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Abstract: Hypoxia and reoxygenation, ischemia and reperfusion, catecholamine infusion, ouabain, sodium pento-
barbital and caffeine, can all be used experimentally to induce ventricular arrhythmias. According to the Lambeth 
Convention guidelines our experimentally-induced ventricular arrhythmias include but are not limited to: ventricu-
lar premature beats (VPB), ventricular salvos (VS), ventricular bigeminy (VB), nonsustained ventricular tachycardia 
(VTn), sustained ventricular tachycardia (VTs) and ventricular fibrillation (VF, or if the heart is not defibrillated, sud-
den cardiac death). We have studied these arrhythmias in the absence and presence of adenosine deaminase, 
methyl xanthines, and more recently, acetaminophen. Our laboratory was the first to discover the anti-arrhythmic 
properties of acetaminophen an analgesic used in Western medicine for more than 100 years before our publica-
tion. We have also identified other cardioprotective properties of acetaminophen, and have begun to work out some 
of the cellular/molecular mechanisms. For example, we know that acetaminophen protects hypoxic/ischemic car-
diac mitochondria, in part, by sustaining function of the mitochondrial permeability transition pore (MPTP, a protein 
involved in regulating mitochondrial pH). Acetaminophen also attenuates the actions of matrix metalloproteinases 
that can be harmful to myocardial contractile proteins. Of course, like all science, more work is needed to expand 
on these and related topics.
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Introduction

We have invested considerable effort in study-
ing the coronary circulation and ventricular 
arrhythmias in mammals [1-10]. These experi-
ments have been done in strips and rings of 
vascular smooth muscle [11, 12], in isolated, 
perfused hearts [13-20], and in anesthetized 
rabbits [21] and dogs [22-26]. The motivation 
to study experimental ventricular arrhythmias 
was initiated in the laboratories of H. Fred 
Downey and Carl E. Jones when they were my 
hosts and colleagues at the Texas College of 
Osteopathic Medicine, Fort Worth, Texas, 
1984-1985. During that sabbatical year we 
studied the influences of hypoxia and adminis-
tered norepinephrine on the coronary circula-
tion of anesthetized dogs in the absence and 
presence of adenosine deaminase [22-24]. Use 
of adenosine deaminase was an alternative 
approach to the application of methyl xan-
thines, antagonists of adenosine receptors, to 
test the hypothesis that adenosine participates 

in the chemical regulation of coronary blood 
flow.

As we documented the ability of adenosine 
deaminase to attenuate coronary blood flow 
responses to endogenous adenosine, I couldn’t 
help notice that the enzyme also reduced ven-
tricular arrhythmias caused by hypoxia and  
norepinephrine. Since returning to Rutgers 
University in 1985 we have periodically been 
investigating experimentally-induced ventricu-
lar arrhythmias in my laboratory. Our experi-
ments focused on antiarrhythmic and car- 
dioprotective properties of several com- 
pounds including: acetaminophen, adenosine 
deaminase, estrogen, and histamine an- 
tagonists.

Currently, we are collecting preliminary data to 
determine if caffeine, a methyl xanthine and 
adenosine receptor blocker, predisposes the 
heart and circulation to arrhythmias and other 
harmful cardiovascular effects. 
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Methods and results

Hypoxia with and without adenosine deami-
nase

Our initial experiments using hypoxia and ade-
nosine deaminase were performed in anesthe-
tized, instrumented mongrel dogs. Dogs were 
exposed to dual periods of hypoxia, one in the 
absence and the other in the presence of intra-
coronary infusions of adenosine deaminase. 
Coronary blood flow responses and ventricular 
arrhythmias during a few minutes of severe 

hypoxia (e.g. 3-5 per cent oxygen in nitrogen), 
followed by reoxygenation (21 per cent oxygen 
in nitrogen), were monitored then compared 
statistically under the two conditions. Ade- 
nosine deaminase routinely and significantly 
attenuated the coronary vasodilation and ven-
tricular arrhythmias caused by hypoxia (Figure 
1). We concluded that adenosine plays an 
important role in the blood flow responses to 
hypoxia, can contribute to the ventricular 
arrhythmias of hypoxia, and that adenosine 
deaminase can be used to test these hypothe-
ses [22-24].

Figure 1. Effects of systemic hypoxia (3% O2, 5% CO2, Bal N2) on cardiac rhythm (Lead I) in the absence (-ADA) and 
presence (+ADA) of adenosine deaminase (5 U/Kg/min, i.c.). Top row, one minute of hypoxia, middle row 2 minutes 
of hypoxia, and bottom row, 3 minutes of hypoxia.
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Ischemia with and without estrogen

A few years later one of my graduate students 
became interested in hormone replacement 
therapy and cardiovascular disease. She decid-
ed to investigate the effects of Premarin (conju-
gated equine estrogen) on ventricular arrhyth-
mias caused by ischemia/reperfusion injury. 
This was an important question because in the 

mid-1990s hormone replacement therapy was 
a debated topic in the clinical treatment of 
post-menopausal women. Again, anesthetized, 
instrumented dogs were used. After baseline 
data were collected, regions of the myocardium 
perfused by the left anterior descending coro-
nary artery (LAD) were made ischemic for sev-
eral minutes then reperfused. This was done in 
the absence and presence of Premarin. 
Premarin induced some coronary vasomotion 
in dogs but successfully attenuated the ven-
tricular arrhythmias caused by ischemia/reper-
fusion injury (Figures 2, 3) [27-30].

Figure 2. Reperfusion-induced ventricular arrhythmias (including ventricular tachycardia and fibrillation, at left) in 
the absence and presence (right panel) of conjugated equine estrogen (Premarin). Reperfusion was initiated in both 
panels at the arrows in the top row (ECG). Note the immediate onset of ventricular tachycardia followed by fibrillation 
in the absence of estrogen. Modified from McHugh, AJP Heart 268: H2569-H2573, 1995.

Figure 3. Influence of conjugated equine estrogen 
(Premarin) on per cent ectopy (black bars) in anes-
thetized, instrumented dogs during post-ischemia re-
perfusion. Note the marked and significant reduction 
in ventricular arrhythmias with estrogen. Modified 
from McHugh et al, AJP Heart: 268: H2569-H2573, 
1995.

Table 1. Personal estimates of caffeine con-
sumption (milligrams) in young adults

Consume irregularly
<100 mg/wk

Consume regularly
>100 mg/wk

Per day Per week Per day Per week
n 10 10 15 15
Mean 6 43 132 926
s.e.m. 2 12 34 239
t-test P<0.05 P<0.05
n, sample size; mean, average milligrams consumed 
each day and each week; s.e.m., standard error of the 
mean; t-test, Students t-test for unequal sample sizes 
with unequal variances. Data above these P values 
are significantly different from corresponding data in 
columns labelled ‘consume irregularly’.
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Ischemia with and without acetaminophen

In the early 2000s while using isolated, per-
fused guinea pig hearts (Langendorff prepara-
tion) we discovered salutary, cardiovascular 
effects of acetaminophen that had never been 
reported [3-7]. These include the abilities of the 
analgesic to significantly attenuate mechanical 
and electrical damage caused by myocardial 
ischemia and reperfusion and other insults. 
The benefits were seen whether acetamino-
phen was administered acutely [3-6] or chroni-
cally [7]. When our experiments were later 
extended to anesthetized, instrumented dogs 
we discovered similar results [2, 29] i.e. acet-
aminophen has cardioprotective properties in 
both in vitro [3-7] and in vivo preparations [2, 
26].

For example, Langendorff-perfused hearts 
never regained complete mechanical ventricu-
lar function after a period of 20 minutes of low-
flow myocardial ischemia in the presence of 
vehicle. However, in the presence of acetamin-
ophen, similarly-treated hearts regained com-
plete ventricular mechanical function (e.g. de- 
veloped left ventricular pressure) within 20-40 
minutes of reperfusion [4-10]. In dogs, acet-
aminophen significantly reduced the size of an 
infarct caused by occlusion of a major branch 
of the left anterior descending (LAD) coronary 
artery [26]. It also reduced the area at risk of 
further damage beyond the initial insult. Both 
ischemia and reperfusion and hypoxia and 
reoxygenation cause potentially-lethal ventricu-
lar arrhythmias and acetaminophen significant-
ly attenuated these in the dog [2].

Caffeine and the human cardiovascular sys-
tem

There is growing and broad concern that caf-
feine and caffeinated-beverages are harmful if 

systems (PowerLab model 8/35, ADInstru- 
ments, Colorado Springs, CO), physiological 
transducers, and a PC desktop computer  
running LabChart software (v.8.0, 2016, 
ADInstruments, Colorado Springs, CO).

After instrumentation volunteers lie quietly in 
the supine position on an examination bed for 
15-20 minutes while recorded variables ac- 
hieve their respective steady states (data col-
lected each five minutes until the last two sets 
of data do not differ). Pre-experimental, base-
line data are then collected. The volunteer then 
quickly ingests a favorite caffeinated beverage 
(coffee or tea, energy drink, their choice; 220 ± 
85 mg), and post-ingestion data are collected 
at 15 minute intervals for 60 minutes. Lights 
are dimmed and there is no conversation dur-
ing the experiment.

We are in the early stages of this investigation. 
However, from Tables 1 and 2, and Figures 4-6, 
one can see selected, preliminary results. 
These include: a) consistent reductions in 
peripheral blood flow within 15-30 minutes 
post-ingestion of caffeine, b) unstable wander-
ing isoelectric lines in the ECG, c) elevated, 
high-amplitude T waves, and d) periodic devia-
tions of the ST-segment. We have not yet inves-
tigated P-R intervals, QT or QTc segments, or 
other ECG characteristics. I should also note 
that these data were collected in volunteer sub-
jects who regularly consume caffeinated bever-
ages (see Table 1).

For comparative purposes Figure 4 is an illus-
tration of a normal ECG in a healthy young adult 
who does not consume caffeinated beverages 
(e.g. note the absence of large T waves, 
ST-segment deviations and unstable isoelectric 
lines). Figures 5 and 6 illustrate changes in 
these and other variables in two young adults 
who consume caffeinated beverages.

Table 2. Age (years) volunteers began consuming caf-
feinated beverages. Also, times of day they begin/end 
consuming

Consume irregularly 
(<100 mg per week)

Consume regularly 
(>100 mg per week)

n 10 15
Mean 12±2 years 12±1 years
Range 5-17 years 4-16 years
Time of day 7:30 a.m. 8:00 p.m. 7:00 a.m. 11:00 p.m.

Begin End Begin End
n, sample size; mg, estimated milligrams of caffeine consumed per 
day/week.

not potentially-lethal in the mammalian 
cardiovascular system [31-36], see 32, 33 
for reviews. In our laboratory we are col-
lecting preliminary data on the question in 
college-age young single adults. In these 
experiments volunteers come to the labo-
ratory and are instrumented to collect 
data on the electrocardiogram (ECG), 
heart rate (HR), blood flow (finger plethys-
mography) and blood pressure (cardiomi-
crophonic analyses of brachial arterial pul-
satile blood pressure). This information is 
collected using modern data acquisition 
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Discussion

Before becoming interested in ventricular 
arrhythmias we spent most of our effort investi-
gating the coronary circulation of mammals 

[11-25]. Our experiments were done in isolated, 
perfused Langendorff hearts [13-20], in ex vivo 
rings and strips of vascular smooth muscle [11, 
12], and in anesthetized animals [21-26]. From 
these data we learned, like others before us, 

Figure 4. Sample waveforms of one young man who consumes no caffeinated beverages (age 25 years at the time 
these data were collected). Note the amplitudes of T waves relative to those of QRS complexes.

Figure 5. One college-age young adult who consumes caffeinated beverages regularly. Note the amplitudes of T 
waves compared with those of QRS complexes (i.e. high amplitude T waves). Also note that the ordinate has the 
same scale as in Figure 4 above.
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that adenosine, histamine, hypercapnia, hypox-
ia, calcium and potassium channels all influ-
ence the coronary vasculature. For example, we 
found that the pH of physiological perfusate 
solutions (i.e. indicative of the acid/base envi-
ronment of the vasculature and interstitial 
spaces in our preparations) markedly influ-
enced coronary vascular responses to adminis-
tered adenosine [13]. An acidic pH increased 
coronary vascular sensitivity to adenosine 
while a basic pH attenuated it [13]. We also 
reported that the vascular responsiveness to 
adenosine, potassium (hyperkalemia) and 
hypoxia were pH sensitive [14, 16, 17]. These 
findings have contributed to subsequent obser-
vations including the study of ATP-sensitive 
potassium channels. Doubtless, more interac-
tions among the above agents and other che- 
mical/metabolic players are still awaiting 
discovery.

Experimental ventricular arrhythmias

Our interest in experimentally-induced ventricu-
lar arrhythmias arose in the mid-1980s and 

was re-stimulated in the early 2000s. During 
the period 1984-1985 I spent a sabbatical year 
studying with H. Fred Downey of the University 
of Texas Health Sciences Center/Methodist 
Hospital in Dallas. In the early months of that 
collaboration, Carl E. Jones, Chair, Department 
of Physiology, Texas College of Osteopathic 
Medicine (now part of the North Texas State 
University of the Health Sciences Center, 
Denton, TX) recruited Fred Downey to join his 
physiology faculty in Fort Worth, TX. From that 
point the three of us enjoyed a fruitful collabo-
ration and enduring friendships. I have always 
felt indebted to Fred and Carl for the many 
things I learned from them and their colleagues, 
and for making me feel like an important mem-
ber of their departments and activities.

In our experiments in Texas we exposed anes-
thetized, instrumented dogs to short bouts of 
severe hypoxia (3% oxygen in air) in the abs- 
ence and presence of adenosine deaminase 
[22, 23]. Adenosine deaminase is the naturally-
occurring enzyme that removes the amine 
group (NH2) from adenosine producing inosine, 

Figure 6. ECG rhythm disturbances and ST changes in a young adult who was conditioned at the time but who 
consumes caffeinated beverages regularly. Note the elevated ST-segments (first and second arrows). Also note the 
ventricular premature beat (third arrow). Ordinate has same values as in Figure 4 above.
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a physiologically-inert compound. We also ad- 
ministered intra-coronary boluses of adenosine 
to compare coronary vascular responses to 
hypoxia (endogenous adenosine) and exoge-
nous adenosine [22, 23]. The enzyme signifi-
cantly attenuated the coronary vasodilation 
caused by both of these interventions, as well 
as those caused by administered norepineph-
rine [24].

About ten years earlier I had used administered 
adenosine (250 µg, i.c.) to produce cardiac 
arrest and maximal coronary vasodilation in 
isolated, perfused guinea pig hearts (Lan- 
gendorff) [13]. This amount of adenosine in 
that experimental preparation causes cardiac 
arrest within a few cardiac cycles after adminis-
tration. The cardiac arrest lasts only several 
seconds but is concurrently accompanied by 
maximal coronary vasodilation [13]. Quite often 
adenosine-induced cardiac arrest is preceded 
by ventricular arrhythmias of the kind defined 
by the Lambeth Convention guidelines [1].

In the Downey Laboratory I noticed that a few 
minutes of hypoxia also produced ventricular 
arrhythmias of the kind defined at Lambeth [1]. 
These ventricular arrhythmias were consistent-
ly attenuated by administered adenosine 
deaminase. So, not only did endogenous ade-
nosine contribute to the coronary vasodilation 
of systemic hypoxia in the dog, it also seemed 
to contribute to ventricular arrhythmogenesis. 
These findings were consistent with my obser-
vations in the mid-1970s using bolus injections 
of adenosine in perfused guinea pig hearts 
[11].

Upon returning to my laboratory at Rutgers 
University, we confirmed our Texas findings by 
using an adenosine receptor blocker, 8-phenyl-
theophylline, in similarly-instrumented dogs 
exposed to systemic hypoxia [25]. In the latter 
dogs we controlled coronary blood flow at a 
constant rate during hypoxia, simultaneously 
measured coronary perfusion pressure, and 
subsequently calculated changes in coronary 
vascular resistance with and without 8-phenyl-
theophylline. In those experiments, 8-phenyl-
theophylline completely abolished the vasodila-
tion caused by hypoxia.

In my laboratory we continued confirming our 
earlier findings by exposing isolated, perfused 
guinea pig hearts to global myocardial hypoxia 

in the absence and presence of adenosine 
deaminase [20]. Once again, adenosine deami-
nase not only attenuated the coronary vasodi-
lation, it also attenuated the hypoxia-induced 
ventricular arrhythmias.

Acetaminophen and cardioprotection

I took another sabbatical in 1996-97 (Brigham 
Young University, Provo, UT) and this time 
returned to an empty (no graduate students) 
and unfunded laboratory at Rutgers University. 
In those years my first success at finding extra-
mural funding was through Johnson & Johnson 
of New Brunswick (COSAT) and McNeil Con- 
sumer Healthcare of Fort Washington, PA. They 
funded our proposal to identify potential car-
diovascular effects of acetaminophen in the 
mammalian myocardium.

In our initial experiments we could not find evi-
dence of direct coronary vascular actions of the 
monophenol (performed in the isolated, per-
fused guinea pig heart). However, upon extrac-
tion, we observed that acetaminophen-treated 
hearts stabilized more rapidly than did place-
bo-treated hearts whether the drug was admin-
istered acutely or chronically [2-10]. This was 
our first clue that acetaminophen possesses 
salutary, cardioprotective properties that had 
not previously been reported.

In those experiments our early approach was to 
examine global, low-flow ischemia and reperfu-
sion, as well as mild-to-severe global hypoxia 
and reoxygenation in the absence and pres-
ence of acetaminophen. In both cases, acet-
aminophen was cardioprotective [3-7, 10]. 
Moreover, we found that the cardioprotection 
occurred at the cellular and subcellular levels. 
For example, in the presence of acetamino-
phen, hypoxia/ischemia-induced swelling of 
mitochondria was attenuated or abolished. 
Moreover, mechanical effects of matrix metal-
loproteases on contractile proteins inside the 
cell were inhibited [10], and function of the 
mitochondrial permeability transition pore 
(MPTP) at the mitochondrial inner/outer mem-
branes was preserved [9].

Following these experiments in isolated guinea 
pig hearts, we moved to more physiological, in 
vivo experiments in dogs and humans. In dog 
experiments we found that acetaminophen sig-
nificantly reduced the size of a myocardial 
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infarction (as well as the zone at risk) [26] and 
was antiarrhythmic [2].

Caffeine and the cardiovascular system

Coffee, after water, is the most-widely con-
sumed liquid in the United States, and is the 
principal source of intake of caffeine among 
adults. Coffee is a complex solution containing 
hundreds of pharmacologically-active com-
pounds, and the health effects of chronic 
intake of coffee are wide-ranging and incom-
pletely known [31-38].

Caffeine is the most-widely consumed drug and 
psychoactive substance in the world, with cof-
fee and tea representing its main routes of 
administration [31-38]. Indeed it can be argued 
that caffeine is the drug of choice for abuse by 
the world’s adult population. The physiological 
mechanism by which caffeine exerts its sys-
temic effects is now largely accepted to be 
through competitive inhibition of adenosine 
receptors [33, 34, 38]. A1 adenosine receptors 
are more closely associated with neurological 
effects [33, 34, 37], and A2A adenosine re- 
ceptor antagonism leads to cardiovascular 
effects, including peripheral vasoconstriction 
and reductions in coronary and cerebral blood 
flow [13, 25, 31, 32, 35, 36, 38]. 

In preliminary experiments in young adults we 
have observed the following cardiovascular 
events several minutes after ingestion of caf-
feine: a) elevated, high-amplitude T waves 
(ECG), b) wandering, unstable isoelectric lines 
(ECG), c) deviations in the ST-segment (ECG), d) 
ventricular premature beats (ECG, see Figures 
4-6), and e) sustained peripheral vasoconstric-
tion with reduced blood flow. This study is not 
yet complete and the possible advantages of 
consuming coffee regularly have to be weighed 
against the risks, which are primarily due to its 
high content of caffeine. 
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