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Angiopoietin-Like Protein 4 May Be an Interplay Between Serum Uric Acid and Triglyceride-Rich Lipoprotein Cholesterol
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Background: Although the available evidence has indicated a link between elevated serum uric acid (SUA) level and dyslipidemia, the potential contribution of SUA on lipid profiles remains unclear. Experimental and clinical studies have revealed several mechanisms through which high serum angiopoietin-like protein 4 (ANGPTL4) level exerts deleterious effects on lipid metabolism, but the role of ANGPTL4 in SUA-associated dyslipidemia has not been well studied, so far.

Methods: A total of 80 subjects were classified into high SUA group (n = 40) and low SUA group (n = 40) by the median value of SUA in the whole study population. Serum ANGPTL4 levels were determined by enzyme-linked immunosorbent assays.

Results: In our study, we observed that not only serum triglyceride level [1.03 (0.78, 1.50) mmol/L vs. 1.59 (1.18, 2.37) mmol/L, p = 0.001] but also serum triglyceride-rich lipoprotein cholesterol (TRL-C) level [0.38 (0.32, 0.45) mmol/L vs. 0.46 (0.34, 0.54) mmol/L, p = 0.012] were significantly elevated in high SUA group. Additionally, serum ANGPTL4 in high SUA group was higher than in low SUA group [15.81 (11.88, 20.82) ng/ml vs. 22.13 (17.88, 32.09) ng/ml, p = 0.000]. Moreover, in all subjects, TRL-C levels were positively associated with SUA (r = 0.26, p = 0.023, n = 80) and ANGPTL4 levels (r = 0.24, p = 0.036, n = 80). Using stepwise multiple regression analysis to adjust for potential confounders, SUA was discovered to be an independent contributor to serum ANGPTL4 (p = 0.023). At the same time, serum ANGPTL4 was an independent contributor to the level of TRL-C (p = 0.000). However, the correlation between SUA and TRL-C disappeared after controlling for ANGPTL4 level.

Conclusion: Serum uric acid was positively correlated to TRL-C. ANGPTL4 may be an interplay between SUA and associated elevation of TRL-C.
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INTRODUCTION

Serum uric acid (SUA), formed from xanthine, is the inert product of human purine metabolism, and its level is maintained by the balance between the production and excretion of uric acid. Excessive uric acid production by the liver, adipose tissue or muscle, and markedly decreased excretion by the kidney bring about the hyperuricemia. Overwhelming epidemiologic studies have reported that SUA is closely related to various cardiovascular conditions, such as dyslipidemia, metabolic syndrome, hypertension, and coronary artery disease (CAD) (1–9). However, until this day the exact role of SUA in these diseases remains controversial. It is difficult to determine whether SUA is a cause or a consequence. Previous studies suggested that hyperuricemia is a result of metabolic dysregulation, such as diabetes (10) and hypertension (6, 9), but some other studies indicated that SUA per se could play a causal role in the pathogenesis of metabolic disruptions (11–15). Liu et al. have found that high SUA could directly induce lipid metabolism disturbance by upregulating lysophosphatidyl choline acyltransferase 3 in the liver, which could induce p-STAT3 inhibition and SREBP-1c activation (3). Correspondingly, early prevention of hyperuricemia may be helpful to alleviate dyslipidemia (16). Thiazide treatment, which could increase SUA levels would lead to hypertriglyceridemia, while the febuxostat and allopurinol treatment lowering SUA could improve lipid profile (17, 18), suggesting the potential effect of SUA on the regulation of lipid metabolism (19). Whether there is an unidentified factor serving as a bridge mediating the deleterious effects of SUA on dyslipidemia remains unclear.

Recently, genome-wide association studies have revealed that an ANGPTL4 variant is associated with TG, triglyceride-rich lipoprotein cholesterol (TRL-C), and LDL-C levels and thus has considerable effects on cardiovascular risk (20, 21). Functional studies in vitro have identified that angiopoietin-like protein 4 (ANGPTL4) potently inhibits lipoprotein lipase (LPL) and hepatic lipase action (22–24). Using murine and non-human primate models, Dewey et al. (25) have further clarified that ANGPTL4 plays a role in plasma triglyceride and very low-density lipoprotein (VLDL) metabolism by inhibiting the LPL activity. Both triglyceride and the non-HDL-C level could be effectively reduced through anti-ANGPTL4 therapy, which is consistent with the results in ANGPTL4-inactivating mutations carriers. Interestingly, accumulating studies have found that circulating ANGPTL4 is greatly increased in patients with metabolic syndrome or diabetes and is highly associated with metabolic traits, which is similar to the association of SUA with risk of metabolic syndrome (26). Although these experimental and clinical studies have revealed that elevated circulating ANGPTL4 exerts deleterious effects on TRLs (VLDL, IDL, and chylomicrons) metabolism, it is necessary to further explore the interaction between circulating ANGPTL4, metabolic syndrome, and multiple metabolic traits, such as SUA, cholesterol, and glucose.

Previous studies have demonstrated that ANGPTL4 is highly expressed in liver and adipose tissue in humans, especially the subcutaneous adipose tissue (27). Moreover, it could be regulated by various nutrition statuses in a tissue-specific manner according to the different functions of tissues and their physiological requirements for lipids (26, 28). For example, fasting could increase the circulating ANGPTL4 while the fed state could lower the serum ANGPTL4 level by regulating the lipid-sensing peroxisome proliferator-activated receptors (PPARs) to stimulate the ANGPTL4 expression in adipose tissue, liver, or intestine (28). However, the regulation of ANGPTL4 in metabolic syndrome has not yet been extensively studied. Of note, SUA could also be produced and secreted from adipose tissue that had higher expression and activities of xanthine catabolic enzyme, xanthine oxidoreductase (XOR) (18). Additionally, several studies have also found that SUA production is related to lipolysis, adipogenesis, adipose tissue remodeling, and active lipid metabolism, indicating the potential link between SUA and the regulation of ANGPTL4 (29, 30).

The current study was designed to explore the relationship between SUA and ANGPTL4 and their independent effect on triglyceride-rich lipoprotein cholesterol.



MATERIALS AND METHODS


Subjects

Our cohort consisted of 80 subjects who were enrolled in the department of Cardiology of The Second Xiangya Hospital, Central South University, Changsha, China. To observe the serum ANGPTL4 level and its relationship with lipid profiles and SUA levels, all subjects were categorized into high SUA group (n = 40) and low SUA group (n = 40) by the median value of SUA in the whole study population. Besides, we also classified all participants into CAD group (n = 45) and non-CAD group (n = 35) according to the clinical symptoms, ischemic changes in ECG, and CAG findings to investigate the serum ANGPTL4 levels and lipid profiles in patients with CAD. The detailed criteria for diagnosis of CAD and the exclusion criteria for participants were described before (31). All subjects gave informed consent, and the protocol was approved by an institutional review committee.



Clinical and Biochemical Measurements

Patient information, such as age, gender, smoking history, and medication history, were recorded. Anthropometric measurements [height, weight, body mass index (BMI), and blood pressure] were assessed after overnight fasting for at least 10 h. Blood samples were collected after an overnight fast, and the samples were stored at −80°C until analysis. Lipid profile, such as total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), hepatic function, renal function, SUA, and high sensitive C reactive protein (hs-CRP), were evaluated by standard laboratory procedures. TRL-C has have simply been calculated as total cholesterol minus HDL-C and LDL-C levels. The estimated glomerular filtration rate (eGFR) was assessed by the Mayo formula (32).



Measurement of Serum ANGPTL4 Levels

Serum ANGPTL4 concentration was determined by a sandwich enzyme-linked immunosorbent assay (ELISA). Commercial ELISA kits from CUSABIO Corporation (CSB-EL001712HU) were used to assess the concentrations of ANGPTL4.



Statistical Analysis

Clinical data are presented as mean ± SD or median with the interquartile range as appropriate. Comparisons between categorical data were performed with χ2 tests, while continuous variables were assessed by independent t-tests or one-way analysis of variance (for normal distribution) or non-parametric test (for skewed distribution). As skewed distributions, serum ANGPTL4 and SUA values from subjects were compared using the Mann-Whitney U-test. The original ANGPTL4 values were transformed logarithmically when it was described in Figures 2, 3B. The correlations between ANGPTL4 and SUA as well as blood lipids were tested by Spearman’s correlation coefficients. Stepwise multiple linear regression analysis was performed to determine the variables with the independent significant association among ANGPTL4 and SUA and blood lipid profile. These variables included all potential ones which might have a significant relationship with blood lipid profile and uric acid in univariate analyses. A two-tailed p-value < 0.05 was considered statistically significant. Statistical analysis was performed with Statistical Package for Social Sciences version 22.0 and plots were created with GraphPad Prism V.6.0 (GraphPad Software, Inc., La Jolla, CA, United States).
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FIGURE 1. (A) Comparison of serum triglycerides-rich lipoprotein cholesterol (TRL-C) between high SUA group and low SUA group, the Mann-Whitney U-test showed that TRL-C levels were significantly greater in the high SUA group than in the low SUA group, *p < 0.05. (B) Serum uric acid is positively correlated to TRL-C concentration in all subjects.
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FIGURE 2. Serum ANGPTL4 (Log-transformed) concentration correlated to TRL-C concentration in all subjects (n = 80).
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FIGURE 3. (A) Comparison of circulating ANGPTL4 between high SUA group and low SUA group, the Mann-Whitney U-test showed that serum ANGPTL4 was significantly greater in the high SUA group than in the low SUA group, **p < 0.01. (B) Serum uric acid is positively correlated to ANGPTL4 concentration in all subjects.





RESULTS


The Relationship Between Lipid Profile and Serum Uric Acid Levels

Epidemiologic studies have depicted a well-established relationship between SUA concentration and CAD, dyslipidemia, and metabolic syndrome. In our study, we used the medium value of SUA in the whole study population (302.4 μmol/L) as the cut-off point to define the high or low SUA group, which is similar to previous epidemiological studies (19, 33). Table 1 presented the clinical and biochemical characteristics of subjects by this SUA cut-off value. As shown in Table 1, there were more men than women in the high SUA group. Consistent with previous reports (1, 6), individuals with higher SUA levels were more hypertensive and exhibited markedly higher values of serum hs-CRP. There is no significantly different distribution of patients with CAD between subjects with high and low-SUA levels. Consistent with previous reports (1, 2, 4, 5), individuals with high SUA levels (≥302.4 μmol/l) have significantly higher TG levels [1.03 (0.78, 1.50) mmol/L vs. 1.59 (1.18, 2.37) mmol/L, p = 0.001] and TRL-C levels [0.38 (0.32, 0.45) vs. 0.46 (0.34, 0.54) mmol/L, p = 0.012; Figure 1A]. Meanwhile, the HDL-C level in the high-SUA group was lower than that in the low-SUA group [1.20 (1.10, 1.30) mmol/L vs. 1.00 (0.80, 1.10) mmol/L, p = 0.000]. The comparisons were also made between CAD and non-CAD groups in terms of metabolic parameters. Our data showed that patients with CAD tend to have higher TRL-C [0.38 (0.30, 0.47) mmol/L vs. 0.44 (0.35, 0.51) mmol/L, p = 0.045] and lower HDL-C [1.20 (1.00, 1.33) mmol/L vs. 1.01 (0.86, 1.19) mmol/L, p = 0.021] compared to the control group. There was no significant difference in LDL-C between patients with CAD and control, possibly due to more statin users in the CAD group (58%) than in controls (9%). Unexpectedly, despite patients with CAD tend to have higher angiopoietin-like protein 4 (ANGPTL4) concentrations and SUA levels than non-CAD subjects, the difference between the two groups did not achieve statistical significance (Table 2).


TABLE 1. Clinical characteristics of the study population according to the median value of SUA levels (302 μmol/l).
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TABLE 2. Clinical characteristics of the CAD group and non-CAD group.
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Furthermore, we also investigated the correlation between SUA and lipid profile. As described in Table 3, SUA level was positively correlated with TG (r = 0.286, p = 0.01), TRL-C (r = 0.225, p = 0.023, Figure 1B), BMI (r = 0.312, p = 0.005), as well as serum hs-CRP level (r = 0.289, p = 0.038) but negatively related to HDL-C level (r = −0.470, p = 0.000). Considering weight as a potential contributor to SUA-associated dyslipidemia, we adjusted for BMI and found that the relationship between SUA levels and TRL-C or HDL-C remained significant but the association between SUA and TG disappeared.


TABLE 3. Correlation analysis of SUA and cardio-metabolic parameters.
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Association of Circulating Angiopoietin-Like Protein 4 With Lipid Profile

ANGPTL4, as a lipoprotein lipase inhibitor, plays a key role in triglycerides metabolism (28). Current studies have shown inconsistent data about the relationship between serum ANGPTL4 and lipid parameters (27). In our study, we observed that serum ANGPTL4 concentrations were positively associated with total cholesterol (r = 0.254, p = 0.023) and TRL-C (r = 0.235, p = 0.036, Figure 2) but not with LDL-C, triglycerides, and HDL-C (Table 4). Meanwhile, we analyzed the relationship of TRL-C with some metabolic factors. As presented in Table 5, the level of TRL-C was significantly correlated with both the concentration of SUA and ANGPTL4. However, in the multiple regression analysis, the contribution of SUA to TRL-C level disappeared but the contribution of hs-CRP to TRL-C appeared after controlling for the effect ofANGPTL4 and other related factors, such as age, gender, statin therapy, and estimated glomerular filtration rate (eGFR), leaving ANGPTL4 an independent contributor to TRL-C level (Table 6).


TABLE 4. Correlation analysis of ANGPTL4 and cardio-metabolic parameters.
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TABLE 5. Correlation analysis of TRL-C and metabolic factors.
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TABLE 6. Stepwise multiple regression analysis detecting independent contributor to TRL-C.
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Considering the role of inflammation status in dyslipidemia and serum ANGPTL4 level (34, 35), we also assessed the relationship between the serum ANGPTL4 and hs-CRP, an established marker of inflammation. In accordance with previous reports (34), the serum hs-CRP levels had a strong correlation with serum ANGPTL4 levels (r = 0.445, p = 0.001, Table 4).



The Relationship Between Serum Uric Acid and ANGPTL4

Given the observance that individuals with high SUA levels have significantly higher serum TG and TRL-C levels, we further assessed the circulating ANGPTL4 in the high SUA group. Interestingly, compared to the low SUA group, higher ANGPTL4 was found in the high SUA group [15.81 (11.88, 20.82) ng/ml vs. 22.13 (17.88, 32.09) ng/ml, p = 0.000, Figure 3A]. In addition, serum ANGPTL4 concentrations were positively correlated with SUA levels in all subjects (r = 0.46, p = 0.000, Figure 3B). More importantly, multiple regression analysis revealed that the association between ANGPTL4 and SUA level was independent of age, gender, statin, BMI, hypertension, and eGFR as well as serum hs-CRP levels, indicating that SUA is a potential contributor to ANGPTL4 (Table 7). To investigate the relationship of serum ANGPTL4 in SUA-associated dyslipidemia, we analyzed the correlation between ANGPTL4 and TRL-C in the high SUA group and the low SUA group after adjusting the confounders (sex, gender, and BMI), respectively. We found a strong correlation between ANGPTL4 and TRL-C only in the high SUA group (r = 0.717, p = 0.000) and not in subjects with low SUA levels (r = −0.88, p = 0.604), indicating ANGPTL4 may play a role in TRL-C metabolism in patients with hyperuricemia and thus mediate SUA-associated dyslipidemia.


TABLE 7. Stepwise multiple regression analysis detecting independent contributor to ANGPTL4.
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DISCUSSION

Here, we discovered serum uric acid (SUA) to be highly associated with multiple features of the metabolic syndrome, such as triglycerides and BMI, and negatively associated with HDL-C levels, which is consistent with previous epidemiologic studies (1, 2, 4, 7, 8, 10). Apart from this, our study has also shown that in the high SUA group, not only triglyceride but also triglyceride-rich lipoproteins cholesterol (TRL-C) are markedly elevated. Moreover, TRL-C level is positively correlated with SUA level, suggesting a complex interaction between SUA and TRL-C metabolism. SUA had formerly been regarded as an “innocent bystander,” where its elevation was believed to be attributed to the influence of insulin resistance in metabolic syndrome which was accompanied by dyslipidemia. However, recent evidence supports the possibility that an elevated uric acid level may play a role in the pathogenesis of dyslipidemia, metabolic syndrome, hypertension, and atherosclerosis via insulin resistance dependent or independent pathway (3, 11, 12, 15).

Bearing in mind that a potential “bridge” could be mediating the interplay between SUA and lipid metabolism, we further looked into ANGPTL4 levels in our patient population. Our study first provided evidence that circulating ANGPTL4 levels were significantly elevated in individuals with high SUA levels. We also observed that circulating ANGPTL4 level was independently associated with SUA level even after adjustment for serum hs-CRP which has been reported to participate in dyslipidemia and increase ANGPTL4 expression in metabolic syndrome (34), suggesting a potential contribution from SUA in ANGPTL4 regulation. Previous studies have revealed that ANGPTL4 is highly expressed and regulated in adipose tissue by the response to variations in the nutritional state (36, 37). Intriguingly, Tsushima et al. (18) reported that SUA also could be produced and secreted from adipose tissue through xanthine catabolic enzyme–xanthine oxidoreductase (XOR). XOR could regulate the activity of PPARγ, which is reported as a transcription factor of ANGPTL4 in human adipose tissue (27, 29). Moreover, a study has revealed that ANGPTL4 is highly expressed in the omental and subcutaneous adipose tissue which was the major origin of SUA (27). Besides, some studies have indicated that in obesity SUA is related to lipolysis by some unknown mechanism (18). Taking this into consideration, the present results indicated further investigation is required to clarify the underlying mechanism whereby SUA modulates ANGPTL4 levels in humans.

Recent studies have reported that circulating ANGPTL4 is strongly related to lipid and multiple features of the metabolic syndrome (21, 26). In our study, we observed that serum ANGPTL4 is negatively correlated with HDL-C level but still failed to observe a significant positive correlation of ANGPTL4 with triglyceride, which is consistent with previous studies (38, 39). However, we incidentally found that serum ANGPTL4 levels were independently correlated with TRL-C levels, especially in subjects with hyperuricemia. In vivo and in vitro studies have confirmed that ANGPTL4 could inhibit the activity of lipoprotein lipase (LPL) and thus regulate triglyceride hydrolysis and plasma triglyceride-rich lipoproteins (TRLs) clearance (38), which may partially explain the role of ANGPTL4 on TRLs metabolism. Indeed, the function of ANGPLT4 is dependent on the tissue requirement for lipid, so different metabolic states would interfere with ANGPLT4-mediated lipid metabolism. Some studies have revealed that ANGPTL4 stimulates intracellular lipolysis in adipocytes and myocytes in the fasting state. The metabolism of TG-rich remnant particles is not completely dependent on LPL activity, the process of receptor-mediated endocytosis of remnant particles and intracellular lipolysis is also important (38). Meanwhile, some studies have shown that liver-derived ANGPTL4 could not only regulate the LPL activity but also inhibit hepatic lipase from hydrolyzing the lipid cargo of TG-rich remnant particles and thus have an influence on remnant cholesterol metabolism (40). Therefore, whether hyperuricemia could affect the function of ANGPLT4 is another interesting question that will be explored in our future study.

In addition, in our investigation, although circulating ANGPTL4 concentrations tended to be greater in the CAD group, we found it to fall short of statistical significance. According to published clinical studies, ANGPTL4 levels in patients with CAD vary widely despite the strong genetic evidence for the role of ANGPTL4 on CAD risk (21, 41, 42). We know from clinical and animal studies that ANGPTL4 can be influenced by many factors, such as the metabolic state (22), abnormal lipid profiles (43), and feedback loops, with other members of the angiopoietin-like protein family-like ANGPTL3 (44) and ANGPTL8 (26, 38), making it difficult to interpret its changes in the serum.

The limitations of our study are: first, a relatively small number of subjects may not represent the observed findings for the entire population. Additionally, our study is a cross-sectional study that does not allow us to ensure complete control of all the potential (still unknown)confounding factors. Indeed, we could not rule out the possibility that some key parameters, such as glucose, insulin, and glucagon, may attenuate the relationship between the ANGPTL4 and SUA-associated dyslipidemia. Moreover, the correlations between SUA and TRL-C may be confounded by other factors due to the complex regulation of TRL-C metabolism, such as post heparin plasma lipoprotein lipase (LPL) activity, ApoC3, and ANGPTL3/8, which were not evaluated in our study and known to affect lipid metabolism. However, the present study findings are still worthy of a reference. Large-scale prospective studies investigating the association between hyperuricemia and ANGPTL4 are required to replicate our findings. To validate the relationship between SUA and ANGPTL4, a follow-up study of patients with higher levels of SUA treated with uric acid-lowering agent would be most helpful. Meanwhile, related mechanistic studies to confirm the cause-and-effect relationships between SUA and ANGPTL4 remain to be explored in the future.

In conclusion, our current study exhibited that individuals with high SUA tend to have higher circulating ANGPTL4 levels as well as increased TRL-C. SUA was an independent contributor to ANGPTL4, which prompts our future work to determine whether SUA could directly impact ANGPTL4 expression and lowering SUA could subsequently decrease ANGPTL4 and improve ANGPTL4-mediated lipid disorders. Also, this interaction between ANGPTL4 and SUA-related lipid disturbance creates the possibility for ANGPTL4-targeted therapies to impart a significant benefit in hyperuricemia-associated dyslipidemia.
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