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Abstract
Background: Observational studies have identified gout patients are often comorbid with dyslipidemia,
which is characterized by a decrease in high-density lipoprotein cholesterol (HDL) and an increase in
triglycerides (TG). However, the relationship between dyslipidemia and gout is still unclear.

Methods: We first performed Mendelian randomization (MR) to evaluate the causal effect of four lipid
traits on gout and serum urate based on publicly available GWAS summary statistics ( n ~100,000 for
lipid, 69,374 for gout and 110,347 for serum urate). We then employed multivariable MR to estimate the
independent causal effect for lipid on gout via serum urate with mediation analysis.

Results: MR showed each standard deviation (SD) (~12.26 mg/dL) increase in HDL resulted in about 25%
(95% CI 9.0% ~ 38%, p = 3.31E-3) reduction of gout risk, with 0.09 mg/dL (95% CI: -0.12 ~ -0.05, p = 7.00E-
04) decrease in serum urate, and each SD (~112.33 mg/dL) increase of TG was associated with 0.10
mg/dL (95% CI: 0.06 ~ 0.14, p = 9.87E-05) increase in serum urate. Those results were robust against
various sensitive analyses. Additionally, independent effects of HDL and TG on gout/serum urate were
confirmed. Finally, mediation analysis demonstrated HDL or TG could also indirectly affect gout via the
pathway of serum urate.

Conclusion: Our study confirmed the causal associations between HDL (and TG) and gout, and further
revealed the effect of HDL or TG on gout could also be mediated via serum urate.

Introduction
Gout is a common and complex form of arthritis with anyone at risk. It is characterized by sudden, severe
attacks of pain, swelling, redness and tenderness in the joints, usually resulting from the chronic elevation
of uric acid levels and the deposition of urate crystals in the body (e.g. joints and kidneys). Empirical
studies have indicated a positive correlation between dyslipidemia and the risk of gout [1, 2], as
evidenced in the increased prevalence and incidence of gout in people with dyslipidemia [3]. Dyslipidemia
is characteristic of aberrant blood lipids, including abnormalities of high-density lipoprotein cholesterol
(HDL), low-density lipoprotein cholesterol (LDL), total cholesterol (TC) and triglycerides (TG). The third
National Health and Nutrition Examination Survey of the United States reported that in gout patients the
risk of hypertriglyceridemia was doubled and the odds ratio (OR) of low HDL was 1.60 after adjustment
for age and gender [4], implying elevated HDL may lead to the decreased risk of gout. A cross-sectional
study in 4,053 young adults revealed the elevation of serum urate was associated with metabolic
abnormalities (e.g. hyperinsulinemia, hypertension, dyslipidemia, and obesity) [5]. In a study of the
Japanese population, glucokinase regulatory gene was associated with decreased fasting blood glucose
levels, elevated TG and serum urate concentrations, and was associated with dyslipidemia [6]. On the
contrary, some studies indicated there was no significant difference in blood lipid levels between gout
patients and normal controls [7].
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These controversies over the relationship between dyslipidemia and gout may be partly attributable to
uncontrolled/unmeasured confounders in observational studies. Additionally, doubt remains as to
whether dyslipidemia is subsequent or consequent to gout. In case of limited observational evidence,
Mendelian randomization can facilitate the validation of causal relationship for modifiable risk factors
[8–10]. In brief, Mendelian randomization holds that genetic variants associated with an exposure would
also be associated with an outcome through the exposure route if the exposure is causally associated
with the outcome. It employs genetic variants as instrumental variables and is often less susceptible to
confounders compared with conventional observational studies in that genetic variants are randomly
allocated at conception [11]. This randomization process is analogous to the profile in a randomized
controlled trial wherein participants are subjected to randomized classification and varied exposure. The
substantial variation of outcome between groups provides evidence of the putative causal effect of
exposure on outcome. In this sense, Mendelian randomization is at the interface of experimental and
observational studies and is also referred to as the natural randomized trial [12, 13] to generate evidence
in support of the potential causal effect of an exposure.

Indeed, Mendelian randomization has become a potent and effective statistical method for causal
inference in observational studies, owing to recent achievements of genome-wide association studies
(GWASs) [14–22]. In the present study, we employed single nucleotide polymorphisms (SNPs) associated
with lipid traits as instrumental variables to determine their causal associations with gout. We conducted
the largest and most comprehensive two-sample Mendelian randomization analysis to date with
summary statistics from large-scale GWASs with ~ 180,000 individuals for lipids (i.e. HDL, LDL, TC and
TG) [23], ~ 2,100 cases for gout [24] and ~ 110,000 individuals for serum urate [24].

Materials And Methods

GWAS data
The genetic data sets of the four lipid traits (i.e. HDL, LDL, TC and TG) were available from the Global
Lipids Genetics consortium (GLGC) [23] (http://csg.sph.umich.edu/). After stringent quality control of
genetic variants and individuals, ~ 2,250,000 SNPs remained including genotyped and imputed from
188,577 individuals of European ancestry. Each of the four lipids was adjusted for available covariates
(e.g. age, age2 and gender) and then the resultant residuals were quantile normalized to be a standard
normal distribution. The association was finally performed for each SNP with a linear additive regression
model. For each lipid trait we yielded its summary association statistics (e.g. effect allele, effect allele
frequency, marginal effect size, standard error, p value and sample size).

We acquired genetic data sets for gout and serum urate concentration from the Global Urate Genetics
Consortium (http://metabolomics.helmholtz-muenchen.de/) [24]. After stringent quality control, a total of
69,374 (2,115 cases and 67,259 controls) European individuals and 2,538,056 genotyped and imputed
SNPs remained for gout, and 110,347 individuals and 2,450,547 genotyped and imputed SNPs were
reserved for serum urate. The association between each SNP and gout/serum urate was analyzed with
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an additive logistic/linear regression while adjusting for other available covariates (e.g. age and gender).
Again, the summary association statistics of gout/serum urate (e.g. effect allele, marginal effect size,
standard error, p value and sample size) were downloaded and refined. The GWAS genetic data sets used
in our study are summarized in Table 1.

Table 1
Genetic data sets used in the present study

Exposure(outcome) Sample size(case/control) Number of SNPs Reference

HDL 99,900 2,260,809 [75]

LDL 95,454 2,251,395 [75]

TC 100,184 2,259,768 [75]

TG 96,598 2,252,990 [75]

Gout 69,374 (2,115/67,259) 2,538,056 [24]

Serum urate 110,347 2,450,547 [24]

HDL, High-density lipoprotein cholesterol; LDL, Low-density lipoprotein cholesterol; TC, Total
cholesterol; TG, Triglycerides.

Selection of instrumental variables
Based on our prior studies [16, 25], we selected instrumental variables for lipids with the use of the
clumping procedure of PLINK (version v1.90 b3.38) [26], in which we set both the primary significance
level and the secondary significance level for index SNPs to 5.00E-8, the r2 to 0.01 and the physical
distance to 1,000 kb with 1000 Genomes Projects (the European population) as reference panel. We then
selected the lipid-specific index SNPs as instrument variables and finally generated 103 SNPs for HDL, 50
SNPs for LDL, 60 SNPs for TC and 60 SNPs for TG. As per previous MR literature [16, 19, 27–36], we
examined pleiotropic association by removal of SNPs which may be potentially associated with gout or
serum urate. Specifically, we further ensured that no index SNPs influenced gout and serum urate by
screening the EBI website (https://www.ebi.ac.uk/). Finally, we obtained the effect size and standard error
of each SNP and summarized detailed information in Supplementary Materials.

Estimation of causal effect and sensitivity analyses
We subsequently employed Mendelian randomization to determine the causal relationship between lipids
and gout/serum urate. First, we calculated the proportion of phenotypic variance explained (PVE) by
instruments and computed the F statistic for the four blood lipids to quantitatively verify whether the
selected index SNPs were strong instruments [16, 25, 37, 38]. For the four lipid traits, we initially
conducted the inverse variance weighted (IVW) method to estimate their causal effects on gout/serum
urate [39]. We then conducted several sensitivity analyses to assess the validity of our IVW Mendelian
randomization results: (1) Median-based method [40] and maximum likelihood method [41]; (2) leave-
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one-out (LOO) cross-validation analysis [25, 37] to validate whether there were instrumental outliers that
can substantially impact the causal effect estimates; (3) MR-Egger regression to further evaluate
horizontal pleiotropic effects of instrumental variables [42]; (4) reverse causal analysis to assess whether
gout/serum urate exhibited a causal effect on lipids using instrumental variables of gout or serum urate,
since the determination of the causal direction is very important in Mendelian randomization [43]; (5)
multivariable Mendelian randomization analysis [16, 25, 44] to investigate the relationship between one
lipid trait (e.g. HDL) and gout/serum urate while adjusting for the effects of other lipids (e.g. LDL, TC and
TG).

Mediation analysis to explore the mediation effect of serum
urate in the path from lipids to gout
Emerging evidence demonstrated that elevated serum urate is the most important single-risk factor and
urate-lowering therapy is frequently recommended in the clinical management of gout patients [45].
Nonetheless, on the grounds of the causal relationships between lipids and serum urate identified in our
analysis, a natural and immediate problem arose as to whether serum urate can mediate the effect of
lipids on gout (Fig. 1C), or rather, do lipids have an indirect effect on gout via serum urate? To address
this problem, we further performed a mediation analysis with serum urate serving as a mediator and
estimated the mediating effect of serum urate (i.e. the indirect effect of lipids) [46–50]. The estimation
and hypothesis testing of the mediation effect were also implemented within the framework of Mendelian
randomization based on summary association statistics of lipids, serum urate and gout (Table 1 and
Fig. 1D). Briefly, we estimated the causal effect of lipids on serum urate with IVW methods and estimated
the causal effect of serum urate on gout by the multivariable Mendelian randomization analysis. Such an
analysis is also referred to as network Mendelian randomization [51, 52]. The mediation effect was
evaluated with the product method and was tested with the Sobel test [53] or the Bootstrap test [54]. The
details of the mediation analysis were demonstrated in Supplement Methods.

Our statistical analysis was mainly conducted within the R (version 3.5.2) software. As there were four
exposures and two outcomes in our Mendelian randomization analysis, the statistical significance level
was adjusted to 6.30E-03 (= 0.05/8) to incorporate the issue of multiple hypothesis testing. In addition,
since participants had provided written informed consent for data sharing as described in each of the
original GWASs; ethical review was omitted in our study.

Result

Causal effect of lipids on gout
We chose 92, 48, 58 and 53 lipid-specific instrumental variables for HDL, LDL, TC and TG when
evaluating their associations with gout. Together, these instrumental variables accounted for a total of
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5.7%, 3.1%, 2.6% and 4.3% phenotypic variances for HDL, LDL, TC and TG, respectively. The F statistics
for all these SNPs were greater than 10 (Supplementary Tables S1-S4), suggesting that weak instrument
bias was potentially null in our analysis. The Cochran's Q test [55, 56] showed that there was little
evidence of instrumental heterogeneity for HDL (p = 0.945), TC (p = 0.179) or TG (p = 0.379). However, an
instrumental heterogeneity was observed for LDL at the marginal significance level of 0.05 (p = 0.047).
Therefore, we employed the fixed-effects IVW method for HDL, TC and TG, and applied the random-effect
IVW method for LDL when estimating the causal effects on gout.

Among the four lipids we identified that only HDL was associated with gout (Fig. 2A-C and Fig. 3).
Specifically, the estimated odds ratio (OR) per standard deviation (SD) increase of HDL (~ 12.26 mg/dL)
on gout was 0.75 (95% CI 0.62 ~ 0.91, p = 3.31E-3) and was statistically significant after Bonferroni
correction. The OR per SD increase of LDL (~ 30.25 mg/dL), TC (~ 36.32 mg/dL) or TG (~ 112.33 mg/dL)
for gout was 0.81 (95% CI 0.61 ~ 1.07, p = 0.079), 0.98 (95% CI 0.90 ~ 1.06, p = 0.604) and 1.16 (95% CI
0.93 ~ 1.45, p = 0.186) (Fig. 3 and Supplementary Table S5), respectively.

Causal effect of lipids on serum urate
We generated 87, 45, 57 and 49 lipid-specific instrumental variables for HDL, LDL, TC and TG when
evaluating their associations with serum urate. These instrumental variables explicated a total of 5.0%,
3.0%, 2.5% and 3.7% phenotypic variances for HDL, LDL, TC and TG, respectively (Supplementary Tables
S6-S9). Thereafter, we used the random-effects IVW method to estimate the causal effects due to the
heterogeneity observed for all the four sets of instruments (the p values of the Cochran's Q test were
5.37E-10, 6.95E-04, 3.41E-06 and 2.67E-03 for HDL, LDL, TC and TG, respectively). HDL is negatively
associated with serum urate after Bonferroni correction (estimated causal effect = -0.09, 95% CI -0.12 ~
-0.05, p = 7.00E-04) (Fig. 2D-F and Fig. 3). In addition, a positive association existed between TG and
serum urate (estimated causal effect = 0.10, 95% CI 0.06 ~ 0.14, p = 9.87E-05) (Fig. 2G-I and Fig. 3).
However, no association was observed between LDL/TC and serum urate (Supplementary Table S5 and
Fig. 3).

Sensitivity analyses to validate the estimated causal effects
We subsequently performed sensitivity analyses to validate the causal association observed above.
Herein, we relegated the results of serum urate to Supplementary Results and focused only on gout in the
following paragraphs. Due to the insignificant association between LDL/TC and gout/serum urate, we
only summarized their results in Fig. 3 and Supplementary Figures S1-S3, but did not pursue any of these
two sets of traits further.

With the maximum likelihood method, the estimated OR per SD increase of HDL on gout was 0.75 (95%
CI: 0.62 ~ 0.91, p = 3.31E-03), in line with the IVW estimate; while the median-based method identified a
consistently inverse but insignificant association (OR = 0.69, 95% CI 0.51 ~ 0.94, p = 0.019). The LOO
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analysis showed that none of the instruments of HDL could individually affect the substantial causal
effect estimates (Supplementary Figure S4). However, Fig. 2A delineated that two instrumental variables
of HDL with large effect sizes on gout seemed to be potential outliers (i.e. rs2566091 in gene ALDH1A2
and rs9989419 in gene AC012181.1). However, they did not exert any substantial impact on the
estimated causal effect of HDL on gout. Specifically, after removal, the OR was 0.74 (95% CI 0.60 ~ 0.91,
p = 4.18E-03), similar to that obtained with the instruments in total (Fig. 2B). Furthermore, the funnel plot
of HDL for gout exhibited a symmetric pattern around the causal effect point estimates (Fig. 2C), offering
little evidence for horizontal pleiotropy. The MR-Egger regression also precluded the possibility of
pleiotropy of instrument variables (the intercept = -0.013, 95% CI -0.028 ~ 0.003, p = 0.113). Excluding 28
instruments associated with other traits/diseases (Supplementary Table S10) did not substantially alter
our estimation of causal effect (OR = 0.77; 95%CI 0.62 ~ 0.95, p = 0.016). We further performed a
multivariable Mendelian randomization analysis to estimate the association between HDL and gout while
adjusting for LDL, TC and TG. The result showed HDL a de facto inverse relationship with gout even after
controlling for the residual lipid traits (Supplementary Table S11), implying the independent causal role of
HDL in the risk of gout.

In the reverse causal analysis, we kept one instrumental variable for gout in estimation of its causal
effect on HDL, and 24 (or 22) instrumental variable of serum urate when estimating its effect on HDL (or
TG) (Supplementary Tables S12-S14). With the fixed-effects IVW method, the causal effect of gout on
HDL was estimated to be -0.019 (95% CI: -0.018 ~ 3.20E-03, p = 0.173), and the causal effects of serum
urate on HDL and TG were estimated to be -0.033 (95% CI -0.065 ~ -7.31E-04, p = 0.045) and 0.016 (95%
CI: -0.016 ~ 0.048, p = 0.330), respectively. All of estimates were insignificant in case of multiple
hypothesis testing. Therefore, this analysis excluded the probability of reverse causation from
gout/serum urate to lipids, indicating that dyslipidemia (e.g. decreased HDL and/or increased TG) was a
causal factor rather than a clinical manifestation of gout or serum urate.

Results of the mediation analysis
To estimate the possible mediation of serum urate in the progression from dyslipidemia and gout, we
combined both the instrumental variables of lipids and serum urate, and reserved 116, 65, 76 and 73 lipid-
specific instrumental variables for HDL, LDL, TC and TG in the mediation analysis (Supplementary Tables
S15-S19). Notably, the following reported effects were corrected for the same scales (Supplement
Methods).

In the mediation analysis we observed that the summation of the mediation effect and the direct effect
was approximately equal to the total effect (Table 2), indicating that our correction strategy used for
those effects was justifiable. The total effect of HDL on gout was estimated to be -0.154 (95% CI: -0.256
~ -0.051, p = 3.31E-3; Fig. 3) and the direct effect of HDL on gout was estimated to be -0.106 (95% CI:
-0.189 ~ -0.022, p = 1.35E-02). More importantly, the mediation effect of HDL on gout was estimated at
-0.020 (95% CI: -0.033 ~ -0.008, p = 1.67E-03), which accounted for about 13.0% (= 0.020/0.154) of the



Page 8/20

total effect, indicating that serum urate was a promising mediator between HDL and gout, and that HDL
could indirectly affect the risk of gout via serum urate in addition to the direct impact. Likewise, the total
effect of TG on gout was estimated at 0.082 (95% CI: -0.039 ~ 0.202, p = 1.86E-01) and the direct effect of
TG on gout was estimated at 0.048 (95% CI: -0.057 ~ 0.152, p = 3.71E-01). Furthermore, the mediation
effect of TG on gout was estimated at 0.023 (95% CI: 0.010 ~ 0.037, p = 8.39E-04), accounting for about
28.0% (= 0.023/0.082) of the total effect. TG also served as a mediator between TG and gout and could
indirectly increase the risk of gout via serum urate. However, the mediation effects of serum urate
between LDL/TC and gout were insignificant (Table 2).

Table 2
Mediation analysis of lipids on gout with serum urate concentrations

  Mediation effect (95% CI) Direct effect
(95% CI)

Total effect
(95% CI)

Sobel Bootstrap Proportion
(%)

HDL -0.020 (-0.033 ~
-0.008)

-0.020 (-0.034 ~
-0.008)

13.0 -0.106 (-0.189
~-0.022)

-0.154 (-0.256 ~
-0.051)

LDL -0.010 (-0.023 ~ 
0.004)

-0.010 (-0.024 ~ 
0.002)

8.56 -0.090 (-0.212 ~ 
0.031)

-0.117 (-0.246 ~ 
0.013)

TC -0.007 (-0.021 ~ 
0.007)

-0.007 (-0.022 ~ 
0.007)

58.3 0.039 (-0.007 ~ 
0.084)

-0.012 (-0.058 ~ 
0.033)

TG 0.023 (0.010 ~ 
0.037)

0.023 (0.011 ~ 
0.037)

28.0 0.048 (-0.057 ~ 
0.152)

0.082 (-0.039 ~ 
0.202)

All the effects were corrected for the same scales.

HDL, High-density lipoprotein cholesterol; LDL, Low-density lipoprotein cholesterol; TC, Total
cholesterol; TG, Triglyceride

Discussion

A summary of our study
Many observational studies have reported that gout patients are often comorbid with dyslipidemia [2,
57–60]. However, the relationship between the two clinical disorders still remains masked. Previous
Mendelian Randomization analysis provide no evidence that serum urate plays a causal role in
increasing serum triglyceride levels and a reverse analysis with genetic risk score provided evidence of a
causal role for triglyceride in raising urate in men [61, 62]. To explore whether the association between
dyslipidemia and gout is causative, we performed a two-sample Mendelian randomization and mediation
analysis in the present study by employment of summary association statistics obtained from large-scale
GWASs with Mendelian randomization within the framework of instrumental variable approaches [8].
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With the IVW method, we observed that HDL was negatively associated with gout and TG positively
associated with serum urate. These inferred causal relationships were robust against the designation of
statistical methods. A series of sensitivity analyses (e.g., MR-Egger regression) excluded the probability of
instrumental pleiotropy that can contribute to bias in the causal effect estimation. We also ruled out the
reverse causality and confirmed that the variations of HDL and TG levels were the premises of
gout/serum urate rather than we consequences. Furthermore, the multivariable Mendelian randomization
confirmed the independent effect of HDL and TG on the gout/serum urate after adjustment for the other
lipids. Although the association between HDL and serum urate is no longer significant after adjusting for
TG, there may be still a potentially negative association due to a low confidence interval upper limit. With
a mediation method, we identified a mediation effect between HDL and gout mediated by serum urate,
which indicated that elevated HDL could decrease the serum urate and, in addition to the direct influence,
indirectly relieved the risk of gout. Moreover, a positive mediation effect was detected between TG and
gout, i.e., though not a causal contributor of gout, TG could indirectly exacerbate the risk of gout by
elevating serum urate. Additionally, we confirmed the positive association of serum urate with gout, which
indicated that elevated serum urate concentrations can causally increase the risk of gout. Overall, our
study affirmed that elevated HDL levels can directly and indirectly lead to the decreased risk of gout,
whereas elevation of TG levels can directly and indirectly elevate the risk of gout.

Our research has some implications on clinical or public health and may demonstrate useful suggestions
for the diagnosis and treatment of clinical patients and the prevention of people with high risk of gout or
hyperuricemia. Specifically, our results indicate that the dietary control or drug use on blood lipid levels of
gout patients can effectively reduce serum urate concentration and enhance the efficacy of treatment.
Furthermore, our study seems to imply that the control of blood lipid concentration in the general
population can to some extension protect against the risk of hyperuricemia and gout.

Mechanism underlying the association between
dyslipidemia and gout/serum urate
The association between dyslipidemia and gout/serum urate is very complicated, implicated in a number
of mechanisms. Dyslipidemia may lead to an increase in ketone body and reduce the acid-discharging
ability of the kidneys, with the renal arteries and the micro-arteries of the glomeruli impaired.
Consequently, stenosis and occlusion of the diseased blood vessels develop, with the excretion of uric
acid from the kidneys is largely discounted [63]. Furthermore, hyperuricemia is reportedly associated with
metabolic syndrome, which is characteristic of hyperinsulinemia due to insulin resistance. An increase in
TG or a decrease in HDL may result in insulin resistance, consequently leading to the increased serum
urate during glycolysis and free fatty acid metabolism [64]. Meanwhile, due to the increased reabsorption
of uric acid by the kidneys, serum urate directly contribute to hyperuricemia [65].

The negative association between HDL and gout/serum urate may be attributable to the anti-
atherosclerotic, anti-oxidative, anti-inflammatory and anti-thrombotic effects of HDL [66–68]. Our
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mediation analysis revealed that, beyond the direct effect, HDL can directly abate the risk of gout by
decreasing serum urate concentration. The positive correlation between TG and serum urate may be
exemplified by the finding that TG promotes the synthesis whereas decreases the normal excretion of
serum urate. Indeed, TG can indirectly affect the gout via serum urate. Since excessive intake of TG-rich
food may cause hyperthyroidism and further increase uric acid levels [69], overmuch fat metabolism-
related products will inhibit the excretion of serum urate. Furthermore, the synthesis of triglycerides
requires NADPH, which possibly increases the concentration of serum urate [70]. Intriguingly, clinical
studies have validated that patients with hyperuricemia or gout have a 19% reduction in serum urate
concentration at end of a three-week regimen of oral lipid-lowering drugs, and serum urate concentration
rebounded to its original level after discontinuation of the agents [71], the mechanism for which awaits
further investigation.

Limitations
Like other Mendelian randomization methods, our research has certain limitations. First, as mentioned
above, due to the small sample size of cases in gout GWAS, the statistical power in our Mendelian
randomized analysis was limited. For example, in our study, the sample size of adult gout was 70,000
and the proportion of cases was only 3.1%; the power calculation results showed that we had a small to
moderate power to detect the causal association between lipids and gout (Fig. 4)[72]. Statistical power
was estimated with the analytic method [73] and the estimation was 22% or 12% to detect an OR of
0.70/1.30 or 0.80/1.20, respectively. Second, we hypothesized that the relationship between blood lipid
levels and gout was linear in our analysis, but this linear association might not be present in the clinical
scenario, and thus we could not completely eliminate the non-linear effects of lipids on gout. Third, as
individual-level datasets were not available; therefore, we could not evaluate the effects of extreme lipid
levels on gout/serum urate or conduct a stratified analysis (e.g. gender). In addition, again due to the
unavailability of individual-level data, we could not investigate the relationship between the TG-HDL ratio,
a known indicator of insulin resistance [74], and gout. Fourth, we adopted the multivariable Mendelian
randomization method to rule out the effects of pleiotropic effects, but this method was not applicable to
the unknown or unmeasured pleiotropy [44].

Conclusion
In conclusion, our study confirmed the causal associations between HDL/TG and gout/serum urate
levels, where serum urate can serve as a mediator for the effect of HDL or TG on gout.

Abbreviations
HDL: High-density lipoprotein cholesterol; GLGC: Global Lipids Genetics consortium; GWASs: genome-
wide association studies; IVW: inverse variance weighted; LDL: Low-density lipoprotein cholesterol; LOO:
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leave-one-out; MR: Mendelian randomization; OR: odds ratio; PVE: phenotypic variance explained; SD:
standard deviation; SNPs: single nucleotide polymorphisms; TC: Total cholesterol; TG: Triglyceride.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

Not applicable.

Competing interests

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.

Funding

This study was supported by grants from the Natural Science Foundation of Jiangsu (BK20181472),
Youth Foundation of Humanity and Social Science funded by Ministry of Education of China
(18YJC910002), the China Postdoctoral Science Foundation (2018M630607 and 2019T120465), the
QingLan Research Project of Jiangsu for Outstanding Young Teachers, the Six-Talent Peaks Project in
Jiangsu of China (WSN-087), the National Natural Science Foundation of China (81402765), the
Statistical Science Research Project from National Bureau of Statistics of China (2014LY112), the
Postgraduate Research & Practice Innovation Program of Jiangsu Province (KYCX19_2250), Social
Development Project of Xuzhou, and the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD) for Xuzhou Medical University.

Acknowledgements

We are indebted to the GLGC and Global Urate Genetics Consortium studies for public availability in
making the summary data and we are grateful to all the investigators and participants for their
contributions to those studies. The data analyses in the present study were supported by the high-
performance computing at Xuzhou Medical University.

Authors’ Contributions

PZ, TW and SH conceived the design of the study; PZ and XY obtained the data; PZ and XY cleared up the
datasets; PZ, TW and XY mainly performed the data analyses; HC, YG and JY helped clear and analyze



Page 12/20

the data; PZ, XY and FG interpreted the results of the data analyses; PZ and XY drafted the manuscript,
and all authors approved the manuscript and provided relevant suggestions.

References
1. Berkowitz D: Blood lipid and uric acid interrelationships. Jama 1964, 190:856-858.

2. Matsubara K, Matsuzawa Y, Jiao S, Takama T, Kubo M, Tarui S: Relationship between
hypertriglyceridemia and uric acid production in primary gout. Metabolism 1989, 38:698-701.

3. Rho YH, Choi SJ, Lee YH, Ji JD, Choi KM, Baik SH, Chung S-h, Kim C-G, Choe J-Y, Lee SW: The
prevalence of metabolic syndrome in patients with gout: a multicenter study. Journal of Korean
medical science 2005, 20:1029-1033.

4. Choi HK, Ford ES, Li C, Curhan G: Prevalence of the metabolic syndrome in patients with gout: the
Third National Health and Nutrition Examination Survey. Arthritis Care & Research: Official Journal of
the American College of Rheumatology 2007, 57:109-115.

5. Rathmann W, Funkhouser E, Dyer AR, Roseman JM: Relations of hyperuricemia with the various
components of the insulin resistance syndrome in young black and white adults: the CARDIA study.
Annals of epidemiology 1998, 8:250-261.

6. Matsuo H, Yamamoto K, Nakaoka H, Nakayama A, Sakiyama M, Chiba T, Takahashi A, Nakamura T,
Nakashima H, Takada Y, et al: Genome-wide association study of clinically defined gout identifies
multiple risk loci and its association with clinical subtypes. Ann Rheum Dis 2016, 75:652-659.

7. Tinahones F, Vazquez F, Soriguer F, Collantes E: Lipoproteins in patients with isolated hyperuricemia.
In Purine and Pyrimidine Metabolism in Man IX. Springer; 1998: 61-67

8. Davies NM, Holmes MV, Davey Smith G: Reading Mendelian randomisation studies: a guide,
glossary, and checklist for clinicians. Br Med J 2018, 362.

9. Au Yeung SL, Luo S, Schooling CM: The Impact of Glycated Hemoglobin (HbA1c) on Cardiovascular
Disease Risk: A Mendelian Randomization Study Using UK Biobank. Diabetes Care 2018, 41:1991.

10. Au Yeung SL, Lin SL, Lam HSHS, Schooling CM: Effect of l-arginine, asymmetric dimethylarginine,
and symmetric dimethylarginine on ischemic heart disease risk: A Mendelian randomization study.
Am Heart J 2016, 182:54-61.

11. Davey Smith G, Ebrahim S: ‘Mendelian randomization’: can genetic epidemiology contribute to
understanding environmental determinants of disease? Int J Epidemiol 2003, 32:1-22.

12. Hingorani A, Humphries S: Nature's randomised trials. Lancet 2005, 366:1906-1908.

13. Thanassoulis G, O'Donnell CJ: Mendelian randomization: nature's randomized trial in the post-
genome era. JAMA 2009, 301:2386-2388.

14. Mokry LE, Ross S, Ahmad OS, Forgetta V, Smith GD, Leong A, Greenwood CMT, Thanassoulis G,
Richards JB: Vitamin D and Risk of Multiple Sclerosis: A Mendelian Randomization Study. Plos
Medicine 2015, 12:e1001866.



Page 13/20

15. Zeng P, Yu X, Xu H: Association between premorbid body mass index and amyotrophic lateral
sclerosis: causal inference through genetic approaches. Frontiers in Neurology (in presss) 2019.

16. Zeng P, Zhou X: Causal effects of blood lipids on amyotrophic lateral sclerosis: a Mendelian
randomization study. Human molecular genetics 2019, 28:688-697.

17. Holmes MV, Asselbergs FW, Palmer TM, Drenos F, Lanktree MB, Nelson CP, Dale CE, Padmanabhan S,
Finan C, Swerdlow DI: Mendelian randomization of blood lipids for coronary heart disease. European
heart journal 2014, 36:539-550.

18. Zeng P, Zhao Y, Qian C, Zhang L, Zhang R, Gou J, Liu J, Liu L, Chen F: Statistical analysis for genome-
wide association study. Journal of Biomedical Research 2015, 29:285-297.

19. Zhao JV, Schooling CM: Effect of linoleic acid on ischemic heart disease and its risk factors: a
Mendelian randomization study. BMC Med 2019, 17:61.

20. Disney-Hogg L, Cornish AJ, Sud A, Law PJ, Kinnersley B, Jacobs DI, Ostrom QT, Labreche K, Eckel-
Passow JE, Armstrong GN, et al: Impact of atopy on risk of glioma: a Mendelian randomisation
study. BMC Med 2018, 16:42.

21. Bonilla C, Lewis SJ, Martin RM, Donovan JL, Hamdy FC, Neal DE, Eeles R, Easton D, Kote-Jarai Z, Al
Olama AA, et al: Pubertal development and prostate cancer risk: Mendelian randomization study in a
population-based cohort. BMC Med 2016, 14:66.

22. Larsson SC, Burgess S, Michaelsson K: Serum magnesium levels and risk of coronary artery disease:
Mendelian randomisation study. BMC Med 2018, 16.

23. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, Ganna A, Chen J,
Buchkovich ML, Mora S, et al: Discovery and refinement of loci associated with lipid levels. Nat Genet
2013, 45:1274-1283.

24. Köttgen A, Albrecht E, Teumer A, Vitart V, Krumsiek J, Hundertmark C, Pistis G, Ruggiero D,
O'Seaghdha CM, Haller T: Genome-wide association analyses identify 18 new loci associated with
serum urate concentrations. Nature genetics 2013, 45:145.

25. Zeng P, Zhou X: Causal Association Between Birth Weight and Adult Diseases: Evidence From a
Mendelian Randomization Analysis. Frontiers in Genetics 2019, 10.

26. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J, Sklar P, de Bakker PIW,
Daly MJ, Sham PC: PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage
Analyses. Am J Hum Genet 2007, 81:559-575.

27. Tyrrell J, Jones SE, Beaumont R, Astley CM, Lovell R, Yaghootkar H, Tuke M, Ruth KS, Freathy RM,
Hirschhorn JN, et al: Height, body mass index, and socioeconomic status: mendelian randomisation
study in UK Biobank. Br Med J 2016, 352:i582-i582.

28. Yeung CHC, Au Yeung SL, Fong SSM, Schooling CM: Lean mass, grip strength and risk of type 2
diabetes: a bi-directional Mendelian randomisation study. Diabetologia 2019, 62:789-799.

29. Au Yeung SL, Schooling CM: Adiponectin and coronary artery disease risk: A bi-directional Mendelian
randomization study. Int J Cardiol 2018, 268:222-226.



Page 14/20

30. Larsson SC, Burgess S, Michaëlsson K: Association of Genetic Variants Related to Serum Calcium
Levels With Coronary Artery Disease and Myocardial Infarction. JAMA 2017, 318:371-380.

31. Ahmad OS, Morris JA, Mujammami M, Forgetta V, Leong A, Li R, Turgeon M, Greenwood CMT,
Thanassoulis G, Meigs JB, et al: A Mendelian randomization study of the effect of type-2 diabetes on
coronary heart disease. Nat Commun 2015, 6:7060.

32. Robinson PC, Choi HK, Do R, Merriman TR: Insight into rheumatological cause and effect through the
use of Mendelian randomization. Nat Rev Rheumatol 2016, 12:486-496.

33. Censin JC, Nowak C, Cooper N, Bergsten P, Todd JA, Fall T: Childhood adiposity and risk of type 1
diabetes: A Mendelian randomization study. PLoS Med 2017, 14:e1002362.

34. Østergaard SD, Mukherjee S, Sharp SJ, Proitsi P, Lotta LA, Day F, Perry JRB, Boehme KL, Walter S,
Kauwe JS, et al: Associations between Potentially Modifiable Risk Factors and Alzheimer Disease: A
Mendelian Randomization Study. PLoS Med 2015, 12:e1001841.

35. Proitsi P, Lupton MK, Velayudhan L, Newhouse S, Fogh I, Tsolaki M, Daniilidou M, Pritchard M,
Kloszewska I, Soininen H, et al: Genetic Predisposition to Increased Blood Cholesterol and
Triglyceride Lipid Levels and Risk of Alzheimer Disease: A Mendelian Randomization Analysis. PLoS
Med 2014, 11:e1001713.

36. Byrne EM, Ferreira MAR, Xue A, Lindstrom S, Jiang X, Yang J, Easton DF, Wray NR, Chenevix-Trench
G: Is Schizophrenia a Risk Factor for Breast Cancer?-Evidence From Genetic Data. Schizophr Bull
2018.

37. Noyce AJ, Kia DA, Hemani G, Nicolas A, Price TR, De Pablo-Fernandez E, Haycock PC, Lewis PA,
Foltynie T, Smith GD, et al: Estimating the causal influence of body mass index on risk of Parkinson
disease: A Mendelian randomisation study. Plos Medicine 2017, 14:e1002314.

38. Zeng P, Yu X, Xu H: Association Between Premorbid Body Mass Index and Amyotrophic Lateral
Sclerosis: Causal Inference Through Genetic Approaches. Frontiers in Neurology 2019, 10.

39. Burgess S, Small DS, Thompson SG: A review of instrumental variable estimators for Mendelian
randomization. Statistical Methods in Medical Research 2017, 26:2333-2355.

40. Bowden J, Smith GD, Haycock PC, Burgess S: Consistent Estimation in Mendelian Randomization
with Some Invalid Instruments Using a Weighted Median Estimator. Genetic Epidemiology 2016,
40:304-314.

41. Burgess S, Butterworth A, Thompson SG: Mendelian Randomization Analysis With Multiple Genetic
Variants Using Summarized Data. Genetic Epidemiology 2013, 37:658-665.

42. Burgess S, Thompson SG: Interpreting findings from Mendelian randomization using the MR-Egger
method (vol 32, pg 377, 2017). Eur J Epidemiol 2017, 32:391-392.

43. Richmond RC, Davey Smith G: Commentary: Orienting causal relationships between two phenotypes
using bidirectional Mendelian randomization. Int J Epidemiol 2019.

44. Burgess S, Thompson SG: Multivariable Mendelian Randomization: The Use of Pleiotropic Genetic
Variants to Estimate Causal Effects. Am J Epidemiol 2015, 181:251-260.



Page 15/20

45. Drug and Therapeutics Bulletin Editorial Office: Latest guidance on the management of gout. BMJ
2018, 362:k2893.

46. MacKinnon DP, Fairchild AJ: Current directions in mediation analysis. Current directions in
psychological science 2009, 18:16-20.

47. Imai K, Keele L, Tingley D: A general approach to causal mediation analysis. Psychol Methods 2010,
15:309.

48. MacKinnon DP: Introduction to statistical mediation analysis. Routledge; 2008.

49. MacKinnon DP, Fairchild AJ, Fritz MS: Mediation analysis. Annu Rev Psychol 2007, 58:593-614.

50. VanderWeele TJ: Mediation analysis: a practitioner's guide. Annu Rev Public Health 2016, 37:17-32.

51. Zhan Y, Karlsson Ida K, Karlsson R, Tillander A, Reynolds Chandra A, Pedersen Nancy L, Hägg S:
Exploring the Causal Pathway From Telomere Length to Coronary Heart Disease: A Network
Mendelian Randomization Study. Circ Res 2017, 121:214-219.

52. Burgess S, Daniel RM, Butterworth AS, Thompson SG: Network Mendelian randomization: using
genetic variants as instrumental variables to investigate mediation in causal pathways. Int J
Epidemiol 2015, 44:484-495.

53. Sobel ME: Asymptotic confidence intervals for indirect effects in structural equation models.
Sociological methodology 1982, 13:290-312.

54. Efron B, Tibshirani RJ: An introduction to the bootstrap. CRC press; 1994.

55. Greco M FD, Minelli C, Sheehan NA, Thompson JR: Detecting pleiotropy in Mendelian randomisation
studies with summary data and a continuous outcome. Statistics in medicine 2015, 34:2926-2940.

56. Brockwell SE, Gordon IR: A comparison of statistical methods for meta-analysis. Stat Med 2001,
20:825-840.

57. Emmerson B: Hyperlipidaemia in hyperuricaemia and gout. Annals of the rheumatic diseases 1998,
57:509-510.

58. Chen JH, Pan WH, Hsu CC, Yeh WT, Chuang SY, Chen PY, Chen HC, Chang CT, Huang WL: Impact of
obesity and hypertriglyceridemia on gout development with or without hyperuricemia: a prospective
study. Arthritis care & research 2013, 65:133-140.

59. Pascart T, Norberciak L, Ea HK, Guggenbuhl P, Liote F: GOSPEL 4 - Patients with early onset gout
develop earlier severe joint involvement and metabolic comorbid conditions. Arthritis Care Res
(Hoboken) 2018.

60. Peng T-C, Wang C-C, Kao T-W, Chan JY-H, Yang Y-H, Chang Y-W, Chen W-L: Relationship between
hyperuricemia and lipid profiles in US adults. BioMed research international 2015, 2015.

61. Rasheed H, Hughes K, Flynn TJ, Merriman TR: Mendelian randomization provides no evidence for a
causal role of serum urate in increasing serum triglyceride levels. Circulation: Cardiovascular
Genetics 2014, 7:830-837.

62. Li X, Meng X, He Y, Spiliopoulou A, Timofeeva M, Wei W-Q, Gifford A, Yang T, Varley T, Tzoulaki I:
Genetically determined serum urate levels and cardiovascular and other diseases in UK Biobank



Page 16/20

cohort: A phenome-wide mendelian randomization study. PLoS medicine 2019, 16.

63. Karalis DG: Intensive lowering of low-density lipoprotein cholesterol levels for primary prevention of
coronary artery disease. In Mayo Clinic Proceedings. Elsevier; 2009: 345-352.

64. Lorenzo C, Okoloise M, Williams K, Stern MP, Haffner SM: The metabolic syndrome as predictor of
type 2 diabetes: the San Antonio heart study. Diabetes care 2003, 26:3153-3159.

65. Iwani NAKZ, Jalaludin MY, Zin RMWM, Fuziah MZ, Hong JYH, Abqariyah Y, Mokhtar AH, Nazaimoon
WMW: Triglyceride to HDL-C ratio is associated with insulin resistance in overweight and obese
children. Scientific reports 2017, 7:40055.

66. Vitali C, Khetarpal SA, Rader DJ: HDL cholesterol metabolism and the risk of CHD: new insights from
human genetics. Current cardiology reports 2017, 19:132.

67. Rosenson RS, Brewer Jr HB, Barter PJ, Björkegren JL, Chapman MJ, Gaudet D, Kim DS, Niesor E, Rye
K-A, Sacks FM: HDL and atherosclerotic cardiovascular disease: genetic insights into complex
biology. Nature Reviews Cardiology 2018, 15:9.

68. Loh TP, Poon M, Chan GHJ, Sethi SK, Wong A: Extremely low high-density lipoprotein cholesterol
(HDL) in a patient with diffuse B-cell lymphoma. Pathology 2017, 49:550-551.

69. Giordano N, Santacroce C, Mattii G, Geraci S, Amendola A, Gennari C: Hyperuricemia and gout in
thyroid endocrine disorders. Clin Exp Rheumatol 2001, 19:661-665.

70. Vuorinen-Markkola H, Yki-Järvinen H: Hyperuricemia and insulin resistance. The Journal of Clinical
Endocrinology & Metabolism 1994, 78:25-29.

71. Feher M, Hepburn A, Hogarth M, Ball S, Kaye S: Fenofibrate enhances urate reduction in men treated
with allopurinol for hyperuricaemia and gout. Rheumatology 2003, 42:321-325.

72. Brion M-JA, Shakhbazov K, Visscher PM: Calculating statistical power in Mendelian randomization
studies. International journal of epidemiology 2012, 42:1497-1501.

73. Brion M-JA, Shakhbazov K, Visscher PM: Calculating statistical power in Mendelian randomization
studies. Int J Epidemiol 2013, 42:1497-1501.

74. Keenan T, Blaha MJ, Nasir K, Silverman MG, Tota-Maharaj R, Carvalho JA, Conceição RD, Blumenthal
RS, Santos RD: Relation of uric acid to serum levels of high-sensitivity C-reactive protein,
triglycerides, and high-density lipoprotein cholesterol and to hepatic steatosis. The American journal
of cardiology 2012, 110:1787-1792.

75. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, Ganna A, Chen J,
Buchkovich ML, Mora S, et al: Discovery and refinement of loci associated with lipid levels. Nat Genet
2013, 45:1274-1283.

Figures



Page 17/20

Figure 1

(A) Relationship between the exposure X and the outcome Y; (B) Relationship between the exposure X, the
mediator M and the outcome Y; (C) Relationship between lipids and gout/serum urate in the Mendelian
randomization; (D) Relationship between lipids and gout with serum urate as a mediator in the Mendelian
randomization. Here, c is total effect; c′ is direct effect of lipids on gout; a is the causal effect of lipids on
serum urate; b is the causal effect of serum urate on gout.
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Figure 2

(A) Relationship between the SNP effect size estimates of HDL (x-axis) and the corresponding effect size
estimates of gout (y-axis); two potential outliers (i.e. rs2566091 and rs9989419) are highlighted in
triangle; (B) Relationship between the SNP effect size estimates of HDL (x-axis) and the corresponding
effect size estimates of gout (y-axis) after removal of the two potential outliers; (C) Funnel plot for
individual causal effect estimate of HDL on gout; (D) Relationship between the SNP effect size estimates
of HDL (x-axis) and the corresponding effect size estimates of serum urate (y-axis); one potential outlier
(i.e. rs9989419) was highlighted in triangle; (E) Relationship between the SNP effect size estimates of
HDL (x-axis) and the corresponding effect size estimates of serum urate (y-axis) after removal of the two
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potential outliers; (F) Funnel plot for individual causal effect estimates of HDL on serum urate; (G)
Relationship between the SNP effect size estimates of TG (x-axis) and the corresponding effect size
estimates of serum urate (y-axis); three potential outliers (i.e. rs10790162, rs12294259 and rs5110) were
highlighted in triangle; (H) Relationship between the SNP effect size estimates of TG (x-axis) and the
corresponding effect size estimates of serum urate (y-axis) after removal of the two potential outliers; (I)
Funnel plot for individual causal effect estimates of TG on serum urate. Note: In Panels A, B, D, E, G and
H, the dotted lines denote the estimated causal effect with IVW. In Panels C, F, and I, the vertical dotted
lines denote the estimated causal effect with IVW. HDL, high-density lipoprotein cholesterol; TG,
triglycerides; IVW, inverse variance weighted methods.

Figure 3

Estimated causal association between the four blood lipids and gout/serum urate with different
Mendelian randomization methods. IVW, Inverse variance weighted method; HDL, High-density lipoprotein
cholesterol; LDL, Low-density lipoprotein cholesterol; TC, Total cholesterol; TG, Triglycerides.
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Figure 4

Statistical power estimated with the analytic method. In the estimation, the total phenotypic variance
explained by instrumental variables was set at 0.75%; the significance level α was set at 0.05; the
proportion of gout cases was set between 0.03 and 0.07. The profiles of two sample sizes (i.e. 70,000
and 100,000) were considered. In each case, the OR was assumed to be 0.70 or 0.80, respectively.
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