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Abstract: Uric acid (UA), traditionally recognized as an extracellular antioxidant, exhibits
paradoxical associations with metabolic disorders such as metabolic dysfunction-associated
steatotic liver disease (MASLD), though its mechanistic contributions remain elusive. Here,
we integrate multi-modal evidence to explore the role of UA and its oxidative metabolite,
allantoin, in MASLD progression. Analysis of UK Biobank data revealed a strong associa-
tion between elevated UA levels and increased risks of MASLD and type 2 diabetes (T2D).
However, Mendelian randomization analysis of over 2 million samples demonstrated
causal effects of urate solely on serum triglycerides and T2D risk. Targeted metabolomics in
an elderly Chinese cohort identified allantoin, an oxidative by-product of UA, significantly
elevated in individuals with dyslipidemia or T2D, with serum allantoin levels positively
correlated with fasting glucose, triglycerides, and cholesterol. Animal studies indicated
that allantoin exacerbates hepatic lipid accumulation and glucose intolerance in high-fat
diet mice, driven by increased hepatic lipid biogenesis and reduced bile acid production.
Notably, further research revealed a strong binding affinity of allantoin for PPARα, leading
to the suppression of PPARα activity, which promotes the progression of MASLD. These
findings underscore the critical role of allantoin, rather than UA, as a critical driver of
MASLD development, offering valuable insights for the prediction and management of
hepatic metabolic disorders.
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1. Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), the recently pro-

posed nomenclature replacing non-alcoholic fatty liver disease (NAFLD), has emerged as a
leading cause of liver-related mortality and morbidity [1,2]. The condition is closely associ-
ated with metabolic syndrome, including obesity, type 2 diabetes (T2D), and dyslipidemia
(DLP), all characterized by disruptions in glucose and lipid metabolism [3,4]. Notably,
69% of MASLD patients present with DLP, and 22% had T2D, highlighting the central
role of lipid metabolism imbalance in disease progression [5]. While triglycerides (TG)
constitute the predominant lipid type accumulating in the liver, emerging evidence also
underscores cholesterol accumulation as a critical contributor to MASLD progression [6,7].
Despite ongoing efforts, the mechanistic interplay of lipid metabolism remains incompletely
understood, necessitating further exploration of novel risk factors and therapeutic targets.

Uric acid (UA), the terminal product of purine metabolism, is further converted to
allantoin in most mammals, except humans, who lose the function of uricase during evolu-
tion [8]. Though UA serves as a major plasma antioxidant, it paradoxically correlates with
oxidative stress-associated pathologies [9]. Beyond its established role in gout and kidney
disease, hyperuricemia is increasingly implicated in lipid dysregulation. A 5-year cohort
study conducted in Japan revealed an increased risk of low-density lipoprotein (LDL) and
hypertriglyceridemia with elevated serum UA levels [10]. Similarly, analysis of National
Health and Nutrition Examination Survey (NHANES) data (2007–2018) demonstrated
a significant positive association between serum UA level and hypertriglyceridemia in
US adults [11]. A 5-year follow-up study involving 9837 non-obese Chinese participants
further revealed that serum UA to HDL-cholesterol ratio independently predicts MASLD
incidence [12]. Preclinical studies corroborate these findings, showing UA exacerbates
hepatic lipid accumulation, insulin resistance, and DLP in mice [13,14]. Nevertheless, the
detailed mechanisms linking UA to lipid metabolism remain elusive.

Interestingly, despite the lack of uricase activity in humans, UA can still be non-
enzymatically oxidized into allantoin by reactive oxygen species (ROS) [15], promoting
the development of analytical methods to quantify allantoin in body fluids [16,17]. While
allantoin is widely used as an oxidative stress marker [18,19], its pathophysiological roles
remain controversial. Previous studies have suggested that allantoin may have benefits
on wound healing and ovalbumin-induced lung inflammation [20,21], while Yang et al.
reported that allantoin could induce pruritus in chronic kidney disease [22]. Metabolomic
profiling identified allantoin as one of the four major metabolites that significantly in-
creased in gestational diabetes mellitus women [23], and murine studies associate urinary
allantoin with atherosclerosis progression [24]. Conversely, diabetes rats with MASLD ex-
hibited reduced urinary allantoin levels correlating with DLP and hepatic dysfunction [25].
These contradictory findings imply a context-dependent role for allantoin in metabolic
regulation. In the present study, we establish allantoin as the key mediator linking UA
to MASLD-related metabolic disorders. Under oxidative stress conditions, UA oxidation
drives allantoin elevation, which in turn exacerbates hepatic lipid deposition by modulating
TG and bile acid synthesis. Our findings position allantoin, not UA, as the central driver
of MASLD progression, offering novel mechanistic insights and therapeutic avenues for
metabolic liver diseases.

2. Materials and Methods
2.1. Antibodies and Reagents

Antibodies against ACC (3676), p-ACC (3661), and GAPDH (5174) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Antibody against FASN (55580)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Allantoin (05670)
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was purchased from Sigma (St. Louis, MO, USA). GW6471(S2798), WY14643 (S8029), and
rilmenidine (S7548) were purchased from Selleck (Shanghai, China). Nuclear Extraction
Kit (113474), PPAR alpha Transcription Factor Assay Kit (133107), and NBD Cholesterol
Staining Dye Kit (269448) were purchased from Abcam (Cambridge, UK). Other reagents
used in this study were purchased from Sigma (St. Louis, MO, USA).

2.2. Human Subjects

The case-control study was approved by the Ethics Committee of Qingdao University
School of Medicine (QDU-HEC-2022282). All subjects signed an informed consent docu-
ment before enrolling in the study. A total of 320 participants, including T2D (126), DLP
(89), and age-matched health control (105) individuals, were recruited from 2021 to 2023 at
the Health-center of Licha Town, Jiaozhou City, Qingdao, China. Diabetes was defined as
HbA1c ≥ 6.5%, fasting blood glucose (FBG) ≥ 7.0 mmol/L, or 2 h oral glucose tolerance
(OGTT) ≥ 11.1 mmol/L according to the guideline for the prevention and treatment of
T2D in China (2020 edition). DLP was defined as triglycerides (TG) ≥ 2.3 mmol/L, or
TC ≥ 6.2 mmol/L according to the guideline for management of DLP in China
(2023 edition).

2.3. Individual-Level Data from UK Biobank

The individual-level data were obtained from the UK Biobank (application ID 46387).
All subjects provided written informed consent. We obtained phenotype data from
502,528 participants. The detailed field ID or International Classification of Diseases (ICD)
code for each trait is shown in Supplementary Table S1. In addition, we considered age,
sex, smoking, and drinking status as confounders. A total of 468,785 subjects took the
urate test. As a quality control, non-European participants and those without confounder
information were excluded. Among the remaining subjects (n = 439,911), the number of
T2D and MASLD patients is 23,419 and 2419, respectively. 92,246 individuals are healthy
controls with no disease record in the ICD-10 of the UK Biobank. Among these controls,
the number of subjects with measured TG and magnetic resonance imaging derived liver
proton density fat fraction (PDFF) are 80,694 and 6424, respectively. The data filtering
process is shown in Figure 1A.
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2.5. GWAS Summary Data 
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Figure 1. Assessment of the relationships between urate and other traits (TG, liver PDFF, T2D, and
MASLD). Both individual-level data and summary-level data were used. (A) The sample selection
process of the individual-level data. (B) Information of the summary level data for two-sample
Mendelian randomization (MR) analysis. (C) Summary of effect estimates from the different methods
for the urate on T2D, MASLD, TG, and liver PDFF. For individual-level data analysis (with light green
as the background color), model0 refers to analysis without covariates, and model1 refers to analysis
with sex, age, smoking, and drinking status as covariates). For summary-level data analysis (with
light blue as the background color), the results of the primary method (inverse-variance weighted,
(IVW)) are shown. TG: triglycerides; T2D: type 2 diabetes; MASLD: non-alcoholic fatty liver disease;
liver PDFF: magnetic resonance imaging derived liver proton density fat fraction.

2.4. Observational Analysis

Using the individual-level data from the UK Biobank, we performed linear regression
to estimate the relationship between TG/liver PDFF and urate. Logistic regression was
used to assess the relationship between T2D/MASLD and urate. We used two models:
model0 (without covariate), and model1 (including sex, age, smoking, and drinking status
as covariates).

2.5. GWAS Summary Data

For the exposure, GWAS summary statistics of urate with a sample size of
288,649 individuals of European ancestry were obtained from the CKDGen consortium [26].
For the outcomes, GWAS summary data for T2D were obtained from the DIAGRAM
consortium (case number = 74,124, control number = 824,006) [27]. Summary statistics of
liver PDFF (n = 36,116) and MASLD (case number = 9491, control number = 876,210) were
obtained from the deCODE genetics [28]. Summary statistics of TG were obtained from the
Million Veteran Program (MVP) based on (n = 297,626) [29]. Information on these datasets
is provided in Figure 1B and Supplementary Table S2. We manually checked the cohorts
involved in these datasets and samples in these outcomes were not overlapped with those
in the exposure. Before MR analysis, we removed SNPs with minor allele frequencies
less than 0.01 in the GWAS datasets. For T2D and MASLD GWAS summary statistics, the
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OR value was converted to log odds. We removed SNPs located within regions of long-
range, high-linkage disequilibrium, such as the human major histocompatibility complex
region. The list of these regions was obtained from the following link: https://genome.sph.
umich.edu/wiki/Regions_of_high_linkage_disequilibrium_(LD)#cite_note-3 (accessed on
11 March 2024) [30].

2.6. Animals

The study for human samples collection was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Institutional Review Board of Qingdao University
School of Medicine (QDU-HEC-2022282; 12 February 2022). The animal study protocol was
approved by the Institutional Animal Care and Use Committee of Xi’an Jiaotong University
(No. 2018-0026; 22 October 2018). The mice were maintained in a specific-pathogen-free
(SPF) environment under a 12 h light/12 h dark cycle at 23–25 ◦C with 60% ± 10% relative
humidity. For the diet-induced metabolic stress mouse model, a chow diet (control, 10%
kcal fat content, D12492, Research Diets, New Brunswick, NJ, USA) and a high-fat diet
(HFD, 60% kcal fat content, D12450, Research Diets, New Brunswick, NJ, USA) were used.
For allantoin intervention, mice were fed on either a chow diet or HFD for 4 weeks, the
HFD-fed mice were then supplemented with allantoin in their drinking water at the con-
centrations of 0.06 mg/mL and 0.3 mg/mL for an additional 4 weeks. This study included
four groups: mice feeding chow diet (Chow), mice feeding HFD (HFD), mice feeding HFD
with allantoin supplement at 0.06 mg/mL (HFD + Allantoin-L), and mice feeding HFD
with allantoin supplement at 0.3 mg/mL (HFD + Allantoin-H). A total of forty C57BL/6 J
male mice (8 weeks old) were randomly assigned to these four groups. A glucose tolerance
test and insulin tolerance test were conducted at the end of the treatment period.

2.7. Recombinant Proteins

The cDNA of homo and murine PPARα was cloned into the pET28a-6xHis E. coli
expression vector to create a fusion protein with an N-terminal His tag. For in vivo expres-
sion, E. coli BL21 (DE3) cells transformed with the plasmid were cultured in an LB medium
containing 100 µg/mL kanamycin at 37 ◦C until the OD 600 reached 0.6–0.8. Induction was
then initiated with 1 mM IPTG at 18 ◦C for 16 h. Following induction, the bacteria were
harvested by centrifugation at 12,000× g and 4 ◦C and then resuspended in lysis buffer
(20 mM Tris, 150 mM NaCl, pH 8.0) prior to sonication on ice. The supernatant containing
the target proteins was collected by centrifugation (15,000× g, 4 ◦C), and purified using an
ÄKTA purification system (GE Healthcare, Princeton, NJ, USA) equipped with a HisTrap
HP Ni Sepharose column (Cytiva, 17524801, Shanghai, China). Column-bound proteins
were washed with buffer (20 mM Tris, 150 mM NaCl, pH 8.0) and eluted using a buffer
containing 20 mM Tris, 150 mM NaCl, and 500 mM imidazole (pH 8.0). The eluate was con-
centrated to approximately 1 mL by ultrafiltration (Amicon Ultra 15 mL, 10 kDa, UFC9010)
to remove nonspecifically bound proteins, and then further purified by injecting it into
a Superdex 75 10/300 Exclusion Chromatography column (Cytiva, 29148721, Shanghai,
China) using upwelling buffer (20 mM Tris, 150 mM NaCl, pH 8.0). The purified proteins
were concentrated by ultrafiltration with 10% glycerol and stored at −80 ◦C for future tests.

2.8. Dual-Luciferase Reporter Assay

The peroxisome proliferator-activated receptor alpha response element (PPRE) was
cloned upstream of the firefly luciferase gene in the pGL4-TA-Luc vector. The pGL4 basic
and pRL-TK plasmids were purchased from Promega (Beijing, China). Hep3B cells were
transfected at 60% confluency in 12-well plates with the pGL4 basic plasmid as a negative
control, while the remaining wells were transfected with 500 ng of the PPRE-Luc plasmid
and 500 ng of the pRL-TK plasmid. After 8 h of transfection, the cells were treated with

https://genome.sph.umich.edu/wiki/Regions_of_high_linkage_disequilibrium_(LD)#cite_note-3
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10 µM wy14643 and 100 nM or 1 µM allantoin for 36 h. After 48 h of transfection, the
cells were collected for luciferase activity measurement following the manufacturer’s
protocol. The relative light units (RLUs) from the firefly luciferase readings were adjusted
by subtracting the values obtained from the pGL4 basic transfected control. The ratio of
firefly luciferase activity to Renilla luciferase activity was calculated for each sample to
normalize the data, accounting for variations in transfection efficiency and cell viability.
Statistical analysis was conducted using GraphPad Prism (Version 10.2.0) to compare the
ratios across different experimental groups.

2.9. Surface Plasmon Resonance (SPR)

All SPR measurements were conducted using a four-channel optical biosensor, the Bia-
core T200 (GE Healthcare, Princeton, NJ, USA), operated through the Biacore T200 Control
Software (Version 3.1). To activate the dextran on the surface of the CM5 sensor chip, a mix-
ture of 0.1 M N-hydroxysuccinimide (NHS) and 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) was applied for 7 min at a flow rate of 5µL/min. The
PPARα protein (10 µg) was then dissolved in a sodium acetate buffer at pH 4 and im-
mobilized on the dextran surface of the CM5 optical chip via the amino groups of the
protein in the working channel (Fc2) at a flow rate of 10µL/min. The first channel (Fc1),
which did not have protein immobilized, served as a control to account for non-specific
binding of the protein to the chip surface. To inactivate the chip surface, 1 M ethanolamine
(pH 8.5) was injected for 5 min at a flow rate of 10µL/min. For the surface test, analyte
dilutions were prepared in the running buffer at varying concentrations. Three startup
cycles were performed with the running buffer to stabilize the baseline signal before initiat-
ing the experiment. A manual run was then started with a flow rate set at 10 µL/min, an
injection time of 2 min, and a dissociation time of 3 min. A series of analyte dilutions were
created based on the results from the surface test, consisting of at least five concentrations
along with one or two zero-level controls for double referencing. Upon completion of the
experiment, the raw data were processed using Biacore software, which included baseline
correction and background subtraction. Affinity constants were derived from the binding
curves to evaluate the affinity between the ligand and the analyte.

2.10. Statistical Analysis

Data were analyzed with GraphPad Prism-9 software and presented as the
mean ± standard error of the mean (SEM). The Gaussian distribution of the data was
assessed using Kolmogorov-Smirnov’s and Shapiro-Wilk’s tests. Pairwise comparisons
were analyzed using a two-tailed Student’s t-test. Correlation analysis was conducted
using simple linear regression. Other data were analyzed using one-way ANOVA with
Tukey’s multiple comparison test or two-way ANOVA with multiple comparison tests. In
all cases, p < 0.05 was considered significant.

3. Results
3.1. Close Association of UA with Risk of MASLD

To elucidate the detailed correlation of UA with MASLD development, we analyzed
individual-level data from the UK Biobank (application ID 46387). Given the estab-
lished role of T2D and DLP as key MASLD risk factors, we incorporated T2D status
and TG levels into our analysis. Following a rigorous filtering process, the cohort includes
23,419 T2D cases, 2419 MASLD cases, and 80,757 healthy controls (Figure 1A). Linear re-
gression was employed to estimate the relationship between TG/PDFF and UA in healthy
controls, while logistic regression evaluated UA’s association with T2D/MASLD risk. Ele-
vated UA correlated strongly with higher levels of TG, liver PDFF, and higher risk of T2D
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and MASLD (Figure 1C, model0). Notably, these associations persisted after adjusting
potential confounders including sex, age, smoking, and alcohol consumption (Figure 1C,
model1). For instance, high UA level was significantly associated with increased TG levels
(model0: β = 0.3438, 95% CI 0.3377 to 0.3498, p < 2.23 × 10−308, model1: β = 0.2432, 95% CI
0.2367 to 0.2496, p < 2.23 × 10−308).

To further assess the causal effects of UA on T2D, MASLD, TG, and liver PDFF,
we conducted a two-sample mendelian randomization (MR) analysis (Figure 1B). Detail
information of the instrumental variables (IVs) is provided in Table S3. Our analysis did not
reveal significant causal effects of UA on MASLD and liver PDFF (Figure 1C, Figure S1 and
Table S4). However, elevated UA level was found to significantly contribute to increased
risk of T2D (OR = 1.0394, CI 1.0022 to 1.0781, p = 0.0377) and increased TG level (β = 0.1028,
95% CI 0.0826 to 0.1230, p = 1.75 × 10−23) (Figure 1C and Figure S1), which is consistent
with previous finding [31]. Leave-one-out analyses confirmed that no single SNP was
responsible for driving the causal estimates (Figure S1E). Moreover, MR-Egger intercepts
for these two associations approached zero, suggesting a lack of significant pleiotropy
(Table S5). Consistently, the MR-PRESSO global test detected no significant pleiotropy,
supporting the validity of our IVs (p > 0.05, Table S5).

3.2. Serum Allantoin Is Positively Correlated with DLP

To investigate UA’s relationship with DLP and T2D, we established a human diabetic
cohort in Qingdao, China enrolling 320 participants including healthy controls and individ-
uals clinically diagnosed with DLP or T2D. Fasting glucose levels were elevated exclusively
in the T2D group (Figure 2A), while elevated cholesterol (TC) and TG levels were noted in
both DLP and T2D subjects (Figure 2B–D).

Targeted metabolomics analysis of serum samples demonstrated distinct metabolite
clustering patterns in DLP or T2D subjects compared to healthy controls (Figure S2A,B).
The differential analysis identified 166 significantly altered metabolites in the DLP group
(44 increased, 122 decreased, Figure S2C) and 169 in the T2D group (65 increased, 104 de-
creased, Figure S2D). Notably, the top 40 significantly altered metabolites exhibited similar
trends in both DLP and T2D groups (Figure 2E,F). Intriguingly, UA levels were found rela-
tively lower in the DLP group compared to either controls or T2D individuals (Figure 2G).
Conversely, allantoin, a non-enzymatically oxidized product of UA was found dramatically
increased in both the DLP and T2D groups compared to healthy controls (Figure 2H).
The serum allantoin-to-UA ratio followed this trend, further implicating oxidative UA
metabolism in metabolic dysfunction (Figure 2I). Additionally, we observed significant
positive correlations between serum allantoin levels and fasting glucose, serum LDL-c,
serum TC, and serum TG levels across the cohort (Figure 2J–M). These findings position
allantoin as a potential contributor to developing DLP.

3.3. Allantoin Increases Susceptibility of Glucose Intolerance in Mice Feeding High-Fat Diet

To further investigate the effects of allantoin on the development of metabolic dis-
orders, mice fed on a chow diet were administrated with allantoin via drinking water at
60 µg/mL and 300 µg/mL for up to six months. The mice in all three groups showed
comparative body weight gain and water intake (Figure S3A,B). Glucose tolerance tests
conducted at one, two, and four months of intervention showed consistent comparable
changes (Figure S3C–E). However, after six months of high-dose allantoin supplement, mild
glucose intolerance emerged (Figure S3F), suggesting that prolonged allantoin exposure
may impair metabolic homeostasis under baseline conditions. Subsequently, a high-fat
diet (HFD) feeding was exercised in mice with an additional allantoin supplement at the
same dose. Notably, the addition of a higher dose of allantoin dramatically increased the
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body weight gain in mice on the HFD (Figure 3A), primarily attributed to increased mass
of white adipose tissues (WAT) (Figure 3B). Additionally, brown adipocytes whitening was
evident following high-dose allantoin supplement, while white adipocyte size remained
comparable under HFD feeding (Figure 3C), suggesting that increased WAT mass was
primarily attributed to increased adipogenesis rather than hypertrophy. Further assess-
ments of glucose and pyruvate tolerance tests indicated impaired glucose metabolism after
the high-dose allantoin supplement in HFD-fed mice (Figure 3D,E), paralleled by reduced
insulin sensitivity (Figure 3F). Notably, these mice exhibited increased pancreas weight
and decreased islet numbers (Figure 3G–I), corroborating the rise in fasting glucose levels
(Figure 3F). These findings demonstrate a compelling effect of allantoin in exacerbating
glucose intolerance under conditions of metabolic stress.
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serum LDL-c (K), serum TC (L), and serum TG (M) in Chinese elders. Each dot represents one bio-
logical replicate. Statistical analysis was conducted using either a two-tailed unpaired t-test or sim-
ple linear regression. LDL-c, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyc-
eride; DLP: dyslipidemia; T2D: type 2 diabetes. 

Figure 2. Positive correlation of serum allantoin with DLP in Chinese elders. Comparative analysis
of metabolic traits in Chinese elders: (A) fasting glucose, (B) Serum LDL-c, (C) Serum TC, and
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(D) Serum TG (healthy control, n = 105; DLP, n = 89; T2D, n = 126). (E) Top 40 significantly changed
metabolites in DLP group compared to control. (F) Top 40 significantly changed metabolites in T2D
group compared to control. (G) Serum uric acid level, (H) allantoin level, and (I) the ratio of allantoin
to UA in Chinese elders. Correlation analysis of serum allantoin level with fasting glucose (J), serum
LDL-c (K), serum TC (L), and serum TG (M) in Chinese elders. Each dot represents one biological
replicate. Statistical analysis was conducted using either a two-tailed unpaired t-test or simple linear
regression. LDL-c, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; DLP:
dyslipidemia; T2D: type 2 diabetes.
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Figure 3. Allantoin increases susceptibility to glucose intolerance in mice feeding high-fat diets.
Mice at the age of 8 weeks were subjected to high-fat diet (HFD) for 4 weeks followed by allantoin
supplement and HFD feeding for another 4 weeks, metabolic indexes were determined: (A) Body
weight curve, (B) Tissue weight, (C) HE staining of BAT and iWAT, (D) Glucose tolerance test,
(E) Pyruvate tolerance test, (F) Insulin tolerance test, (G) HE staining of pancreas, (H) Pancreas
weight, and (I) analysis of average islet area in four groups. Values are mean ± SEM, n ≥ 8, each
dot represents one biological replicate. Statistical analysis was conducted using two-tailed unpaired
t-test or two-way ANOVA with multiple comparison tests. * p < 0.05, ** p < 0.01.

3.4. Allantoin Aggravates Hepatic Lipid Accumulation in Mice Feeding HFD

In addition to glucose intolerance, high-dose allantoin supplements in HFD-fed mice
elevated serum TC levels without altering TG levels (Figure S4A,B). The staining of liver
sections consistently indicated enhanced lipid accumulation in Allantoin-H mice, which
was further supported by analysis of liver TC and TG contents (Figure 4A–C). RNA-seq
analysis of liver tissues identified distinct transcriptional profiles between the HFD and
Allantoin-H group (Figure 4D). Gene set enrichment analysis showed marked suppres-
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sion of mitochondria-related genes and an increase in lipid metabolism-related genes in
Allantoin-H mice (Figure 4E). Further GO term analysis identified fatty acid metabolic
processes as the most upregulated biological process (Figure 4F), while multiple mitochon-
drial respiration processes ranked among the top five downregulated biological processes
(Figure 4G). qPCR analysis validated the increased expression of lipogenesis and lipid
droplet biogenesis genes in Allantoin-H mice (Figure S4C–F). To further verify the effect of
allantoin on hepatic lipid accumulation, Hep3B cells were cultured with the addition of
allantoin and palmitic acid, Nile red staining revealed that allantoin supplements not only
can directly increase the hepatic TG level but also aggravate free fatty acid-induced lipid
accumulation in vitro (Figure 4H,I). Consistent with in vivo findings, allantoin upregulated
the expression of lipid droplet biogenesis-related genes in hepatocytes (Figure 4J). These
findings establish allantoin as a critical driver of MASLD, particularly under conditions of
metabolic stress.
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Figure 4. Allantoin aggravates hepatic lipid accumulation in mice feeding high-fat diet. Mice at the
age of 8 weeks were subjected to high-fat diet (HFD) for 4 weeks followed by allantoin supplement
and HFD feeding for another 4 weeks, hepatic lipid levels were determined: (A) HE staining of
liver section, (B) liver TG level, and (C) liver TC level. RNA-seq was performed with liver tissue of
HFD-Allantoin-H group and HFD group, (D) volcano plot of differentially expressed genes, (E) gene
set enrichment analysis, (F) top 5 upregulated GO term, and (G) top 5 downregulated GO term was
analyzed. Hep3B cells were pretreated with allantoin at 1 µM for 12 h followed by palmitate treatment
at 100 µM for 24 h, nile red staining was performed for lipid visualization (H) and quantification
(I). (J) mRNA level of lipid droplets biogenesis related genes in Hep3B cells following allantoin
supplement for 12 h. Values are mean ± SEM, n ≥ 3, each dot represents one biological replicate.
Statistical analysis was conducted using two-tailed unpaired t-test. * p < 0.05, ** p < 0.01.
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3.5. Allantoin Suppresses Hepatic Cholesterol Metabolism

To investigate the hepatic metabolic alterations induced by allantoin in the context
of HFD, we conducted a targeted metabolomics analysis with mice livers from HFD and
Allantoin-H group. Among 279 identified metabolites, 26 exhibited significant changes,
with 23 downregulated and 3 upregulated (Figure 5A). KEGG pathway analysis high-
lights primary bile acid biosynthesis and cholesterol metabolism as the most affected
processes (Figure 5B). Notably, most of the identified bile acids were found decreased in
the Allantoin-H group (Figure 5C), which was further supported by altered gene expres-
sion related to bile acid biogenesis (Figure 5D). Consistently, bile acid profiling in Hep3B
cells demonstrated a reduction in bile acid level following allantoin treatment (Figure 5E),
while NBD staining revealed significant cholesterol accumulation within both Hep3B cells
and primary hepatocytes (Figure 5F), suggesting an impaired synthesis of bile acid from
cholesterol. Additionally, targeted metabolomics analysis of enrolled human participants
identified significant reductions in primary and secondary bile acids in individuals with
DLP and/or T2D compared to healthy controls, including cholic acid (CA), deoxycholic
acid (DCA), hyodeoxycholic acid (HDCA), 7-dehydrocholic acid (7-HDCA), taurodeoxy-
cholic acid (TDCA), 3-nordeoxycholic acid (NorDCA), glycodehydrocholic acid (GUDCA),
and taurodeoxycholic acid (TDCA) (Figure S5). Furthermore, significant negative correla-
tions were observed between serum allantoin levels and various bile acid levels in these
participants (Figure 5G–N). In conjunction with findings showing a positive correlation
between serum allantoin and serum TC and LDL-c levels in human subjects (Figure 2J,K),
as well as increased serum and liver TC levels in mice following allantoin supplementation
(Figures 4C and S4B), we speculate that allantoin may exacerbate cholesterol accumulation
by suppressing bile acid biogenesis during the progression of MASLD.

3.6. Allantoin Is Potential Endogenous PPARα Antagonist

It is well established that PPARα serves as a master transcriptional regulator in lipid
and cholesterol metabolism, both directly or indirectly [32,33], and has been proposed
as a therapeutic target for lipid metabolic disorders [34]. Consistent with prior studies,
inhibition of PPARα activity promoted expression of lipid biogenesis-related genes and
altered expression of bile acid synthesis-related genes in both Hep3B cells (Figure S6A) and
primary hepatocytes (Figure S6B), accompanied by marked elevated lipid accumulation
in these cells (Figure S6C). These findings align with the observed effects of allantoin
supplements on cultured cells and HFD-feeding mice, leading us to hypothesize that
allantoin may modulate PPARα activity.

To test this, purified murine and homo recombinant PPARα proteins were subjected to
allantoin binding assays via Surface Plasmon Resonance (SPR). Notably, allantoin presented
strong binding affinity with both murine and homo recombinant PPARα proteins, with
an equilibrium dissociation constant (Kd) of 0.85 µM and 16.8 nM respectively, which
was comparable with GW6471, a known PPARα antagonist (Figure 6A–D). Biochemical
analysis using a transcription factor assay kit demonstrates around 30% reduction in
PPARα activity after 6 h of GW6471 treatment (Figure 6E). Further analysis of the allantoin
supplement demonstrates its ability to suppress PPARα activity in both Hep3B cells and
primary hepatocytes (Figure 6F,G). Consistently, luciferase reporter assay further revealed
that allantoin could efficiently inhibit PPARα transcription activation by the WY14643, a
designed PPARα agonist (Figure 6H).
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Figure 5. Allantoin suppresses hepatic cholesterol metabolism. Mice were subjected to high-fat
diet (HFD) for 4 weeks followed by allantoin supplement and HFD feeding for another 4 weeks,
targeted metabolomics with liver tissues were performed: (A) volcano plot of significantly changed
metabolites, (B) KEGG enrichment analysis, and (C) heatmap revealing level of all identified bile
acids (n = 6). (D) Relative mRNA level of bile acid synthesis-related genes in the liver of treated mice
(n = 6). (E) Heatmap revealing level of identified bile acids in primary hepatocytes after allantoin
treatment at 1 µM for 24 h (n = 3). (F) Cholesterol staining in Hep3B cells and primary hepatocytes
after allantoin treatment for 24 h (Scale bar, 20 µm). Correlation analysis of serum allantoin level
with serum bile acids including CA (G), DCA (H), 7-DHCA (I), NorDCA (J), HDCA (K), GDCA
(L), GHDCA (M), GUDCA (N) in Chinese elders. Values are mean ± SEM, each dot represents one
biological replicate. Statistical analysis was conducted using either two-tailed unpaired t-test or
simple linear regression. * p < 0.05, ** p < 0.01. CA, cholic acid; DCA, deoxycholic acid; 7-DHCA,
7-dehydrocholic acid; NorDCA, 23-nordeoxycholic acid; GDCA, glycodeoxycholic acid; HDCA,
hyodeoxycholic acid; GHDCA, glycohyodeoxycholic acid; GUDCA, glycodehydrocholic acid.
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UA into allantoin, resulting in elevated plasma UA levels [8]. This evolutionary loss was 
first theorized in the 1980s by Ames et al., who proposed that uricase deficiency conferred 
an antioxidant advantage in early hominids by enhancing UA’s ability to neutralize ROS 
like singlet oxygen, peroxyl radicals, and hydroxyl radicals [36]. Subsequent studies fur-
ther supported UA’s beneficial effects in multiple aspects, especially neuronal protection 
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Figure 6. Allantoin is potential endogenous PPARα antagonist. (A–D) Surface plasmon resonance of
allantoin and GW6471, a known PPARα antagonist, with mouse and human PPARα: corresponding
curve of GW6471 (A) and allantoin (B) with mouse PPARα, corresponding curve of GW6471 (C) and
allantoin (D) with human PPARα. (E) Relative PPAR activity assay of Hep3B cells with GW6471
treatment for 6 h. (F) Relative PPARα activity assay of Hep3B cells with allantoin supplement for
6 h. (G) Relative PPARα activity assay of mouse primary hepatocytes with allantoin supplement
for 6 h. (H) Luciferase reporter assay of PPARα with supplement of allantoin and PPARα agonist
WY14643. Values are mean ± SEM, each dot represents one biological replicate. Statistical analysis
was conducted using two-tailed unpaired t-test. * p < 0.05, ** p < 0.01.

In addition to PPARα, the nuclear receptor farnesoid X receptor (FXR) is recognized
as another regulator of bile acid and lipid metabolism. However, the relationship between
PPARα and FXR remains complex, as previous studies have shown both cooperative
and antagonistic effects between these two pathways [33]. While FXR activation, such
as by the imidazoline I-1 receptor agonist rilmenidine has been shown to ameliorate
hepatic steatosis [35]. To investigate whether FXR was involved in mediating allantoin’s
effects on hepatic lipids, Hep3B cells were treated with rilmenidine in the presence or
absence of allantoin for 24 h. Lipid and cholesterol staining revealed that rilmenidine
alone had no significant effects on endogenous TG and TC levels (Figure S7). Furthermore,
rilmenidine failed to counteract allantoin-induced lipid and cholesterol accumulation in
Hep3B cells (Figure S7), indicating that allantoin’s lipid-modulating effects are independent
of FXR signaling. Together with our earlier findings, these results strongly support that
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allantoin functions as an endogenous antagonist of PPARα, potentially counteracting
PPARα activation under diverse stimuli.

4. Discussion
Oxidative stress, mediated by ROS, is a key driver of cellular damage and aging,

highlighting the critical importance of antioxidant defense systems. Among these, UA, the
terminal product of human purine metabolism, occupies a unique position. Unlike most
mammals, human purine metabolism lacks functional uricase, an enzyme that oxidizes UA
into allantoin, resulting in elevated plasma UA levels [8]. This evolutionary loss was first
theorized in the 1980s by Ames et al., who proposed that uricase deficiency conferred an
antioxidant advantage in early hominids by enhancing UA’s ability to neutralize ROS like
singlet oxygen, peroxyl radicals, and hydroxyl radicals [36]. Subsequent studies further
supported UA’s beneficial effects in multiple aspects, especially neuronal protection [37,38].
Paradoxically, despite its antioxidant potential, elevated UA is now implicated in diverse
metabolic disorders, including insulin resistance, obesity, T2D, DLP, fatty liver disease,
and hypertension, many of which are recognized risk factors for MASLD and known to
present systemic oxidative stress [39,40]. Although UA’s chemical structure inherently
supports antioxidant activity, its dual role in pathophysiological regulation remains poorly
understood. In this study, we identify a mechanistic link, allantoin, the oxidative byproduct
of UA often dismissed as biologically inert, drives MASLD progression by disrupting lipid
and cholesterol homeostasis via PPARα regulation. This discovery bridges the gap between
UA’s antioxidant legacy and its pathological associations, redefining allantoin as a critical
mediator of metabolic disorders.

Elevated serum UA level was first reported in patients with MASLD a decade ago [41]
and subsequently identified as an independent predictor of MASLD in a case-control
study [42]. Ongoing research from China and Western countries has consistently shown
that elevated serum UA levels correlate with an increased risk of MASLD [43,44]. How-
ever, conflicting results have emerged from a study in Japan involving 2024 participants,
which reported different findings [45]. These discrepancies may stem from variations in
study criteria and participant demographics. To address this, we conducted an observa-
tional analysis involving the largest cohort to date, comprising 80,757 healthy controls,
23,419 individuals with T2D, and 2419 cases of MASLD. Our findings confidently demon-
strated a strong correlation between elevated UA and higher levels of TG, increased liver
PDFF, and a greater risk of T2D and MASLD, even after adjusting for potential confounders
such as sex, age, smoking, and alcohol consumption. However, a further rigorously two-
way MR analysis revealed no causal effect between serum UA level and MASLD, which
was consistent with the previous study [46]. Notably, Chinese participants with T2D and
DLP did not exhibit elevated serum UA levels compared to healthy controls. These findings
strongly suggest that UA influences MASLD-related metabolic disorders indirectly.

While humans lost uricase activity during evolution, rendering UA the terminal
product of purine catabolism [8], UA can still undergo oxidation to allantoin via ROS. Con-
sequently, allantoin has been widely validated as a clinical marker of oxidative stress [18,19].
Chronic metabolic disorders, such as T2D and DLP, are strongly associated with systemic
oxidative stress, which drives persistent elevations in allantoin levels across intracellu-
lar and extracellular compartments [47]. Consistent with this paradigm, we observed
markedly increased allantoin levels in Chinese individuals with T2D or DLP, underscor-
ing the presence of pronounced oxidative stress in these metabolic conditions. Notably,
allantoin, instead of UA, demonstrated a positive correlation with fasting glucose, serum
TC, and TG levels in human subjects. This suggests that allantoin, rather than UA, may
directly contribute to the pathogenesis of metabolic dysfunction. Subsequent mice studies
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further revealed that allantoin exacerbates the progression of MASLD, supporting the
hypothesis that allantoin mediates the association between UA and risk of MASLD-related
metabolic disorders, particularly under stress conditions such as HFD feeding. We pro-
pose that under metabolic stress, such as obesity, T2G, or DLP, elevated oxidative activity
drives UA oxidation into allantoin, irrespective of baseline UA levels. This allantoin el-
evation may then accelerate MASLD progression, positioning it as a critical mediator in
metabolic pathology.

PPARα has long been recognized as a key regulator of lipid metabolism and is closely
involved in the development of MASLD [32]. Although PPARα activity is modulated
by diverse metabolite ligands and binding proteins, the complexity of this regulatory
network remains incompletely understood. Studies using hepatic PPARα knockout mice
have provided clear evidence that hepatic PPARα deficiency promotes the progression of
MASLD-related metabolic disorders [48]. Similar observations were made in mice supple-
mented with allantoin under HFD feeding, which exhibited worsened glucose intolerance,
elevated serum TC, and increased hepatic lipid accumulation. These phenotypic changes
were accompanied by upregulation of genes associated with lipogenesis and lipid droplet
biogenesis. In vitro assays further revealed a strong binding affinity of allantoin with
PPARα protein, and suppression of PPARα activity following allantoin supplement, sug-
gesting that allantoin may serve as an endogenous PPARα inhibitor. However, the precise
binding characteristics and regulatory mechanisms remain under further investigation.
Beyond lipid metabolism, allantoin-supplemented mice under HFD feeding showed sig-
nificantly reduced bile acid levels, paralleled by a notable negative correlation between
allantoin and bile acids in human subjects. Coupled with in vitro evidence of elevated
cholesterol levels after allantoin treatment, we hypothesize that allantoin suppresses bile
acid biosynthesis, leading to cholesterol accumulation. While recent studies have impli-
cated PPARα in bile acid homeostasis [49,50], the extent to which allantoin influences bile
acid levels via PPARα remains unclear and a limitation in the current study. Notably,
SPR analysis confirmed allantoin’s binding affinity to PPARα, and its inhibitory effects
on PPARα activity raise the possibility of nuclear translocation of allantoin, although the
underlying mechanisms remain speculative. While allantoin transport has been partially
characterized in non-mammalian systems, such as PucI in Bacillus subtilis [51] and PvUPS1
in French Bean [52], research in mammalian cells remains limited. Notably, prior studies
have identified a variety of uric acid transporters in mammals [53], which may provide in-
sights into the mechanisms of allantoin transport. We speculate that specific transporters for
allantoin likely exist in mammalian cells, which could play a role in modulating allantoin
transport. This intriguing topic certainly merits further investigation.

In summary, this study revealed a robust association between UA levels and MASLD-
related metabolic disorders using large-scale UK Biobank data. Mechanistically, UA’s
antioxidative properties drive allantoin accumulation through ROS-mediated oxidation
under metabolically stressed conditions. We demonstrated that allantoin, a terminal ox-
idation product of UA, not only serves as a biomarker of oxidative stress in individuals
with metabolic disorders but also functions as a risk factor that directly promotes MASLD
progression by disrupting PPARα regulated TG and TC metabolism. Collectively, these
findings establish allantoin as a critical mediator linking UA to MASLD-related metabolic
pathology. This work advances our understanding of UA’s antioxidative role in pathophys-
iology regulation, and positions allantoin as both a clinical marker and a therapeutic target
for managing metabolic diseases.
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TC Total cholesterol
TG Triglyceride
PPARα Peroxisome proliferator-activated receptor alpha

References
1. Paik, J.M.; Golabi, P.; Younossi, Y.; Mishra, A.; Younossi, Z.M. Changes in the Global Burden of Chronic Liver Diseases from 2012

to 2017: The Growing Impact of NAFLD. Hepatology 2020, 72, 1605–1616. [CrossRef] [PubMed]
2. Matchett, K.P.; Paris, J.; Teichmann, S.A.; Henderson, N.C. Spatial genomics: Mapping human steatotic liver disease. Nat. Rev.

Gastroenterol. Hepatol. 2024, 21, 646–660. [CrossRef] [PubMed]
3. Scoditti, E.; Sabatini, S.; Carli, F.; Gastaldelli, A. Hepatic glucose metabolism in the steatotic liver. Nat. Rev. Gastroenterol. Hepatol.

2024, 21, 319–334. [CrossRef]
4. Younossi, Z.M.; Golabi, P.; Paik, J.M.; Henry, A.; Van Dongen, C.; Henry, L. The global epidemiology of nonalcoholic fatty liver

disease (NAFLD) and nonalcoholic steatohepatitis (NASH): A systematic review. Hepatology 2023, 77, 1335–1347. [CrossRef]
5. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver

disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef]
6. Li, H.; Yu, X.H.; Ou, X.; Ouyang, X.P.; Tang, C.K. Hepatic cholesterol transport and its role in non-alcoholic fatty liver disease and

atherosclerosis. Prog. Lipid Res. 2021, 83, 101109. [CrossRef]
7. Li, Z.; Zheng, D.; Zhang, T.; Ruan, S.; Li, N.; Yu, Y.; Peng, Y.; Wang, D. The roles of nuclear receptors in cholesterol metabolism

and reverse cholesterol transport in nonalcoholic fatty liver disease. Hepatol. Commun. 2024, 8, e0343. [CrossRef]
8. Alvarez-Lario, B.; Macarron-Vicente, J. Uric acid and evolution. Rheumatology 2010, 49, 2010–2015. [CrossRef]
9. Sautin, Y.Y.; Johnson, R.J. Uric acid: The oxidant-antioxidant paradox. Nucleosides Nucleotides Nucleic Acids 2008, 27, 608–619.

[CrossRef]
10. Kuwabara, M.; Borghi, C.; Cicero, A.F.G.; Hisatome, I.; Niwa, K.; Ohno, M.; Johnson, R.J.; Lanaspa, M.A. Elevated serum uric acid

increases risks for developing high LDL cholesterol and hypertriglyceridemia: A five-year cohort study in Japan. Int. J. Cardiol.
2018, 261, 183–188. [CrossRef]

11. Tan, M.Y.; Mo, C.Y.; Li, F.; Zhao, Q. The association between serum uric acid and hypertriglyceridemia: Evidence from the
national health and nutrition examination survey (2007–2018). Front. Endocrinol. 2023, 14, 1215521. [CrossRef] [PubMed]

12. Zhu, W.; Liang, A.; Shi, P.; Yuan, S.; Zhu, Y.; Fu, J.; Zheng, T.; Wen, Z.; Wu, X. Higher serum uric acid to HDL-cholesterol ratio is
associated with onset of non-alcoholic fatty liver disease in a non-obese Chinese population with normal blood lipid levels. BMC
Gastroenterol. 2022, 22, 196. [CrossRef]

13. Liu, N.; Sun, Q.; Xu, H.; Yu, X.; Chen, W.; Wei, H.; Jiang, J.; Xu, Y.; Lu, W. Hyperuricemia induces lipid disturbances mediated by
LPCAT3 upregulation in the liver. FASEB J. 2020, 34, 13474–13493. [CrossRef] [PubMed]

14. Wan, X.; Xu, C.; Lin, Y.; Lu, C.; Li, D.; Sang, J.; He, H.; Liu, X.; Li, Y.; Yu, C. Uric acid regulates hepatic steatosis and insulin
resistance through the NLRP3 inflammasome-dependent mechanism. J. Hepatol. 2016, 64, 925–932. [CrossRef] [PubMed]

15. Kaur, H.; Halliwell, B. Action of biologically-relevant oxidizing species upon uric acid. Identification of uric acid oxidation
products. Chem. Biol. Interact. 1990, 73, 235–247. [CrossRef]

16. Kopcil, M.; Kandar, R. Screening method for the simultaneous determination of allantoin and uric acid from dried blood spots.
J. Pharm. Biomed. Anal. 2023, 225, 115222. [CrossRef]

17. Grootveld, M.; Halliwell, B. Measurement of allantoin and uric acid in human body fluids. A potential index of free-radical
reactions in vivo? Biochem. J. 1987, 243, 803–808. [CrossRef]

18. Marrocco, I.; Altieri, F.; Peluso, I. Measurement and Clinical Significance of Biomarkers of Oxidative Stress in Humans. Oxid. Med.
Cell. Longev. 2017, 2017, 6501046. [CrossRef]

19. Kand’ar, R.; Zakova, P. Allantoin as a marker of oxidative stress in human erythrocytes. Clin. Chem. Lab. Med. 2008, 46, 1270–1274.
[CrossRef]

20. Lee, M.Y.; Lee, N.H.; Jung, D.; Lee, J.A.; Seo, C.S.; Lee, H.; Kim, J.H.; Shin, H.K. Protective effects of allantoin against ovalbumin
(OVA)-induced lung inflammation in a murine model of asthma. Int. Immunopharmacol. 2010, 10, 474–480. [CrossRef]

21. Araujo, L.U.; Grabe-Guimaraes, A.; Mosqueira, V.C.; Carneiro, C.M.; Silva-Barcellos, N.M. Profile of wound healing process
induced by allantoin. Acta Cir. Bras. 2010, 25, 460–466. [CrossRef] [PubMed]

22. Yang, Y.; Sun, Y.; Zhu, C.; Shen, X.; Sun, J.; Jing, T.; Jun, S.; Wang, C.; Yu, G.; Dong, X.; et al. Allantoin induces pruritus by
activating MrgprD in chronic kidney disease. J. Cell. Physiol. 2023, 238, 813–828. [CrossRef]

23. Bentley-Lewis, R.; Huynh, J.; Xiong, G.; Lee, H.; Wenger, J.; Clish, C.; Nathan, D.; Thadhani, R.; Gerszten, R. Metabolomic
profiling in the prediction of gestational diabetes mellitus. Diabetologia 2015, 58, 1329–1332. [CrossRef] [PubMed]

https://doi.org/10.1002/hep.31173
https://www.ncbi.nlm.nih.gov/pubmed/32043613
https://doi.org/10.1038/s41575-024-00915-2
https://www.ncbi.nlm.nih.gov/pubmed/38654090
https://doi.org/10.1038/s41575-023-00888-8
https://doi.org/10.1097/HEP.0000000000000004
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/j.plipres.2021.101109
https://doi.org/10.1097/HC9.0000000000000343
https://doi.org/10.1093/rheumatology/keq204
https://doi.org/10.1080/15257770802138558
https://doi.org/10.1016/j.ijcard.2018.03.045
https://doi.org/10.3389/fendo.2023.1215521
https://www.ncbi.nlm.nih.gov/pubmed/37534213
https://doi.org/10.1186/s12876-022-02263-4
https://doi.org/10.1096/fj.202000950R
https://www.ncbi.nlm.nih.gov/pubmed/32780898
https://doi.org/10.1016/j.jhep.2015.11.022
https://www.ncbi.nlm.nih.gov/pubmed/26639394
https://doi.org/10.1016/0009-2797(90)90006-9
https://doi.org/10.1016/j.jpba.2022.115222
https://doi.org/10.1042/bj2430803
https://doi.org/10.1155/2017/6501046
https://doi.org/10.1515/CCLM.2008.244
https://doi.org/10.1016/j.intimp.2010.01.008
https://doi.org/10.1590/S0102-86502010000500014
https://www.ncbi.nlm.nih.gov/pubmed/20877959
https://doi.org/10.1002/jcp.30977
https://doi.org/10.1007/s00125-015-3553-4
https://www.ncbi.nlm.nih.gov/pubmed/25748329


Antioxidants 2025, 14, 500 18 of 19

24. Li, D.; Zhang, L.; Dong, F.; Liu, Y.; Li, N.; Li, H.; Lei, H.; Hao, F.; Wang, Y.; Zhu, Y.; et al. Metabonomic Changes Associated with
Atherosclerosis Progression for LDLR(-/-) Mice. J. Proteome Res. 2015, 14, 2237–2254. [CrossRef] [PubMed]

25. Qin, J.; Ling, X.; Wang, Q.; Huang, Z.; Guo, B.; Zhang, C.; Meng, M.; Feng, S.; Guo, Y.; Zheng, H.; et al. Integrated Gut Microbiota
and Urine Metabolite Analyses of T2DM with NAFLD Rat Model. Appl. Biochem. Biotechnol. 2023, 195, 6478–6494. [CrossRef]

26. Tin, A.; Marten, J.; Halperin Kuhns, V.L.; Li, Y.; Wuttke, M.; Kirsten, H.; Sieber, K.B.; Qiu, C.; Gorski, M.; Yu, Z.; et al. Target genes,
variants, tissues and transcriptional pathways influencing human serum urate levels. Nat. Genet. 2019, 51, 1459–1474. [CrossRef]

27. Mahajan, A.; Taliun, D.; Thurner, M.; Robertson, N.R.; Torres, J.M.; Rayner, N.W.; Payne, A.J.; Steinthorsdottir, V.; Scott, R.A.;
Grarup, N.; et al. Fine-mapping type 2 diabetes loci to single-variant resolution using high-density imputation and islet-specific
epigenome maps. Nat. Genet. 2018, 50, 1505–1513. [CrossRef]

28. Klarin, D.; Damrauer, S.M.; Cho, K.; Sun, Y.V.; Teslovich, T.M.; Honerlaw, J.; Gagnon, D.R.; DuVall, S.L.; Li, J.; Peloso, G.M.; et al.
Genetics of blood lipids among ~300,000 multi-ethnic participants of the Million Veteran Program. Nat. Genet. 2018, 50, 1514–1523.
[CrossRef]

29. Sveinbjornsson, G.; Ulfarsson, M.O.; Thorolfsdottir, R.B.; Jonsson, B.A.; Einarsson, E.; Gunnlaugsson, G.; Rognvaldsson, S.;
Arnar, D.O.; Baldvinsson, M.; Bjarnason, R.G.; et al. Multiomics study of nonalcoholic fatty liver disease. Nat. Genet. 2022,
54, 1652–1663. [CrossRef]

30. Price, A.L.; Weale, M.E.; Patterson, N.; Myers, S.R.; Need, A.C.; Shianna, K.V.; Ge, D.; Rotter, J.I.; Torres, E.; Taylor, K.D.; et al.
Long-range LD can confound genome scans in admixed populations. Am. J. Hum. Genet. 2008, 83, 132–135. [CrossRef]

31. Lukkunaprasit, T.; Rattanasiri, S.; Ongphiphadhanakul, B.; McKay, G.J.; Attia, J.; Thakkinstian, A. Causal Associations of Urate
With Cardiovascular Risk Factors: Two-Sample Mendelian Randomization. Front. Genet. 2021, 12, 687279. [CrossRef] [PubMed]

32. Pawlak, M.; Lefebvre, P.; Staels, B. Molecular mechanism of PPARalpha action and its impact on lipid metabolism, inflammation
and fibrosis in non-alcoholic fatty liver disease. J. Hepatol. 2015, 62, 720–733. [CrossRef] [PubMed]

33. Preidis, G.A.; Kim, K.H.; Moore, D.D. Nutrient-sensing nuclear receptors PPARalpha and FXR control liver energy balance.
J. Clin. Investig. 2017, 127, 1193–1201. [CrossRef] [PubMed]

34. Hu, P.; Li, K.; Peng, X.; Kan, Y.; Li, H.; Zhu, Y.; Wang, Z.; Li, Z.; Liu, H.Y.; Cai, D. Nuclear Receptor PPARalpha as a Therapeutic
Target in Diseases Associated with Lipid Metabolism Disorders. Nutrients 2023, 15, 4772. [CrossRef]

35. Yang, P.S.; Wu, H.T.; Chung, H.H.; Chen, C.T.; Chi, C.W.; Yeh, C.H.; Cheng, J.T. Rilmenidine improves hepatic steatosis through
p38-dependent pathway to higher the expression of farnesoid X receptor. Naunyn Schmiedebergs Arch. Pharmacol. 2012, 385, 51–56.
[CrossRef]

36. Ames, B.N.; Cathcart, R.; Schwiers, E.; Hochstein, P. Uric acid provides an antioxidant defense in humans against oxidant- and
radical-caused aging and cancer: A hypothesis. Proc. Natl. Acad. Sci. USA 1981, 78, 6858–6862. [CrossRef]

37. Bowman, G.L.; Shannon, J.; Frei, B.; Kaye, J.A.; Quinn, J.F. Uric acid as a CNS antioxidant. J. Alzheimer’s Dis. 2010, 19, 1331–1336.
[CrossRef]

38. Aerqin, Q.; Jia, S.S.; Shen, X.N.; Li, Q.; Chen, K.L.; Ou, Y.N.; Huang, Y.Y.; Dong, Q.; Chen, S.F.; Yu, J.T. Serum Uric Acid Levels in
Neurodegenerative Disorders: A Cross-Sectional Study. J. Alzheimer’s Dis. 2022, 90, 761–773. [CrossRef]

39. Copur, S.; Demiray, A.; Kanbay, M. Uric acid in metabolic syndrome: Does uric acid have a definitive role? Eur. J. Intern. Med.
2022, 103, 4–12. [CrossRef]

40. Katsiki, N.; Dimitriadis, G.D.; Mikhailidis, D.P. Serum Uric Acid and Diabetes: From Pathophysiology to Cardiovascular Disease.
Curr. Pharm. Des. 2021, 27, 1941–1951. [CrossRef]

41. Marchesini, G.; Brizi, M.; Bianchi, G.; Tomassetti, S.; Bugianesi, E.; Lenzi, M.; McCullough, A.J.; Natale, S.; Forlani, G.; Melchionda, N.
Nonalcoholic fatty liver disease: A feature of the metabolic syndrome. Diabetes 2001, 50, 1844–1850. [CrossRef] [PubMed]

42. Lonardo, A.; Loria, P.; Leonardi, F.; Borsatti, A.; Neri, P.; Pulvirenti, M.; Verrone, A.M.; Bagni, A.; Bertolotti, M.; Ganazzi, D.; et al.
Fasting insulin and uric acid levels but not indices of iron metabolism are independent predictors of non-alcoholic fatty liver
disease. A case-control study. Dig. Liver Dis. 2002, 34, 204–211. [CrossRef] [PubMed]

43. Sirota, J.C.; McFann, K.; Targher, G.; Johnson, R.J.; Chonchol, M.; Jalal, D.I. Elevated serum uric acid levels are associated with
non-alcoholic fatty liver disease independently of metabolic syndrome features in the United States: Liver ultrasound data from
the National Health and Nutrition Examination Survey. Metabolism 2013, 62, 392–399. [CrossRef]

44. Wei, F.; Li, J.; Chen, C.; Zhang, K.; Cao, L.; Wang, X.; Ma, J.; Feng, S.; Li, W.D. Higher Serum Uric Acid Level Predicts Non-alcoholic
Fatty Liver Disease: A 4-Year Prospective Cohort Study. Front. Endocrinol. 2020, 11, 179. [CrossRef]

45. Baba, T.; Amasaki, Y.; Soda, M.; Hida, A.; Imaizumi, M.; Ichimaru, S.; Nakashima, E.; Seto, S.; Yano, K.; Akahoshi, M. Fatty liver
and uric acid levels predict incident coronary heart disease but not stroke among atomic bomb survivors in Nagasaki. Hypertens.
Res. 2007, 30, 823–829. [CrossRef] [PubMed]

46. Li, S.; Fu, Y.; Liu, Y.; Zhang, X.; Li, H.; Tian, L.; Zhuo, L.; Liu, M.; Cui, J. Serum Uric Acid Levels and Nonalcoholic Fatty Liver
Disease: A 2-Sample Bidirectional Mendelian Randomization Study. J. Clin. Endocrinol. Metab. 2022, 107, e3497–e3503. [CrossRef]

47. Raut, S.K.; Khullar, M. Oxidative stress in metabolic diseases: Current scenario and therapeutic relevance. Mol. Cell. Biochem.
2023, 478, 185–196. [CrossRef]

https://doi.org/10.1021/acs.jproteome.5b00032
https://www.ncbi.nlm.nih.gov/pubmed/25784267
https://doi.org/10.1007/s12010-023-04419-8
https://doi.org/10.1038/s41588-019-0504-x
https://doi.org/10.1038/s41588-018-0241-6
https://doi.org/10.1038/s41588-018-0222-9
https://doi.org/10.1038/s41588-022-01199-5
https://doi.org/10.1016/j.ajhg.2008.06.005
https://doi.org/10.3389/fgene.2021.687279
https://www.ncbi.nlm.nih.gov/pubmed/34306027
https://doi.org/10.1016/j.jhep.2014.10.039
https://www.ncbi.nlm.nih.gov/pubmed/25450203
https://doi.org/10.1172/JCI88893
https://www.ncbi.nlm.nih.gov/pubmed/28287408
https://doi.org/10.3390/nu15224772
https://doi.org/10.1007/s00210-011-0691-1
https://doi.org/10.1073/pnas.78.11.6858
https://doi.org/10.3233/JAD-2010-1330
https://doi.org/10.3233/JAD-220432
https://doi.org/10.1016/j.ejim.2022.04.022
https://doi.org/10.2174/1381612827666210104124320
https://doi.org/10.2337/diabetes.50.8.1844
https://www.ncbi.nlm.nih.gov/pubmed/11473047
https://doi.org/10.1016/S1590-8658(02)80194-3
https://www.ncbi.nlm.nih.gov/pubmed/11990393
https://doi.org/10.1016/j.metabol.2012.08.013
https://doi.org/10.3389/fendo.2020.00179
https://doi.org/10.1291/hypres.30.823
https://www.ncbi.nlm.nih.gov/pubmed/18037775
https://doi.org/10.1210/clinem/dgac190
https://doi.org/10.1007/s11010-022-04496-z


Antioxidants 2025, 14, 500 19 of 19

48. Montagner, A.; Polizzi, A.; Fouche, E.; Ducheix, S.; Lippi, Y.; Lasserre, F.; Barquissau, V.; Regnier, M.; Lukowicz, C.; Benhamed, F.; et al.
Liver PPARalpha is crucial for whole-body fatty acid homeostasis and is protective against NAFLD. Gut 2016, 65, 1202–1214.
[CrossRef]

49. Hunt, M.C.; Yang, Y.Z.; Eggertsen, G.; Carneheim, C.M.; Gafvels, M.; Einarsson, C.; Alexson, S.E. The peroxisome proliferator-
activated receptor alpha (PPARalpha) regulates bile acid biosynthesis. J. Biol. Chem. 2000, 275, 28947–28953. [CrossRef]

50. Zhong, J.; He, X.; Gao, X.; Liu, Q.; Zhao, Y.; Hong, Y.; Zhu, W.; Yan, J.; Li, Y.; Li, Y.; et al. Hyodeoxycholic acid ameliorates
nonalcoholic fatty liver disease by inhibiting RAN-mediated PPARalpha nucleus-cytoplasm shuttling. Nat. Commun. 2023,
14, 5451. [CrossRef]

51. Ma, P.; Patching, S.G.; Ivanova, E.; Baldwin, J.M.; Sharples, D.; Baldwin, S.A.; Henderson, P.J.F. Allantoin transport protein, PucI,
from Bacillus subtilis: Evolutionary relationships, amplified expression, activity and specificity. Microbiology 2016, 162, 823–836.
[CrossRef]

52. Pelissier, H.C.; Tegeder, M. PvUPS1 plays a role in source-sink transport of allantoin in French bean (Phaseolus vulgaris). Funct.
Plant Biol. 2007, 34, 282–291. [CrossRef]

53. Sun, H.L.; Wu, Y.W.; Bian, H.G.; Yang, H.; Wang, H.; Meng, X.M.; Jin, J. Function of Uric Acid Transporters and Their Inhibitors in
Hyperuricaemia. Front. Pharmacol. 2021, 12, 667753. [CrossRef] [PubMed]

54. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef] [PubMed]

55. Fairley, S.; Lowy-Gallego, E.; Perry, E.; Flicek, P. The International Genome Sample Resource (IGSR) collection of open human
genomic variation resources. Nucleic Acids Res. 2019, 48, D941–D947. [CrossRef] [PubMed]

56. Bowden, J.; Spiller, W.; Del Greco, M.F.; Sheehan, N.; Thompson, J.; Minelli, C.; Davey Smith, G. Improving the visualization,
interpretation and analysis of two-sample summary data Mendelian randomization via the Radial plot and Radial regression. Int.
J. Epidemiol. 2018, 47, 2100. [CrossRef]

57. Kamat, M.A.; Blackshaw, J.A.; Young, R.; Surendran, P.; Burgess, S.; Danesh, J.; Butterworth, A.S.; Staley, J.R. PhenoScanner V2:
An expanded tool for searching human genotype-phenotype associations. Bioinformatics 2019, 35, 4851–4853. [CrossRef]

58. Hemani, G.; Tilling, K.; Davey Smith, G. Orienting the causal relationship between imprecisely measured traits using GWAS
summary data. PLoS Genet. 2017, 13, e1007081. [CrossRef]

59. Burgess, S.; Butterworth, A.; Thompson, S.G. Mendelian randomization analysis with multiple genetic variants using summarized
data. Genet. Epidemiol. 2013, 37, 658–665. [CrossRef]

60. 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, 512–525. [CrossRef]

61. Bowden, J.; Davey Smith, G.; Haycock, P.C.; Burgess, S. Consistent Estimation in Mendelian Randomization with Some Invalid
Instruments Using a Weighted Median Estimator. Genet. Epidemiol. 2016, 40, 304–314. [CrossRef]

62. Hartwig, F.P.; Davey Smith, G.; Bowden, J. Robust inference in summary data Mendelian randomization via the zero modal
pleiotropy assumption. Int. J. Epidemiol. 2017, 46, 1985–1998. [CrossRef] [PubMed]

63. Zhao, Q.; Wang, J.; Hemani, G.; Bowden, J.; Small, D.S. Statistical inference in two-sample summary-data Mendelian randomiza-
tion using robust adjusted profile score. Ann. Stat. 2020, 48, 1742–1769. [CrossRef]

64. Hemani, G.; Zheng, J.; Elsworth, B.; Wade, K.H.; Haberland, V.; Baird, D.; Laurin, C.; Burgess, S.; Bowden, J.; Langdon, R.; et al. The
MR-Base platform supports systematic causal inference across the human phenome. Elife 2018, 7, e34408. [CrossRef] [PubMed]

65. Verbanck, M.; Chen, C.Y.; Neale, B.; Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from
Mendelian randomization between complex traits and diseases. Nat. Genet. 2018, 50, 693–698. [CrossRef]

66. Hemani, G.; Bowden, J.; Davey Smith, G. Evaluating the potential role of pleiotropy in Mendelian randomization studies. Hum.
Mol. Genet. 2018, 27, R195–R208. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1136/gutjnl-2015-310798
https://doi.org/10.1074/jbc.M002782200
https://doi.org/10.1038/s41467-023-41061-8
https://doi.org/10.1099/mic.0.000266
https://doi.org/10.1071/FP06277
https://doi.org/10.3389/fphar.2021.667753
https://www.ncbi.nlm.nih.gov/pubmed/34335246
https://doi.org/10.1086/519795
https://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1093/nar/gkz836
https://www.ncbi.nlm.nih.gov/pubmed/31584097
https://doi.org/10.1093/ije/dyy265
https://doi.org/10.1093/bioinformatics/btz469
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyx102
https://www.ncbi.nlm.nih.gov/pubmed/29040600
https://doi.org/10.1214/19-AOS1866
https://doi.org/10.7554/eLife.34408
https://www.ncbi.nlm.nih.gov/pubmed/29846171
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1093/hmg/ddy163

	Introduction 
	Materials and Methods 
	Antibodies and Reagents 
	Human Subjects 
	Individual-Level Data from UK Biobank 
	Observational Analysis 
	GWAS Summary Data 
	Animals 
	Recombinant Proteins 
	Dual-Luciferase Reporter Assay 
	Surface Plasmon Resonance (SPR) 
	Statistical Analysis 

	Results 
	Close Association of UA with Risk of MASLD 
	Serum Allantoin Is Positively Correlated with DLP 
	Allantoin Increases Susceptibility of Glucose Intolerance in Mice Feeding High-Fat Diet 
	Allantoin Aggravates Hepatic Lipid Accumulation in Mice Feeding HFD 
	Allantoin Suppresses Hepatic Cholesterol Metabolism 
	Allantoin Is Potential Endogenous PPAR Antagonist 

	Discussion 
	References

