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Background

Serum uric acid (SUA) has been suggested as a contributor of hypertension. However, reports on the relationship between changes in SUA and hypertension are limited. Hence, we aimed to investigate the potential impact of SUA, especially its change over time, on hypertension incidence.





Methods

This dynamic cohort included 6052 participants without hypertension at baseline. Participants were categorized into six grades based on whether baseline SUA was high and whether changes in SUA progressed to hyperuricemia or decreased to normal levels. Grades 1 to 6 represented the participants’ SUA control from best to worst. Logistic regression and restricted cubic spline (RCS) models were used to explore the association of the grades of SUA control and hypertension incidence.





Results

During a median follow-up of 6 years, 2550 (42.1%) participants developed hypertension. After adjusting confounding factors, compared to grade 1 with the best control of SUA, the odds ratios for grades 2 to 6 with worse control were 1.347 (1.109-1.636), 1.138 (0.764-1.693), 1.552 (1.245-1.934), 1.765 (1.170-2.663), and 2.165 (1.566-2.993), respectively. RCS indicated a linear correlation between the risk of hypertension and changes in SUA, and an elevated risk in participants with baseline hyperuricemia. Subgroup analyses showed that grades of SUA control had an interaction with systolic (P = 0.003) and diastolic blood pressure (P < 0.001). Sensitivity analyses further determined the robustness of the result that participants with poor SUA control have a higher risk of developing hypertension.





Conclusion

Poor SUA control, an increase in SUA over time, rises the risk of developing hypertension regardless of whether the initial SUA is normal or not. Initial hyperuricemia will exacerbate this risk. Effective SUA control should be an important measure for primary prevention of hypertension.
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1 Introduction

Hypertension has been recognized as a serious global public health problem, posing a considerable burden due to its widespread prevalence. An estimated 31.1% of adults (1.39 billion) worldwide had hypertension in 2010 (1). In China, among adults aged 35-75 year, nearly half have hypertension, less than a third are being treated, and fewer than one-twelfth are in control of their blood pressure (2). Hypertension is the leading preventable contributor to premature death and disability worldwide (3). It has been proved that hypertension is the major cause of high morbidity and mortality in cardiovascular diseases and stroke (4, 5). Additionally, hypertension, being a common chronic disease, negatively impacts the quality of life of hypertensive individuals compared to those with normal blood pressure (6). Despite the increasing prevalence and influence of hypertension has become a global challenge, hypertension is controllable and preventable. Timely intervention is an essential measure to reduce the incidence of hypertension and related events. Thus, it is important to identify the risk factors for development of hypertension.

Uric acid is the end product of purine metabolism generated during breakdown of nucleic acids and adenosine triphosphate, and also can be generated from degradation of a purine-rich dietary (7). In humans, due to the lack of urate oxidase, serum uric acid (SUA) can not be further degraded to allantoin, which is excreted freely in the urine (8). When the production of uric acid surpasses kidney excretion, the level of SUA will elevated, causing hyperuricemia (HUA). Growing evidence shows that HUA increases the risk of hypertension incidence (9). Several previous studies (10–12) have suggested that SUA is an independent risk factor for the onset and progression of hypertension. However, most of the relevant researches are cross-sectional studies and focus on identifying the association between baseline SUA and hypertension. Few studies explore the role of changes over time in SUA in the development of hypertension. Baseline SUA reflects the uric acid level at a specific point in time, but SUA levels are dynamic. Uncontrolled SUA levels are likely to further increase the risk of hypertension. Therefore, we conducted this study to investigate the potential impact of SUA, especially its change over time, on future hypertension incidence.




2 Methods



2.1 Study population

This study is a dynamic retrospective cohort study and a secondary analysis of data obtained from Dryad Digital Repository (https://datadryad.org). The study design and characteristics have been previously described (13). Briefly, individuals with local household registration who resided in the community for more than 6 months were eligible for free health check-ups every 2 years based on the China Public Basic Health Services Project. The primary study participants included 12498 adults aged 40 years or older who underwent physical examinations at the Zhanongkou community health service center in Hangzhou, Zhejiang Province, from May 2010 to December 2018. The present study excluded 2681 participants with fewer than three physical examinations, 636 participants without complete data on serum uric acid (SUA), systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting blood glucose (FBG), or total cholesterol (TC), and 3129 participants with a history of hypertension, hyperglycemia, or dyslipidemia at baseline. Ultimately, a total of 6052 individuals (2012 men and 4040 women) were included in this analysis (Figure 1).




Figure 1 | The flowchart illustrating the inclusion process of participants in this study.






2.2 Data measurement

All participants in the present study underwent baseline examination and at least 2 follow-up examinations. As described in the previous study, trained nurses administered a standardized questionnaire to collect information on demographic characteristics, medical history (including hypertension, diabetes, and dyslipidemia), and medication usage. Weight and height were measured using calibrated scales and a stadiometer, respectively. Blood pressure was measured twice, with a 2-minute interval between measurements, using a calibrated mercury sphygmomanometer. The final value was calculated as the average of the two readings. Venous blood samples were collected from all participants after fasting for at least 8 hours. SUA, fasting blood glucose FBG, total cholesterol TC, and serum creatinine levels were measured using standard clinical laboratory methods.




2.3 Data definition

The outcome of this study was the occurrence of hypertension during the follow-up period. Hypertension was defined as systolic blood pressure (SBP) ≥ 140 mmHg or diastolic blood pressure (DBP) ≥ 90 mmHg, self-reported history of hypertension, or current use of antihypertensive medications. Prehypertension was defined as SBP between 120 and 139 mmHg or DBP between 80 and 89 mmHg. HUA was defined as SUA ≥ 416 µmol/L (70mg/L) in men and ≥ 357 µmol/L (60mg/L) in women. The change in SUA was calculated as the highest SUA value during the follow-up period minus the SUA value at baseline, reflecting the control of participants’ SUA levels.

The included participants were categorized into six groups based on their baseline SUA levels and the control of SUA levels during the follow-up period (Figure 2). Grades 1 to 6 represented the participants’ SUA control from best to worst. Grade 1: Participants had normal SUA levels at baseline, and the highest SUA level during follow-up remained below or consistent with the baseline SUA. Grade 2: Participants had normal baseline SUA levels, and the highest SUA level during follow-up increased but remained within normal ranges. Grade 3: Participants had normal SUA levels at baseline but developed HUA during follow-up. Grade 4: Participants had HUA at baseline, but the highest SUA level during follow-up was controlled within normal ranges. Grade 5: Participants had HUA at baseline, and the highest SUA level during follow-up did not exceed the baseline SUA but remained above normal levels. Grade 6: Participants had HUA at baseline, and the highest SUA level during follow-up was higher than the baseline SUA.




Figure 2 | The diagram of participant classification based on grades of serum uric acid control. Grade 1: Normal baseline SUA, consistent or below during follow-up; Grade 2: Normal baseline SUA, increased but within normal ranges during follow-up; Grade 3: Normal baseline SUA, developed HUA during follow-up; Grade 4: HUA at baseline, controlled within normal ranges during follow-up; Grade 5: HUA at baseline, follow-up SUA remained above normal levels but not exceeding baseline; Grade 6: HUA at baseline, follow-up SUA higher than baseline.






2.4 Statistical analysis

Logistic regression models were used to investigate the associations of different classifications of SUA control and hypertension incidence. Model 1 was adjusted for sex and age at baseline. Model 2 was further adjusted for SUA, SBP, and DBP at baseline. Model 3 was further adjusted for body mass index (BMI), FBG, TC, creatinine, and estimated glomerular filtration rate (eGFR) at baseline. P values for trend were calculated using the classifications of SUA control grades as a continuous variable in the models. Restricted cubic splines (RCS) were conducted to explore the shape of the relationships between the changes in SUA and hypertension incidence with five knots (at the 5th, 25th, 50th, 75th, and 95th percentiles).

Subgroup analyses and interaction analyses were carried out to discover potential interact impact factors in Model 3. Subgroup analyses were stratified by baseline sex, age (<60 and ≥60 years), BMI (<24 and ≥24 Kg/m2), SBP (<120 and ≥120 mmHg), DBP (<80 and ≥80 mmHg), FBG (<6.1 and ≥6.1 mmol/L), TC (<5.18 and ≥5.18 mmol/L), creatinine (<74 and ≥74 μmol/L), and eGFR (<82.1 and ≥82.1 mL/min/1.73m2). The cut-off values of creatinine and eGFR were based on their respective baseline medians. The interaction models were established by adding interaction variables to Model 3 and was compared with Model 3 using likelihood ratio test to assess the P values for interaction.

Additionally, to verify the robustness of our main results, sensitivity analysis was performed by excluding participants with prehypertension at baseline (n=4492). Another sensitivity analysis was performed by excluding individuals who developed hypertension at the first follow-up examination (n=1154).

Continuous variables are presented as mean ± standard deviation (SD) and categorical variables are presented as frequencies (percentages). Kruskal–Wallis test and Chi-square test were used to inspect the significance of differences in continuous and categorical variables, respectively, between different groups.

All analyses were conducted using SPSS 24.0 software (SPSS Inc., Chicago, IL) and R software version 4.0.5. A two-sided P < 0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristic

The baseline characteristics of the participants are summarized in Table 1. The study comprised 6052 participants with an average age of 65.8 ± 9.4 years, among whom 33.2% were men. When compared to participants in grade 1, those with poorer control of SUA tended to be men, older, and exhibit higher baseline BMI, SBP, and DBP.


Table 1 | Baseline characteristics according to the grades of serum uric acid control.






3.2 Association between hypertension incidence and the control of SUA

During a median follow-up period of 6 years, 2550 (42.1%) participants developed hypertension. The relationship between the risk of hypertension and the grades of SUA control is presented in Table 2. The incidence of hypertension gradually increased with poorer SUA control, rising from 33.8% in grade 1 to 60.6% in grade 6. Comparing to grade 1 of SUA control, the odds ratios (ORs) for hypertension incidence were 1.216 (1.045-1.415) in grade 2, 1.659 (1.214-2.267) in grade 3, 1.965 (1.640-2.354) in grade 4, 2.348 (1.745-3.161) in grade 5, and 3.012 (2.392-3.791) in grade 6. Similar patterns were observed in Model 1, adjusted for sex and age. After further adjustment for additional potential confounding factors in Model 2, the OR for hypertension incidence was 1.354 (1.116-1.644) in grade 2 of SUA control, surpassing the OR of 1.147 (0.771-1.707) in grade 3. Consistent findings were demonstrated in Model 3, accounting for all potential confounding factors. Participants with poorer SUA control were significantly more likely to develop hypertension (P for trend < 0.001).


Table 2 | ORs for risk of hypertension development according to the grades of serum uric acid control.



As depicted in Figure 3, the RCS regression models demonstrated a linear correlation between the risk of hypertension and the dynamic changes in SUA. When classified based on baseline SUA levels, participants with HUA at baseline exhibited a higher risk of hypertension events compared to those with normal baseline SUA, even when their dynamic changes in SUA were the same. Additionally, linear relationships between dynamic changes in SUA across different grades of SUA control and the risk of hypertension were observed.




Figure 3 | The relationship between changes in serum uric acid and risk of hypertension based on restricted cubic spines with 5 knots at 5th, 25th, 50th, 75th, and 95th percentiles. (A) all participants; (B) participants classified based on baseline serum uric acid levels; (C) participants classified based on grades of serum uric acid control. Adjusted for sex, age, body mass index, serum uric acid, systolic and diastolic blood pressure, fasting blood glucose, total cholesterol, serum creatinine, and estimated glomerular filtration rate at baseline.






3.3 Subgroup analyses

The results of subgroup analyses are summarized in Table 3. Generally, participants with poorer SUA control, particularly those in grade 6, exhibited a significantly higher risk of developing hypertension within each subgroup. Significant interactions were observed in both SBP (P for interaction = 0.003) and DBP (P for interaction < 0.001) subgroups. In these two subgroups, comparing participants with poor SUA control with participants to those with the best SUA control in their respective subgroups, the increased risk of developing hypertension in participants with a baseline SBP <120 mmHg or DBP <80 mmHg was obviously higher than that in participants with a baseline SBP ≥120 mmHg or DBP ≥80mmHg.


Table 3 | Subgroup analyses for the risk of hypertension by the grades of serum uric acid control.






3.4 Sensitivity analyses

The results of sensitivity analyses are presented in Table 4. After excluding participants with prehypertension at baseline, those with poorer SUA control (grades 2 to 6) exhibited an elevated risk of hypertension incidence in comparison to those with optimal SUA control (grade 1). Similar findings were observed after excluding participants who developed hypertension at the first follow-up.


Table 4 | Sensitivity analyses for risk of hypertension incidence.







4 Discussion

In this retrospective cohort study, we explored the relationship between the incidence of hypertension and the grades of SUA control. Our findings highlight a substantial elevation in the risk of developing hypertension among individuals with poor SUA control, irrespective of their baseline SUA levels. In addition, our results indicated that individuals presenting HUA at baseline faced a heightened risk of hypertension compared to those with normal baseline SUA levels when experiencing the same changes in SUA.

Recently, numerous studies have revealed the association between SUA and hypertension. A growing body of evidence suggests that SUA serves as an independent risk factor for the onset and progression of hypertension (10–12). In a meta-analysis encompassing 25 studies with 97,824 participants, the relative risk of incident hypertension was found to increase by 1.15 for every 1 mg/dl rise in SUA (9). Notably, SUA is a dynamic biochemical parameter that undergoes changes over time. A singular measurement of SUA at a specific time point may introduce bias to the relationship, as it fails to consider how SUA change within individual over time. Additionally, neglecting the potential impact of SUA changes and their association with future hypertension risk further compounds this bias. However, limited information is available on the association of change over time in SUA to hypertension incidence and blood pressure progression. Our research serves to supplement and provide new insights into this area. The Pressioni Arteriose Monitorate E loro Associazioni study (14) found that individuals who had a normal baseline SUA and developed HUA during a 25-year follow-up period showed higher 24-hour blood pressure. A prospective cohort study using trajectories to reflect an over 5-year change in SUA demonstrated distinct trajectories of uric acid were differentially associated with hypertension risk in middle-aged adults (15). Another prospective cohort study indicated that an increase in SUA over time could independently predict progression from prehypertension to hypertension, with an odds ratio of 1.41 in the highest quartile versus the lowest quartile (16). Our results were similar with these studies, showing that individuals with poorly controlled SUA faced a significantly higher risk of developing hypertension compared to those with optimally controlled SUA. A prior study with a large Korean cohort similarly indicated elevated risks for incident hypertension in the highest quartiles of SUA change compared to the lowest quartiles, supporting our findings (17).

In contrast to previous studies that assessed hypertension risk based on quartiles of SUA changes, our study adopted a novel practical classification method, categorizing SUA control into six grades. This classification considers whether baseline SUA was high and whether changes in SUA progressed to HUA or decreased to normal levels. To our knowledge, this is the first study to employ such a method to classify changes in SUA. Each category represented a distinct grade of SUA control, offering a more intuitive approach for conveying the risk of hypertension at different SUA change levels to the general population.

Notably, after adjusting for all confounding factors in Model 3, participants with normal baseline SUA levels that increased during follow-up exhibited an elevated risk of developing hypertension, even though their SUA levels remained within the normal range throughout. More interestingly, participants with baseline HUA whose SUA decreased to normal levels displayed a lower risk of incident hypertension compared to those with increased SUA levels during the follow-up period but still remaining within normal ranges. This underscores the critical role of good control of SUA, where a reduction from HUA at baseline to normal levels significantly diminishes the risk of hypertension. Conversely, an increase in SUA levels, even within the normal range, is associated with an elevated risk of hypertension. In addition, the linear associations persisted across various grades of SUA control, also emphasizing the importance of SUA management in the prevention of hypertension. Similar to our results, the Brisighella Heart Study (18) revealed a significant increase in SBP among individuals with worsened SUA levels. However, they simply categorized the population into groups based on uric acid changes: unchanged, elevated, or improved. In our study, when grouping participants, we considered whether their SUA levels deteriorated to hyperuricemia or improved to normal levels. This classification method was more detailed and practical.

Furthermore, an increased risk of hypertension was observed in participants with HUA at baseline compared to those with normal SUA at baseline when their changes in SUA were identical, implying that elevated baseline SUA levels also promoted the onset of hypertension. Thus, both elevated SUA levels at baseline and poor control of SUA can increased the risk of developing hypertension, which is consistent with the previous report (17). A prior study (19) has confirmed that the combined effect between increased baseline and changes in SUA is a significant and independent determinant for metabolic syndrome, providing evidence for our results.

Recently, the Uric Acid Right for Heart Health (URRAH) study proposed a lower SUA cutoff value, which may be more suitable for cardiovascular risk factors and cardiovascular mortality (20, 21). But we did not adopt this cutoff value for two main reasons. Firstly, there was a difference in the racial composition of the study populations. The URRAH study primarily included Italians, while our study focused on Chinese individuals. Different racial groups exhibit variations in SUA metabolism rates and disease incidence (22). Secondly, the observed outcomes of the studies were different. The URRAH study focused on cardiovascular mortality, while our study investigated the incidence of hypertension. Therefore, in our study, we conducted the analyses with the classical hyperuricemia cutoff value, which is widely used and accepted in China.

Subgroup analyses indicated that there was an interaction between SBP, DBP and grades of SUA control in the development of hypertension. When SBP <120 mmHg or DBP <80 mmHg, the risk of developing hypertension due to poor SUA control is higher. After excluding participants in prehypertension at baseline or participants who developed hypertension at the first follow-up, the sensitivity analyses further confirmed that the control of SUA was closely related to the risk of hypertension even though the blood pressure was at an ideal level. Participants with the best control had the lowest risk. These results are a reminder of the need to keep SUA under control even when blood pressure is normal.

The potential mechanisms of SUA contributes to the development of hypertension are multifaceted and complex. First, uric acid causes hypertension in the rat via activating the renin-angiotensin system inducing vascular smooth muscle cell proliferation, oxidative stress, and renal arteriolopathy (23–25). Second, HUA can induce endothelial dysfunction and renal vasoconstriction by inhibiting Nitric Oxide production. These factors cause renal structure abnormalities, resulting in salt-sensitive and uric acid-independent hypertension (26, 27). Third, the formation of uric acid is accompanied by the production of reactive oxygen species (28). Oxidative stress induced by reactive oxygen species can causes vascular dysfunction, cardiovascular remodeling, and renal dysfunction, leading to hypertension (29). In addition, many studies have suggested that uric acid–lowering medication can decrease blood pressure (30–32). Therefore, SUA is closely related to the development of hypertension.

The advantages of this study included a large sample size, a long follow-up period, and multiple follow-up measurements of SUA levels and blood pressure. Considering the impact of dynamic changes in SUA on the onset of hypertension, our results would be more reliable. The present study also has several limitations that need to be noted. First of all, this was a single-center study involving participants older than 40 years. Thus, the data predominantly reflect a specific demographic within a particular region, which might limit the generalizability of our findings to broader populations. Second, although we accounted for several confounding factors, certain potential factors influencing the development of hypertension, such as family history of hypertension, drinking and smoking, were not included in our analysis. Third, the results might be biased, because our study was a retrospective analysis. Finally, during the follow-up, some individuals who developed hypertension may have used diuretics and losartan to control blood pressure, and these medications can affect SUA levels (33, 34). However, information on these medication uses was not available, which could potentially impact our results.




5 Conclusion

In conclusion, poor SUA control increases risk for developing hypertension. Regardless of whether the initial SUA is normal or not, an increase in SUA over time rises the risk of developing hypertension. On this basis, initial high uric acid will further exacerbate this risk. Therefore, monitoring changes in SUA and implementing effective SUA control are important measures for primary prevention of hypertension.
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Model 3: adjusted for variables in Model 2 plus BMI, FBG, TC, serum creatinine and eGFR at baseline.
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