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Abstract

We have been investigating selected effects of caffeine on the cardiovascular system of young adults for the past several years
[1-4]. The young adults have been enrolled in courses such as Systems Physiology (01:146:346), Systems Physiology Laboratory
(01:146:357), and Advanced Physiology (01:146:456) at Rutgers University. We selected young adults because there has been
little effort by the medical/scientific communities to investigate their cardiovascular health; and, because there should be little
doubt that the cardiovascular health of young adults is changing in the current obesity/overweight pandemic (circa post-1990).
We have found that caffeine increases peripheral vascular resistance (1-4) and markedly reduces peripheral blood flow [1-4].
Caffeine also attenuates reactive hyperemia [2] and pressure-flow autoregulation [3].

The current experiment is a follow up to examine caffeine’s effects on the peripheral circulation of the toes. After four minutes
of zero-flow occlusion, reperfusion (reactive hyperemia) was monitored for sixteen minutes. In all students reactive hyperemia
was markedly and significantly reduced by caffeine, reflecting attenuation of the regulation of pedal arterial blood supply. These
results are consistent with our prior experiments and demonstrate the potentially harmful effects of caffeine on the

cardiovascular system of young adults.

Keywords: Caffeine; Pedal artery; Peripheral ischemia; Reperfusion; Blood flow

1. Introduction

Consumption of coffee in the United States has reached a two-decades (all time) high according to information recently released
by the National Coffee Association (NCA). Sixty-six per cent of Americans drink coffee each day, more than any other

beverage including tap water according to the NCA. That number has increased by fourteen per cent since January 2021, the
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single largest increase since NCA began tracking data. Additionally, about eighty-four per cent of those who drink coffee have

had the substance at home in the past day (compared to eighty per cent in January 2020) [5].

For those addicted to chemical substances including coffee, there is usually a ‘drug of choice’ (e.g., alcohol, cocaine, heroin,
marijuana, tobacco). For America’s adult population that specific chemical seems to be caffeine. It has been estimated by
various sources that 80-90 per cent of the adult populations of industrialized nations such as the U.S. and E.U. consume caffeine
on a daily and regular basis [6-8]. Because little medical or scientific attention has been given to this pandemic no one seems
to care. Moreover, all clinicians and scientists who themselves are addicted to caffeine have a conflict of interest. They dare
not (cannot) recommend that patients decrease or discontinue their use of caffeine because such advice might fall on deaf ears
(or the physician might fear being hypocritical). Scientists dare not investigate caffeine because the negative results found

might question their own judgment in using the substance.

Moreover, adding caffeine to products humans consume is a multi-billion, if not trillion, dollar business world-wide (e.g.
caffeinated chewing gum, yogurt, ice cream, ad infinitim). No such businesses nor their shareholders want to see profit margins
decrease. Additionally, those practicing medicine and the life/biomedical sciences think of young adults as healthy and in need
of little medical advice/attention. How often have you sat in a doctor’s waiting room next to 18-28 year olds? But those of us
on university campuses know that student-caffeine queues are as ubiquitous as automobile queues at Dunkin’s, Star Buck’s
and like drive-throughs. Caffeine’s effects on the cardiovascular systems of young adults are worth investigating. Afterall,
overweight and obesity, both risks for cardiovascular disease, among young adults runs as high as it does among the general

U.S. adult population.

2. Methods

Participants---All subjects in this investigation were enrolled in Advanced Physiology at Rutgers University, Fall, 2021. They
ranged from 20-25 years and averaged 22 years of age. Some were enrolled in graduate programs and a few others were post-
baccalaureate students waiting to hear from graduate/medical schools. There were equal numbers of young men and young
women, and they came from a variety of cultural and ethnic backgrounds. Because the experiment was an important part of
course pedagogy and course final grades, no one was exempted from participating and there was no need for IRB review and

approval.

All participants met with the author on two or three occasions outside of formal classroom hours. The first meeting was to
discuss the experiment and to answer any questions/concerns participants had. The second meeting was to perform the

experiment, and the third get-together was to review experimental results.

Instrumentation---Students arrived at the Merrill Laboratory either at 9 a.m. or 1 p.m. having avoided caffeine and caffeinated
beverages for at least 24-48 hours. They assumed a supine resting position on a hospital examination bed and removed all
jewelry and any stocking from their right foot. Electrocardiographic electrodes (ECG) were attached to the right wrist, left wrist

and left ankle (standard Limb Lead | configuration, LLI). A large blood pressure cuff was wrapped around the right calf. It was
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attached to a mercury manometer and had a built-in pressure gauge (LabTron, ADInstruments, Colorado Springs, CO). The
blood pressure pulse in a centrally located pedal artery on the dorsal surface of the right foot was visualized/palpated, and a
cardiomicrophone (model MLT201, ADInstruments, Colorado Springs) was placed over it and secured in place with Tegaderm
adhesive film (3M Health Care, Neuss, Germany). A pulse plethysmograph (model TN1012/ST, ADInstruments, Colorado
Springs) was attached to the ventral surface of the large toe and snuggly secured with a Velcro strap. The physiological
transducers were attached to a PowerLab 8/35 data acquisition system and to a BioAmp preamplifier (channel 4, ECG
recordings) (ADInstruments, Colorado Springs). The data acquisition system was attached to a desktop computer (Hewlett
Packer) running Lab Chart analytical software (v. 8.1.19, 2021, ADInstruments). Room temperature was maintained at 22 °C -
24°C.

Experimental protocol---Subjects were asked to lie still for 20-30 minutes while monitored variables achieved their
physiological steady states. Baseline data were then collected using monitored variables that included: ECG (LLI, mV), heart
rate (HR, cycles per minute, cpm), systolic blood pressure (Ps, mmHg), diastolic blood pressure (Pd, mmHg), systemic mean
arterial blood pressure (Pa, mmHg), digit volume (ul), digit blood flow (volume x HR, pl/min), calculated digital resistance to
flow, i.e. peripheral vascular resistance (mmHg/pl/min), and reactive hyperemia (volume and flow) following a period of zero-
flow ischemia and subsequent reperfusion. Reactive hyperemia consisted of occluding blood flow in the instrumented large toe
for four (4) minutes (inflating the cuff to 200 mmHg) followed by release of the occlusion (deflation of the cuff), restoration

of blood flow, and monitoring the flow response for sixteen (16) minutes.

After baseline data were collected (pre-caffeine) subjects consumed a 200 mg tablet of caffeine. A timer was set for sixty (60)
minutes and monitored variables were recorded continuously or calculated at 15-minute intervals (e.g. peripheral vascular
resistance). Students were asked to lie still, and, if possible, were even encouraged to catch a little sleep. The room lighting
was dimmed, and noise/distractions were kept to a minimum. After 60 minutes a second set of data was collected. These data

were labelled post-caffeine and were later compared, statistically, with pre-caffeine data.

Statistical analysis---All data were recorded on the desktop computer, were later extracted and reduced, then subjected to a
priori statistical analysis. Initial variability between any two sets of pre- vs post-caffeine data was identified using ANOVA
(repeated measures coupled with Tukey’s w-procedure, LSD tests). Means were compared using Student’s t-test for paired
measures. All data are reported as means plus or minus (+/-) one standard error of the mean (s.e.m). Statistically significant

differences were identified at P<0.05.

3. Results

An entire experiment, compressed horizontally, is illustrated in FIG. 1. One can see by comparison that pulsatile sounds, digital
volumes, and blood flow in the toe were markedly reduced 60 minutes after consumption of 200 mg caffeine in this subject
(2" and 3 panels from top). The reductions in volumes of the toes and blood flow to them were a consistent theme throughout

all subjects.
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FIG. 1. lllustration of a complete experiment. In panels two and three (from top) note the differences in sounds and

volumes before and 60 minutes after subjects consumed a 200 mg dose of caffeine.

Under the conditions of this experiment, caffeine had no significantly measurable effect on heart rate (FIG. 2, TABLE 1). Other
than causing an unstable isoelectric line, caffeine also failed to influence ECG variables (e.g., wave amplitudes, segment

lengths, intervals).

Systolic, diastolic, and systemic mean arterial blood pressures were all significantly elevated by caffeine at 60 minutes post-
consumption (FIG. 3, TABLE 1). The changes amounted to about 25 mmHg increments in each case. Calculated peripheral
vascular resistance was significantly and markedly elevated by caffeine at the same time (FIG. 4, TABLE 1). Although we did
not systematically analyze responses at 15-, 30-, and 45-minutes the effects of caffeine on blood flow and blood pressure were

visually evident as early as 15-30 minutes post-caffeine in most subjects (FIG. 1).

Both volume and blood flow in the toe were significantly (P<0.05) and markedly reduced by caffeine (FIG. 5). Again, these
results were present at 60 minutes post-caffeine but were also evident as early as 15-30 minutes in most subjects. The reductions

in volume and blood flow were consistent with the elevations in calculated peripheral vascular resistance.
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FIG. 2. Under conditions of the current experiment, this figure illustrates a complete absence of effect of 200 mg
caffeine on heart rate in our experimental subjects.

120
Bl systolic
[ diastolic
100 1 mmmm mean arterial
* P<0.05
=)
I 80 7
-
=
N
o 60
| -
>
0
n
O 40 -
o
20 A
0 .

before caffeine after caffeine
FIG. 3. Caffeine consistently and significantly (P<0.05) increased systolic, diastolic, and systemic mean arterial blood
pressures 60 minutes after its administration. Simultaneously, the drug consistently and significantly elevated

calculated peripheral vascular resistance (see FIG. 5, also TABLE 1).
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FIG. 4. Caffeine significantly (P<0.05) and markedly reduced digital volume and digital blood flow. This occurred
both under conditions of baseline measurements and during the peaks of reactive hyperemia following release of an

occlusion lasting four minutes.

Reactive hyperemia after four minutes of blood flow occlusion was significantly (P<0.05) and markedly attenuated by caffeine
at 60 minutes (FIG. 1, FIG. 5). We made no effort to study hyperemia at 15, 30 or 45 minutes, but the 60-minute results are
consistent with our previously reported data in young adults [1,2]. Four minutes of zero-flow ischemia and sixteen minutes of

reperfusion are, arguably, models of clinical ischemia/reperfusion pathology.
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FIG. 5. Caffeine significantly (P<0.05) and consistently increased calculated peripheral vascular resistance both under

baseline conditions and during reactive hyperemia.
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TABLE 1. Cardiovascular variables in young adults before and sixty minutes after taking 200 mg of caffeine orally.

before caffeine after caffeine
HR Pa vol Q PRU HR Pa vol Q PRU
mean 71 66 227 16 8 68 91 124 8 20
sem 3 6 33 3 2 2 I 22* 2* 4*

HR, heart rate (cycles per min, cpm); Pa, mean arterial blood pressure (mmHg); vol, volume (ul); Q, blood flow (ul/min); PRU,
peripheral resistance units (mmHg/pl/min); *, P<0.05 relative to corresponding value before caffeine. All data are presented as

means plus or minus one standard error of the mean (sem).

4. Discussion

Our experiment was designed to test the null hypothesis (Ho): caffeine impairs function of the peripheral circulation in young
adults. The alternative hypothesis (Ha) was: caffeine does not impair function of the peripheral circulation in young adults.

Because of the results we accepted our null hypothesis and rejected the alternative hypothesis.

The absence of well-designed, physiological, and pharmacological experiments on the topic of caffeine and the human
cardiovascular system has encouraged the author(s) to try contributing to the field [1-4]. We chose ischemia and reperfusion

as insults to the human cardiovascular system because they have experimental, medical, and pedagogical relevance.

Despite the sustained popularity of caffeinated drinks, especially coffee, there is a volume of circulating misinformation about
its effects on the human cardiovascular system. For example, recent reports claim that consumption of coffee has surpassed
consumption of water as the number one drink of choice among Americans [5]. How can this be? Coffee is a solution! The
solvent is water, and the solutes are coffee beans. Can the volumetric consumption of coffee beans/ground granules surpass
that of the very solvent in which they are dissolved (water)? The claim [5] is an impossibility and its sources are ignorance. As
long as water remains the main solvent for dissolving coffee beans/granules, consumption of coffee cannot exceed consumption

of water.

4.1 Extremes in the consumption of caffeine

As reported by the Nutrient Data Laboratory, USDA (Human Nutrition Research Center, Baltimore, MD), one 8-ounce cup of
coffee (about 224 milliliters) contains approximately 100 milligrams of caffeine. Of more than fifty sports drinks and dietary
supplements analyzed by the USDA, twenty-seven products, or more than one half, contained about 100-200 mg of caffeine
(equivalent to 1-2 cups of coffee), eleven had 200-400 mg caffeine (2-4 cups of coffee), another eleven had 400-600 mg caffeine
(4-6 cups of coffee) and at least four products provided 700-800 mg caffeine (7-8 cups of coffee). For patients already diagnosed
with cardiovascular disease, Zheng and co-workers reported that higher consumption of coffee, tea and caffeine could increase

the risk of all-causes of death, and cardiovascular death specifically [6].
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Irritability, increased muscle tone, jitters, restlessness, and trembling have been reported in breastfed infants whose mothers
claimed to drink multiple cups of coffee and other caffeine-containing beverages each day. In such cases, consumption of
caffeine by these mothers could exceed 1000 mg per day. Infants’ symptoms decrease a few days to two weeks after mothers

stop consuming caffeine-containing beverages [7-11].

One physician reported drinking at least five mugs of coffee, four mugs of tea, and one can of cola daily while breast feeding
two infants. One infant slept only briefly and woke easily. The second was fretful, hyperexcitable, and had poor sleep patterns
until his mother stopped consuming caffeine. Another physician who reportedly drank 1.7-2.0 liters (~5.0-8.0 cups) of
decaffeinated coffee daily had premature twins who both seemed to be irritable. When her coffee consumption increased
further, the smaller infant suffered convulsion-like episodes. All symptoms resolved twenty-four hours after the nursing mother

stopped consuming coffee [7-11].

Prenatal exposure to caffeine, including the widely recommended ‘safe’ dose (i.e., no more than 1.0 cup of coffee per day), has
been associated with greater behavioral, developmental, and psychological complications. Greater body mass index (BMI) and
consumption of soda were observed in children exposed to high doses of caffeine. Importantly, the association of externalizing
problems with exposure to prenatal caffeine is comparable to that reported for prenatal exposures to both alcohol (12) and
cannabis [13]. In laboratory animals, exposure to caffeine during pregnancy results in down-regulation of adenosine A;

receptors, loss of neurons, and cognitive deficits in offspring [14-16].

4.2 Caffeine and transient ischemia/reperfusion in young adults

In the young adults in our experiment, 200 mg of caffeine failed to alter baseline, resting heart rate. The absence of effects of
100-400 mg of caffeine on heart rate has been a consistent outcome in our laboratory during the past several years [1-4]. A
PubMed search of caffeine and heart rate, using no filters, yielded the following results: caffeine increases heart rate in adult
humans (n=442 articles), caffeine decreases heart rate in adult humans (n=176 results), and caffeine has no effect on heart rate
in adult humans (n=632 results) (applied October, 2022, covering the dates, mid-1960s-2022). Slightly more than one half of
these investigations are consistent with our current findings, i.e., caffeine does not affect heart rate in adult humans. However,

the disparate PubMed results also indicate broad confusion and disagreement on the topic.

Doing a similar PubMed literature search (October, 2022) using the phrases: caffeine increases peripheral blood flow in adult
humans, caffeine decreases peripheral blood flow in adult humans, and caffeine has no effect on peripheral blood flow in adult
humans reveals similarly-confusing results: n=23, n=17, n=29, respectively. Clearly, there have not been as many investigations
on the latter topic as there have been on the topic of caffeine and heart rate. Still, there is general disagreement on the answer
to the question. Much if not most of the disagreement could be caused, hypothetically, by the lack of investigator qualifications

to study the question, and by the variability in methodologies applied.

Our experimental data reveal that caffeine attenuates the regulation of peripheral circulation in otherwise healthy young adults.
In this case, four minutes of tissue ischemia would have caused a significant oxygen debt that needed to be repaid during

reperfusion. However, the presence of caffeine, a vascular adenosine-receptor antagonist (and therefore a threat to the
8
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physiological role of endogenous adenosine in regulating blood flow [17-23]), prevented reperfusion-induced reactive
hyperemia and the needed delivery of compensatory oxygen. Failure to repay the oxygen debt was not the only limitation
caused by caffeine. During the period of ischemia, the tissues would have also accumulated carbon dioxide and other
byproducts of metabolism (e.g., oxygen radicals such as superoxide anion, hydroxyl radical, peroxynitrite, etc.) that should
have been washed out during reperfusion. Thus, caffeine is harmful to the physiological homeostasis of oxygen supply and
oxygen demand (oxygen balance). Few things can be more important to the maintenance of health and life than the

physiological regulation of oxygen delivery and its use [24-26].

4.3 Caffeine and the regulation of peripheral blood flow

For many years scientists and others have had an interest in the regulation of blood flow to the digits [27-32]. These studies
have been stimulated by an interest in the role of digital blood flow in thermoregulation [33-40]. The effects of caffeine on the
peripheral regulation of blood flow is a relatively new phenomenon. In our laboratory in recent years, we have found that
caffeine attenuates peripheral reactive hyperemia [2], pressure-flow autoregulation [3], and ischemia/reperfusion regulation

(current study).

In the current study 200 mg caffeine taken orally as a tablet began affecting the cardiovascular system of young adults within
fifteen minutes. Its inhibitory effects on digital volume and digital blood flow were fully expressed by sixty minutes. We don’t
know how long these effects might have lasted as sixty minutes represented the end of our experimental timeline. Blood flow
during reperfusion and peak reactive hyperemia were reduced by about fifty per cent. These reductions in circulation were
accompanied by 2-3 fold increments in calculated peripheral vascular resistance. Under our experimental conditions and in
these young adults, caffeine is a marked and prominent peripheral vasoconstrictor and inhibitor of blood flow. Such caffeine-

mediated interference with the regulation of blood flow is pathophysiological.

Some of our subjects provided unsolicited conversation about their uses of caffeine (i.e., other than as a stimulant for general
study, examinations, etc.). Many use the toxicant as a pre-workout aid. Some describe ‘tingling in the toes and fingertips’
before and during their workouts. They also mentioned having cold fingers and toes and the general inability to get sound sleep
in the presence of caffeine (personal communications). These and related subjective responses were not the purpose of our
experiment, but they are consistent with our objective and statistically evaluated results. Caffeine’s marked and significant

attenuation of peripheral blood flow and its physiological regulation can explain most of the subjective responses.

5. Conclusion

The objective of our experiment was to determine if caffeine influences ischemia and reperfusion in the digits of young adults.
We found that 200 mg of caffeine significantly decreased blood volume and blood flow in the toes of young adults during
ischemia/reperfusion. Caffeine simultaneously and significantly increased the resistance to blood flow in these same digits.
These detrimental caffeine-mediated responses are similar in males and females and across multiple cultures and ethnicities.
Thus, we have accepted our null hypothesis and rejected the alternative hypothesis (see above). Caffeine, a methylxanthine, is

a dangerous compound and most college students are unaware of it.
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