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Summary
Background Limited studies have suggested an effect of dietary choline intake on uric acid levels. We aim to
investigate the associations between choline intake and hyperuricemia (HUA), as well as the mediating role of kidney
function in this relationship, among the Chinese population aged 6–17 years.

Methods Participants were divided into quartiles according to residual energy-adjusted dietary choline intake in our
cross-sectional study. Dietary choline intake was assessed using the 24-h dietary recalls method over three consecutive
days, including two weekdays and one weekend day. The primary outcome was the HUA prevalence. Based on
recommendation in Clinical Paediatric Nephrology (3rd ed), HUA is defined based on fasting serum uric acid
levels, with cutoffs varying by age and sex. The associations between choline intake and HUA were analysed
using weighted logistic regression models, restricted cubic spline models, and linear regression models. The
mediated proportions of estimated glomerular filtration rate (eGFR) in the associations were estimated with
mediation effect models. The data for this study were collected from the China National Nutrition and Health
Surveillance of Children and Lactating Mothers (2016–2017) conducted between October 2016 and December
2018. Eligible participants were identified through a database search conducted from October to December 2023.

Findings Among the 10749 participants, 3398 (31.6%) individuals were found to have HUA. A negative dose-
dependent relationship was found between dietary choline intake and HUA. Compared to participants in the
lowest intake quartile of total choline, phosphatidylcholine, and betaine, those in the 4th quartile had lower odds
of HUA, with odds ratio (OR) of 0.75 (95% confidence interval [95% CI], 0.63–0.90), 0.75 (95% CI, 0.64–0.89),
and 0.75 (95% CI, 0.59–0.94), respectively. The eGFR mediated 10.60%–14.58% of the associations. Participants
in the 4th quartile of lipid-soluble dietary choline exhibited 24.00% reduced odds of HUA compared to those in
the lowest intake quartile, with an OR of 0.76 (95% CI, 0.64–0.90).

Interpretation Moderate to high intake of dietary choline (181.20–357.92 mg/d), particularly phosphatidylcholine
(120.22–207.58 mg/d), and betaine (189.24–282.37 mg/d), may reduce the odds of HUA by improving glomerular
filtration function. Further interventional studies are needed to establish causal relationships.
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Research in context

Evidence before this study
We searched PubMed for articles published in English using
the keywords ‘choline’, ‘phosphatidylcholine’,
‘sphingomyelin’, ‘free choline’, ‘glycerophosphorylcholine’,
‘phosphorylcholine’, ‘betaine’, ‘dietary’, ‘kidney’, ‘eGFR’, ‘uric
acid’, and ‘hyperuricemia’ from inception to 7 January 2024.
To our knowledge, recent animal studies have found that
dietary supplementation with choline reduces uric acid levels,
but population evidence remains limited. The association of
dietary choline intake with hyperuricemia (HUA) and the
influence of kidney function in this process, especially in the
paediatric population, is still unclear.

Added value of this study
We conducted an external, population-based validation of the
association between dietary choline and HUA, elucidating that
this association may be related to kidney function. The
findings of our research, which is conducted among Chinese
children and adolescents aged 6–17 years, indicated that a

moderate to high intake of dietary choline
(181.20–357.92 mg/d), particularly phosphatidylcholine
(120.22–207.58 mg/d), and betaine (189.24–282.37 mg/d),
may reduce the odds of HUA. The eGFR functioned as a
mediator in the associations, with mediation proportions
ranging from 10.60% to 14.58%. These findings address gaps
in the existing literature and provide epidemiological evidence
to support the dietary prevention and management strategies
for HUA in children and adolescents.

Implications of all the available evidence
Choline may help reduce uric acid build-up, suggesting that
moderate increases in dietary choline intake could be a viable
option for better control of uric acid levels and prevention of
HUA. Based on these findings, children and adolescents are
encouraged to increase their intake of choline-rich foods, such
as eggs, legumes, and whole grains, which may help lower
uric acid levels and reduce the odds of HUA.
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Introduction
Hyperuricemia (HUA), characterised by elevated serum
uric acid levels, is a primary risk factor for gout and
associated with hypertension, type 2 diabetes, and
impairment of cardiovascular function.1,2 Alarmingly,
the global prevalence of HUA has risen significantly in
recent years, with particularly high rates observed
among children and adolescents.3,4 Studies from China,
the United States, and several European countries have
reported that the overall prevalence of HUA among
children and adolescents ranges from 0.6% to 50.4%.5–7

Consequently, global efforts to treat and prevent HUA
in paediatric populations are increasing, with dietary
and nutrient management identified as critical modifi-
able factors for reducing HUA risk.8

Choline is an essential nutrient involved in various
physiological processes,9 which has been studied as an
osmoregulatory agent to reduce serum homocysteine
concentrations.10,11 Serum homocysteine levels are posi-
tively correlated with serum uric acid.12,13 Despite evi-
dence of this effect in animal models such as broiler
chickens and dogs, the association between choline and
uric acid has not been confirmed in human pop-
ulations.14,15 Uric acid is the final product of purine
metabolism primarily derived from foods like red meat,
organ meats, and seafood.16 Dietary guidelines recom-
mend limiting foods high in purines to reduce the risk of
HUA and gout attacks.17–20 Given that many choline-rich
foods overlap with purine-rich foods, the association be-
tween choline intake and uric acid is complex and war-
rants further investigation in large population studies.
Choline metabolism, as a methyl donor for creatine
synthesis and methylation processes,21 can affect renal
function through several pathways, including its
involvement in phospholipid synthesis and the regula-
tion of oxidative stress.22,23 Experimental studies further
support these findings.14,24,25 Elevated uric acid levels
may result from impaired renal function,26 as approxi-
mately 75% of uric acid is excreted through the kid-
neys.27 However, the relationship between choline
intake and HUA and the role of renal function in this
context remains unclear, leaving a significant gap in the
literature. Moreover, most studies focused solely on total
choline intake and minimal attention given to its various
subtypes, including lipid-soluble compounds such as
phosphatidylcholine (PtdCho) and sphingomyelin
(Sphingo), as well as water-soluble compounds like free
choline, glycerophosphorylcholine (GpCho), and phos-
phorylcholine (PCho).28

To address this gap, we conducted a cross-sectional
study among Chinese children and adolescents aged
6–17 years to examine the relationship between dietary
choline intake and HUA, and to assess the potential
mediating role of kidney function in this association.

Methods
Study design and participants
A multi-stage cluster randomisation sampling method
was used to collect the data from the China National
Nutrition and Health Surveillance of Children and
Lactating Mothers in 2016–2017 in 275 surveillance
sites. The survey was conducted by the National
www.thelancet.com Vol 79 January, 2025
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Institute of Nutrition and Health, Chinese Center for
Disease Control and Prevention (NINH, China CDC).
County-level administrative units across 31 provinces
(including autonomous regions and municipalities
directly under the Central Government) in China were
categorised into four groups: large cities, medium and
small cities, general rural counties, and poor rural
counties, resulting in 124 strata. After excluding
missing data and adjusting for regional conditions, 109
strata were finalised. A total of 150 monitoring sites
were selected, with 26 in large cities, 45 in medium and
small cities, 46 in general rural areas, and 33 in poor
rural areas, based on population distribution. The
detailed sampling procedure is presented in Table S1.
Participants completed a face-to-face interview, physical
measurements, and provided biological samples, as
described in detail elsewhere.29 Data for the survey were
collected between October 2016 and December 2018.

Eligible participants were identified through a data-
base search conducted from October to December 2023.
Due to the unavailability of the entire national dataset,
we utilised data from five provinces, including Inner
Mongolia, Shandong, Jiangsu, Guangdong, and Guiz-
hou, which across different regions of China: Northeast,
North, Southwest, South, and East. These provinces
capture a broad range of dietary patterns, socio-
economic statuses, and lifestyle factors, offering suffi-
cient variability in exposure variables to reflect the
dietary habits of a substantial portion of Chinese chil-
dren. We used uniform equipment and methods to
conduct the surveys. We excluded participants without
serum uric acid data, those with implausible energy
intakes, defined as those in the highest or lowest 1% of
the distribution of the ratio of energy intake to estimated
energy requirement,30 and those with implausible height
or with serum creatinine outliers identified by Tukey’s
methods as less than (Q1 − 1.5 × IQR) or more than
(Q3 + 1.5 × IQR) in each year of age due to the age
dependence of serum creatinine, where Q1 is the 25th
percentile, Q3 is the 75th percentile31 (Figure S1).

Ethics
All participants and their guardian had given informed
consent in writing to participate in the study. The Ethics
Review Board of NINH, China CDC approved the pro-
tocol (No. 201614).

Procedures
Dietary data for the main analyses were collected using
the 24-h dietary recall method. Trained enumerators
conducted face-to-face interviews to gather detailed in-
formation on meals consumed over three consecutive
days (two school days and one rest day) at home, school,
and outside. The recall forms recorded food names,
portion sizes, and intake of breakfast, lunch, dinner,
snacks, beverages, and dietary supplements. Addition-
ally, cooking oil and condiments used at home or in
www.thelancet.com Vol 79 January, 2025
school canteens were weighed over three days to track
intake of key items like oil, salt, and monosodium
glutamate. We also used the Food Frequency Ques-
tionnaires (FFQs) to collect dietary information as a
complementary analysis to increase the stability of the
results. The standardised questionnaire, curated by ex-
perts from the NINH and China CDC, has been vali-
dated and applied in other large-scale dietary surveys of
children in China.32–35 The survey covered 11 food cate-
gories and 59 sub-categories, representing the most
common foods consumed by Chinese residents. In-
vestigators, equipped with tablets, paper questionnaires,
and dietary maps, were trained on the questionnaire’s
structure and content. Before the survey, they explained
its purpose to participants and enquired about each food
item listed in the FFQ, including consumption in the
past month, frequency, and portion size. For younger
participants, their guardians assisted in completing the
survey. Nutrient intake was estimated based on the
China Food Composition Tables, Standard Edition (6th
ed).36 Since there is no information on choline and
betaine levels in Chinese foods, dietary values for
choline and betaine are based on the United States
Department of Agriculture (USDA) database.37,38 Total
choline is formed from PtdCho, Sphingo, free choline,
GpCho, and PCho. We calculated energy-adjusted
choline intake using the residual method.39

The primary outcome of this study was the preva-
lence of HUA. Fasting venous blood samples were
collected from participants in the morning. Serum uric
acid was measured using colourimetry (Roche C702
automagical analyser). Based on recommendation in
Clinical Paediatric Nephrology (3rd ed) and previous
studies,40–42 participants were classified as having HUA
if their serum uric acid levels exceeded the following
thresholds: 320 μmol/L for those aged 6–10 years,
470 μmol/L in boys and 350 μmol/L in girls aged 11–15
years, and 420 μmol/L in boys and 360 μmol/L in girls
aged 15 years and older. Those below these levels were
assigned to the normal group.

Glomerular filtration rate (GFR) reflects the effi-
ciency of the glomeruli to filter blood and remove waste
products, which is often used to indicate changes in
kidney function. Estimated GFR (eGFR) was calculated
from height and serum creatinine using the Schwartz
formula,43 different coefficients would be used for
different populations, including K of 0.55 for partici-
pants aged 6–12 years, and 0.77 for males and 0.55 for
females for those older than 12 years.44,45

The basic information of the participants (including
age, sex, nationality, etc.) was collected using stand-
ardised questionnaires. Anthropometric measurements
were obtained using a unified method and equipment
and fasting venous blood samples were collected.46,47

Based on previous studies,48–51 we considered various
confounding factors that could influence dietary choline
intake or serum uric acid, including sex, age, nationality,
3
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educational level of the primary caregiver, active phys-
ical activity, smoking or exposure to second-hand
smoke, alcohol consumption, healthy dietary index, di-
etary energy, percentage of energy from protein, live-
stock and poultry meat, fishery products, legumes, total
cereals, eggs, and sugar-sweetened beverages. Family
history of diabetes or hypertension, fasting blood
glucose, body mass index (BMI), hypertriglyceridemia,
and hypertension were also accounted for. Active physical
activity was defined as self-reported time spent on activ-
ities causing shortness of breath or sweating which
averaging more than 1 h per day.52 Smoking, second-
hand smoke exposure, and alcohol consumption were
based on self-reports. BMI was calculated using stand-
ardised equipment, with participants categorised as
normal weight, overweight or obesity according to criteria
specific to sex and age.53 Hypertriglyceridaemia was
determined based on guideline utilising four indicators:
total cholesterol, triglyceride, low-density lipoprotein-
cholesterol (LDL-C), and high-density lipoprotein-choles-
terol (HDL-C).54 Definitions of healthy dietary index are
presented in Table S2.55,56 Hypertension was defined ac-
cording to criteria based on sex, age, and height.57

Statistics
Details of missing covariates were presented in
Table S3. Given the rigorous sampling design of this
study, we consider the missing data to be random.58 We
applied multiple imputation by chained equations
(MICE) to address the missing data, creating 10 datasets
to leverage its ability to manage both continuous and
categorical variables while accommodating complex in-
terrelationships. MICE was chosen based on the
missing at random (MAR) assumption, supported by
our assessment of missing data patterns.59 All variables
were included in the multiple imputation model to
ensure comprehensive imputation of missing values.
The characteristics of participants were presented as the
mean (standard deviation [SD]) for continuous variables
and the number (percentage [%]) for categorical vari-
ables. Based on the results of the Shapiro–Wilk test and
the Kolmogorov–Smirnov test, the differences in char-
acteristics of participants across HUA and normal
groups were assessed by the Chi-square test, Student’s t-
test, or Wilcoxon rank sum test, as appropriate.

Participants were divided into quartiles according to
residual energy-adjusted dietary choline intake. We
examined the odds ratios (ORs) and 95% confidence
intervals (95% CIs) of HUA according to quartiles of
residual energy-adjusted choline intake using weighted
logistic regression analysis. This analysis accounted for
stratification and clustering (primary sampling units).
The trend test was carried out by taking the median of
each residual energy-adjusted choline intake quartile as
a continuous variable in the model. Similar calculations
were conducted to assess the associations of choline-
contributing compounds and betaine with HUA.
Based on past studies,14,15 we hypothesised that di-
etary choline intake may affect uric acid levels by
improving renal filtration. We also performed general-
ised linear models to examine the associations of re-
sidual energy-adjusted choline intake with eGFR, eGFR
with uric acid and HUA prevalence (Tables S4 and S5).
Further, we adopted the model-based mediation analysis
framework proposed by Tingley et al. to study the
mediating effects of eGFR and constructed two
models.60 The first model was the mediation model, a
linear regression model, which was used to test the
hypothesised relationship between eGFR and choline
intake, as well as the covariates. The second model was
the outcome model, a logistic regression of HUA by
energy-adjusted choline intake, covariates, and the
hypothesised eGFR. The two models were subsequently
merged to determine the mediation proportion, which
was calculated as the mean ratio of each participant’s
indirect effect to the total effect. This was achieved by
dividing the average causal mediation effect by the sum
of the average causal mediation effect and the average
direct effect. A quasi-Bayesian estimation approach with
1000 iterations was employed to estimate the mediating
effect. Mediation triangles visualised the direct and in-
direct effects. Furthermore, we divided choline-
contributing compounds into lipid-soluble choline
(including PtdCho and Sphingo) and water-soluble
choline (including free choline, PCho, and GpCho),
then analysed repeatedly as above.

The potential non-linear association between choline
intake and HUA was explored through nonparametri-
cally restricted cubic spline regression, with knots
positioned at the 25th, 50th, and 75th percentiles.
Additionally, multiple linear regression models were
employed to investigate the relationship between
choline intake and serum uric acid. Moreover, we per-
formed interaction analyses to examine the association
between choline intake and HUA among populations in
different age groups and sex.

In the analysis, several covariates were adjusted. To
reduce the impact of multicollinearity on the regression
results, all selected covariates were screened using the
least absolute shrinkage and selection operator (LASSO)
as detailed in Figure S2. Further, we also calculated their
variance inflation factors, which were all less than 2. In
model 1, adjustments were made for sex (male or fe-
male), age (years, continuous), and energy (kcal/d,
continuous). Model 2 included further adjustments for
nationality (Han or others), educational level of the
primary caregiver (illiteracy, primary school, junior high
school, or high school, and above), active physical ac-
tivity (yes or no), smoking or exposure to second-hand
smoke (everyday, 4–6 days/week, 1–3 days/week, less
than 1 day/week, or never), alcohol consumption (cur-
rent, former, or never), healthy dietary index (contin-
uous), percentage of energy from protein (%,
continuous), livestock and poultry meat (g/d,
www.thelancet.com Vol 79 January, 2025
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Characteristic Total Normal Hyperuricemia P-value

Participants, No. (%) 10749 (100.0) 7351 (68.4) 3398 (31.6)

Female, No. (%) 7062 (65.7) 5003 (68.1) 2059 (60.6) <0.001

Age, mean (SD), years 12.3 (3.2) 12.2 (3.2) 12.4 (3.2) 0.057

6∼11 years, No. (%) 3967 (36.9) 2639 (35.9) 1328 (39.1)

12∼17 years, No. (%) 6782 (63.1) 4712 (64.1) 2070 (60.9)

Nationality, No. (%) <0.001

Han 9230 (85.9) 6230 (84.8) 3000 (88.3)

Others 1519 (14.1) 1121 (15.2) 398 (11.7)

Province where participants located, No. (%) <0.001

Inner Mongolia 1327 (12.3) 993 (13.5) 334 (9.8)

Shandong 2195 (20.4) 1688 (23.0) 507 (14.9)

Jiangsu 2178 (20.3) 1653 (22.5) 525 (15.5)

Guangdong 3351 (31.2) 1748 (23.8) 1603 (47.2)

Guizhou 1698 (15.8) 1269 (17.3) 429 (12.6)

Educational level of the primary caregiver, No. (%) 0.002

Illiteracy 604 (5.6) 452 (6.1) 152 (4.5)

Primary school 2756 (25.6) 1902 (25.9) 854 (25.1)

Junior high school 3998 (37.2) 2718 (37.0) 1280 (37.7)

High school and above 3391 (31.5) 2279 (31.0) 1112 (32.7)

Active physical activity, No. (%) 4346 (40.4) 2867 (39.0) 1479 (43.5) <0.001

Smoking or exposure to second-hand smoke, No. (%) 0.001

Everyday 1126 (10.5) 778 (10.6) 348 (10.2)

4–6 days/week 407 (3.8) 268 (3.6) 139 (4.1)

1–3 days/week 1340 (12.5) 853 (11.6) 487 (14.3)

Less than 1 day/week 1611 (15.0) 1097 (14.9) 514 (15.1)

Never 6265 (58.3) 4355 (59.2) 1910 (56.2)

Alcohol consumption, No. (%) <0.001

Current 445 (4.1) 273 (3.7) 172 (5.1)

Former 1021 (9.5) 650 (8.8) 371 (10.9)

Never 9283 (86.4) 6428 (87.4) 2855 (84.0)

Healthy dietary index, mean (SD) 60.1 (5.8) 60.1 (5.8) 60.1 (5.9) 0.769

Articles
continuous), fishery products (g/d, continuous), le-
gumes (g/d, continuous), total cereals (g/d, continuous),
eggs (g/d, continuous), and sugar-sweetened beverages
(ml/d, continuous). Model 3 further adjusted for family
history of diabetes (yes or no), family history of hyper-
tension (yes or no), fasting blood glucose (mmol/L,
continuous), BMI (normal, overweight, or obesity),
hypertriglyceridemia (yes or no), and hypertension (yes
or no).

To evaluate the robustness of our findings, we con-
ducted several sensitivity analyses. Firstly, we explored
the relationship between residual energy-adjusted
choline intake and HUA using data collected from
FFQs, and model-based mediation analyses were uti-
lised to explore the mediating effect of eGFR. We then
repeated these analyses four times: once assessing the
associations between energy-unadjusted choline intake
and HUA, again using data without interpolation, then
including sample weights as covariates and finally
additionally adjusting for the province where partici-
pants located. Considering unmeasured errors in our
study, we also calculated the E-values to account for the
errors.

Analyses were performed using R statistical software
(version 4.3.2 for Windows). Statistical tests were two-
sided, and P values less than 0.05 were considered sta-
tistically significant.

Role of the funding source
The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.
Dietary energy, mean (SD), kcal/d 1379.6 (635.3) 1376.8 (632.4) 1385.9 (641.7) 0.488

Percentage of energy from protein,
mean (SD), %

16.0 (4.5) 15.8 (4.3) 16.5 (4.9) <0.001

Livestock and poultry meat, mean
(SD), g/d

92.3 (127.1) 91.3 (123.5) 94.7 (134.5) 0.196

Fishery products, mean (SD), g/d 52.2 (197.2) 46.5 (183.4) 64.4 (223.7) <0.001

Legumes, mean (SD), g/d 7.2 (19.3) 7.3 (19.7) 7.1 (18.4) 0.663

Sugar-sweetened beverages, mean
(SD), ml/d

83.4 (147.4) 80.5 (149.7) 89.8 (142.0) 0.002

Total cereals, mean (SD), g/d 152.9 (120.0) 151.2 (119.7) 156.7 (120.5) 0.026

Eggs, mean (SD), g/d 53.7 (139.2) 54.2 (141.6) 52.6 (133.8) 0.589

Family history, No. (%)

Diabetes 1345 (12.5) 872 (11.9) 473 (13.9) 0.003

Hypertension 3619 (33.7) 2433 (33.1) 1186 (34.9) 0.069

Fasting blood glucose, mean (SD),
mmol/L

5.2 (0.6) 5.1 (0.6) 5.2 (0.6) <0.001

BMI, mean (SD), kg/m2 18.6 (3.8) 18.2 (3.5) 19.4 (4.4) <0.001

Normal, No. (%) 8806 (81.9) 6300 (85.7) 2506 (73.7)

Overweight, No. (%) 1108 (10.3) 689 (9.4) 419 (12.3)

Obesity, No. (%) 835 (7.8) 362 (4.9) 473 (13.9)

Hypertriglyceridemia, No. (%) 2186 (20.3) 1333 (18.1) 853 (25.1) <0.001

Hypertension, No. (%) 472 (4.4) 325 (4.4) 147 (4.3) 0.863

eGFR, mean (SD), ml/(min 1.73 m2) 149.7 (26.9) 152.3 (27.8) 144.1 (23.8) <0.001

(Table 1 continues on next page)
Results
Characteristics of participants
After excluding participants without serum uric acid
data (n = 3763), with implausible energy intakes
(n = 782), and those with implausible height (n = 5) or
with outliers of serum creatinine (n = 118), a total of
10749 participants aged 6–17 years were eligible for
inclusion in the study (Figure S1). Table 1 showed the
characteristics of participants who were 7062 (65.7%)
female and 9230 (85.9%) Han nationality. A total of
3398 children and adolescents were found to have HUA
with a prevalence of 3398 (31.6%). The prevalence of
HUA was 1339 (36.3%) in boys and 2059 (29.2%) in
girls. Individuals in the HUA group were more likely to
be smokers, former or current alcohol consumers, and
higher consumers of sugar-sweetened beverages. Addi-
tionally, these participants were more likely to have a
family history of diabetes or to be overweight, obesity or
have hypertriglyceridemia. The mean (SD) intake of
total choline and betaine were 232.2 (142.1) and 120.8
(116.5) mg/d, respectively. The mean (SD) intake of
choline-contributing compounds including PtdCho,
www.thelancet.com Vol 79 January, 2025 5
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Characteristic Total Normal Hyperuricemia P-value

(Continued from previous page)

Dietary choline, mean (SD), mg/d

Total choline 232.2 (142.1) 232.2 (145.5) 232.3 (134.4) 0.981

Phosphatidylcholine 147.4 (116.5) 148.2 (121.1) 145.9 (105.9) 0.346

Sphingomyelin 12.0 (8.7) 11.9 (8.8) 12.4 (8.6) 0.008

Free choline 46.6 (29.1) 46.5 (29.0) 46.8 (29.5) 0.551

Glycerophosphocholine 21.2 (14.9) 20.9 (14.6) 22.0 (15.6) <0.001

Phosphocholine 6.3 (5.2) 6.3 (5.2) 6.5 (5.3) 0.065

Betaine 120.8 (116.5) 124.9 (121.4) 112.1 (104.7) <0.001

Table 1: Characteristics of participants.
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Sphingo, free choline, GpCho, and PCho were 147.4
(116.5) mg/d, 12.0 (8.7) mg/d, 46.6 (29.1) mg/d, 21.2
(14.9) mg/d, and 6.3 (5.2) mg/d, respectively.
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Association of choline intake with HUA and
mediating effects of eGFR
A negative dose-dependent relationship between choline
intake and HUA is shown in Fig. 1. As shown in
Table 2, after adjustment for potential confounders
(model 3), compared with those in the lowest quartile of
choline intake, participants in the 2nd to 4th quartiles
had a lower prevalence of HUA, with ORs of 0.81 (95%
CI, 0.72–0.92), 0.81 (95% CI, 0.71–0.93), and 0.75 (95%
CI, 0.63–0.90), respectively. For each quartile increment,
the odds of HUA decreased by 8.00% (OR, 0.92; 95%
CI, 0.87–0.97; P for trend = 0.006). Similarly, the prev-
alence of HUA in the 4th quartiles was 25.00% lower for
PtdCho (OR, 0.75; 95% CI, 0.64–0.89; P for
trend = 0.002), and 25.00% lower for betaine (OR, 0.75;
95% CI, 0.59–0.94; P for trend = 0.016) in model 3. The
results of the multiple linear regression analysis showed
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Dietary choline Residual energy-adjusted intake quartiles, ORs (95% CI) P-
trend

Per quartile
increment

Q1 Q2 Q3 Q4

Total choline

Median intake
(IQR), mg/d

117.02 (89.59, 134.89) 181.20 (165.27, 196.48) 249.14 (230.95, 268.74) 357.92 (321.25, 422.32)

Events, n (%) 861 (8.01) 803 (7.47) 856 (7.96) 878 (8.17)

Model 1 1 (reference) 0.90 (0.80, 1.01) 0.99 (0.87, 1.13) 1.02 (0.89, 1.18) 0.497 1.02 (0.97, 1.06)

Model 2 1 (reference) 0.81 (0.72, 0.92) 0.83 (0.73, 0.95) 0.77 (0.65, 0.91) 0.010 0.93 (0.88, 0.98)

Model 3 1 (reference) 0.81 (0.72, 0.92) 0.81 (0.71, 0.93) 0.75 (0.63, 0.90) 0.006 0.92 (0.87, 0.97)

Phosphatidylcholine

Median level
(IQR), mg/d

34.80 (24.97, 43.66) 71.91 (61.57, 83.03) 120.22 (105.77, 136.13) 207.58 (176.34, 263.27)

Events, n (%) 831 (7.73) 836 (7.78) 877 (8.16) 854 (7.94)

Model 1 1 (reference) 0.99 (0.87, 1.13) 1.03 (0.90, 1.18) 1.01 (0.87, 1.16) 0.812 1.01 (0.96, 1.05)

Model 2 1 (reference) 0.88 (0.77, 1.00) 0.87 (0.76, 0.99) 0.77 (0.66, 0.91) 0.005 0.93 (0.88, 0.97)

Model 3 1 (reference) 0.89 (0.77, 1.01) 0.85 (0.74, 0.98) 0.75 (0.64, 0.89) 0.002 0.92 (0.87, 0.97)

Sphingomyelin

Median intake
(IQR), mg/d

3.20 (2.02, 4.19) 6.63 (5.86, 7.39) 10.00 (9.10, 11.11) 15.70 (13.75, 18.94)

Events, n (%) 797 (7.41) 836 (7.78) 835 (7.77) 930 (8.65)

Model 1 1 (reference) 1.02 (0.89, 1.16) 1.15 (0.98, 1.34) 1.16 (1.00, 1.34) 0.032 1.06 (1.01, 1.11)

Model 2 1 (reference) 0.96 (0.85, 1.09) 0.99 (0.87, 1.13) 0.88 (0.76, 1.02) 0.144 0.97 (0.92, 1.01)

Model 3 1 (reference) 0.98 (0.86, 1.12) 0.98 (0.85, 1.13) 0.86 (0.74, 1.00) 0.085 0.96 (0.91, 1.01)

Free choline

Median intake
(IQR), mg/d

18.15 (14.36, 20.87) 27.33 (25.25, 29.44) 36.61 (34.04, 39.54) 54.00 (47.42, 66.06)

Events, n (%) 849 (7.90) 860 (8.00) 833 (7.75) 856 (7.96)

Model 1 1 (reference) 1.05 (0.92, 1.20) 1.00 (0.87, 1.15) 1.01 (0.85, 1.19) 0.924 1.00 (0.94, 1.05)

Model 2 1 (reference) 1.01 (0.88, 1.16) 0.95 (0.82, 1.10) 0.93 (0.79, 1.09) 0.311 0.97 (0.92, 1.03)

Model 3 1 (reference) 1.01 (0.87, 1.18) 0.95 (0.81, 1.10) 0.93 (0.79, 1.11) 0.355 0.97 (0.92, 1.03)

Glycerophosphocholine

Median intake
(IQR), mg/d

7.01 (5.77, 8.09) 11.34 (10.29, 12.49) 16.55 (15.06, 18.37) 26.88 (23.11, 32.71)

Events, n (%) 797 (7.41) 816 (7.59) 869 (8.08) 916 (8.52)

Model 1 1 (reference) 1.09 (0.93, 1.28) 1.12 (0.95, 1.32) 1.23 (1.04, 1.45) 0.022 1.07 (1.01, 1.12)

Model 2 1 (reference) 1.08 (0.92, 1.27) 1.08 (0.92, 1.27) 1.09 (0.92, 1.28) 0.344 1.03 (0.97, 1.08)

Model 3 1 (reference) 1.11 (0.94, 1.30) 1.13 (0.96, 1.33) 1.11 (0.94, 1.31) 0.210 1.03 (0.98, 1.09)

Phosphocholine

Median intake
(IQR), mg/d

1.49 (1.04, 1.88) 3.06 (2.65, 3.50) 5.00 (4.46, 5.62) 8.67 (7.34, 10.89)

Events, n (%) 831 (7.73) 806 (7.50) 854 (7.94) 907 (8.44)

Model 1 1 (reference) 0.92 (0.81, 1.04) 1.06 (0.92, 1.24) 1.10 (0.90, 1.34) 0.194 1.04 (0.98, 1.11)

Model 2 1 (reference) 0.85 (0.75, 0.96) 0.94 (0.81, 1.08) 0.90 (0.75, 1.09) 0.522 0.98 (0.92, 1.04)

Model 3 1 (reference) 0.85 (0.75, 0.97) 0.92 (0.79, 1.07) 0.87 (0.72, 1.05) 0.280 0.97 (0.91, 1.03)

Betaine

Median intake
(IQR), mg/d

29.84 (1.60, 46.62) 81.09 (71.16, 91.18) 128.79 (114.76, 146.1) 222.15 (189.24, 282.37)

Events, n (%) 894 (8.32) 928 (8.63) 843 (7.84) 733 (6.82)

Model 1 1 (reference) 1.09 (0.96, 1.25) 0.95 (0.79, 1.15) 0.78 (0.62, 0.99) 0.040 0.92 (0.85, 0.99)

Model 2 1 (reference) 1.05 (0.92, 1.19) 0.93 (0.78, 1.11) 0.79 (0.64, 0.99) 0.041 0.92 (0.86, 0.99)

Model 3 1 (reference) 1.04 (0.91, 1.19) 0.91 (0.75, 1.09) 0.75 (0.59, 0.94) 0.016 0.90 (0.84, 0.98)

Model 1 was adjusted for sex (male or female), age (years, continuous), and energy (kcal/d, continuous). Model 2 additionally adjusted nationality (Han or others),
educational level of the primary caregiver (illiteracy, primary school, junior high school, or high school, and above), active physical activity (yes or no), smoking or exposure
to second-hand smoke (everyday, 4–6 days/week, 1–3 days/week, less than 1 day/week, or never), alcohol consumption (current, former, or never), healthy dietary index
(continuous), percentage of energy from protein (%, continuous), livestock and poultry meat (g/d, continuous), fishery products (g/d, continuous), legumes (g/d,
continuous), total cereals (g/d, continuous), eggs (g/d, continuous), and sugar-sweetened beverages (ml/d, continuous). Model 3 additionally adjusted family history of
diabetes (yes or no), family history of hypertension (yes or no), fasting blood glucose (mmol/L, continuous), BMI (normal, overweight, or obesity), hypertriglyceridemia (yes
or no), and hypertension (yes or no).

Table 2: Odds ratios (95% CIs) of residual energy-adjusted choline intake with HUA.
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an inverse association between choline intake and
serum uric acid in model 3, as indicated by the total
choline, betaine, PtdCho, and Sphingo (Table S6).

We then examined the association of choline intake
from lipid- and water-soluble sources with the preva-
lence of HUA. After controlling for the potential effects
of confounding variables (model 3), participants in the
4th intake quartile of lipid-soluble dietary choline had a
lower prevalence of HUA compared to those in the
lowest intake quartile, with an OR of 0.76 (95% CI,
0.64–0.90) for HUA. For each quartile increment, the
odds of HUA decreased by 9.00% (OR, 0.91; 95% CI,
0.87–0.96) (Table 3).

Mediation analyses revealed that eGFR mediated
10.60% (95% CI, 4.41%–18.00%) to 14.58% (95% CI,
8.41%–23.00%) of the association between choline intake
and HUA. Fig. 2 presented the direct and indirect effect
estimates for intakes of total choline, PtdCho, betaine, and
lipid-soluble dietary choline as mediated effect triangles,
with P-values less than 0.05 for the indirect effects.

Subgroups and sensitivity analyses
Table S7 presented the associations of residual energy-
adjusted choline intake with HUA stratified by age
groups and sex, which were in alignment with those
reported in the main results. Tables S8–S12 and
Figures S3–S7 presented the results of sensitivity ana-
lyses. We found that total choline, PtdCho, and betaine
presented a stable negative association with HUA and
mediating effect in sensitivity analyses. However, when
we analysed using data from FFQs, only a negative
Dietary choline Residual energy-adjusted intake quartiles, ORs (95

Q1 Q2 Q3

Lipid-soluble dietary cholinea

Median intake (IQR),
mg/d

39.11 (27.94, 48.97) 79.13 (68.15, 91.04) 130.00

Events, n (%) 828 (7.70) 837 (7.79) 875

Model 1 1 (reference) 1.01 (0.88, 1.17) 1.03

Model 2 1 (reference) 0.90 (0.78, 1.04) 0.87

Model 3 1 (reference) 0.91 (0.79, 1.05) 0.85

Water-soluble dietary cholinea

Median intake (IQR),
mg/d

30.93 (25.66, 35.19) 45.27 (42.06, 48.61) 59.71

Events, n (%) 832 (7.74) 825 (7.68) 857

Model 1 1 (reference) 0.96 (0.85, 1.09) 1.06

Model 2 1 (reference) 0.92 (0.81, 1.06) 0.99

Model 3 1 (reference) 0.94 (0.82, 1.07) 1.00

Model 1 was adjusted for sex (male or female), age (years, continuous), and energy (k
educational level of the primary caregiver (illiteracy, primary school, junior high school, o
to second-hand smoke (everyday, 4–6 days/week, 1–3 days/week, less than 1 day/week
(continuous), percentage of energy from protein (%, continuous), livestock and poultry
continuous), total cereals (g/d, continuous), eggs (g/d, continuous), and sugar-sweeten
diabetes (yes or no), family history of hypertension (yes or no), fasting blood glucose (m
or no), and hypertension (yes or no). aLipid-soluble dietary choline was categorised as ph
free choline, glycerophosphorylcholine, and phosphorylcholine.

Table 3: Odds ratios (95% CIs) of residual energy-adjusted choline intake fro
correlation and mediating effect of betaine with HUA
were observed. Furthermore, the E-values were 2.00
(1.46), 2.00 (1.50), and 2.00 (1.32) for total choline,
PtdCho, and betaine intakes, respectively, making it
unlikely that there are unmeasured confounders with
effects that exceed choline (Table S13).
Discussion
In this cross-sectional study of Chinese children and
adolescents, we found that a moderate to high increase
in choline intake was positively associated with lower
odds of HUA. Analysis of choline subtypes revealed that
moderate to high intake of betaine and PtdCho was
associated with reduced odds of HUA. Additionally, our
findings indicated that higher intake of lipid-soluble
choline had a lower prevalence of HUA. The eGFR
functioned as a mediator in these associations, with
mediation proportions ranging from 10.60% to 14.58%.
These results provided epidemiologic evidence sup-
porting dietary prevention and management of HUA in
children and adolescents, which is of significant public
health importance.

Serum uric acid levels in children and adolescents
vary with age, rising significantly after 9–10 years in
both sex, likely due to increased muscle mass, metabolic
changes, and puberty.4,61 Recent surveys in China report
that the prevalence of paediatric HUA ranges from
10.1% to 55.1%, depending on regional and population
characteristics.7,49,62 A meta-analysis of 11 population-
based studies estimated the prevalence of HUA in
% CI) P-trend Per quartile
increment

Q4

(115.13, 146.49) 222.74 (189.38, 279.62)

(8.14) 858 (7.98)

(0.90, 1.18) 1.02 (0.89, 1.18) 0.708 1.01 (0.96, 1.05)

(0.76, 0.99) 0.78 (0.67, 0.91) 0.003 0.93 (0.88, 0.97)

(0.74, 0.97) 0.76 (0.64, 0.90) 0.002 0.91 (0.87, 0.96)

(55.75, 63.68) 83.53 (74.78, 98.58)

(7.97) 884 (8.22)

(0.92, 1.22) 1.10 (0.93, 1.31) 0.204 1.04 (0.98, 1.10)

(0.85, 1.15) 0.96 (0.81, 1.15) 0.897 1.00 (0.94, 1.06)

(0.86, 1.16) 0.98 (0.82, 1.17) 0.994 1.00 (0.94, 1.06)

cal/d, continuous). Model 2 additionally adjusted nationality (Han or others),
r high school, and above), active physical activity (yes or no), smoking or exposure
, or never), alcohol consumption (current, former, or never), healthy dietary index
meat (g/d, continuous), fishery products (g/d, continuous), legumes (g/d,
ed beverages (ml/d, continuous). Model 3 additionally adjusted family history of
mol/L, continuous), BMI (normal, overweight, or obesity), hypertriglyceridemia (yes
osphatidylcholine and sphingomyelin, and water-soluble dietary choline comprised

m lipid- and water-soluble sources with HUA.
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eGFR

Total choline
intake

HUA

0.0
07
(0
.00
2)
*

-0.001 (0.000) *

Mediation estimate
(95%CI) =11.06%
(4.53%, 19.00%)

-0.010 (0.001) *

eGFR

Betaine
intake

HUA

0.0
12
(0
.00
2)
*

-0.001 (0.000) *

-0.010 (0.001) *

eGFR

HUA

0.0
08
(0
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2)
*

-0.001 (0.000) *
-0.010 (0.001) *

Phosphatidyl
choline intake

eGFR

HUA

0.0
07
(0
.00
2)
*

-0.001 (0.000) *

-0.010 (0.001) *

Lipid-soluble
dietary choline

intake

Mediation estimate
(95%CI) =14.58%
(8.41%, 23.00%)

Mediation estimate
(95%CI) =10.60%
(4.41%, 18.00%)

Mediation estimate
(95%CI) =10.57%
(4.37%, 18.00%)

Fig. 2: Mediating effects of eGFR on the associations of residual energy-adjusted choline intake with HUA. Numbers represent β estimates
(standard error) of the associations between each pair of variables. The models were adjusted for sex (male or female), age (years, continuous),
energy (kcal, continuous), nationality (Han or others), educational level of the primary caregiver (illiteracy, primary school, junior high school or
high school, and above), active physical activity (yes or no), smoking or exposure to second-hand smoke (everyday, 4–6 days/week, 1–3 days/
week, less than 1 day/week or never), alcohol consumption (current, former, never), healthy dietary index (continuous), percentage of energy
from protein (%, continuous), livestock and poultry meat (g/d, continuous), fishery products (g/d, continuous), legumes (g/d, continuous), total
cereals (g/d, continuous), eggs (g/d, continuous), sugar-sweetened beverages (ml/d, continuous), family history of diabetes (yes or no), family
history of hypertension (yes or no), fasting blood glucose (mmol/L, continuous), BMI (normal, overweight, or obesity), hypertriglyceridemia (yes
or no), and hypertension (yes or no). Lipid-soluble dietary choline was summarised as phosphatidylcholine and sphingomyelin, and water-
soluble dietary choline included free choline, glycerophosphorylcholine, and phosphorylcholine. * Indicates P < 0.05.
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children and adolescents aged 6–19 years at 26.3%,7

consistent with our findings. Variations in prevalence
across studies may be attributed to the absence of
standardised diagnostic criteria for HUA in this popu-
lation,61 as well as differences in dietary habits, lifestyle,
and metabolic factors.8 At present, only animal studies
on broiler chickens and dogs have investigated the
relationship between choline and uric acid.14,15 Although
these randomised controlled trials confirmed the effect
of choline supplementation on reducing uric acid levels,
further studies are needed in populations. We con-
ducted an external population-based validation of the
association between dietary choline and HUA and
elucidated that the mechanism of this association may
be related to renal function. It would be valuable to
clarify the preventive effect of choline in the diet on
elevated levels of uric acid.

Choline and betaine play critical roles in the
methylation cycle, with betaine providing methyl groups
www.thelancet.com Vol 79 January, 2025
for the conversion of homocysteine to methionine.63

This methylation cycle is interconnected with purine
metabolism,64 which produces uric acid as a final
product. Methylation disturbance may affect purine
catabolism, leading to increased uric acid production.65

Furthermore, choline serves as a precursor for
PtdCho, a key component of cell membranes, which can
reduce oxidative stress. Oxidative stress may influence
purine metabolism, potentially increasing uric acid
production.66 Oxidative stress can also impair renal
function, reducing uric acid excretion and contributing
to HUA.1 Thus, choline’s impact on renal function is
vital for uric acid regulation. Given choline’s role in
maintaining membrane integrity and preventing oxida-
tive damage, it may protect renal cells from injury.67,68

Any impairment in kidney function may reduce uric
acid clearance and contribute to HUA.

Therefore, children and adolescents are advised to
increase their intake of choline-rich foods, such as eggs,
9
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legumes and whole grains, which may help lower uric
acid levels and reduce the odds of HUA. We propose
that future intervention studies explore the effects of
choline supplements in this population.

To our knowledge, we are the first study to explore
the association between dietary choline and odds of
HUA, as well as to assess the potential mediating role of
kidney function among Chinese children and adoles-
cents aged 6–17 years. Our research included partici-
pants from diverse geographic and economic
backgrounds. We used residual energy-adjusted choline
intake for a more accurate dietary assessment and
defined uric acid outcomes with age- and sex-specific
cut-off points. We also controlled for bias by adjusting
for lifestyle factors, food intakes and chronic diseases.

Nevertheless, there are several limitations in this
study. Firstly, although the participants represent a wide
range of dietary patterns, socio-economic statuses, and
lifestyle factors, the findings from five provinces may
not fully capture the nutritional practices, environ-
mental exposures, and genetic diversity of the entire
Chinese population. Secondly, variations in laboratory
practices may introduce some degree of measurement
bias. We recommend that future multi-centre studies
utilise a central laboratory for uric acid testing to ensure
uniformity in methods and instrumentation. Further-
more, recall bias is difficult to avoid. To minimise this,
we used both FFQs and 3-day 24-h dietary recalls data
for the analysis of choline intake and HUA. Finally,
cross-sectional studies are limited in their ability to
establish causal associations and temporal relationships,
and the possibility of residual confounding from un-
measured or unknown factors cannot be fully ruled out.
Future prospective cohort studies are necessary.

In conclusion, moderate to high intake of dietary
choline (181.20–357.92 mg/d), particularly phosphati-
dylcholine (120.22–207.58 mg/d), and betaine
(189.24–282.37 mg/d), may reduce the odds of HUA by
improving glomerular filtration function.
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