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Abstract

Oxidative stress is implicated in the etiology of many ethanol-induced pathologies. Oxidative
stress has been shown to contribute to the development of endothelial dysfunction and
cardiovascular disease, such as hypertension. This review details mechanisms of vascular function,
the role of oxidative stress in vascular biology and how ethanol consumption may alter endothelial
and smooth muscle cell function as well as microvascular function. Also reviewed are data from
human investigations that have examined the association between alcohol consumption and
changes in blood pressure and increased risk for hypertension.

Introduction

There is a growing body of evidence, that ethanol exposure is associated with the
development of oxidative stress either directly (via stimulating the generation of free
radicals) or /ndirectly (via increasing the susceptibility of the cell to other stressors) (Table
1) (1, 2). Consequently, oxidative stress is implicated in the etiology of many ethanol-
induced pathologies (1, 3). The presence of reactive oxygen species (ROS) and the
generation of an oxidative environment can accelerate vascular dysfunction, thereby
contributing to the development of endothelial dysfunction leading to hypertension (HTN)
(4). This review will focus on mechanisms of vascular function, the role of oxidative stress
in vascular biology, and review how ethanol consumption may alter endothelial and vascular
smooth muscle cell function as well as microvascular function. Also, briefly reviewed, are
the translational effects of ethanol-induced vascular effects, specifically the association
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between alcohol consumption and changes in blood pressure (BP) and increased risk for
HTN.

Mechanisms of peripheral vascular function

The peripheral vascular system refers to all blood vessels external to the myocardium and
consists of large and medium arteries (25 to 4 mm in diameter), small arteries (<400 um)
and the microvasculature (arterioles < 150 um in diameter). The function and structure of
these vessels vary: large arteries distribute blood flow whereas the microvasculature is
critical for maintaining vascular tone and peripheral resistance. Importantly, microvascular
dysfunction may be critical in the development of many cardiovascular diseases including
HTN and diabetes (5, 6). The inner layer of arteries consists of endothelial cells, which play
a critical role in protecting and maintaining vessel wall integrity, regulating vasodilation and
vasoconstriction, preventing vascular permeability and adhesion of circulating lipoproteins
as well as platelets and leukocytes (7). Endothelial cells achieve vascular homeostasis
through the release of several vasodilators including nitric oxide (NO) and prostacyclin
(PGl5), endothelium-derived hyperpolarizing factor (EDHF) as well as vasoconstrictors
including endothelin-1 (ET-1), angiotensin Il (ANGII), and other prostaglandins. Imbalances
in the release of these substances and the disruption of the physical barrier can lead to
endothelial dysfunction, which is a key contributor to the development and progression of
cardiovascular disease.

Endothelial cell-derived substances

Among endothelial cell-derived substances, NO is a potent vasodilator, has a short
physiological half-life, and freely diffuses across cell membrane. Figure 1 outlines the
sources of NO in the endothelium. NO is synthesized from L-arginine by endothelial NO
synthases (eNOS) in response to various physiological (i.e., shear stress) or pharmacological
(i.e., acetylcholine or norepinephrine) stimuli. Several co-factors, such as
tetrahydrobiopterin (BH,4) are important for NO synthesis. As endothelial cell intra-cellular
calcium concentrations increase, thereby increasing calcium—calmodulin complex formation
and displacement of caveolin from calmodulin, eNOS is translocated from caveolae to the
cytosol and activated, leading to the production of NO (8, 9) (Figure 1). eNOS is also
activated through a calcium-independent pathway, such as insulin-mediated Akt pathway
(10-12). NO diffuses into vascular smoonth muscle cells (VSMC) and activates soluble
guanylate cyclase, which increases cyclic guanosine monophosphate concentration and
activates the protein kinase-G pathway including phosphorylation of big conductance
calcium-activated potassium channels (BKc,), thus increasing intracellular potassium
concentration and decreasing calcium concentration in VSMCs and hence relaxation (8, 13).

PGl, is produced by prostacyclin synthase and the cyclooxygenases (COX-1 and —2) from
arachidonic acids in response to shear stress, hypoxia and several other stimuli (Figure 1).
PGl has a physiological half-life of 2-3 minutes. PGI, binds inositol phosphate receptors
on VSMC membranes (14), which increases cyclic adenosine monophosphate concentration
via adenylyl cyclase activity and activates protein kinase-A, leading to VSMC relaxation
(15). PGI5, also has antiplatelet and antithrombotic effects (16). In contrast, COX-1/2
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enzymes also produce thromboxane A, and other prostaglandins, which cause VSMC
contraction (17) (Figure 1).

EDHF is a generic term describing substances, other than NO and PGl», such as H>O, and
epoxyeicosatrienoic acids (EETS). The contribution of EDHF-mediated relaxation depends
on the size of vessel and is more significant in small resistance arteries than large elastic
arteries (18) (Figure 1). H,O is relatively stable compared to other oxidants and serves as
an important second messenger under physiological conditions (19). H,O, can be produced
by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (20), during
mitochondrial respiration, generated as a by-product with xanthine oxidase, or synthesized
from superoxide (O,e) via superoxide dismutase. Under certain conditions, eNOS is a source
of H,O, (21). H,0, activates various K* channels such as BK¢, channel directly (22) or
indirectly through cAMP/protein kinase A pathway to stimulate VSMC relaxation (19).
H,0,-mediated vasodilation can also be NO-dependent via p38 mitogen-activated protein
kinase-activation of eNOS (20). EETs are generated by cytochrome p450 (Cyp450)
epoxygenases from arachidonic acids in response to various stimuli such as acetylcholine
and bradykinin (23). EETs can activate the cyclic adenosine monophospahte/protein kinase
A pathway (24) or induce increases in intracellular Ca%* (25), thus activating BK¢, and/or
adenosine triphosphate-sensitive potassium channels and causing hyperpolarization of
VSMCs and thus vasodilation (26, 27).

ET-1 is a potent vasoconstrictor (28) and binds endothelin receptors type A (ETa) and type
B (ETg) on VSMCs(29). Activation of VSMC ETp and ETg receptors by ET-1 leads to an
increase in intracellular Ca2* (30) and VVSMC contraction and vasoconstriction. Activation
of VSMC ET 4 receptors can also lead to the release of cytokines and formation of ROS.
However, ET-1 activation of ETg receptors, leads to NO and PGl production and thus
VSMC relaxation (31). ANGII is another vasoconstrictor produced via the renin-angiotensin
system and plays a critical role in BP regulation. ANGII affects vascular function (32) via
activation of ANGII type 1 (AT1) or type 2 (AT2) receptors located on VSMCs or the within
the arterial adventitia (33). The activation of AT1 receptors induces vasoconstriction, VSMC
proliferation, collagen formation, and inflammation, which are counterbalanced by the effect
of AT2 which induces vasodilation (34). ANGII plays a role in the generation of ROS by
activating specific enzymes such as NADPH oxidase in the endothelial and VSMCs and via
release of the vasoconstrictor ET-1 (35).

Oxidative stress and the role of oxidative stress in vascular function

Oxidative stress

Oxidative stress and the subsequent generation of high levels of ROS has been identified as
the key mechanism involved in vascular dysfunction (36). ROS are molecules with an
unpaired electron such as Oy, H,0,, hydroxyl radical (*OH), and peroxynitrite (ONOOs).
Under normal and stressful/pathological conditions (e.g., inflammation or injury), ROS is
generated via several different types of cellular reactions. A significant amount of ROS is
generated in the mitochondria (37) as well as produced by NADPH oxidase, an enzyme that
regulates vascular tone in endothelial cells, VSMC, and adventitia (36, 38). There are other
enzymatic pathways which may contribute to ROS production including xanthine oxidase,
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uncoupled eNOS, COX, lipoxygenase Cyp450 oxidases (36). Antioxidants neutralize ROS
after their formation and serve to maintain appropriate ROS formation and levels. Most
cells, including vascular cells have an elaborate system of antioxidant defense mechanisms
to combat ROS. Important antioxidants include enzymes such as superoxide dismutase,
glutathione peroxidase and catalase, as well as non-enzyme molecules such as albumin,
bilirubin, glutathione, vitamin E and C (ascorbic acid) (39).

At appropriate concentrations, ROS act as important cellular signals, that serve to regulate
cell growth and differentiation, vascular tone, and immune and inflammatory responses (36).
ROS can also react with deoxyribonucleic acid (DNA), proteins, carbohydrates, and lipids
within the cell in a destructive manner (37). Malondialdehyde and isoprostanes are the two
most widely studied markers of lipid peroxidation in humans (36). Malondialdehyde is
formed by peroxidation of polyunstaturated fatty acids and can be detected with
thiobarbituric acid reactive substances (ie. TBAR assay). Elevated levels of TBAR are found
with HTN, atherosclerosis, diabetes, heart failure, stroke and aging (36). The end product of
lipid peroxidation is F2-isoprostanes, which can be measured in all human tissues and
biological fluids, including urine, plasma, and cerebrospinal fluid (36). The elevations of
circulating measures of malondialdehyde and isoprostanes are associated with reduced
endothelial function and elevations in oxidative stress (40, 41).

The role of oxidative stress in vascular function

Low levels of free radicals, ROS, and reactive nitrogen species can participate in signaling
pathways and maintain vascular homeostasis. For example, O,¢ generated during
mitochondrial respiratory chains can react with superoxide dismutase, producing HoO5 (42),
one of the EDHFs, leading to vasodilation (noted above). However, excessive ROS and the
generation of an “oxidative environment” is associated with vascular dysfunction. Oxidative
stress is known to lead to the development of atherosclerosis in medium and large arteries
via different mechanisms. Oxidative stress stimulates the oxidation and accumulation of low
density lipoprotein (LDL), which induces inflammation, macrophage migration, foam cell
formation, and a series of vascular remodeling including arterial stiffness (43-45). Oxidative
stress also increases arterial stiffness by activating p38 mitogen-activated protein kinase
(46). Oxidized LDL activates NADPH oxidase leading to further ROS generation in
endothelial cells (44). ROS, particularly O, decreases the amount of NO by rapidly
oxidizing it to ONOOe, which is a strong oxidant. ONOO- contributes to the accumulation
of oxidized LDL in the intima and reacts with proteins, thus changing their function and
cellular signaling (47). Oxidative stress also accelerates microvasculature dysfunction and
reduce tissue perfusion (48), which impact the oxygen demand and supply within the tissue
and initiate a viscous inflammatory cycle, thereby facilitating the progression to
atherosclerosis.

Oxidative stress is the major contributor to endothelial dysfunction. Endothelial dysfunction
is characterized by reduced NO bioavailability and occurs prior to the development of
atherosclerosis. Several of the signal-transduction steps in eNOS/NO-induced relaxation of
VSMCs can be a target of ROS, leading to reduced vasodilation. In addition, ROS stimulates
BH, oxidation and induces S-glutathionylation of eNOS, both resulting in eNOS uncoupling
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(49, 50). Instead of producing NO, uncoupled eNOS becomes a source of O, (51). ROS
also inhibits dimethylarginine dimethylaminohydrolase, causing the loss of enzyme function
to metabolize asymmetric dimethylarginine, an endogenous competitive inhibitor of eNOS
(52, 53). Interestingly, when eNOS/NO-dependent vasodilation is impaired, the EDHF
pathway becomes more predominant in mediating vasodilation (54, 55). With the onset of
endothelial dysfunction and the pro-inflammatory responses associated with the adhesion of
platelets and monocytes, numerous growth factors are secreted from these cells (e.g., basic
fibroblast growth factor and platelet-derived growth factor) which promote VSMC
proliferation and migration. These changes ultimately lead to an increased total peripheral
resistance and elevation in BP.

Effects of alcohol consumption on endothelial function

Using endothelium-dependent flow-mediated dilation (FMD) and endothelium-independent
(nitroglycerin) FMD techniques, investigators have examined the effects of different types of
alcoholic beverages and level (moderate and high) on endothelial function. In order to make
comparisons among studies, in this section we limit our review to those studies conducted in
healthy human beings using noninvasive FMD techniques such as high resolution
ultrasound. . Using brachial ultrasound, Vlachopoulos et al. examined endothelium-
dependent FMD and endothelium-independent nitroglycerin (NTG) FMD in 12 healthy men
(n=7) and women (n=>5) following the consumption of 1 ounce of pure alcohol (mixed in
grapefruit juice) (56). Thirty minutes after alcohol consumption, there was no change in
endothelium-dependent FMD and endothelium-independent NTG FMD (56). In young
healthy adults (n=83, mean age range 23 — 25, sex distribution not indicated), Tousoulis D et
al. examined the ‘acute’ one-time effect of different alcoholic beverages containing the same
amount of alcohol (30 grams) on endothelial function using gauge-strain plethysmography
(57). Reactive hyperemia was significantly increased one hour after red wine and beer
consumption, whereas no changes were found after water or whisky consumption (57).
Among all alcohol groups, there were no differences in reactive hyperemia following
nitroglycerin administration (only measured at 4 hours after alcohol consumption). Zilkens
and colleagues in 2 different prospective, cross over studies enrolling healthy men (average
age 51-53 years) examined the effects of 4 weeks of daily alcohol consumption (wine and
beer, either moderate to low levels of consumption) and found no effects of either beverage
on endothelium-dependent FMD and endothelium-independent NTG FMD (58, 59).
Agewall et al. examined FMD in healthy adults (males n =8, females n=4) consuming a
onetime 250 ml of red wine or de-alcoholized red wine.(60) Flow-mediated FMD (an
average of measurements at 30 and 60 mins after consumption) was increased only after de-
alcoholized red wine (60).

In terms of the pattern of drinking, 2 studies have examined the effects of binge drinking.
Hijmering et al. examined the effects of laboratory ‘simulated binge drinking (61). Healthy
men (n=7) and women (n=3) (mean age 34-36 years) were assigned to drink 3 and 6 glasses
of either Bacardi Breeze (11 grams of alcohol/drink) or red wine (Rioja, 11.4 grams of
alcohol/glass) to test the effect of a low vs. high polyphenolic alcohol containing beverages,
respectively as well as high level of alcohol consumption (~ 6 drinks)(61). After 3 and 6
glasses of both beverages, there were significant decrease in endothelium-mediated FMD
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(investigators did not obtain measurement of endothelium-independent NTG) FMD) (61).
We also reported that in young adults (mean age 24 years), a history of repeated binge
drinking associated with impaired endothelium-dependent FMD and endothelium-
independent NTG FMD (62). To our knowledge, only one study examined FMD in
individuals with a history of chronic alcohol use (mean age 31 years, 75 gm alcohol/day for
at least 8 years), but who were abstinent for at least 3 months (63). Compared to age-
matched controls, FMD was significantly lower (6.3 + 3.67%) in abstinent subjects with
history of heavy alcohol consumption compared to controls (13.7 + 4.65%). There was no
significant difference between groups in endothelium-independent NTG FMD (63).

Based upon the majority of findings noted above, an acute or 4 week period of low-to
moderate alcohol consumption appears to have no effects on FMD (56, 58, 59). The one
study which examined the “acute’ effects of alcohol consumption, reported improved FMD
with red wine or beer, but no effects related to whisky consumption(57). Findings from one
study, suggested other components in red wine, such as the polyphenols or flavonoids might
affect FMD, a finding supported by others who found enhanced FMD responses in patients
with coronary artery disease after the consumption of grape juice (64). Finally, based on
available evidence, both binge drinking and long-term heavy alcohol consumption adversely
affect vascular function (61, 63, 65).

Effects of alcohol consumption on increased blood pressure and incident

hypertension

In healthy persons, a onetime low-to-moderate amount of alcohol consumption (~1-2
standard drinks [12-13 grams of ethanol]) has no appreciable effects on BP. However,
consuming > 5 standard drinks in one sitting is associated with transient increases in BP that
range between 4-7 mm Hg for systolic BP and 4-6 mm Hg for diastolic BP (66—68). In a
randomized cross-over trial, others have shown that 4 weeks of high daily alcohol
consumption (~ 2-3 standard [13 grams of ethanol] drinks/day) is associated with increases
in systolic BP (SBP) and diastolic BP (DBP) (69). Among healthy pre-menopausal women
(20 to 45 years of age), Mori et al. examined different levels of red wine consumption (eg.,
42-73 g alcohol/week, ~0.5 to 1 standard drinks/day vs. 146-218 g alcohol/week, ~2-3
standard drinks/day) consumed over a 4 week period on 24-hour BP levels (69). Awake SBP
and DBP was 2.3/1.3 mm Hg higher in women who consumed higher amounts of alcohol
(~2-3 standard drinks/day) than lower levels (~0.5-1 standard drink/day) or no alcohol.
Consuming the lower concentrations of red wine had no effect on BP. Using a similar cross-
over randomized design, this same group of investigators examined the effects of 4 weeks of
wine or beer consumption on ambulatory blood pressure in healthy men (N=24, mean age 53
years)(58). Men were regular drinkers (43+10 grams alcohol/day) for average duration of 21
years. Compared to the control-abstinence period, both red wine and beer (~ 4 standard
drinks per day for 4 weeks) increased awake ambulatory SBP (2.9 mm Hg and 1.9 mm Hg,
respectively), with no changes in DBP. This study included measurements of FMD and flow-
independent NTG and found no changes among all the groups. In healthy males (mean age
51 years), Zilkens et al. have also reported that switching to low-alcohol beer (0.9%) for a
period of 4 weeks, compared to consuming a moderate daily level of alcohol (drinking
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between 40 and 110 gm ethanol/day) was associated with significant reductions in SBP and
DBP (moderate drinking: SBP 122 + 3.5 mmHg vs. light drinking: 117 + 3.5 and DBP 77
+2.3 vs 73£2.3 mm Hg) (59).

The above data support the findings from meta-analyses which indicate that regular alcohol
consumption is an important risk factor for the development of HTN (70, 71). Ina
systematic review and meta-analysis including prospective studies (n=16 studies) on the
effects of alcohol consumption on the relative risk (RR) of HTN (SBP>140 mmHg/DBP >90
mmHg), Briasoulis et al. (2012) found that >20 g ethanol/day (~1-2 standard drinks/day)
significantly increased RR of HTN in women, whereas higher amounts (31-40 g/day)
increased RR of HTN in men (70). In women there was a J-shaped relationship: < 10 g/day
was associated with a reduced RR for HTN, whereas in men the alcohol risk relationship
was more linear. In recent updated meta-analysis, including cohort and randomized studies
(n 20 studies), Roerecke et al. found that an average consumption of 1 to 2 drinks/day in
men compared to abstainers was associated with an increased risk of HTN (SBP>140
mmHg), whereas women showed no different risk compared to abstainers (71). However,
alcohol consumption exceeding 2 drinks/day was associated with an increased incidence of
HTN in men and women. Similarly, results from another meta-analysis study, report a linear
relationship for males and a J-shaped relationship for females (72). These data highlight how
sex may be an important modifier of the “alcohol threshold level” and shape of the alcohol-
risk relationship for BP.

Other modifiers of the alcohol-risk relationship include the pattern of drinking (i.e., binge
and heavy episodic) (73). There are several reports that indicate, binge drinking in both
young adults and middle-aged adults is associated with increases in BP and increased risk of
HTN. Using data from the 2011-2014 National Health and Nutrition Examination Survey
and after controlling for diet and physical activity, we reported that infrequent (1-12 times in
the past year) and frequent binge drinking (= 12 times in the past year) in young adult men
(18-45 years), were associated with significantly higher SBP (121.8 and 119.0 mmHg,
respectively) compared to non-binge drinkers (117.5 mmHg)(74). Binge drinking was
defined as consuming 4/5 drinks on one occasion. There were no effects of binge drinking
on SBP in young adult women (74). Others have also reported that binge drinking is
associated with higher SBP in young adults. Wellman et al. examined the relationship
between BP and current and past binge drinking among young adults (mean age 24)
participating in the longitudinal Nicotine Dependence in Teens study (75). Binge drinking
was defined as consuming 5 or more drinks on one occasion. Subjects were recruited in
1999 (mean age 12), and follow-up assessments were measured in 2007-2008 (mean age 20)
and 2011-2014 (mean age 24). Among 24-year-old subjects, both monthly and weekly binge
drinkers had SBP values 2.61 mm Hg and 4.03 mm Hg greater, respectively, than non-binge
drinkers (similar SBP increases were found in the 20-year-old subjects) (75). Using data
from the 1999-2004 National Health and Nutrition Examination Survey, Fan et al. examined
the relationship between BP and binge drinking (= 5 drinks on one occasion) and frequency
of binge drinking (those who reported = once per week binge drinking). In men and women
(mean age 38 years), there was increased prevalence ratio (PR) for pre-HTN (SBP 120-140
and DBP 70-90 mmHg) in those reporting = 1 episode of binge drinking per week (men PR:
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1.26, 95% CI 1.08-1.53; women PR: 1.49, 95% ClI, 0.87-2.56); binge drinking less than
once a week was not associated with an increased PR for pre-HTN (76).

There are a few investigations of the relationship between binge drinking and risk for
incident HTN in middle age to older adults. Using data from the baseline survey for the
Health, Alcohol, and Psychosocial Factors in Eastern Europe study and data from men and
women

(age range 55-57 years), Pajak et al. found a greater odds ratio (OR) of HTN (SBP =
140/DBP = 90 mm Hg) for binge drinking (100 g [men] and 60 g [women] of ethanol in one
session at least once a month) in men (OR = 1.62, 95% confidence interval [CI] 1.45-1.82)
and women (OR = 1.3, 95% CI 1.05-1.63) (77). However, after controlling for drinking
frequency and volume, the association between HTN and binge drinking was not significant.
These authors concluded that this finding may be unique to this study population, in which
alcohol drinking amount, frequency, and binge pattern are high relative to other countries
(77).

Collectively, these results suggest that binge drinking in both young adulthood and middle
age is associated with increases in BP and the risk of pre-HTN and HTN. Results from a
systematic review and meta-analysis support a reduction in alcohol consumption as a means
to reduce BP. Roerecke et al. found that in individuals who drank more than 2 drinks per
day, a reduction in alcohol consumption to less than 2 drinks per day was associated with a
decrease in SBP (mean difference —5.50 mm Hg [CI: —6.70 to —4.30) and DBP (mean
difference —3.97 mm Hg, ClI: —4.70 to —3.25) (78). Considering that elevated BP is a strong
predictor of future cardiovascular risk and outcomes (79), alcohol consumption-associated
increases in BP may have important long-term clinical consequences.

Alcohol: antioxidant or oxidant

Oxidative stress and associated changes in nitric oxide signaling are suggested mechanisms
underlying alcohol-induced negative effects on the balance between reduced vasodilation
and increased vasoconstriction, of which may include elevations in BP and HTN (see
summary of the prooxidant effects in Figure 2). As reviewed by Fernandez-Checa and
colleagues alcohol consumption can lead to oxidative stress and the generation of reactive
oxygen species, through a number of indirect (via alcohol metabolism) and direct (effects on
antioxidant proteins and enzymes) pathways or mechanisms in which alcohol may lead to an
oxidative environment (Table 1)(80). However, there is also evidence from clinical studies in
human beings that that alcohol consumption is associated with a decrease in markers of of
oxidative stress.

To date there have been several prospective clinical studies using different study designs (eg.
randomized or non-randomized, cross-over designs) to examine the effects of short term (ie.
generally 28-30 days) moderate alcohol consumption on changes in plasma markers of
oxidative stress and corresponding changes in BP or coronary blood flow. Plasma markers
have included malondialdehyde (MDA), super oxide dismutase (SOD), oxidized low density
lipoproteins (oxLDL), reduced glutathione (GSH), glutathione peroxidase (GPx), reduced
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glutathione (GSH), thiobartitruic acid (TBARS), and total antioxidant capacity of plasma
(AOC).

In men (N=40, mean age 38 years), Estruch et al. found 28 days of moderate red wine
consumption (30 grams, ~ 2-3 standard drinks) was associated with a significant decrease in
SOD, MDA, LDL peroxides and an increase in vitamin E levels, whereas no changes were
found in GSH levels.(81) In this same study, no effects of gin (30 grams/day) consumption
was found on the aforementioned plasma oxidative markers. Systolic BP decreased
significantly after gin consumption (pre 121 + 16 vs. post 118 + 15 mm Hg), whereas no
significant changes were found after red wine consumption (pre 119 + 16 vs. post 120 + 16
mmHg) (81). Using a cross-over design, Kiviniemi et al. examined the ‘acute’ one time
effects of a moderate dose of red wine (0.5g/kg) and high dose of red wine (1.0 g/kg) in men
(N=23) (mean age 23 years) on total plasma antioxidant levels (82). Measurements were
made 30 mins after wine consumption (and only after the high dose red wine), significant
increases were found in total plasma antioxidant levels (pre 265 +35 pmol/L vs. post 333
+29.3 umol/L). Coronary fractional reserve, as a measure of coronary blood flow response
was also measured and was unaltered after high wine consumption (82). Rajdl et al.
conducted a field study in the Czech Republic, among men (N=42, mean age 41 years) with
a history of moderate alcohol consumption. Men were assigned in a non-random fashion to
consume white wine (375 ml/daily with dinner, ~ 1 month)(83). One month following daily
white wine (49 g/day, ~ 3 drinks) consumption there were significant decreases in SOD,
total antioxidant capacity of the plasma, advanced oxidation protein products, and TBARS
and increases in GPx and GSH. However, no changes were found in SBP or DBP (83). In
contrast to the three aforementioned studies, Addolorato et al. found 30 days of daily
moderate (40 grams, ~ 2-3 drinks) on red wine, beer or spirit consumption in men (N=40,
age range 28-31 years) was associated with significant increases in plasma MDA, and
decreases in GSH and Vitamin E. Authors noted no changes were found BP levels (actual
BP values were not reported) (84). Findings from all the latter studies suggest that BP and
coronary flow reserve responses are not associated with plasma oxidative stress measures
(either increases or decreases) after either a one-time or short-term period of low-to
moderate alcohol consumption. Considering the findings from large scale epidemiologic and
case control studies (summarized above), more research is needed to examine the effects of
long-term heavy drinking and binge drinking on oxidative stress markers and corresponding
changes in BP or other functional vascular measures. In addition, no women were included
in any of the reviewed studies, limiting our understanding of the effects of sex on these
parameters (81-84).

Animal models have also been used to investigate the associations of oxidative stress with
acute and repeated alcohol administration. Tirapelli et al. have performed a series of studies
to test the effect of a single dose of ethanol in rats on oxidative stress markers (85-87). In
these studies, increased plasma levels of TBARS and increased aortic endothelial and
VSMC O,e levels were found, along with increased membrane-to-cytosol fraction
expression of the p47P119X subunit of NADPH oxidase (87). Those same investigators found
increases in plasma renin and angiotensin-converting enzyme activity and decreases in
plasma and aortic (endothelial-intact) nitrate levels (87). Pre-treatment of animals with
Losartan, an angiotensin receptor blocker, prevented the increase in oxidative stress markers.
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In addition, the alcohol-induced translocation of p477°X and NADPH oxidase activation
was reduced by Losartan, suggesting a role for ANGII in mediating binge-induced oxidative
stress in aortic tissue (87). It is known that high pressure itself may accelerate the activation
of the renin angiotensin system and that ANGII can stimulate endothelial ROS (88) such that
the activation of the renin-angiotensin system may be a critical component of ethanol
consumption induced oxidative stress and HTN.

The effects of alcohol on oxidative stress may be related to cellular changes in antioxidant
capacity. For example, a study by Das and Vasudevan showed that ethanol consumption in
rats (0.8 to 2.0 g ethanol/kg/day; 4 weeks) increased SOD activity and reduced catalase
activity in a time- and dose-dependent manner, an effect that would promote increases of
H»0, (89). Similarly, one study by Husain et al showed that superoxide dismutase activity
was increased in the liver of rats fed ethanol (90). Ethanol may increase catalase activity and
glutathione peroxidase an effect that would reduce H,0, bioavailability in renal tissue (91).
However, other studies have found that catalase and glutathione were decreased in the aorta
of ethanol fed rats, an effect that would increase H,O, generation (92). These effects of
chronic alcohol consumption on antioxidant expression and activity appear to be vascular
bed specific effects, since Simplico et al. found that 6 weeks of ethanol consumption (20%
v/v) in rats had no effect on H,0,, catalase activity, or glutathione activity in the mesenteric
circulation (93). Importantly, O,* generation in mesenteric homogenates was elevated in
these studies. Although not measured directly, these results would promote the generation of
ONOO-by reaction with available NO leading to further and more profound cell stress (50).

In another investigation, using a similar animal model (rats treated with 20% ethanol for 6
weeks), those investigators found that some, but not all, of the aforementioned oxidative
stress markers were changed in mesenteric resistance vessels (85, 86). For example,
increases were found in TBARS and O, and NADPH oxidase expression (i.e., increase in
the membrane/cytosol fraction ratio of p47279%)_ In contrast there were no changes found in
H; O, glutathione, superoxide dismutase or catalase activity after 48 hours following
ethanol consumption (86).

Collectively, these data from animal models suggest that repeated and one-time binge
drinking induces oxidative stress in both large (aortic) and resistance (mesenteric) vessels.
However, the oxidative stress and BP responses seem to be modulated by the vascular bed,
duration and pattern of drinking (ie., binge drinking). Repeated, chronic binge drinking is
associated with a robust oxidative response, which correlates to both increases in BP and
ANGII levels (94). Findings from other studies indicate that some of the oxidative stress
changes can be prevented by pre-treatment with agents that block the effects of ANGII (95)
or antioxidant/scavenging agents, such as vitamin C (86).

Our group has recently found microvascular dysfunction in young adults with a history of
repeated binge drinking. In these studies we found that in addition to reductions in brachial
artery FMD, microvascular flow-induced dilation (FID) is significantly reduced (62).
Interestingly, arterioles isolated from subcutaneous adipose biopsies demonstrated FIDs that
were reduced by about 40% (96). The remaining dilation was inhibited by the H,O,
scavenger catalase, but there was no effect of NOS inhibition with L-NAME (96). In
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contrast, vessels from abstainers showed a significant reduction in FIDs in the presence of L-
NAME (96). These data suggest that the mechanism of the reduced dilation is dependent on
the generation of the ROS, H,05, and is particularly intriguing given that arterioles obtained
from patients with coronary artery disease also rely on ROS for FID (97). These data further
suggest enhancement of ROS in adults consuming alcohol chronically. This effect of ROS
on maintained FID may be unique to the human microcirculation, however in our recent
studies we have found that uncoupling of eNOS may be a contributing factor in the reduced
NO dependent dilation in this population. For example, we found that the addition of BH,4 (a
cofactor for NO synthesis) restored NO generation in binge drinkers to similar levels found
in arterioles from abstainers (unpublished results). Although more confirmatory data are
necessary, these data suggest that binge drinking may induce microvascular dysfunction
through oxidative stress mechanisms involving impairments in the endothelial-NO-
generating system, such as eNOS uncoupling.

Conclusion

Oxidative stress may be an important pathophysiologic mechanism underlying vascular
dysfunction associated with alcohol consumption. However, as reviewed above the amount,
duration and pattern may be important modifiers of this relationship. In particular alcohol-
induced microvascular dysfunction following binge or heavy alcohol consumption, may
arise from changes in vascular wall biology which may include imbalances in the generation
of NO and enzymes such as eNOS and other oxidase enzyme systems, such as NAPDH
oxidase that generate ROS. The presence of ROS and the generation of an “oxidative
environment” can accelerate microvasculature dysfunction and impaired microvascular
dilator capacity and flow regulation. These effects can impact the oxygen demand and
supply within the tissue and initiate a viscous inflammatory cycle, facilitating the
development of inflammation and atherosclerosis in medium and larger arteries and the
eventual development of cardiovascular diseases such as HTN. As reviewed above there is
evidence that oxidative stress can induce many disturbances in vascular homeostasis and
NO-signaling by reducing bioavailability of L-arginine and/or co-factors such BH,. There is
a need for research examining upstream mechanisms contributing to reduce NO and
microvascular dysfunction.

Data from several clinical studies reviewed herein, suggest low-to-moderate alcohol
consumption in human beings is associated with a decrease in markers of oxidative stress.
Yet these changes in oxidative markers were either associated with no change in BP or
increases in BP. More research is needed examining the effects of heavy and binge drinking
on circulating markers of oxidative stress and corresponding changes in BP and vascular
function. In addition, future studies should address differences in the BP responses to
alcohol between men and women. Data from several different types of clinical and
epidemiologic studies indicate different levels of alcohol consumption is associated with BP
elevations and risk for the development of HTN. Continuing to elucidate mechanisms and
design studies to demonstrate cause and effect will lead to a better understanding of the
relationship between alcohol consumption and cardiovascular health and disease.
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Figure 1.

Contraction

Endothelial cell-derived vasodilators and constrictors. ANGII, angiotensin 11; AT1, ANGII
receptor type 1; AT2, ANGII receptor type 2; BHy, tetrahydrobiopterin; Ca2*, calcium;
Cav-1, caveolin-1; CaM, calmodulin; COX, cyclooxygenases; Cyp450, cytochrome p450;
EET, epoxyeicosatrienoic acids; eNOS, endothelial nitric oxide synthase; ET 5, endothelin
receptors type A; ETg, endothelin receptors type B; ET-1, endothelin-1; H,O5, hydrogen
peroxide; NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; Oye,
superoxide; PGly, prostacyclin; PI3K, phosphotidylinositol-3-kinase; PDK1,
phosphoinositide-dependent kinase-1; SOD, superoxide dismutase; TXA,, thromboxane A2.
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Figure 2.
Summary of the pro oxidant effects of alcohol on the mechanisms of vascular relaxation and

constriction. ADH, alcohol dehydrogenase; ANGII, angiotensin Il; BHy,
tetrahydrobiopterin; CYP2E1, cytochrome P450 2E1; eNOS, endothelial nitric oxide
synthase; ET-1, endothelin-1; FAEE, fatty acid ethyl ester; H,O5, hydrogen peroxide;
NADH/NAD+, nicotinamide adenine dinucleotide reduced/ nicotinamide adenine
dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; Oye,
superoxide; PLD, phospholipase D; ROS, reactive oxygen species; SOD, superoxide
dismutase.
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Table 1.

Potential ethanol-induced sources of reactive oxygen species.

Ethanol Metabolism

. An 1 in the flux of reducing equivalents into the electron transport chain due to an 1 in nicotinamide adenine dinucleotide
production related to ethanol metabolism (* NADH/NAD" ratio).

. An 1 in cytochrome P450 2E1 metabolism of ethanol.

. An 1 in alcohol dehydrogenase metabolism of ethanol and accumulation of acetaldehyde (leading to ROS formation and

acetaldehyde adduct formation).

. Nonoxidative metabolism by fatty acid ethyl ester synthase and/or phospholipase D.

Ethanol Effects on Antioxidant Proteins and Antioxidant Enzymes

. Alcohol-induced inhibition of transport proteins responsible for transporting glutathione from cytosol into the mitochondria (e.g.,
glutathione transport from cytosol into the mitochondria) and ¥ antioxidant enzyme levels and activity (e.g., superoxide
dismutase).

Activation/Alteration in Neurohormonal Systems
. Increased autoxidation of catecholamines.

. An 1 in angiotensin I and norepinephrine levels.

Abbreviations NADH/NAD™ - Nicotinamide adenine dinucleotide reducea/nicotinamide adenine dinucleotide, ROS- reactive oxygen species.
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