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Abstract

Background.—Repeated binge drinking is associated with reduced microvascular function. 

However, microvascular responses to pathophysiological stimulus such as high pressure as well 

as potential mechanisms that underlie binge-induced microvascular dysfunction are unknown. 

Therefore, using an ex vivo experimental model, we examined microvascular responses following 

a brief period of high intraluminal pressure in isolated arterioles from young adults who have a 

history of repeated binge drinking. In addition, we examined if the application of the endothelial 

nitric oxide synthase cofactor, tetrahydrobiopterin, would restore microvascular function in 

response to flow and high intraluminal pressure in young adult binge drinkers.

Methods.—Isolated subcutaneous adipose arterioles were obtained from young adult binge 

drinkers (BD; n=14), moderate drinkers (MODs; n=10), and alcohol abstainers (ABs; n=12; 

mean age: 23.7±0.5 yrs and body mass index: 23.4±0.4 kg m−2). Arteriolar flow-induced dilation 

(FID, pressure gradient: Δ10-100 cm H2O) was measured before and after acute high intraluminal 

pressure with and without tetrahydrobiopterin.

Results.—Before high pressure, FID at Δ60 and Δ100 cm H2O pressure gradient in BDs was 

14% lower and 18% lower respectively than ABs (P<0.05), while MODs and ABs had similar FID 

across all pressure gradients (P≥0.2). After high pressure, FID in BDs was further reduced by 10% 

(P<0.0005) and this impairment was ameliorated by the treatment of tetrahydrobiopterin (4-26% 

higher, P<0.005). In contrast, FID after high pressure did not change in MODs and ABs (P≥0.5).

Conclusions.—Microvascular dysfunction in young adult binge drinkers may be exacerbated 

with acute pathophysiological stimulus. These binge-induced dysfunctions may be reversed by 
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tetrahydrobiopterin, which suggests a role of oxidative stress and/or uncoupled endothelial nitric 

oxide synthase in binge drinking.
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Introduction

Repeated binge drinking in young adults is associated with signs of premature 

cardiovascular disease such as elevated blood pressure (Wellman et al., 2016, Piano 

et al., 2018), increased coronary artery calcification (Pletcher et al., 2005) and 

microvascular dysfunction (Bian et al., 2018). Microvascular dysfunction is defined as 

inadequate or abnormal microvascular vasodilator or constrictor responses to physiologic 

stimuli (e.g., flow, acetylcholine) and pathophysiologic stimuli (e.g., high pressure). 

Microvascular dysfunction precedes the development of several cardiovascular diseases 

including hypertension (Yannoutsos et al., 2014) and arises due to reduced production or 

bioavailability of nitric oxide (Gutterman et al., 2016).

Nitric oxide (NO), a potent vasodilator, is synthesized by the enzyme endothelial 

NO synthase (eNOS) and tetrahydrobiopterin (BH4) is a critical cofactor for eNOS 

production (Bendall et al., 2014). Reduced BH4 bioavailability, for example, during 

aging or disease states, contributes to reduced bioavailability of NO, thus decreasing NO-

dependent vasodilation. Using different experimental approaches, others have demonstrated 

that increasing BH4 levels acutely ameliorates the impaired microvascular NO-dependent 

vasodilation in older adults (Stanhewicz et al., 2013, Stanhewicz et al., 2012) and in patients 

with atherosclerosis (Tiefenbacher et al., 2000). Reduced BH4 levels have been reported 

after alcohol consumption (Yoshimoto et al., 1997). Data from animal models demonstrate 

that alcohol administration (via intraperitoneal injection) reduces BH4 levels in brains of 

mice (Yoshimoto et al., 1997), while BH4 treatment ameliorates impaired NO-dependent 

dilation in arterioles isolated from rats chronically administered alcohol (liquid diet, 2-3 

months) (Sun et al., 2001).

We have previously established that repeated binge drinking in young adults is associated 

with reduced microvascular flow-induced vasodilation (FID) which may be due to decreased 

bioavailability of NO (Bian et al., 2018). To the best of our knowledge, there have been no 

investigations examining mechanisms that may mediate the adverse effects of repeated binge 

drinking on microvascular function in young adults. In addition, there are no investigations 

examining responses of the microvasculature to a pathophysiologic stimulus such as high 

pressure. We hypothesized that exposure to high pressure would further reduce FID and 

that treatment of BH4 would reverse the FID in arterioles isolated from young adult binge 

drinkers (BDs). Therefore, using an ex vivo experimental model of isolated arterioles from 

young adults who have a history of repeated binge drinking, moderate alcohol drinking, 

and alcohol abstention, the first aim of this study was to examine microvascular function, 

measured as FID in isolated arterioles, following a pathophysiologic stress, that is, acute 

high intraluminal pressure. The second aim was to determine if the application of the 
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cofactor BH4 improves microvascular function in response to flow and high intraluminal 

pressure in BDs.

Materials and Methods

Study design.

Using a cross-sectional design, participants were recruited from the community and a 

university campus. The study was conducted in accordance with the Declaration of Helsinki 

and was approved by the University of Illinois at Chicago Office of Protection of Research 

Subjects and Institutional Review Board. Written informed consent was obtained from all 

participants prior to study procedures.

Study participants.

Men and women (18-30 years) were screened based on self-reported medical history, 

physical examination, and fasting venous blood analysis. Exclusion criteria included: 1) 

body mass index ≥ 30 kg m−2; 2) total cholesterol > 230 mg dl−1 and/or low-density 

lipoprotein cholesterol > 160 mg dl−1; 3) blood pressure > 140/90 mm Hg; 4) history of 

diabetes, cardiovascular disease, or renal disease; 5) current or history of cigarette smoking 

and illicit drug use; 6) active infection (2 months prior); 7) a history of seizure disorder, 

cancer, and inflammatory disease (i.e., gout or rheumatoid); 8) pregnancy.

Study procedures.

Clinical measurements—Anthropometric measures (body weight, height, and waist and 

hip circumferences) were measured prior to obtaining fasting venous samples. Venous 

blood was collected into either serum separator tubes or tubes containing sodium citrate 

for measurement of total cholesterol, high-density lipoprotein cholesterol, low-density 

lipoprotein cholesterol, triglycerides, and glucose. Using the oscillometric technique 

(HEM-907XL, Omron Corporation, Japan), seated blood pressure was obtained, and we 

calculated the average of 3 blood pressure measures (with a 1-min interval between 

measures).

Alcohol use measurements—As described previously, we determined levels of alcohol 

intake and patterns of drinking using the alcohol intake questionnaire (AIQ), Alcohol Use 

Disorders Test (AUDIT), and dried blood spot phosphatidylethanol levels (Piano et al., 

2015). Briefly, AIQ included questions on alcohol use frequency (e.g., how often), amount 

(e.g., how many drinks in one occasion, on a typical day, or over 2 hours), and history (e.g., 

how long in years) and was used for classifying alcohol use pattern (i.e., alcohol abstention 

and moderate or binge drinking). The AUDIT includes 10 questions (Babor, 2001), and total 

AUDIT and AUDIT-C (i.e., first three questions) scores were calculated to assess the risk of 

high-risk drinking.

Binge drinking was defined as the consumption of 5 or more standard drinks if male and 4 

or more standard drinks if female, either on one occasion or within a two-hour period (U.S. 

Department of Health and Human Services and U.S. Department of Agriculture, 2015). 

Binge drinkers (BDs) were defined as those who had at least 2 binge drinking episodes in 
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the last month and a history of more than two years of repeated binge drinking. Moderate 

drinkers (MODs) were defined as follows: for males, the consumption of no more than 3 

standard drinks per sitting with no more than 1-2 times per week, and for females, the 

consumption of no more than 2 standard drinks per sitting with no more than 1-2 times in 

a given week in the last five years. Alcohol abstainers (ABS) were defined as those that 

consumed no more than 1 standard drink per month in the last 2-3 years (and abstention 

could not be due to a medical illness or prior alcohol abuse). One standard drink contains 14 

g of pure alcohol such as 12 oz. beer, 5 oz. wine, 1.5 oz. of 80-proof spirits, 8-9 oz. of malt 

liquor (U.S. Department of Health and Human Services and U.S. Department of Agriculture, 

2015).

Microvascular function assessments—Using previously described methods, 

microvascular function was determined by FID in isolated adipose arterioels (Bian et al., 

2018, Robinson et al., 2017). Briefly, after a 12-hour fast and abstinence of caffeine, alcohol, 

and medication use, a gluteal subcutaneous adipose biopsy was obtained from participants. 

The adipose tissue was transferred and stored in HEPES buffer to dissect and isolate 

arterioles for microvascular function assessments by study personnel who were unaware 

of participant alcohol pattern. For BDs, the time from last binge drinking episode was a 

minimum of 48 hours.

Isolated arterioles were cannulated with glass micropipettes and pressurized (60 cm H2O 

or 44 mm Hg) in an organ perfusion chamber (37°C) circulated with KREBS solution (pH 

~7.40) bubbled with air (5% CO2 and 21% O2) by a peristaltic pump for at least 30 minutes. 

Lumen diameters were measured by a video microscopy and image measurement system 

calibrated for horizontal measurements (model VIA-100, Boekeler) during responses to flow 

(pressure gradients of Δ10-Δ100 cm H2O) before and after high intraluminal pressure (150 

cm H2O or 110 mm Hg) (Robinson et al., 2017) in the presence or absence of BH4 (10−5 

M).

For each protocol, baseline diameter was recorded before pre-constricting the vessel to 

~50% of baseline diameter with endothelin-1 (100 to 200 pM). The arterioles were exposed 

to each step increase in flow for 3 minutes, and the diameter was recorded. The flow was 

induced by simultaneously raising and lowering the reservoirs connected to two sides of 

arterioles to elicit a pressure gradient. At the end of each protocol, papaverine (10−4 M) was 

applied to induce endothelial-independent vasodilation. If the endothelin-1 pre-constriction 

was lower than 40% of baseline diameter, arterioles were not used for further experiments. 

In the high pressure experiments, high intraluminal pressure was maintained at 150 cm H2O 

(~135 mmHg) for 60 min followed by 15 min of re-equilibration at 60 cm H2O after which 

BH4 was added to the organ chamber 30 min prior to repeat FID measurements. FID at each 

pressure gradient was calculated as the percentage change from the endothelin-1 induced 

pre-constricted diameter relative to the baseline.

Hwang et al. Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2023 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials.

Endothelin-1, papaverine, BH4, and other chemical reagents for buffer solutions were 

obtained from Sigma-Aldrich Corporation (St. Louis, MO) and Fisher Scientific (San Jose, 

CA).

Covariates.

Physical activity was determine by asking the question, “Do you have a usual exercise 

routine (y/n)?” and cardiorespiratory fitness was measured as peak oxygen consumption 

using a graded treadmill exercise test with Bruce protocol (Bruce et al., 1973). Based 

upon the completion of a diet questionnaire, we calculated the Dietary Approaches to Stop 

Hypertension (DASH) adherence score (Kim and Andrade, 2016) and assessed sleep quality 

using the Pittsburgh Sleep Quality (PSQ) Index (Buysse et al., 1989).

Statistics analyses.

Statistical analyses were conducted using IBM SPSS Statistics (Essentials, Version 22). 

Data are presented as mean±SE or n (%). Data normality and outliers were examined by 

scatter plots and the Shapiro-Wilk statistic. To examine group differences in participant 

characteristics, a one-way ANOVA was used for continuous variables, and χ2 was 

used for categorical variables. The nonparametric Kruskal–Wallis test was used for 

phosphatidylethanol levels, AUDIT and AUDIT-C score, internal diameter of adipose 

arterioles, and concentration of endothelin-1 among groups. To examine the effect of 

drinking pattern on FID, a two-way mixed ANOVA was used with a between-subject factor 

(BDs, MODs, and ABs) and a within-subject factor (pressure gradients of Δ10-Δ100 cm 

H2O). To examine the effect of high pressure/BH4 on FID within each group, two-way 

repeated-measures ANOVA with two within-subject factors: 1) presence or absence of 

high pressure/BH4 and 2) pressure gradients of Δ10-Δ100 cm H2O. When the interaction 

between the two factors was significant, then Bonferroni post hoc pairwise comparisons 

were performed. Main effect of high pressure/BH4 was examined if no interaction was 

found.

Results

Subject characteristics and alcohol use.

A total of 36 young adults (age: 23.7±0.5 yrs and body mass index: 23.4±0.4 kg/m2) were 

included and classified as ABs (n=12), MODs (n=10), and BDs (n=14). No differences 

were found in body mass index, waist and hip circumference, blood pressure, lipids, and 

glucose among the groups (Table 1). Phosphatidylethanol levels and scores of the AUDIT 

and AUDIT-C were significantly greater in BDs compared with MODs and ABs (Table 1).

Nine ABs, 6 MODs, and 12 BDs reported engagement in a usual exercise routine (P=0.4). 

There was no difference among groups in peak oxygen consumption, the DASH score, and 

PSQ index (Table 1).
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Microvascular function among ABs, MODs, and BDs.

FID before high intraluminal pressure—The internal diameter of adipose arterioles 

ranged from 48.6 to 312.5 μm with no differences among BDs, ABs, and MODs (P=0.07). 

Across all pressure gradients, no differences were found in FID between MODs and ABs 

(P≥0.2; Figure 1). At Δ60 cm H2O pressure gradient, vasodilation in BDs was 14% less 

than ABs (P=0.02), and at Δ100 cmH2O pressure gradient, vasodilation in BDs was 18% 

less than ABs (P=0.001; Figure 1). BH4 did not have effect on FID in ABs (P=0.5 for main 

effect) while it increased overall FID in MODs by 10 % and BDs by 7% (P≥0.005 for main 

effect; Figure 2). The dose of endothelin-1 used for the pre-constriction of arterioles was not 

different among the groups (BDs: 120±2 pM; MODs: 118±4 pM; ABs: 124±4 pM; P=0.3).

FID after high intraluminal pressure—In ABs and MODs, no differences were 

found in FID responses before and after high pressure (P=0.6 and P=0.5 for main effect 

respectively; Figure 3, top and middle panels), while overall FID was reduced in BDs by 

10% (P<0.0005 for main effect of high pressure; bottom panel). There was no effect of 

BH4 on FID after high pressure in ABs (P=0.1 for main effect of BH4; Figure 3, top 

panel), however, overall FID response to high pressure in MODs with BH4 increased by 9% 

(P=0.02 for main effect of BH4; Figure 3, middle panel). BH4 increased FID at all pressure 

gradients in BDs (4-26% higher, P<0.005 for post-hoc pairwise comparison at the pressure 

gradient; P=0.02 for interaction; Figure 3, bottom panel). The FID response in BDs with 

BH4 was greater than FID before high pressure (P=0.02 for main effect; Figure 3, bottom 

panel).

Discussion

In this study, we investigated mechanisms underlying microvascular dysfunction as well as 

the responses to the pathophysiologic stimulus of high intraluminal pressure in arterioles 

isolated from young adults who have a history of repeated binge drinking, moderate 

alcohol drinking, and alcohol abstention. The major findings are: (1) acute high intraluminal 

pressure induced further FID impairments in BDs; (2) the impaired FID after acute high 

pressure in BDs was ameliorated by the treatment of BH4; (3) FID in MODs and ABs were 

similar and both remained unchanged after acute high pressure. Our findings suggest that 

microvascular responses to pathophysiological stimulus such as high pressure are altered 

in binge drinking and that binge-induced microvascular dysfunction is related to BH4 

bioavailability.

Microvascular dysfunction is present in patients with cardiovascular diseases including 

hypertension (Antony et al., 1995, Esen et al., 2014, Farkas et al., 2004, Smith et al., 

2011) and coronary artery disease (Phillips et al., 2007). In this study, all BD participants 

had no history of cardiovascular disease and systolic blood pressure within normal limits 

(<120 mmHg), yet microvascular function measured as FID in arterioles was reduced in 

BDs compared with ABs. Our findings suggest that microvascular dysfunction may occur at 

an early stage of binge drinking-induced pathophysiological changes and may potentially 

contribute to the development of hypertension and cardiovascular disease later in life. 

Consistent with this possibility, using both the new and old classifications for high blood 
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pressure, Hayibor and colleagues recently reported binge drinking (e.g., consuming five or 

more drinks in a row) during adolescence and young adulthood was associated with a greater 

odds of high blood pressure in young adulthood (Hayibor et al., 2019). In the Coronary 

Artery Risk Development in Young Adults Study with a 15-year follow-up, binge drinking 

was associated with increased risks of coronary calcification (Pletcher et al., 2005).

This is the first study to demonstrate that the impaired FID in BDs was further 

reduced by exposing arterioles to high intraluminal pressure, while FID did not change 

following a high-pressure exposure in ABs. These novel findings suggest that after reduced 

microvascular function is present (e.g., in BDs), the response to acute physiological stressors 

(e.g., high pressure) leads to further reductions in microvascular function. This response 

in binge drinkers may represent an increased susceptibility of the microcirculation to 

dysfunction following acute stressors that raise blood pressure and may aggravate the 

progression to hypertension or cardiovascular disease (Yannoutsos et al., 2014). Further, 

these findings in adipose arteries may be applied to other microvasculature, e.g., coronary 

or retinal arteries, which are likely to experience high pressure during exertion. We have 

previously demonstrated that acute high intraluminal pressure increases superoxide in 

human adipose arterioles (Durand et al., 2014). Previous studies demonstrated that binge 

drinking increases reactive oxygen species (Tian et al., 2016, Yang et al., 2014, Gonzaga 

et al., 2014, Simplicio et al., 2016, Yogi et al., 2012). Therefore, it is possible that high 

intraluminal pressure aggravates the existing oxidative environment in BDs, which further 

reduces NO bioavailability and disturbs the compensatory mechanisms, leading to deceased 

FID.

Prior studies demonstrated that the treatment of BH4 restores the reduced NO-dependent 

vasodilation or NO bioavailability in microvasculature (Stanhewicz et al., 2013, Stanhewicz 

et al., 2012, Tiefenbacher et al., 2000, Sun et al., 2001). In agreement with previous studies, 

we show that the impaired FID before and after high pressure in arterioles from BDs were 

ameliorated by BH4. We have previously found no differences between ABs and BDs in 

microvascular responsiveness to sodium nitroprusside (Goslawski et al., 2013), suggesting 

the effect of binge drinking is endothelium-specific. Animal studies have demonstrated 

that BH4 decreases superoxide (Mayhan and Arrick, 2017, Franco Mdo et al., 2004) and 

increases eNOS activity (Franco Mdo et al., 2004), eNOS dimer-to-monomer ratios (eNOS 

coupling), and NO levels (Dikalova et al., 2016). While this study did not measure BH4, 

BH4:BH2 ratio, reactive oxygen species within the adipose/arterioles, and/or use eNOS 

inhibitor (LNAME) or stereoisomer BH4, future studies to further dissect the mechanisms by 

which BH4 improves microvascular dysfunction in binge drinking appears warranted.

We found no difference between MODs and ABs in arteriolar FID at baseline, as well as 

in systolic or diastolic blood pressure. To our knowledge, there are no studies that have 

examined the effects of repeated moderate drinking on microvascular function. Few studies 

have examined the effects of moderate or light drinking levels on blood pressure in young 

adults. In young adults (18-30 years) enrolled in the Coronary Artery Risk Development 

in Young Adults Study, Dyer et al. (1990) found that alcohol intake at moderate levels 

over the last 12 months (~1-2 drinks/day) was positively but not significantly associated 

with increases in blood pressure. In a cross-sectional study, Gillman et al. (1995) found 
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that young adults (18-26 years of age) consuming no alcohol and <1 drink/day over the 30 

days had a 4 mm Hg higher in systolic blood pressure compared with those who consumed 

1 to < 2 drinks/day . In young adults (26-36 years) enrolled in the 2004-2006 follow-up 

of the Childhood Determinants of Adult Heath, Du et al. (2017) found systolic blood 

pressure was similar among non-drinkers (116±13 mmHg), light drinkers (>0-1 drink/day; 

117±12 mmHg) and moderate drinkers (>1-2 drinks/day; 120±13 mmHg). Collectively, 

these findings suggest that low-to-moderate levels of alcohol consumption in young adults 

do not increase the risk for elevated blood pressure. Interestingly, while FID following high 

pressure did not change in both MODs and ABs, in MODs but not ABs it was increased 

with the treatment of BH4 suggesting that moderate drinking may alter the vasodilatory 

mechanisms following high pressure.

Our study had some strengths and limitations. Our ex vivo model to assess microvascular 

function allowed us to investigate the mechanisms of vascular dysfunction using 

pharmacologic and physiologic approaches. On the other hand, it was difficult to 

isolate enough vessels to examine all the potential mechanisms or measure protein and 

perform molecular biology while also obtaining tissue for corresponding measures of 

microvasculature reactivity. We used endothelin-1 for pre-constriction. In our experience, 

pre-constriction by potassium chloride reduces the response of human vessels to 

endothelium-dependent agonists or flow (Bosnjak et al., 2003, Phillips et al., 2007). Since 

high concentrations of potassium chloride act to prevent potassium channel opening and 

potassium channels are implicated in FID, the blockade of potassium channels would 

confound our results. Given the numbers of participants and vessels obtained, our study 

was not powerful enough to fully examine differences in microvascular function between 

men and women. We did not include in vivo measures such as brachial flow-mediated 

dilation in this current study, although microvascular NO-dependent dilation in isolated 

arterioles is correlated with brachial flow-mediated dilation (Dharmashankar et al., 2012). 

Microvascular function may also be affected by other factors, such as physical activity, 

fitness levels, diet, sleep quality, and depression. In this study, we found no differences in 

physical activity, fitness levels, diet, and sleep quality among our groups; however, we did 

not include quantitative measures of physical activity and assessments of depression.

We categorized young adult moderate and binge drinkers based upon self-report (via AIQ 

and AUDIT questionnaire) as well as objective measures (phosphatidylethanol levels). We 

included a moderate drinking group in order to test the idea that a ‘binge’ pattern is harmful 

(Piano et al., 2017). Ideally, having a moderate group that consumes the same amount 

of alcohol (e.g., g/week) comparable to the BD group, but on a daily basis, would more 

strongly establish if indeed a binge pattern is more harmful than consuming high doses and 

volumes of alcohol. Finally, our findings may not be generalizable to all age groups and 

socio-economic settings. On the other hand, our participants were recruited mainly from 

college campuses, given the current study’s high relevance to the college culture of binge 

drinking. Therefore, the study findings provide important insights into vascular changes in 

binge drinking and have important public health implications in early counseling on the 

risks of binge drinking in young adults to prevent microvascular dysfunction and potential 

development of hypertension.
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In conclusion, moderate drinking seems to not provide benefits on the microvascular 

function measured as FID in arterioles from young adults. On the other hand, reduced 

FID is observed in young adults who repeatedly engage in binge drinking and can be further 

reduced by acute high intraluminal pressure and ameliorated by tetrahydrobiopterin. These 

findings suggest the vascular response in binge drinking is altered, which may be due to 

oxidative stress and/or uncoupled eNOS.
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Fig. 1. 
Baseline flow-induced dilation in arterioles from young adult alcohol abstainers (ABs), 

moderate drinkers (MODs), and binge drinkers (BDs). *P<0.05 for ABs vs. BDs.
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Fig. 2. 
Effect of tetrahydrobiopterin (BH4) on baseline flow-induced dilation in arterioles from 

young adult alcohol abstainers (ABs), moderate drinkers (MODs), and binge drinkers (BDs).
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Fig. 3. 
Effect of acute high intraluminal pressure (HP) and tetrahydrobiopterin (BH4) on FID in 

arterioles from young adult abstainers (ABs), moderate drinkers (MODs), and binge drinkers 

(BDs). Baseline data are used as a reference to compare with HP data and, except 1 in ABs 

and 1 in MODs, are the same as in Figure 1. * P<0.005 for after HP+BH4 vs. after HP at the 

pressure gradient.
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TABLE 1

Participant characteristics

ABs
(n=12)

MODs
(n=10)

BDs
(n=14) P

Age (y) 22±1 24±1 24±1 0.09

Sex 0.6

  Male 7 (58) 7 (70) 7 (50)

  Female 5 (42) 3 (30) 7 (50)

Body weight (kg) 62.6±2.7 70.6±3.8 71.2±2.5 0.08

Body height (cm) 166.9±2.3 169.0±3.0 173.8±1.8 0.09

Body mass index (kg/m2) 22.4±0.8 24.6±0.8 23.5±0.6 0.2

Waist circumference (cm) 78.2±2.5 83.7±2.4 81.1±1.9 0.3

Waist to hip ratio 0.87±0.02 0.91±0.02 0.87±0.02 0.2

Systolic BP (mmHg) 108±2 110±2 113±2 0.2

Diastolic BP (mmHg) 64±2 67±3 65±2 0.6

Total cholesterol (mg/dL) 156±10 167±10 159±11 0.8

LDL cholesterol (mg/dL) 85±8 98±8 85±8 0.5

HDL cholesterol (mg/dL) 52±2 53±4 60±5 0.3

Triglycerides (mg/dL) 88±10 77±13 66±8 0.3

Glucose (mg/dL) 89±1 93±3 87±2 0.1

Peth (ng/mL) 0±0 2.4±1.6 59.2±16.2* <0.0005

AUDIT score 0.3±0.1 3.5±0.5† 8.8±1.3* <0.0005

AUDIT-C score 0.2±0.4 2.7±0.4† 5.0±0.4* <0.0005

VO2peak (mL/min/kg) 44.9±3.5 41.1±2.8 43.4±2.5 0.7

DASH score 1.5±0.2 2.1±0.4 2.3±0.2 0.1

PSQ index 4.5±0.5 5.3±0.6 5.1±0.4 0.6

Date are mean±SE or n (%). ABs, alcohol abstainers; AUDIT, Alcohol Use Disorders Identification Test; BDs, binge drinkers; BP, blood pressure; 
DASH, Dietary Approaches to Stop Hypertension; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MODs, moderate drinkers; Peth, 
phosphatidylethanol; PSQ, Pittsburgh Sleep Quality; VO2peak, peak oxygen consumption.

*
Statistically significant different from ABs and MODs.

†
Statistically significant different from ABs.
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