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Abbreviations 

 

 
 

ANOVA – Analysis of Variance 

ANS – Autonomic Nervous System 

AP – Augmented Pressure 

baPWV – brachial-ankle (systemic) Pulse Wave Velocity 

BMI – Body Mass Index 

BP – Blood Pressure 

BPM – Beats per Minute 

cfPWV – carotid-femoral (aortic) Pulse Wave Velocity 

CVD – Cardiovascular Disease 

DBP – Diastolic Blood Pressure 

eNOS – endothelial Nitric Oxide Synthase 

faPWV – femoral-ankle (leg) Pulse Wave Velocity 

HR – Heart Rate 

MAP – Mean Arterial Pressure 

mg –milligrams 

NO – Nitric Oxide 

NOS – Nitric Oxide Synthase (enzyme) 

oz – ounces 

PP – Pulse Pressure 

PWV – Pulse Wave Velocity 

SBP – Systolic Blood Pressure 

SNS – Sympathetic Nervous System 

TR – Time of Reflected Wave 

US – United States 
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Abstract 

Caffeine is well known to be the most highly consumed pharmacological agent in the 

world. Caffeine has been reported to acutely increase blood pressure (BP) and the vasomotor 

tone for up to 3 hours after ingestion creating a transient hypertension. L-citrulline 

supplementation given at 6 g/day has been shown to attenuate the increase in brachial and aortic 

systolic blood pressure (SBP) responses to sympathetic-mediated vasoconstriction induced by 

cold exposure in healthy males attributed to improved nitric oxide levels, a potent vasodilator. In 

addition, 7 days of L-citrulline supplementation decreased brachial-ankle pulse wave velocity 

(PWV), a marker of systemic arterial stiffness during non-stimulated rest in healthy males. The 

purpose of this study was to evaluate peripheral and central blood pressure, arterial stiffness as 

well as pressure wave reflection responses to acute caffeine ingestion. Moreover, we evaluated 

the effectiveness of 7 days of L-citrulline supplementation to attenuate these hemodynamics 

responses to caffeine ingestion. In this double blind, cross-over study design, 19 males (age 22.7 

± 2.7 years, 1.80 ± 0.06 m, 82.8 ± 11.6 kg, and BMI 25.5 ± 3.4 kg/m2) were observed in the 

supine position before and 60 minutes after the acute ingestion of a 200 mg caffeine tablet or 

placebo while cardiovascular measurements were assessed. Peripheral BP (brachial and ankle), 

central (aortic) BP, and PWV of 3 arterial segments (systemic, aortic [carotid-femoral], and leg 

[femoral-ankle]) were measured at baseline (before), 30, 45, and 60 minutes after caffeine 

ingestion. Following 7 days of L-citrulline supplementation (6 g/day) versus placebo, 

hemodynamics were collected before and after acute caffeine consumption (n=16). Significant 

increases were observed in brachial SBP (P<0.05), aortic SBP (P<0.01),  aortic DBP (P<0.05), 

ankle SBP (P<0.05), and leg PWV (P<0.05) 30, 45, and 60 minutes after ingestion of a 200 mg 
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caffeine tablet  when compared to placebo (P< 0.05) at baseline. The pressor effect of caffeine on 

hemodynamics was more pronounced on central aortic BP than brachial BP. L-citrulline 

supplementation did not affect hemodynamics or pressor effects induced by acute caffeine 

consumption. This study shows that 200 mg of caffeine exerts a significant effect on leg arterial 

vasomotor tone (arterial stiffness) in young healthy male subjects. A novel finding of the present 

study is that the acute effect of caffeine on aortic BP is attributed to peripheral arterial stiffness 

without affecting the aorta as demonstrated by a marked increase in leg PWV with no 

concomitant increase in aortic PWV.
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Background 

Coffee and Caffeine Consumption 

 According to the latest National Coffee Drinking Study from the National Coffee 

Association, approximately 64% of adults drink coffee each day, averaging 3.1 cups per day in 

the United States [48]. Coffee is one of the most widely consumed beverages in the United States 

and worldwide with more than 80% of the world population consuming caffeine daily [3, 5, 22]. 

Though the literature is mixed (not conclusive) [74], it has been reported that regular coffee 

consumption may be harmful to cardiovascular health acutely and chronically. Numerous studies 

have reported acute increases in arterial stiffness (Pulse Wave Velocity, PWV) [1-3, 6, 7, 75] and 

BP [6, 7, 57, 75, 81, 82, 84, 87-89], which may increase the risk of acute myocardial infarction 

[49] and stroke [50] with caffeine consumption and one study reported an increase risk of 

coronary heart disease within the hour after the acute ingestion of caffeine [57]. Chronic coffee 

consumption has also been shown to exhibit similar long effects to an individual’s cardiovascular 

health [8]. 

  The relationship between health and caffeine consumption has been highly investigated 

over the last two decades. It has been reported that no other agent in the human environment has 

been as frequently associated with such a variety of chronic-degenerative, even malignant 

diseases as coffee [33]. With the numerous reports of the possible negative effects of coffee 

consumption on our cardiovascular health, it is widely agreed upon that caffeine is the main 

vasoactive component in coffee causing these health alterations. Recent research has led to the 

discovery of a wide range of bioactive chemical compounds in coffee that has led to the 

conclusion that the effect of coffee cannot be equated to those of caffeine [57, 67, 68, 87]. 
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Despite the numerous compounds in coffee other than caffeine, studies continue to show that the 

acute ingestion of coffee increases BP, PWV and the risk of cardiovascular disease in 

normotensive and hypertensive individuals [5, 7, 55, 57, 62 – 69,73, 74, 78, 81, 87]. 

 Recently there has been an explosion of caffeine consumption with the rapidly growing 

energy drink market, which from 2004 to 2009 increased a staggering 240% [58].The average 

energy drink typically contains between 80-140 mg caffeine per serving [59]. With the U.S. 

energy drink industry expected to reach over $19 billion dollars in 2013 [60], the new wave of 

energy drink consumption is rapidly increasing the amount of caffeine the average American 

consumes. It is reported that 35% of young adults, 18-24 years of age, consume energy drinks 

regularly [61].Caffeine consumption is now at an all-time high amongst Americans with more 

caffeine infused drinks and foods being made available to the public in other forms than just 

coffee.  

Blood Pressure 

 BP is described as the pressure of the blood against the walls of the artery measured 

commonly in mm Hg (millimeters of mercury). The two measurements obtained by a BP 

measurement are the SBP (top number) and DBP (bottom number). The SBP is the additional 

pressure exerted against the walls of the artery during systole or contraction of the heart. The 

increase in blood volume pushed out by the heart during contraction (stroke volume) increases 

arterial BP during this cardiac event. DBP is the pressure that the blood exerts on the arteries 

when the heart is at rest or diastole. These two measurements together are indicators of 

cardiovascular health.  
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BP may be affected by a variety of physiological, genetic, and environmental factors such 

as exercise, stress, smoking, lifestyle habits, familial heredity, and caffeine consumption [2, 4, 

91, 92]. Reported increases in BP have been found to be indicative of poor health or lifestyle 

habits and have been related to an overall decrease in an individual’s health.  

Commonly peripheral (brachial) BP is monitored but in a laboratory setting likewise 

central or aortic BP may also be assessed. Aortic BP has been identified to be a better indicator 

of cardiovascular function and health than brachial BP [96, 97]. Aortic BP is also commonly 

monitored in research studies but not often in the clinical setting. The aorta, the large artery 

leaving the heart, receives the stoke volume from the left ventricle and is a major regulatory 

organ of BP [98]. The aorta is the most elastic artery and is arguably the most important artery in 

the body commonly being referred to as “the second heart.” With age and other lifestyle factors, 

the aorta stiffens and becomes less compliant [36, 98]. Decreased arterial compliance in the aorta 

results increased SBP due to an attenuated capacity to buffer the impact of the stoke volume on 

the aortic BP [94, 98]. Monitoring of aortic BP has been shown to be a better indicator of 

cardiovascular health in all populations due to its increased sensitivity to cardiovascular stressors 

[94, 97, 98].  

Pulse Wave Velocity 

 PWV is represented as the speed of the blood reported in m/s-1 or cm/s-1 (meters or 

centimeters per second). PWV is indicative of arterial stiffness or vasomotor tone of the arteries. 

It is well known that PWV will increase with increases in arterial stiffness or in the motor tone of 

the arteries (smooth muscle contraction). Increasing the stiffness or tone of the artery increases 

the speed or velocity as to which the blood travels through the body. 
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 In the lab the most common measurements for PWV are the carotid-femoral PWV 

(cfPWV), brachial-ankle PWV (baPWV), and the femoral-ankle PWV (faPWV). The cfPWV is 

reported as the gold standard of PWV measurements, measuring aortic or central body PWV. 

BaPWV is reported as the systemic or whole body PWV whereas the faPWV is reported at the 

peripheral leg PWV. These measurements are recorded by applantation tonometers placed on the 

carotid, femoral, brachial, and posterior tibial arteries. Tonometers sense the pulse waveforms 

through the arteries similar to an individual placing their fingers on their wrist to feel their pulse 

during exercise. The distance between the carotid and femoral arteries is measured, in 

centimeters, with a flexible tape measure and the velocities are calibrated using this distance. 

Pulse Wave Analysis  

 Pulse Wave Analysis (PWA) is measured using applantation tonometry of the radial 

artery. PWA measures the pressure wave reflection from peripheral to central arteries and central 

BP. As the heart beats, the left ventricle pumps out a given volume of blood (stoke volume) to 

the aorta, which produces a wave of blood (forward wave or first systolic peak [P1]) that travels 

through the body. As this wave, created by the ejection of the stoke volume to the aorta reaches 

an area of arterial bifurcation (branching) and greater vascular resistance (small arteries and 

arterioles), a wave is reflected backwards to the heart in the opposite direction of the forward 

wave during diastole. With increased PWV and vascular smooth muscle tone of small arteries, 

the reflected wave arrives earlier in the aorta and increases aortic BP [99].  

Arterial Function, Endothelial Function, & Vasomotor Tone 

 Constriction and dilation of the arteries are controlled by the balance between 

sympathetic activity and endothelial nitric oxide (NO) availability. Stress related factors such as 
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exercise, aging, coffee consumption, and impaired NO synthesis enhance sympathetic activation 

leading to constriction of the smooth muscle cells in the arterial wall [20, 21]. Signaling 

molecules such as NO induce vasodilation by reducing vasomotor tone [20]. Antihypertensive 

pharmaceutical drugs, such as ACE inhibitors, reduce vasoconstriction by other hormonal and 

physiological mechanisms [34].  Constriction of the artery or an increase in the vasomotor tone 

(stiffness) of the artery increases the speed of blood flow which allows for an increase in BP and 

wave reflection [20, 21].  

Arterial Stiffness and Wave Reflection 

  It has been shown that age and other stress related factors (i.e. smoking, coffee or 

caffeine consumption) increase arterial stiffness from the proximal to the distal arterial segments 

[4-8, 18]. Arterial stiffness is a measure of the elastic properties of the arteries and the aorta is 

considered the major vessel of interest as the interaction between the heart and aorta (ventricular-

arterial coupling) is a key determinant of cardiovascular function [19]. Given the important 

pathophysiological and prognostic role of arterial stiffness and wave reflections, it is anticipated 

that the reduction in cardiovascular risk is importantly mediated through the improvement of 

arterial elastic properties and vasomotor tone [2]. 

  An increase in arterial stiffness is characterized by the decrease in elastic properties of the 

arteries with carotid-femoral PWV being considered as the ‘gold-standard’ measurement of 

arterial stiffness [19].  In younger, healthy subjects, the central arteries are more elastic than the 

peripheral arteries. However this gradient can be reversed with ageing or hypertension [19]. A 

decrease in the elastic properties of the artery will result in a higher level of vascular resistance 
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thus enhancing the speed of the reflected wave back to the aorta and consequently an increased 

left ventricular afterload [19, 25-27, 30-31].  

 The distal arterial segment is the major source of wave reflection, and is mainly 

controlled by vascular smooth muscle cells found within the media layer of the arterial wall. 

Smooth muscle cells are highly sensitive to vasoactive substances, particularly those of 

endothelial origin; i.e. NO [18, 36]. The summation of a forward wave caused by the stoke 

volume ejection to the aorta and propagating at a given speed (PWV) toward the peripheral 

resistance vessels and a backward wave returning toward the aorta from particular sites 

characterized by specific reflection coefficients causes central pressure augmentation [18]. It has 

been reported that stiffness in aorta and enhanced wave reflections increase left ventricular 

afterload and myocardial oxygen demand and impaired ventricular function [8]. Concurrently, an 

increase in left ventricular afterload reduces coronary blood flow and predispose to myocardial 

ischemia. Furthermore, an increase in pulse pressure results in an increase in pulsatile stretch of 

the arteries increasing the stiffness [8].  
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Review of Literature 

 
 
Caffeine 

Caffeine (1, 3, 7-trimethylxanthine) is the world’s most widely consumed drug with the 

majority of its intake coming from coffee consumption. It has been shown that caffeine is the 

major vasoactive agent in coffee and primarily stimulates the brain and cardiovascular system. 

During the last two decades, the effects of caffeine consumption on cardiovascular health have 

been highly researched. Researchers have examined the acute effects of caffeine on BP, heart 

rate, arterial stiffness, and endothelial function [4-5, 35, 57, 67, 70-72, 75, 80, 84-87]. 

Experimental studies using 70-400 mg caffeine or caffeinated coffee have been conducted to 

examine the effects of acute caffeine supplementation on health [4-5, 35, 57, 67, 70-72, 75, 80, 

84-90] 

Caffeine has a half-life of approximately 4-6 hours [62] and has been found to affect the 

cardiovascular system for up to 24 hours after ingestion [7, 57, 71, 77, 81]. Caffeine is absorbed 

rapidly in the stomach and small intestine with its primary digestion and uptake in the small 

intestine [57].  Plasma level concentrations of caffeine have been reported to peak 30 minutes 

after ingestion [64]. After several days of consuming large amounts of caffeine either in the form 

of coffee, caffeine tablets or another form, “caffeine tolerance” may develop and virtually no 

pressor effects  after the administration of 250 mg of caffeine or greater can be seen [65, 66]. 

Caffeinated beverages have the potential to elicit reflex autonomic (ANS) responses affecting the 

cardiovascular system due to caffeine’s chemosensory impact on gustatory and gastrointestinal 

tract receptors [57, 87]. 

Acute Caffeine 
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Considering coffee consumption as a major dietary habit, the main vasoactive substance 

caffeine exerts an acute increase in aortic stiffness and pressure wave reflection with a greater 

impact in aortic SBP than in brachial and radial SBP, both in normal subjects and hypertensive 

subjects [2, 6, 71, 75, 82, 84, 87, 89]. The acute effects of caffeine and caffeinated coffee on 

aortic PWV and SBP have been shown to reach a peak between 30-90 minutes after ingestion 

and persist for at least 3 hours in healthy and hypertensive individuals [6, 7, 57, 70-90]. Acute 

administration of caffeinated coffee has been shown to elicit significant cardiovascular responses 

with smaller concentrations of caffeine, ~70-80 mg, than with caffeine tablets [7, 77, 81]. It has 

been shown that the acute ingestion of caffeine tablets and capsules requires a larger dose of 

caffeine, ~150-250 mg, to elicit similar significant cardiovascular responses to caffeinated coffee 

[4, 6, 57, 75, 82, 84, 89]. Discrepancies between caffeinated coffee and caffeine tablet or 

capsules can be explained by the increased temperature and volume of coffee consumption [57, 

87].  

Chronic Caffeine 

 Vlachopoulos et al. reported that chronic caffeinated coffee consumption exerts a 

detrimental effect on aortic stiffness and wave reflections, which may increase the risk of 

cardiovascular disease with chronic consumption [8]. It has been indicated that caffeinated 

coffee consumption > 2.5 cups/day has a greater effect than lower coffee consumption < 1 

cup/day on aortic pulse pressure than on peripheral pulse pressure [8]. Farag et al. reported, in a 

4-week study of chronic caffeine tablet supplementation with participants consuming 300 and 

600 mg/day versus placebo, decreased hemodynamic responses to acute caffeine (250 mg) in 

~50% of the participants. This suggests that chronic caffeine tablet ingestion develops tolerance 



 

 

15 

to the vascular effects of caffeine [72]. Chronic caffeine tablet or capsule ingestion has been 

minimally reported with more data being needed. 

Heart Rate 

 The effects of coffee and caffeine on heart rate have been explored in most studies 

published observing the effect of coffee or caffeine on the cardiovascular system [7, 57, 77, 85, 

87]. Studies produced mixed results with some showing a small increase in HR [57, 87] while 

others have shown a decrease [85, 86] or no change at all [7, 57, 87].  Studies have shown that 

hot coffee consumption affects HR greater than caffeine capsules possibly due to the temperature 

and  volume of the liquid [57, 67,68, 87]; both factors would likely elicit a greater autonomic 

nervous system (ANS) response [57]. 

Blood pressure 

 Many studies have reported an acute increase in BP following the administration of 70 

mg of caffeine or higher [6, 7, 75, 77, 81, 82, 84, 89]. The acute ingestion of caffeine and coffee 

has been reported to elevate brachial SBP on average by 3 to 15 mm Hg and brachial DBP 3 to 

10 mm Hg with greater responses in central BP [6, 8, 70, 81, 84, 89]. Studies that have evaluated 

cardiovascular responses to caffeine report significant changes in both SBP and DBP but the 

literature is mixed on which, SBP or DBP, is more sensitive. Two studies have reported more 

significant changes in brachial DBP with caffeine ingestion over SBP [7, 81]; while others have 

reported that brachial SBP may be more sensitive to acute caffeine than DBP [6, 75, 84]. 

Similarly other studies have demonstrated that both brachial SBP and DBP have significant 

responses to acute caffeine [82] while others have shown no changes [89].  
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Discrepancies concerning BP amongst previous research can be attributed to the 

differences between ingestion of caffeinated coffee and caffeine capsules or tablets as suggested 

previously [57, 87]. It has only been until recently that this distinction has been addressed [57, 

67]. Studies that use caffeine tablets or capsules with >200 mg have produced greater increases 

in brachial SBP than brachial DBP than those with less caffeine [75, 84, 89]. Many studies have 

observed peripheral hemodynamic responses of acute caffeine ingestion but few have sought to 

observe the central hemodynamic responses on the aorta [81]. 

 It has been reported that caffeine has a greater effect on central (aortic) BPs than 

peripheral BPs [6, 75, 81, 84, 89]. Karatzis et al. reported that 80 mg of acute caffeine from 

coffee ingestion increased central systolic and diastolic BPs from 96.2 ± 10 to 101.1 ± 10 mm 

Hg (� 6 mm Hg) and 72.6 ± 9 to 76.5 ± 9 mmHg  (�4 mm Hg) respectively and reporting no 

changes in brachial BP [81]. Greater effects on central BPs have been observed with larger doses 

of caffeine >250 mg with increases in central SBP and DBP up to 25% and 21% greater than 

peripheral SBP and DBP respectively in hypertensive men [84].  

Pulse wave velocity 

The acute administration of caffeine has been shown to increase cfPWV, a measurement 

of aortic stiffness, by 7.2 ± 0.4 m/sec to 8.0 ± 0.6 m/sec [7]. An aortic PWV increase of 0.5 

m/sec has been reported in both normal and hypertensive subjects with a dose of caffeinated 

coffee150 mg of caffeine, although a somewhat greater increase up to 0.7 m/sec has also been 

found [5,7]. Vlachopoulos et al. reported increases in cfPWV (0.5m/sec) with the ingestion of a 

250 mg caffeine capsule 30 minutes after ingestion [6]. Another important observation is that 

PWV increase in hypertensive patients persisted for 3 hours after caffeine consumption (~0.4 
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m/sec), whereas in normal subjects it returned almost to baseline values 3 hours after 

consumption of caffeine [2, 5]. The transient BP elevation induced by caffeine last longer in 

hypertensive compared with normotensive individuals [5]. However, wave reflection to the aorta 

mainly occurs in leg arteries with acute caffeine ingestion with the acute effect of caffeine on leg 

arterial stiffness being currently unknown.  

Mechanism of Action 

 BP is sensitive to caffeine because of the important regulatory actions of adenosine in the 

cardiovascular and central nervous systems [70]. The principal means by which caffeine induces 

changes BP is known to be vasoconstriction of the artery resulting from an increase in the 

sympathetic nervous system and by antagonism of adenosine-induced vasodilation [35, 70]. 

Caffeine, once in the blood, readily diffuses into the smooth muscle cell of the artery where it 

has its most potent effect, vasoconstriction [70, 71].  Caffeine elicits its vasostimulatory effects 

by antagonism of the A1 and A2a adenosine receptors found on the smooth muscle cell of the 

artery (35, 70, 71). Inhibition of these receptors blocks the action of cyclic-Adenosine Mono-

Phosphate (cAMP) in the smooth muscle cell, which is responsible for signaling the inhibition of 

smooth muscle contractility and consequent vasodilation. 

By way of adenosine inhibition, the smooth muscle cell continues to contract by 

overstimulation of sympathetic nervous system (SNS) input. Calcium continues to load the 

myosin light chain smooth muscle filaments of the smooth muscle cell causing the smooth 

muscle to continually contract until the caffeine is cleared from the receptor [70-72]. The 

increase in SNS stimulation to the smooth muscle cell thorough adenosine inhibition leads to an 

increase in vasomotor tone increasing BP, wave reflection, and PWV. It is after caffeine 
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abstinence of more than a day that the BP returns to normal levels in healthy individuals [1, 62, 

74]. It has been reported that with chronic caffeine consumption, such as chronic coffee 

consumption, there seems to be a decreased pressor response when compared with non-caffeine 

or non-coffee consumers to the administration of an oral dose of caffeine [72, 88]. 

Caffeine Tolerance 

 It is well known that humans are able to develop what is considered to be a tolerance to 

caffeine [72]. The pressor effect of caffeine has been shown to be reduced with chronic exposure 

(ingestion) of caffeine [69]. The decrease in hemodynamic responses after chronic caffeine 

ingestion reflects a physiological adaptation to habitual caffeine intake. This adaptation is 

potentially mediated by an increase in the number of adenosine receptors [70, 72]. This reported 

tolerance to caffeine would therefore allow for non-coffee consumers to elicit a greater response 

from caffeine compared to regular caffeine consumers consuming >100 mg caffeine daily. It has 

been suggested that due to tolerance developed with chronic caffeine consumption, the effects 

after habitual use are minor despite the indisputable acute pressor effects induced by a single 

acute caffeine ingested dose [80]. 

L-Citrulline 

L-citrulline is a naturally occurring, non-essential amino acid. It is naturally produced by 

the enterocytes from glutamine and arginine metabolism [37, 38] and can also be found naturally 

in many plant based foods such as watermelon, squash, gourds, pumpkin, and bitter melon. L-

citrulline was first isolated from watermelon and the structure determined in 1930 [39]. Once L-

citrulline is ingested and has been released from the enterocyte into hepatic circulation, L-

citrulline passes through the liver without major metabolism [13]. Once through the liver, 80% of 
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L-citrulline is converted into L-arginine in the kidneys [40, 43]; L-arginine is released into the 

systemic circulation effectively increasing the concentration of plasma L-arginine levels [14, 38, 

42-44]. 

 Studies have shown that oral L-citrulline supplementation may be better at increasing 

plasma concentration levels of arginine than arginine supplementation itself [14, 44]. Because 

oral L-arginine is taken up by the liver more rapidly for its use in many biological processes, 

arginine supplementation does not greatly increase plasma arginine levels as when compared 

with citrulline supplementation[44]. However, L-citrulline is not subject to pre-systemic 

(hepatic) metabolism as is L-arginine; L-citrulline and L-arginine both are subject to systemic 

metabolism [13, 42, 43]. 

L-Citrulline/L-Arginine on the Cardiovascular System 

   After conversion of L-citrulline to L-arginine in the kidney via the enzymes 

arginosuccinate and arginosuccinate lyase [42, 45, 46], L-arginine acts as the substrate for the 

enzyme endothelial nitric oxide synthase (eNOS) found within the endothelial cells lining the 

artery [9-17].  It has been reported that L-citrulline and L-arginine play an important role in the 

metabolism and regulation of NO [9, 11-17, 40-46]. Therefore, L-citrulline may be considered an 

effective L-arginine and NO supplier and thus is expected to be involved in nitric oxides role in 

cardiovascular regulation and endothelial function. Increased NO production has been reported 

to reduce BP and PWV in individuals with endothelial dysfunction as well as hypertensive and 

normotensive subjects [9, 11-17]. 

  Studies in the last two decades have indicated a positive effect of oral L-citrulline/L-

arginine supplementation on arterial function and cardiovascular health [9, 11-17]. In various 
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studies L-citrulline at 6 g doses has demonstrated to be well tolerated and apparently free of 

adverse secondary effects, as well as in our own lab as shown previously [9, 14-15]. 

Endothelial Nitric Oxide 

  NO is one of the most important signaling molecules in our body and is an important 

messenger involved in many physiological and pathological responses within the mammalian 

body [11]. Reduced NO availability is a hallmark of a number of disorders including 

cardiovascular disease [11]. NO, which is formed from the amino-acid precursor L-arginine and 

oxygen by eNOS, plays a key role in maintaining the function and integrity of the endothelium, 

including improvement of vascular tone (as the mediator of endothelium-dependent 

vasodilation),  angiogenesis, and prevention of thrombus and plaque formation [9-10]. The 

endothelium  of blood vessels uses NO to signal the surrounding smooth muscle to relax 

(reduced vascular tone); thus resulting in vasodilation and increase in blood flow and oxygen 

delivery to the local tissues [11]. According to Kelly et al., reduced vascular tone by NO donor 

infusion decreases BP and wave reflection independently of aortic PWV; the gold standard 

marker of arterial stiffness [36].  

The discovery that NO is produced naturally by the body not only was a scientific 

breakthrough in the 1980’s but the finding of the endothelium-mediated vasodilation mechanism 

made Dr. Louis J. Ignarro the Nobel laureate co-recipient in Physiology and Medicine in 1998 

[11]. The applications of improving NO secretion are profound and have become a revolutionary 

idea behind improving endothelial and arterial function to many cardiovascular physiologists and 

researchers. The science behind stimulating and improving NO production in the body is still a 

relatively new area and has been highly researched in the last decade [11].  
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Introduction  

 Caffeine is the most consumed pharmacological agent in the world with 80% of the 

world population consuming caffeine on a regular basis [3]. In the last few decades the 

consumption of caffeine in the American diet has dramatically increased with caffeine making its 

way into a variety of beverages and food items. Caffeine and coffee consumption has been 

widely researched in the past few decades with many negative reports on claiming that the acute 

and long-term effects of caffeine and coffee consumption may increase an individual’s risk for 

the development of hypertension, coronary heart disease, stroke, myocardial infarction, and 

arterial stiffness [1,2,4-8,49,50, 57, 60, 63, 75-82]. With such large increases in caffeine 

consumption over the last few decades amongst Americans, conclusive data regarding the effects 

of caffeine on our cardiovascular health is necessary to fully understand the impact of this trend 

on our nation’s health. 

 L-citrulline supplementation has been recently shown to improve NO production and 

improve cardiovascular function in healthy and hypertensive individuals [9, 13-15]. L-citrulline 

supplementation at 6 grams/day has been shown to decrease BP and baPWV in healthy adult 

males [9, 14]. L-citrulline supplementation on cardiovascular health has been minimally research 

but most studies show significant improvements in cardiovascular function with citrulline 

supplementation [9, 13-15, 17, 42-44, 46] 

 This study seeks to observe the interaction and effects between caffeine 

supplementation and L-citrulline on cardiovascular function. Numerous studies have looked at 

the effects of coffee and caffeine on cardiovascular health and arterial function [2, 6-8, 35, 49-

59, 75, 77, 81, 82, 84-89]. Other studies have looked at the effects of L-citrulline and L-arginine 
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on blood pressure and arterial function [9, 13-15, 42-45]. Yet, no research has been conducted to 

evaluate the possible beneficial effects of L-citrulline supplementation on altered arterial 

function induced acute and chronic responses to caffeine and coffee consumption. 

The purpose of this study was to examine the effects of the acute ingestion of caffeine on 

cardiovascular function in young adults as well as to examine the effectiveness of L-citrulline 

supplementation to attenuate the acute cardiovascular effects of acute caffeine ingestion. It was 

hypothesized that acute caffeine tablet ingestion at 200 mg will significantly increase brachial 

SBP, DBP, aortic SBP, DBP, PWV, and wave reflection. It was also hypothesized that L-

citrulline supplementation will attenuate the arterial responses to acute caffeine ingestion.
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Methods 

Subjects 

19 young, healthy men 19-31 years of age without apparent chronic disease were enrolled 

for participation in this study. Subjects were not smokers or trained athletes. Persons with BP ≥ 

160 mm Hg systolic/100 mmHg diastolic, persons taking any antihypertensive medications or 

any form of caffeine (prior to testing) or substances that stimulate the cardiovascular system, or 

who have had previous heart attack or cardiovascular disease were excluded from participation 

in this study.  

Each subject was briefed of the study protocol and participant expectations for the 

duration of the 5 week study protocol. Subjects were instructed to restrain from any dramatic 

lifestyle changes or changes in lifestyle that may affect cardiovascular measurements. Failure to 

comply with these guidelines would have resulted in removal from the study and or may have 

rendered the participant ineligible to complete the study. All subjects freely consented to 

participate in the study and to adhering to study guidelines and protocol. All subjects signed an 

approved form of written consent outlining the study protocol, risks, and contact information.  

 

Study Design 

The study was approved by the institutional review board and human subjects committee 

of the Florida State University in July, 2012 and renewed again in July, 2013.  

Phase I of the study observed the acute effects of caffeine versus placebo in a single 

blind, crossover design, randomized clinical trial. Phase II of the study consisted of a 



 

 

24 

randomized, double-blind, two treatment crossover design with a 2-week washout period. All 19 

participants completed the phase I of the study and 16 completed phase II. 

 

Phase I 

  

 

 

 

 

 

Phase II 

 

 

Participants visited the Cardiovascular Physiology Laboratory at Florida State University 

on six different visits. On the first visit to the cardiovascular lab, participants were oriented with 

the study protocol and signed informed consent. After obtaining consent, BP (seated) and 
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standard anthropometrics (height, weight) measured. Participants were given a caffeine 

consumption log to keep track of their coffee and caffeine intake each day during the study; the 

form was asked to be brought back at the final visit. Anthropometry and body composition was 

assessed during a 20 minute additional visit to the lab during the 5 week study period.  

   The remaining visits to the cardiovascular lab followed the same protocol and testing 

procedures below. 

 The cardiovascular tests were conducted in the morning after at least 8 hours of fasting. 

Cardiovascular measurements taken during testing included peripheral (brachial and ankle) and 

central (aortic) BP, electrocardiogram (ECG), and PWV.  

Heart Rate, Blood Pressure, & Pulse Wave Velocity 

  Once the participant arrived at the cardiovascular laboratory, a wireless heart rate monitor 

was placed around the chest of the participant to continuously collect the one-lead 

electrocardiogram. The participant was then instructed to lie down on the examination table.  A 

total of four cuffs, one on each arm and ankle and two tonometers, one on the neck (carotid 

artery) and the second on the inner thigh (femoral artery), were used to measure peripheral BP, 

HR, and PWV using the VP-1000 vascular profiler system. BP and HR were also monitored 

using a finometer with the placement of a small cuff around the middle finger.  A tonometer was 

then placed on the radial artery to obtain measurements of pulse wave analysis using a high-

fidelity applantation radial tonometer. Baseline cardiovascular function was evaluated after a 

minimum of 10 min of rest in the supine (lying down) position on a cushioned examination table. 

After 10 min of supine rest, HR, brachial BP, ankle BP, and PWV were measured using 

an automatic vascular profiler system (VP-1000, Omron Healthcare Inc., Vernon Hills, IL).  
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Properly fitted BP cuffs were wrapped around both arms (brachial artery) and ankles (posterior 

tibial artery), and two tonometers placed over the right carotid and femoral arteries to obtain 

arterial stiffness (PWV) measurements from three segments: baPWV (systemic), cfPWV (aortic), 

and faPWV (leg). The cfPWV and faPWV are considered the measurements of aortic and leg 

arterial stiffness, respectively. BP waveforms from carotid and femoral arteries (via tonometers) 

and from brachial and posterior tibial arteries (via cuffs) were collected for 30 seconds.  

The transient time was calculated automatically by relating the feet of the waveforms to 

the R-wave of the ECG. The distance between carotid and femoral artery was measured with a 

nonelastic tape measure as a straight line, while the distance between sampling points of baPWV 

and faPWV was calculated automatically according to the height of the subjects. The path length 

from the suprasternal notch to the femoral artery was automatically calculated as 0.564 x height 

(cm) - 18.4. PWV was calculated as the distance between two sampling sites divided by the 

transit time. Pulse pressure (PP) was calculated as the difference between SBP and DBP. HR was 

obtained from the electrocardiogram of the vascular profiler. Two measurements were collected 

at baseline and averaged where as a single measurement was taken for each measurement 

thereafter for the duration of the study. 

Pulse Wave Analysis 

  Brachial SBP and DBP from the VP-1000 vascular profiler were used to calibrate radial 

waveforms obtained from a 10 second epoch using a high-fidelity applantation tonometer (SPT-

301B; Millar Instruments, Houston, TX, USA). Aortic BP waveforms will be derived using a 

generalized validated transfer function (SphygmoCor, AtCor Medical, Sydney, Australia). The 

aortic BP wave is composed of a forward wave (P1), caused by stroke-volume ejection, and a 
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reflected wave (P2) that returns to the aorta from the peripheral sites. HR will be obtained from 

the time between pulse waveforms. The average of two measurements of brachial BP and high-

quality (operator index ≥ 85%) aortic hemodynamics will be used in the analysis.  

Upon initial baseline testing, Phase I of the study consisted of having the participant 

ingest a 200 mg dose of caffeine or 750 mg maltodextrose (placebo) capsule on separate visits 

using random selection. The supplement was ingested with approximately 50 mL of room 

temperature water. The participants remained lying in the supine position for 1 hour and the 

above cardiovascular measurements were taken again at 30, 45, and 60 minutes after ingestion of 

the supplement. Acute trials of caffeine versus placebo were conducted during the first two 

cardiovascular testing visits, Phase I. All of the procedures described above were repeated during 

the second cardiovascular testing visit. 

After at least 48 hours the participants returned to the lab and all cardiovascular 

measurements were repeated as described above on the third visit to the lab. 16 Participants were 

then randomized to placebo or L-citrulline supplementation for 7 days to examine the effects of 

L-citrulline supplementation on arterial function during caffeine ingestion, Phase II. Three 

subjects withdrew from the study and did not continue with phase II of the study protocol. 

Participants were instructed to consume 3 g (4 capsules) of supplementation twice a day for 7 

days for a total of 6 grams per day (8 capsules).  During the placebo supplementation, subjects 

were asked to likewise consume 4 capsules twice a day for 7 days for a total of 6 grams per day 

(8 capsules). Participants were given a supplementation compliance sheet as to keep track of 

their supplement intake. 
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After completion of the first supplementation period participants returned to the 

cardiovascular lab for the follow up visit after seven days. Participants were instructed to return 

the remaining of the treatment if not all supplementation was consumed. All cardiovascular 

measurements and study protocols were repeated from the previous visit following the ingestion 

of the acute dose of caffeine (200 mg). The acute cardiovascular responses from the 200 mg dose 

of caffeine ingestion were observed during the remaining visits. Following the completion of the 

first supplementation period, participants went to a 2-week washout period where no 

supplementation was taken.  

After the completion of the washout period, participants came back to the cardiovascular 

lab, visit 5, for baseline measurements for the second supplementation period. All measurements 

and study protocol from the previous visits were repeated at baseline and following the ingestion 

of the caffeine supplement. Following cardiovascular testing, participants were crossed over into 

the second supplementation. 

 On the final visit, one week after baseline measurements were taken for the second 

supplementation period, participants were asked to return to the lab and return any unconsumed 

supplementation and supplement compliance sheet. All cardiovascular measurements were again 

taken at baseline and following the ingestion of the caffeine supplement. After completion of this 

final visit, the participants were discharged from the study.  

 The study was designed to observe both the acute effects of oral caffeine ingestions as 

well as to observe the effects of oral L-citrulline supplementation on cardiovascular function 

within the same study protocol. Phase I on the study protocol was to assess the acute effects of a 

200 mg dose of caffeine versus placebo on cardiovascular function. Phase II of the study 
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protocol was to assess the effects of L-citrulline supplementation against oral caffeine ingestion 

on cardiovascular function.  A 200 mg caffeine tablet was used during each visit in phase II of 

the study.  

Acute caffeine ingestion 

 In this study a 200 mg of caffeine (CVS Pharmacy, 200 mg Caffeine tablets) was used 

during cardiovascular testing to replicate the acute effects of coffee and caffeine consumption. 

200 mg of caffeine is approximately the equivalent amount of caffeine found in a 12 oz cup of 

coffee [76]. (Active Ingredients (in each tablet): Caffeine (200 mg). Inactive Ingredients: 

Cellulose, D&C Yellow 10, Dicalcium Phosphate, Dextrose, FD&C Yellow 6, Magnesium 

Stearate, Silica Gel, Starch). 

L-citrulline supplementation 

 Over the course of 7 days, participants ingested 8 capsules each containing 750 mg L-

citrulline or placebo (NOW foods, Bloomingdale, IL) for 7 days. A supplementation compliance 

form was given to the participants to monitor their supplementation regimen.  

Anthropometrics 

  Height and weight were taken at the first visit and used to calculate body mass index 

(BMI).  

Statistical analysis 

   All data were normalized at baseline and outliers were removed from the data analysis. 

Student’s t-test was used to determine possible differences at baseline between acute trials 
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(caffeine vs. placebo) and supplementation periods (placebo vs. L-citrulline). A 2 X 2 ANOVA 

with repeated measures was used to evaluate the acute effects of caffeine vs. placebo on 

cardiovascular variables at baseline, 30, 45, and 60 min post-caffeine ingestion. A separate 2 x 2 

ANOVA with repeated measures was used to determine difference in cardiovascular parameters 

at baseline, 30, 45, and 60 min post-caffeine ingestion before and after placebo and L-citrulline 

supplementation. When ANOVA produced a significant time and/or group-by-time interaction, 

appropriate post-hoc comparisons were used to determine within-group and between-group 

differences. An a priori-α level of < 0.05 was considered to be significant. SPSS version 22.0 

(SPSS Inc, Chicago, IL, USA) was used for all analyses. Values reported in Mean ± SD. 

Results 

Participant characteristics are presented in Table 1. There were significant (p<0.05) time 

effects and interactions with caffeine versus placebo on brachial SBP ,  aortic SBP,  aortic DBP, 

ankle SBP, and  leg PWV, see Table 2. The increase in brachial SBP at 30 min post-caffeine 

consumption was not significant (6 ± 7 mm Hg, P=0.07) when compared with placebo but was 

different from baseline (fig.1).There were significant increases in brachial SBP at 45 (7 ± 5 mm 

Hg), and 60 min (9 ± 6 mm Hg) post-caffeine ingestion when compared to baseline and placebo. 

Although the increases in brachial DBP were significantly different than baseline after caffeine 

and placebo ingestion at all time points, the responses were similar in magnitude (fig. 1). There 

were significant increases in aortic SBP at 30 (7 ± 5 mmHg), 45 (7 ± 4 mm Hg), and 60 min (8 ± 

5 mm Hg) post-caffeine ingestion when compared to baseline and placebo (fig. 2). There were 

significant increases in aortic DBP at 30 (8 ± 4 mm Hg), 45 (8 ± 4 mmHg), and 60 min (9 ± 4 

mm Hg) post-caffeine ingestion when compared to baseline and placebo (fig. 2). There were 
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significant increases in ankle SBP at 30 (8 ± 6 mm Hg), 45 (7 ± 8 mmHg), and 60 min (7 ± 6 

mm hg) post-caffeine ingestion when compared to baseline and placebo (fig. 3). There were 

significant increases in leg PWV at 30 (0.5 ± 0.5 m/s), and 60 min (0.7 ± 0.7 m/s) post-caffeine 

ingestion when compared to baseline and placebo (fig. 4). After caffeine ingestion brachial DBP 

and systemic PWV were found to have significant time effects when compared to baseline but no 

significant group-by-time interactions when compared with placebo. No significant change in 

aortic PWV was found. L-citrulline supplementation after 7 days given at 6 grams/day (n=16) 

did not affect peripheral or central hemodynamic at rest or after acute caffeine ingestion (200 

mg). L-citrulline supplementation did not attenuate the pressor effects induced by acute caffeine 

ingestion. L-citrulline supplementation compliance was >85%. 

Discussion 

Previous studies have reported significant increases in BP and PWV with caffeine 

consumption [4-8, 70, 75, 77-89]. Studies have reported elicited hemodynamic responses after 

caffeine consumption with caffeine tablets and coffee varying from 70-300 mg caffeine [4-8, 75, 

87-89]. L-citrulline supplementation has also been shown to elicit improvements in BP and PWV 

following at least one week of L-citrulline supplementation [9, 14]. This study sought to examine 

the acute effects of a 200 mg caffeine tablet versus placebo on vascular responses and to evaluate 

the effectiveness of L-citrulline supplementation to attenuate the pressor effects of 200 mg 

caffeine on healthy young adult males.  

Blood Pressure  
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In this study, the acute ingestion of a 200 mg caffeine tablet was found to be adequate 

enough to produce significant hemodynamic effects confirming the findings of previous studies. 

Vlachopoulos et al. showed significant increases in peripheral (radial artery) SBP (6 mm Hg) and 

no significant effects on brachial DBP with the consumption of a 250 mg caffeine capsule in 

hypertensive older men [84]. Vlachopoulos et al. also reported significant increases in peripheral 

(radial artery) SBP at 30 (10 mm Hg) and 60 (9 mm Hg) minutes post-caffeine consumption and 

increases in peripheral (radial artery) DBP (7 mm Hg) after the consumption of a 250 mg 

caffeine capsule [89]. The present study’s findings showed that brachial (peripheral) SBP was 

affected more significantly than brachial DBP with caffeine supplementation confirming the 

previous findings [75, 84]. Brachial SBP increased from baseline (9 ± 6 mm Hg) 60 minutes 

after caffeine consumption as seen in Figure 1. Brachial SBP 30 minutes post caffeine 

consumption was not found to be significant (P<0.07) when compared with baseline.  

Previous studies have reported significant increases in brachial and radial SBP from 30 

minutes to180 minutes after acute caffeine tablet/capsule consumption with peaks at 60 minutes 

[75, 82, 84]. In the present study, the greatest effects on brachial SBP occurred 60 minutes after 

consumption confirming the findings of the previous studies, indicating consistent increases in 

peripheral SBP within the hour after caffeine ingestion. Brachial DBP was found to show 

significant time effects (P<0.001) after caffeine consumption but this change was not different 

than placebo. In contrast, Mahmud and Feely found DBP to be more responsive to caffeine from 

coffee ingestion than SBP [7].  

Prior to this study, no studies have reported the effects of caffeine on ankle SBP. In this 

study, ankle SBP was significantly increase by a 200 mg dose of caffeine after consumption. The 
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most significant change in ankle SBP was seen 30 minutes after caffeine consumption with an 

increase of 8 ± 6 mm Hg, showing a greater response than both brachial (6 ± 7 mm Hg) and 

aortic SBP (7 ± 5 mm Hg) at 30 minutes post-caffeine consumption,  and remained elevated 

during the hour of observation, see Figure 3. Following the findings that peripheral SBP 

increases with the consumption of caffeine as reported above, the changes in ankle SBP would 

be expected. 

Aortic Blood Pressure 

  Aortic SBP and DBP increased at 30 minutes and was maintained elevated by 8 mm Hg 

at 60 minutes post-caffeine consumption.  Aortic DBP also increased by 9 mm Hg at 60 minutes 

after caffeine consumption despite no changes in brachial DBP. Previous studies have shown that 

aortic BP is more sensitive to caffeine (coffee and caffeine tablets) than brachial BP [5-8, 75, 81, 

84, 89]. Karatzis et al. reported significant increases in aortic SBP (5 mm Hg) and DBP (4 mm 

Hg) with the administration of a cup of caffeinated coffee (80 mg caffeine) versus decaffeinated 

coffee whereas peripheral BP did not show significant changes [81]. Vlachopoulos et al. has 

shown significant changes in aortic BP in hypertensives and healthy adults with the 

administration of both caffeinated coffee and caffeine tablets [2, 6, 8, 75, 84].  

Discrepancies between studies that have observed the acute effects of caffeine on the 

cardiovascular system can be correlated with 1) the dose of caffeine and 2) the supplementation 

form used; caffeine tablets or coffee. Previous studies that have used greater than or equal to 250 

mg caffeine have been found to elicit greater responses in both brachial and radial BP [75, 84, 

90]. In this study 200 mg caffeine was adequate to induce significant increases in brachial SBP 

but not brachial DBP; brachial DBP was different from baseline but no interaction was found 
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with placebo. This increase in brachial DBP in the placebo trial would be attributed to the 

prolonged rest [100]. Two previous studies have reported that though changes in brachial SBP 

are obtainable with 80-150 mg caffeine from coffee, aortic BP and central hemodynamics are 

more sensitive after caffeinated coffee consumption [7, 81]. An increase in both brachial and 

aortic BP with the administration of 200 mg caffeine seen in our study confirms the findings of 

other studies. 

Another discrepancy in hemodynamic changes found with caffeine consumption in 

previous studies depends on the mode of caffeine ingestion. Many studies have reported that 

caffeine induces changes in peripheral and central hemodynamics with caffeinated coffee [4-8, 

77-81, 87]. Studies that use caffeinated coffee as the mode of caffeine ingestion seem to report 

significant responses on hemodynamics with lower concentrations of caffeine being ingested [7, 

81]. Previous studies have reported that the effects of caffeine tablets/capsules (pure caffeine) 

and caffeinated coffee cannot be compared with each other because of the differences in 

temperature, volume of fluid, and other various bioactive compounds  attributed  with coffee 

consumption [57, 67, 68, 87, 101, 102]. It has been shown that more caffeine is needed to elicit 

significant responses, especially on brachial and radial BP, when ingested in tablet or capsule 

than in coffee [7, 57, 75, 81, 84, 87, 89]. There is a blur in the literature concerning this topic, but 

evidence from previous studies indicates that a distinction between caffeine administration from 

tablets/capsules or caffeine from coffee must be made when reporting the changes in 

hemodynamics due to the cardiovascular system’s sensitivity to temperature and chemosensory 

responses; caffeine from coffee and caffeine from tablets/capsules must not be equated to each 

other [57, 67, 68, 87].  
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Pulse Wave Velocity 

 There have been few studies that have sought to observe the effects of caffeine tablets on 

arterial stiffness as PWV. Studies have reported significant changes in cfPWV (aortic) with 

caffeine and coffee consumption [6, 7, 75] but no studies have reported changes in peripheral 

arterial stiffness such as faPWV (a marker of leg arterial stiffness) or baPWV (systemic) with 

caffeine tablets. In the present study faPWV was found to be more affected by a 200 mg caffeine 

tablet than any other arterial segment. FaPWV increased 0.7 m/s-1 within 60 minutes after 

caffeine consumption, see Figure 3. BaPWV, a marker of systemic arterial stiffness because of 

its inclusion of central and peripheral arteries, was found to have significant time effects after 

baseline measurements but no significant drug interaction compared with placebo. The lack of 

response on systemic PWV may be attributed to the absence of any significant impact of caffeine 

on aortic PWV. Therefore, our findings indicate that caffeine ingestion may exert its stimulatory 

effects on vasomotor tone of the leg arteries. This result contradicts a previous work reporting 

that cfPWV increased by 0.8 m/s-1 after coffee ingestion [7].  

 Our findings report increases in aortic BP concurrently with no changes in aortic 

stiffness. It has been reported that the acute increases in aortic SBP by vasoconstrictive drugs, 

such as caffeine, are attributed to the increase in leg arterial stiffness independently from changes 

in aortic PWV [36, 99]. The increase in aortic BP in our study can be attributed to the increases 

in leg PWV independently of aortic stiffness. Moreover, the increased leg PWV may explain the 

great impact of caffeine on ankle SBP. Therefore, our findings indicated that caffeine ingestion 

may exert its stimulatory effects on vasomotor tone of the leg arteries. 

L-Citrulline 
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 Previous studies have shown that L-citrulline supplementation may improve 

hemodynamics in healthy individuals [9, 14, 15, 43]. Schwedhelm et al. reported that 6 g/day of 

L-citrulline supplementation improves plasma L-arginine levels and endothelial NO production 

[14]. Increased L-arginine and NO levels have been found to improve hemodynamics in healthy 

populations as well as those with endothelial dysfunction [9-17, 37-46]. Ochiai et al. reported 

that L-citrulline supplementation (ingested orally) given at 5.6 g/day for 7 days showed 

significant decreases in systemic PWV (P<0.01) without improving BP in normotensive middle-

aged adults with high systemic PWV [9]. In this study, L-citrulline supplemented at 6 g/day for 7 

days did not improve resting peripheral or central hemodynamics and the pressor effect of 

caffeine ingestion was not attenuated. Due the young age and health status of the study 

participants and the mild hypertensive response induced by caffeine, L-citrulline 

supplementation may not have had the capacity to affect resting vascular parameters or to 

attenuate the acute responses of caffeine. 

Mechanisms 

 The primary mechanism of caffeine on the cardiovascular system is by adenosine A2 

receptor inhibition on the arterial smooth muscle cell [35, 70-72]. Adenosine naturally produced 

in the body, is a major neurotransmitter responsible for inducing muscle relaxation in the heart 

and blood vessels [70]. Adenosine decreases the sympathetic stimulation to the arteries by 

reducing neurotransmitter release from the autonomic nervous system. Caffeine inhibits this 

naturally occurring mechanism thereby allowing an increase in sympathetic activity and reduced 

arterial dilation [35, 70-72]. As the lumen of the artery decreases in diameter, BP increases 

causing an increase in the velocity of the blood [35], therefore, caffeine ingestion either in 
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tables/capsules of coffee produces vasoconstriction, and thereby, increased BP and PWV. It 

seems that aortic BP is more sensitive than brachial BP to the acute effects of caffeine 

administration as shown by the present study and previous studies [7, 81, 84, 89]. Interestingly, 

the present findings suggest that caffeine has a predominant stimulatory effect on leg arteries as 

demonstrated by increases in leg PWV and ankle SBP. 

Limitations 

Limitations of this study may include 1) a small sample size (n=19 phase I, n=16 phase 

II) 2) the sample population was mixed with regular and irregular caffeine consumers and the 

development of caffeine tolerance may be possible 3) L-citrulline supplementation for 7 days 

may not have been long enough and 4) the caffeine dose was too low to make L-citrulline 

supplementation effective for attenuating the responses to acute caffeine ingestion apparent in 

young healthy adults (23 ± 3 years) and ) the study population was young and healthy. Daily 

coffee and caffeine consumption was monitored for each participant during the study but no 

distinction was made between consumers and non-consumers in the results. Continued 

supplementation greater than 2 weeks may be needed in order to see changes in vascular function 

with citrulline supplementation in young healthy individuals during sympathetic stimulation [15, 

93]. Given the young age and good health of the sample population, these results may not be 

applicable to men and women of any age and health. 

Conclusions 

In conclusion, acute ingestion of 200 mg of caffeine increased peripheral and aortic 

hemodynamics in healthy young adult males. The most dramatic increases occurred at 60 
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minutes post-caffeine administration. A novel finding was that acute caffeine ingestion increased 

both leg SBP and PWV indicating the leg arteries may be more sensitive to caffeine than 

previously thought. It was found that L-citrulline supplementation for 7 days at 6 grams per day 

was not effective to attenuate the mild hemodynamic changes induces by acute caffeine ingestion 

in healthy young adult males.
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Tables 

Table 1: Study population anthropometrics. 

Variable  

Age (years) 22.7 ± 3 

Height (m) 1.8 ± 0.06 

Weight (kg) 82.8 ± 12 

BMI (kg/m
2
) 25.3 ± 3 

Values reported as Mean ± SD. 
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Table 2: Peripheral (brachial and ankle) and central (aortic) hemodynamics at baseline and after 
acute ingestion of caffeine and placebo 

Variable Baseline 30 min 45 min 60 min 

Brachial SBP,  mm Hg     

Placebo 117 ± 7 120 ± 8* 119 ± 9* 119 ± 9 

Caffeine 118 ± 6 124 ± 9* 124 ± 8*† 126 ± 7*† 

Brachial DBP,  mm Hg     

Placebo 62 ± 6 64 ± 5* 64 ± 6* 65 ± 8* 

Caffeine 62 ± 6 69 ± 6* 68 ± 6* 68 ± 6* 

Aortic SBP,  mm Hg     

Placebo 98 ± 7 100 ± 8 100 ± 9 100 ± 9 

Caffeine 97 ± 7 104 ± 9*† 104 ± 7*† 105 ± 8*† 

Aortic DBP,  mm Hg     

Placebo 60 ± 5 63 ± 4* 64 ± 5* 65 ± 6* 

Caffeine 60 ± 4 69 ± 6*† 68 ± 5*† 70 ± 5*† 

Ankle SBP,  mm Hg     

Placebo 136 ± 10 137 ± 8 135 ± 12 137 ± 9 

Caffeine 135 ± 7        143 ± 10*† 142 ± 9*† 142 ± 9*† 

cfPWV,  cm/s-1
     

Placebo 822 ± 119 8213 ± 123 830 ± 128 833 ± 136 

Caffeine 832 ± 92 866 ± 130 874 ± 128 837 ± 112 

baPWV,  cm/s-1
     

Placebo 1179 ± 101 1168 ± 89 1198 ± 124 1199 ± 98 

Caffeine 1216 ± 134      1264 ± 155     1246 ± 121     1257 ± 104 

faPWV,   cm/s-1
     

Placebo 878 ± 72 881 ± 69 880 ± 102 895 ± 62 

Caffeine 885 ± 86 935 ± 86*† 931 ± 75* 951 ± 73*† 

(n=16), Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; cfPWV, 
carotid-femoral (aortic) pulse wave velocity; baPWV, brachial-ankle pulse wave velocity; 
faPWV, femoral-ankle (leg) pulse wave velocity. * P<0.05 significantly different than baseline. † 
P<0.05 significantly different than placebo. Values reported as Mean ± SD.  
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Figures  

 
Figure 1: Brachial systolic blood pressure (SBP) and diastolic blood pressure (DBP) at baseline, 
30, 45, 60 minutes post 200 mg caffeine tablet ingestion versus placebo. * P<0.05 significantly 
different than baseline. † P<0.05 significantly different than placebo. Error bars in SEM. 
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Figure 2: Aortic systolic blood pressure (SBP) and diastolic blood pressure (DBP) at baseline, 
30, 45, 60 minutes post 200 mg caffeine ingestion versus placebo. * P<0.05 significantly 
different than baseline. † P<0.05 significantly different than placebo. Error bars in SEM. 
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Figure 3: Ankle systolic blood pressure (SBP) at baseline, 30, 45, 60 minues post 200 mg 
caffeine ingestion versus placebo. * P<0.05 significantly different than baseline. † P<0.05 
significantly different than placebo. Error bars in SEM. 

 



 

 

53 

 

Figure 4: Femoral-ankle (leg) pulse wave veolicity (faPWV) at baseline, 30, 45, 60 minues post 
200 mg caffeine ingestion versus placebo. * P<0.05 significantly different than baseline. † 
P<0.05 significantly different than placebo. Error bars in SEM. 

 

 


