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Background: Previous observational studies have revealed the association
between serum uric acid and 25-hydroxyvitamin D. However, the causality
and the direction of the associations remain unknown. Thus, we performed a
two-sample bidirectional Mendelian Randomization (MR) analysis to
investigate the causal association between uric acid and 25-hydroxyvitamin
D and to determine the direction of the association.

Method: Based on the summary-level GWAS data from large genome-wide
association studies, several steps were taken in our analysis to select eligible
single-nucleotide polymorphisms (SNPs), which were strongly related to
exposure as the instrumental variables. We used different analytical methods,
such as inverse-variance weighting (IVW) method, weighted median, MR-Egger
regression, and weighted mode method, to make our result more robust and
reliable. The IVW method was used as the primary analysis. The Cochran’s Q
test, MR-Egger intercept test, MR-PRESSO method, and “leave-one-out”
sensitivity analysis was performed to evaluate the heterogeneities, horizontal
pleiotropy, and robustness of the results. MR analyses were also conducted
using genetic risk scores (GRS) as instrumental variables in both directions by
using the same summary-level GWAS data.

Results: Our two-sample MR analysis suggested a causal association of
genetically predicted uric acid on 25-hydroxyvitamin D [IVW method:
B(SE), —0.0352(0.0149); p = 0.0178], which suggested that a per mg/dl
increase in uric acid was associated with a decrease of 0.74 nmol/L of 25-
hydroxyvitamin D, and the above results remained stable in the sensitivity
analysis. By contrast, four MR methods suggested no causal relationship of 25-
hydroxyvitamin D on serum uric acid [IVW B(SE), 0.0139 (0.0635); p = 0.826;
MR-Egger B(SE), 0.0671 (0.108); p = 0.537; weighted median B(SE), 0.0933
(0.0495); p = 0.0598; weighted mode B(SE), 0.0562 (0.0463); p = 0.228,
respectively]. After excluding the SNPs, which were associated with
confounding factors and outlier SNPs, the IVW method suggested that there
was still no causal association of 25-hydroxyvitamin D on serum uric acid. The
GRS approach showed similar results.
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Conclusions: Serum uric acid may causally affect the 25-hydroxyvitamin D
levels, whereas the causal role of 25-hydroxyvitamin D on uric acid was not
supported in our MR analysis. Our findings suggest that increased levels of uric
acid should prompt investigation for vitamin D deficiency.

KEYWORDS

25-hydroxyvitamin D, mendelian randomization, causality, inverse-variance
weighting method, uric acid

1 Introduction

In the past decades, serum uric acid (SUA) levels had
increased significantly due to changes in dietary patterns and
improvement of living conditions, such as increased consumption
of fructose-containing foods, seafood, and organ meat. An
epidemiological study from the US suggested that the overall
prevalence of hyperuricemia increased from 18.2% to 21.4%, and
the prevalence of gout increased from 2.7% to 3.9% (1). Another
epidemiological study found that the overall prevalence of
hyperuricemia among Chinese increased from 11.0% to 14.0%
during 2015-2016 and 2018-2019 (2). SUA has a protective effect
in neurodegenerative diseases, such as dementia and Parkinson’s
disease, because extracellular urate is an antioxidant with
potentially anti-inflammatory effects (3). However,
hyperuricemia brings common health problems and affects
nearly 21% of the US adults. Occult deposition of monosodium
urate may induce inflammation, mechanical damage of the joint,
and even systemic consequences. Hyperuricemia is the precursor
of gout, the joint and kidney being the mostly involved organs. In
addition, hyperuricemia and gout are usually accompanied by
various comorbidities, such as hypertension, diabetes, metabolic
syndrome, and dyslipidemia (4-7).

Osteoporosis is a common but often overlooked systemic disease
by doctors, which is characterized by the microarchitectural
deterioration of bone tissue, low bone mass, bone fragility, and
increased risk of fractures (8, 9). Around 10 million Americans over
the age of 50 have osteoporosis, and approximately 1.5 million suffer
fragility fractures each year. The economic and mortality burden
attributed to fragility fracture is significant: annually, approximately

Abbreviations: SUA, serum uric acid; PTH, parathyroid hormone; SD,
standard deviation; 25(0OH)D, 25-hydroxyvitamin D; GUGC, Global Urate
Genetics Consortium; IVW method, inverse-variance weighted method; MR,
Mendelian Randomization; GRS, genetic risk scores; SNP, single-

nucleotide polymorphism.
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31,000 deaths occur within 6 months of hip fracture in the US,
costing about $17.9 billion (10).

Several studies found that SUA plays an important role in
the development of osteoporosis (11). SUA have been
significantly associated with higher risk of hip fracture in men
(12). Monosodium urate crystals promote the development of
osteoclasts within tophi and their vicinity and reduce the activity
of osteoblasts (13). Hyperuricemia could suppress the expression
and activity of 1-o. hydroxylase and has been associated with
vitamin D deficiency (14). Vitamin D has an established role in
regulating the normal homeostasis of calcium and phosphorus,
which regulates the activity of osteoblasts and osteoclasts,
promotes bone formation, and prevents osteoporosis (15).

Vitamin D deficiency and insufficiency is a global health
problem affecting over one billion people worldwide. Sunlight
exposure remains the major source of vitamin D for most
people, and insufficient exposure to sunlight is the primary
cause of vitamin D deficiency among all ages (16). Vitamin D
from both sun exposure and exogenous intake from diet is
metabolized in the liver to 25-hydroxyvitamin D [25(OH)D],
which is the most widely used marker and estimator of vitamin
D status. Observational studies show that vitamin D deficiency,
aside from maintaining the homeostasis of calcium and
phosphorus, is linked to a variety of clinical conditions, such
as cardiovascular disease, type 2 diabetes mellitus, and
autoimmune disease (17-19).

Previous studies on the association between SUA and 25(OH)
D have not reached an agreement. Seibel’s study suggests a
positive correlation between SUA and 25(OH)D in multiple
regression analyses (20). Our previous cross-sectional study
revealed that 25(OH)D were inversely associated with
hyperuricemia in the general adult population in the US (21).
Vitamin D deficiency can cause secondary hyperparathyroidism
and lead to an increase in the serum parathyroid hormone (PTH)
concentration (22). PTH can affect the secretion and transport of
uric acid and lead to hyperuricemia (23, 24). Hypovitaminosis D is
associated with insulin resistance (25), while insulin resistance is
inversely correlated to the renal clearance of SUA and can lead to
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hyperuricemia (26). In addition, SUA suppresses 1-o. hydroxylase
protein and mRNA expression and thereby reduces the
concentrations of 1,25(0OH),D (14).

The above controversial results suggested that confounding
and reverse causation can create spurious associations in
observational studies. There is no previous study that explored
the causal relationship between SUA and 25(OH)D. The
limitations of previous observational studies can be effectively
addressed by using Mendelian Randomization (MR) analysis.
We conducted this study using summary-level GWAS data to
explore the causal association of SUA and 25(OH)D with two-
sample bidirectional MR analysis

2 Materials and methods

This study is reported as per STROBE guidelines
(Supplementary MR-STROBE checklist). Figure 1 presents the
schematic of our two-sample bidirectional MR analysis. We first
analyzed the effect of SUA levels on 25(OH)D concentration,
followed by 25(OH)D concentration’s effect on SUA levels. To be
valid, an MR study needs to fulfill the following three assumptions.
First, the genetic instrument of an exposure must be robustly related
to the exposure of the trait of interest. Second, the selected genetic
variations should not affect the outcome by other pathways that are
independent of the pathway of the exposure. Last, the genetic
variations are not associated with any confounder of SUA or 25
(OH)D.

A SNP-exposure association from
GUGC sample

Uric acid related

Serum uric acid

10.3389/fendo.2022.1024675

2.1 Dataset and selection of instruments
for MR

2.1.1 MR study of the effect of SUA on 25(OH)D

Summary-level GWAS data for SUA (expressed as mg/dl)
variants were obtained from Global Urate Genetics Consortium
(GUGC) GWAS databases (ieu-a-1055) (27, 28). The GUGC
GWAS comprised 110,347 individuals of European ancestry,
which contained 49 cohorts from the US, Austria, Australia,
Japan, the UK, Germany, Italy, Finland, Switzerland, and other
countries (28). Genetic variants were analyzed using MR, based on
a significant genome-wide correlation with SUA (GWAS p-value
at <5x107®). Independent variants were defined by a linkage
disequilibrium r2 cutoff of 0.001. A total of 27 single-nucleotide
polymorphisms (SNPs) associated with SUA levels were selected
from GUGC GWAS as instrumental variable, and they were not at
linkage disequilibrium. We then extracted the above selected SNPs
from the outcome GWAS. An SNP (proxy) would be searched for
instead if a particular requested SNP was not present in the
outcome GWAS. Of the 27 SNPs, 26 were directly matched in the
summary data of SNP-outcome [25(OH)D] GWAS. The variance
explained for a given SNP is calculated using the formula: R2 =
2xB*XMAF (1-MAF), where B and MAF denote the effect of the
SNP on exposure and minor allele frequency, respectively. F-
statistic = (B/SE)Z, where SE is the standard error of the genetic
effect (29). SNPs of SUA used to construct the instrumental
variable for the MR analysis were summarized in
Supplementary Table S1. All the SNPs show an F-statistic >10.

Estimated in 2 sample
MR analysis

25 hydroxyvitamin D

SNPs

SNP-outcome association from
European GWAS sample

B SNP-exposure association from
European GWAS sample

25 hydroxyvitamin D 25 hydroxyvitamin D

Estimated in 2 sample
MR analysis

Serum uric acid

related SNPs

SNP-outcome association from
GUGC sample

FIGURE 1

Two-sample bidirectional Mendelian Randomization study of the association of serum uric acid and 25-hydroxyvitamin D. (A) Data sources for
investigating the causal association of serum uric acid on 25-hydroxyvitamin D. (B) Data sources for investigating the causal association of 25-

hydroxyvitamin D on serum uric acid.

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2022.1024675
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Han et al.

The proportion of variance in SUA concentrations explained by
all 27 independent SNPs was estimated at 6.2%. We then excluded
two SNPs (rs17632159 and rs6830367) for being palindromic. An
assumption of MR analysis is that the instrumental variables are
not associated with confounders. In the relationship between SUA
and 25(OH)D, body fat and BMI are most likely important
confounders. We used PhenoScanner V2 to assess associations
of these SNPs with body fat and BMI, and the p-value cutoff for
body fat was 1x107° (30). We excluded three SNPs (rs2231142,
rs$6598541, and rs7193778) for being associated with body fat and
BML. Finally, 21 SNPs were selected as the instrumental variables.

2.1.2 MR study of the effect of
25(OH)D on SUA

Summary-level GWAS data for 25(OH)D [expressed as one
standard deviation (SD) increase in 25(OH)D concentration, SD
= 21 nmol/L] variants were obtained from the IEU GWAS
databases (ebi-a-GCST90000618) (31-33), which comprised
496,946 individuals of European ancestry. It was based on the
large UK Biobank (UKB) sample (417,580) (32), SUNLIGHT
consortium, and 31 cohorts from Europe, Canada, and USA
(79,366) (33). Instrumental variables were selected according to
the same steps. A total of 117 SNPs associated with 25(OH)D
were selected from GWAS summarized data as instrumental
variable, and they were not at linkage disequilibrium. Of the 117
SNPS, 89 were directly matched in the summary data of SNP-
outcome (SUA) association estimates. SNPs of serum 25(OH)D
used to construct the instrumental variable for the MR analysis
were summarized in Supplementary Table S2. All the SNPs show
an F-statistic>10. The proportion of variance in serum 25(OH)D
concentrations explained by the SNPs was estimated at 2.7%. We
then excluded 13 SNPs for being palindromic and 9 SNPs

10.3389/fendo.2022.1024675

(rs1949633, rs2245133, rs727857, rs9847248, rs62007299,
rs11264361, rs1128535, rs13294734, and rs4147536), which
were associated with body fat and BMI. Finally, 67 SNPs were
directly matched in the summary data of SNP-outcome (SUA)
association estimates.

2.2 Statistical analyses

Four MR methods were used in two sets of two-sample MR
analyses: (1) inverse-variance weighted (IVW) method assumes
that all SNPs are valid instruments, a standard MR method for
summary-level GWAS data, and our primary method for
analysis; (2) weighted median method provides valid estimates
even though up to 50% of the information was provided by
invalid instrumental variables (34); (3) MR-Egger regression,
whose slope represents the causal association estimate, is robust
to invalid instruments against directional pleiotropy; and (4)
weighted mode method estimates the causal effect of the subset
with the largest number of SNPs by clustering the SNPs into
subsets resting on the similarity of causal effects (35-37). MR-
Egger regression relies on the instrument strength independent
of direct effect (InSIDE) assumption that the instrument-
exposure and instrument-outcome associations are
independent (38, 39). We applied MR Steiger filtering to test
the direction of causality for instrumental variables on exposure
and outcome. Steiger filtering assumes that valid instrumental
variables should explain more variation in the exposure than in
the outcome; if an instrumental variable meets the criterion, the
direction of this instrument is “TRUE” (40). The Steiger filtering
results showed that the instrumental variables of both MR
analysis had a TRUE direction.

Step 1: 24 SNPs

. . = 2:
associated with uric Step 2: 21 SNPs were

left after excluding the
I— | SNPs associated with

variables

A — Excluding SNPs which was not
27 Uric acid related present in the outcome GWAS and can
SNPs from GWAS not be replaced by a SNP(proxy). acid were left as
summary data with Excludi and pali i i
genome-wide SNPs of which the effect can not be

significance

and perform MR confounders and
perform MR analysis

corrected in the | izing process analysis
Heterogenci Step 4: 19 SNPs were Step 3: Excluding the

el loft after removing the influential SNPs
Draw a robust Pt outlicrs identified in identified in leave-one-
conclusion | ¢ > [* MR-PRESSO outlicr out sensitivity analysis

1"" 1"°|‘ test and perform MR and perform MR

caleulation analysis analysis
i i Step 1: 76 SNPs

B 117 250D Excluding SNPs which was not P Step 2: 67 SNPs were

related SNPs from

present in the outcome GWAS and can

GWAS summary
data with genome-
wide significance

FIGURE 2

not be replaced by a SNP(proxy).

associated with
25(0H)D were left as

al variables

Excludin and
SNPs of which the effect can not be
corrected in the harmonizing process

and perform MR
analysis

left after excluding the

SNPs associated with
confounders and

perform MR analysis

Heterogencity,
sensitivity

le—— analysis and
power

calculation

Draw a robust
conclusion

Step 4: 65 SNPs were
left after removing the
outliers identified in
MR-PRESSO outlier
test and perform MR

l¢——

analysis

Step 3: Excluding the
influential SNPs
identified in leave-one-
out sensitivity analysis
and perform MR
analysis

Flow chart about the analytical methods and how the MR analysis was performed step-by-step. (A) serum uric acid on 25-hydroxyvitamin D;

(B) 25-hydroxyvitamin D on serum uric acid.
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2.3 Procedures of MR analysis

Figure 2 presented the procedures of MR analysis and how
the MR analysis was performed step-by-step. We first performed
MR analysis with all the selected SNPs from the GWAS
summary data as instrumental variables. We then performed
MR analysis after excluding the SNPs associated with
confounding factors. If potentially influential SNPs were
identified in the “leave-one-out” sensitivity analysis, we would
perform MR analysis after excluding the potential influential
SNPs. At last, if the MR-PRESSO analysis proved a significant
horizontal pleiotropy, we would exclude the outlier SNPs and
perform MR analysis again.

2.4 Heterogeneity and sensitivity tests

Cochran’s Q test was used to estimate heterogeneities
between SNPs. A p-value < 0.05 was considered statistically
significant for the Cochran’s Q test. We then performed MR-
Egger regression, in which the intercept represents bias due to
directional pleiotropy. For MR-Egger regression, intercept p <
0.05 indicates SNPs with directional pleiotropy. We also used
MR-PRESSO to evaluate the extent of horizontal pleiotropy. The
MR-PRESSO detects outliers and removes them. MR-PRESSO
consists of the MR-PRESSO global test, the MR-PRESSO outlier
test, and the MRPRESSO distortion test, which relies on a
regression framework with regressions based on the effect of
exposure on results provided by the slope of the regression line.
Outlier variants identified by the MR-PRESSO outlier test were
removed step-by-step to reduce heterogeneity and the effect of
horizontal pleiotropy. Leave-one-out analysis was performed to

10.3389/fendo.2022.1024675

assess whether the causal estimate was driven by a single SNP.
Previous MR studies used SNPs in or near genes (DHCR7, GC,
CYP2R1, and CYP24A1) encoding enzymes and carrier proteins
involved in vitamin D synthesis or metabolism as instrumental
variables. We also performed a sensitivity analysis using 25(OH)
D SNPs only in four genes with known role in vitamin D
metabolism [DHCR?7 (rs12785878), CYP2R1 (rs10741657), GC
(rs3755967), and CYP24A1 (rs17216707)] (33).

2.5 Associations between exposure
genetic risk score and outcome in
both directions

In order to obtain the combined estimate of the relationship of
exposure-influencing alleles with the outcome, MR analyses were
conducted using weighted genetic risk score (GRS) as instrumental
variables in both directions by using the same summary-level
GWAS data described above. We conducted the analyses with the
“etx” R package (version 0.0.8), whose “grs.summary” module had
the GRS function. The “grs.summary” module used single SNP
association summarized data obtained from the results of the
GWAS analysis, which was similar to a method that regresses an
outcome onto an additive GRS. Previous studies have reported that
this MR method utilizing summary-level GWAS data was equally
efficient to that using individual-level data (41, 42).

All statistical analyses were conducted with R 4.1.0, and
packages “TwosampleMR,” “MR-PRESSO,” and “gtx” were used
in our study. A two-sided p < 0.05 was considered statistically
significant. We used freely accessible summary-level GWAS data
in this study. No original data were collected for this manuscript,
and thus, no ethical committee approval was required.

TABLE 1 MR estimates from different methods of assessing the causal association between SUA on 25(OH)D step by step.

Step” No. of SNP IVW MR-Egger Weighted median Weighted mode
B (Se) p-value B (Se) p-value B (Se) p-value B (Se) p-value

SUA and 1 24 ~0.0352 (0.0149) 0.0178  —-0.00458 (0.0263)  0.863  —0.00179 (0.00879)  0.838  -0.00622 (0.00884)  0.489
25(0H)D. 21 -0.0433 (0.0167)  0.00940  -0.0139 (0.0319)  0.668  -0.00199 (0.0109)  0.854  -0.00799 (0.0102)  0.444

4 19 ~0.0524 (0.0149) <0.001  —0.0887 (0.0471)  0.0770  -0.0629 (0.0150)  <0.001  -0.0602 (0.0198)  0.00718
25(0H)D 1 76 0.0139 0.826 0.0671 (0.108) 0537 0.0933 (0.0495)  0.0598  0.0562 (0.0463) 0228
and SUA (0.0635)

2 67 0.0212 (0.0676) 0.754 0.0607 (0.114) 0597 0.113 (0.0497) 00228 00523 (0.0470)  0.270

3 66 0.0707 (0.0409) 0.0840  0.0554 (0.0688)  0.423 0.115 (0.0517) 00261  0.0596 (0.0498) 0236

4 65 0.0614 (0.0389) 0115  0.0633 (0.0653) 0336 0.113 (0.0494) 0.0228  0.0608 (0.0459)  0.190

Step #: 1. MR analysis with the complete selected SNPs; 2. MR analysis after removing the SNPs, which are associated with confounding factors; 3. MR analysis after excluding the influential
SNPs identified in “leave-one-out” sensitivity analysis; 4. MR analysis after removing the outlier SNPs (with p-value less than threshold in MR-PRESSO outlier test). 25(OH)D, 25-
hydroxyvitamin D; B, beta coefficient; Se, standard error; SNP, single nucleotide polymorphism; MR, Mendelian randomization; IVW, inverse-variance weighting.
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3 Results

3.1 MR results of serum uric acid
on 25(0OH)D

The MR results from different methods of assessing the causal
association of SUA on 25(OH)D at different steps are presented in
Table 1. The MR results demonstrated that genetically predicted
SUA was negatively related to the level of 25(OH)D in initial
practice [IVW B(SE), —=0.0352(0.0149); p = 0.0178], which suggested
that a per mg/dl increase in SUA is associated with a decrease of
0.74 nmol/L of 25(OH)D. Insignificant results were found for the
MR-Egger regression, weighted median, and weighted mode [MR-
Egger B(SE), —0.00458 (0.0263); p = 0.863; weighted median B(SE),
~0.00179 (0.00879); p = 0.838; weighted mode B(SE), —0.00622
(0.00884); p = 0.489, respectively] analyses. The estimated effect
sizes of the SNPs on both the SUA and 25(OH)D outcomes are
displayed in scatter plots (Figure 3A). The forest plot of MR effect
size for SUA on serum 25(OH)D is presented in Figure 4A. After
removing the SNPs which were associated with body fat and BMI,
the MR results were still significant [IVW B(SE), —0.0433 (0.0167);
p = 0.00940]. MR-Egger regression indicated that there was
no notable directional pleiotropy (intercept = —0.00291, with a
p = 0.176). The leave-one-out analysis showed that the causal
association estimate was not driven by elimination of any single
SNP (Figure 5A). The funnel plots providing an indication of where
there existed directional horizontal pleiotropy for each outcome are
shown in Supplementary Figure S1A. The funnel plot was roughly
symmetrical. Cochran’s Q test showed certain heterogeneity among
the SUA instrumental variable estimates based on the 24 SNPs. We
then performed MR-PRESSO analysis to identify and remove
outlier variants. After removing the outlier SNPs, the results in
Table 1 showed strong causal relationship between SUA and 25
(OH)D [IVW B(SE), —0.0524 (0.0149); p <0.001; weighted median
B(SE), —0.0629 (0.0150); p <0.001; weighted mode B(SE), —0.0602
(0.0198); p = 0.00718].

3.2 MR results of 25(0OH)D on serum
uric acid

The MR results from different methods of assessing the
causal association of 25(OH)D on SUA at different steps are
presented in Table 1. However, no causal association of 25(OH)
D on SUA was found in the initial practice [[VW B(SE), 0.0139
(0.0635); p = 0.826; MR-Egger B(SE), 0.0671 (0.108); p = 0.537;
weighted median B(SE), 0.0933 (0.0495); p = 0.0598; weighted
mode B(SE), 0.0562 (0.0463); p = 0.228, respectively). The
estimated effect sizes of the 76 SNPs on both the 25(OH)D
and SUA outcomes are displayed in scatter plots (Figure 3B).
The forest plot of MR effect size for SUA on serum 25(OH)D are
presented in Figure 4B. After removing the nine SNPs that are

Frontiers in Endocrinology

06

10.3389/fendo.2022.1024675

associated with confounding factors, we found 25(OH)D was
positively related to the level of SUA in the weighted median
method [B(SE), 0.113 (0.0497); p = 0.0228], while insignificant
results were found for the IVW, MR-Egger, and weighted mode
analyses [IVW B(SE), 0.0212 (0.0676); p = 0.754; MR-Egger,
B(SE), 0.0607 (0.114); p = 0.597; weighted mode B(SE), 0.0523
(0.0470); p = 0.270, respectively]. The leave-one-out analysis
(Figure 5B) showed that elimination of any SNP did not cause a
change in the results. The funnel plots providing an indication of
where there existed directional horizontal pleiotropy for each
outcome are shown in Supplementary Figure S1B. However, the
leave-one-out analysis, the forest plot, and funnel plots suggested
that there was a potentially influential SNP (rs1260326) driving
the causal link between 25(OH)D and SUA. After removing the
SNP (rs1260326), no evidence of a causal association of 25(OH)
D on SUA was found in IVW, MR-Egger, and weighted mode
analyses [IVW B(SE), 0.0707 (0.0409); p = 0.0840; MR-Egger,
B(SE), 0.0554 (0.0688); p = 0.423; weighted mode B(SE), 0.0596
(0.0498); p = 0.236, respectively]. The MR-Egger analysis also
indicated that there was no notable directional pleiotropy
(intercept = —0.0016; p = 0.533). Cochran’s Q test showed
certain heterogeneity among the 25(OH)D IV estimates based
on the 66 SNPs. We then performed MR-PRESSO analysis to
identify and remove outlier variants. After removing the outlier
SNPs, we still found that 25(OH)D was positively related to the
level of SUA in the weighted median method [B(SE), 0.113
(0.0494); p = 0.0228], but a clear correlation could not be
identified in the IVW, MR-Egger, and weighted mode
analyses. The results of sensitivity analysis using 25(OH)D
SNPs only in four genes with known role in vitamin D
metabolism are presented in Supplementary Table S3, and no
causal association between 25(OH)D and SUA was found.

3.3 GRSsya and 25(0OH)D,
GRSZS(OH)D: and SUA

Consistent with the MR results of SUA on 25(OH)D, the
GRSgya showed a significant effect of SUA on 25(OH)D [f3 (SE),
-0.0351 (0.0059), p < 0.001] (Table 2, Figure 6). Meanwhile,
consistent with the MR results of 25(OH)D to SUA. No causal
effect of SUA on 25(OH)D [B (SE), 0.0132 (0.0304), p = 0.664]
(Table 2, Figure 6).

3.4 Power of analysis

The power of our study was calculated using an online
computing tool (https://shiny.cnsgenomics.com/mRnd/). We
fixed the type-I error rate at 0.05 and the R2 of 0.062 and
0.027 for SUA and 25(OH)D, respectively; based on the sample
sizes, our study had sufficient power (87% and 100%) to detect
the causal association between SUA and 25(OH)D.
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4 Discussion

To our knowledge, this is the first attempt that used two-
sample bidirectional MR analysis to explore the causal
association between SUA and 25(OH)D. Based on summary
statistics form GWAS, we found a negative causal association of
SUA on 25(OH)D in the IVW model. Even removing the outlier
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SNPs and SNPs related to confounding factors, the negative
causal association was still significant. No evidence to support
the causal association of 25(OH)D on SUA was found in
our analysis.

The mechanisms of the relationship between Vitamin D and
SUA remain unclear. Several possible explanations have been
proposed. Primarily, SUA suppresses 1-o. hydroxylase protein
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(A) Forest plot of causal association for uric acid on 25-hydroxyvitamin D. (B) Forest plot of causal association for 25-hydroxyvitamin D on uric acid.

and mRNA expression in proximal tubular cells, thereby
reducing the concentrations of 1,25(OH),D. Febuxostat
treatment could completely restore 1-o. hydroxylase protein
expression and partially reverse the biochemical and
histological abnormalities in renal function (14). Following
treatment of allopurinol, SUA level decreased and
concentrations of 1,25(OH),D increased significantly in
chronic renal failure patients (43). SUA level was positively

associated with insulin resistance and obesity. Low-serum
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vitamin D is common in obese people due to volumetric
dilution, and insulin resistance is negatively associated with 25
(OH)D concentrations (44, 45). Vitamin D deficiency induced
by hyperuricemia could cause secondary hyperparathyroidism,
which leads to an increase in the PTH concentration. PTH may
downregulate the expression of the urate exporter ABCG2 in
intestinal and renal and suppress the urate excretion, which in
turn could lead to hyperuricemia (46). Previous studies found
that PTH increased the incidence of hyperuricemia in a dose-
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response fashion (23, 47, 48). Hataikarn et al. found that vitamin
D supplementation was associated with a reduction in SUA
concentration after 12 weeks in participants with baseline SUA >
6 mg/dl (49).

Previous observational studies have investigated the
relationship between SUA and 25(OH)D. Our previous study
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found that serum 25(OH)D was inversely associated with
hyperuricemia in the general adult population in the US, and
participants in the lowest quartile group has the highest
prevalence of hyperuricemia (21). Kamil F. Faridi’s study,
which aimed to investigate the associations between vitamin D
and non-lipid biomarkers of cardiovascular risk, found that
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TABLE 2 The effect of the GRS instrument of SUA on 25(OH)D and the effect of the GRS instrument of 25(OH)D on SUA.

Exposure Outcome Number of SNPs B (SE) p-value
SUA 25(0H)D 24 ~0.0351 (0.0059) <0.001
25(0H)D SUA 76 0.0132 (0.0304) 0.664

GRS, genetic risk score; SUA, serum uric acid; 25(OH)D, 25-hydroxyvitamin D; SNP, single-nucleotide polymorphism; Beta, beta coefficient; SE, standard error.
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adults with 25(OH)D deficiency had increased odds of elevated
SUA (50). Another study that involved 15,723 American adults
found a lower risk of hyperuricemia in participants with higher
serum 25(OH)D, dietary vitamin D, and total vitamin D intake
(51). Some of the previous studies suggested that urate-lowering
therapy might improve vitamin D metabolism in chronic kidney
disease patients (14). To sum up, previous studies revealed a
mostly negative relationship between SUA and 25(OH)D but
could not determine the causal association.

Our study found a causal association of 25(OH)D on SUA
using the weighted median method in steps 2-4. Four different
MR methods were used in our study, and insignificant results
were found for the IVW, MR-Egger regression, and weighted
mode analyses. In addition, the IVW method was used as the
primary analysis in our study, since the IVW method was
the most powerful method to detect a causal effect (29, 35).
The sensitivity analysis using 25(OH)D SNPs only in four genes
with a known role in vitamin D metabolism also suggested no
causal association between 25(OH)D and SUA. Thus, our study
does not support a causal role of 25(OH)D on SUA.

Observational studies are prone to biases due to reverse
causation and residual confounding, and our study has some
advantages. We used large-scale summary-level GWAS data of
SUA and 25(OH)D to perform this analysis. Our MR analysis
allows us to study causal associations between modifiable
exposures and risk of disease. We excluded SNPs related to
confounding factors and performed bidirectional MR analysis
to avoid the influence of potential confounding factors and
reverse causality. No pleiotropy was found in MR-Egger
regression analysis, and MR-PRESSO analysis was used to
reduce the influence of horizontal pleiotropy. We performed
sensitivity analyses, and the results were consistent. We also
performed GRS analyses in both directions, which can support
our findings from the individual SNPs. To our knowledge, this
is the first study that uses two-sample bidirectional MR
approach to explore the causal association between SUA and
25(0OH)D.

The limitations of this study include, primarily, the
following: we identified 117 SNPs to be genome-wide
significant for 25(OH)D, explaining only 2.7% of the variance
in 25(OH)D levels. Only 76 of the 117 SNPs remaining non-
palindromic SNPs significantly associated with 25(OH)D were
matched in the outcome data directly and were used as
instrumental variables for 25(OH)D. Among the 76 SNPs, 26
SNPs were proxy SNPs. Using excessive proxy SNPs may
produce unreliable results. In addition, the participants in our
analyses are principally of European ancestry, which minimized
the possibility of population stratification bias, but our results
may not be representative of other ethnic groups. We used
summary-level data in our MR analysis, so it was impossible to
perform stratified analysis by strata of the exposure. We used
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datasets from different countries to reduce the overlap rate, and
most of the participants were from different consortiums or
cohorts. However, several cohorts were involved in both
exposure and outcome GWAS datasets, and we could not get
the exact overlap rate between the same cohorts; there may be a
potential high overlap to cause some bias.

5 Conclusions

In summary, in this two-sample bidirectional MR analysis,
we found a negative causal association of SUA on 25(OH)D.
However, our analysis does not support a causal role of 25
(OH)D on SUA. Our findings suggest that increased levels of
uric acid should prompt investigation for vitamin
D deficiency.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material. Further
inquiries can be directed to the corresponding authors.

Author contributions

All authors helped to perform the research. Conceptualization,
YH and YZ. Methodology, YH. Software, YH. Validation, YH and
YZ. Formal analysis, YH. Investigation, YH. Resources, YH. Data
curation, YH. Writing—original draft preparation, YH and YZ.
Writing—review and editing, YZ and XZ. Visualization, YZ and
XZ. Supervision, YZ and XZ. Project administration, YH, YZ,
and XZ. Funding acquisition, YZ and XZ. All authors read and
approved the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant No0.82071841), National Natural
Science Foundation of China (Grant No. 81901667), and 2019
Discipline Development Project of Peking Union Medical
College (Grant No. 201920200106).

Acknowledgments

The authors thank Dr. Jiayi Yi from Fuwai Hospital for the
generous guidance in statistics and R programming.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1024675
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Han et al.

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.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

1. Zhu Y, Pandya BJ, Choi HK. Prevalence of gout and hyperuricemia in the US
general population: The national health and nutrition examination survey 2007-
2008. Arthritis Rheum (2011) 63(10):3136-41. doi: 10.1002/art.30520

2. Zhang M, Zhu X, Wu J, Huang Z, Zhao Z, Zhang X, et al. Prevalence of
hyperuricemia among Chinese adults: Findings from two nationally representative
cross-sectional surveys in 2015-16 and 2018-19. Front Immunol (2021) 12:791983.
doi: 10.3389/fimmu.2021.791983

3. Mandal AK, Mount DB. The molecular physiology of uric acid homeostasis.
Annu Rev Physiol (2015) 77:323-45. doi: 10.1146/annurev-physiol-021113-170343

4. Han Y, Han K, Han X, Yin Y, Di H, Wu J, et al. Serum uric acid might be
positively associated with hypertension in Chinese adults: An analysis of the China
health and nutrition survey. Front Med (2021) 8:755509. doi: 10.3389/
fmed.2021.755509

5. Han Y, Han X, Yin Y, Cao Y, Di H, Wu J, et al. Dose-response relationship of
uric acid with fasting glucose, insulin, and insulin resistance in a united states cohort of
5,148 non-diabetic people. Front Med (2022) 9:905085. doi: 10.3389/fmed.2022.905085

6. Battelli MG, Bortolotti M, Polito L, Bolognesi A. The role of xanthine
oxidoreductase and uric acid in metabolic syndrome. Biochim Biophys Acta Mol
Basis Dis (2018) 1864(8):2557-65. doi: 10.1016/j.bbadis.2018.05.003

7. Giacomello A, Di Sciascio N, Quaratino CP. Relation between serum
triglyceride level, serum urate concentration, and fractional urate excretion.
Metabolism (1997) 46(9):1085-9. doi: 10.1016/s0026-0495(97)90283-3

8. Ensrud KE, Crandall CJ. Osteoporosis. Ann Internal Med (2017) 167(3):
ITC17-32. doi: 10.7326/AITC201708010

9. Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet (2019) 393
(10169):364-76. doi: 10.1016/s0140-6736(18)32112-3

10. Clynes MA, Harvey NC, Curtis EM, Fuggle NR, Dennison EM, Cooper C.
The epidemiology of osteoporosis. Br Med Bull (2020) 133(1):105-17. doi: 10.1093/
bmb/ldaa005

11. Lin KM, Lu CL, Hung KC, Wu PC, Pan CF, Wu CJ, et al. The paradoxical
role of uric acid in osteoporosis. Nutrients (2019) 11(9). doi: 10.3390/nu11092111

12. Mehta T, Bizkova P, Sarnak MJ, Chonchol M, Cauley JA, Wallace E, et al.
Serum urate levels and the risk of hip fractures: data from the cardiovascular health
study. Metabolism (2015) 64(3):438-46. doi: 10.1016/j.metabol.2014.11.006

13. Dalbeth N, Smith T, Nicolson B, Clark B, Callon K, Naot D, et al. Enhanced
osteoclastogenesis in patients with tophaceous gout: urate crystals promote
osteoclast development through interactions with stromal cells. Arthritis Rheum
(2008) 58(6):1854-65. doi: 10.1002/art.23488

14. Chen W, Roncal-Jimenez C, Lanaspa M, Gerard S, Chonchol M, Johnson
RJ, et al. Uric acid suppresses 1 alpha hydroxylase in vitro and in vivo. Metabolism
(2014) 63(1):150-60. doi: 10.1016/j.metabol.2013.09.018

15. Candido FG, Bressan J. Vitamin d: link between osteoporosis, obesity, and
diabetes? Int ] Mol Sci (2014) 15(4):6569-91. doi: 10.3390/ijms15046569

16. Holick MF. The vitamin d deficiency pandemic: Approaches for diagnosis,
treatment and prevention. Rev endocrine Metab Disord (2017) 18(2):153-65.
doi: 10.1007/s11154-017-9424-1

Frontiers in Endocrinology

12

10.3389/fendo.2022.1024675

claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fendo.2022.1024675/full#supplementary-material

SUPPLEMENTARY FIGURE 1

(A) Funnel plots to visualize overall heterogeneity of MR estimates for the
effect of serum uric acid on 25-hydroxyvitamin D. (B) Funnel plots to
visualize overall heterogeneity of MR estimates for the effect of 25-
hydroxyvitamin D on serum uric acid. MR, Mendelian Randomization.

17. Del Pinto R, Wright JT, Monaco A, Pietropaoli D, Ferri C. Vitamin d and
blood pressure control among hypertensive adults: results from NHANES 2001-
2014. ] Hypertens (2020) 38(1):150-8. doi: 10.1097/hjh.0000000000002231

18. Zhang Y, Tan H, Tang J, Li J, Chong W, Hai Y, et al. Effects of vitamin d
supplementation on prevention of type 2 diabetes in patients with prediabetes: A
systematic review and meta-analysis. Diabetes Care (2020) 43(7):1650-8.
doi: 10.2337/dc19-1708

19. Murdaca G, Tonacci A, Negrini S, Greco M, Borro M, Puppo F, et al.
Emerging role of vitamin d in autoimmune diseases: An update on evidence and
therapeutic implications. Autoimmun Rev (2019) 18(9):102350. doi: 10.1016/
j.autrev.2019.102350

20. Nabipour I, Sambrook PN, Blyth FM, Janu MR, Waite LM, Naganathan V,
et al. Serum uric acid is associated with bone health in older men: A cross-sectional
population-based study. ] Bone Miner Res (2011) 26(5):955-64. doi: 10.1002/
jbmr.286

21. Han Y, Han K, Zhang Y, Zeng X. Serum 25-hydroxyvitamin d might be
negatively associated with hyperuricemia in U.S. adults: An analysis of the national
health and nutrition examination survey 2007-2014. J Endocrinol Invest (2022) 45
(4):719-29. doi: 10.1007/s40618-021-01637-x

22. Lips P. Vitamin d deficiency and secondary hyperparathyroidism in the
elderly: consequences for bone loss and fractures and therapeutic implications.
Endocrine Rev (2001) 22(4):477-501. doi: 10.1210/edrv.22.4.0437

23. Hui JY, Choi JW, Mount DB, Zhu Y, Zhang Y, Choi HK. The independent
association between parathyroid hormone levels and hyperuricemia: a national
population study. Arthritis Res Ther (2012) 14(2):R56. doi: 10.1186/ar3769

24. Chin KY, Nirwana SI, Ngah WZ. Significant association between
parathyroid hormone and uric acid level in men. Clin Interv Aging (2015)
10:1377-80. doi: 10.2147/cia.S90233

25. Szymczak-Pajor I, Sliwinska A. Analysis of association between vitamin d
deficiency and insulin resistance. Nutrients (2019) 11(4). doi: 10.3390/nu11040794

26. Li C, Hsieh MC, Chang SJ. Metabolic syndrome, diabetes, and
hyperuricemia. Curr Opin Rheumatol (2013) 25(2):210-6. doi: 10.1097/
BOR.0b013e32835d951e

27. GWAS summary data. Urate. Dataset: ieu-a-1055 . Available at: https://gwas.
mrcieu.ac.uk/datasets/ieu-a-1055/ (Accessed 26th July. 2022).

28. Kottgen A, Albrecht E, Teumer A, Vitart V, Krumsiek J, Hundertmark C,
et al. Genome-wide association analyses identify 18 new loci associated with serum
urate concentrations. Nat Genet (2013) 45(2):145-54. doi: 10.1038/ng.2500

29. Burgess S, Thompson SG. Mendelian randomization. methods for causal
inference using genetic variants. 2nd ed.CRC Press, Boca Raton (2021).

30. PhenoScanner V2. a database of human genotype-phenotype associations .
Available at: http://www.phenoscanner.medschl.cam.ac.uk/ (Accessed 11th,
September. 2022).

31. GWAS summary data.Serum 25-hydroxyvitamin d levels dataset: ebi-a-
GCST90000618 . Available at: https://gwas.mrcieu.ac.uk/datasets/ebi-a-
GCST90000618/ (Accessed 26th July. 2022).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.1024675/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.1024675/full#supplementary-material
https://doi.org/10.1002/art.30520
https://doi.org/10.3389/fimmu.2021.791983
https://doi.org/10.1146/annurev-physiol-021113-170343
https://doi.org/10.3389/fmed.2021.755509
https://doi.org/10.3389/fmed.2021.755509
https://doi.org/10.3389/fmed.2022.905085
https://doi.org/10.1016/j.bbadis.2018.05.003
https://doi.org/10.1016/s0026-0495(97)90283-3
https://doi.org/10.7326/AITC201708010
https://doi.org/10.1016/s0140-6736(18)32112-3
https://doi.org/10.1093/bmb/ldaa005
https://doi.org/10.1093/bmb/ldaa005
https://doi.org/10.3390/nu11092111
https://doi.org/10.1016/j.metabol.2014.11.006
https://doi.org/10.1002/art.23488
https://doi.org/10.1016/j.metabol.2013.09.018
https://doi.org/10.3390/ijms15046569
https://doi.org/10.1007/s11154-017-9424-1
https://doi.org/10.1097/hjh.0000000000002231
https://doi.org/10.2337/dc19-1708
https://doi.org/10.1016/j.autrev.2019.102350
https://doi.org/10.1016/j.autrev.2019.102350
https://doi.org/10.1002/jbmr.286
https://doi.org/10.1002/jbmr.286
https://doi.org/10.1007/s40618-021-01637-x
https://doi.org/10.1210/edrv.22.4.0437
https://doi.org/10.1186/ar3769
https://doi.org/10.2147/cia.S90233
https://doi.org/10.3390/nu11040794
https://doi.org/10.1097/BOR.0b013e32835d951e
https://doi.org/10.1097/BOR.0b013e32835d951e
https://gwas.mrcieu.ac.uk/datasets/ieu-a-1055/
https://gwas.mrcieu.ac.uk/datasets/ieu-a-1055/
https://doi.org/10.1038/ng.2500
http://www.phenoscanner.medschl.cam.ac.uk/
https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90000618/
https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90000618/
https://doi.org/10.3389/fendo.2022.1024675
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Han et al.

32. Revez JA, Lin T, Qiao Z, Xue A, Holtz Y, Zhu Z, et al. Genome-wide
association study identifies 143 loci associated with 25 hydroxyvitamin d
concentration. Nat Commun (2020) 11(1):1647. doi: 10.1038/s41467-020-15421-7

33. Jiang X, O'Reilly PF, Aschard H, Hsu Y-H, Richards JB, Dupuis ], et al.
Genome-wide association study in 79,366 European-ancestry individuals informs the
genetic architecture of 25-hydroxyvitamin d levels. Nat Commun (2018) 9(1).
doi: 10.1038/s41467-017-02662-2

34. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol (2016) 40(4):304-14. doi: 10.1002/gepi.21965

35. Hartwig FP, Davey Smith G, Bowden J. Robust inference in summary data
mendelian randomization via the zero modal pleiotropy assumption. Int ]
Epidemiol (2017) 46(6):1985-98. doi: 10.1093/ije/dyx102

36. Yin K-J, Huang J-X, Wang P, Yang X-K, Tao S-S, Li H-M, et al. No genetic
causal association between periodontitis and arthritis: A bidirectional two-sample
mendelian randomization analysis. Front Immunol (2022) 13:808832. doi: 10.3389/
fimmu.2022.808832

37. Wu F, Huang Y, Hu J, Shao Z. Mendelian randomization study of
inflammatory bowel disease and bone mineral density. BMC Med (2020) 18
(1):312. doi: 10.1186/s12916-020-01778-5

38. Slob EAW, Groenen PJF, Thurik AR, Rietveld CA. A note on the use of
egger regression in mendelian randomization studies. Int J Epidemiol (2017) 46
(6):2094-7. doi: 10.1093/ije/dyx191

39. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through egger regression. Int J
Epidemiol (2015) 44(2):512-25. doi: 10.1093/ije/dyv080

40. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship
between imprecisely measured traits using GWAS summary data. PloS Genet
(2017) 13(11):e1007081. doi: 10.1371/journal.pgen.1007081

41. Burgess S, Butterworth A, Thompson SG. Mendelian randomization
analysis with multiple genetic variants using summarized data. Genet Epidemiol
(2013) 37(7):658-65. doi: 10.1002/gepi.21758

Frontiers in Endocrinology

13

10.3389/fendo.2022.1024675

42. Voight BF, Peloso GM, Orho-Melander M, et al. Plasma HDL cholesterol
and risk of myocardial infarction: a mendelian randomisation study. Lancet (2012)
380(9841):572-80. doi: 10.1016/s0140-6736(12)60312-2

43. Vanholder R, Patel S, Hsu CH. Effect of uric acid on plasma levels of 1,25
(OH)2D in renal failure. ] Am Soc Nephrol JASN (1993) 4(4):1035-8. doi: 10.1681/
asn.V441035

44. RafiqS, Jeppesen PB. Insulin resistance is inversely associated with the status
of vitamin d in both diabetic and non-diabetic populations. Nutrients (2021) 13(6).
doi: 10.3390/nul13061742

45. Walsh JS, Bowles S, Evans AL. Vitamin d in obesity. Curr Opin Endocrinol
Diabetes Obes (2017) 24(6):389-94. doi: 10.1097/MED.0000000000000371

46. Sugimoto R, Watanabe H, Ikegami K, Enoki Y, Imafuku T, Sakaguchi Y, et al.
Down-regulation of ABCG2, a urate exporter, by parathyroid hormone enhances
urate accumulation in secondary hyperparathyroidism. Kidney Int (2017) 91(3):658—
70. doi: 10.1016/j.kint.2016.09.041

47. Miller PD, Schwartz EN, Chen P, Misurski DA, Krege JH. Teriparatide in
postmenopausal women with osteoporosis and mild or moderate renal
impairment. Osteoporos Int (2007) 18(1):59-68. doi: 10.1007/s00198-006-0189-8

48. Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA, Reginster JY, et al.
Effect of parathyroid hormone (1-34) on fractures and bone mineral density in
postmenopausal women with osteoporosis. N Engl ] Med (2001) 344(19):1434-41.
doi: 10.1056/nejm200105103441904

49. Nimitphong H, Saetung S, Chailurkit LO, Chanprasertyothin §,
Ongphiphadhanakul B. Vitamin d supplementation is associated with serum uric
acid concentration in patients with prediabetes and hyperuricemia. J Clin Transl
Endocrinol (2021) 24:100255. doi: 10.1016/j.jcte.2021.100255

50. Faridi KF, Lupton JR, Martin SS, Banach M, Quispe R, Kulkarni K, et al.
Vitamin d deficiency and non-lipid biomarkers of cardiovascular risk. Arch Med Sci
(2017) 13(4):732-7. doi: 10.5114/a0ms.2017.68237

51. Zhang YY, Qiu HB, Tian JW. Association between vitamin d and
hyperuricemia among adults in the united states. Front Nutr (2020) 7:592777.
doi: 10.3389/fnut.2020.592777

frontiersin.org


https://doi.org/10.1038/s41467-020-15421-7
https://doi.org/10.1038/s41467-017-02662-2
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyx102
https://doi.org/10.3389/fimmu.2022.808832
https://doi.org/10.3389/fimmu.2022.808832
https://doi.org/10.1186/s12916-020-01778-5
https://doi.org/10.1093/ije/dyx191
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1016/s0140-6736(12)60312-2
https://doi.org/10.1681/asn.V441035
https://doi.org/10.1681/asn.V441035
https://doi.org/10.3390/nu13061742
https://doi.org/10.1097/MED.0000000000000371
https://doi.org/10.1016/j.kint.2016.09.041
https://doi.org/10.1007/s00198-006-0189-8
https://doi.org/10.1056/nejm200105103441904
https://doi.org/10.1016/j.jcte.2021.100255
https://doi.org/10.5114/aoms.2017.68237
https://doi.org/10.3389/fnut.2020.592777
https://doi.org/10.3389/fendo.2022.1024675
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Assessment of causal associations between uric acid and 25-hydroxyvitamin D levels
	1 Introduction
	2 Materials and methods
	2.1 Dataset and selection of instruments for MR
	2.1.1 MR study of the effect of SUA on 25(OH)D
	2.1.2 MR study of the effect of 25(OH)D on SUA

	2.2 Statistical analyses
	2.3 Procedures of MR analysis
	2.4 Heterogeneity and sensitivity tests
	2.5 Associations between exposure genetic risk score and outcome in both directions

	3 Results
	3.1 MR results of serum uric acid on 25(OH)D
	3.2 MR results of 25(OH)D on serum uric acid
	3.3 GRSSUA and 25(OH)D, GRS25(OH)D, and SUA
	3.4 Power of analysis

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


