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Background and aims

Metabolic dysfunction-associated fatty liver disease (MAFLD) is a newly emerged term that is suggested to better reflect the pathogenesis of nonalcoholic fatty liver disease (NAFLD); however, the association between hyperuricemia and MAFLD has not been explored in the Chinese population. Meantime, this study also examined the temporal relationship between the two entities in a longitudinal cohort.



Methods

We conducted a retrospective cross-sectional study including 1,587,962 individuals from 19 health check-up centers in China from 2009-2017 and a longitudinal study with 16,112 individuals. A logistic regression model was applied to determine the association between hyperuricemia and MAFLD in a cross-sectional study. The Cox regression model was used to explore the association between hyperuricemia at baseline and subsequent onset of MAFLD or the association between the presence of MAFLD at baseline and the subsequent incidence of hyperuricemia. The cross-lagged analysis was applied to exam the temporal relationship between hyperuricemia and MAFLD.



Results

In the cross-sectional study, hyperuricemia showed a strong positive association with MAFLD after controlled potential confounders. In the longitudinal cohorts, hyperuricemia at baseline was associated with the new-onset of MAFLD, with a hazard ratio (HR) of 1.765 (95% CI: 1.512, 2.060). Interestingly, baseline MAFLD was also associated with the subsequent incidence of hyperuricemia, with an HR of 1.245 (95% CI: 1.106, 1.400). The cross-lagged path analysis revealed a bidirectional relationship between hyperuricemia and MAFLD.



Conclusions

The results suggested that hyperuricemia and MAFLD form a vicious cycle, resulting in more deterioration of metabolic status.
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Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD), formerly known as nonalcoholic fatty liver disease (NAFLD), is a new term that focuses more on systemic metabolic dysfunction (1). In the past, the diagnosis of NAFLD was a diagnosis of exclusion (2); however, with advances in the understanding of NAFLD pathogenesis, it has been found that NAFLD is derived from a variety of potential states of metabolic dysfunction and has complex pathophysiological characteristics, which indicates that the exclusion criteria can no longer meet the current diagnostic requirements for the disease. Therefore, in the recent international expert consensus, “MAFLD” is perceived as a standalone disease related to known metabolic dysfunction and has a specific positive diagnosis (1). This change will inevitably lead to considerable differences between the MAFLD and the NAFLD populations. MAFLD has a higher prevalence rate and a higher risk of cardiovascular diseases, which has brought an enormous health and economic burden to the world (3). Uric acid is the final oxidation product of hypoxanthine and xanthine catabolism. Although many studies have confirmed that uric acid is a risk factor for metabolic syndrome, cardiovascular disease, and NAFLD (4, 5), the relationship between hyperuricemia and MAFLD is still unclear due to the marked difference between the NAFLD and MAFLD populations.

Therefore, we used the largest cross-sectional database based on Chinese health check-up centers to analyze the association between hyperuricemia and MAFLD. Furthermore, this study also examined the temporal relationship between the two entities in a longitudinal cohort among this population.



Materials and Methods


Study Population

A total of 1,593,135 participants from 19 health management centers between January 2009 and December 2017 in China were included in our study. Participants who 1) were younger than 18 years old; 2) had liver cirrhosis, liver cancer, or a history of liver surgery; 3) had kidney-related diseases that may affect uric acid metabolism (nephrotic syndrome, kidney tumors, and renal failure); 4) treating with uric acid-lowering drugs; and 5) lacked sufficient information for making MAFLD diagnoses were excluded. Finally, 1,587,962 individuals were included in the cross-sectional study.

Of the 1,587,962 individuals, 85,889 had undergone follow-up. Among these participants, 16,112 individuals who had at least 2 years of follow-up had repeated measurements of serum uric acid level, imaging examinations for liver fat (abdominal ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI)) and had complete hepatic steatosis index (HSI) information were considered part of a longitudinal cohort. To explore the association between hyperuricemia at baseline and subsequent new onset of MAFLD, we excluded participants with MAFLD at baseline to constitute Cohort 1, including 8,045 individuals. Conversely, to investigate the association between the presence of MAFLD at baseline and the subsequent incidence of hyperuricemia, we excluded individuals with hyperuricemia at baseline to form Cohort 2, including 13,826 individuals. The flow chart of participant selection is shown in Figure 1.




Figure 1 | The flow chart of the participants’ enrollment. MAFLD, metabolic dysfunction-associated fatty liver disease; AST, aspartate aminotransferase; ALT, alanine aminotransferase.



This study was approved by the central ethics board of Renmin Hospital of Wuhan University and followed by acceptance with the ethics center in each collaborating hospital. Ethics committees granted a waiver of the requirement for documentation of informed consent for just analyzing existing data after anonymization without individual identification.



Anthropometric and Laboratory Data

All participants had undergone comprehensive anthropometric measurements and clinical examinations by professional and experienced medical teams in each hospital. Anthropometric measurements, including height, weight, and waist circumference (WC), were measured in subjects wearing light clothes without shoes. The calculation method of body mass index (BMI) was weight (kg)/height square (m2). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by mercury sphygmomanometers or electronic sphygmomanometers after individuals rested in a seated position for a minimum of 5 min. The measurement was carried out three times in succession at intervals of 1 minute, and the average value of the measurement results was taken. Fasting blood samples were drawn from an antecubital vein after participants had fasted over 12 h. We measured fasting blood glucose (FBG), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN) and serum creatinine (SCR) concentrations with an automatic biochemical analyzer 2 hours after sample collection. All checkup centers included in our study were applied identical methodology, namely, urease peroxidase coupling colorimetry, to measure serum uric acid based on the Trinder reaction.



Diagnostic Criteria

MAFLD was defined by evidence of hepatic steatosis on abdominal ultrasound, CT, or MRI with the presence of one of the following three criteria: overweight or obesity (defined as BMI ≥ 23 kg/m2 in Asians), type 2 diabetes mellitus (T2DM), or metabolic dysregulation (1). Metabolic dysregulation was defined by the presence of at least two of the following metabolic risk abnormalities: 1) WC ≥ 90 cm for men and 80 cm for women; 2) blood pressure ≥ 130/85 mmHg or on specific drug treatment; 3) plasma TG ≥ 1.70 mmol/L or on specific drug treatment; 4) plasma HDL-C < 1.0 mmol/L for men and < 1.3 mmol/L for women or on specific drug treatment; 5) prediabetes (i.e., fasting glucose levels 5.6 to 6.9 mmol/L, or 2-h post-load glucose levels 7.8 to 11.0 mmol or glycosylated hemoglobin A1c (HbA1c) 5.7% to 6.4%).

The diagnosis of hepatic steatosis on ultrasound was based on hepatorenal echo contrast, liver parenchymal brightness, deep attenuation, and vascular blurring. The diagnosis of hepatic steatosis on CT examination was based on two reference standards: a liver-spleen attenuation difference of greater than 10 HU and the absolute attenuation of the liver less than 40 HU. The diagnosis of hepatic steatosis on MRI examination was based on the fact that the reversed-phase image shows signal loss relative to the positive phase in phase interference imaging. Over 30% of steatosis was considered a fatty liver disease. The hepatic steatosis index (HSI) was applied to quantify the degree of steatosis of MAFLD. HSI=8*ALT/AST+BMI (+2 if diabetes, +2 if female) (6).

Based on epidemiological definitions, hyperuricemia was identified as a serum uric acid level > 420 μmol/L (7.0 mg/dL) in males and > 360 μmol/L (6.0 mg/dL) in females (7). Hypertension was defined as personal medical history, use of antihypertensive drugs, and/or SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg (8). Diabetes was defined as fasting blood glucose ≥ 7.0 mmol/L, 2 h postprandial glucose ≥ 11.1 mmol/L, personal history or use of hypoglycemic drugs (9).



Statistical Analysis

Categorical variables were presented as frequencies and percentages. Nonnormally distributed continuous variables were expressed as the median and interquartile range (IQR). When comparing differences between groups, the Kruskal–Wallis test was used for continuous variables, and the χ2 test or Fisher’s exact test was used for categorical variables. The nonparameter imputation method missForest was conducted to deal with missing data, and the estimated imputation error was 6%. Logistic progression models were applied to examine the association between hyperuricemia and MAFLD. Cox proportional hazards models were used to evaluate the association between hyperuricemia at baseline and the incidence of MAFLD or the association between baseline MAFLD and the subsequent incidence of hyperuricemia. Statistical significance was considered as two-sided P < 0.05. All data were analyzed using R-4.0.2 (R Foundation for Statistical Computing, Vienna, Austria), SPSS Statistics (version 25.0, IBM, Armonk, NY, USA), and IBM Amos (version 23.0, SPSS Inc, Chicago, IL, USA).



Cross-Lagged Path Analysis

To explore the temporal relationship between hyperuricemia and MAFLD, the cross-lagged path analysis was applied (10, 11). Serum uric acid and liver steatosis were measured repeatedly at two time points. Before the cross-lagged analysis, both baseline and follow-up values were controlled by residual regression analyses and then standardized by Z-transformation (mean = 0, SD = 1). Baseline and follow-up variables were adjusted via regression residual analyses before cross-lagged analysis. Adjusted confounding variables included age, sex, ALT, FBG, SBP, LDL-C, BUN, and TG. In the cross-lagged panel analysis, the temporal relationship between hyperuricemia and MAFLD can be determined by comparing standardized path coefficients β1 (baseline hyperuricemia to subsequent MAFLD) and β2 (baseline MAFLD to subsequent hyperuricemia). Fisher’s Z test was used to compare the difference between β1 and β2 (10). The root mean square residual (RMR) and comparative fitness index (CFI) were used to evaluate the fit of the model. If the model fitting parameters RMR<0.05 and CFI>0.90, it proves that the fit is good (11). The cross-lagged path analysis pattern diagram is presented in Figure 2.




Figure 2 | Cross-lagged path analysis pattern diagram. SUA, serum uric acid; HSI, hepatic steatosis index *: β1, baseline hyperuricemia to subsequent MAFLD; β2, baseline MAFLD to subsequent hyperuricemia; MAFLD, metabolic dysfunction-associated fatty liver disease.





Sensitivity Analysis

To assess the robustness of the bidirectional association between hyperuricemia and MAFLD and eliminate the influence of confounding variables, we performed two sensitivity analyses. First, we further adjusted SCR and HDL-C based on age, sex, LDL-C, FBG, ALT, BUN, SBP, and TG in the sensitivity analysis 1. Second, we further performed sensitivity analysis 2 using a population only diagnosed by ultrasound.




Results


Anthropometric and Laboratory Characteristics of Subjects in the Cross-Sectional Study

We included 1,587,962 participants in the cross-sectional study. The median age of the overall population was 46.00 years (IQR, 36.00, 55.00), and males accounted for 60.34%. Baseline characteristics of individuals are shown in Table 1. In the overall population, 40.05% of participants had MAFLD, and 13.78% of individuals had hyperuricemia. The median age of MAFLD participants was 48.00 years (IQR, 39.00, 56.00), which was older than that of the participants without MAFLD, with a median age of 44.00 years (IQR, 34.00, 54.00) (P < 0.001). The median age of participants with hyperuricemia was 44.00 years (IQR, 35.00, 54.00), which was younger than the population without hyperuricemia, with a median age of 46.00 years (IQR, 36.00, 55.00). Males accounted for 72.66% of the population with MAFLD and 87.23% of the population with hyperuricemia.


Table 1 | Baseline characteristics of 1,587,962 participants stratified by MAFLD and hyperuricemia in the sectional study.



The population with MAFLD and hyperuricemia had higher BMI, WC, LDL-C, TC, TG, ALT, AST, BUN, SCR, SBP, and DBP than those in the non-MAFLD and non-hyperuricemia groups. Notably, the SUA levels were significantly higher in the subjects with MAFLD than in the non-MAFLD group. Similarly, the population with hyperuricemia had a higher prevalence of MAFLD than those without hyperuricemia (Table 1).



Association Between Hyperuricemia and the Prevalence of MAFLD in the Cross-Sectional Analysis

Logistic regression analysis was performed to identify the association between hyperuricemia and MAFLD. In the unadjusted model, hyperuricemia was significantly associated with MAFLD, with an odds ratio (OR) of 3.484 (95% confidence interval [CI]: 3.451, 3.518) (P < 0.001). After adjusting for age, sex, LDL-C, FBG, ALT, BUN, SBP, and TG, the relationship between hyperuricemia and MAFLD remained statistically significant, with an OR of 2.048 (95% CI: 2.026, 2.070) (P < 0.001) (Table 2).


Table 2 | The association between hyperuricemia and MAFLD by the logistic regression in the cross-sectional study.





Anthropometric and Laboratory Characteristics of Subjects in the Longitudinal Cohort Study

We implemented two longitudinal cohort studies to confirm the temporal relationship between hyperuricemia and MAFLD. In the Cohort 1, 1,634 participants developed MAFLD during the follow-up among 8,045 participants without MAFLD at baseline. The median age of the population developed MAFLD was 47.00 years (IQR, 39.00, 55.00), which was older than that of the non-MAFLD group, with a median age of 45.00 years (IQR, 36.00, 55.00). The population that developed MAFLD had a greater proportion of males than those who did not develop MAFLD (69.22% vs. 53.21%). The population that developed MAFLD also had a higher proportion of hypertension and diabetes and had a higher BMI, LDL-C, TC, TG, WC, ALT, BUN, SCR, SBP, DBP, and BUN but lower HDL-C. Notably, a significantly higher proportion of participants with hyperuricemia was observed in the subjects who developed MAFLD than in the non-MAFLD group (12.67% vs. 5.41%). The baseline characteristics of individuals stratified by MAFLD are described in Supplementary Table 1.

In the Cohort 2, 11.00% of participants (n=1,516) developed hyperuricemia during the follow-up among 13,826 participants without hyperuricemia at baseline. Individuals who developed hyperuricemia were younger than those who did not, with median ages of 46.00 years (IQR, 36.00, 55.00) and 47.00 years (IQR, 40.00, 55.00), respectively. Males accounted for a considerably higher proportion in the group that developed hyperuricemia than in the non-hyperuricemia group (87.73% vs. 61.10%). The hyperuricemia group also had a higher BMI, WC, ALT, AST, BUN, SCR, SBP, and DBP but lower LDL-C and HDL-C. Notably, the proportion of MAFLD participants in the hyperuricemia group was significantly greater than that in the non-hyperuricemia group (58.25% vs. 44.29%). The baseline characteristics stratified by hyperuricemia are shown in Supplementary Table 2.



Association Between Baseline Hyperuricemia and the Development of MAFLD and Between Baseline MAFLD and the Development of Hyperuricemia in the Longitudinal Cohort

In the unadjusted analysis of hyperuricemia at baseline and the subsequent development of MAFLD, participants with hyperuricemia at baseline showed a higher risk of developing MAFLD during follow-up, with a hazard ratio (HR) of 2.670 (95% CI: 2.307, 3.090). After adjusting for age, sex, LDL-C, FBG, ALT, BUN, SBP, TG, and insulin resistance, baseline hyperuricemia was still significantly associated with the development of MAFLD, with an HR of 1.765 (95% CI: 1.512, 2.060) (P < 0.001) (Table 3).


Table 3 | The association between hyperuricemia and MAFLD by the Cox regression in the longitudinal cohort study.



When analysis the association between MAFLD at baseline and the later occurrence of hyperuricemia, the crude model indicated that MAFLD at baseline was significantly associated with the occurrence of hyperuricemia, with an HR of 1.765 (95% CI: 1.594, 1.955) (P < 0.001). This association remained significant after adjusting for confounding variables as mentioned above, with an HR of 1.245 (95% CI: 1.106, 1.400) (Table 3).



Cross-Lagged Path Analysis Between Hyperuricemia and MAFLD

The temporal relationship between hyperuricemia and MAFLD was detected by cross-lagged path analysis. The standardized regression coefficient from baseline hyperuricemia to subsequent development of MAFLD was β1 = 0.039 (95% CI: 0.026, 0.051), and the standardized regression coefficient from baseline MAFLD to subsequent development of hyperuricemia was β2 = 0.030 (95% CI: 0.017, 0.043) after adjusting for age, sex, LDL-C, FBG, ALT, BUN, SBP, TG, and insulin resistance. In addition, Fisher’s z test indicated no significant difference between β1 and β2 (P = 0.418), which indicated that hyperuricemia and MAFLD affect each other and that there was no prior relationship. The RMR and CFI were 0.022<0.05 and 0.988>0.9, respectively, indicating that the model fit was good (Table 4).


Table 4 | The cross-lagged path analysis for the temporal association between hyperuricemia and MAFLD.





Sensitivity Analysis

In the sensitivity test 1, in addition to age, sex, LDL-C, FBG, ALT, BUN, SBP, and TG, we further adjusted SCR and HDL-C as confounders, the standardized regression coefficient β1 and β2 were 0.035 (95% CI: 0.023, 0.047) and 0.025 (95% CI: 0.012, 0.038), respectively. No significant difference existed between β1 and β2 (P = 0.368) examined by Fisher’s z test, which indicated that hyperuricemia and MAFLD were still bidirectional relationships after controlling for more confounding variables (Supplementary Table 3). In the sensitivity analysis 2, we performed the cross-lagged analysis in population had abdominal ultrasound examination. The result was found to be consistent with that in the overall population (Supplementary Table 4 and Supplementary Table 5).




Discussion

Our study was the first to provide evidence on the bidirectional relationship between hyperuricemia and MAFLD in a large-sample cohort from health check-up centers. First, we used the largest cross-sectional database in China and found that hyperuricemia and MAFLD are closely related. Second, the results of the longitudinal cohort 1 study showed that hyperuricemia was associated with a new occurrence of MAFLD. Similarly, MAFLD was also related to the incidence of hyperuricemia in longitudinal cohort 2. Finally, the cross-lagged path analysis also proved the two-way relationship between hyperuricemia and MAFLD, indicating that hyperuricemia and MAFLD have intimate mutual effects during disease progression. MAFLD patients need to monitor serum uric acid levels to prevent the occurrence of hyperuricemia, and ameliorating serum uric acid levels in hyperuricemia patients may prevent subsequent MAFLD.

Recently, a change in nomenclature from NAFLD to MAFLD has been proposed, with the purpose of overcoming the limitations of NAFLD definition (1). The NAFLD and MAFLD populations overlapped but were not identical. A study has shown that the MAFLD population had a higher body mass index (BMI), proportion of metabolic comorbidities and ALT levels than those with NAFLD. Moreover, MAFLD individuals have increased the overall risk for total mortality by even greater magnitude than the NAFLD population (12). Previously, the association between serum uric acid level and NAFLD has been demonstrated in cross-sectional studies and longitudinal studies (4, 13). The MAFLD population is distinct from the NAFLD population, and further investigation into the association between hyperuricemia and MAFLD would be meaningful for formulating preventive strategies for these two diseases.

Previous cross-sectional studies on Asian populations showed that both hyperuricemia as a dichotomized variable and uric acid levels as a continuous variable were closely associated with NAFLD (4, 14). A prospective observational study further revealed that elevated serum uric acid levels independently predict an increased risk for incident NAFLD in the Chinese population (15). Because populations with NAFLD and MAFLD share many metabolic traits, our observations in MAFLD were consistent with the findings in the NAFLD population. Our study is the first study with the largest cross-sectional database and showed the close association between hyperuricemia and MAFLD independent of other traditional metabolic risk factors. Moreover, using a longitudinal cohort, we also revealed that hyperuricemia at baseline was associated with incident MAFLD. Given the higher relevance to systemic metabolic dysfunction in MAFLD, we continuously explored the temporal relationship between baseline MAFLD and the subsequent development of hyperuricemia in the cohort. The temporal association of NAFLD with the incidence of hyperuricemia has been controversial in previous studies. A 7-year prospective study showed that NAFLD significantly increases the risk of subsequent incident hyperuricemia in a cohort of 5541 baseline hyperuricemia-free individuals (13). However, this observation was not observed in other NAFLD cohorts, only a unidirectional relationship from hyperuricemia to NAFLD incidence was established (11). In our cohort, we observed that MAFLD increased the risk of subsequent hyperuricemia. Summarizing the abovementioned results suggested that hyperuricemia and MAFLD were a bidirectional relationship and formed a vicious cycle in the development of systematic metabolic disorders. Similar to many metabolic disorders, it occurs as a collection of disorders and increases your risk of developing more complex metabolic disorders or cardiovascular disease (16). Individuals with certain metabolic diseases should be evaluated and intervened systematically to reduce the overall risk of cardiovascular diseases and mortality.

Some mechanisms explain the bidirectional relationship between hyperuricemia and MAFLD. Hyperuricemia and MAFLD can affect each other through direct effects. An excessive uric acid level can directly induce hepatic steatosis through NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-dependent mechanism (17). Increased uric acid also activated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, leading to reactive oxygen species (ROS) formation in the mitochondria, which led to liver fat production. ROS accumulation also induces a stress cascade in the endoplasmic reticulum, which subsequently increases the expression of adipogenic genes and the production of triglycerides (18). NAFLD can, in turn, directly lead to hyperuricemia. Xu et al.’s study indicated that expression and activity of xanthine oxidase, a rate-limiting enzyme that catalyzed uric acid production, were significantly increased in cellular and mouse models of NAFLD, which resulted in significantly elevated serum uric acid levels (13).

Apart from the abovementioned direct effects between hyperuricemia and MAFLD, insulin resistance (IR) may amplify this interaction. On the one hand, hyperinsulinemia will increase uric acid synthesis and reduce uric acid excretion (4). On the other hand, Rinaldi et al. illustrated that hyperinsulinemia also induced an accumulation of lipid in the liver. Excessively accumulated fatty acids further decrease insulin sensitivity in the liver (19). Meantime, IR amplifies the uric acid-induced NLRP3 inflammasome-dependent mechanism in hepatocytes and increases the inflammatory response in the liver (17). These mentioned metabolic disturbances form a vicious cycle and lead to vascular endothelial cell damage and smooth muscle cell proliferation (20). This mechanism partly explains the elevated cardiovascular risk in NAFLD patients. Although these potential mechanisms suggested that the bidirectional relationship between hyperuricemia and MAFLD may be through direct or indirect effects mediated by insulin resistance, more high-quality data from clinical and basic studies are needed to inform the current debate.


Limitations

The study has certain limitations that merit attention. First, there is an inherent bias in exploring the causal relationship between hyperuricemia and MAFLD because of the retrospective design, and more definitive validation in prospective studies is needed. Second, because MAFLD is mainly diagnosed by ultrasound, the severity of MAFLD-associated hepatitis cannot be determined, and mild steatosis may not be detected. Third, we chose the presence of at least two of five metabolic risk abnormalities as the definition of metabolic dysregulation because of limited data on insulin resistance and high-sensitivity C-reactive protein, which will reduce the detection rate of MAFLD. Fourth, the use of HSI as a surrogate indicator for MAFLD is somewhat biased, but there is no recognized surrogate indicator yet. Fifth, dietary factors that lead to hyperuricemia including eating purine-rich foods, were not considered. Sixth, since the number of individuals with insulin resistance indicators is relatively small in the cross-sectional population, we only adjusted insulin resistance as a confounder in the longitudinal cohort.




Conclusion

This study showed a bidirectional relationship between hyperuricemia and MAFLD, which suggested that MAFLD and hyperuricemia may form a vicious cycle and lead to a more deteriorated metabolic status. Further prospective studies are needed to elucidate the interaction between these two entities.
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