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Background and Aims: Studies of both animals and humans show that a high intake of vitamin A is associated with a lower risk of dyslipidemia. However, an association of plasma retinol levels with dyslipidemia is unclear. Therefore, the aim of this study is to investigate an association between plasma retinol and dyslipidemia and to identify related metabolites and pathways in the general population.

Methods: We included 250 participants aged 20–80 years from the Wellness Living Laboratory (WELL) China cohort. Associations between plasma retinol levels and dyslipidemia were analyzed using adjusted logistic models. Related metabolites were identified using ANCOVA, adjusted for the false discovery rate (FDR) and used for pathway analyses. Because there are sex differences in plasma retinol levels, all analyses were conducted separately by sex.

Results: Plasma retinol was significantly higher in men than in women. A positive association between plasma retinol and dyslipidemia was found in both sexes. In men, the 2nd and 3rd tertiles showed significantly higher proportions of dyslipidemia than the 1st tertile (1st tertile vs. 2nd tertile: p = 0.026; 1st tertile vs. 3rd tertile: p = 0.003). In women, the 3rd tertile showed a significantly higher proportion of dyslipidemia than the 1st and 2nd tertile (3rd tertile vs. 1st tertile: p = 0.002, 3rd tertile vs. 2nd tertile: p = 0.002). Overall, 75 and 30 metabolites were significantly associated with retinol levels in men and women, respectively. According to these metabolites, lipid metabolic pathways, including glycerophospholipid, arachidonic acid, linoleic acid, alpha-linolenic acid, and glycosylphosphatidylinositol (GPI), as well as steroid hormone biosynthesis pathways were found to overlap across the sexes. These pathways showed that elevated retinol levels might be associated with hormone metabolism and inflammation status.

Conclusions: We found a positive association between plasma retinol levels and dyslipidemia. Related metabolomic profiles and interrupted pathways showed that such an increase might be associated with steroid hormone synthesis and inflammation. In addition, large, population-based longitudinal studies and intervention studies are needed to confirm the role of retinol in lipid metabolism and the prevention of cardiovascular disease (CVD).
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INTRODUCTION

Dyslipidemia is a leading risk factor of cardiovascular disease (CVD), which causes ~17.8 million deaths globally in 2017 (1, 2). Dyslipidemia has increased rapidly in China owing to rapid socioeconomic development, and it is now a major contributor to an increase in coronary heart disease mortality (3). According to the National Survey of Chronic Kidney Disease in 2007, the prevalence of dyslipidemia is ~34% in China (4), as compared with 53% in the USA and 20% in Europe (5, 6). While genetics is a cause of dyslipidemia, dietary factors, and nutritional status such as intake of carbohydrates and fatty acids also play important roles (7). Moreover, few studies have shown that micronutrient status, such as vitamins A, C, and D also have a role in lipid metabolism and dyslipidemia (8–10).

Both animal and human population-based studies have shown that higher consumption of vitamin A is associated with lower serum levels of total cholesterol or higher levels of high-density lipoprotein (HDL) cholesterol (11–13). However, as a biomarker of body vitamin A nutritional status, few studies on the role of serum or plasma retinol acting on lipid metabolism are limited (14). Previous evidence shows that high- or low-serum retinol both increase cardiovascular-related mortality (15). A study using a long-term high dosage of retinol (the main type of vitamin A) as dermatosis medication reported that high-serum retinol levels were associated with higher triglycerides and cholesterol and lower HDL cholesterol (16). Another study focused on adolescents showed that participants with dyslipidemia had higher serum concentrations of retinol (17).

Metabolomic assessment, which measures a large number of small-molecule metabolites in the biological system within one assay, has the potential to provide insights into the interrelationships among serum retinol, lipids, and other metabolites. The untargeted metabolomics analysis is an effective way of identifying metabolites that do change in response to the manipulation of a biological system, to better understand metabolic dysregulation (18). Untargeted metabolomic assays can be used to identify related metabolites, such as retinol levels and lipid profiles, and to explain their metabolic pathways. Few studies have reported several metabolic pathways and related metabolites that are associated with dyslipidemia (19).

Therefore, in this study, we aimed to (1) investigate the associations of plasma retinol levels with dyslipidemia; (2) identify the metabolites related to plasma retinol levels; and (3) examine the potential pathways between retinol levels and related metabolites in association with dyslipidemia.



METHODS


Wellness Living Laboratory China Study and Participants

Wellness Living Laboratory (WELL) China is one of the four cohorts included in the Stanford WELL for Life Global Initiative. For WELL China, we recruited a total of 10,288 participants aged 20–80 years between 2016 and 2019 from a local residential (household) register of residents who were at the same address for more than 6 months, in the three districts of Hangzhou (Xi'hu, Shangcheng, and Gongshu). Eligible participants were physically and mentally capable of participating in the baseline information collection. Pregnant or breastfeeding women were not included in this study owing to safety concerns. The metabolomic data were collected using cluster sampling from all the communities in one administrative subdistrict of Xi'hu District (n = 250). Details of the recruitment strategy and sampling scheme have been reported previously (20, 21). The study was approved by the Institutional Review Boards of Zhejiang University, Hangzhou, China (No. ZGL201507-3) and Stanford University, CA, USA (IRB-35020).



Baseline Information Collection

At the baseline visit, we collected anthropometric data, including height, weight, and waist and hip circumference, and we conducted physical examinations and in-person interviews. The interviews addressed information on social-economic status, disease and medical history, physical activity, smoking and alcohol drinking habits, and a 26-item food frequency questionnaire for the dietary survey (22). The calculation of energy and nutrient intakes is reported elsewhere (23). Educational level was grouped into illiterate or primary school, middle or high school, or college or above. Physical activity was categorized as low, moderate, or high. Current smoking or alcohol drinking status was grouped into yes or no. For the biospecimen collection, we collected 12-h fasting blood samples on the same day as the baseline visit. The collected samples were processed within hours and stored immediately at −80°C for future lipid biomarker and metabolomic assessment. Dyslipidemia was determined according to the self-reported history of physician diagnosis or blood tests during baseline lipid biomarker examination. We defined dyslipidemia, according to the Guidelines for Prevention and Control of Dyslipidemia in Chinese Adults, as increased triglycerides (≥1.70 mmol/L), total cholesterol (≥5.18 mmol/L), low-density lipoprotein cholesterol (≥3.37 mmol/L), and decreased HDL cholesterol (<1.04 mmol/L) (24).



Metabolomic Assessment

Untargeted metabolomic assays were carried out by Calibra Diagnostics/Metabolon using participant plasma samples and Metabolon's HD4 Discovery untargeted metabolomics platform. All samples were prepared using the automated MicroLab STAR system® (Hamilton Company, Reno, NV, USA) and examined using ultra-performance liquid chromatography-tandem mass spectroscopy methods. Quality control standards were added to each sample extract to monitor the instrument performance and aid in a chromatographic alignment. Metabolites were identified by comparing them with the Metabolon library of purified standards or recurrent unknown entities based on retention time and index, mass-to-charge ratio, and chromatographic data. The plasma retinol level determination was added to the metabolomic assessment as the same method (ultra-performance liquid chromatography-tandem mass spectroscopy) was used for a regular determination (25). For plasma retinol levels, we used the standardized and centralized ratio of the area under the curve of retinol.



Statistical Analysis

Continuous variables are presented as mean ± SD, and categorical variables are presented in numbers and percentages. There are sex differences in plasma retinol levels; therefore, the data were analyzed separately for men and women throughout this study. One male participant with a very high retinol level (higher than the upper quartile + the interquartile range) was treated as an outlier and excluded from the final analysis. The Shapiro–Wilk test was performed to check the normality and equality of variables. The variables that were not normally distributed were log-transformed to meet normality. If normality and equality did not meet after log transformation, the Kruskal–Wallis test was used for multiple comparisons and the value of p was adjusted for the false discovery rate (FDR) for a comparison between the groups.

Participants were divided into three groups according to the tertiles of plasma retinol level. ANOVA was used for multiple comparisons, and the Tukey test was used for a comparison between the groups. In the case of categorical variables, the chi-squared test was used for multiple comparisons, and FDR was used to adjust the value of p for comparisons between the groups. A logistic regression model was conducted to investigate the associations of plasma retinol level and dyslipidemia and was adjusted for age, educational level, physical activity, body mass index (BMI), current smoking, current alcohol drinking, dyslipidemia medication, vitamin A intake, and for women, menopausal status.

A linear regression model was used to investigate the association of age with the plasma retinol level. A multiple regression model was used to investigate an association between creatinine as a marker of kidney function, uric acid as an inflammatory biomarker, and plasma retinol, and was adjusted for age, educational level, physical activity, BMI, current smoking, current alcohol drinking, dyslipidemia medication, vitamin A intake, and menopausal status for women.

The ANCOVA was applied to the identification of metabolites related to plasma retinol groups and was adjusted for potential confounders, including age, educational level, physical activity, BMI, vitamin A intake, dyslipidemia medication, current smoking, current alcohol drinking, and menopausal status for women. FDR was used for the adjustment of values of p after conducting ANCOVA to avoid type I errors in metabolomic analyses. The p for trend was calculated among the three retinol tertiles for all the identified metabolites and was adjusted for FDR. All statistical analyses were completed using R version 3.6.2. To better understand the metabolomic profiles that are linked with the altered plasma retinol levels, the identified metabolites with a Human Metabolon Database (HMDB) ID were matched to metabolomic pathways using the pathway analysis features in MetaboAnalyst 4.0 (26). The global test method was used in a pathway enrichment analysis, and relative betweenness centrality was used to measure node importance in a topological analysis. Significance was set at p < 0.05 (two-tailed).




RESULTS

The baseline participants' characteristics are shown in Table 1. The average age of study participants was 50.5 years among men (n = 119) and 50.3 years among women (n = 130). There were no significant differences in terms of age, marital status, BMI, and vitamin A intake between men and women. Compared with women, men had higher educational levels, physical activity, and energy intake. Approximately 60.3% of male participants were current smokers, and no women smoked.


Table 1. Baseline characteristics of study participants.
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An overview of the baseline information in different retinol tertile groups by sex is shown in Supplementary Table 1. For men, no significant differences were observed in terms of age, marital status, educational level, physical activity, current smoking, BMI, total energy intake, and dietary vitamin A intake among the three plasma retinol groups, whereas a significantly higher percentage of participants with current alcohol drinking was found in the 3rd retinol tertile group in comparison with the 1st tertile. For women, no significant difference was found in marital status, physical activity, BMI, total energy intake, and dietary vitamin A intake among the three plasma retinol groups; however, the 3rd tertile group had a significantly higher age and lower educational level.

We found a significant difference in plasma retinol levels between men and women (Figure 1A). In each tertile group, men had significantly higher retinol levels than women. Among women, ~48.8% were post-menopausal, and a significantly higher plasma retinol level was found in post-menopausal than pre-menopausal women (p = 0.001; Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Sex differences in plasma retinol levels. (B) Plasma retinol levels in pre and post-menopausal women. Plasma retinol levels in each group were presented as mean ± 95% CI. ANOVA was used to determine significant differences in retinol levels between the groups. Plasma retinol levels were log-transformed to a normal distribution in ANOVA. We found significant differences in plasma retinol levels for each tertile between men and women and in plasma retinol levels between pre and post-menopausal women. ***p < 0.001; **p < 0.01.


Figure 2 shows the significant associations between plasma retinol tertiles and dyslipidemia. In men, the 2nd and 3rd tertiles showed significantly higher proportions of dyslipidemia than the 1st tertile (1st tertile vs. 2nd tertile: p = 0.026; 1st tertile vs. 3rd tertile: p = 0.003). In women, the 3rd tertile had significantly higher proportions of dyslipidemia than the 1st and 2nd tertiles (3rd tertile vs. 1st tertile: p = 0.002, 3rd tertile vs. 2nd tertile: p = 0.002). We conducted a logistic regression model adjusted for potential confounders, and the results were consistent (Supplementary Table 2). Significant positive associations among age, creatinine, uric acid, and plasma retinol levels were only found in women (age: β = 0.007, p < 0.001; creatinine: β = 0.1, p = 0.009; and uric acid: β = 0.3, p = 0.002) but not in men (age: β = 0.003, p = 0.137; creatinine: β = 0.02, p = 0.761; and uric acid: β = 0.1, p = 0.123).
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FIGURE 2. Different proportions of dyslipidemia in the three retinol tertiles among men (A) and women (B). The chi-squared-test was used for comparisons, and the false discovery rate (FDR) was used to adjust the value of p for comparisons between the groups. **p < 0.01; *p < 0.05.


In the case of untargeted metabolomic assessment, 751 metabolites were detected. A total of 75 and 30 metabolites between a comparison of the 1st and 3rd retinol tertiles were identified in men and women, respectively. No significantly different metabolites were found between the 1st and 2nd retinol tertiles and between the 2nd and 3rd retinol tertiles in both men and women. Among the abovementioned 75 and 30 metabolites, 10 identical metabolites were identified in both men and women, all of them were from the lipid super pathway group (Table 2). The most abundant metabolites were from the phosphatidylcholine (PC) sub-pathway group, followed by androgenic steroids, lysophospholipid, and phosphatidylethanolamine subpathway groups.


Table 2. Metabolites were identified using ANCOVA between 1st and 3rd retinol tertiles in both men and women.
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All the identified metabolites in men (75 metabolites) and women (30 metabolites) are presented in Supplementary Tables 3, 4, respectively. All the detected metabolites in men and women had a p for trend <0.05. In both men and women, the lipid super pathway was the most involved. In men, 62 metabolites were identified, with the leading subpathway groups being lysophospholipid, PC, phosphatidylethanolamine, polyunsaturated fatty acids (n-3 and n-6), sphingomyelins, and androgenic steroids. Other metabolites were only observed in the amino acid and xenobiotic super pathway groups. Seven metabolites belonged to the xenobiotic super pathway group, in which the four metabolites were in the xanthine metabolism subpathway group. The amino acid super pathway group included six metabolites belonging to the leucine, isoleucine, and valine metabolism, glutathione metabolism, urea cycle, arginine, and proline metabolism subpathway groups. In women, although fewer metabolites were identified, super and subpathway groups of these metabolites were no less complex than those identified in men. From the lipid super pathway group, 18 metabolites were included. The most abundant metabolites were in a subpathway group of androgenic steroids, followed by PC and pregnenolone steroids. The metabolites in the amino acid super pathway group were more complex in women than in men. Metabolites were identified in the tryptophan metabolism, leucine, isoleucine, and valine metabolism, creatinine metabolism, urea cycle, arginine, and proline metabolism subpathway groups. Only one metabolite was identified in the xenobiotic super pathway group among women. We found metabolites as cofactors and vitamins and in the nucleotide, and peptide super pathway groups, but these super pathway groups were not observed in men. Nearly, all the metabolites were upregulated in both men and women, except the case of two [dehydroisoandrosterone sulfate (DHEA-S) and pregnenediol sulfate (C21H34O5S)] that were downregulated in women.

We excluded those metabolites that are without an HMDB ID; therefore, 64 metabolites in men and 22 metabolites in women were included in the pathway analysis. In men, 16 pathways were detected and the pathways with a high impact were arachidonic acid metabolism, glycerophospholipid metabolism, primary bile acid biosynthesis, steroid hormone biosynthesis, steroid biosynthesis, valine, leucine, isoleucine degradation, and glycosylphosphatidylinositol- (GPI-) anchor biosynthesis (Figure 3A). In women, eight pathways were identified. The pathways with a high impact were glycerophospholipid metabolism, nicotinate, and nicotinamide metabolism, steroid hormone biosynthesis, and GPI-anchor biosynthesis (Figure 3B). From all the identified pathways (Supplementary Tables 5, 6), those that overlapped across the sexes were glycerophospholipid metabolism, arachidonic acid metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism, steroid hormone biosynthesis, and GPI-anchor biosynthesis.
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FIGURE 3. Pathways identified in men (A) and women (B) using pathway analysis.




DISCUSSION

To the best of our knowledge, this was the first study to investigate the associations among plasma retinol, dyslipidemia, and related metabolomic profiles. In this study, although plasma retinol levels showed sex differences, we found that a higher level of plasma retinol increased the risk of dyslipidemia in both sexes. We also examined the associated metabolomic profiles and found that the same metabolites and pathways were changed in both men and women, and most of them were related to lipid metabolism. The overlapped pathways showed hormone-regulated, inflammatory, and oxidative stress-derived pathways, and sex-specific pathways were also found. This study provides insights into the complex role of plasma retinol in the lipid profile.

Despite the sex differences in the plasma retinol level, similar associations between plasma retinol and dyslipidemia were observed in both men and women. Some differences between plasma retinol and dyslipidemia also existed, which were confirmed by using the metabolomic data. In men, higher proportions of dyslipidemia were noted in the 2nd and 3rd retinol tertiles whereas, in women, this trend was found in the 3rd tertile. Logistic regression also showed increased odds of dyslipidemia in the 2nd and 3rd plasma retinol tertiles in men, and increased odds in the 3rd plasma retinol tertile compared with the 1st and 2nd tertiles in women. This finding implies that when plasma retinol is increased to a certain level, an association with a higher risk of dyslipidemia exists regardless of sex. Serum or plasma retinol reflects vitamin A nutritional status in humans, which is precisely maintained within a narrow range (27). It has been shown that women have lower mean plasma retinol than men, indicating lower retinol storage in women or different retinol metabolism according to sex (28, 29). We found positive associations among creatinine, uric acid, and plasma retinol in women but not in men, which also indicated differences in metabolic change by sex. In our study, we also found that most of the identified metabolites related to steroid hormones belonged to the androgen steroid hormone subpathway group and the pathway of steroid hormone biosynthesis in both men and women, which implies that the hormone might affect the metabolism of retinol.

Despite the sex difference in plasma retinol, steroid hormone biosynthesis itself is also an important pathway that interacts with both plasma retinol and dyslipidemia. In both animal and cell studies, the upregulation of retinoids would cause the regulation of steroid hormone biosynthesis and, thereby maintain the steroid level required for physiological activities that diminish with aging (30). This might be because of the mediation of retinoid signaling nuclear receptors, retinoid X receptors, and retinoic acid receptors, which are also in the steroid/thyroid hormone receptor superfamily and are expressed in varying amounts in steroidogenic tissues (31). Several human studies have focused on sex hormones and serum retinol in women, but to our knowledge, little such research has been done in men. Most studies have focused on estradiol in women, but the results have been inconsistent (32, 33). Only one study focusing on patients with polycystic ovary syndrome showed that retinol-binding protein 4, which was considered to be highly correlated with serum retinol (34), was positively related to androgen hormones (35). Generally, it is well-understood that androgens have a negative influence on the lipid profile in men, and estrogens have a positive influence in women (36). We also observed the downregulation of estrogen-related metabolites in women, as well as significantly higher retinol levels in post-menopausal women and a positive association of age with plasma retinol. All this information indicated that the upregulation of plasma retinol in participants with dyslipidemia may be significantly associated with hormone synthesis.

The only identified two downregulated metabolites, DHEA-S and pregnenediol sulfate (C21H34O5S), in women were both related to steroid hormone metabolism. Although studies on an association between plasma retinol and pregnenediol sulfate (C21H34O5S) are lacking, DHEA or DHEA-S, one of the most abundant circulating steroids in humans, is a precursor for estrogen and androgen production and naturally declines with age. Low plasma DHEA-S has been strongly associated with dyslipidemia and increases the risk for CVD (37). The plasma retinol-associated DHEA downregulation found in our study might be associated with an increased risk of dyslipidemia in women.

Women had only one pathway, nicotinate and nicotinamide metabolism, which was not identified in men. The pathways in men were much more complicated than those in women, with primary bile acid biosynthesis, valine, leucine, and isoleucine degradation as higher impact pathways. Nicotinate has been used to treat dyslipidemia since 1950 because it can reduce triglycerides and low-density lipoprotein cholesterol and raise HDL cholesterol (38). Primary bile acids are the ligands or activators of some promiscuous receptors integrating lipid homeostasis with xenobiotic metabolism, and they exert synergistic activities in regulating lipid and glucose homeostasis (39). Valine, leucine, and isoleucine all are branched-chain amino acids (BCAAs). An increase in plasma BCAAs is considered a potential biomarker of metabolic diseases, such as insulin resistance, type 2 diabetes mellitus, and CVD (40). A study in Japan also found that plasma BCAAs were positively associated with dyslipidemia (41). The degradation of BCAAs might have a reverse effect. All these pathways seem to have a protective effect against dyslipidemia, which suggests that an increase in retinol might be caused by dyslipidemia. However, as we did not identify these pathways in both the sexes, further study with larger sample size is needed to clarify the associations.

In our study, we found metabolites and metabolic pathways that overlapped between men and women and that could be used to distinguish low from high retinol levels, apart from steroid hormone biosynthesis. Among the overlapped pathways, the most influential pathway was glycerophospholipid metabolism, followed by arachidonic acid metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism, and GPI-anchor biosynthesis. Glycerophospholipid metabolism identified in our study was also associated with the four types of CVD and may, therefore, be a key point in CVD (42). Consistent with our study, a study focusing on patients with dyslipidemia found that glycerophospholipid metabolism was reported to be the most significantly enriched pathway in patients (19). However, in both of these studies, glycerophospholipid-related metabolites, such as PC, phosphatidylethanolamine, and lysophospholipid, were downregulated; compared with our results, these metabolites were upregulated in a higher retinol group. It has been reported that the downregulation of PC might promote macrophage activation via cell signaling, leading to chronic inflammatory responses (43–45). Retinol is considered an indirect antioxidant that influences gene expression to increase effective antioxidant responses (46); thus, our study results suggest that increased plasma retinol interacts with an upregulated PC owing to the needs of body tissues in a dyslipidemic condition.

Other metabolites, such as arachidonic acid metabolism and linoleic acid metabolism pathways, found in both the sexes also suggested that increased inflammation might occur in the highest retinol group. Arachidonic acid and linoleic acid both are n-6 polyunsaturated fatty acids, which are essential fatty acids for humans. However, arachidonic acid and the precursor linoleic acid, is a precursor of pro-inflammatory factors (47). The metabolites involved in these two pathways might be highly bioactive and contribute to the establishment of oxidative stress and unresolved chronic inflammation, and may eventually be involved in the emergence and course of cardiovascular and metabolic diseases (48, 49). A previous study also reported a complicated association between inflammatory biomarkers and serum retinol in patients with CVD (50). That study suggested a potential interplay between inflammatory processes, serum retinol, and atherosclerosis, which was also found among inflammation, plasma retinol, and dyslipidemia in our study. It is plausible that an association between dyslipidemia and an increase in plasma retinol observed in our study might be caused by the compensation of plasma retinol under the conditions that arise from inflammation and oxidative stress because plasma retinol is considered as an antioxidant.

Elevated plasma retinol is involved in the mobilization of retinol storage and related metabolic changes associated with dyslipidemia, which might be a key point in such an increase. We did not observe any differences in dietary vitamin A intake among the three plasma retinol tertile groups. In an animal study, a dietary retinoid intake was the only nutritional factor to affect retinol storage (51); thus, the change in the mobilization of retinol storage affected retinol in a bloodstream. In the human body, 80% of retinol is contained in lipid droplets reserved in hepatic stellate cells in the form of retinyl esters (52). Older patients with ischemic CVD have inadequate liver storage of retinol (53). One study also suggested that this might be caused by the mobilization of hepatic storage of vitamin A for target tissues that might need more antioxidants to deal with oxidative damage owing to an altered lipid profile (17). Future intervention studies may need to focus on a diet that is high in vitamin A or a vitamin A supplementation in patients with dyslipidemia and high serum retinol levels, especially in men, to yield a deeper understanding of the role of vitamin A in the lipid profile.

This study has several merits and limitations. First, it was the first population-based study to focus on plasma retinol and dyslipidemia in the general population. Second, our study used high-resolution untargeted metabolomics assays to precisely investigate metabolomic profiles and pathways associated with the plasma retinol level. Moreover, we considered sex differences in analyzing the association of plasma retinol with dyslipidemia and the identification of related metabolites and pathways. Both overlapping and sex-specific metabolites and pathways were identified in our study. As for the limitations of this study, first, we only used the ratio of the area under the curve rather than the exact retinol concentration. Therefore, the exact concentrations of retinol could not be determined. However, the ratio of the area under the curve can reflect the concentration in ultra-performance liquid chromatography-tandem mass spectroscopy when detecting metabolites, including retinol (54). Additionally, we did not include dietary supplement surveys in the cohort baseline; therefore, diet vitamin A intake might be underestimated in some participants. Second, the sample size in this study was small, and some potential confounders such as alcohol drinking status could not be fully adjusted. Further studies with larger and different populations are needed. Additionally, this was a cross-sectional study; future longitudinal studies are needed to determine causality.

In conclusion, our findings suggested that, despite a difference in plasma retinol levels between men and women, a positive association between plasma retinol and dyslipidemia exists in both sexes. The results of metabolomic profile and pathway analyses showed that steroid hormone biosynthesis might play an important role. Other pathways, such as glycerophospholipid metabolism, showed that an association between plasma retinol and dyslipidemia might be inflammatory and related to oxidative stress, and increased plasma retinol may be associated with compensation. In addition, large, population-based longitudinal studies and intervention studies are needed to confirm plasma retinol as an important factor in dyslipidemia and CVD prevention.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Boards of the Zhejiang University, Hangzhou, China (No. ZGL201507-3) and the Stanford University, CA, USA (IRB-35020). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

NW, YR, AH, and SZ designed this study, responsible for the methodology, and the WELL China team carried out a field work investigation. NW analyzed the data. NW, YR, and ZY wrote the manuscript and created the tables and figures. SZ and AH supervised all processes of the projects and provided constructive suggestions. NW, YR, ZY, CS, SL, YM, XZ, YL, AH, and SZ contributed to the drafting and critical revision of the manuscript for intellectual content. All authors read and revised the manuscript and approved the final submitted version.



FUNDING

This study was supported by the Nutrilite Health Institute Wellness Fund, Cyrus Tang Foundation, Zhejiang University Education Foundation, and the Hsun K. Chou Fund of Zhejiang University Education Foundation.



ACKNOWLEDGMENTS

We would like to thank the participants and community workers of Xihu District, Hangzhou, China for their dedication to this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.740435/full#supplementary-material



ABBREVIATIONS

CDV, cardiovascular disease; HDL, high-density lipoprotein; FDR, false discovery rate; BMI, body mass index; HMDB, Human Metabolon Database; PC, phosphatidylcholine; DHEA-S, dehydroisoandrosterone sulfate; GPI, glycosylphosphatidylinositol; BCAAs, branched-chain amino acids.



REFERENCES

 1. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980-2013; 2017: a systematic analysis for the Global Burden of Disease Study (2017). Lancet. (2018) 392:1736–88. doi: 10.1016/S0140-6736(18)32203-7

 2. Kaptoge S, Pennells L, De Bacquer D, Cooney MT, Kavousi M, Stevens G, et al. World Health Organization cardiovascular disease risk charts: revised models to estimate risk in 21 global regions. Lancet Global Health. (2019) 7:e1332–45. doi: 10.1016/S2214-109X(19)30318-3

 3. Critchley J, Liu J, Zhao D, Wei W, Capewell S. Explaining the increase in coronary heart disease mortality in Beijing between 1984 and (1999). Circulation. (2004) 110:1236–44. doi: 10.1161/01.CIR.0000140668.91896.AE

 4. Pan L, Yang Z, Wu Y, Yin RX, Liao Y, Wang J, et al. The prevalence, awareness, treatment and control of dyslipidemia among adults in China. Atherosclerosis. (2016) 248:2–9. doi: 10.1016/j.atherosclerosis.2016.02.006

 5. Tóth PP, Potter D, Ming EE. Prevalence of lipid abnormalities in the United States: the National Health and Nutrition Examination Survey 2003-2006. J Clin Lipidol. (2012) 6:325–30. doi: 10.1016/j.jacl.2012.05.002

 6. Halcox JP, Banegas JR, Roy C, Dallongeville J, De Backer G, Guallar E, et al. Prevalence and treatment of atherogenic dyslipidemia in the primary prevention of cardiovascular disease in Europe: EURIKA, a cross-sectional observational study. BMC Cardiovasc Disord. (2017) 17:160. doi: 10.1186/s12872-017-0591-5

 7. Siri-Tarino PW, Chiu S, Bergeron N, Krauss RM. Saturated fats versus polyunsaturated fats versus carbohydrates for cardiovascular disease prevention and treatment. Annu Rev Nutr. (2015) 35:517–43. doi: 10.1146/annurev-nutr-071714-034449

 8. Torres N, Guevara-Cruz M, Velázquez-Villegas LA, Tovar AR. Nutrition and atherosclerosis. Arch Med Res. (2015) 46:408–26. doi: 10.1016/j.arcmed.2015.05.010

 9. Ashor AW, Siervo M, van der Velde F, Willis ND, Mathers JC. Systematic review and meta-analysis of randomised controlled trials testing the effects of vitamin C supplementation on blood lipids. ClinNutr. (2016) 35:626–37. doi: 10.1016/j.clnu.2015.05.021

 10. Al Mheid I, Quyyumi AA. Vitamin D and cardiovascular disease: controversy unresolved. J Am Coll Cardiol. (2017) 70:89–100. doi: 10.1016/j.jacc.2017.05.031

 11. Jeyakumar SM, Sheril A, Vajreswari A. Chronic vitamin A-enriched diet feeding regulates hypercholesterolaemia through transcriptional regulation of reverse cholesterol transport pathway genes in obese rat model of WNIN/GR-Ob strain. Indian J Med Res. (2016) 144:238–44. doi: 10.4103/0971-5916.195038

 12. Lee C-H, Chan RSM, Wan HYL, Woo Y-C, Cheung CYY, Fong CHY, et al. Dietary intake of anti-oxidant vitamins A, C, and E is inversely associated with adverse cardiovascular outcomes in Chinese-A 22-Years population-based prospective study. Nutrients. (2018) 10:1664. doi: 10.3390/nu10111664

 13. Zalaket J, Hanna-Wakim L, Matta J. Association between HDL cholesterol levels and the consumption of vitamin A in metabolically healthy obese lebanese: a cross-sectional study among adults in Lebanon. Cholesterol. (2018) 2018:8050512. doi: 10.1155/2018/8050512

 14. Tanumihardjo SA, Russell RM, Stephensen CB, Gannon BM, Craft NE, Haskell MJ, et al. Biomarkers of nutrition for development (BOND)-vitamin A review. J Nutr. (2016) 146:1816S−48S. doi: 10.3945/jn.115.229708

 15. Min KB, Min JY. Relation of serum vitamin A levels to all-cause and cause-specific mortality among older adults in the NHANES III population. Nutr Metab Cardiovasc Dis. (2014) 24:1197–203. doi: 10.1016/j.numecd.2014.06.004

 16. Cartmel B, Moon TE, Levine N. Effects of long-term intake of retinol on selected clinical and laboratory indexes. Am J Clin Nutr. (1999) 69:937–43. doi: 10.1093/ajcn/69.5.937

 17. Albuquerque MN, Diniz Ada S, Arruda IK. Elevated serum retinol and low beta-carotene but not alpha-tocopherol concentrations are associated with dyslipidemia in brazilian adolescents. J Nutr Sci Vitaminol. (2016) 62:73–80. doi: 10.3177/jnsv.62.73

 18. Newgard CB. Metabolomics and metabolic diseases: where do we stand? Cell Metab. (2017) 25:43–56. doi: 10.1016/j.cmet.2016.09.018

 19. Ke C, Zhu X, Zhang Y, Shen Y. Metabolomic characterization of hypertension and dyslipidemia. Metabolomics. (2018) 14:117. doi: 10.1007/s11306-018-1408-y

 20. Min Y, Ma X, Sankaran K, Ru Y, Chen L, Baiocchi M, et al. Sex-specific association between gut microbiome and fat distribution. Nat Commun. (2019) 10:2408. doi: 10.1038/s41467-019-10440-5

 21. Min Y, Zhao X, Stafford RS, Ma X, Chen S-H, Gan D, et al. Cohort profile: WELL living laboratory in China (WELL-China). Int J Epidemiol. (2021)dyaa283. doi: 10.1093/ije/dyaa283

 22. Gao J. Association of Dietary Patterns and Physical Activities with Total Body Fat Proportions and Metabolic Syndrome Among Middle-Aged and Elderly People: A Cross-Sectional Study. Shanghai: Department of Nutrition and Food Hygiene, Fudan University (2012).

 23. Ru Y, Wang N, Min Y, Wang X, McGurie V, Duan M, et al. Characterization of dietary patterns and assessment of their relationships with metabolomic profiles: a community-based study. Clin Nutr. (2021) 40:3531–41. doi: 10.1016/j.clnu.2020.12.006

 24. Joint Committee for Developing Chinese guidelines on Prevention and Treatment of Dyslipidemia in Adults. Guidelines for prevention and control of dyslipidemia in Chinese adults. Chin Circ J. (2016) 31:937–53. doi: 10.3760/j.issn:0253-3758.2007.05.003

 25. Bell EC, John M, Hughes RJ, Pham T. Ultra-performance liquid chromatographic determination of tocopherols and retinol in human plasma. J Chromatogr Sci. (2014) 52:1065–70. doi: 10.1093/chromsci/bmt161

 26. Chong J, Soufan O, Li C, Caraus I, Li S, Bourque G, et al. MetaboAnalyst 40: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. (2018) 46:W486–94. doi: 10.1093/nar/gky310

 27. Blaner WS, Li Y, Brun P-J, Yuen JJ, Lee S-A, Clugston RD. Vitamin A absorption, storage and mobilization. In: Asson-Batres MA, Rochette-Egly C, editors. The Biochemistry of Retinoid Signaling II: The Physiology of Vitamin A - Uptake, Transport, Metabolism and Signaling. Dordrecht: Springer Netherlands (2016). p. 95–125.

 28. Lindblad BS, Patel M, Hamadeh M, Helmy N, Ahmad I, Dawodu A, et al. Age and sex are important factors in determining normal retinol levels. J Trop Pediatr. (1998) 44:96–9. doi: 10.1093/tropej/44.2.96

 29. Stephensen CB, Gildengorin G. Serum retinol, the acute phase response, and the apparent misclassification of vitamin A status in the third National Health and Nutrition Examination Survey. Am J Clin Nutr. (2000) 72:1170–8. doi: 10.1093/ajcn/72.5.1170

 30. Manna PR, Stetson CL, Daugherty C, Shimizu I, Syapin PJ, Garrel G, et al. Up-regulation of steroid biosynthesis by retinoid signaling: implications for aging. Mech Ageing Dev. (2015) 150:74–82. doi: 10.1016/j.mad.2015.08.007

 31. Manna PR, Slominski AT, King SR, Stetson CL, Stocco DM. Synergistic activation of steroidogenic acute regulatory protein expression and steroid biosynthesis by retinoids: involvement of cAMP/PKA signaling. Endocrinology. (2014) 155:576–91. doi: 10.1210/en.2013-1694

 32. Mumford SL, Browne RW, Schliep KC. Serum antioxidants are associated with serum reproductive hormones and ovulation among healthy women. J Nutr. (2016) 146:98–106. doi: 10.3945/jn.115.217620

 33. Maggio M, de Vita F, Lauretani F, Bandinelli S, Semba RD, Bartali B, et al. Relationship between carotenoids, retinol, and estradiol levels in older women. Nutrients. (2015) 7:6506–19. doi: 10.3390/nu7085296

 34. de Pee S, Dary O. Biochemical indicators of vitamin A deficiency: serum retinol and serum retinol binding protein. J Nutr. (2002) 132(Suppl. 9):2895s−901s. doi: 10.1093/jn/132.9.2895S

 35. Mellati AA, Sharifi F, Sajadinejad M, Sohrabi D, Mazloomzadeh S. The relationship between retinol-binding protein 4 levels, insulin resistance, androgen hormones and polycystic ovary syndrome. Scand J Clin Lab Invest. (2012) 72:39–44. doi: 10.3109/00365513.2011.626071

 36. Kolovou G, Bilianou H, Marvaki A, Mikhailidis DP. Aging men and lipids. Am J Men Health. (2011) 5:152–65. doi: 10.1177/1557988310370360

 37. Teixeira CJ, Veras K. Dehydroepiandrosterone on metabolism and the cardiovascular system in the postmenopausal period. J Mol Med (Berl). (2020) 98:39–57. doi: 10.1007/s00109-019-01842-5

 38. Bogan KL, Brenner C. Nicotinic acid, nicotinamide, and nicotinamide riboside: a molecular evaluation of NAD+ precursor vitamins in human nutrition. Annu Rev Nutr. (2008) 28:115–30. doi: 10.1146/annurev.nutr.28.061807.155443

 39. Fiorucci S, Cipriani S, Baldelli F, Mencarelli A. Bile acid-activated receptors in the treatment of dyslipidemia and related disorders. Prog Lipid Res. (2010) 49:171–85. doi: 10.1016/j.plipres.2009.11.001

 40. Nie C, He T, Zhang W, Zhang G, Ma X. Branched chain amino acids: beyond nutrition metabolism. Int J Mol Sci. (2018) 19:954. doi: 10.3390/ijms19040954

 41. Fukushima K, Harada S, Takeuchi A, Kurihara A, Iida M, Fukai K, et al. Association between dyslipidemia and plasma levels of branched-chain amino acids in the Japanese population without diabetes mellitus. J Clin Lipidol. (2019) 13:932–9.e2. doi: 10.1016/j.jacl.2019.09.002

 42. Fan Y, Li Y, Chen Y, Zhao YJ, Liu LW Li J, et al. Comprehensive metabolomic characterization of coronary artery diseases. J Am Coll Cardiol. (2016) 68:1281–93. doi: 10.1016/j.jacc.2016.06.044

 43. Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, et al. TREM2 lipid sensing sustains the microglial response in an Alzheimer's disease model. Cell. (2015) 160:1061–71. doi: 10.1016/j.cell.2015.01.049

 44. Turnbull IR, Gilfillan S, Cella M, Aoshi T, Miller M, Piccio L, et al. Cutting edge: TREM-2 attenuates macrophage activation. J Immunol (Baltimore, Md: 1950). (2006) 177:3520–4. doi: 10.4049/jimmunol.177.6.3520

 45. He L, Weber KJ, Schilling JD. Glutamine modulates macrophage lipotoxicity. Nutrients. (2016) 8:215. doi: 10.3390/nu8040215

 46. Blaner WS, Shmarakov IO, Traber MG. Vitamin A and vitamin E: will the real antioxidant please stand up? Annu Rev Nutr. (2021). 41:105–31. doi: 10.1146/annurev-nutr-082018-124228

 47. Choque B, Catheline D, Rioux V, Legrand P. Linoleic acid: between doubts and certainties. Biochimie. (2014) 96:14–21. doi: 10.1016/j.biochi.2013.07.012

 48. Sonnweber T, Pizzini A, Nairz M, Weiss G. Arachidonic acid metabolites in cardiovascular and metabolic diseases. Int J Mol Sci. (2018) 19:3285. doi: 10.3390/ijms19113285

 49. Dennis EA, Norris PC. Eicosanoid storm in infection and inflammation. Nat Rev Immunol. (2015) 15:511–23. doi: 10.1038/nri3859

 50. Olsen T, Vinknes KJ, Blomhoff R, Lysne V, Midttun Ø, Dhar I, et al. Creatinine, total cysteine and uric acid are associated with serum retinol in patients with cardiovascular disease. Eur J Nutr. (2020) 59:2383–93. doi: 10.1007/s00394-019-02086-2

 51. Moriwaki H, Blaner WS, Piantedosi R, Goodman DS. Effects of dietary retinoid and triglyceride on the lipid composition of rat liver stellate cells and stellate cell lipid droplets. J Lipid Res. (1988) 29:1523–34. doi: 10.1016/S0022-2275(20)38430-3

 52. Blaner WS, O'Byrne SM, Wongsiriroj N, Kluwe J, D'Ambrosio DM, Jiang H, et al. Hepatic stellate cell lipid droplets: a specialized lipid droplet for retinoid storage. Biochimica et Biophysica Acta (BBA) Mol Cell Biol Lipids. (2009) 1791:467–73. doi: 10.1016/j.bbalip.2008.11.001

 53. Lima IOL, Peres WAF, Cruz S, Ramalho A. Association of ischemic cardiovascular disease with inadequacy of liver store of retinol in elderly individuals. Oxid Med Cell Longev. (2018) 2018:9785231. doi: 10.1155/2018/9785231

 54. Beisken S, Eiden M, Salek RM. Getting the right answers: understanding metabolomics challenges. Expert Rev Mol Diagn. (2015) 15:97–109. doi: 10.1586/14737159.2015.974562

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Ru, Yang, Sun, Li, Min, Zhao, Lu, Hsing and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-740435-t002.jpg
Biochemical Super Sub-pathway group

pathway
Androstenediol (3beta, Lipid Andfogenic steroids
17beta) disulfate

Androstenediol (3beta, Lipid Androgenic steroids
17beta) monosulfate

Androstenediol (3beta, Lipid Androgenic steroids
17beta) monosulfate

1-Palmitoy-GPC (16:0) Lipid Lysophospholipid
1-Stearoyl-GPE (18:0) Lipid Lysophospholipid
1-Stearoyl-2-arachidonoyl- Lipid Phosphatidylcholine (PC)
GPC

(18:0/20:4)

1-palmitoyl-2-arachidonoyl- Lipid Phosphatidylcholine (PC)
GPC

(16:0/20:4n6)

1-Linoleoyl-2-arachidonoyl- Lipid Phosphatidylcholine (PC)
GPC

(18:2/20:4n6)

1-myristoyl-2-arachidonoyl- Lipid Phosphatidylcholine (PC)
GPC

(14:0/20:4)

1-Stearoyl-2-arachidonoyl- Lipid Phosphatidylethanolamine
GPE (PE)

(18:0/20:4)

GPC, glycerophosphorylcholine; GPE, glycerophosphatidylethanolamine.





OPS/images/fnut-08-740435-g003.gif





OPS/images/fnut-08-740435-t001.jpg
Total (n = 249) Men (n = 119) Women (1 = 130) P-value

Age (years), mean (SD) 50.4(13.8) 50.5(14.0) 50.3(13.6) 0910
Marital status, % (1) 0341
Single 4.1(10) 43(5) 3.96)
Married 93.0(226) 93.1(108) 929(118)
Divorced 08(2) 17(2) 0.00(0)
Widowed 216) 09 (1) 3164
Educational level, % (n) <0001
lliterate or primery school 465 (113) 32.8(39) 59.1(75)
Middle school or high school 39.5 (96) 52.6 (61) 27.6(35)
College or above 14.0(34) 147 (17) 13.4(17)
Physical activity, % (1) 0.023
Low 21.151) 217 (25) 205 (26)
Moderate 55.8 (135) 47.8(85) 63.0(80)
High 23.18 (56) 30.435) 165 (21)
Current smoke, %(r) 28.83 (70) 603 (70) 00(0) <0.001
Current alcohol drinking, % (n) 48.7 (118) 69.6 (80) 29.9(38) <0.001
BMI 235(3.17) 239331 23.2(3.00) 0,063
Dyslipidernia, % (1) 58.4 (142) 64.7 (75) 528 (67) 0.080
Related energy or nutrients intake (1st quantile, 3rd quantile)
Total energy, keal 1,430.7 (1,098.2, 1,837.4) 1,664.4 (1,286.9, 2,112.5) 1,286.0 (981.2, 1557.2) <0001
Vitamin A intake, pg RE 5105 (307.7, 784.5) 508.2 (2803, 775.1) 510.5(319.3, 789.7) 0547

Results are presented in % (n) for categorical variables, mean + SD for parametric continuous variables, and median (1st quartile and 3rd quartile) for non-parametric continuous variables.
The values of p were calculated using ANOVA for parametric continuous variables, the Kruskal-Walls-test for non-parametric continuous variables, and the chi-squared test or Fisher's
exact-test for categorical variables.

SD, standard deviation; BMI, body mass index; RE, retinol equivalent.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Metabolomic Profiles of Plasma Retinol-Associated Dyslipidemia in Men and Women



		Introduction



		Methods



		Wellness Living Laboratory China Study and Participants



		Baseline Information Collection



		Metabolomic Assessment



		Statistical Analysis







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Metabolomic Profiles of Plasma
Retinol-Associated Dyslipidemia in
Men and Women





OPS/images/fnut-08-740435-g001.gif
NaNE






OPS/images/fnut-08-740435-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





