectively, with 47,271 

(45%) fasting for ≥ 4 hours, 11,216 (11%) for ≥ 6 hours, and 4,126 (4%) for ≥ 8 hours 

(Supplementary Table 1).
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Metabolites associated with risk of incident gout

We documented 1303 cases of incident gout over a mean follow-up of 10.4 years. In 

our hypothesis-free, untargeted analysis, after correcting for multiple comparison, 88 

individual metabolite markers were associated with incident gout from the multivariable 

models before adjusting for serum urate levels (Supplementary Table 2). There were seven 

distinct modules of interconnected metabolites with high topological overlap (Figure 1); the 

major functional classes consisted of triglycerides/very low-density lipoproteins (VLDL), 

high-density lipoprotein, cholines, and BCAAs. Among individual metabolites, glycine 

and glutamine were inversely associated with gout risk; glycoprotein acetyls showed the 

strongest association (P=1.66 × 10−21 for extreme quintile categorical comparison and 9.17 

× 10−32 for per SD) (Figures 1 and 2 and Supplementary Table 2). Additionally, in our 

targeted approach for the metabolites previously identified by prior small cross-sectional 

studies, pre-diagnosis levels of isoleucine, leucine, valine, glycine, and glutamine were 

associated with the risk of incident gout (P <0.05), whereas alanine, phenylalanine, and 

tyrosine were not (Supplementary Table 2).

Upon further adjustment for serum urate levels, glycoprotein acetyls (GlycA) were the only 

metabolite significantly associated with the risk of incident gout, applying multiple testing 

criteria (Supplementary Table 2). The HR for incident gout comparing extreme quintiles of 

GlycA levels was 2.80 (95% CI: 2.27 to 3.47) before adjustment for urate levels and 1.52 

(1.22 to 1.88) after adjustment; the corresponding HRs per SD were 1.38 (1.30 to 1.41) and 

1.10 (1.04 to 1.17) (Table 2). These associations did not change materially with additional 

adjustment for hs-CRP level, which itself was not associated with the risk of gout in the 

same model (HR per mg/L = 1.00; 95% CI, 0.99 to 1.02). In the nonoverlapping follow-up 

cohort (N=4804), the HR of GlycA for the risk of incident gout was 1.56 (95% CI, 1.08 to 

2.25) per SD before urate adjustment and 1.35 (0.89 to 2.02) after urate adjustment.

The associations between GlycA levels comparing extreme quintiles and risk of incident 

gout increased with fasting duration, from 1.72 (1.22 to 2.40) for ≥ 4 hours to 3.01 (1.39 

to 6.49) for ≥ 6 hours, and 4.01 (1.36 to 11.82) for ≥ 8 hours of fasting, respectively. The 

corresponding HRs per SD were 1.14 (1.05 to 1.23), 1.31 (1.11 to 1.54), and 1.54 (1.21 to 

1.96) for ≥ 4, 6, and 8 hours’ fasting, respectively.

There were 1014 cases of incident gout among males (2.14 per 1000 person-years) and 289 

among females (0.48 per 1000 person-years). The fully adjusted HR for incident gout among 

males was 1.30 (1.03 to 1.65) comparing extreme quintiles of GlycA, and 1.06 (0.99 to 1.13) 

per SD. As with the overall result, the effect estimates were larger among males with greater 

fasting duration, with HRs of 1.53 (1.06 to 2.22), 2.55 (1.11 to 5.86), and 4.48 (1.31 to 

15.39) with ≥ 4, ≥ 6, and ≥ 8 hours of fasting, respectively. The corresponding HRs among 

females were 2.70 (1.46 to 5.01) comparing extreme quintiles and 1.24 (1.11 to 1.40 per SD; 

P for interaction by sex=0.002.

Metabolites associated with recurrent gout flares

For the analysis of recurrent gout flares, 835 incident gout cases were eligible (76 % 

male, mean age 58.6 years at baseline) (Table 1), among whom 316 recurrent flares were 
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documented over a mean 3.8 years of follow-up. Adjusting for covariates, including serum 

urate, GlycA levels were associated with recurrent gout flares, with RR of 1.90 (1.27 

to 2.85) comparing extreme quintiles, and 1.20 (1.06 to 1.35) per SD (Table 3). These 

associations did not change materially with additional adjustment for hs-CRP level, which 

itself was not associated with the risk of recurrent flares in the same model (HR per mg/L 

= 1.01; 95% CI, 0.99 to 1.03). As with the incident gout endpoint, the effect estimates were 

larger among those with greater fasting duration, with corresponding RRs of 3.29 (1.66 to 

6.54) and 1.37 (1.13 to 1.65) per SD among those fasting ≥ 4 hours (Table 3).

Mendelian randomization

The sixty-one SNPs associated with GlycA levels were pruned for linkage disequilibrium 

at a threshold of r2 < 0.001, leaving 58 independent SNPs; two palindromic SNPs were 

also excluded. As such, the genetic instrument for GlycA levels was comprised of 56 SNPs. 

Genetically predicted GlycA levels were associated with an increased risk of gout, with 

OR 1.52 (1.22 to 1.89) per SD change in GlycA. The MR-Egger intercept was 0.001 (p-

value=0.91), consistent with the null hypothesis of no directional pleiotropy. Upon removal 

of the five SNPs identified by the MR-PRESSO test, the outlier-corrected OR was 1.19 (1.02 

to 1.40) per SD change in GlycA.

DISCUSSION

In this first prospective population-based metabolomics study of over 100,000 UK 

individuals, with 1303 new gout cases documented over 10 years, we identified distinctive 

metabolites in pre-diagnostic plasma samples that were associated with incident gout, 

including glutamine and glycine (inversely), and lipids, BCAAs, and GlycA, which 

showed by far the most prominent association (Figure 1). In particular, GlycA (a stable 

inflammatory marker reflecting neutrophil overactivity(41–45)) predicted incident gout 

beyond serum urate levels. The association was progressively larger with increasing fasting 

time. Furthermore, GlycA was also associated with recurrent flares (central clinical target) 

among the same participants after they developed gout, and this association also was larger 

with fasting. Finally, Mendelian Randomization results corroborated a causal relationship 

between GlycA levels and gout risk. These findings may provide insight into its metabolic-

neutrophilic synovitis pathways, with implications for biomarker-based flare prediction or 

therapeutic targets.

The GlycA is an NMR-derived novel biomarker of systemic inflammation, representing the 

integrated concentration and glycosylation of acute phase proteins (predominantly alpha-1- 

acid glycoprotein, haptoglobin, and alpha-1-antitrypsin) released in the inflammatory state.

(41) Transcriptionally GlycA levels corresponded to a gene coexpression network for 

neutrophil activities, with most genes in the preserved module for peptides originating 

from neutrophil granules.(42) To that end, neutrophilic synovitis is the hallmark of a gout 

flare, which result from an innate immune response against monosodium urate crystal 

deposits, where macrophage crystal phagocytosis activates NLRP3 inflammasome, leading 

to the release of pro-inflammatory cytokines (e.g., IL-1ß, IL-6, and IL-8), attracting and 

stimulating blood neutrophils, including neutrophil extracellular traps (NETosis). GlycA 
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has also been found to predict the risk of type 2 diabetes and cardiovascular diseases, 

independently of CRP,(43, 44) suggesting it may capture different inflammatory pathways.

(45) Furthermore, GlycAs were better able to predict the early development of adverse 

cardiovascular disease risk profiles in young adults when compared with CRP.(45) To that 

end, GlycA and CRP’s representation of inflammatory burden appears to be analogous to 

HbA1c and fasting glucose for assessing blood sugar control, the former more representative 

of longer-term cumulative exposure, and the latter sensitive to acute changes.(45) We 

observed CRP was not independently associated with the risk of gout incidence or recurrent 

flares among gout patients, in contrast to GlycA, supporting the specific relevance of our 

findings. Furthermore, our Mendelian Randomization results supported a causal relationship 

between GlycA levels and gout risk.

The magnitude of association between GlycA levels and the risk of both incident and 

recurrent gout grew with longer fasting time. This suggests food intake impacts variability 

in glycoprotein levels, creating misclassification of its true usual level, and that the 

signal to noise ratio may be higher among fasting samples. Further research or potential 

application for prediction would be served better with fasting samples particularly for 

prospective sample collections. The stronger association among females reminded us of 

many differences in female gout, including sex hormone influence as well as higher 

prevalence of cardiometabolic and kidney comorbidities. Also, female gout predominantly 

affects postmenopausal and elderly women, which might contribute to the observed 

difference from males. Furthermore, it remains conceivable that differential neutrophile 

overactivity and associated systemic inflammatory propensity might explain the stronger 

associations among women.

While we primarily sought to identify metabolites beyond serum urate levels for disease 

mechanisms, progression, and recurrent flares, 88 metabolites were also associated with 

incident gout risk before urate adjustment, including glutamine and glycine (inversely), and 

lipids, and BCAAs. The nullification of the associations after urate adjustment suggests 

that these metabolites are upstream to serum urate in the causal pathway or predict 

gout risk fully by their association with serum urate levels. Prior epidemiologic studies 

employing conventional lipid profile data have reported associations with gout, although 

statin use has not been associated with lower serum urate or gout risk. More recently, 

small-scale, cross-sectional metabolomics studies of prevalent gout cases from China and 

Japan, with all but one employing mass spectrometry (as opposed to NMR), have also 

reported associations with various lipids, as well as certain amino acids including glutamine, 

glycine, and BCAAs.(14–19) In this prospective population-based analysis of pre-diagnosis 

metabolomics, we confirmed the positive association between BCAA levels and incident 

gout, and inverse associations for glutamine and glycine. BCAA levels have also been 

implicated in insulin resistance, obesity, type 2 diabetes, and cardiovascular sequalae(46–

48) To that end, BCAA levels have been found amenable to lifestyle modifications in 

clinical trials.(49) Furthermore, several small-scale glycine supplementation trials found 

improvements in insulin sensitivity,(50) which in turn can lower serum urate levels.(51, 

52) Finally, randomized controlled trials have found glutamine supplementation decreased 

the inflammatory response and abolished autophagy responses in cancer patients receiving 

radiotherapy,(53) and also reduced sickle-cell pain crises presumably by reducing oxidative 
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stress.(54) Whether these presumed mechanisms and observed benefits are relevant to gout 

risk remains to be clarified.

Strength and limitations

Our study prospectively followed a large number of individuals without gout at baseline, 

tracing the occurrence of new diagnosis of gout in relation to pre-diagnosis metabolomics 

from the samples at baseline, with a six-month lag period. As such, the temporal relation 

between exposure and outcome was clear, unlike prior small-scale, cross-sectional studies 

of pre-existing gout patients, all from east Asian countries. (14–16, 18, 19) While we 

replicated some of the findings as discussed above, we found no associations with alanine, 

phenylalanine, and tyrosine, ones observed in those small-scale, cross-sectional Asian 

studies.(14, 15, 19) However, given the temporal ambiguity, as well as the potential for 

confounding associated with prevalent cases (e.g., impact of gout related medications), 

and selection bias, findings from those prior studies must be interpreted more cautiously. 

Furthermore, the association with recurrent gout among those with incident gout in our 

study tended to be stronger, which corroborated the prior observation that GlycA was 

stable within individuals up to 10 years.(42) Although we adjusted for known clinical 

and environmental risk factors, as with any observational study, our findings are subject 

to residual or unmeasured confounding. Conversely, the cardiometabolic sequelae adjusted 

in our model such as diabetes, hypertension, and kidney function, as well as others not 

included in our model, could also be causal intermediates, potentially underestimating 

the effect. While UKB participants tended to have a better socioeconomic position than 

the UK general population, with better health status and behaviours,(55) the biologic 

associations between metabolome and gout risk would likely be generalizable to other 

European ancestry populations.(55) While we sought to fill the gap in metabolomics 

evidence for gout among European ancestry population (beyond Asian(14–19)), by validly 

taking advantage of European metabolomics GWAS data(36) for Mendelian randomization 

analyses, further population-based prospective studies in non-European ancestry populations 

are warranted. Future studies could address the role of individual components of GlycA as 

well as mechanistic studies. Finally, as our assessment was limited to the 168 metabolites as 

profiled in the UKB sample, additional studies are needed to assess other metabolite classes.

Conclusions

This first population-based, prospective pre-diagnostic metabolomics study implicated 

GlycA (a stable inflammatory marker reflecting neutrophil overactivity), which was novelly 

associated with incident and recurrent gout beyond serum urate. These findings may 

provide insight into the metabolic-neutrophilic synovitis pathways in gout, and could lead to 

biomarkers to predict flares or become new therapeutic targets.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of individual metabolites with incident gout risk, by weighted correlation 
network analysis (WGCNA) modules.
These associations are adjusted for all covariates as in Table 1, except for serum urate 

levels. Glycoprotein acetyls showed the strongest association (P= 9.17 × 10−32 for per SD). 

The metabolites associated in our hypothesis-driven, targeted analysis are also marked with 

labels; glycine and glutamine were inversely associated with gout risk, whereas branched 

chain amino acids (BCAAs) were positively associated (see Results for details).

Black=branched chain amino acids; Blue=low density lipoproteins; Maroon=high-density 

lipoproteins; Green=very low-density lipoproteins and glycoprotein acetyls; Red=cholines; 

Teal=cholesterols, monounsaturated acids, polyunsaturated acids, and small very low-

density lipoproteins; Yellow=triglycerides, chylomicrons, and large very low- density 

lipoproteins. Grey=unclassified. Total BCAAs, total concentration of branched chain amino 

acids (leucine + isoleucine + valine).
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Figure 2. Cumulative incidence of gout according to quintiles of glycoprotein acetyl levels.
The range of values was as follows: first quintile, < 0.69 mmol/l; second quintile, ≥ 0.69 to 

0.75 mmol/l; third quintile, ≥ 0.75 to 0.81 mmol/l; fourth quintile, ≥ 0.81 to 0.88 mmol/l; 

fifth quintile ≥ 0.88 mmol/l.
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Table 1.

Baseline characteristics of study participants, by cohort

Individuals without Gout at Baseline Individuals with Incident Gout during Follow Up

N 105,615 835

Male, n (%) 47,216 (44.7) 636 (76.2)

Age (years), Mean (SD) 56.7 (8.1) 58.6 (7.5)

BMI (kg/ m 2 ), Mean (SD) 27.3 (4.7) 29.9 (5.0)

Serum Urate (μmol/L), Mean (SD) 308 (77.4) 427 (87.8)

Creatinine (μmol/L), Mean (SD) 72.0 (16.5) 82.6 (17.4)

Hours of fasting, Mean (SD) 3.75 (2.4) 3.81 (2.4)

Smoking status, n (%)

 Never 56,849 (53.8) 353 (42.3)

 Former 37,631 (35.6) 409 (49.0)

 Current 11,135 (10.5) 73 (8.7)

Alcohol consumption (frequency), n (%)

 Never 7087 (6.7) 46 (5.5)

 Special occasions only 11,292 (10.7) 59 (7.1)

 One to three times a month 12,059 (11.4) 60 (7.2)

 Once or twice a week 28,027 (26.5) 203 (24.3)

 Three or four times a week 25,292 (23.9) 224 (26.8)

 Daily or almost daily 21,858 (20.7) 243 (29.1)

Coffee consumption (cups/day)

 0 22,126 (20.9) 187 (22.4)

 1–2 40,870 (38.7) 316 (37.8)

 3–5 27,997 (26.5) 225 (26.9)

 >5 6943 (6.6) 45 (5.4)

 Missing/ Other 7679 (7.3) 62 (7.4)

Diabetes, n (%) 4878 (4.6) 69 (8.3)

Hypertension, n (%) 10,278 (9.7) 246 (29.5)

Red meat intake (servings/day)

 ≤ 0.5 55,835 (52.9) 361 (43.2)

 > 0.5 49,780 (47.1) 474 (56.8)

Poultry intake (servings/day)

 ≤ 0.25 54,939 (52.0) 427 (51.1)

 > 0.25 50,676 (48.0) 408 (48.9)

Diuretic use, n (%) 1961 (1.9) 54 (6.5)

n, number; SD, standard deviation
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Table 2

Associations of glycoprotein acetyls with risk of incident gout in the UK Biobank, overall and by fasting time

Model Cases, N Cases Per 
1000 PYs

Multivariable HR, (95% 
CI) P

Multivariable HR, (95% 
CI), with serum urate 

adjustment
P

Overall (N=105,615) 1303 1.22

Categorized as 
quintiles:

Q1 115 0.53 1.0 Ref - 1.0 Ref -

Q2 175 0.81 1.34 (1.06 to 1.70) 0.01515 1.20 (0.95 to 1.52) 0.130

Q3 252 1.17 1.74 (1.39 to 2.17) 7.64 × 10−07 1.36 (1.09 to 1.70) 6.50 × 10−3

Q4 309 1.45 2.02 (1.62 to 2.51) 2.68 × 10−10 1.43 (1.15 to 1.77) 1.43 × 10−3

Q5 452 2.14 2.80 (2.27 to 3.47) 1.66 × 10−21 1.52 (1.22 to 1.88) 1.48 × 10−4

Per Standard 
deviation:

- - 1.38 (1.30 to 1.41) 9.17 × 10−32 1.10 (1.04 to 1.17) 6.54 × 10−4

Fasting ≥ 4 hours 
(N=47,271) 603 1.27

Categorized as 
quintiles:

Q1 45 0.50 1.0 Ref - 1.0 Ref -

Q2 74 0.79 1.45 (1.00 to 2.11) 0.049 1.29 (0.89 to 1.88) 0.18

Q3 115 1.19 1.94 (1.37 to 2.75) 0.0002 1.48 (1.05 to 2.11) 0.025

Q4 151 1.56 2.39 (1.71 to 3.36) 4.05E-07 1.71 (1.22 to 2.40) 0.002

Q5 218 2.25 3.27 (2.35 to 4.56) 2.28E-12 1.72 (1.22 to 2.40) 0.002

Per Standard 
deviation: - - 1.42 (1.31 to 1.53) < 0.01 1.14 (1.05 to 1.23) 0.002

Fasting ≥ 6 hours (N= 
11,216) 158 1.40

Categorized as 
quintiles:

Q1 8 0.35 1.0 Ref - 1.0 Ref -

Q2 17 0.76 1.93 (0.83 to 4.48) 0.12 1.69 (0.73 to 3.94) 0.22

Q3 29 1.28 3.01 (1.37 to 6.61) < 0.01 2.19 (0.99 to 4.84) 0.05

Q4 46 2.03 4.60 (2.15 to 9.84) < 0.01 2.97 (1.39 to 6.38) 0.005

Q5 58 2.61 5.83 (2.73 to 12.45) < 0.01 3.01 (1.39 to 6.49) 0.005

Per Standard 
deviation: - - 1.62 (1.40 to 1.89) 3.58 × 10−10 1.31 (1.11 to 1.54) 0.0014

Fasting ≥ 8 hours (N= 
4,126) 75 1.77

Categorized as 
quintiles:

Q1 4 0.49 1.0 Ref - 1.0 Ref -
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Model Cases, N Cases Per 
1000 PYs

Multivariable HR, (95% 
CI) P

Multivariable HR, (95% 
CI), with serum urate 

adjustment
P

Q2 7 0.87 1.62 (0.74 to 3.53) 0.60 1.36 (0.39 to 4.71) 0.80

Q3 12 1.38 2.41 (1.30 to 4.47) 0.13 1.54 (0.49 to 4.89) 0.44

Q4 22 2.48 4.45 (2.71 to 7.32) 0.006 2.86 (0.97 to 8.48) 0.05

Q5 30 3.49 6.90 (4.35 to 10.95) 0.0004 4.01 (1.36 to 11.82) 0.01

Per Standard 
deviation: - - 1.77 (1.42 to 2.22) 6.28 × 10−7 1.54 (1.21 to 1.96) 0.0003

N, number; HR, hazard ratio; PY, person-years
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Table 3

Associations of glycoprotein acetyls with rate of recurrent gout flare

Model N Flares Flares Per 
1000 PYs Multivariable RR, (95% CI) P Multivariable RR, (95% CI), 

with serum urate adjustment P

Overall (N= 835) 316 100.3

Categorized as 
quintiles:

Q1 38 62.8 1.0 - 1.0 -

Q2 61 93.6 1.33 (0.88 to 2.00) 0.18 1.30 (0.86 to 1.96) 0.21

Q3 62 98.2 1.56 (1.03 to 2.37) 0.03 1.51 (1.00 to 2.28) 0.05

Q4 69 111.0 1.75 (1.16 to 2.63) 0.01 1.67 (1.11 to 2.51) 0.01

Q5 86 134.6 2.02 (1.35 to 3.02) <0.001 1.90 (1.27 to 2.85) 0.002

Per Standard 
deviation: - - 1.23 (1.09 to 1.38) 0.001 1.20 (1.06 to 1.35) 0.003

Fasting ≥ 4 hours 
(N=364) 127 93.5

Categorized as 
quintiles:

Q1 13 52.4 1.0 - 1.0 -

Q2 18 73.9 1.56 (0.75 to 3.22) 0.23 1.51 (0.73 to 3.13) 0.27

Q3 26 90.9 1.89 (0.94 to 3.81) 0.07 1.83 (0.91 to 3.69) 0.09

Q4 22 78.5 1.88 (0.91 to 3.90) 0.09 1.79 (0.85 to 3.74) 0.12

Q5 48 159.9 3.50 (1.78 to 6.88) 0.00 3.29 (1.66 to 6.54) <0.001

Per Standard 
deviation: - - 1.39 (1.16 to 1.68) <0.001 1.37 (1.13 to 1.65) 0.001

N, number; PY, person-years; RR, rate ratio
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