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Abstract
The relationship between alcohol consumption and cardiovascular disease risk is complex. Low-to-moderate daily alcohol 
consumption (1–2 drinks/day) is associated with reduced risk, whereas greater amounts of alcohol consumption and a “binge” 
pattern of drinking are associated with increased cardiovascular risk and mortality. Arterial stiffness may help explain the 
complex relationship. This integrated review summarizes data from studies examining the associations between alcohol 
consumption and pulse wave velocity, a gold standard measure of arterial stiffness. We also briefly review the concept and 
methodology of pulse wave velocity measurement as well as the mechanisms of alcohol-induced arterial stiffening. Findings 
among the different studies reviewed were inconsistent with methodological challenges related to alcohol use assessment. 
While making specific conclusions regarding this relationship is tenuous; the data suggest that excessive alcohol consump-
tion or a binge drinking pattern is associated with increased arterial stiffness.
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Introduction

Arterial stiffness refers to arterial wall changes which arise 
from gradual fragmentation and loss of elastin fibers and 
accumulation of stiffer collagen fibers in the arterial wall 
causing functional impairment of the artery [1]. Data from 
numerous studies have demonstrated the prognostic impor-
tance of increased arterial stiffness and its mechanistic rela-
tionship to the development of vascular-related conditions 
such as hypertension and coronary artery disease [1]. A 
1.0 m/s increase in pulse wave velocity (PWV), a measure of 
arterial stiffness, is associated with an increased risk of total 
cardiovascular (CV) events (12%–14%), CV-related mortal-
ity (13%–15%), and all-cause mortality (6%–15%) [2, 3]. 
Arterial stiffness can serve as a powerful prognostic tool to 

help detect and manage CV disease since it (1) can be detect-
able before the onset of clinically apparent CV disease, (2) 
can be prevented, and (3) in some instances, reduced [2, 3].

There are complex associations between alcohol con-
sumption and the overall occurrence of certain CV condi-
tions, which are strongly modulated by the dose and pat-
tern of alcohol consumption. For instance, low-to-moderate 
daily alcohol consumption (i.e., < 15–20 g/day, 1–2 standard 
drinks) is associated with a reduced risk of CV disease and 
mortality. In contrast, greater amounts of alcohol consump-
tion and a “binge” pattern of drinking are associated with an 
increase in CV risk and mortality [4], resulting in a J-shaped 
relationship between alcohol use and CV disease. According 
to the 2019 National Survey on Drug Use and Health, 85.6% 
Americans (≥ 18 years) consume alcohol [5]. Twenty-five 
percent report binge drinking in the last month (defined as 
consuming 5 or more alcoholic drinks for males or 4 or more 
alcoholic drinks for females on the same occasion), and 15 
million Americans had an alcohol use disorder [5]. Since the 
2020 outbreak of the COVID-19 pandemic, there have been 
numerous reports of increased alcohol use and engagement 
in harmful patterns of drinking, such as binge drinking [6, 
7]. These statistics and the clinical significance of arterial 
stiffness highlight the need to understand the association 
between alcohol consumption and arterial stiffness.
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This integrated review summarizes data from studies 
examining the associations between alcohol consumption 
and arterial stiffness. We also briefly review the concept and 
measurement of arterial stiffness. This review will fill a gap 
in our understanding of the potential association between 
alcohol consumption and arterial stiffness: a marker of pre-
mature vascular disease that may be altered in otherwise 
healthy populations who drink.

Definition of Arterial Stiffness

The term, arterial stiffness, refers to the elastic properties of 
arterial walls and is defined as the change in pressure for a 
given volume [3, 8]. It is the inversion of arterial compliance 
or distensibility and is complex, given the heterogenous wall 
properties within the arterial system. The central (elastic) 
arteries, large diameter arteries close to the heart, are very 
distensible due to their high elastin content. These elastic 
arteries buffer pulsatile energy from the forward pulse wave 
generated by each heart contraction, allow blood flow during 
diastole, and prevent end-organ damage [2, 9]. Peripheral 
muscular (conduit) arteries are smaller in diameter and con-
tain a large amount of smooth muscle and collagen (inelas-
tic), while the smallest arteries (arterioles) are comprised 
chiefly of smooth muscle [2, 9]. Therefore, arterial stiffness 
increases from the central arteries to arterioles [1], leading 
to impedance mismatch and reflection of forward energy 
(backwards) toward the heart. Consequently, the reflected 
energy impacts the aortic pressure waveform, ultimately 
affecting blood pressure and flow [1, 8].

Physiological Mechanisms of Arterial 
Stiffening

Arterial stiffening occurs due to structural changes through-
out segments of the arterial tree. Arterial wall elasticity is 
dependent on the composition of elastin and collagen fibers. 
During periods of low pressure, arterial compliance relies 
on elastin, while more rigid collagen fibers are progressively 
recruited during increased pressure or stretch [1]. Arterial 
wall elastin is only formed during fetal growth and infancy 
with a half-life of 40–50 years [10–12]. During continuous 
higher-pressure states or simply with time (i.e., aging), elas-
tin degrades [1, 2, 12]. Elastin degradation shifts the load 
to stiffer arterial wall components, collagen fibers [1, 12], 
stiffening the large elastic arteries [12]. In addition to these 
structural changes, smooth muscle cell stiffness, arterial 
calcification, inflammation, increased sympathetic nervous 
system activity, and endothelial dysfunction in the arteries 
contribute to functional arterial stiffening [1, 12]. Several 

factors and conditions associated with arterial stiffness are 
noted in Table 1.

Methods of Assessing Arterial Stiffness

Arterial stiffness is commonly assessed by PWV, a measure 
of how fast the pulse wave travels in a defined arterial seg-
ment. Several methodologies, including tonometry-based 
devices, oscillometry- or cuff-based devices, ultrasonogra-
phy, and magnetic resonance imaging, exist to determine 
PWV. Briefly, PWV is determined by measuring either pres-
sure or flow waveforms using a probe, tonometer, or cuff at 
different sites of arteries simultaneously or with electrocar-
diogram gating as reference [1], and then calculating the 
ratio of the distance between the recording sites to the time 
delay between the pulse waves. The measurement should 
be performed in duplicate by trained personnel after sub-
jects’ rest in a supine position for at least 10 min. Carotid-to-
femoral PWV (cfPWV) is the gold or reference standard of 
assessing arterial stiffness [13, 14] (Fig. 1). This is because 
there is significant evidence demonstrating an association 
with mortality and CV disease, independent of traditional 
risk factors [15–24]. A cut-off of 10 m/s has been used to 
predict CV events [25]. However, instead of a single fixed 
number, recent evidence recommends the reference values 
of cfPWV specific to age and blood pressure groups, given 
that arterial stiffness is predominantly influenced by age 
and blood pressure [1, 26]. During normal aging, cfPWV 
increases non-linearly with a greater change after the age of 
50 years [27], while at any age cfPWV is linearly related to 
blood pressure [26].

Although PWV can be measured in other arterial seg-
ments, such as carotid-radial or estimated from a single 
point measure, these measures are not recommended as they 

Table 1  Factors and conditions known to be associated with arterial 
stiffening

Factors and conditions

Advancing age
Arterial hypertension
 Metabolic diseases
  Diabetes mellitus
 Obesity
 Metabolic associated fatty liver disease

Calcium and phosphate metabolism disorders
Connective tissue diseases
Oxidative stress
Life style factors
  ↑ Salt intake
  ↓ Physical activity
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have not been predictive of CV outcomes [1, 28]. In Asian 
populations, brachial-ankle PWV (baPWV) and its derived 
cardio-ankle vascular stiffness index are predictive of CV 
outcomes, although less is known in other populations [1, 
28]. Augmentation index, or the ratio of the late systolic 
increase in the aortic pressure wave over pulse pressure, is 
sometimes recognized as a surrogate measure of arterial 
stiffness [8]. However, augmentation index is determined 
by arterial stiffness and other factors, especially heart rate 
[8]. In certain pathophysiological conditions augmentation 
index can change without a change in aortic PWV, therefore; 
augmentation index is not an accurate surrogate of arterial 
stiffness [8, 29].

Data Sources and Search Strategy

This integrative review mainly summarizes data from non-
randomized research studies designed to examine the asso-
ciation between arterial stiffness and alcohol consumption 
in adults (> 15 years of age). Specifically, we review data 
from human cross-sectional, case–control, and longitudinal 
epidemiological studies that have examined the association 
between arterial stiffness and alcohol consumption. We 
used the electronic databases PubMed/Medline and Google 
Scholar using a combination of the following main key-
words: arterial stiffness, vascular aging, pulse wave veloc-
ity, alcohol consumption, vascular structure, vascular age, 
subclinical arterial damage, and CV disease. Studies were 
included in this integrated review if: (1) arterial stiffness 
was determined by measuring cfPWV or baPWV; (2) use 
of aforementioned study design; (3) alcohol consumption 
was quantified in drinks or grams/units of ethanol per day 
or week or month and; (4) reference or detailed methods for 
the measurement of arterial stiffness.

Effects of Alcohol Consumption on Arterial 
Stiffness

Acute Alcohol Consumption Clinical Studies

Two studies were identified that examined the ‘acute’ one-
time effect of ingesting alcoholic beverages on arterial stiff-
ness. Nishiwaki and colleagues randomly assigned young 
males (N = 11, 20–22 years) into different groups (over 
4-days) and compared the effects of 200 ml and 350 ml of 
beer (alcohol content not indicated) vs. similar volumes of 
alcohol-free beer. No changes in cfPWV or baPWV were 
found after alcohol-free beer. However, cfPWV was sig-
nificantly reduced following ingestion of both volumes of 
alcohol-containing beer to a similar level (− 0.6 ± 0.2 m/s) 
(breath alcohol levels ~ 13 to 40 mg%). The reduction in 
cfPWV was sustained 60 min following beer ingestion. A 
similar decrease was found in baPWV after ingestion of 
alcohol-containing beer [30]. In a double-blind randomized 
cross-over design, Mahmud and Feely examined cfPWV 
after the consumption of 500 ml of red wine (0.8 g/kg etha-
nol, ~ 3 glasses of wine) in healthy men (n = 3) and women 
(n = 5) (aged 21–40 years) [31]. Compared to the ingestion 
of non-alcoholized wine, there was a significant decrease in 
cfPWV (from 7.6 to 6.9 m/s) 90 min after the ingestion of 
wine [31]. Collectively these findings indicate that a one-
time ingestion of both small (~ 1 bottle of beer) and moder-
ate (~ 3 glasses of wine) amounts of alcohol are associated 
with decreases in arterial stiffness.

Cross‑Sectional Studies

Several population-based and clinical cross-sectional studies 
have examined the association between alcohol consump-
tion and arterial stiffness with equivocal findings. Findings 
include: (1) no association of arterial stiffness with differ-
ent alcohol consumption amounts [32–35], (2) an inverse or 
J-shaped association [36–39], and (3) significant increases 
associated with any amount of alcohol use [40] or a binge 
pattern of drinking [38, 41, 42].

In the Rotterdam Study of 3178 participants (57% 
women; mean age 72 years), Mattace-Raso et al. did not 
find the association of alcohol consumption with cfPWV 
in men and women, after controlling for several known CV 
factors [35]. Basdeki et al. also found no association among 
different levels of alcohol intake (> 0–10 g/day to > 30 g/
day) among men (n = 408) and women (n = 530) (mean age 
across alcohol drinking groups 49–54 years) [32]. Among 
young adults (mean age 21 years, N = 50, 70% women), 
Tisdel et al. reported an average of 14 g/day of alcohol (1 
drink) was not associated with changes in cfPWV. How-
ever, energy from alcohol (percentage of total calories) was 

Carotid artery

cfPWV:∆L

Femoral artery

∆Time

Pulse waveforms

Fig. 1  The Measurement of carotid-to-femoral pulse wave velocity 
(cfPWV) as a non-invasive gold standard of arterial stiffness. Pres-
sure or flow waveforms can be measured by using a probe, tonometer, 
or cuff at the carotid and femoral arteries simultaneously. cfPWV is 
calculated as the ratio of the distance between the recording sites to 
the time delay between the pulse waves. Adapted from [73]
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a significant predictor of increases in cfPWV [34]. Yu and 
colleagues assessed alcohol using a standardized question-
naire and categorized young adult (mean age 25 years) men 
(n = 79) and females (n = 74) into the following 4 groups: 
non-drinkers (< 2 drinks/week), light drinkers (2–6 drinks/
week), moderate drinkers (7–9 drinks/week for women, and 
7–14 drinks/week for men), and heavy drinkers (> 9 drinks/
week for women, and > 14 drinks per week for men) [33]. 
No differences in cfPWV were found among the alcohol 
groups [33].

Several studies report a J-shaped relationship between 
alcohol consumption and arterial stiffness. In two related 
studies, Sierksma and colleagues found that compared to 
abstainers, 10–14 drinks/week among women (N = 371, 
postmenopausal 50–74 years) as well as 4–10 drinks/week 
and 11–21 drinks/week among men (N = 370, aged 40–80), 
were associated with decreased levels of cfPWV [36, 37]. 
Others have also reported a J-shaped relationship between 
alcohol consumption and arterial stiffness [38, 39]. Among 
Spanish men (n = 249) and women (n = 252) free of CV 
disease (mean age of 56 years), from the Early Vascular 
Aging study [38], Gonzalez-Sanchez et al. used standardized 
alcohol use questions and classified alcohol drinkers into 3 
categories:≤ 30 g/week, > 30–70 g/week and > 70 g/week 
consumed over the past year. cfPWV was lowest in partici-
pants reporting ≤ 30 g/week (~ 2 drinks/week; 5.8 ± 1.3 m/s), 
while participants consuming > 70 g/week (5 drinks/week) 
had the highest cfPWV (7.5 ± 2.3 m/s) compared to non-
drinkers (6.3 ± 1.9 m/s), (even after adjusting for confound-
ing factors such as age, sex, smoking history, diet systolic 
blood pressure and diet). Participants consuming > 70 g/
week also had higher baPWV values compared to non-
drinkers (13.8 ± 2.5 m/s vs. 12.8 ± 2.6 m/s). Similarly, in a 
population-based study of Japanese men (n = 3081, mean 
age of 48 years) Sasaki et al. found a J-shaped relationship 
between alcohol consumption/day over the last month [39]. 
Compared to those consuming 20–39 g/day (~ 2–3 drinks/
day), non-drinkers, those consuming < 20 g/day, and those 
consuming ≥ 60 g/day showed significantly higher levels of 
baPWV. Further, the J-shaped relationship effect of alcohol 
on baPWV was (1) more pronounced in men > 45 years old 
but not in men younger than 45 years and (2) marginally 
significant in women drinkers compared to non-drinkers 
(N = 812, mean age of 47 years; [39]. Interestingly, these 
relationships were maintained after correcting for lipids and 
other cardiovascular risk factors (i.e., age, BMI, blood pres-
sure), which may have confounded or helped explain the 
alcohol and PWV relationship.

In the Multi-Rural Communities Cohort Study of Kore-
ans, free of CV disease, Kim and colleagues found that 
any amount of alcohol was associated with an increase 
in baPWV in men (n = 2121, mean age 61.3 years), but 
no association was found in women (n = 3418, mean age 

59.6 years) [40]. In men, all levels of alcohol consumption 
(> 0–15, ≥ 15–30, ≥ 30–90, and ≥ 90 g/day), were associ-
ated with an increase in baPWV compared to non-drinkers. 
These associations were linear and remained significant in 
men, even after adjusting for several known CV factors such 
as age, job, smoking status, regular exercise, waist circum-
ference, dietary fat, protein, carbohydrate and cholesterol 
intake, blood pressure, lipids, and glucose [40]. In contrast, 
there were no differences found in baPWV among all the 
female drinking groups [40].

Binge drinking, the most common pattern of excessive 
alcohol use, may be associated with increased arterial stiff-
ness. Charakida et al. used several standardized questions 
to quantify and categorize alcohol use among young adults 
(17 years of age, N = 1299) [41]. As a potential proxy to 
binge drinking, increased drinking intensity (≥ 10 drinks/
typical drinking day) was significantly correlated with 
increased arterial stiffness compared to low-intensity drink-
ing (< 2 drinks on a typical drinking day; cfPWV: 5.9 ± 0.8 
vs. 5.7 ± 0.6 m/s), even after adjusting for confounding 
variables such as gender, systolic blood pressure, smoking, 
lipids, body weight [41]. In this same study, there was no 
association between the age at which participants began con-
suming alcohol (i.e., 13, 15, 17 years) and cfPWV measured 
at 17 years old [41]. More recently, our research group deter-
mined alcohol use through standardized questionnaires and 
the alcohol biomarker phosphatidylethanol (Peth) in healthy 
young adults (N = 49, mean age 23 years) [42]. Compared 
to alcohol abstainers (defined as those consuming ≤ 1 drink/
month in the last 2–3 years), binge drinkers (defined as those 
who reported ≥ 4/5 drinks for women/men on the same occa-
sion or within 2 h over the last month at least 2 times for 
more than 2 years) had higher cfPWV by 0.6 m/s [42]. We 
also included a group of moderate drinkers, who reported 
no more than 2–3 drinks per sitting for women/men, and no 
more than 1–2 times/week last 5 years. Interestingly, moder-
ate drinkers also had higher cfPWV by 0.5 m/s than alcohol 
abstainers [42]. Peth levels were 0 in abstainers and moder-
ate drinkers but shown to be > 50 ng/ml in binge drinkers. 
These data suggest that arterial stiffness may be increased 
even at moderate alcohol consumption even when Peth lev-
els are normal.

Longitudinal Cohort Studies

Compared to cross-sectional studies, longitudinal studies 
measure alcohol consumption and arterial stiffness at dif-
ferent time points, which may provide information on the 
attributable alcohol progression in arterial stiffness over 
time and related to other factors such as aging. Several 
population-based longitudinal cohort studies investigated 
the associations between alcohol consumption and arterial 
stiffness [43–45]. These findings support an association 
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between alcohol consumption and future arterial stiffness, 
with the strongest associations being those with higher levels 
of alcohol consumption.

Nakanishi et al. found at the study baseline, different lev-
els of alcohol consumption were associated with increased 
arterial stiffness during the 9-year follow-up in middle-aged 
healthy Japanese men (n = 1121) [45]. In this study, aortic 
(arterial) stiffness was defined as a cfPWV ≥ 8.0 m/s. Com-
pared to non-drinkers, those who consumed 23.0–45.9 g 
(~ 1.5–3 US standard drinks), 46.0–68.9 g and ≥ 69.0 g 
(~ 5 drinks) of ethanol per day at baseline had a 71–109% 
increase in the relative risk of developing aortic stiffness. In 
addition, there was a significant trend for increasing amounts 
of alcohol consumption, suggesting a dose–response 
between increased arterial stiffness and alcohol consumption 
[45]. Many confounders were considered at baseline, such 
as blood pressure level, age, body mass index, and lipids; 
however, the potential changes in these variables, other than 
age, over the 9-year period, were not considered in the rela-
tive risk analysis. This study also defined alcohol use based 
on a single, one-time measurement and did not consider any 
changes in alcohol use patterns over time.

Other longitudinal studies have re-assessed alcohol con-
sumption over the study period [43, 44]. In a study of 1185 
middle-aged Japanese men [43], Matsumoto et al. meas-
ured alcohol consumption and baPWV every 3 years over a 
6-year follow-up. Alcohol consumption at each time point 
was defined as no alcohol consumption, light-to-moderate 
(1–29 g of ethanol per day), and heavy (≥ 30 g of ethanol 
per day). Participants were categorized as “non-drinkers”, 
“light-to-moderate drinkers”, and “heavy drinkers” with the 
corresponding alcohol consumption reported at least twice 
during follow-up [43]. The authors also considered blood 
pressure (normal vs. elevated: ≥ 130/85 mmHg) and evalu-
ated ‘change’ in baPWV over the 6-year study. In the fully 
adjusted analysis, the authors found that “light-to-moderate 
drinking” was associated with a lower ‘change’ in baPWV 
only in participants with normal blood pressure, while 
the “heavy drinker” status was associated with a greater 
‘change’ in baPWV in participants with elevated blood pres-
sure, but not in participants with normal blood pressure [43].

In the Whitehall II cohort Study of United Kingdom civil 
servants (n = 3869; 73% male, 93% White), O'Neill et al. 
defined ‘long-term alcohol use groups’ by using repeated 
alcohol consumption assessments with an interval of 
4–5 years over a 25-year period [44]. The groups included 
non-drinkers, stable moderate drinkers, stable heavy drink-
ers, unstable moderate drinkers, unstable heavy drinkers, 
and former drinkers. The authors found that compared 
to male stable moderate drinkers (1–112 g of ethanol per 
week), male stable heavy drinkers (> 112 g, or 8 drinks, per 

week), but not other groups had higher overall cfPWV in 
the later follow-up period. They also found that male former 
drinkers and non-drinkers had a greater increase in cfPWV 
throughout the follow-up period compared to male stable 
moderate drinkers. The authors postulated that these findings 
were attributable to the “sick quitter” phenomenon, which 
subjects stopped drinking due to an illness, contributing to a 
higher progression rate of cfPWV. No associations between 
alcohol consumption and arterial stiffness were identified 
in women [44].

Synthesis of the Findings

The association between alcohol consumption and arterial 
stiffness is complex and controversial from several perspec-
tives. First of all, the studies’ discrepancies may relate to 
both methodological and statistical issues in the assessment 
of alcohol consumption. Among the studies reporting no 
associations, Basdeki et al., Tisdel et al., and Mattace-Raso 
et al. lacked detailed assessment of alcohol consumption 
(i.e., the use of standardized alcohol use questionnaire or 
questions) [32, 34, 35]. Basdeki et al. also did not indicate 
the timeframe/duration of alcohol use assessment, which 
was also not always noted in other reviewed studies [32]. 
Secondly, the definitions of levels of alcohol consumption 
were different among studies, making it challenging to for-
mulate thresholds for alcohol consumption and arterial stiff-
ness. In addition, variations in the type of reference group 
used in the statistical model (i.e., non-drinkers or light-
moderate alcohol use group) differed among studies. While 
several studies suggest a J-shaped relationship between arte-
rial stiffness and alcohol consumption, two studies found a 
dose–response relationship between alcohol use and arterial 
stiffness in men [40, 45]. These two studies had a wider 
range for each level of alcohol consumption and a higher 
cut-off for the highest levels of alcohol consumption com-
pared to other studies. On the other hand, blood pressure 
may influence the subsequent changes in arterial stiffness, 
and the J-shaped relationship may only exist in individu-
als with normal blood pressure [43]. It may also depend on 
sex [39, 44]. Unfortunately, few studies included both men 
and women and therefore were unable to perform a separate 
analysis by sex. Most of the studies suggest that (1) a greater 
amount of alcohol consumption may be associated with arte-
rial stiffening, as increased arterial stiffness was observed as 
alcohol consumption of more than 8 drinks/week (or more 
than 1 drink/day) [40, 43–45]; and (2) a binge pattern of 
alcohol use (4/5 drinks or more for women/men on the same 
occasion or in one day as a proxy) may be associated with 
arterial stiffening [38–42, 45].
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Mechanisms of Alcohol‑Associated Changes 
in Arterial Stiffening

To our knowledge few studies have examined mechanisms 
associated with lower arterial stiffness. Concerning the alco-
hol-arterial stiffness and J-shaped relationship, one potential 
mechanism may be related to the flavonoid composition of 
alcoholic beverages. Others have found that total anthocya-
nin intake (a flavonoid) was associated with lower PWV in 
women (18–75 years) [46]. In our review, studies reporting 
a J-shaped relationship assessed alcohol consumption based 
upon alcoholic beverages; however, no comparisons were 
made among different alcoholic beverages on arterial stiff-
ness [39, 40]. Another potential mechanism might be related 
to the effects of alcohol use on lipids, such as high-density 
lipoprotein cholesterol (HDL-C) and the triglyceride-to-
high-density lipoprotein cholesterol (TG/HDL-c) ratio. In 
adults, decreased HDL levels and a higher TG/HDL-C ratio 
is associated with CV disease. In children (10–26 years), 
Urbina and colleagues found a significant association 
between increases in the TG/HDL-C ratio and arterial stiff-
ness [47]. In many of the studies reviewed herein, the sta-
tistical analysis accounted for cholesterol levels, and asso-
ciations remained after adjustments for serum lipid levels. 
One study reviewed herein found that acute alcohol con-
sumption was associated with a decrease in arterial stiffness 
and a corresponding decrease in blood pressure [31], which 
could mechanistically explain the decrease in PWV. How-
ever, Nishiwaki et al. despite reporting a decrease in PWV 
following acute alcohol consumption reported no change in 
blood pressure [30]. The mechanisms underlying the asso-
ciation between regular alcohol use and lower arterial stiff-
ness remain unknown.

The alcohol-induced arterial stiffening is attributable to 
structural changes of the arterial wall, such as the degrada-
tion of elastin induced by matrix metalloproteinase (MMP). 
In humans, blood MMP-9 levels and MMP-9 gene poly-
morphisms are positively associated with elastase activity 
and cfPWV [48, 49]. Sillanaukee et al. found that men with 
alcohol consumption of > 1000 g per week (~ 71 standard 
drinks) had a higher level of serum MMP-9 compared to 
social drinkers (< 200 g per week) [50]. The increases in 
serum MMP-9 levels can increase the degradation of elastin, 
cause structural changes of the arterial wall, and thereby 
increase arterial stiffness. Using a rat model, Koken et al. 
also found that chronic heavy alcohol consumption (1 ml of 
80% ethanol (v/v) in distilled water by gavage for 30 days) 
increased blood MMP-9 levels. The increases in MMP-9 
levels were restored by intraperitoneal Vitamin E admin-
istration [51], suggesting an oxidative stress mechanism of 
alcohol-induced arterial stiffening.

Indeed, oxidative stress, the excessive production of reac-
tive oxygen species relative to antioxidant defenses, plays 
a key role in alcohol-induced vascular damages and dys-
functions [52]. Animal studies suggest that one-time and 
repeated heavy alcohol consumption is associated with the 
excessive production of reactive oxygen species. As evi-
denced by increased plasma levels of thiobarbituric acid-
reacting substance (a marker of systemic lipoperoxidation), 
superoxide anion levels, and membrane-to-cytosol fraction 
expression of the p47phox subunit of nicotinamide adenine 
dinucleotide phosphate oxidase in vascular beds [53–55]. 
These reactive oxygen species directly or indirectly decrease 
nitric oxide, a vasodilator derived from vascular endothelial 
cells. Decreased bioavailability of nitric oxide, or endothe-
lial dysfunction causes decreased vasodilation and increased 
vasoconstriction (or vascular smooth muscle cell tone), caus-
ing arterial stiffening. In normotensive men, nitric oxide 
synthase inhibitor infusion decreases nitric oxide produc-
tion and acutely increases cfPWV [56]. Therefore, alcohol-
induced arterial stiffening may be related to endothelial dys-
function. Along with this possibility, our recent systemic 
review suggests that heavy alcohol consumption (≥ 3–5 
drinks, daily or binge pattern) is associated with a decrease 
in brachial artery flow-mediated dilation [57], a non-invasive 
measure of endothelial function in humans.

Increases in vascular smooth muscle cell tone or stiff-
ness can also result from the activation of sympathetic 
nerve activity. Experimental studies demonstrate that a 
single excessive bout of alcohol use, or binge-like drinking 
episode, transiently enhanced sympathetic nerve activity, 
directly measured by microneurography [58–65]. Our recent 
cross-sectional study also demonstrated that repeated binge 
drinking was associated with increased 24-h urinary nor-
epinephrine levels, and higher norepinephrine levels were 
correlated to higher cfPWV values [42]. Norepinephrine is 
a marker of sympathetic activity [66] and increases vascu-
lar smooth muscle tone leading to vasoconstriction [67]. In 
normotensive male adults, norepinephrine infusion acutely 
increases cfPWV [56]. Norepinephrine can also induce arte-
rial stiffening via vascular remodeling, thickening the vascu-
lar wall by increasing the number of vascular smooth muscle 
cells (hyperplasia), and deposition of both collagen and elas-
tin. [68]. All these factors lead to of high blood pressure and 
further arterial stiffening. While heavy alcohol consumption 
is associated with an increased risk of hypertension [69], 
other factors, including arterial calcification [70] and inflam-
mation [71], can also contribute to alcohol-induced arterial 
stiffening (Fig. 2) [72].
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Conclusions

Collectively, data from many studies reviewed herein sug-
gest a relationship between alcohol consumption and arterial 
stiffness. In particular, higher levels of alcohol consumption 
or a binge pattern of consumption is associated with arte-
rial stiffening. Most of the published studies were cross-sec-
tional, did not consider other factors that may also influence 
arterial stiffness over time (salt intake and physical activ-
ity), lacked detailed assessment of alcohol consumption and 
PWV. These methodological inconsistencies make it difficult 
to generate specific conclusions. Finally, sex and/or race may 
influence the relationship between alcohol consumption and 
arterial stiffness and requires further investigation. Given 
the significant value of arterial stiffness in the predicting 
CV disease, it is important to include alcohol consump-
tion assessment into routine clinical practice to manage CV 
disease.
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