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ABSTRACT
Despite preventive education, the combined consumption of
alcohol and caffeine (particularly from “energy drinks”) continues
to rise. Physiologic perturbations by separate intake of ethanol
and caffeine have been widely documented. However, the
biologic actions of the alcohol-caffeine combination and their
underlying subcellular mechanisms have been scarcely studied.
Using intravital microscopy on a closed-cranial window and
isolated, pressurized vessels, we investigated the in vivo and in
vitro action of ethanol-caffeinemixtures on cerebral arteries from
rats and mice, widely recognized models to address cerebro-
vascular pathophysiology and pharmacology. Caffeine at con-
centrations found in human circulation after ingestion of one to
two cups of coffee (10 mM) antagonized the endothelium-
independent constriction of cerebral arteries evoked by ethanol
concentrations found in blood during moderate-heavy alcohol
intoxication (40–70 mM). Caffeine antagonism against alcohol
was similar whether evaluated in vivo or in vitro, suggesting

independence of systemic factors and drug metabolism, but
required a functional endothelium. Moreover, caffeine protection
against alcohol increased nitric oxide (NO•) levels over those
found in the presence of ethanol alone, disappeared upon
blocking NO• synthase, and could not be detected in pressur-
ized cerebral arteries from endothelial nitric-oxide synthase
knockout (eNOS2/2) mice. Finally, incubation of de-endothelialized
cerebral arteries with the NO• donor sodium nitroprusside (10 mM)
fully restored the protective effect of caffeine. This study
demonstrates for the first time that caffeine antagonizes
ethanol-induced cerebral artery constriction and identifies
endothelial NO• as the critical caffeine effector on smooth
muscle targets. Conceivably, situations that perturb endothelial
function and/or NO• availability will critically alter caffeine
antagonism of alcohol-induced cerebrovascular constriction
without significantly disrupting endothelium-independent, alcohol-
induced cerebral artery constriction itself.

Introduction
Caffeine and alcohol (ethyl alcohol; ethanol) are the two

most widely used psychoactive agents in the world (Meredith
et al., 2013; Winstock 2014). In the United States, .90% of
adults consume caffeine regularly, with an average intake of
.200 mg/d; that is, more caffeine than what is contained in
two 6-ounce cups of coffee or five 12-ounce cans of soft drinks
(Frary et al., 2005; Juliano et al., 2012). The health risks
imposed on the cardiovascular system by high and/or chronic
caffeine intake as well as the health hazards resulting from
abrupt caffeine withdrawal are well known and reviewed
elsewhere (Balster, 1998).
In turn, episodic, moderate-to-heavy ethanol intake, such as

during “binging,” constitutes the primary form of excessive
alcohol consumption in the United States. Indeed, ∼29% of
females and 43% of males in the United States have binge

drinking experience (CDC, 2014). Despite several years of
preventive education, binge drinking prevalence across US
college campuses has remained steadily high at .40%
(McMurtrie, 2014). Numerous epidemiologic studies have
portrayed the deleterious effects of alcohol on cerebrovascular
health (Altura and Altura, 1984; Puddey et al., 1999; Reynolds
et al., 2003; Patra et al., 2010). In particular, episodic drinking
with blood alcohol levels reaching 35–80 mM is associated
with increased risk for cerebrovascular ischemia (Puddey
et al., 1999), stroke, and death from ischemic stroke (Reynolds
et al., 2003). Cerebrovascular ischemia may result from
impaired vasodilatation and/or enhanced constriction of cere-
bral arteries. Using a rat model that mimics human cerebral
artery reactivity, we showed that ethanol (10–100 mM)
constricted middle cerebral arteries both in vivo and in vitro
(Liu et al., 2004; Bukiya et al., 2009, 2014).
The combined use of alcohol and caffeine, the latter as the

main active ingredient of “power/energy supplements” such as
chewing bars, gums, gels, and beverages (i.e., “energy drinks”)
is increasing sharply, particularly among adolescent and
college students. More than 50% of US college students have
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reported mixing energy drinks with alcohol in the past month
(Malinauskas et al., 2007). Remarkably, energy drinks in-
crease the risk of alcohol dependence (Arria et al., 2011). In
addition, people who co-consume caffeine and alcohol are 3
times more likely to binge drink than drinkers who do not mix
these agents (Mintel International Group, 2007), and their
desire to drink alcohol is more pronounced than in subjects
exposed to the same dose of alcohol alone (Marczinski, 2015).
Some studies suggest that the combined use of caffeine and
ethanol may increase the rate of alcohol-related injury
(Reissig et al., 2009). On the other hand, the combination of
these two drugs has been proposed as neuroprotection against
ischemic stroke in rat models (Aronowski et al., 2003) and
humans (Sacco, 2007). However, whether ethanol and caffeine
actually modulate each other’s action on cerebral vessels
remains unknown. More generally, in spite of increased co-
consumption of alcohol and caffeine in the US population, the
subcellular targets andmechanisms that are perturbed by the
presence of this drug combination are mostly unknown.
Using a combination of in vivo and in vitro arterial tone

determinations in a rat model and selective pharmacology, and
the endothelial nitric-oxide synthase knockout (eNOS2/2 KO)
mouse model, our study documents that caffeine at concentra-
tions commonly found in human circulation antagonizes con-
striction of cerebral arteries evoked by ethanol concentrations
equivalent to blood alcohol levels found during alcohol in-
toxication. This action of caffeine does not require neuronal
integrity, circulating factors, or systemic drug metabolism but
occurs at the cerebral artery level itself. In contrast to ethanol
or caffeine individual actions on middle cerebral artery di-
ameter, which are endothelium-independent, our study further
reveals that the protective action of caffeine is mediated by
endothelial nitric oxide (NO•). This finding may have health-
related implications, as several pathophysiologic conditions
and pharmacotherapeutic interventions modify endothelial
NO• levels.

Materials and Methods
Ethics. The care of animals and experimental protocols were

reviewed and approved by the Animal Care and Use Committee of
the University of Tennessee Health Science Center, which is an
institution accredited by the Association for Assessment and Accred-
itation of Laboratory Animal Care.

Measurement of Pial Arteriole Diameter In Vivo. Adult male
Sprague-Dawley rats (�250 g) were purchased from Harlan Labora-
tories (Indianapolis, IN). Rats were anesthetized with ketamine
hydrochloride (33 mg/kg, i.m.) and acepromazine (3.3 mg/kg, i.m.).
Catheters inserted into the carotid artery were used to infuse the
drugs of interest. Drugs were dissolved to final concentration in
sodium saline solution (0.9% NaCl). Body temperature was main-
tained at 37–38°C with a heating pad. Animals were equipped with a
custom-built stainless steel and glass cranial window for pial arteriole
diameter monitoring in vivo. Caffeine (10 mM), ethanol (18 or 50 mM),
and caffeine 1 ethanol mixtures were diluted in sodium saline
solution, and 1 ml of this solution was infused into the cerebral
circulation via the carotid artery. In all experiments where ethanol in
solution was applied to tissues, solutions with urea isosmotically
replacing for ethanol were used as control solution (Liu et al., 2004).
Pial arteriolar diameter was monitored with a video micrometer
coupled to a television camera that depicted the brain surface through
the cranial window (Bukiya et al., 2013).

Measurement of Cerebral Artery Diameter In Vitro. Adult
male Sprague-Dawley rats (�250 g) were purchased from Harlan

Laboratories (Indianapolis, IN). Adult 8- to 12-week-old male homo-
zygous eNOS (Nos3tm1Unc/J) KO (eNOS2/2) and C57BL/6 control mice
were purchased from the Jackson Laboratory (Bar Harbor, ME). Rats
and mice were decapitated using a guillotine and sharp scissors,
respectively. Middle cerebral arteries (,260 mm and ,150 mm
external diameter in rat and mouse species, respectively) were
isolated and cannulated as described in our earlier work (Bukiya
et al., 2013). When required, endothelium was removed by passing an
air bubble into the vessel lumen for 90 seconds before vessel
cannulation. The presence/absence of functional endothelium was
experimentally verified by the arterial response to 10 mM acetylcho-
line, an endothelium-dependent vasodilator, versus the response to
10 mM sodium nitroprusside (SNP), an endothelium-independent
vasodilator (Liu et al., 2004; Bukiya et al., 2007). The chamber
containing the cannulated artery was continuously perfused at a rate
of 3.75 ml/min with physiologic saline solution (PSS) (mM): 119 NaCl,
4.7 KCl, 1.2 KH2PO4, 1.6 CaCl2, 1.2 MgSO4, 0.023 EDTA, 11 glucose,
and 24 NaHCO3. PSS was equilibrated at pH 7.4 with a 21%/5%/74%
mix of O2/CO2/N2 and maintained at 35–37°C. Arteries were observed
with a charge coupled device camera (Sanyo VCB-3512T; Sanyo
Electric Co., Moriguchi, Japan) attached to an inverted Nikon Eclipse
TS100microscope (Nikon, Tokyo, Japan). The external diameter of the
arterial wall was measured using the automatic edge-detection func-
tion of IonWizard software (IonOptics, Milton, MA) and was digitized
at 1 Hz with a personal computer.

Experiments were performed on arteries subjected to 60 mm Hg
intravascular pressure to ensure both development and maintenance
of myogenic tone (Bukiya et al., 2007). Once myogenic tone developed
and artery diameter remained stable for at least 10 minutes, the
artery was exposed to a high K1 solution (mM): 63.7 NaCl, 60 KCl,
1.2 KH2PO4, 1.6 CaCl2, 1.2 MgSO4, 0.023 EDTA, 11 glucose,
24 NaHCO3, pH 7.4. Drugs were applied to the artery by chamber
perfusion. The effect of a given drug application was evaluated at the
time point immediately before the solution was changed to drug-free
PSS. At the end of each experiment, passive arterial diameter for
myogenic tone determination was evaluated by exposing the vessel to
Ca21-free solution (mM): 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4,
2 EGTA, 11 glucose, 24 NaHCO3, pH 7.4.

NO• Level Assay. Total NO• levels in homogenates of rat middle
cerebral arteries from control, ethanol-exposed, and ethanol-caffeine
exposed groups were determined from both oxidized forms (nitrites
and nitrates) using the Nitric Oxide Fluorometric Assay Kit (Cayman
Chemicals, Ann Arbor, MI), according to the manufacturer’s instruc-
tions. Fluorescence intensitywasmeasured at excitation and emission
wavelengths of 360 nm and 430 nm, respectively.

Chemicals. Ethanol was purchased from American Bioanalytical
(Natick, MA). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). For SNP and caffeine, 1 mM stocks were prepared in
PSS and further diluted in PSS to render the desirable concentration.
All other chemicals were directly dissolved in PSS at their final
concentration.

Data Analysis. Final plotting, fitting, and statistical analysis of
data were conducted using Origin 8.5.1 (OriginLab, Northampton,
MA) and InStat 3.0 (GraphPad, La Jolla, CA). Myogenic tone was
determined according to the following formula: Myogenic tone (%) 5
(1 2 Active diameter/Passive diameter) � 100 (Adebiyi et al., 2007).
Statistical analysis was conducted using either one-way analysis of
variance followed by Bonferroni’s multiple comparison test or paired
Student’s t test, according to experimental design. P , 0.05 was
considered statistically significant.Dataare expressedasmean6S.E.M.,
and n 5 number of arteries.

Results
Caffeine Antagonized Ethanol Action on Cerebral

Artery Diameter Both In Vivo and In Vitro. To de-
termine the impact of caffeine-ethanol coadministration on

Caffeine Protection against Alcohol-Induced Vasoconstriction 107



cerebral artery diameter, we used intravital microscopy in a
closed cranial window on anesthetized adult rats. As reported
in animal models and humans (Altura and Altura, 1984;
Reynolds et al., 2003; Bukiya et al., 2014), infusion of 50 mM
ethanol into the carotid artery caused cerebral arteriole
constriction (Fig. 1A, top panels), which quickly disappeared
upon washout of the artery with ethanol-free PSS (Fig. 1B). It
is important to note that, according to Poiseuille’s equation,
blood flow is directly related to the 4th power of the vessel’s
radius. Thus, the ∼5% average reduction in diameter reported
here would evoke a ∼22% reduction in local blood flow.
Current in vivo findings are consistent with recent data

from our group (Bukiya et al., 2014) documenting rat cerebral
artery constriction after in vivo administration of ethanol
with concentrations reached in human bloodstream during
moderate-to-heavy alcohol intoxication (Diamond, 1992). Cur-
rent results also document that rat brain arterioles con-
stricted in response to carotid artery infusion of 10 mM
caffeine (Fig. 1A. middle panels), which was fully reversible
upon washout of the alkaloid (Fig. 1B). Importantly, the
caffeine concentration used is found in human systemic
circulation after consumption of one cup of coffee (Fausch
et al., 2012).
Our results are consistent with recent data documenting

reduced human cerebral blood flow after acute administration
of caffeine (Vidyasagar et al., 2013; see Discussion). Remark-
ably, when the two agents that caused vasoconstriction
applied alone (50 mM ethanol; 10 mM caffeine) were mixed
immediately before administration and coinjected into the
carotid artery, cerebral arteriole diameter did not differ from
preinfusion levels (Fig. 1A, bottom panels). Thus, caffeine and
ethanol actions on cerebral artery diameter functionally
antagonized each other, raising the speculation that these
two vasoactive psychostimulants may share receptors and/or
downstream signaling pathways that underlie their effects on
cerebral vessels.
Both caffeine and alcohol are metabolized in vivo to active

compounds that modify vascular function (Echeverri et al.,
2010; Cahill and Redmond, 2012). In addition, it is well known
that vasoactive properties of caffeinemay involvemodification
of autonomic input, stress hormone levels, and other neural
and endocrine systems (Echeverri et al., 2010). Thus, to
determine whether active metabolites of ethanol, caffeine,
and/or neuroendocrine regulatory factors are necessary in
caffeine modulation of alcohol action on cerebral arteries, we
next isolated cerebral artery segments and exposed them in
vitro to each of these agents and their combination for 13
minutes. Then, drug action in intact versus de-endothelialized
arteries was explored to narrow the primary target(s) involved
in the caffeine-ethanol interaction. Thus, rat middle cerebral
arteries were dissected out and pressurized in vitro at 60 mm
Hg to develop and maintain myogenic tone (Liu et al., 2004;
Bukiya et al., 2014).
As found with in vivo drug administration, 50 mM ethanol

evoked a significant (P, 0.05) and fully reversible constriction
of isolated, endothelium-intact, cerebral artery segments
(∼8% decrease in diameter) (Fig. 2, A and C). This result
confirms previous in vitro data obtained by our group by using
cerebral arteries of mice and rats (Liu et al., 2004; Bukiya
et al., 2009). Importantly, the combination of 50 mM ethanol
and 10 mM caffeine failed to constrict cerebral arteries (Fig. 2,
B and C), a result that paralleled in vivo results reported

earlier (Fig. 1). Therefore, the antagonism exerted by caffeine
on ethanol constriction of cerebral arteries did not seem to
require systemic metabolism (largely by the liver) of either
agent. Circulating mediators or intact autonomic nerve
networks were not necessary either. Rather, subcellular
targets and mechanisms mediating caffeine-ethanol an-
tagonism reside within the cerebral vessels themselves.

Fig. 1. Caffeine-ethanol mixture fails to constrict cerebral arterioles in
vivo. Averaged pial arteriolar diameter (as percentage of diameter before
drug application) in response to carotid artery infusion of 50 mM ethanol,
10 mM caffeine, or their combination. Each data point represents an
average of no fewer than three animals. *Different from administration of
50 mM ethanol (P , 0.05).
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Caffeine-mediated antagonism of ethanol-induced cerebral
artery constriction, however, was not observed at every
ethanol concentration tested. Indeed, inspection of fitting
plots included in Fig. 3A (concentration–response curve to
ethanol in absence and presence of 10mMcaffeine) and Fig. 3B
(concentration–response curve to caffeine in absence and
presence of 50 mM ethanol) shows: 1) minor synergism
between low concentrations of ethanol and caffeine to evoke
cerebral artery constriction, and 2) antagonism by 10 mM
caffeine occurs only at ethanol concentrations $45 mM (Fig.
3A), that is, ethanol concentrations between EC50 (41.6 mM)
and Emax (∼100 mM) for ethanol to constrict cerebral arteries
when applied alone. Conversely, antagonism against caffeine-
induced cerebral constriction by 50 mM ethanol occurs only
at $2 mM caffeine (Fig. 3B), that is, caffeine concentrations
between EC50 (1 mM) and Emax (10 mM) for caffeine to constrict
cerebral arteries when applied alone. Thus, for both caffeine
and ethanol to antagonize each other, each drug should reach
concentrations near its own Emax. Collectively, negligible
constrictive synergism at low agonist concentrations with
significant antagonism prevailing at higher concentrations
may argue for some common, low-affinity target(s) mediating
caffeine-ethanol functional interaction.
Caffeine-Ethanol Interaction on Cerebral Artery

Diameter Required Endothelial NO Synthase. After
determining that the caffeine-ethanol functional antagonism
on cerebral vessels occurred at the cerebral artery itself, and
considering that vascular actions of caffeine that are indepen-
dent of neuroendocrine mediation may be either endothelium-
dependent or directly targeted at the vascular smooth muscle
(Echeverri et al., 2010), we next addressed whether caffeine
antagonism of ethanol-induced cerebral artery constriction
required the presence of a functional endothelium. Thus, some
segments from a given artery were de-endothelized by me-
chanical means, the presence/absence of a functional endo-
thelium being pharmacologically verified (Liu et al., 2004;
Bukiya et al., 2009, 2014). Both ethanol (50 mM) and caffeine
(10 mM) were able to constrict de-endothelialized cerebral
arteries when these agents were applied separately. More-
over, ethanol (Fig. 4A) and caffeine (Fig. 4B) actions were
identical in intact versus de-endothelialized cerebral arteries.
These ethanol results extend previous work from our group

(Liu et al., 2004; Bukiya et al., 2009) documenting that the
primary targets mediating ethanol-induced constriction of
cerebral arteries reside in vascular smooth muscle. Present
data unveil that caffeine is also able to constrict cerebral
arteries independently of neurohumoral factors or systemi-
cally formed, active metabolites that have cardio/vasoactive
properties (e.g., paraxanthine, theobromine, theophylline;
Bellemann and Scholz, 1974; Ried et al., 2012; Guessous
et al., 2015). Thus, this result from isolated, resistance-size rat
middle cerebral arteries matches those from rabbit aortic,
renal, and iliac arterial strips (Yoshida et al., 1989) while
differing from those in rabbit arteries and human internal
mammary arteries in vitro where caffeine has been reported to
evoke vasodilatation (Echeverri et al., 2008, 2010).Fig. 2. Caffeine-ethanol mixture fails to constrict cerebral arteries in

vitro. (A) Diameter trace from a pressurized middle cerebral artery from
rat. After development of myogenic tone, the artery was probed with
60 mM KCl to test maximal contraction. After KCl washout, the artery
chamber was perfused with either (A) 50 mM ethanol or (B) 50 mM
ethanol+10 mM caffeine mixture. (C) Average change in artery diameter
evoked by KCl, 50 mM ethanol, or 50 mM ethanol + 10 mM caffeine
mixture. Last set of bars also depicts averaged percentage of myogenic
tone. Hollow bars (group 1) represent data from arteries that were exposed

to ethanol only (n = 4); black bars (group 2) reflect data from arteries that
were challenged with the ethanol + caffeine mixture (n = 6). *Different
from constriction by 50 mM ethanol (P , 0.05).
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In sharp contrast to caffeine-induced constriction of middle
cerebral arteries, caffeine-induced antagonism of ethanol-
induced constriction was lost in de-endothelialized arteries.
Indeed, ethanol-induced constriction of endothelium-denuded
vessels in the presence of caffeine was identical to that evoked
by ethanol alone (Fig. 4, C andD) and significantly larger than
the constriction evoked by the caffeine-ethanol mixture in
intact vessels (Fig. 4E). Collectively, these data indicate that
cerebral artery endothelium is necessary for caffeine to
antagonize ethanol-induced vasoconstriction. This result
clearly differs from the constriction evoked by each agent
alone, which does not require the presence of vascular
endothelium (Fig. 4, A and B).
Considering that endothelium represents a major source of

NO•, which is a critical regulator of cerebral artery tone
(Andresen et al., 2006; Pretnar-Oblak, 2014), we measured
whether NO• levels in the artery were increased by the

caffeine-ethanol mixture when compared with ethanol expo-
sure alone. Indeed, a 5- to 10-minute in vitro incubation of
cerebral arteries with caffeine-ethanol resulted in a signifi-
cant 2-fold increase in NO• levels when compared with those
in incubation of arteries in ethanol-containing solution with-
out caffeine (Fig. 5A). Because NO-synthase (NOS) activity is
the source of NO•, we also tested the effect of caffeine-ethanol
mixture on the diameter of arteries with intact endothelium in
the presence of 100mMN-omega-nitro-L-arginine (L-NNA), an
effective in vitro treatment to block NOS activity (Sobey et al.,
2004). L-NNA significantly (P, 0.05) reduced cerebral artery
constriction evoked by either 50 mM ethanol of 10 mM caffeine
alone, suggesting that NO• participates in each individual
agent’s action on cerebral vessels. More important, when NOS
activity was blocked, the antagonism of caffeine on ethanol-
induced cerebral artery constriction was lost (Fig. 5B).
Collectively, the results from Figs. 4 and 5 strongly suggest

that the eNOS–NO• pathway mediates or at least contributes
to caffeine antagonism of ethanol-induced cerebrovascular
constriction. To test this hypothesis, we next addressed the
role of eNOS in caffeine-ethanol interaction on cerebral artery
diameter by evaluating drug actions on cerebral arteries from
eNOS knockout (KO2/2) mice. Data showed that caffeine
action on eNOS KO2/2 mouse was similar to that on wild-
type mice whereas ethanol-induced constriction was milder
than that in wild-typemice. More importantly, cerebral artery
constriction by the mixture caffeine-ethanol in eNOS KO2/2

mice was undistinguishable from the constriction evoked by
50mM ethanol alone (Fig. 6). This result unveils a critical role
for eNOS in caffeine antagonism of ethanol-induced constric-
tion of cerebral arteries.
Caffeine Antagonism on Ethanol-Induced Cerebral

Artery Constriction Was Mediated by NO• Itself. After
establishing the critical role of eNOS in caffeine antagonism of
ethanol-induced constriction of cerebral arteries, we set out to
determine whether eNOS itself or its product NO• mediated
caffeine-ethanol interaction on cerebral arteries. Figure 7A
data confirmed that endothelial removal resulted in loss of
caffeine antagonism of ethanol action on cerebral artery
diameter (compare the difference between the two white
columns on the left with the difference between the two black
columns on the right). More importantly, Fig. 7A data
demonstrated that caffeine-induced protection against
ethanol-mediated constriction was fully restored when de-
endothelialized arteries were treated with an NO• donor: in
the presence of 10 mM SNP, constriction by the caffeine-
ethanol mixture was significantly smaller (P, 0.05) than that
evoked by ethanol alone (compare the difference between the
two black columns in the middle with the differences between
the other two pairs of columns). Thus, the presence of eNOs
per se was not critical for the effect of caffeinated ethanol on
cerebral artery diameter. Rather, caffeine-induced protection
against ethanol-induced cerebral artery constriction seemed
to depend on NO• availability to vascular smooth muscle (see
Discussion).
Interestingly, NO• donor treatment (10 mMSNP) of arteries

with intact endothelium resulted in caffeine-induced antag-
onism against constriction by 18 mM ethanol (Fig. 7B),
this antagonism not being evident in the absence of SNP
(Fig. 3A). NO• donor treatment, however, failed to further
enhance caffeine antagonism against constriction by 50 mM
ethanol (Fig. 7B). These results seemed to indicate that the

Fig. 3. Concentration–response curves for in vitro cerebral artery
constriction caused by ethanol in the presence of 10 mM caffeine (A) and
by caffeine in the presence of 50 mM ethanol (B). Each data point
represents the average from 3 to 7 records, each obtained from a separate
artery/rat.
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NO•-mediated, protective mechanism of caffeine antagonism
against constriction by ethanol reached a ceiling effect in the
presence of high ethanol concentrations.

Discussion
Our current study documents for the first time that

concentrations of caffeine found in human blood circulation
after ingestion of one to two cups of coffee (Fausch et al., 2012)
antagonize the cerebral artery constriction evoked by
moderate-to-high ethanol concentrations ($45 mM; Fig. 3A)
obtained in human circulation during moderate-heavy alcohol
drinking (Diamond, 1992). This phenomenon has been evalu-
ated both in vivo and in vitro with rodent (mouse and rat)
arterioles and resistance-size, middle cerebral arteries, which
control local blood flow (Faraci et al., 1987). Similarities
between our in vivo and in vitro data are consistent with the
finding that caffeine does not significantly alter the metabo-
lism of alcohol in the body (Ferreira et al., 2006).

Middle cerebral arteries are widely recognized as valid
models to understand pathophysiology and pharmacology of
human cerebral arteries, including alcohol vasoactive proper-
ties (reviewed by Zhang et al., 1993; see also Bake et al., 2012).
The similarities between our in vivo and in vitro findings
indicate that circulating, paracrine, and neural factors, all
known to be altered by circulating alcohol or caffeine (Jackson,
1991; Varani et al., 1999; Fleming et al., 2001; Corti et al.,
2002; Lane et al., 2002), do not play a primary role in
mediating caffeine modulation of alcohol action on cerebral
arteries. Furthermore, our results obtained after administer-
ing drugs via carotid artery (from which the middle cerebral
artery originates) and the in vitro data strongly suggest that
the phenomenon under study does not rely onmodifications in
the systemic (mainly hepatic; Roe, 1979; Tassaneeyakul et al.,
1994) metabolism of either alcohol or caffeine.
As we found with the effect of either ethanol or caffeine on

middle cerebral artery diameter, caffeine-ethanol interaction
was sustained in isolated, cerebral artery segments. However,
our data reveal that the tissue source and pathways underlying

Fig. 4. Removal of endothelium suppresses caffeine
antagonism of ethanol-induced cerebral artery constric-
tion. (A) Averaged data showing that ethanol-induced
constriction is similar in arteries with intact versus
denuded endothelium. (B) Averaged data showing that
caffeine-induced constriction is similar in arteries with
intact versus denuded endothelium. (C) Diameter trace
from de-endothelialized, pressurized, middle cerebral
artery of rat. After development of myogenic tone, the
artery was probed with 60 mM KCl. After KCl washout,
the chamber was perfused with 50 mM ethanol + 10 mM
caffeine mixture or 50 mM ethanol. (D) Average change
in diameter of de-endothelialized arteries when probed
with KCl, 50 mM ethanol, or 50 mM ethanol + 10 mM
caffeine mixture. The last set of bars also depicts
averaged percentage of the myogenic tone. Hollow bars
(group 1) represent data from arteries that were probed
with ethanol only (n = 3); black bars (group 2) reflect
data from arteries that were probed with ethanol +
caffeine mixture (n = 4). (E) Average data showing
that constriction of de-endothelialized arteries by the
caffeine-ethanol mixture is significantly larger than
that evoked in arteries with intact endothelium.
**Different from constriction by caffeine-ethanol mix-
ture in arteries with intact endothelium (P , 0.01).

Caffeine Protection against Alcohol-Induced Vasoconstriction 111



the caffeine-alcohol interaction are distinct from the primary
source underlying individual drug action on cerebral artery
diameter, as follows.
First, our current results confirm previous studies by our

group and others (Zhang et al., 1993; Liu et al., 2004;
Bukiya et al., 2014) reporting that intoxicating levels of
ethanol (10–100 mM) constrict rat middle cerebral arteries,
an effect that does not depend on an intact endothelium
(Figs. 4A). Indeed, alcohol action on these arteries is
primarily mediated by two pathways that converge on b1
subunit-containing potassium channels of the BKCa type
located in the arterial myocyte plasmalemma: 1) direct
ethanol inhibition of BKCa steady-state activity (Liu et al.,
2004; Bukiya et al., 2009); and 2) indirect modulation of
this channel via suppression of ryanodine receptors (RyR)-
generated calcium sparks (Liu et al., 2004), which likely
results from ethanol inhibition of type 2 ryanodine recep-
tors (Ye et al., 2014) located in the sarcoplasmic reticulum
of the cerebral artery myocyte.
Second, our current results demonstrate that concentra-

tions of caffeine commonly reached in human circulation
constrict middle cerebral arteries in a largely endothelium-
independent manner, as ethanol does. The literature on
caffeine effect on arterial diameter is highly heterogeneous,
with both dilatation and constriction being reported. These
variant outcomes have been mainly attributed to differences
across vascular nets and species, adenosine levels, length of
caffeine administration, and differential involvement of aden-
osine receptors and/or endothelium- versus smooth muscle-
driven mechanisms (reviewed in Frishman et al., 2003;
Addicott et al., 2009; Echeverri et al., 2010; Higgins and Babu,
2013). Our data from isolated arterial segments exposed in
vitro for a few minutes to caffeine argue against involvement
of long-term changes in adenosine levels or receptors in
caffeine-induced constriction of cerebral arteries. Rather,
mechanisms of action appear to involve downstream targets.
The isolated nature of the arterial segment in our experi-

ments also argues against the need of intact coupling in the
neurovascular triad (vessel-neuron-glia; Pelligrino et al.,
2010) for caffeine action on middle cerebral arteries. Re-
markably, our in vivo and in vitro data from rat middle
cerebral, resistance-size arteries are consistent with several in
vivo studies in humans finding decreased cerebral blood flow
after acute caffeine consumption (Mathew and Wilson, 1985;
Cameron et al., 1990; Lunt et al., 2004; Addicott et al., 2009;
Vidyasagar et al., 2013).
The most novel aspect of our study is that caffeine antag-

onizes ethanol action via endothelial NO•: the caffeine-
ethanol interaction is distinct from each agent’s action alone,
which is primarily endothelium-independent. Our finding
may have practical consequences; while alcohol-induced cere-
bral artery constriction would remain largely uncompromised,
caffeine protection against alcohol would be drastically re-
duced under conditions that impair endothelial function and
NO• availability, such as aging (Scioli et al., 2014), arterial
hypertension (Hall et al., 2012), and obesity (Dorrance et al.,
2014). Conversely, caffeine action against alcohol-induced
vasoconstriction could be potentiated in the presence of NO•
donors (as shown here from in vitro data showing SNP
impacting the caffeine-18 mM ethanol interaction) that are
widely used in clinical practice to treat various pathophysio-
logic conditions (Miller and Megson, 2007).

Interestingly, the caffeine-ethanol mixture (often called
“caffeinol”) has been found to be neuroprotective in a rat
cerebral ischemia/stroke model: administration of caffeinol
(0.65 g/kg ethanol and 10 mg/kg caffeine) up to 120 minutes
after induction of ischemic stroke by a 3-hour-long middle
cerebral/common carotid artery occlusion significantly re-
duced infarct volume (Strong et al., 2000). Caffeinol has also
been reported to evoke a decrease in brain infarct volume and
facilitate transient behavioral improvement, in spite of the
fact that ethanol alone aggravated ischemic brain damage
(Aronowski et al., 2003). Conceivably, the neuroprotection by

Fig. 5. NOS activity is critical for caffeine to antagonize ethanol-induced
cerebral artery constriction. (A) Averaged data showing increased NO•
tissue levels after artery in vitro incubation with caffeine-ethanol mixture
(n = 7) when compared with incubation with ethanol alone (n = 7) or
untreated samples (dashed line) (n = 7). *Different from treatment by 50
mM ethanol (P , 0.05). (B) Averaged data showing that the antagonism
exerted by caffeine presence on ethanol action is lost in the presence of 100
mM L-NNA. Hollow bars represent data from arteries perfused with
L-NNA-free solution (n = 6); black bars show data from arteries perfused
with 100 mM L-NNA (n = 4). *Different from constriction by 50 mM
ethanol on L-NNA solution (P , 0.05); NS, not statistically significant.
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caffeinol reported from neuropathologic and behavioral find-
ings may have (at least partially) an arterial basis, a
possibility directly inferred from our current results. In light
of recent attempts to use caffeinol as a neuroprotective
intervention against cerebral ischemia (Sacco, 2007), system-
atic future studies to precisely identify the possible multiple
molecular targets and their relative contribution to caffeine-
ethanol interaction on cerebral arteries acquire paramount
importance.
Our data underscore the importance of intact endothelium,

NO• levels, and NO• availability in caffeine-induced antago-
nism of alcohol action. Caffeine has been reported to increase
availability of endothelial NO• in a series of events that
include activation of RyR, increased binding of calcium to
calmodulin, and complexing calcium-calmodulin to eNOS,
leading to increased enzymatic activity of the latter (reviewed
in Echeverri et al., 2010).
Considering that after endothelium removal the vast major-

ity of remaining cellular content is provided by vascular smooth
muscle cells (Lee, 1995), it is fair to assume advance that the
final targets of endothelial NO• that mediate caffeine antago-
nismagainst ethanol residewithin the vascularmyocyte. Then,
caffeine-induced relaxation of vascular smooth muscle via
endothelium/NO•-independent processes such as caffeine di-
rect inhibition of phosphodiesterases (Ahn et al., 1988), MLC
kinase (Ozaki et al., 1990), inositol-1,4,5-trisphosphate recep-
tors (Missiaen et al., 1994), or voltage-gated calcium channels
(Hughes et al., 1990) are unlikely primary mechanisms.
However, it should be underscored that caffeine-induced
vasodilatation via NO•-dependent pathways is not a simple
scenario but involves multiple targets and mechanisms.
It has been fairly well established (Brian et al., 1996;

Garland et al., 2011) that vasodilatation in response to
endothelium-generated NO• may require direct targeting of
several smooth muscle receptors by NO• itself (among these,
RyR andBK channels, both regulated by ethanol; Dopico et al.,
2014; Ye et al., 2014). Moreover, endothelium-generated NO•
caused by caffeine can positively feed-back via calcium-induced

calcium release on the endothelial cell, leading to further NO•
availability (Echeverri et al., 2010). The relative contribution of
each and all these NO• effectors in caffeine protection against
alcohol action on cerebral arteries requires further systematic
experimentation.
In conclusion, our study clearly demonstrates for the first

time that caffeine antagonizes ethanol-induced cerebral

Fig. 7. NO• availability is required for caffeine to antagonize ethanol-
induced cerebral artery constriction. (A) Averaged data demonstrating
that in de-endothelialized arteries, caffeine antagonism of ethanol action
is restored in the presence of the NO• donor, SNP (10 mM). *Different from
constriction by 50 mM ethanol in corresponding experimental group (P ,
0.05). (B) Averaged data showing that in arteries with intact endothelium,
SNP treatment (10 mM) evokes caffeine antagonism of vasoconstriction by
18 mM but fails to further increase the antagonistic action of caffeine in
presence of 50 mM ethanol. *Different from constriction by caffeine-
ethanol mixture in absence of SNP (P , 0.05).

Fig. 6. Genetic ablation of eNOS suppresses caffeine antagonism of
ethanol-induced cerebral artery constriction. Averaged data showing that
the antagonism exerted by caffeine presence on ethanol action is lost in
eNOS KO2/2 mice while preserved in wild-type (C57BL/6) mice. Hollow
bars present data from arteries from C57BL/6 mice (n = 4); black bars
show data from arteries from eNOS KO2/2mice on a C57BL/6 background
(n = 4). *Different from constriction by 50 mM ethanol in arteries from
control (P,0.05); **(P,0.01); NS, not significant.
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artery constriction and identifies endothelial NO• as the
critical mediator of this caffeine action, an identification that
may have direct health-related and therapeutic implications.
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