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Abstract 

Background: Metabolomic analysis may help us to understand the association between 

alcohol consumption and cardio-metabolic health. We aimed to: (i) replicate a previous study 

of alcohol consumption and metabolites, (ii) examine associations between types of alcoholic 

beverages and metabolites, and (iii) include potential confounders not examined in previous 

studies. 

Methods: Cross-sectional data of 1,785 participants (age 26-36 years, 52% women) from the 

2004-06 Childhood Determinants of Adult Health (CDAH) study were used. Consumption of 

beer, wine and spirits were assessed by questionnaires. Metabolites were measured by a high-

throughput nuclear magnetic resonance (NMR) platform and multivariable linear regression 

examined their association with alcohol consumption (combined total and types) adjusted for 

covariates including socio-demographics, health behaviours and mental health.  

Results: Alcohol consumption was associated with 23 out of 37 lipids, 12 out of 16 fatty 

acids (FAs), and 6 out of 20 low-molecular-weight metabolites independent of confounders 

with similar associations for combined total and different types of alcohol consumption. 

Many metabolites (lipoprotein lipids in HDL subclasses, HDL cholesterol, apolipoprotein A-

1, phosphotriglycerides, total FA, monounsaturated FA, omega-3 FA) had positive linear 

associations with alcohol consumption but some showed negative linear (LDL particle size, 

omega-6 FA ratio to total FA, citrate) or U-shaped (lipoprotein lipids in VLDL subclasses, 

VLDL triglycerides) associations. 

Conclusions: Alcohol consumption in young adults is related to a range of metabolites 

associated with benefits and harms to health. Associations with metabolites were similar for 

total and types of alcohol. There were some differences between our results and the only 

previous study. 
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Introduction 

Recent studies have contradicted the previous evidence of the benefits of low-to-moderate 

consumption of alcohol for reducing cardiovascular disease (CVD) risk [1]. The emerging 

technology of metabolomic analysis provides a snapshot of systemic metabolism that may 

increase understanding of the association between alcohol consumption and cardio-metabolic 

health, particularly the contradictory effects of reducing risk of myocardial infarction but 

increasing risk of a host of other cardiovascular diseases [1]. 

One previous study examined metabolites associated with alcohol consumption in 9,778 

young adults aged 24-45 in three population-based cohorts in Finland, revealing that higher 

alcohol consumption was associated with higher HDL cholesterol, monounsaturated fatty 

acids, but lower omega-6 fatty acids, glutamine, citrate and lipoprotein particle size in three 

cohorts using an NMR platform [2]. Most of these biomarkers have been shown to be 

associated with inreased rik of CVD events [3]. Replication of results in other cohorts is 

important in this emerging field to understand generalisability. Further, it is not known 

whether the type of alcoholic beverage consumed influences relationships and potentially 

important covariates such as diet, cardiorespiratory fitness and mental health have not been 

examined. 

We aimed to (1) replicate previous findings between alcohol consumption and metabolic 

profiles; (2) examine the association of different types of alcoholic beverages (beer and wine) 

with metabolites; and (3) consider covariates not previously examined (e.g. diet, 

cardiorespiratory fitness and mental health) in associations between metabolic profiles and 

alcohol consumption.  
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Methods 

Participants 

Participants were from the 2004-2006 Childhood Determinants of Adult Health (CDAH) 

study, a twenty year follow-up of the Australian Schools Health and Fitness Survey (ASHFS) 

conducted in 1985 [4]. In total, a representative sample of 8,498 Australian school children 

(51% male, aged 7 to 15 years) from 109 schools participated in the ASHFS. Of the original 

8,498 participants, 5,170 (60.8%) enrolled in the CDAH study and 2,410 (28.4%) attended 

one of 34 study clinics held across Australia from 2004 to 2006 when aged between 26 and 

36 years (herein refer to this study) [4]. Of these participants, 2,863 (74%) had data available 

for alcohol consumption completed by questionnaires, gave a fasting blood sample, and had 

metabolomic profile measured by a serum NMR platform. A detailed description of the 

cohort has been published elsewhere [5]. The flow of participants from baseline to follow-up 

is described in the Supplemtary material Figure 1. The study was approved by the Tasmanian 

Health and Medical Human Research Ethics Committee. All participants gave informed 

written consent.  

Measurements 

Alcohol consumption 

Each participant reported his or her frequency of intake (options: never or <1/month, 1-3 

times/month, once/week, 2-4 times/week, 5-6 times/week, once/day, 2-3 times/day, 4-5 

times/day, and >6 times/day) of ten alcoholic beverages (light, medium or full strength beer; 

red, white and sparkling wine; wine cooler, spirits/liqueurs, spirit-based mixed drinks, 

sherry/port, and other) over the last 12 months in a food frequency questionnaire. We 

assumed that one standard drink (10 grams of alcohol) was consumed at each drinking 

occasion. We estimated alcohol consumed per day for each beverage type by multiplying the 
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frequency of drinking by the estimated grams of alcohol for each beverage type: beer (sum of 

light beer, medium beer and full strength beer) and wine (sum of red and white wine). Spirits 

were infrequently consumed so were not examined in these analyses. Total alcohol consumed 

per week and per day was the sum of all ten types of beverages [6].  

Metabolomics 

Serum fasting blood samples were stored at -80oC for 11-13 years. The Computational 

Medicine metabolomic platform used high-throughput serum nuclear magnetic resonance 

(NMR) spectroscopy to quantify 223 key metabolic markers [7]. As per previous studies, we 

focused on 73 metabolic measures covering major biological pathways [7].  

Covariates 

Full details of the measurement of covariates are provided in the supplement. In brief, 

covariates were: age, sex, socio-economic status (SES) as quartile based on area of residence 

(high, medium-high, medium-low, or low), region of residence (major city/urban/rural areas), 

education level (university, vocational, or secondary school only), occupation 

(professional/manager, white collar, blue collar, or not in labour force), marital status 

(married or living as married versus other), smoking status (never, former, or current), total 

physical activity (minutes per week), cardiorespiratory fitness (CRF) (PWC170 uncorrelated 

with lean body mass) [8], diet quality (Dietary Guideline Index, DGI) [9] and depression and 

anxiety diagnosis in the previous 12 months (Composite International Diagnostic Interview, 

CIDI) [10].  

Statistical analysis 

We used multivariable linear regression models to examine associations between alcohol 

consumption as the explanatory variable and each metabolic measure as the outcome (β 

coefficients and 95% CIs). Alcohol consumption was examined as 1) total alcohol 
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consumption (grams per week) and 2) by beverage type (beer or wine). All metabolic 

variables were scaled to standard deviation units and those with skewed distributions were 

log transformed before analysis. Results are presented graphically with numerical results 

also provided in the supplement. 

The continuous shape of the significant linear metabolic pathways associated with alcohol 

consumption were examined graphically using local quadratic regression fitting, with each 

smoothing function segment evaluated at 25 points through the range of alcohol intake. 

More complex shapes were further examined using polynomial regression models to obtain 

the standard deviation changes of metabolite measures with log transformation when 

needed.  

Potential covariates were included in the models in accordance with purposeful model 

building procedures [11]. Models are presented adjusted for sex, age (model 1); model 1 

plus region of residence, SES, educational level, occupation, marital status, smoking, dietary 

quality (DGI), physical activity, cardiorespiratory fitness, depression and/or anxiety (model 

2). These covariates has been shown to be associated with alcohol consumption [12-14], 

jointly contribute mortality and morbidity from a range of diseases [15, 16]. 

The following sensitivity analyses were performed: (1) using total alcohol consumption in 

grams per day instead of grams per week, and (2) to test whether drinking  alcohol the day 

before the blood test influenced the results. 

We adjusted for multiple stastical testing using the number of principal components that 

explained over 99% variance of the metabolomic data to determine the independent number 

of tests [2]. As 36 principal components were identified the corrected significance threshold 

was P≤0.002 (two-tailed). Analysis was performed in RStudio 1.0.136 using the packages 

MASS, metafor, AER, RColorBrewer, and ggplot2 (R Core Team, 2016) and Stata 12.0. 
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Results 

Characteristics of study population 

The study population consisted of 1,785 participants in the cohort who had complete data on 

alcohol consumption and metabolomic measures (Table 1). Participants with and without 

metabolomics data had similar characteristics (Table 1).  

Associations of alcohol with lipoprotein lipids 

Alcohol consumption was associated with 23 out of 37 lipoprotein and lipid measures (see 

Figure 1, Supplementary Table 1 and Table 2 for numerical results). In the fully adjusted 

model, alcohol consumption per 100 grams per week was strongly associated with higher 

lipid concentrations for all high-density lipoproteins (HDL) subclasses, particularly for the 

medium-sized and large HDL particles. Concurrently, the HDL cholesterol, apolipoprotein 

A-1, phosphoglycerides and phosphatidylcholine concentrations were robustly elevated in 

relation to higher alcohol consumption. In contrast, higher alcohol consumption was strongly 

associated with smaller low-density lipoproteins (LDL) particle size, lower levels of 

apolipoprotein B, lower levels of remnant cholesterol, intermediate (IDL) cholesterol and 

very-low-density lipoproteins (VLDL) cholesterol concentrations. Adjustment for 

demographic factors (Model 1) and other health behaviours (Model 2) mostly increased the 

magnitude of the associations compared to the unadjusted model (Supplementary Table 3). 

Similar results were observed when alcohol was examined as 10 grams of alcohol per day 

instead of the weekly basis (Supplementary Figure 5). 

In the fully adjusted model, beer consumption and wine consumption were positively 

associated with all HDL concentrations including large, medium and small-sized particle, 

HDL particle size, apoliporotein A-1, HDL cholestetol, phosphatidylcholine, and 

phosphoglycerides concentration while inversely associated with apoliporotein B, remnant 
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cholesterol, VLDL cholesterol. There was evidence that beer consumption was associated 

with larger increases in lipid concentrations in the large, medium and small HDL subclasses, 

HDL particle size, HDL cholesterol, apolipoprotein A-1, phosphoglycerides and 

phosphatidylcholine concentrations compared to consumption of wine or total alcohol 

consumption.  

When further examining the shape of the associations, HDL-related, phosphoglycerides, 

apolipoprotein A-1 measures were mainly linear across the range of alcohol consumption. 

Inverse linear associations were observed in the measures of LDL particle size, 

apolipoprotein B, remnant C and IDL cholesterol (Figure S1).  

Non-linear associations were observed between alcohol consumption with higher lipid 

concentrations in the large and small HDL subclasses, larger HDL particle size, higher HDL 

cholesterol, higher apolipoprotein A-1, and higher phosphoglycerides and 

phosphatidylcholine concentrations (Supplementary Table 2). 

Associations of alcohol with fatty acids 

Alcohol consumption was associated with 12 out of 16 fatty acids measures (see Figure 2, 

Supplementary Table 1 and Table 2). Higher alcohol consumption was robustly associated 

with higher concentrations of total fatty acids (FA), saturated fatty acids (SFA), 

monounsaturated fatty acids (MUFA), omega-3 FA, DHA in absolute concentrations, and 

higher proportion of saturated FA, omega-3 FA and the proportion of DHA levels to total FA. 

In contrast, alcohol consumption was inversely associated with the omega-6 fatty acid ratio, 

PUFA ratio and linoleic acid ratio to total fatty acids. These results remained statistically 

significant after adjusting for potential covariates (Figure 3). Smoking, diet, physical activity 

and cardiorespiratory fitness (Model 2) caused most of the changes which increase the 

magnitudes of the associations (Supplementary Table 3). 
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In the fully adjusted models, similar results were observed with beer consumption and wine 

consumption and fatty acids measures. There was evidence that consumption of beer led to a 

larger increase of the magnitudes in associations with total FA, saturated FA, MUFA, PUFA, 

omega-6 FA, omega-3 FA, DHA and a larger decrease in associations with PUFA ratio, 

omega-6 FA ratio, linolenic acid ratio to total FA compared to consumption of wine or total 

alcohol consumption. 

Similar results were observed when the standard deviation differences of metabolite 

concentrations were compared per 10 grams of alcohol per day instead of the weekly basis 

(Supplementary Figure 6). 

When examining the shapes of these associations, most were linear across the range of 

alcohol consumption. Inverse linear associations were observed in the measures of omega-6 

fatty acid ratio, linoleic acid ratio, PUFA to total fatty acids. In contrast, positive linear 

associations were observed in the measures of omega-3 FA, DHA or largely positive in 

measures of total FA, saturated FA, MUFA, PUFA, omega-6 FA concentrations, saturated 

FA and MUFA ratio to total FA where the slope modestly declined in light alcohol 

consumption but mainly increased across higher range of alcohol use (Figure S2). 

Associations of alcohol with low-molecular-weight metabolites 

Alcohol consumption was associated with 6 out of 20 low molecular weight metabolite 

measures (see Figure 3, Supplementary Table 1 and Table 2). The strongest associations 

between alcohol and low-molecular-weight metabolites were observed for glycine, 

isoleucine, valine, phenylalaine, and citrate which were all inversely associated with higher 

alcohol consumption (Figure 4). Demographic factors including sex, age, SES status (Model 

1) and smoking, diet, physical activity and cardiorespiratory fitness (Model 2) accounted for 

most of the significant changes which increase the magnitude of the associations compared to 
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the unadjusted model (Supplementary Table 3). While most of the small molecular 

metabolites were not strongly associated with alcohol consumption based on the linear 

models, subtle non-linear associations were evident for several measures, e.g. phenylanaline 

(Supplementary Table 2 and Figure S3). Similar results were observed when the standard 

deviation differences of metabolite concentration were compared per 10 grams of alcohol per 

day instead of the weekly basis (Supplementary Figure 7). 

In the fully adjusted model, similar results were observed with beer consumption and wine 

consumption.  

Discussion 

The metabolomic signatures of this young adult cohort revealed diverse molecular processes 

related to alcohol consumption, comprising both favourable and unfavourable effects in 

relation to the risk of cardio-metabolic diseases. Our results were largely similar to the 

previous study of 9,778 young adults in Finland except for associations with some 

triglycerides, fatty acids, and several low-molecular-weight metabolites. We generally found 

limited differences in associations between types of beverages. Including diet and 

cardiorespiratory fitness, but not mental health, appeared to increase the magnitudes of the 

associations suggesting that inadequate control for confounders may have led to a 

misestimation of the associations between alcohol consumption and some of these measures 

in previous studies.  

Associations of alcohol with lipoprotein lipids 

Our findings on the associations between alcohol consumption and lipid and lipoprotein 

measures were mostly consistent with the only previous study on alcohol consumption and 

metabolomic profiling in young adults [2]. This included that alcohol consumption was 

positively associated with several lipid and lipoprotein measures associated with lower 
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cardiovascular risk: large and small HDL subclasses, HDL particle size, HDL cholesterol and 

apolipoprotein A-1. Associations between alcohol consumption and phosphoglycerides, 

phosphatidylcholine, apolipoprotein A-1 were non-linear, with less positive effects at higher 

levels of alcohol consumption.  

Consistent with the previous study [2], higher alcohol consumption was strongly associated 

with several lipid and lipoprotein measures (smaller LDL particle size, higher 

phosphoglycerides and phosphatidylcholine) associated with greater cardiovascular risk.  

Our findings that alcohol consumption was not associated with serum total triglycerides, 

triglycerides in HDL contrast to the previous study [2]. A potential explanation for this 

disparity is the differences in the populations in determinants of trigylcerides (e.g. diet and 

body weight [17]), however, we adjusted for these and no associations were evident in 

unadjusted analyses. This suggests that further examination is needed to confirm the 

associations between alcohol consumption and triglycerides.  

We found that beer and wine had associations with lipids and lipoproteins that were similar to 

total alcohol consumption. There was some evidence that consumption of beer was associated 

with larger increases in lipid concentrations in the large, medium and small HDL subclasses, 

HDL particle size, HDL cholesterol, apolipoprotein A-1, phosphoglycerides and 

phosphatidylcholine concentrations than wine or total alcohol consumption. This may be 

influenced by demographic characteristics and health behaviours in people that drink beer as 

these factors accounted for large increases in the associations, suggesting negative 

confounding. These findings suggest that common components of alcohol may affect lipids 

noting a meta-analyses showing similar J-shaped associations between beer and wine 

consumption with cardiovascular events [18]. 



13 
 

Adjusting for cardiorespiratory fitness and diet increased the magnitudes of the associations 

between alcohol and lipid concentrations in the large, medium and small HDL subclasses, 

HDL particle size, HDL cholesterol, apolipoprotein A-1, phosphoglycerides and 

phosphatidylcholine concentrations. This highlights the close interaction between 

cardiorespiratory fitness, diet and alcohol consumption [14] that might explain some of the 

pathways to cardiometabolic diseases through lipids and lipoproteins. 

Numerous studies have indicated strong associations between higher alcohol consumption on 

elevated HDL cholesterol, adiponectin, apolipoprotein A-1 levels [19, 20]. Alcohol may 

influence HDL cholesterol through cholesteryl ester transfer protein (CETP) activity [21], in 

combination with increased transport rate of apolipoproteins [22], reduced hepatic lipase 

activity [23]. In turn, HDL cholesterol moves excess cholesterol molecules from peripheral 

cells to the liver [24]. Alcohol was associated with higher apolipoprotein A-1 concentration 

mainly due to the increase of A-1 lipoprotein particle, which has been suggested to represent 

the antiatherogenic fraction of HDL [25]. The underlying mechanisms by which alcohol 

affects LDL particle size, phosphoglycerides and phosphatidylcholine are not well 

established. However, there is evidence linking lower LDL particle size and plasma 

triglyceride-rich lipoprotein particles, such as phosphoglycerides and phosphatidylcholine 

[26], to progression of coronary heart disease [27]. These conflicting effects of alcohol 

consumption on lipids and lipoproteins coupled with recent findings on metabolic markers 

differentially predicting myocardial infarction and stroke [28] may explain some of the 

conflicting effects of alcohol on risk of different cardiovascular events [1].  

Associations of alcohol with fatty acids 

The relationships between alcohol consumption and fatty acid subclasses were consistent 

with the previous study [2, 3, 29], with mostly adverse effects in relation to cardiovascular 
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risk. While total FA, saturated FA, MUFA, omega-3 FA concentrations, saturated FA ratio, 

omega-3 FA ratio, and DHA ratio to total fatty acids displayed positive associations with 

alcohol intake, alcohol consumption was inversely associated with the omega-6 fatty acid 

ratio, PUFA ratio and linoleic acid ratio to total fatty acids. The predominantly adverse 

changes in these fatty acids measures support higher risks of some cardiovascular disease 

apparently associated with alcohol consumption in recent studies [1] when considered 

alongside studies of metabolites and risk of cardiovascular events [28].  

Beer and wine showed similar associations to total alcohol consumption with fatty acids. 

There was, again, evidence that consumption of beer led to a larger increase of the 

magnitudes of the associations with a range of measures compared to consumption of wine or 

total alcohol consumption, which might be due to residual confounding despite efforts to 

adjust for covariates.  

We found that demographic factors including sex, age, SES status and other health 

behaviours including smoking, diet, physical activity and cardiorespiratory fitness, but not 

mental health accounted for significant increases in the associations between total alcohol 

consumption and fatty acids measures compared to the unadjusted model. The interaction 

beween diet, fitness or physical activity and alcohol with fatty acids might be particularly 

important but the relationships are poorly understood.  

Alcohol may influence fatty acids by mobilizing, uptake, synthesis and esterification of fatty 

acids from adipose tissue [30]. Saturated FA increase low-density lipoprotein (LDL) 

cholesterol, potentially increasing risk for CVD [31]. While dietary MUFAs protective 

against CVD [32-35], MUFA ratio to total fatty acids is a biomarker of higher cardiovascular 

and diabetes risk [3, 36]. Likewise, the robust association of alcohol intake with lower 

proportion of omega-6 fatty acids has been related to higher cardiometabolic risk [3, 29, 36], 
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noting recent findings with different effects on myocardial infarction and stroke by the 

influence of circulating triglycerides levels [28]. On the other hand, omega-3 FA 

concentrations have been associated with lower cardiovascular risk [37-39]. Within the 

omega-3 series, the long-chain docosahexaenoic acid (DHA) are also associated with 

decreased coronary events, whereas the role of linolenic acid is less clear [40, 41]. In this 

cohort of young adults, the weight of evidence suggests that alcohol consumption is 

associated with mostly harmful effects on fatty acids that may increase cardiovascular risk 

later in life. 

Associations of alcohol with low-molecular-weight metabolites 

In line with the previous finding, citrate and phenylalanine were strongly inversely associated 

with alcohol consumption, while it was not associated with glutamine. A strong linear 

association was observed for citrate, while phenylalanine showed a non-linear shape where 

the slope of the association initially declined then levelled off as alcohol consumption 

increased. Beer and wine showed similar associations with low-molecular-weight metabolites 

as total alcohol consumption  

Alcohol may influence citrate through its effects on enzymes in oxidative pathways such as 

the citric acid or glyoxylate cycle that bypasses part of the citric acid cycle, including 

succinate dehydrogenase [42]. The effects of alcohol on phynylalanine might be related to the 

production of the 2-phenylethyl alcohol which is found in fresh beer or other volatiles such as 

ethyl alcohol [43]. In turn, higher citrate levels have been linked with modestly lower risk for 

cardiovascular diseases [3, 44]. In constrast, higher phenylalanine has been associated with 

greater cardiovascular risk [3]. In this cohort, these adverse changes in citrate and 

phenylalanine suggest higher cardiovascular and metabolic risk related to higher alcohol 

consumption.  
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Strengths and limitations 

The strength of our study is that we comprehensively examined potential linear and non-

linear relationships of individual metabolite measures and alcohol consumption including 

different types of alcohol (noting the limited power for spirit consumption due to its 

infrequent consumption). Furthermore, several sensitivity analyses were performed showing 

the robustness of our findings. In addition, we took multiple confounding factors into 

account in the analysis, including diet, cardiorespiratory fitness, and mental health that were 

not examined in previous studies.  

Our study has several limitations. The cross-sectional analyses mean we cannot confirm 

casual associations between alcohol consumption and metabolites. Our young and relatively 

healthy cohort have few diseases and exclusion of those with alcohol use disorders addressed 

potential issues with reverse causation. Associations were unaltered when excluding non-

drinkers; suggesting results were not influenced by those that stopped drinking for health 

reasons . Misclassification of alcohol consumption may have occurred with the FFQ. Self-

reported alcohol intake by FFQ has been shown to be reliable and valid in young adults [45]. 

We had substantial loss to follow-up since childhood, which may affect the generalisability of 

our findings to other populations. However, a comparison of the CDAH sample without the 

metabolomics data showed similar characteristics. Furthermore, the proportion of current 

drinkers in this study was very similar to that in the general Australian population [46].  

Conclusion 

The metabolomic signatures associated with alcohol consumption in this young adult cohort 

were similar to the only existing study. They suggest a diverse range of molecular processes 

that are both beneficial and harmful to health are related to alcohol consumption with similar 

effects for total consumption and different types of alcohol.  



17 
 

Acknowledgements 

We gratefully acknowledge the CDAH study project manager Ms Marita Dalton and sponsors 

(Target, Asics, Sanitarium and Veolia Environmental Services). 

Funding 

This study was supported by the National Health and Medical Research Council (Project 

Grant 211316, Senior Research Fellowship to AJV, Early Career Fellowship to KJS 

APP1072516); the National Heart Foundation (Project Grant GOOH 0578, Fellowships PH 

11H 6047 and Future Leader Fellowship 100446 to SLG, and Future Leader Fellowship to 

CGM). Duc Du was supported by a Menzies Vietnamese Scholarship.   



18 
 

References 

 

1. Wood AM, Kaptoge S, Butterworth AS, Willeit P, Warnakula S, Bolton T, Paige E, 

Paul DS, Sweeting M, Burgess S, et al: Risk thresholds for alcohol consumption: 

combined analysis of individual-participant data for 599 912 current drinkers in 

83 prospective studies. Lancet 2018, 391:1513-1523. 

2. Wurtz P, Cook S, Wang Q, Tiainen M, Tynkkynen T, Kangas AJ, Soininen P, 

Laitinen J, Viikari J, Kahonen M, et al: Metabolic profiling of alcohol consumption 

in 9778 young adults. Int J Epidemiol 2016, 45:1493-1506. 

3. Wurtz P, Havulinna AS, Soininen P, Tynkkynen T, Prieto-Merino D, Tillin T, 

Ghorbani A, Artati A, Wang Q, Tiainen M, et al: Metabolite profiling and 

cardiovascular event risk: a prospective study of 3 population-based cohorts. 

Circulation 2015, 131:774-785. 

4. Gall SL, Jose K, Smith K, Dwyer T, Venn AJ: The childhood determinants of adult 

health study: a profile of a cohort study to examine the childhood influences on adult 

cardiovascular health.2009. 

5. Magnussen CG, Raitakari OT, Thomson R, Juonala M, Patel DA, Viikari JS, 

Marniemi J, Srinivasan SR, Berenson GS, Dwyer T, Venn A: Utility of currently 

recommended pediatric dyslipidemia classifications in predicting dyslipidemia in 

adulthood: evidence from the Childhood Determinants of Adult Health (CDAH) 

study, Cardiovascular Risk in Young Finns Study, and Bogalusa Heart Study. 

Circulation 2008, 117:32-42. 

6. Australian Government NHaMRC: Australian Alcohol Guidelines: Health Risks 

and Benefits. Canberra ACT: Commonwealth of Australia; 2001. 



19 
 

7. Soininen P, Kangas AJ, Wurtz P, Suna T, Ala-Korpela M: Quantitative serum 

nuclear magnetic resonance metabolomics in cardiovascular epidemiology and 

genetics. Circ Cardiovasc Genet 2015, 8:192-206. 

8. Quan HL, Blizzard CL, Sharman JE, Magnussen CG, Dwyer T, Raitakari O, Cheung 

M, Venn AJ: Resting heart rate and the association of physical fitness with 

carotid artery stiffness. Am J Hypertens 2014, 27:65-71. 

9. Kellet E, Smith A, Schmerlaib Y.: The Australian Guide to Healthy Eating.  

(Sevices CDoHaF ed. Canberra1998. 

10. Haro JM, Arbabzadeh-Bouchez S, Brugha TS, de Girolamo G, Guyer ME, Jin R, 

Lepine JP, Mazzi F, Reneses B, Vilagut G, et al: Concordance of the Composite 

International Diagnostic Interview Version 3.0 (CIDI 3.0) with standardized 

clinical assessments in the WHO World Mental Health surveys. Int J Methods 

Psychiatr Res 2006, 15:167-180. 

11. Greenland S: Modeling and variable selection in epidemiologic analysis. Am J 

Public Health 1989, 79:340-349. 

12. Burke GL, Hunter SM, Croft JB, Cresanta JL, Berenson GS: The interaction of 

alcohol and tobacco use in adolescents and young adults: Bogalusa Heart Study. 

Addict Behav 1988, 13:387-393. 

13. Shuval K, Finley CE, Chartier KG, Balasubramanian BA, Gabriel KP, Barlow CE: 

Cardiorespiratory fitness, alcohol intake, and metabolic syndrome incidence in 

men. Med Sci Sports Exerc 2012, 44:2125-2131. 

14. Baumeister SE, Finger JD, Glaser S, Dorr M, Markus MR, Ewert R, Felix SB, Grabe 

HJ, Bahls M, Mensink GB, et al: Alcohol consumption and cardiorespiratory 

fitness in five population-based studies. Eur J Prev Cardiol 

2017:2047487317738594. 



20 
 

15. Perreault K, Bauman A, Johnson N, Britton A, Rangul V, Stamatakis E: Does 

physical activity moderate the association between alcohol drinking and all-

cause, cancer and cardiovascular diseases mortality? A pooled analysis of eight 

British population cohorts. Br J Sports Med 2017, 51:651-657. 

16. Soedamah-Muthu SS, De Neve M, Shelton NJ, Tielemans SM, Stamatakis E: Joint 

associations of alcohol consumption and physical activity with all-cause and 

cardiovascular mortality. Am J Cardiol 2013, 112:380-386. 

17. Klop B, do Rego AT, Cabezas MC: Alcohol and plasma triglycerides. Curr Opin 

Lipidol 2013, 24:321-326. 

18. Costanzo S, Di Castelnuovo A, Donati MB, Iacoviello L, de Gaetano G: Wine, beer 

or spirit drinking in relation to fatal and non-fatal cardiovascular events: a 

meta-analysis. Eur J Epidemiol 2011, 26:833-850. 

19. Gepner Y, Golan R, Harman-Boehm I, Henkin Y, Schwarzfuchs D, Shelef I, Durst R, 

Kovsan J, Bolotin A, Leitersdorf E, et al: Effects of Initiating Moderate Alcohol 

Intake on Cardiometabolic Risk in Adults With Type 2 Diabetes: A 2-Year 

Randomized, Controlled Trial. Ann Intern Med 2015, 163:569-579. 

20. Brien SE, Ronksley PE, Turner BJ, Mukamal KJ, Ghali WA: Effect of alcohol 

consumption on biological markers associated with risk of coronary heart 

disease: systematic review and meta-analysis of interventional studies. BMJ 2011, 

342:d636. 

21. Jensen MK, Mukamal KJ, Overvad K, Rimm EB: Alcohol consumption, TaqIB 

polymorphism of cholesteryl ester transfer protein, high-density lipoprotein 

cholesterol, and risk of coronary heart disease in men and women. Eur Heart J 

2008, 29:104-112. 



21 
 

22. De Oliveira ESER, Foster D, McGee Harper M, Seidman CE, Smith JD, Breslow JL, 

Brinton EA: Alcohol consumption raises HDL cholesterol levels by increasing the 

transport rate of apolipoproteins A-I and A-II. Circulation 2000, 102:2347-2352. 

23. Riemens SC, van Tol A, Hoogenberg K, van Gent T, Scheek LM, Sluiter WJ, Dullaart 

RP: Higher high density lipoprotein cholesterol associated with moderate alcohol 

consumption is not related to altered plasma lecithin:cholesterol acyltransferase 

and lipid transfer protein activity levels. Clin Chim Acta 1997, 258:105-115. 

24. Hewing B, Moore KJ, Fisher EA: HDL and cardiovascular risk: time to call the 

plumber? Circ Res 2012, 111:1117-1120. 

25. Valimaki M, Laitinen K, Ylikahri R, Ehnholm C, Jauhiainen M, Bard JM, Fruchart 

JC, Taskinen MR: The effect of moderate alcohol intake on serum apolipoprotein 

A-I-containing lipoproteins and lipoprotein (a). Metabolism 1991, 40:1168-1172. 

26. Cromwell WC, Otvos JD, Keyes MJ, Pencina MJ, Sullivan L, Vasan RS, Wilson PW, 

D'Agostino RB: LDL Particle Number and Risk of Future Cardiovascular 

Disease in the Framingham Offspring Study - Implications for LDL 

Management. J Clin Lipidol 2007, 1:583-592. 

27. Rizzo M, Berneis K: Low-density lipoprotein size and cardiovascular risk 

assessment. QJM 2006, 99:1-14. 

28. Holmes MV, Millwood IY, Kartsonaki C, Hill MR, Bennett DA, Boxall R, Guo Y, 

Xu X, Bian Z, Hu R, et al: Lipids, Lipoproteins, and Metabolites and Risk of 

Myocardial Infarction and Stroke. J Am Coll Cardiol 2018, 71:620-632. 

29. Wu JH, Lemaitre RN, King IB, Song X, Psaty BM, Siscovick DS, Mozaffarian D: 

Circulating omega-6 polyunsaturated fatty acids and total and cause-specific 

mortality: the Cardiovascular Health Study. Circulation 2014, 130:1245-1253. 



22 
 

30. Baraona E, Lieber CS: Effects of ethanol on lipid metabolism. J Lipid Res 1979, 

20:289-315. 

31. Mensink RP: Effects of the individual saturated fatty acids on serum lipids and 

lipoprotein concentrations. Am J Clin Nutr 1993, 57:711S-714S. 

32. Gillingham LG, Harris-Janz S, Jones PJ: Dietary monounsaturated fatty acids are 

protective against metabolic syndrome and cardiovascular disease risk factors. 

Lipids 2011, 46:209-228. 

33. Kris-Etherton PM: AHA science advisory: monounsaturated fatty acids and risk 

of cardiovascular disease. J Nutr 1999, 129:2280-2284. 

34. Kris-Etherton PM: AHA Science Advisory. Monounsaturated fatty acids and risk 

of cardiovascular disease. American Heart Association. Nutrition Committee. 

Circulation 1999, 100:1253-1258. 

35. Yang ZH, Emma-Okon B, Remaley AT: Dietary marine-derived long-chain 

monounsaturated fatty acids and cardiovascular disease risk: a mini review. 

Lipids Health Dis 2016, 15:201. 

36. Mahendran Y, Cederberg H, Vangipurapu J, Kangas AJ, Soininen P, Kuusisto J, 

Uusitupa M, Ala-Korpela M, Laakso M: Glycerol and fatty acids in serum predict 

the development of hyperglycemia and type 2 diabetes in Finnish men. Diabetes 

Care 2013, 36:3732-3738. 

37. Bowen KJ, Harris WS, Kris-Etherton PM: Omega-3 Fatty Acids and 

Cardiovascular Disease: Are There Benefits? Curr Treat Options Cardiovasc Med 

2016, 18:69. 

38. Rogers TS, Seehusen DA: Omega-3 Fatty Acids and Cardiovascular Disease. Am 

Fam Physician 2018, 97:562-564. 



23 
 

39. Momiyama Y: Association between serum omega-3 to omega-6 polyunsaturated 

fatty acid ratio and cardiovascular events in a general Japanese population. 

Atherosclerosis 2013, 231:281-282. 

40. Erkkila A, de Mello VD, Riserus U, Laaksonen DE: Dietary fatty acids and 

cardiovascular disease: an epidemiological approach. Prog Lipid Res 2008, 

47:172-187. 

41. Lluis L, Taltavull N, Munoz-Cortes M, Sanchez-Martos V, Romeu M, Giralt M, 

Molinar-Toribio E, Torres JL, Perez-Jimenez J, Pazos M, et al: Protective effect of 

the omega-3 polyunsaturated fatty acids: Eicosapentaenoic 

acid/Docosahexaenoic acid 1:1 ratio on cardiovascular disease risk markers in 

rats. Lipids Health Dis 2013, 12:140. 

42. Kokavec A, Crowe SF: Alcohol consumption in the absence of adequate nutrition 

may lead to activation of the glyoxylate cycle in man. Med Hypotheses 2002, 

58:411-415. 

43. Fabre CE, Blanc PJ, Goma G: Production of 2-phenylethyl alcohol by 

Kluyveromyces marxianus. Biotechnol Prog 1998, 14:270-274. 

44. Wise DR, Ward PS, Shay JE, Cross JR, Gruber JJ, Sachdeva UM, Platt JM, DeMatteo 

RG, Simon MC, Thompson CB: Hypoxia promotes isocitrate dehydrogenase-

dependent carboxylation of alpha-ketoglutarate to citrate to support cell growth 

and viability. Proc Natl Acad Sci U S A 2011, 108:19611-19616. 

45. Turconi G, Bazzano R, Roggi C, Cena H: Reliability and relative validity of a 

quantitative food-frequency questionnaire for use among adults in Italian 

population. Int J Food Sci Nutr 2010, 61:846-862. 



24 
 

46. Jefferson A, Claydon C, Webber K: The 2013 National Drug Strategy Household 

Survey: Key Trends and Emerging Issues. Drug and Alcohol Review 2014, 33:33-

34. 

 

  



25 
 

Table 1. Characteristics of the study population  

Characteristic  Participants with 

metabolomics data 

(N=1,785) 

Participants without 

metabolomics data 

(N=1,078) 

Pvalue 

Number of participants (men/women) 811/974 465/613 0.231 

Age (years) 31.3 (2.6) 32.0 (2.6) <0.001 

Body mass index (kg/m2) 25.6 (4.8) 25.6 (5.0) 0.953 

Systolic blood pressure (mmHg) 118 (12) 119 (13) <0.05 

Total cholesterol (mmol/l) 4.9 (1.0) 5.0 (1.0) <0.05 

HDL cholesterol (mmol/l) 1.4 (0.3) 1.4 (0.3) 0.226 

Triglycerides (mmol/l) 0.9 (0.6-1.3) 0.9 (0.6-1.4) 0.513 

Plasma glucose (mmol/l) 5.0 (4.7-5.2) 5.0 (4.7-5.3) 0.507 

Insulin (IU/l) 6.0 (4.3-8.6) 5.9 (4.2-8.2) 0.487 

HOMA-IR 1.3 (0.9-1.9) 1.3 (0.9-1.9) 0.489 

cMSy -0.01 (0.7) 0.03 (0.7) 0.198 

Smoking prevalence, n (%) 369 (22) 121 (22) 0.994 

Total alcohol consumption (g/week) 41.0 (15.0-87.5) 36.8 (11.8-82.5) 0.480 

Total alcohol consumption (g/day) 5.9 (2.1-12.5) 5.3 (1.7-11.8) 0.480 

Total beer (g/day) 1.1 (0.0-4.5) 0.7 (0.0-4.3) 0.487 

Total wine (g/day) 2.1 (0.0-4.3) 1.1 (0.0-4.3) 0.473 

Total spirits (g/day) 0.7 (0.0-1.7) 0.7 (0.0-1.7) 0.485 

Alcohol consumption status, n (%)   0.065 

Non-drinkers (0 g/day) 246 (14) 187 (17)  

Light drinkers (>0-10 g/day) 974 (55) 563 (52)  
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Moderate drinkers (>10-20 g/day) 386 (22) 209 (19)  

Heavy drinkers (>20-30 g/day) 88 (5) 55 (5)  

Very heavy drinkers (>30 g/day) 91 (5) 64 (6)  

    

Abbreviation: HDL, High-Density Lipoprotein; HOMA-IR, Homeostatic Model Assessment-

Insulin Resistance; cMSy, Continuous Metabolic Syndrome Risk Scores. Data are shown as 

mean (± standard deviation) or median (interquartile range) for normally distributed or 

skewed continuous variables, respectively; and number (percentage) for categorical variables.  
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Figure 1. Cross-sectional associations between alcohol consumption as total alcohol, beer and 

wine consumed and lipoprotein lipid measures. All association were adjusted for age, sex, 

region of residence, SES, educational level, occupation, marital status, smoking, diet quality, 

physical activity, cardiorespiratory fitness, depression and/or anxiety. Error bars denote 95% 

confidence intervals. Differences in metabolite concentration are expressed as standard 

deviation difference (95% CIs) per 100 grams of alcohol per week. Association magnitudes 

in absolute concentration units are listed in Supplementary Table 2a and continuous shapes of 

the metabolic associations with alcohol intake are shown in Supplementary Figure S1. 
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Figure 2. Cross-sectional associations between alcohol consumption as total alcohol, beer and 

wine consumed and fatty acids. All association were adjusted for age, sex, region of 

residence, SES, educational level, occupation, marital status, smoking, diet quality, physical 

activity, cardiorespiratory fitness, depression and/or anxiety. Error bars denote 95% 

confidence intervals. Differences in metabolite concentration are expressed as standard 

deviation difference (95% CIs) per 100 grams of alcohol per week. Association magnitudes 

in absolute concentration units are listed in Supplementary Table 2a and continuous shapes of 

the metabolic associations with alcohol intake are shown in Supplementary Figure S2. 
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Figure 3. Cross-sectional associations between alcohol consumption as total alcohol, beer and 

wine consumed and low-molecular-weight metabolites. All association were adjusted for age, 

sex, region of residence, SES, educational level, occupation, marital status, smoking, dietary 

intakes, physical activity, cardiorespiratory fitness, depression and/or anxiety. Error bars 

denote 95% confidence intervals. Differences in metabolite concentration are expressed as 

standard deviation difference (95% CIs) per 100 grams of alcohol per week.  Association 

magnitudes in absolute concentration units are listed in Supplementary Table 2a and 

continuous shapes of the metabolic associations with alcohol intake are shown in 

Supplementary Figure S3. 
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