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ABSTRACT 

BACKGROUND: Epidemiological studies have shown that cardiovascular events are more 

prevalent in the winter than in other season. Although the exact mechanisms are not completely 

understood, previous findings indicate that acute cold exposure increases sympathetic activity, 

arterial stiffness (pulse wave velocity [PWV]), and blood pressure (BP) as well as impairs 

endothelial function. Moreover, obesity is characterized by increased sympathetic activity and 

BP, which may further represent a potential mechanism responsible for cardiovascular events. 

There is increasing evidence that recovery from an acute bout of exercise is a vulnerable phase 

for cardiac events. Therefore, the elucidation of cardiovascular responses to post-exercise 

recovery concurrent with cold exposure in overweight/obese individuals is of clinical 

importance. Submaximal isometric-handgrip (IHG) exercise has been previously used as a means 

for evaluating the role of the exercise pressor reflex (muscle metaboreflex) on the cardiovascular 

system and cardiac autonomic function. The exercise pressor reflex can be evaluated using the 

technique of post-exercise muscle ischemia (PEMI), which by trapping metabolites in a 

previously exercised muscle, sustains the vascular sympathetic stimulation evoked during 

exercise in a controlled fashion. Recently, oral supplementation with the amino acid L-citrulline 

(L-cit) has been proposed as a possible adjunct treatment for hypertension and arterial stiffness. 

L-cit is known to enhance the bioavailability of L-arginine, the endothelial substrate for the 

potent vasodilator nitric oxide (NO). Our group demonstrated that L-cit supplementation 

effectively attenuates the hemodynamic responses to cold pressor test (CPT); however, the 

potential cardio-protective effects of L-cit supplementation to reduce cold-induced hypertension 

(CIH) during exercise pressor reflex activation have yet to be evaluated.  

PURPOSE: The aim of this study was twofold. 1) To evaluate the acute effects of the exercise 

pressor reflex imposed by PEMI and PEMI concurrent with CPT (PEMI+CPT) on 

hemodynamics, arterial stiffness, and cardiac autonomic modulation in healthy overweight/obese 

men, and 2) to examine the effects of a 14-day course of L-cit supplementation on 

hemodynamics, arterial stiffness, and cardiac autonomic modulation during IHG exercise, PEMI, 

and PEMI+CPT in healthy overweight/obese men. 

METHODS: Sixteen healthy young (24 ± 1.5 y) overweight/obese men were randomly assigned 

to receive either placebo (maltodextrin) or L-cit (6 g/day) for 14 days in a cross-over fashion. 
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Following 5 min of resting measurements, the participants were asked to perform two trials in a 

randomized order. In one trial, the participants perform a 2-min IHG exercise (30% of maximal 

voluntary contraction) followed by a 3-min PEMI. Following a 15-min recovery period, the 

participants were asked to perform a 2-min IHG exercise followed by a 3-min PEMI concurrent 

with CPT. Brachial systolic BP (bSBP), brachial diastolic BP (bDBP), aortic systolic BP (aSBP), 

aortic diastolic BP (aDBP), augmentation index (AIx), first (P1) and second systolic peak (P2, 

wave reflection magnitude), brachial-ankle PWV (baPWV, arterial stiffness), heart rate (HR), 

and HR variability (HRV, cardiac autonomic modulation) were evaluated at rest, during IHG, 

PEMI, and PEMI+CPT. All measurements were re-evaluated after 14 days. 

RESULTS: Height, weight, body mass index, and waist circumference were 1.72 ± 0.01 m, 86.8 

± 3.7 kg, 29.3 ± 1.1 kg/m
2
, and 98 ± 3 cm, respectively. At baseline, all hemodynamic 

parameters increased (P<0.01) during IHG exercise and remained elevated during PEMI and 

PEMI+CPT. BSBP, bDBP, aSBP, aDBP, P1, and P2 were higher (P<0.01) during PEMI+CPT 

compared to PEMI. Sympathetic activity increased similarly during IHG and PEMI with a 

further increase during PEMI+CPT. During PEMI+CPT, HR and low frequency components of 

the HRV (LnLF and nLF, markers of sympathetic activity) were higher (P<0.05) whereas the 

high frequency (LnHF), a marker of parasympathetic activity, was decreased (P<0.01) compared 

to PEMI. There were no significant changes in all hemodynamic parameters at rest after the 

treatments. During IHG, L-cit significantly decreased bDBP (-10 ± 3 mmHg; P<0.01), aSBP (-8 

± 3 mmHg; P<0.05), AIx (-14.2 ± 3.1 %; P<0.05), and P2 (-8 ± 3 mmHg; P<0.01) compared to 

no changed after placebo. During PEMI, L-cit significantly decreased bDBP (-10 ± 3 mmHg; 

P<0.05), aDBP (-8 ± 2 mmHg; P<0.01), and AIx (-8.6 ± 2.0 %; P<0.01) compared to no 

changes after placebo. During PEMI+CPT, L-cit significantly decreased bSBP (-11 ± 3 mmHg; 

P<0.01), bDBP (-11 ± 2 mmHg; P<0.01), aSBP (-13 ± 3 mmHg; P<0.01), aDBP (-10 ± 2 

mmHg; P<0.01), AIx (-13.8 ± 2.2 %; P<0.01), P1 (-7 ± 2 mmHg; P<0.01), P2 (-14 ± 3 mmHg; 

P<0.01) and baPWV (-0.9 ± 0.4 m/s; P<0.05). There were no significant changes in all HRV 

parameters after the treatments.  

CONCLUSIONS: The present study demonstrates that post-exercise metaboreflex activation 

concurrent with cold exposure imposes an additional cardiovascular stress due to increased 

sympathetic activity. In addition, we showed that L-cit supplementation attenuates the exercise 

pressor responses imposed by IHG exercise and PEMI. Furthermore, we showed that L-cit 
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supplementation is an effective means to decrease the CIH responses during post-exercise 

metaboreflex activation. In conclusion, L-cit supplementation may be a potential adjunct 

treatment to reduce the CIH responses and ultimately provide cardio-protective effect to those 

who perform exercise in low environmental temperatures.  
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CHAPTER ONE 

INTRODUCTION 

 

Cardiovascular disease (CVD) continues to be the major cause of morbidity and mortality 

in western countries [1, 2]. Many studies have investigated the association between CVD and 

cold exposure [3-5]. It has been shown that adverse CVD events are known to be higher in the 

winter than in the summer [3, 6, 7]. Moreover, deaths from myocardial infarction (MI), stoke, 

coronary artery disease (CAD), and congestive heart failure (CHF) occur more frequently with 

exposure to low temperatures [5, 8]. Studies report an increase in arterial stiffness, sympathetic 

activity, endothelial dysfunction [9, 10], and consequently, an increase cardiac workload [11] 

during acute cold exposure. Therefore, low environmental temperatures may induce increased 

cardiovascular stress resulting in cold-induced hypertension (CIH), the leading risk factor for 

CVD events [12-14]. Similar to whole-body cold exposure, the cold pressor test (CPT), an 

external local cold stimulus, has been used for evaluation of cardiovascular and hemodynamics 

reactivity to sympathetic stimulation [15-18]. It has been shown that brachial blood pressure 

(BP), pressure pulse wave reflection, aortic BP, heart rate (HR), and arterial stiffness are 

increased during CPT [17, 19]. However, the physiologic mechanisms for the cardiovascular 

complications related to low temperatures are not completely clear. Therefore, research aimed to 

understand the effect of l cold exposure on cardiovascular function, and potentially CVD risk 

factors is warranted.  

Submaximal isometric handgrip (IHG) exercise at 30% of maximal voluntary contraction 

(MVC) has been previously used as a test for assessing arterial function [20, 21]. In order to 

achieve the hemodynamic and metabolic demand imposed by exercise, the autonomic nervous 

system (ANS) plays a main role by shifting from a predominant parasympathetic nervous system 

(PNS) modulation towards an increased sympathetic nervous system (SNS) activity [22]. This 

ANS modulation is demonstrated by an increased mean arterial pressure (MAP), HR, cardiac 

contractility, arterial stiffness, and wave reflection during 2-3 min of IHG exercise [21, 23]. 

Moreover, isometric exercise could have an additive effect on cardiovascular responses when it 

is implemented during acute cold exposure [19, 24]. Studies that investigated the combined 

effect of IHG exercise and CPT showed that the cardiovascular reactivity was additive as 
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demonstrated by a greater increase in SBP, MAP, HR, and aortic pulse wave velocity (PWV) 

with the combined stimuli compared with CPT or IHG exercise alone. This suggests that the 

occurrence of cardiovascular events may increase in individuals exposed to acute cold 

temperatures when performing exercise [25]. 

Additionally, IHG exercise has been used as a tool for assessing cardiovascular 

autonomic control by a maneuver defined as post-exercise muscle ischemia (PEMI) [21, 26, 27]. 

PEMI induces exercise pressor reflex (metaboreflex) by trapping metabolites in the previous 

active muscle at the cessation of exercise [21, 26-28]. During PEMI, the accumulation of 

contraction-derived metabolites induces sympathetic mediated vascular stimulation and an 

increased BP, whereas the HR fully recovers [22, 29, 30]. It has been shown that attenuated 

vagal restoration after exercise may be a potential factor for the increased cardiovascular 

morbidity [31], but the cardiac autonomic modulation during recovery from exercise concurrent 

with cold exposure is poorly understood. Because altered autonomic regulation during recovery 

from exercise is a powerful predictor of overall mortality [31], implication of PEMI during CPT 

may add further support to the hypothesis that exercise in the cold may lead to adverse cardiac 

events associated with autonomic abnormalities.  

Recently, oral supplementation with the amino acid L-citrulline (L-cit) has been proposed 

as a possible adjunct treatment for hypertension, endothelial dysfunction, and arterial stiffness 

[32-35]. L-cit is known to enhance the bioavailability of L-arginine (L-arg), the endothelial 

substrate for nitric oxide (NO) production [35-37]. Cold exposure might include a temperature-

dependent inhibition of endothelial NO synthase (eNOS), the enzyme that produces NO from the 

amino acid L-arg [38, 39] and may trigger various types of CVD, including hypertension, 

atherosclerosis, and stroke [40]. Sanchez et al. [41] have found that L-cit supplementation 

attenuates the CIH response at rest, but it appears to be ineffective to attenuate the CIH response 

during cold exposure concurrent with IHG exercise [41]. Importantly, the attenuation of 

cardiovascular responses during cold exposure after IHG exercise but not during IHG exercise 

[41] suggests that L-cit supplementation may be effective when the influence of central 

command on the cardiovascular center is not present. Thus, L-cit supplementation may be 

effective to reduce the cardiovascular responses associated with cold exposure and the exercise 

pressor reflex imposed by PEMI. Therefore, the proposed study is important for the following 

reasons: (1) the results of his study add to our understanding regarding the cardiovascular and 
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autonomic mechanisms associated with exercise and cold exposure; (2) the results of this study 

contribute to the development of an adjunct therapy for the prevention of cardiovascular adverse 

events that are particularly increased during stress such as cold exposure and exercise. 

 

Specific Aims 

 

AIM 1: To determine the acute effects of the exercise pressor reflex (muscle metaboreflex) 

imposed by PEMI and PEMI concurrent with CPT on hemodynamics, arterial stiffness, and 

cardiac autonomic modulation in healthy overweight/obese men.  

 

AIM 2: To examine the effects of a 14-day course of L-cit supplementation on hemodynamics, 

arterial stiffness, and cardiac autonomic modulation during IHG exercise, PEMI, and PEMI 

concurrent with CPT in healthy overweight/obese men.   

 

Research Hypotheses 

 

Hypothesis 1: It was hypothesized that PEMI concurrent with CPT would induce greater 

increases in peripheral and central BP, wave reflection, arterial stiffness, and cardiac sympathetic 

activity than during PEMI alone. 

Hypothesis 2: It was hypothesized that 14 days of L-cit supplementation would attenuate 

peripheral and central BP, wave reflection, arterial stiffness, and cardiac sympathetic activity 

during IHG exercise, PEMI, and PEMI concurrent with CPT compared with placebo (PL) 

supplementation.  

 

Assumptions 

 

1. All laboratory equipment accurately recorded measurements over the course of the study. 

2. All participants accurately reported their past and current health history. 

3. All participants followed the supplementation guidelines set forth by the researcher. 

4. All participants gave their best efforts during testing and perform the assigned tasks. 
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5. The participants maintained their current lifestyle (e.g., diet and daily activities) over the 

course of the study. 

 

Delimitations 

 

1. Twenty healthy males between the ages of 18-35 years were recruited for the study. 

2. Participants were excluded from the study if they have BP ≥140/90 mmHg, are currently 

smokers, L-cit users or regular exercisers (defined as more than 120 min per week of 

physical activity at moderate intensity) in the last 6 months. 

3. Participants were excluded from the study if they have chronic diseases including 

epilepsy, gallstones, kidney stones, acute inflammations, flu like symptoms, arthritis, 

recent thrombosis, recent operative wounds, intense migraines, tumors, and uncontrolled 

diabetes, cardiovascular, glaucoma, and kidney diseases or taking medications (e.g., beta 

blockers, antidepressants, and stimulants) that may influence our outcome variables. 

 

Limitations 

 

1. The participants in this study were volunteers. Volunteers may bring with them a set of 

unique characteristics that may alter the internal validity of the results. 

2. Geographical bias may present since the participants were recruited from the Florida 

State University and Tallahassee area. 

3. Participants were healthy young adults. 

 

Definition and Abbreviations 

 

ANS – Autonomic nervous system 

AIx - Augmentation Index, defined as the differences between the first and second systolic peak 

divided by the pulse pressure and multiplied by 100. The AIx is considered a marker of wave 

reflection [42]. 

CHF – Congestive heart failure 

CIH – Cold induced hypertension 
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CVD – cardiovascular diseases. 

HRV - Heart rate variability, an electrocardiographic method to determine cardiac autonomic 

modulation through examination of variability from the peak of R wave to the next on an 

electrocardiogram [44]. 

HF - High frequency power, high frequency component of the HRV, a marker of vagal tone; 

expressed in absolute units [44]. 

IHG – Isometric-handgrip exercise 

LF - Low frequency, low frequency component of the HRV, indicative of sympathetic and 

parasympathetic modulation; expressed in absolute units [44]. 

NO - Nitric oxide, is an important signaling molecule involved in the regulation of vascular tone. 

NO is known to have a potent vasodilatory effect [45]. 

nuHF - Normalized high frequency, indicative of vagal tone; expressed in normalized units or as 

a percentage of the total power [44]. 

nuLF - Normalized low frequency, indicative of sympathetic activity; expressed in normalized 

units or as a percentage of the total power [44]. 

PEMI – Post-exercise muscle ischemia. 

PNS – parasympathetic nervous system. 

PSA - Power spectral analysis, analysis of HR fluctuations which provides a noninvasive means 

of assessing the functioning of the short-term cardiovascular control mechanisms [44]. 

RRI - R-R interval, the time (in seconds from the peak of one R wave to the next in an 

electrocardiogram [44]. 

P1 – Forward (incident) wave pressure created by stroke volume. 

P2 - Second systolic peak, peripheral reflection of the pressure wave is also considered a marker 

of arteriolar vascular tone [42]. 

SNS – Sympathetic nervous system. 

Tr - Time of reflection, transit time of the reflected wave indicates the round-trip travel of the 

forward wave to the peripheral reflecting sites and back to the aorta [42]. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

 

Cardiovascular Diseases and Cold – Background 

 

Cardiovascular diseases, including coronary artery disease (CAD), CHF, and stroke are 

the major causes of mortality and morbidity in western countries [1, 2]. While many factors 

contribute to this high prevalence of CVD, hypertension has been identified as the leading risk 

factor for cardiovascular mortality and morbidity [13, 14]. It has been demonstrated that more 

than a quarter of the world’s adult population (nearly one billion) had hypertension in 2000, and 

that this proportion will increase to 29% (1.56 billion) by 2025 [1]. 

The death rate due to CVD is known to be higher in the winter than in the summer [7]. It 

has been shown that deaths from MI and CAD occur more frequently during the winter [5]. In 

addition, mortality from CHF also increases linearly with exposure to low temperatures [8]. It 

appears that clod exposure induced increase in BP may explain the increased cardiovascular 

mortality in the winter [12]. 

The evident influence of low temperature on cardiovascular mortality and morbidity may 

be explained by multiple physiologic factors. Experimental studies have found an increased BP, 

arterial stiffness, sympathetic activity, endothelial dysfunction and blood viscosity during cold 

exposure [9, 10, 46] as well as an increased need for oxygen, and consequently, an increase in 

cardiac workload [11]. Hence, cold temperature can cause increased cardiovascular stress and 

complications due to above-mentioned factors, especially in population with underlying CVD 

[46, 47]. Therefore, research aimed to understand the effect of cold on cardiovascular function, 

and potentially CVD risk factors, is essential as it may have potential clinical application for 

treatment and prevention of CIH and CVD. 

 

Autonomic Nervous System Control 

 

The autonomic nervous system (ANS) is responsible for the regulation of cardiac and 

vascular function. The influence of the ANS on HR, myocardial contractility, and BP is well-
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adjusted by sympathetic and parasympathetic nerve activity. Regions in the medulla oblongata in 

the brain stem contain the cell bodies for the parasympathetic (vagal) and sympathetic efferent 

nerves. The parasympathetic nervous system (PNS) is predominantly active under normal resting 

condition resulting in resting HR significantly below the intrinsic firing rate of the sinoatrial 

node. The sympathetic nervous system (SNS) is predominantly active during stress conditions 

such as exercise or flight-or-fight response and cold exposure, resulting in increased HR and BP.  

Autonomic dysfunction is associated with increased risk of all-cause mortality such as 

hypertension, acute MI, CAD, atherosclerosis and sudden cardiac death [48, 49].  

 

The Link between Acute Cold Exposure and Cold Pressor Test 

 

Increased SNS activity contributes to the onset and sustained increase in MAP, and is a 

plausible mechanism for the development of hypertension [50]. Whole-body cold exposure 

increases SNS activity which stimulates peripheral vasoconstriction and leads to increases in 

aortic BP and left ventricular afterload, which may exacerbate adverse cardiac events [51, 52]. 

Similarly, CPT has been shown to increase hemodynamics responses stimulated by increased 

sympathetic activity [15-18]. Cold exposure models such as facial cooling and CPT have been 

used to evaluate the effect of low temperatures on brachial BP, pressure pulse wave reflection, 

aortic BP, HR, and arterial stiffness [9, 17, 19]. Korhonen [53] demonstrated that the rate of 

changes in BP during CPT and whole-body cold exposure is similar in healthy men. However, 

during the CPT, most of the subjects complained of pain, a strong stimulus for hemodynamics 

responses by raising SNS activity, which was not experienced in the whole-body cold exposure 

test [53].  

 

Autonomic and Cardiovascular Responses to CPT 

 

Casey et al. [17] demonstrated that during 3 min of CPT (4ºC), both aortic and brachial 

BP increased in healthy adults. Additionally, AIx, and left ventricular (LV) myocardial oxygen 

demand were significantly elevated during CPT. These responses are associated with the acute 

SNS activation that occurs with CPT, measured as muscle sympathetic nerve activity (MSNA) 

[16, 17, 54] and plasma norepinephrine levels [15]. The stimulation of MSNA may originate 
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from thermal nociceptors and polymodal nociceptors in the skin which react to cold skin 

temperature below 5-20 ºC [55]. Moreover, it has been shown that the cardiovascular response to 

CPT may involve higher centers in the brain [16]. Taken together all these findings suggest that 

the reflex pathway to evoke MSNA during the CPT involved cutaneous nociceptors which 

stimulate afferent signals [16]. This pathway may involve the vasomotor center that serves to 

regulate MSNA, which plays an essential role to elevate BP during CPT [16].  

 

Autonomic and Cardiovascular Responses to Exercise 

 

The magnitude of the cardiovascular response, which is essential to maintain and 

increased metabolic and hemodynamic demand imposed by exercise, is directly associated with 

its intensity [22]. To achieve an appropriate hemodynamic-metabolic matching, the ANS plays a 

main role by shifting from a predominantly PNS modulation at rest towards an increased SNS 

activity during exercise [22]. This autonomic activity alteration during exercise, regardless of 

type, is known to increase BP, HR, and myocardial contractility, which is known as the exercise 

pressor response [56].  

The baroreflex mechanism also plays an important role in BP regulation. Arterial BP is 

regulated through negative feedback from arterial baroreceptors located in the carotid sinus and 

in the aortic arch. Afferent fibers from the central arteries travel up to the cardiovascular center 

in the medulla oblongata. Briefly, the arterial baroreceptors respond to the stretching of the 

arterial walls produced by an increase in arterial BP. Baroreceptors activation is followed by 

concurrent decrease and increase in sympathetic and parasympathetic outflow, respectively, 

leading to decreases in HR, stroke volume, and BP as well as vasodilation. Decreased stretching 

of baroreceptors (e.g., hemorrhage, hypotension) results in decreased baroreceptors firing; 

consequently, the cardiovascular center responds with an increased sympathetic outflow, which 

leads to increases in BP by enhancing vascular resistance and cardiac output (HR and stroke 

volume). Increase in HR and BP are associated with reduced baroreflex sensitivity (BRS), while 

a reduction in HR is related to increase BRS [57, 58]. 

Two neural mechanisms have been implicated in the regulation of these autonomic and 

hemodynamic responses during exercise [30, 59]. One mechanism, the exercise pressor reflex or 

muscle metaboreflex and mechanoreflex, consists of chemically and mechanically sensitive 
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afferent signals (Group III and IV afferents) originating in the contracting skeletal muscle that 

modulate hemodynamic responses to exercise by providing feedback to the cardiovascular 

centers within the brainstem [60, 61]. The other mechanism is the activation of the central 

command, a feed-forward mechanism, controlling cardiovascular function and establishing 

changes in parasympathetic and sympathetic efferent activity through signals originating in 

higher brain centers [60, 62]. At rest, an increase in BP promotes a decrease in HR and BP 

through the baroreflex mechanism. However, during exercise, the increase BP is accompanied by 

an increase in HR, which is an essential element in BP rise [58, 63]. This suggests that during 

exercise, HR and BP increases by means of “resetting” the baroreflex mechanism towards 

reduced BRS [29, 64, 65]. However, whether and how the neural mechanisms, central command, 

and exercise pressor reflex control cardiovascular regulation is a controversial matter in human 

exercise physiology. Several studies have presented evidences to suggest that the two neural 

mechanisms are involved in the control of HR and BP during exercise through resetting and 

adjusting BRS [29, 57, 58].  

 

The Exercise Pressor Response 

 

Submaximal IHG exercise has been previously used as a test for assessing cardiac 

autonomic and hemodynamics since it imposes a significant cardiovascular stress [20, 21]. 

During isometric exercise, vagal withdrawal and sympathetic activation are the main mechanism 

for the increase in HR depending if the HR is below or above 100 beats/min [22]. Therefore, 

both sympathetic and parasympathetic activities modulate cardiac response to isometric exercise. 

Evaluation of autonomic control of hemodynamic responses by imposing this stress is of clinical 

importance because a reduced cardiovagal control of HR is associated with increased 

cardiovascular morbidity and mortality [66]. Data indicates that MAP, HR, cardiac contractility, 

arterial stiffness, and AIx increase during 2-3 min of IHG exercise [21, 23]in young health men. 

As mentioned above, besides the cardiovascular responses, IHG exercise has also been used as a 

tool for assessing autonomic function. This assessment has been previously done by isolating the 

effect of central command and metaboreflex activation on the cardiovascular responses [28]. 

Accordingly, during isometric exercise the increase in BP occurs mainly via an increase in 

sympathetic activity to the vasculature due to muscle metaboreflex activation, whereas the 
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increase in HR occurs mainly through a decrease in parasympathetic activity to the sinus node 

(vagal withdrawal) due to stimulation from the central command [57].This understanding has 

arisen from a maneuver defined as post exercise muscle ischemia (PEMI) that maintains muscle 

metaboreflex activation at the cessation of exercise (removing central command) by trapping 

metabolites in the previous active muscle. The accumulation of metabolites in the exercised 

muscle is accomplished by rapid inflation of an upper-arm cuff to supra-systolic BP to occlude 

the brachial artery. During the PEMI, BP, vascular resistance, and sympathetic nerve activity are 

kept elevated above resting levels, whereas HR fully recovers [22, 29, 30]. This suggests that the 

fall in HR during PEMI despite a maintained increase in sympathetic outflow (due to the 

metaboreflex activity) to the arteries, is evoked by barorreflex-mediated increase in cardiac 

parasympathetic activity due to the loss of central command, which overpowers the sympathetic 

activation [30, 57].  

In a study conducted by Figueroa et al. [21], 20 healthy young male participants 

performed a 3-min bout of IHG exercise at 30% of their MVC followed by a 4-min PEMI. It was 

reported that IHG significantly increased aortic systolic BP (SBP, +13 ± 11 mmHg), AIx (+5 ± 

10%), HR (+20 bpm), and reduced BRS (0.5 ± 0.5 ms/mmHg). During PEMI it was shown that 

HR returned to baseline levels while aortic SBP was significantly elevated compared to baseline. 

The authors concluded that the pressor response evoked by IHG exercise induced arterial 

vasoconstriction. This has led to an earlier return of the reflected pressure wave (P2) back to the 

aorta and its fusion with the forward wave (P1) during systole and consequently to increases in 

aortic SBP and AIx. In addition, during PEMI, the restoration of HR to resting levels while the 

BP was kept elevated indicates that the arterial baroreflex might be involved in HR recovery 

despite the sustained sympathetic activation [30].  

Previous studies have demonstrated that hypertension is linked to autonomic alteration 

and reduced baroreflex control [67, 68]. The autonomic alterations have been measured when 

metaboreflex control and muscle mechanoreceptors were isolated from central command by 

means of PEMI. In this regard, it has been shown that during PEMI following IHG exercise, the 

changes in SBP and MAP were greater in hypertensive subjects than normotensive subjects as 

compared to resting baseline values [27]. These data suggest that hypertensive subjects undergo 

autonomic alterations that lead to exaggerated metaboreflex activity. In contrast, Rondon et al. 

[26] reported that in hypertensive subjects, sympathetic activity was not significantly increased 
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during PEMI when compared with resting baseline values. However, normotensive subjects 

showed that MSNA remained significantly elevated during PEMI compared with baseline. In 

addition, forearm blood flow during PEMI was significantly lower in hypertensives when 

compared with normotensive subjects. Taken together these findings suggest that hypertension is 

associated with impaired autonomic control which may lead to hemodynamic alterations, 

especially when the blood flow distribution is needed. In conclusion, implication of IHG exercise 

followed by PEMI provides important clinical information regarding cardiovascular and 

autonomic function.  

 

Cardiovascular Responses to IHG Combined with CPT 

 

Cold pressor test during isometric exercise appears to have an additive effect on 

cardiovascular responses [19, 69]; however, the findings in the literature are limited in this 

regard. Geleris at al. [19] evaluated central arterial stiffness (aortic PWV) and brachial SBP in 8 

healthy adults during CPT (4ºC), IHG (30% MVC), and CPT concurrent with IHG exercise. It 

was shown that the combined effect of CPT and IHG exercise on aortic PWV (+ ~2.2 m/s) was 

greater compared with the effect of CPT (+ ~0.4 m/s) and IHG (+ ~1.2 m/s) alone. In addition, 

the increase in brachial SBP was also greater in the combined trials (+~19 mmHg) compared 

with the effect of CPT (+ ~10 mmHg) and IHG (+ ~11 mmHg) alone. They concluded that the 

changes in PWV were most likely related to altered peripheral BP associated with sympathetic-

mediated increase in vascular tone. This study suggest that the likelihood of cardiovascular 

events may be increased in individuals exposed to cold temperatures while performing physical 

exercise such as shoveling snow or lifting heavy loads. 

In another study with a similar protocol, Vianna et al. [24] had 8 healthy subjects  

performed the 3 maneuvers (CPT, IHG exercise, and the combination) in a randomized order 

separated by 15 min of rest to ensure restoration of baseline variables. It was shown that brachial 

BP and HR increased from rest during CPT and IHG exercise. During the combined condition, 

the pressor responses were additionally augmented (vs. rest, CPT and IHG). This experimental 

approach showed by Geleris [19] and Vianna [24] represents a challenge to the cardiovascular 

system, as the circulatory and cardiac effects of local cold exposure and static exercise were 

additive. This suggests that the occurrence of cardiovascular events may be increased in 
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individuals exposed to acute cold temperatures while performing isometric exercise [25] or 

exercise with a high isometric component such as snow shoveling.  

As aforementioned, in healthy individuals, the implementation of PEMI on neural 

activity is characterized by vagal restoration intended to decrease HR to resting levels while BP 

is kept elevated due to metaboreflex activity. Usually this response is driven by an increase in 

PNS activity [30], which is believed to provide cardioprotection [70]. Mezzacappa et al. [70] 

demonstrated that impaired cardiac autonomic modulation after IHG exercise is associated with 

risk factors for cardiovascular diseases such as hypertension. Cole et al. [31] reported that a 

delayed decrease in the HR after exercise, which may reflect decreased vagal restoration, is a 

powerful predictor of overall mortality. Thus, attenuated vagal restoration following acute 

exercise may be a potential factor for the increased cardiovascular morbidity associated with 

exercise in low environmental temperatures and that can be detected by implementation of 

PEMI. 

 

Heart Rate Variability (HRV) 

 

Regulation of HR may be influenced by physiological stressor such as isometric 

contraction and local cooling (CPT) and can be monitored by analyzing HR variability (HRV) 

obtained from electrocardiography (ECG). Although there are several approaches to quantify 

autonomic activity such as levels of blood catecholamine concentrations (epinephrine and 

norepinephrine), HRV has been considered clinically relevant due to its simplistic non-invasive 

application.  

The HRV can be measured using the variations between successive R-R waves of the 

ECG, the sequence of time intervals between heart beats. Acute and chronic changes in HRV 

caused by exercise training, environmental temperature, and adaptations to treatment could be 

obtained by using HRV. Increase in sympathetic activity is associated with HR increases, 

causing the time between heart beats to become shorter and to a low HRV. Increases in 

parasympathetic activity are associated with HR decreases, causing the time between heart beats 

to become longer and to increase HRV. Low HRV is associated with increased risk of all-cause 

mortality, and has been proposed as a marker for disease including hypertension, acute MI, 

CAD, atherosclerosis and sudden cardiac death [48, 49, 71].  
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Time-domain and frequency-domain indexes have been used to quantify HRV in order to 

obtain a perception of the cardiac autonomic function. The time-domain method characterizes by 

long-term measures like the standard deviation of all inter-beat intervals in 24 h (SDNN), short-

term measures like the standard deviation of 5 min interval, beat-to-beat measures like the root 

mean square of successive RR differences (RMSSD), and the percentage of the amount of 

normal-to-normal (R-R) intervals that differ by more than 50 ms (pNN50). The RMSSD and 

pNN50 are used as markers of PNS activity [71]. In fact, decreased RMSSD and pNN50 may be 

indicative of impaired cardiac autonomic modulation and CVD [72]. The frequency-domain 

method using Fourier transformation [44] can produce the power spectral analysis of interbeat 

interval time series. The power spectrum contains two major components, a high (0.15–0.40 Hz) 

and low (0.01–0.15 Hz) frequency component reflecting cardiac vagal tone and a mixture of 

vagal and sympathetic influences predominantly sympathetic activity, respectively [49, 71]. The 

other spectral components are the total power (TP) which is an estimation of the global activity 

of the ANS, and the LF/HF ratio, which is considered a marker of sympathovagal balance. Data 

acquisition could be using standard ECG or R-R interval from a HR monitor.  For spectral 

components sampling time should be 2-5 min minimum [44]. The minimum recording time is 1 

and 2 min for the HF and LF power, respectively. 

Acute cold exposure is an environmental stressor that typically leads to increase SNS 

activity [15, 73]. Cardiovascular responses, such as HR and BP, have been measured in studies 

examining exposures to cold air [10] and local cooling application [74, 75]. However, the ANS 

responses on the HR during cold exposure are not well understood. Furthermore, ANS 

responsiveness assessed by means of HRV while being exposed to local cooling has not been 

examined extensively. Two major patterns of HR responses to CPT could be distinguished with 

either an increased [76, 77] or an unchanged HR [54, 78].  

Mourot et al. [75] investigated the ANS responses on the HR by mean of HRV 

assessment. Forty healthy male (age: 23.6 ± 3.2 years) performed CPT by immersion of the left 

hand up to the wrist into a cold water bath (1 °C) for a period of 3 min. Only half of the subjects 

(N=20) showed a significant increase in HR (7 bpm) during the test. This was accompanied by a 

significant decrease in HF in normalized units (nu) and by a significant increase in the LF/HF 

ratio which indicated a decreased cardiac vagal outflow (HFnu) and an increased sympathetic 

activity (LF/HF ratio). Although acute cold exposure may or may not increase HR, cold exposure 
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is known to induce profound alterations in cardiac SNS activity (increased LF) [79]. Taken 

together these findings suggest that cold temperature increases sympathetic activity which may 

ultimately lead to increased hemodynamic responses and the development of hypertension and 

may partly explain the peak in adverse cardiac events during the winter [47, 80]. Up to date, 

ANS responsiveness measured at the sinus node level by assessing HRV while being exposed to 

CPT and IHG exercise has not been examined in controlled laboratory conditions. It is suggested 

in this regard that studying HRV provides a reliable noninvasive method for the assessment of 

cardiac autonomic regulation during these maneuvers.  

 

Nitric Oxide in the Cold-Induced Hypertension 

 

Increased SNS activity, which leads to increased vasoconstriction, is an important 

physiological response involved in thermal homeostasis during cold exposure [45]. It has been 

shown that sympathetic stimulation induced by CPT increases MAP [15, 69] and central aortic 

wave reflection [17], a response known as cold-induced hypertension [74]. Therefore, BP is an 

adaptive response to cold exposure and may be unfavorable to the long-term cardiac and vascular 

health of cold-exposed subjects [73]. In humans, endothelial cells can induce relaxation of the 

underlying vascular smooth muscle by releasing NO, an important vasodilator that is involved in 

the regulation of BP and endothelial function [45]. However, vasoconstriction response to cold 

exposure might include a temperature-dependent inhibition of endothelial NO synthase (eNOS), 

the enzyme that produces NO from the amino acid L-arg [38, 39]. In an animal study, Wang et 

al. [81] demonstrated that an increase in NO production by human eNOS gene delivery 

attenuates CIH. In fact, this study demonstrated that human eNOS gene delivery decreased 

plasma NE in cold-exposed rats. This suggests that the increased NO production may attenuate 

CIH by reducing SNS activity. Therefore, it might be of clinical interest to investigate a 

treatment that may attenuate CIH by increasing NO production. 

 

L-Arginine and L-Citrulline Supplementation  

 

Physical activity and dietary intake can influence NO production. Normal functioning 

human vasculature requires the presence of NO synthesized from the amino acid L-arg to 
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accomplish vasodilation, BP reduction, inhibition of endothelial inflammatory cell recruitment, 

and platelet aggregation [82]. As a result, the normal production of NO and the ability of the 

endothelium to respond appropriately to it, may prevent various types of CVD, including 

hypertension, atherosclerosis, and stroke [40]. Therefore, dietary supplementations which are 

aimed to increase NO bioavailability are the most interesting examined interventions.  

In the endothelium, L-arg is the precursor for the production of NO, which is mediated by 

the activity of eNOS [83]. Although several studies have shown that oral supplementation with 

L-arg leads to BP reduction via increased bioavailability of NO mediated vasodilation [84, 85], 

L-arg may lose its effectiveness (‘arginine paradox’) due to increased arginase activity [86]. 

After oral administration, L-arg is subject to extensive systemic and pre-systemic elimination by 

arginases in the gut and in the liver, converting excessive L-arg into agmatine, L-ornithine and 

urea [87]. Agmatine has been shown to bind to eNOS causing transient inhibition of its activity 

[36]. Alternatively, the non-essential amino acid L-cit is converted to L-argininosuccinate by 

argininosuccinate synthase and subsequently to L-arg by argininosuccinate lyase that ultimately 

improves NO production [37]. Oral administration of L-cit (1.5-6-g per day) efficiently increases 

L-arg plasma concentrations in healthy human [35], improving flow mediated dilation and PWV 

without adverse effects in various populations [34, 35]. Interestingly, lower doses of L-cit are 

found to be more effective than L-arg since it bypasses hepatic and gut enzymatic degradation, 

resulting in higher plasma bioavailability [36]. In fact, oral L-cit supplementation has been found 

to increase plasma L-arg bioavailability and augments NO-dependent signaling in a dose-

dependent manner [35].  

Figueroa et al. [88] demonstrated that 6 weeks (6-g per day) of L-cit/L-arg from 

watermelon extract reduces ankle BP, brachial BP, and aortic BP in prehypertensive and 

hypertensive individuals, which may reflect improved arterial function. Kameda et al. [89] 

demonstrated that 3.2-g of L-cit acutely improves myocardial blood supply and increases PNS 

activity in healthy young adults. In another study by Figueroa et al. [32] oral L-cit 

supplementation for 4 weeks (6-g per day) decreased brachial SBP (− ~6 mmHg), aortic SBP (− 

~4 mmHg), and aortic PP (− ~3 mmHg) during CPT in healthy young men. All these findings 

suggest that L-cit may be an effective supplement in reducing the risk of cardiovascular events 

due to improved endothelial mediated NO production in hypertensive individuals and during 

conditions characterized by increased SNS activity.  
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As mentioned before, cold exposure has been associated with hypertension and 

autonomic alterations [9, 10, 12, 46]. In this regard, PEMI maneuver becomes an important 

clinical tool to examine hemodynamics responses to sympathetic stimulation without the 

influence of the central command on HR. Although L-cit has been found effective in attenuating 

the CIH at rest [32, 41], it appears that it is ineffective for attenuating the cardiovascular 

responses to IHG exercise in the cold when the central command is active in young health men 

[41]. Interestingly, the attenuation of cardiovascular responses during the recovery of IHG during 

cold exposure suggests that L-cit supplementation is effective when the influence of central 

command on the cardiovascular center is not present [41]. Whether L-cit supplementation may 

be effective to reduce cardiovascular reactivity during PEMI in the cold is unknown. In addition, 

obesity is strongly associated with increased sympathetic activity and BP [90], which may 

represent a potential mechanism responsible for the increased incidence of cardiovascular 

diseases [91]. Therefore, we propose the use of L-cit supplementation as a potential adjuvant 

treatment to attenuate cardiovascular responses to increased SNS activity induced by cold and 

PEMI in overweigh and obese men. 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

 

Participants  

 

A total of sixteen overweigh/obese [body mass index (BMI) >25 and <40 kg/m
2
] young 

men (18-35 years of age) enrolled in this study. A power calculation was performed a priori 

determined that a sample size of 16 participants would allow the observation of a difference of 

3%-5% in the effect of placebo and L-cit on the primary study outcome (aSBP) with a power of 

80%. All of the participants were nonsmokers, no L-cit or L-arg users, or regular exercisers 

(defined as less than 120 min per week of moderate intensity exercise) at least 6 months 

preceding the study. Participants were asked to maintain their normal diet and exercise habits 

during the study period. Candidates were excluded from the study if they had a brachial BP ≥ 

140/90 mmHg, chronic diseases, taking medications, or any supplement that could affect the 

outcome variables. 

 

Experimental Protocol 

 

After completion of initial screening, cardiovascular and autonomic function of eligible 

participants were evaluated in a quiet temperature-controlled room (22-24°C). After baseline 

measurements, in a cross-over design, participants were randomized to either placebo (PL) group 

(Maltodextrin) or L-citrulline group for the first 14 days of the study that was followed by a 14 

day washout period and then were crossed over to their second treatment (Figure 1). 

Cardiovascular and autonomic function parameters were evaluated at baseline, after 14 days of 

the first treatment, and before and after the second treatment. Measurements were conducted in 

the morning after at least 8 hours of an overnight fast in order to avoid potential diurnal 

variations in BP and vascular reactivity. The participants refrained from caffeine-containing 

beverages and alcohol for 12 hours preceding the study and from exercise, heavy or unusual 

physical activity during the previous 24 hours. 
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Figure 1: The crossover study design for the L-citrulline and placebo supplementation period 

 

 

Visit 1: Familiarization and Orientation 

 

 The participants were oriented to the study and filled out health and exercise 

questionnaires. Brachial BP was measured for screening purposes after a 5-min rest in the supine 

position. Participants gave their informed consent if they were qualified before proceeding with 

the experiments. Height, weight, and waist circumference were assessed. Maximal voluntary 

contraction for the IHG exercise was determined. The MVC was determined using the best of 

three attempts separated by one min in order to calculate the 30% of their MVC. Visit 1 did not 

last longer than 30 min. 

 

Visit 2: Baseline  

 

The participants were instructed to lie down on the treatment table and rest in a supine 

position for 15 min before data collection. Following 5 min of resting measurements, the 

Familiarization 
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participants were asked to perform two trials in a randomized order. In one trial, the participants 

perform a 2-min IHG exercise followed by a 3-min PEMI. Following a 15-min recovery period 

[92], the participants were asked to perform a 2-min IHG exercise followed by a 3-min PEMI 

concurrent with CPT (PEMI+CPT). Hemodynamic parameters and cardiac autonomic 

modulation were evaluated at rest, during IHG, PEMI, and PEMI+CPT. All hemodynamic 

parameters were taken in duplicate. Visits 2 lasted 60 min.  

 

Visit 3, 4, and 5: L-cit/Placebo 

 

Acute cardiovascular responses to IHG, PEMI, and PEMI+CPT were re-evaluated as 

previously described in visit 2. Therefore, cardiovascular function were measured after 14 days 

of the first treatment (visit 3), before the second treatment (visit 4), and 14 days after the second 

treatment (visit 5). 

 

The Cold Pressor Test 

   

 The participant was instructed to immerse his left foot in the ice-water bucket (4ºC) to a 

point just above the ankle for 3 min during trial 2 (CPT+PEMI). Temperature was measured by 

thermometer before immersion of the foot. 

 

The Isometric Handgrip Exercise Test 

 

 Isometric handgrip exercise was performed using the right arm at intensity of 30% of 

MVC for 2 min during trials 1 and 2. The participants were instructed to breathe normally during 

exercise to avoid inadvertent performance of a Valsalva maneuver or changes in breathing 

pattern that might have affected HRV.  

 

Post Exercise Muscle Ischemia 

 

Ten sec before the cessation of IHG exercise, a cuff on the exercising arm was rapidly 

inflated to suprasystolic levels (240–250 mmHg or 50 mmHg above the systolic BP during IHG) 



20 

 

for 3 min using an automated pneumatic device (Hokanson E20, Bellevue, California, USA). 

The PEMI was performed in trials 1 and 2. The participants were instructed to maintain a 

constant rate and depth of breathing throughout the experiment. 

 

L-Citrulline Supplementation and Placebo Prescription 

  

The participants were supplemented with L-cit in a total of 6-g a day (3-g dose twice per 

day) for 14 days in capsules of 750 mg (750 mg X 4 capsules; twice per day). The PL 

(maltodextrine) was supplemented in the same number of capsules during 14 days.  

 

Dietary Measurements 

 

The food dietary questionnaire was administered during the study and was used to 

compare food consumption between the intervention periods. Each participant submitted a 

weekly 3-d food record which consisted of one weekend day and two weekdays.  

 

Pulse Wave Velocity 

 

After 15 min of rest in the supine position, PWV was measured using an automatic 

device (VP-2000; Omron Healthcare, Vernon Hills, IL) BP cuffs were placed around the right 

arm (brachial artery) and ankles (posterior tibial artery) to obtain BP and brachial-ankle PWV 

(baPWV). The baPWV has been shown to be an accurate and reliable measurement of systemic 

arterial stiffness [93, 94].  

PWV is measured as the time it takes the pulse wave to travel from one sensor to the 

other, devided by the distance of the sensors from one another. It is given in centimeters per 

second (cm/s). The brachial and ankle arterial waveforms were measured concurrently by 

sensitive sensors, and the transient time was calculated automatically by relating the foot of each 

waveform to the R-wave of the electrocardiogram. The distance between sampling points of 

baPWV was calculated automatically according to the height of the participants.  
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Pulse Wave Analysis 

 

Brachial SBP and DBP were recorded using an automatic device (VP-2000; Omron 

Healthcare, Vernon Hills, IL). Brachial SBP and DBP were used to calibrate radial waveforms 

obtained from a 10 second epoch using a high-fidelity tonometer (SPT-301B; Millar Instruments, 

Houston, TX). Aortic BP waveforms were derived using a generalized transfer function 

(SphygmoCor, AtCor Medical, Sydney, Australia). The aortic BP wave is composed by a 

forward wave (P1), caused by stroke volume ejection, and a reflected wave (P2) that returns to 

the aorta from peripheral sites [42, 95]. The AIx is defined as the augmented pressure (AP = P2-

P1) expressed as a percentage of the aortic PP. AIx was normalized to a HR of 75 beats per 

minute (AIx@75) since it is influenced by HR [96]. Transit time of the reflected wave (Tr) 

indicates the round-trip travel of the forward wave to the peripheral reflecting sites and back to 

the aorta [95]. AIx and Tr have been used as markers of wave reflection and aortic stiffness, 

respectively [97].   

 

Cardiac Autonomic Regulation of Heart Rate 

 

HR was obtained from a continuous electrocardiogram sampled by a data acquisition 

system (BioHarness, Zypher Tech., Annapolis, MD) with a strap placed around the thoracic area 

in order to obtain R-R interval variations. Spectral components of the HRV were derived using a 

computer software program (WinCPRS, Finland) to evaluate cardiac autonomic modulation and 

the relative contributions of the two branches of the autonomic nervous system, SNS and PNS. 

The autoregressive method was used to attain the spectral power of HRV and its main 

components: HF (0.15-0.4 Hz) and LF (0.04-0.15 Hz). The HF power is considered an indicator 

for cardiac parasympathetic activity while the LF component of HRV is mediated by the 

sympathetic and parasympathetic nervous systems. Sampling is 3-5 min minimum for spectral 

components and the minimum required recording time is 1 and 2 min for the HF and LF power, 

respectively. Alternatively, the use of absolute units (ms
2
) for HF and LF may be obtained in 

proportion to the TP which is expressed in normalized units (nu). To control for the decreases in 

TP, LF and HF in response to stress it is more appropriate to report these spectral components in 

nu and/or using the LF/HF ratio, which is considered a marker of sympathovagal balance. All R-
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R recordings were inspected for artifacts, premature beats sporadic, ectopic beats and non-sinus 

tachycardia episodes, and technical artifacts were removed. 

 

Anthropometrics 

 

Height was measured using a stadiometer to the nearest 0.5 cm, and body weight was 

measured using a Seca Scale (Sunbeam Products, Boca Raton, FL) to the nearest 0.1 kg. Waist 

circumference was measured at the superior border of the iliac crest using tape measure to the 

nearest 0.5 cm. 

 

Cardiovascular Health/History Questionnaire 

 

The Cardiovascular Health/History Questionnaire was used to assess the participants’ 

current health status for either inclusion or exclusion to the study. It consists of questions that 

indicate whether the subject has any current or past underlying diseases and medical problems. 

 

Statistical Analysis 

 

Normal distribution of the data was examined with the Shapiro-Wilk test. The acute 

effects of IHG, PEMI, and PEMI+CPT and possible differences between the treatment groups 

were analyzed by analysis of variance (ANOVA) with repeated measures within (conditions: 

Rest vs. IHG vs. PEMI vs. PEMI+CPT) and between participants (treatment: PL vs. L-cit) at 

baseline. The effects of L-cit and PL was evaluated by a 2 × 2 ANOVA with repeated measures 

between (treatment (L-cit vs. PL) × within (time: before vs. after)) at rest and during IHG, PEMI, 

and PEMI+CPT. When analysis of variance produced a significant treatment-by-time interaction, 

paired t-tests was used for post hoc comparisons. A statistical significance was defined as P < 

0.05. All statistical analyses were performed using SPSS, version 21 (SPSS, Inc., Chicago, IL, 

USA).  
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CHAPTER THREE 

RESULTS 

 

All data are presented as mean ± SE. The participant characteristics age, height, weight, 

BMI, and waist circumference were 23.7 ± 1.7 years, 1.72 ± 0.01 m, 86.8 ± 3.7 kg, 29.3 ± 1.1 

kg/m
2
, and 98 ± 3 cm respectively. In a crossover design, all the participants completed a 14-day 

course of L-cit supplementation along with a 14-day course of placebo supplementation 

separated by 14 days of washout period. Dietary composition was similar between the treatment 

groups at baseline and after the treatment periods. Compliance to the assigned supplementation 

was 98.5 ± 2.2% and 97.8 ± 3.2% for the L-cit and placebo, respectively. 

 

Acute Hemodynamics 

 

Data of hemodynamic parameters and systemic arterial stiffness of both treatment groups 

at rest, during the experimental conditions: isometric handgrip (IHG) exercise, post-exercise 

muscle ischemia (PEMI), and PEMI concurrent with cold pressor test (PEMI+CPT) at baseline 

are shown in Table 1. There were no significant differences in all hemodynamic parameters 

(Table 3) and arterial stiffness (Table 2) between the treatment groups at rest and during the 

conditions at baseline. There were no treatment-by-condition interactions at baseline (Table 2 

and 3). 

Compared to resting values (Table 3), brachial SBP (bSBP), brachial DBP (bDBP), 

brachial mean arterial pressure (bMAP), brachial pulse pressure (bPP), aortic SBP (aSBP, Figure 

2 A), aortic DBP (aDBP, Figure 2 B), aortic mean arterial pressure (aMAP, Figure 2 C), and 

aortic pulse pressure (aPP, Figure 2 D) increased (P < .05) during IHG, PEMI, and PEMI+CPT 

in both treatment groups at baseline. Indices of pulse wave analysis, augmented pressure (AP), 

augmentation index (AIx), AIx at 75 beat/min (AIx@75), first systolic peak (P1), and wave 

reflection magnitude (P2) were higher (P < .05) during IHG, PEMI, and PEMI+CPT than their 

resting values in both treatment groups at baseline (Table 3). Brachial-ankle pulse wave velocity 

(baPWV), a measure of systemic arterial stiffness, was higher during PEMI (P < .05) and 
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PEMI+CPT (P < .01) compared to its resting values in both treatment groups at baseline (Table 2 

and Figure 3).  

During PEMI+CPT (Table 3), all hemodynamic parameters remained elevated (P < .05), 

whereas Tr was lower (P < .05) compared to its value at rest. Compared to PEMI, bSBP, bDBP, 

bMAP, aSBP (Figure 2 A), aDBP (Figure 2 B), aMAP (Figure 2 C), P1, P2, and baPWV (Figure 

3) were higher (P < .01) during PEMI+CPT, but aPP (Figure 2 D), AP, AIx, AIx@75, and Tr 

were not different than PEMI.  

 

 

Table 1. Hemodynamic parameters and systemic arterial stiffness at baseline (n= 16). 
 Rest IHG PEMI PEMI+CPT 

Variable Placebo L-cit Placebo L-cit Placebo L-cit Placebo L-cit 

bSBP (mmHg)  122 ± 2    122 ± 3 139 ± 3 143 ± 4 132 ± 2 133 ± 3 144 ± 3 146 ± 3 

bDBP (mmHg)  67 ± 2  67 ± 2 76 ± 2 77 ± 3 72 ± 2 72 ± 2 79 ± 2 82 ± 2 

bMAP (mmHg)  87 ± 2  89 ± 2 105 ± 3 102 ± 4 98 ± 2 98 ± 2 106 ± 2 108 ± 3 

bPP (mmHg)  55 ± 2  55 ± 2 64 ± 2 67 ± 4 61 ± 1 60 ± 2 67 ± 3 66 ± 3 

aSBP (mmHg)  104 ± 2 103 ± 3 124 ± 3 126 ± 3 117 ± 4 119 ± 3 126 ± 4 128 ± 5 

aDBP (mmHg)  68 ± 2 67 ± 2 76 ± 3 78 ± 3 75 ± 2 76 ± 2 80 ± 2 82 ± 2 

aMAP (mmHg)  84 ± 2 83 ± 3 97 ± 3 100 ± 3 93 ± 3 95 ± 3 101 ± 3 102 ± 3 

aPP (mmHg)    36 ± 1 36 ± 1 44 ± 2 47 ± 4 42 ± 2 42 ± 2 46 ± 3 47 ± 3 

AP (mmHg) 1.2 ± 0.9   3.1 ± 0.9 6.9 ± 1.2 6.6 ± 2.0 7.9 ± 1.4 8.0 ± 2.2 7.9 ± 2.3 9.3 ± 2.2 

AIx (%) 4.8 ± 2.5     7.0 ± 1.9 14.8 ± 2.4 16.1 ± 3.0 17.0 ± 2.5 16.4 ± 3.7 19.0 ± 3.9 19.6 ± 3.8 

AIx@75 (%)   3.4 ± 2.5    2.1 ± 1.6 12.7 ± 2.4 13.6 ± 2.8 9.2 ± 2.5 7.8 ± 3.2 10.6 ± 4.2 11.9 ± 3.3 

P1 (mmHg)  101 ± 2    100 ± 2 113 ± 3 114 ± 3 109 ± 2 111 ± 2 118 ± 3 120 ± 3 

P2 (mmHg)  103 ± 2    103 ± 3 120 ± 3 122 ± 3 117 ± 4 119 ± 4 126 ± 4 130 ± 5 

Tr (ms)  165 ± 7    172 ± 7 154 ± 6 155 ± 7 159 ± 9 156 ± 7 149 ± 5 151 ± 5 

baPWV (m/s) 11.9 ± 0.3  11.8 ± 0.4 - - 12.9 ± 0.3 12.8 ± 0.3 13.6 ± 0.3 13.6 ± 0.4 

Data are mean ± SE. L-cit, L-citrulline; IHG, isometric handgrip exercise; PEMI, post-exercise muscle ischemia; CPT, cold 

pressor test; bSBP, brachial systolic blood pressure; bDBP, brachial diastolic blood pressure; bMAP, brachial mean arterial 

pressure; bPP, brachial pulse pressure; aSBP, aortic systolic blood pressure; aDBP, aortic diastolic blood pressure; aMAP, aortic 

mean arterial pressure; aPP, aortic pulse pressure; AP, augmentation pressure, AIx, augmentation index; AIx@75, augmentation 

index adjusted at heart rate of 75 bpm; P1, first systolic peak pressure; P2, second systolic peak pressure; Tr, reflection time; 

baPWV, brachial-ankle pulse wave velocity. 

 

 

 

Table 2. Repeated measures ANOVA results (between treatment groups and within experimental 

conditions) for arterial stiffness at baseline. 
Variable Effect Wilk’s λ F (2,12) P-value η2

 

baPWV  Treatment (2)  .050 .817 .002 

 Condition (3) .384 22.30 < .001 .606 

 Treatment by Condition .990 .07 .933 .005 
Abbreviations: λ, Lambda; η2, eta squared; baPWV, brachial-ankle pulse wave velocity. 
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Table 3. Repeated measures ANOVA results (between treatment groups and within experimental 

conditions) for blood pressure parameters and pulse wave analysis indices at baseline. 
Variable Effect Wilk’s λ F (3,12) P-value η2

 

bSBP  Treatment (2)  1.32 .260 .042 

 Condition (4) .15 52.36 < .001 .849 

 Treatment by Condition .95 .53 .668 .053 

bDBP  Treatment (2)  .11 .744 .004 

 Condition (4) .33 18.56 < .001 .665 

 Treatment by Condition .98 .15 .926 .016 

bMAP  Treatment (2)  .01 .914 < .001 

 Condition (4) .18 43.74 < .001 .824 

 Treatment by Condition .95 .46 .711 .047 

bPP  Treatment (2)  1.00 .325 .032 

 Condition (4) .33 19.05 < .001 .671 

 Treatment by Condition .90 1.05 .387 .101 

aSBP  Treatment (2)  .97 .334 .031 

 Condition (4) .17 46.08 < .001 .832 

 Treatment by Condition .93 .75 .532 .074 

aDBP  Treatment (2)  .60 .444 .020 

 Condition (4) .21 34.41 < .001 .787 

 Treatment by Condition .91 .88 .465 .086 

aMAP  Treatment (2)  .75 .394 .024 

 Condition (4) .14 55.4 < .001 .856 

 Treatment by Condition .94 .64 .597 .064 

aPP  Treatment (2)  .80 .378 .026 

 Condition (4) .37 16.07 < .001 .633 

 Treatment by Condition .98 .17 .916 .018 

AP  Treatment (2)  1.74 .197 .055 

 Condition (4) .36 16.36 < .001 .637 

 Treatment by Condition .97 .30 .822 .032 

AIx  Treatment (2)  .92 .346 .030 

 Condition (4) .40 14.60 < .001 .610 

 Treatment by Condition .94 .61 .613 .062 

AIx@75  Treatment (2)  2.40 .132 .074 

 Condition (4) .30 22.10 < .001 .703 

 Treatment by Condition .89 1.21 .326 .114 

P1  Treatment (2)  .33 .571 .011 

 Condition (4) .15 51.00 < .001 .848 

 Treatment by Condition .94 .61 .613 .062 

P2  Treatment (2)  .99 .326 .032 

 Condition (4) .18 41.35 < .001 .816 

 Treatment by Condition .95 .47 .702 .048 

Tr  Treatment (2)  .01 .936 < .001 

 Condition (4) .73 3.48 .029 .272 

 Treatment by Condition .97 .31 .815 .033 
Abbreviations: λ, Lambda; η2, eta squared; bSBP, brachial systolic blood pressure; bDBP, brachial diastolic blood pressure; 

bMAP, brachial mean arterial pressure; bPP, brachial pulse pressure; aSBP, aortic systolic blood pressure; aDBP, aortic diastolic 

blood pressure; aMAP, aortic mean arterial pressure; aPP, aortic pulse pressure; AP, augmentation pressure, AIx, augmentation 

index; AIx@75, augmentation index adjusted at heart rate of 75 bpm; P1, first systolic peak pressure; P2, second systolic peak 

pressure; Tr, reflection time. 
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Figure 2. Aortic blood pressure at rest and during IHG, PEMI, and PEMI+CPT at baseline.  

Data are mean ± SE. Blood pressure values during isometric exercise were taken before PEMI and PEMI+CPT and averaged. A 

15 min recovery period was separated between PEMI and PEMI+CPT. IHG, isometric handgrip exercise; PEMI, post-exercise 

muscle ischemia; CPT, cold pressor test; A) aSBP, aortic systolic blood pressure; B) aDBP, aortic diastolic blood pressure; C) 

aMAP, aortic mean arterial pressure; D) aPP, aortic pulse pressure.  P# < .01, different than rest; P‡ < .01, different than PEMI. 

 

 

 

 
Figure 3. Systemic arterial stiffness at rest and during PEMI and PEMI+CPT at baseline.  

Data are mean ± SE. baPWV, brachial-ankle pulse wave velocity; PEMI, post-exercise muscle ischemia; CPT, cold pressor test. 

P*  < .05, P# < .01 different than rest; P‡ < .01 different than PEMI. 
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Acute Cardiac Autonomic Responses 

 

Table 4 summarizes the autonomic function parameters of both treatment groups at rest 

and during the experimental conditions at baseline. There were no significant differences in all 

HRV parameters between the treatment groups at rest and during the conditions at baseline 

(Table 5). There were no treatment-by-condition interactions at baseline (Table 5). During IHG, 

HR, LnLF (Figure 4), LF/HF, and nLF increased (P < .05) whereas LnRMSSD, LnHF (Figure 

4), and nHF decreased (P < .05) compared with their resting values (Table 5).  

During PEMI, LnLF (Figure 4), LnLF/HF, and nLF remained elevated (P < .05) whereas 

LnRMSSD, LnHF (Figure 4), and nHF were not significantly different than the resting values 

(Table 5). However during PEMI+CPT, HR, LnLF (Figure 4), LnLF/HF, and nLF remained 

elevated (P < .05) and all of them, were higher than PEMI (Table 5).  

In addition, LnRMSSD, LnHF (Figure 4), nHF decreased (P < .05) during PEMI+CPT 

compared with their resting values, but only LnHF (Figure 4) was different (P < .01) with 

compared to its value in the PEMI condition (Table 5). 

 

 

Table 4. Heart rate and heart rate variability time and frequency domain responses at baseline 

(n= 16). 
 Rest IHG PEMI PEMI+CPT 

Variable Placebo L-cit Placebo L-cit Placebo L-cit Placebo L-cit 

HR (bpm) 60 ± 2 62 ± 3 72 ± 3 74 ± 3 60 ± 2 62 ± 2 68 ± 2 70 ± 3 

RMSSD (Ln ms) 4.4 ± 0.18 4.5 ± 0.05 4.0 ± 0.2 4.1 ± 0.2 4.2 ± 0.2 4.2 ± 0.2 3.9 ± 0.1 3.9 ± 0.1 

TP (Ln ms2) 8.0 ± 0.2 7.9 ± 0.1 8.0 ± 0.1 7.6 ± 0.2 8.0 ± 0.2 8.0 ± 0.2 7.9 ± 0.1 7.8 ± 0.2 

LF (Ln ms2) 7.0 ± 0.2 7.0 ± 0.1 7.4 ± 0.1 7.2 ± 0.2 7.3 ± 0.2 7.1 ± 0.2 7.7 ± 0.1 7.8 ± 0.2 

HF (Ln ms2) 7.5 ± 0.2 7.3 ± 0.2 6.2 ± 0.2 6.2 ± 0.3 7.1 ± 0.2 7.1 ± 0.2 6.2 ± 0.2 6.3 ± 0.2 

LF/HF (ratio) 0.94 ± 0.03 0.95 ± 0.02 1.21 ± 0.05 1.20 ± 0.04 1.05 ± 0.03 1.04 ± 0.03 1.27 ± 0.57 1.25 ± 0.04 

nLF (nu) 0.52 ± 0.4 0.52 ± 0.02 0.62 ± 0.05 0.60 ± 0.04 0.60 ± 0.05 0.59 ± 0.04 0.63 ± 0.02 0.63 ± 0.02 

nHF (nu) 0.45 ± 0.04 0.44 ± 0.03 0.35 ± 0.04 0.34 ± 0.03 0.38 ± 0.05 0.38 ± 0.04 0.35 ± 0.02 0.34 ± 0.02 

Data are mean ± SE. L-cit, L-citrulline; IHG, isometric handgrip exercise; PEMI, post-exercise muscle ischemia; CPT, cold 

pressor test; HR, heart rate; bpm, beats per min; RMSSD, root mean square of successive differences; TP, total power; Ln, 

natural logarithm; ms, millisec; LF, low frequency component; HF, high frequency component; LF/HF, low to high frequency 

ratio; nLF, normalized low frequency component; nu, normalized unites; nHF, normalized high frequency component. 
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Table 5. Repeated measures ANOVA results (between treatment groups and within experimental 

conditions) for heart rate and heart rate variability at baseline. 
Variable Effect Wilk’s λ F (3,12) P-value η2

 

HR  Treatment (2)  .98 .330 .034 

 Condition (4) .19 36.60 < .001 .809 

 Treatment by Condition .98 .19 .901 .022 

RMSSD  Treatment (2)  .06 .814 .002 

 Condition (4) .44 10.85 < .001 .556 

 Treatment by Condition .99 .11 .956 .012 

TP  Treatment (2)  .48 .493 .017 

 Condition (4) .92 .75 .531 .080 

 Treatment by Condition .94 .58 .635 .063 

LF  Treatment (2)  .38 .541 .013 

 Condition (4) .46 10.04 < .001 .537 

 Treatment by Condition .94 .58 .635 .063 

HF  Treatment (2)  .03 .873 .001 

 Condition (4) .37 14.53 < .001 .627 

 Treatment by Condition .96 .40 .755 .044 

LF/HF  Treatment (2)  .48 .494 .017 

 Condition (4) .13 55.40 < .001 .865 

 Treatment by Condition .88 1.21 .323 .123 

nLF  Treatment (2)  .15 .702 .005 

 Condition (4) .57 6.40 .002 .425 

 Treatment by Condition .99 .10 .960 .011 

nHF  Treatment (2)  .33 .572 .012 

 Condition (4) .66 4.50 .011 .342 

 Treatment by Condition .94 .50 .684 .055 
Abbreviations: λ, Lambda; η2, eta squared; HR, heart rate; bpm, beats per min; RMSSD, root mean square of successive 

differences; TP, total power; Ln, natural logarithm; ms, millisec; LF, low frequency component; HF, high frequency component; 

LF/HF, low to high frequency ratio; nLF, normalized low frequency component; nu, normalized unites; nHF, normalized high 

frequency component. 
 

 

 

 
Figure 4. Heart rate variability (frequency domain) responses at rest and during IHG, PEMI, and PEMI+CPT at baseline.  

Data are mean ± SE. A 15 min recovery period was separated between PEMI and PEMI+CPT. IHG, isometric handgrip exercise; 

PEMI, post-exercise muscle ischemia; CPT, cold pressor test. A)HF, high frequency component; B)LF, low frequency 

component. P* < .05, P# < .01 different than rest; P† < .05, P‡ < .01 different than PEMI. 
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Hemodynamics and Cardiac Autonomic Responses: L-citrulline vs. Placebo 

 

Table 5 summarizes the hemodynamic parameters and systemic arterial stiffness at rest 

and during the experimental conditions after L-cit and placebo supplementations. There were no 

significant changes in any hemodynamic parameters or arterial stiffness at rest, and during IHG, 

PEMI, and PEMI+CPT after placebo supplementation. There were no significant changes in any 

HRV parameters after L-cit and placebo supplementations.  

During IHG, there was a significant treatment-by-time interaction (P < .05) for bDBP, 

bMAP, aSBP, aPP, AP, AIx, AIx@75, and P2 (Table 6). During IHG, L-cit significantly 

decreased bDBP (-10 ± 3 mmHg; P < .01), bMAP (-9 ± 3 mmHg; P < .01), aSBP (-8 ± 3 

mmHg; P < .05, Figure 5 A), aPP (-10 ± 4 mmHg; P < .01), AP (-8 ± 2 mmHg; P < .05, Figure 

5 B), AIx (-14.2 ± 3.1 %; P < .05, Figure 5 C), AIx@75 (-14.9 ± 3.6 %; P < .05), and P2 (-8 ± 3 

mmHg; P < .01, Figure 5 D). 

 

 

Table 6. Hemodynamic parameters and systemic arterial stiffness after the L-citrulline and 

placebo interventions (n= 16). 
 Rest IHG PEMI PEMI+CPT 

Variable Placebo L-cit Placebo L-cit Placebo L-cit Placebo L-cit 

bSBP (mmHg) 124 ± 2 121 ± 3 142 ± 4 136 ± 5 137 ± 3 133 ± 3 144 ± 3 137 ± 4 

bDBP (mmHg) 69 ± 2 64 ± 2 78 ± 3 67 ± 4 74 ± 2 67 ± 2 80 ± 2 71 ± 3 

bMAP (mmHg) 92 ± 2 87 ± 2 108 ± 4 93 ± 4 100 ± 2 95 ± 2 105 ± 2 96 ± 2 

bPP (mmHg) 55 ± 2 57 ± 2 65 ± 3 69 ± 5 63 ± 2 66 ± 3 65 ± 2 66 ± 3 

aSBP (mmHg) 105 ± 2 101 ± 2 123 ± 5 117 ± 3 119 ± 4 114 ± 4 128 ± 4 117 ± 4 

aDBP (mmHg) 69 ± 2 66 ± 2 77 ± 3 80 ± 3 74 ± 2 69 ± 2 82 ± 2 74 ± 3 

aMAP (mmHg) 84 ± 2 81 ± 2 99 ± 4 97 ± 3 94 ± 2 88 ± 3 103 ± 3 93 ± 4 

aPP (mmHg) 36 ± 1 35 ± 1 45 ± 2 37 ± 2 45 ± 3 45 ± 2 46 ± 2 43 ± 2 

AP (mmHg) 1.9 ± 1.0 1.1 ± 1.0 6.8 ± 1.3 1.5 ± 1.0 9.5 ± 2.1 5.5 ± 2.2 8.2 ± 2.4 3.1 ± 1.6 

AIx (%) 5.0 ± 2.9 6.6 ± 2.1 14.2 ± 2.2 3.6 ± 2.8 17.5 ± 3.5 7.9 ± 3.8 17.0 ± 4.1 5.8 ± 3.2 

AIx@75 (%) -0.5 ± 2.0 1.5 ± 1.6 14.3 ± 2.5 2.6 ± 2.7 11.1 ± 2.8 2.4 ± 2 10.9 ± 3.9 2.8 ± 3.3 

P1 (mmHg) 102 ± 2 100 ± 2 116 ± 4 115 ± 3 110 ± 2 107 ± 3 119 ± 3 113 ± 4 

P2 (mmHg) 104 ± 2 100 ± 2 123 ± 5 116 ± 3 119 ± 4 113 ± 4 127 ± 4 116 ± 5 

Tr (ms) 172 ± 6 171 ± 6 146 ± 4 156 ± 4 149 ± 7 149 ± 4 148 ± 3 152 ± 2 

baPWV (m/s) 11.4 ± 0.3 11.2 ± 0.2 - - 13.1 ± 0.2 12.6 ± 0.3 13.6 ± 0.4 12.6 ± 0.2 

Data are mean ± SE. L-cit, L-citrulline; IHG, isometric handgrip exercise; PEMI, post-exercise muscle ischemia; CPT, cold 

pressor test; bSBP, brachial systolic blood pressure; bDBP, brachial diastolic blood pressure; bMAP, brachial mean arterial 

pressure; bPP, brachial pulse pressure; aSBP, aortic systolic blood pressure; aDBP, aortic diastolic blood pressure; aMAP, aortic 

mean arterial pressure; aPP, aortic pulse pressure; AP, augmentation pressure, AIx, augmentation index; AIx@75, augmentation 

index adjusted at heart rate of 75 bpm; P1, first systolic peak pressure; P2, second systolic peak pressure; Tr, reflection time; 

baPWV, brachial-ankle pulse wave velocity. 
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During PEMI, there was a significant treatment-by-time interaction (P < .05) for bDBP, 

aDBP, aMAP, and AIx (Table 6). During PEMI, L-cit significantly decreased bDBP (-10 ± 3 

mmHg; P < .05), aDBP (-8 ± 2 mmHg; P < .01; Figure 6 A), aMAP (-7 ± 3 mmHg; P < .05), 

and AIx (-8.6 ± 2.0 %; P < .01; Figure 6 B). 

 

 

Table 7. Repeated measures ANOVA results for hemodynamic parameters during IHG exercise 

and PEMI after L-citrulline and placebo interventions. 
Variable Effect Wilk’s λ F (3,12) P-value η2

 

bDBP (IHG) Treatment (2)  4.16 .050 .122 

 Time (2) .90 3.35 .077 .100 

 Treatment by Time .75 9.73 .004 .245 

bMAP (IHG)  Treatment (2)  4.35 .046 .127 

 Time (2) .99 .31 .582 .010 

 Treatment by Time .78 8.21 .008 .215 

aSBP (IHG)  Treatment (2)  .03 .872 .001 

 Time (2) .96 1.28 .265 .041 

 Treatment by Time .76 9.63 .004 .243 

aPP (IHG)  Treatment (2)  1.24 .274 .040 

 Time (2) .88 4.17 .050 .122 

 Treatment by Time .74 10.31 .003 .256 

AP (IHG)  Treatment (2)  .50 .483 .017 

 Time (2) .57 22.72 < .001 .431 

 Treatment by Time .58 21.38 < .001 .416 

AIx (IHG) Treatment (2)  1.21 .280 .039 

 Time (2) .53 26.53 < .001 .469 

 Treatment by Time .60 19.79 < .001 .398 

AIx@75  Treatment (2)  1.34 .255 .043 

(IHG) Time (2) .67 14.90 .001 .332 

 Treatment by Time .54 25.45 < .001 .459 

P2 (IHG) Treatment (2)  .046 .831 .002 

 Time (2) .95 1.53 .226 .049 

 Treatment by Time .751 9.97 .004 .249 

bDBP (PEMI)  Treatment (2)  1.55 .223 .049 

 Time (2) .97 .98 .329 .032 

 Treatment by Time .79 7.96 .008 .210 

aDBP (PEMI)  Treatment (2)  .230 .635 .008 

 Time (2) .857 5.01 .033 .143 

 Treatment by Time .862 4.81 .036 .138 

aMAP  Treatment (2)  .24 .626 .008 

(PEMI) Time (2) .92 2.51 .123 .077 

 Treatment by Time .82 6.39 .017 .176 

AIx (PEMI)  Treatment (2)  1.65 .209 .052 

 Time (2) .90 3.33 .078 .100 

 Treatment by Time .66 15.37 < .001 .339 
Abbreviations: Abbreviations: λ, Lambda; η2, eta squared; IHG, isometric-handgrip exercise, PEMI, post-exercise muscle 

ischemia; bDBP, brachial diastolic blood pressure; bMAP, brachial mean arterial pressure; aSBP, aortic systolic blood pressure; 

aPP, aortic pulse pressure; AP, augmentation pressure, AIx, augmentation index; AIx@75, augmentation index adjusted at heart 

rate of 75 bpm; P2, second systolic peak pressure; aDBP, aortic diastolic blood pressure; aMAP, aortic mean arterial pressure. 
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During PEMI+CPT, there was a significant treatment-by-time interaction (P < .05) for 

bSBP, bDPB, bMAP, aSBP, aDBP, aMAP, AP, AIx, AIx@75, P1, and P2 (Table 7). During 

PEMI+CPT L-cit significantly decreased bSBP (-11 ± 3 mmHg; P < .01), bDBP (-11 ± 2 

mmHg; P < .01), bMAP (-13 ± 3 mmHg; P < .01), aSBP (-13 ± 3 mmHg; P < 0.01, Figure 7 A), 

aDBP (-10 ± 2 mmHg; P < .01, Figure 7 B), aMAP (-11 ± 2 mmHg; P < 0.01), AP (-7 ± 2 

mmHg; P < .01, Figure 8 A), AIx (-13.8 ± 2.2 %; P < .01, Figure 8 B), AIx@75 (-12.1 ± 1.7 %; 

P < .01), P1 (-7 ± 2 mmHg; P < .01, Figure 8 C), and P2 (-14 ± 3 mmHg; P < .01, Figure 8 D). 

During PEMI+CPT, there was a significant treatment-by-time interaction (P < .05) for baPWV, 

as L-cit significantly decreased baPWV (-0.9 ± 0.4 m/s; P < .05, Figure 9). 

 

Table 8. Repeated measures ANOVA results for hemodynamic parameters and systemic arterial 

stiffness during PEMI+CPT after L-citrulline and placebo interventions. 
Variable Effect Wilk’s λ F (3,12) P-value η2 

bSBP  Treatment (2)  .113 .739 .004 

 Time (2) .69 13.48 .001 .310 

 Treatment by Time .71 12.40 .001 .292 

bDBP  Treatment (2)  1.43 .240 .046 

 Time (2) .72 11.65 .002 .280 

 Treatment by Time .66 15.06 .001 .334 

bMAP  Treatment (2)  1.61 .214 .051 

 Time (2) .57 22.60 < .001 .430 

 Treatment by Time .74 10.41 .003 .258 

aSBP  Treatment (2)  .15 .696 .005 

 Time (2) .82 6.46 .016 .177 

 Treatment by Time .72 11.74 .002 .281 

aDBP  Treatment (2)  .42 .521 .014 

 Time (2) .81 6.96 .013 .188 

 Treatment by Time .61 19.33 < .001 .392 

aMAP  Treatment (2)  .42 .522 .014 

 Time (2) .78 8.21 .008 .215 

 Treatment by Time .65 16.30 < .001 .352 

AP  Treatment (2)  .18 .672 .006 

 Time (2) .87 4.37 .045 .127 

 Treatment by Time .80 7.32 .011 .196 

AIx  Treatment (2)  .23 .632 .008 

 Time (2) .88 4.12 .051 .121 

 Treatment by Time .74 10.27 .003 .255 

AIx@75  Treatment (2)  .11 .742 .004 

 Time (2) .886 3.86 .059 .114 

 Treatment by Time .78 8.28 .007 .216 

P1  Treatment (2)  .15 .701 .005 

 Time (2) .84 5.47 .026 .154 

 Treatment by Time .76 9.17 .005 .234 

P2  Treatment (2)  .21 .644 .007 

 Time (2) .82 6.56 .016 .180 

 Treatment by Time .72 11.31 .002 .274 

baPWV Treatment (2)  1.87 .181 .059 

 Time (2) .89 3.54 .070 .106 

 Treatment by Time .87 4.40 .045 .128 

Abbreviations: λ, Lambda; η2, eta squared; PEMI, post-exercise muscle ischemia; CPT, cold pressor test; bSBP, brachial systolic 

blood pressure; bDBP, brachial diastolic blood pressure; bMAP, brachial mean arterial pressure; aSBP, aortic systolic blood 

pressure; aDBP, aortic diastolic blood pressure; aMAP, aortic mean arterial pressure; AP, augmentation pressure, AIx, 

augmentation index; AIx@75, augmentation index adjusted at heart rate of 75 bpm; P1, first systolic peak pressure; P2, second 

systolic peak pressure; brachial-ankle pulse wave velocity. 
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Figure 5. Aortic systolic blood pressure and selected pulse wave analysis variables during IHG exercise at baseline and after the 

L-citrulline and placebo interventions.  

Data are mean ± SE. IHG, isometric handgrip. A) aSBP, aortic systolic blood pressure; B) AP, augmented pressure; C) AIx, 

augmentation index; D) P2, second systolic peak pressure. P* < .05, P# < .01 different than before; P† < .05, P‡ < .01 different 

than placebo. 
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Figure 6. Aortic diastolic blood pressure and AIx during PEMI at baseline and after the L-citrulline and placebo interventions. 

Data are mean ± SE. PEMI, post-exercise muscle ischemia. A) aDBP, aortic diastolic blood pressure; B) AIx, augmentation 

index. P* < .05, different than before; P‡ < .01, different than placebo. 

 

 

 

 

 

 

Figure 7. Aortic blood pressure during PEMI+CPT at baseline and after the L-citrulline and placebo interventions.  

Data are mean ± SE. PEMI, post-exercise muscle ischemia; CPT, cold pressor test. A) aSBP, aortic systolic blood pressure; B) 

aDBP, aortic diastolic blood pressure. P# < .01, different than before; P‡ < .01, different than placebo. 
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Figure 8. Pulse wave analysis variables during PEMI+CPT at baseline and after the L-citrulline and placebo interventions.  

Data are mean ± SE. PEMI, post-exercise muscle ischemia; CPT, cold pressor test. A) AP, augmented pressure; B) AIx, 

augmentation index; C) P1 first systolic peak pressure; D) P2, second systolic peak pressure. P* < .05, P# < .01 different than 

before; P‡ < .01, different than placebo. 
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Figure 9. Changes in systemic arterial stiffness during PEMI and PEMI+CPT after the L-citrulline and placebo interventions. 

Data are mean ± SE. PEMI, post-exercise muscle ischemia; CPT, cold pressor test; baPWV, brachial-ankle pulse wave velocity. 

A) baPWV during PEMI; B) baPWV during PEMI+CPT. P* < .05, different than before; P‡ < .01, different than placebo. 
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CHAPTER FOUR 

DISCUSSION 

 

Previous studies have shown that cold exposure may induce increased cardiovascular 

stress resulting in cold-induced hypertension (CIH) [17, 32, 41, 74, 98] and adverse cardiac 

events [3, 4, 99]. To date, the cardiovascular and autonomic responses after an acute bout of 

isometric exercise concurrently with cold exposure are not completely clear. This research, 

therefore, sought to determine the effects of PEMI (muscle metaboreflex activation) concurrent 

with cold exposure on BP, wave reflection, arterial stiffness, and HRV in healthy sedentary 

young overweight/obese men. In addition, this research aimed to test a non-pharmacological 

intervention for attenuating CIH following an acute bout of exercise. Accordingly, the main 

findings of the present study are summarized as follows 1) the effect of local cold exposure 

(CPT) concurrent with PEMI amplified both peripheral and central BP and increased arterial 

stiffness when compared to PEMI alone, 2) supplementation with L-cit reduced aortic BP and 

pulse wave analysis indices during IHG exercise, 3) supplementation with L-cit reduced 

peripheral and central DPB and AIx during PEMI, and 4) supplementation with L-cit reduced 

peripheral and central BP, pulse wave analysis indices as well as arterial stiffness during PEMI 

concurrent with CPT.  

 

Acute Hemodynamic and Cardiac Autonomic Function Responses during IHG and PEMI 

 

 Sympathetic nervous system activity plays a major role in BP regulation. Previous studies 

have demonstrated that obesity is linked to increased sympathetic activity [90], which may 

represent a potential mechanism responsible for the increased incidence of cardiovascular 

diseases [91]. An increased level of sympathetic activity in obese individuals has been related to 

BP elevations and vascular resistance when compared with healthy lean individuals [100, 101]. 

However, autonomic abnormalities that are not detected at rest may be revealed during 

conditions that are known to enhance sympathetic activation such as exercise and cold exposure 

[102]. It has been demonstrated that overweight/obese individuals show heightened sympathetic 

response during CPT with compared to lean individuals [103]. In addition, studies reported that 
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autonomic abnormalities after exercise increase the number of adverse cardiovascular events 

[104-106]. Therefore, the elucidation of cardiovascular responses to post-exercise pressor reflex 

activation (metaboreflex) concurrent with cold exposure in overweight/obese individuals is of 

clinical importance.  

In the present study, isometric exercise was used as a means for evaluating the role of the 

muscle metaboreflex on the cardiovascular system and cardiac autonomic function in healthy 

overweight/obese men. Briefly, mechanisms underlying the hemodynamic and autonomic 

responses during exercise include the “central command (motor cortex)” and the “exercise 

pressor reflex” (muscle metaboreflex). It has long been established that the exercise pressor 

reflex can be evaluated using the technique of PEMI, which by trapping metabolites in a 

previously exercised muscle, sustains the vascular sympathetic stimulation evoked during 

exercise in a controlled fashion [30, 107]. 

Peripheral and central BP, pulse wave reflection indices, and HR were increased during 

the acute bout of IHG exercise. At the onset of exercise, there is a shift from a predominantly 

vagal (PNS activity) tone towards an increased sympathetic tone (SNS activity) resulting in an 

increase HR and BP. It has been previously demonstrated that IHG exercise evokes an increase 

in AIx indicating augmented wave reflection [19, 21]. During IHG, increased sympathetic 

activity [21] causes vasoconstriction and a faster return of the reflected wave (P2) back to the 

aorta [42]. The arrival of the reflected wave during systole leads to increased aortic SBP and AIx 

resulting in increased myocardial oxygen demand [42, 43]. 

In the present study, PEMI was used to maintain the level of sympathetic-mediated 

vasoconstriction above resting levels but similar than those observed during IHG [20, 30, 90, 

107]. During PEMI, central BP and pulse wave reflection indices were kept elevated, whereas 

HR returned to resting levels owing to a baroreflex-mediated increase in vagal tone [30]. It has 

been previously shown that sympathetic stimulation induced by muscle metaboreflex activation 

evokes an early return of the reflected wave leading to a further increase in aortic SBP and AIx 

[21, 108]. In the present study, aortic SBP and AIx remained significantly elevated compared 

with baseline without an additional increase during PEMI, which is in contrast to previous report 

in non-obese individuals [108]. This may be attributed to diminished muscle metaboreflex 

control as shown by lower muscle sympathetic nerve activity during PEMI in obese individuals 

when compared to lean individuals [109]. It is possible that increased intramuscular fat may 
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reduce metaboreceptor’s sensitivity that leads to attenuated sympathetic-mediated vascular 

responses.  

 

Cold Exposure Augments the Muscle Metaboreflex Response 

  

 Previous studies have consistently shown the CIH response by means of different cold 

exposure models (e.g. CPT, whole-body, and regional cooling). It is well known that cold 

exposure increases sympathetic activity which ultimately increases the vasomotor tone, BP, 

wave reflection, and arterial stiffness. In previous studies, sympathetic stimulation induced by 

CPT (4⁰C) significantly increased brachial SBP, aortic SBP, aortic AIx, and aortic PWV in 

young normotensive adults [17, 19, 32]. Similarly, whole-body cold exposure elevates aortic and 

brachial SBP [74, 98]. It has been previously shown that cold exposure (4°C) induced peripheral 

vasoconstriction and augments wave reflection magnitude (P2) and aSBP (~13-21 mmHg) in 

young healthy men [32, 74]. Although both the CPT and whole-body cold exposure trigger an 

hypertensive response, the CPT either increases [103] or shows no increase [17, 32] in HR 

whereas HR is unchanged or decreased during whole-body cold exposure [41, 52]. In addition, 

previous research has demonstrated that the cardiovascular responses associated with CPT are 

greater than those of whole-body cold exposure because local cooling involves pain stimulation 

[53]. Nonetheless, acute cold exposure induces vasoconstriction leading to an early return of the 

reflected wave to the aorta, which increases AIx after CPT (~11%) [32] and whole-body 

exposure (~16%) [74], indicating increased left ventricular afterload [17, 19, 32, 98]. 

We performed PEMI concurrently with CPT in order to evaluate the vascular responses 

to the additive sympathetic activation induced by cold exposure [110]. It has been previously 

shown [19] that during hand immersion CPT concurrently with IHG, the aortic AIx and PWV 

responses are greater than either CPT or IHG alone. Unlike Geleris et al. [19], we used CPT 

during PEMI as this maneuver maintains the exercise pressor response active in a control fashion 

without the influence of the “central command” on HR. Accordingly, we found that during 

PEMI+CPT, aortic BP and wave reflection (P2) were significantly higher than during PEMI, 

suggesting an additional increase in sympathetic-mediated vasoconstriction and wave reflection. 

Furthermore, time of reflection (Tr) was significantly lower when compared to rest only during 

PEMI+CPT, indicating increased aortic stiffness. Together, the results from Geleris et al. [19] 
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and our present results seem to suggest an additive cardiovascular stress of CPT on the exercise 

pressor response. Although the exact mechanisms are poorly understood, our novel findings add 

further support to the hypothesis that sympathetic stimulation induced by cold exposure 

amplifies the arterial responses imposed by PEMI and may increase the likelihood for adverse 

cardiovascular events.  

   During the PEMI+CPT, AIx was not different than during PEMI alone. On the contrary, 

Geleris et al. [19] have shown that the combined effect of the exercise pressor response and the 

CPT imposed a greater increase in AIx compared to IHG or CPT alone. Possible factors that may 

explain this discrepancy are changes in HR, P1, and P2. The negative influence of HR on AIx is 

well known. Previous reports have demonstrated that an increase in HR imposed by atrial pacing 

resulted in reduced AIx [96, 111]. Interestingly, we found a further increase in HR from IHG to 

PEMI+CPT whereas HR returned to resting levels during PEMI alone. Therefore, we speculate 

that the unchanged AIx seen during PEMI+CPT may have been influenced in part by an 

increased HR associated with CPT [103, 112]. Moreover, we observed that both aortic P1 

(influenced by stroke volume) and P2 (influenced by peripheral vasoconstriction) were higher 

during PEMI+CPT compared to PEMI, suggesting increased left ventricular contractility and 

vascular tone, respectively [42, 43]. Since P2 and P1 are the main determinants of AIx [43], we 

further speculate that the concurrent increase in P1 and P2 during PEMI+CPT may also explain 

the unaffected AP (P2-P1) and AIx.  

  Increased wave reflection magnitude (P2), AP, and central artery stiffness have been 

identified as sensitive markers of cardiovascular diseases [42, 43, 113]. In the present study, time 

of wave reflection, a marker of aortic stiffening [114], was significantly reduced only during 

PEMI+CPT. Interestingly baPWV, a measure of systemic arterial stiffness and independent risk 

factor of cardiovascular diseases [115], significantly increased with the addition of CPT. Taking 

together these findings suggest that cold exposure following exercise causes an increased in 

vascular tone leading to excessive increase in systemic arterial stiffness and wave reflection from 

peripheral arteries to the aorta evoking an increase in aortic BP [114]. The increase in aortic BP 

leads to augmented LV afterload resulting in increased myocardial oxygen demand which 

predisposes population with cardiovascular risk factors to adverse cardiac events [43, 114]. Since 

overweight/obese individuals are at higher risk for developing cardiovascular diseases, the 

findings of this study suggest that a higher aortic BP in response to SNS activation during cold 
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exposure after exercise may confer a greater risk for adverse cardiac events in these individuals 

[98, 103, 116]. 

 

Acute Cold Exposure Attenuates Post-Exercise PNS Restoration and SNS Withdrawal  

 

Obesity is associated with abnormal cardiovascular autonomic function [117] and 

increased risk for cardiac complications [118]. At rest, decreased HRV is clinically relevant 

since is associated with high sympathetic activity indicating increased risk for all-cause mortality 

including hypertension, acute MI, and sudden cardiac arrest [48, 49]. During isometric exercise, 

a decreased HRV is associated with vagal withdrawal (reduced HF power) and sympathetic 

activation (increased LF power in normalized units) which are the main mechanisms for the 

increase in HR [22]. In accordance with previous studies [21, 102, 119], we have demonstrated 

that the increase in HR during IHG was associated with a decrease in RMSSD and HF power 

(markers of vagal activity) and with an increase in SNS activity  as shown by increases in nLF 

and LF/HF ratio.  

The baroreflex is an important regulatory mechanism of the BP and HR. At rest, a sudden 

elevation in BP will be rapidly regulated by a baroreflex-induced increase in vagal tone leading 

to a decrease in HR in order to maintain the BP at a normal level [29, 58]. In the present study, 

the HR recovery during PEMI was associated with an increase in vagal activity reactivation [21]. 

Although we did not measure baroreflex sensitivity, it has been shown that HR recovery during 

PEMI is associated with increased baroreflex activity together with the loss of inhibitory signals 

from the “central command” on the PSN [21, 30]. Although obesity has been related to 

autonomic abnormalities during PEMI [90, 109], our finding provide evidence of unaffected 

cardiovagal regulation during PEMI in healthy young overweight/obese men.    

While cardiac autonomic modulation during isometric exercise is well known [21, 102], 

autonomic modulation during exercise in the cold is not well understood. It has been shown that 

CPT [75, 120] and whole body cold exposure [79] induce profound alterations in cardiac 

autonomic activity as measured as decreased HRV. The few studies that have evaluated the 

concurrent effects of IHG exercise and whole-body cold exposure [52, 121] have shown no 

additive effects of cold on cardiac autonomic responses produced by exercise. To date, there are 

no studies that have evaluated cardiac autonomic modulations during cold exposure after an 
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acute bout of IHG exercise when the metaboreflex is active. This is therefore important to point 

out since autonomic abnormalities that are not detected at rest or during exercise may be 

revealed during recovery from exercise [21, 102].  

A slow HR recovery immediately after exercise has been associated with cardiac events 

in various clinical and subclinical populations [104-106]. A rapid restoration of vagal activity 

occurs after cessation of exercise intended to decrease HR back to resting levels, which is 

believed to serve as a cardio-protective mechanism [122, 123]. Sanchez et al. [124] found an 

increase in vagal activity above pre-exercise levels following IHG exercise in a temperate 

condition (24°C), while vagal recovery was attenuated during whole body cold exposure in 

young health men. In addition, the nLF was lower than rest in the temperate condition compared 

to a full recovery during cold exposure [124]. In the present study, we found that during 

PEMI+CPT, RMSSD, nHF, and HF remained lower, while HR, LF, LF/HF, and nLF remained 

higher than rest compared to a full recovery during PEMI alone. Although we did not follow the 

same cold exposure type used by Sanchez et al. (whole body cold exposure and post-exercise 

recovery without PEMI), both studies demonstrated an impaired post-exercise cardiovagal 

recovery in the cold. Studies have shown that local cold exposure increases SNS activity [15] 

which ultimately modulates the autonomic control of the heart [75, 120]. Our findings may 

support the notion that an increased sympathetic activity during PEMI+CPT due to cold 

exposure stimulates myocardial contractility [125] and vasoconstriction. Since overweight 

individuals demonstrate higher levels of sympathetic activity to cold stimulus [103], it suggests 

that exercise in cold environments may trigger cardiac events owing to impaired vagal and 

increased sympathetic activity.     

 

L-citrulline Attenuates the Cardiovascular Responses Associated with Cold Exposure and 

Exercise Pressor Reflex 

 

 Oral supplementation with the amino acid L-cit has been proposed as a possible adjunct 

treatment for hypertension and arterial stiffness [32-35]. L-cit is known to enhance the 

bioavailability of L-arg, the endothelial substrate for the potent vasodilator NO [35-37]. 

Although the beneficial effect of L-cit supplementation on hemodynamics is well accepted, the 

potential cardio-protective effect of L-cit supplementation to reduce CIH is not well known. We 
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examined the efficacy of a 14-day course of L-cit supplementation to attenuate the 

hemodynamics and cardiac autonomic responses associated with the exercise pressor reflex 

(muscle metaboreflex) and CPT. The main finding of the present study is that L-cit 

supplementation was effective to reduce arterial responses during IHG exercise and PEMI+CPT 

in healthy overweight/obese young men.  

Recently, our group demonstrated that watermelon extract (rich in L-cit) reduces both 

brachial and aortic BP, wave reflection, and AIx in middle-aged individuals with 

prehypertension [33]. However, L-cit in the present study failed to affect resting hemodynamics 

and HRV parameters in healthy overweight/obese young men. In accordance with previous study 

that has shown no apparent effect of L-cit supplementation on resting BP and wave reflection 

because of a normal arterial function [32]. We speculate that the no apparent effect of L-cit 

supplementation on cardiac autonomic function at rest and during conditions with increased 

sympathetic activity is due to the health status of the participants.   

We have found that 14-day course of L-cit supplementation was effective in attenuating 

the hemodynamic responses associated with IHG exercise (30% of MVC). Only one study has 

investigated the effect of L-cit supplementation on hemodynamics during IHG exercise [121]. 

The researchers in this study did not observe significant effects of L-cit supplementation on 

hemodynamics responses during IHG exercise (30% of MVC) with concurrent whole-body cold 

exposure. On the contrary, we have found that L-cit supplementation effectively decreased aSBP 

(-9 ± 3 mmHg), aPP (-10 ± 4 mmHg), AP (-5 ± 1 mmHg), AIx (-12.5 ± 3.1%), and wave 

reflection magnitude (P2, -6 ± 3 mmHg) during IHG exercise, indicating an attenuated increase 

in vascular tone and LV afterload during exercise. Interestingly, L-cit did not attenuate the IHG-

induced increase in bSBP (~17 mmHg) but it reduced the rise in aSBP (~20 mmHg) during IHG. 

The lower sensitivity of bSBP to L-cit supplementation that was evident during IHG exercise 

might be associated to the fact that bSBP is dependent on forward wave pressure (P1) whereas 

aSBP is mostly determined by the pressure generated by reflected wave pressure (P2) [42, 74]. In 

the present study, L-cit significantly decreased P2 whereas P1 was unaffected by the treatment 

during IHG. Therefore, we suggest that the effects of L-cit supplementation are more evident on 

aortic SBP, which is an independent predictor of future cardiovascular events [126]. Because 

overweight/obese individuals may demonstrate exaggerated hemodynamics responses to 

sympathetic stimulus [103], L-cit seems to be an effective intervention for reducing central 
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hemodynamic markers associated with increased SNS activity such as isometric exercise in 

obese young men.     

The association between obesity and increased sympathetic activity is well known [127]. 

It has been shown that obese individuals demonstrate impaired arterial baroreflex [68, 128, 129] 

leading to increased SNS activity and vasoconstriction as shown by increased BP [130, 131]. 

Interestingly, an epidemiological study demonstrated that elevated DBP, but not SBP, during 

recovery from exercise predisposes healthy overweight individuals to increased risk for future 

cardiovascular events [132]. It is possible that the association between elevated post-exercise 

DBP and future cardiovascular events is partly mediated by obesity-induced hypertension and 

impaired vasodilatory capacity [127, 132, 133] associated with sympathetic overactivity [134]. 

Research therefore aimed to investigate non-pharmacological therapies that may reduce post-

exercise BP responses may be helpful to protect obese adults from cardiovascular events.  

The IHG exercise was used to evoke post-exercise metaboreflex activation to maintain 

sympathetic stimulation on the vasculature [20, 30, 107]. We found that L-cit supplementation 

reduced bDBP (-10 ± 3 mmHg), aDBP (-8 ± 3 mmHg), and AIx (-8.6 ± 2.0 %) responses during 

PEMI, suggesting reduced arteriolar vasoconstriction to the sympathetic stimulation mediated by 

the metaboreflex. The exact mechanism for the reduction in DBP but not SBP during PEMI after 

L-cit supplementation remains unclear. Studies have shown that administration with L-cit is 

related to improved production of NO which plays a key role in the regulation of the vascular 

tone [35, 37]. NO is involved in the regulation of smooth muscle tone in arterioles and small 

arteries that determine peripheral vascular resistance and, hence, arterial BP [135]. It is suggested 

that L-cit supplementation may increase the bioavailability of NO, resulting in improved 

vasodilatory capacity. In addition, we also found that the decrease in DBP during PEMI was 

accompanied by a decrease in AIx. Other studies have indicated a strong correlation between 

DBP and AIx [136, 137]. Acute infusion of an NO donor (nitroglycerin), which predominantly 

affects vasomotor tone of small arteries/arterioles, decreased DBP by 10 mmHg and AIx by 

16.7% [135, 138]. In the present stud, although not statistically significant, the decreases in wave 

reflection time (Tr, ~7 ms) and magnitude (P2, ~6 mmHg) may have influenced the decreases in 

aortic DBP and AIx, respectively. Taking together these finding suggest that L-cit 

supplementation reduced vasoconstriction during metaboreflex activation. 
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Figueroa et al. [32] have shown that a 4-week course of L-cit supplementation attenuated 

the hypertensive responses associated with CPT in young healthy men. In addition, Sanchez et 

al. [121] have shown that a 14-day course of L-cit supplementation reduced peripheral and 

central BP during whole body cold exposure and during the recovery phase after IHG exercise. 

However, L-cit supplementation did not attenuate the CIH responses that occur with concurrent 

IHG when both the “central command” and the exercise pressor reflex were active [121]. Hence, 

we hypothesized that L-cit would attenuate the cardiovascular stress associated with cold 

exposure and PEMI when the influence of “central command” is inactive.  

 We observed a decrease in bSBP (-11 ± 3 mmHg) and aSBP (-13 ± 3 mmHg) during 

PEMI+CPT after a 14-day course of L-cit supplementation. In addition, the reduction in central 

SBP (-13 ± 3 mmHg) was mediated by a reduction in wave reflection pressure (P2, -14 ± 3 

mmHg). To the best of our knowledge, the present study is the first to demonstrate that L-cit 

supplementation attenuates the CIH responses during recovery from IHG when the exercise 

pressor response is maintained (metaboreflex). These results are in agreement with the results of 

a previous study in our laboratory indicating a positive effect of L-cit supplementation in 

attenuating the heightened central and peripheral BP imposed by whole-body cold exposure 

during recovery from IHG exercise without arterial occlusion [121]. It has been reported that 

cold exposure may cause an inhibitory effect on endothelial NO production [38, 39] leading to 

increased vascular tone. We suggest that the favorable effect of L-cit supplementation on BP 

may be related to improved endothelial NO-mediated vasodialtory capacity during the combined 

sympathetic stimulation induced by post-exercise metaboreflex activation and CPT [32-35]. 

The AIx is considered a sensitive marker of myocardial work [42]. In the present study, 

there was a significant decrease in AIx (-13.8 ± 3.3%) during PEMI+CPT after L-cit 

supplementation compared to placebo. A previous study has shown that L-cit supplementation 

significantly decreased AIx during recovery from IHG exercise in an environmental chamber 

[121]. However, the sympathetic stimulation in the previous study was only due to cold exposure 

since there was no metaboreflex activation after IHG exercise. Similar attenuation in the AIx 

response to CPT was found after 4 weeks of L-cit supplementation in young healthy men [32]. It 

the present study, enhanced sympathetic activation resulting from PEMI and CPT increased 

wave reflection magnitude (P2) and aSBP above the PEMI alone value. Moreover, attenuation of 

P2 and AIx responses after L-cit supplementation adds further support to the notion of 



45 

 

preferential effects of L-cit on the peripheral vasculature rather than in central arteries [33, 35]. 

AIx predicts clinical events independently of brachial BP and a 10% reduction in AIx may 

decrease cardiovascular events by 31.8% [126]. As decreased aSBP and AIx decrease LV 

afterload and myocardial oxygen demand [43], L-cit seems to be an effective intervention for 

reducing cardiovascular risk in those engaging in exercise while exposed to cold temperatures.  

The current study also found that L-cit supplementation decreased baPWV (-0.9 ± 0.4 

m/s) during PEMI+CPT. baPWV, a composite measure of central (aortic PWV) and peripheral 

leg PWV) arterial stiffness, is an independent risk factor of future cardiovascular events [115, 

139]. The decrease in baPWV of 1 m/s is associated with a 12% increase in cardiovascular 

events [139]. Previous studies have reported that L-cit supplementation, either synthetic or from 

watermelon rich in L-cit, decreased resting baPWV in middle aged men [34] and in 

postmenopausal women [140]. Figueroa et al. demonstrated that watermelon supplementation 

did not affect aortic PWV [33], which is the main component of baPWV [94]. In addition, 

studies have shown that antihypertensive drugs have effectively reduced baPWV [141], but with 

no apparent effect on aortic PWV [142]. Taking together these finding suggest that the reduction 

in baPWV was due to the reduction in leg PWV since Tr, an estimate of aortic stiffness [114], 

was not affected by L-cit supplementation. However, we cannot compare our findings with those 

reported by previous studies due to the discrepancies in study populations and procedures. 

Nonetheless, these findings suggest that during recovery from exercise, L-cit supplementation 

may reduce the cardiovascular stress associated with sympathetic stimulation imposed by 

metaboreflex activation and CPT. Our results may have important clinical implications for the 

use of L-cit supplementation as an efficient treatment for decreasing the CIH response after 

exercise and ultimately provide cardioprotection in population with increased cardiovascular risk 

factors. 

 

Limitations 

  

Potential limitations of this study include a small sample size and the lack of 

measurements of plasma L-arg, NO, and catecholamines. We cannot provide a clear mechanism 

to explain our results without plasma L-arg measures. In addition, we were unable to obtain 

measures of BRS which would aid in explaining our results. We encountered a technical 
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difficulty while measuring BRS during the trials. We used finger plethysmography, but the 

unstable subjects’ body position during the trials (IHG exercise, PEMI, CPT) limited the quality 

and amplitude of the blood pressure wave.  

This study was aimed to evaluate the effect of a 14-day course of L-cit supplementation 

on hemodynamics, autonomic parameters, and arterial stiffness in healthy overweight/obese 

men. Accordingly, evaluation the effect of L-cit in individuals with normal weight and compare 

them to overweight/obese individuals would provide a better understanding of our findings. In 

addition, it could be that the duration of the supplementation period was short (14 days) to elicit 

autonomic adaptations and may have limited the potential benefits of L-cit.  

Finally, our study evaluated hemodynamic parameters in healthy overweight/obese 

individuals free of cardiovascular diseases and therefore we cannot generalize our results to other 

population. 

 

Future Studies 

 

The present study evaluated the effect of L-cit on cardiovascular responses to various 

sympathetic stimulations in healthy young men who were free of chronic diseases and fell into a 

BMI category of >25 kg/m2. This study is the first to show that a 14-day course of L-cit 

supplementation attenuates the cardiovascular stress imposed by the exercise pressor response 

and cold exposure in healthy overweight/obese men. Future studies should target populations at a 

greater risk for cardiovascular complications.  

In addition, there is limited knowledge on the cardiovascular effects of L-cit on 

populations with cardiovascular diseases such as congestive heart failure and coronary artery 

disease, and also for those who are exposed to cold temperature in a routine manner. Therefore, 

additional studies with L-cit supplementation are needed to recommend its use for clinical 

therapy. 

Finally, future research should explore the cardiovascular physiological mechanisms that 

follow L-cit supplementation therapy. Substances in blood such as L-arg, NO, and other 

endothelial factors should be considered valuable to explain the cardiovascular benefits of L-cit. 
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Conclusions 

  

The present research was aimed to examine the hemodynamic and cardiac autonomic 

responses associated with exercise IHG exercise, PEMI, and PEMI+CPT in healthy 

overweigh/obese men. We showed that local cold exposure amplifies the exercise pressor 

response imposed by PEMI (hypothesis 1). Furthermore, we showed for the first time that local 

cold exposure impairs cardiovagal activity as suggested by lack of vagal restoration and 

increased cardiac sympathetic activity after IHG exercise (hypothesis 1). Together these findings 

suggest that cold exposure during exercise recovery increases cardiovascular responses that have 

been associated with adverse cardiovascular events. 

The present research was aimed to evaluate the effectiveness of the amino acid L-cit to 

counteract the cardiovascular stress imposed by local cold exposure and exercise pressor 

response. We showed that a 14-day course of L-cit supplementation attenuates the BP responses 

and wave reflection magnitude to cold exposure together with muscle metaboreflex activation 

(hypothesis 2). Additionally we showed that L-cit supplementation also attenuates some of the 

vascular responses imposed by IHG exercise and PEMI.  

In conclusion, post-exercise metaboreflex activation concurrent with local cold exposure 

induces a significant increase in cardiovascular stress and cardiac autonomic alterations which 

may increase the likelihood of adverse cardiovascular events. L-cit supplementation may be a 

potential adjunct treatment to reduce the post-exercise and CIH responses and ultimately provide 

cardio-protective effect to those who perform exercise in low environmental temperatures.  
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APPENDIX A 

IRB APPROVAL 

 

 

The Florida State University 

Office of the Vice President For Research Human Subjects Committee Tallahassee, Florida 

32306-2742 

(850) 644-8673 · FAX (850) 644-4392 

  

APPROVAL MEMORANDUM 

 

Date: 2/12/2013 

 

To: Roy Kalfon 

 

Dept.: NUTRITION FOOD AND EXERCISE SCIENCES 

 

From: Thomas L. Jacobson, Chair 

 

Re: Use of Human Subjects in Research 

The effect of L-citrulline supplementation on vascular and cardiac autonomic responses to cold 

pressor test concurrent with isometric exercise and postexercise muscle ischemia 

 

The application that you submitted to this office in regard to the use of human subjects in the 

research proposal referenced above has been reviewed by the Human Subjects Committee at its 

meeting on 01/09/2013.  Your project was approved by the Committee. 

 

The Human Subjects Committee has not evaluated your proposal for scientific merit, except to 

weigh the risk to the human participants and the aspects of the proposal related to potential risk 

and benefit. This approval does not replace any departmental or other approvals, which may be 

required. 

 

If you submitted a proposed consent form with your application, the approved stamped consent 

form is attached to this approval notice.  Only the stamped version of the consent form may be 

used in recruiting research subjects. 

 

If the project has not been completed by 1/8/2014 you must request a renewal of approval for 

continuation of the project. As a courtesy, a renewal notice will be sent to you prior to your 

expiration date; however, it is your responsibility as the Principal Investigator to timely request 

renewal of your approval from the Committee. 

 

You are advised that any change in protocol for this project must be reviewed and approved by 

the Committee prior to implementation of the proposed change in the protocol.  A protocol 

change/amendment form is required to be submitted for approval by the Committee.  In addition, 
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federal regulations require that the Principal Investigator promptly report, in writing any 

unanticipated problems or adverse events involving risks to research subjects or others. 

 

By copy of this memorandum, the Chair of your department and/or your major professor is 

reminded that he/she is responsible for being informed concerning research projects involving 

human subjects in the department, and should review protocols as often as needed to insure that 

the project is being conducted in compliance with our institution and with DHHS regulations. 

 

This institution has an Assurance on file with the Office for Human Research Protection. The 

Assurance Number is FWA00000168/IRB number IRB00000446. 

 

Cc: Arturo Figueroa-Galvez, Advisor 

HSC No. 2012.9621 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

APPENDIX B 

INFORMED CONSENT FORM 

 

1. I voluntarily and without element of force or coercion, consent to be a participant in the 

research study entitled “The effects of L-citrulline supplementation on vascular and cardiac 

autonomic responses to cold pressor test concurrent with isometric exercise and postexercise 

muscle ischemia”. This study is being conducted by Roy Kalfon and Dr. Arturo Figueroa, who 

are associated with Florida State University in the Department of Nutrition, Food & Exercise 

Sciences. 

 

2. The purpose of the study is to examine the acute and chronic effects of L-citrulline 

supplementation on arterial stiffness, wave reflection, and cardiac autonomic responses to cold 

pressor test with isometric exercise in men 18-35 years of age. 

 

3. My participation in this study will require coming to the Cardiovascular Physiology 

Laboratory at the Florida State University in 5 different days to complete the experiments 

described below. I am aware that I cannot participate in this study if I answered yes to any of the 

exclusion criteria. 

 

4. On the first visit, I will be oriented on the study, answer questions on my medical/exercise 

history, and to sign an informed consent. If I qualify, I will have my blood pressure, height, 

weight, waist circumference and maximal voluntary contraction for the isometric handgrip 

exercise measured. The first visit should take approximately 30 minutes. 

 

5. On the second visit, I will have my cardiovascular function evaluated after 15 min of rest in 

the supine (lying down), and then in a randomized order separated by 15 min between trials: trial 

1 – during cold pressor test, trial 2 - during isometric handgrip exercise at 30% of my maximal 

force that will be followed by post exercise muscle ischemia, and trial 3 - during cold pressor test 

combined with isometric handgrip exercise that will be followed by inflation of a cuff in the 

exercised arm (post exercise muscle ischemia).  A total of 3 cuffs (around right arm and both 

ankles) and 2 tonometers (sensors applied to the skin to obtain pulse waves), one on the neck and 

the second on the inner thigh, will be used to measure arterial stiffness. My blood pressure will 

be also monitored by placing pencil like tonometer on the neck. My heart rate will be obtained 

from a continuous electrocardiogram system with a strap placed around my chest in order to 

obtain measurements of heart rate control. 

In the cold pressor test, I will immerse my left hand in the ice-water bag (4ºC) to a point just 

above the wrist for 2 min during trial 1 and 5 min during trial 3. I will perform isometric 

handgrip exercise using the dominant arm for 2 min during trial 2 and trial 3. In the post exercise 

muscle ischemia phase, a pneumatic cuff will be placed around the upper third of my forearm (of 

the exercising arm). Ten seconds before the finalization of exercise, the pneumatic cuff will be 

rapidly inflated to suprasystolic levels (240–250 mmHg) continuously for 3 min during trial 2 

and trial 3.  
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For 12 hours before cardiovascular testing in the laboratory I will refrain from caffeine, alcohol, 

and strenuous exercise. I will fast (no food or drinks, except water) for at least 3 hours before the 

tests. 

After baseline measurement I will be assigned to either Placebo group (Maltdextrin) or L-

citrulline group for 14 days of the study that will be followed by a 14 day washout period (no 

supplementation) and then will be crossed over to the next treatment for 14 days. L-citrulline and 

Placebo protocol will use a total of 6g a day (3g X 2) of L-citrulline or maltodextrin respectively 

that will be consumed in capsules of 750mg (750mg X 4, twice a day) for 14 days. Doses of L-

citrulline (3-6 g/day) for blood pressure, arterial function, and ventricular function in patients 

with hypertension and heart failure have been shown to be effective and safe. Visit 2 should take 

no more than 60 minutes.  

   

6. Visit 3, 4, and 5: After 14 days of supplementation periods the acute responses to the 3 trials 

will be re-evaluate as previously described in visit 2. Therefore, all measurements will be re-

evaluated after 14 days of the first treatment (visit 3), after 14 days of the washout period 

(baseline of second treatment, visit 4), and 14 days after the second treatment (visit 5). 

 

7. I understand there is a possibility of a minimal level of risk involved if I agree to participate in 

this study. The risks associated with the non-invasive cardiovascular tests are minimal because 

they are obtained using devices applied on the skin. I may stop the session at any time if I feel 

too much cold or discomfort. I may experience gastric distress if I take L-citrulline or placebo. I 

may experience mild to moderate discomfort in the forearm including numbness, tingling, and 

possibly pain due to cuff inflation above arterial pressure, but it will recover shortly after cuff 

deflation. Oral L-citrulline at the doses recommended in our study are safe and well tolerated. L-

citrulline is an amino acid that naturally produced in the body in small amount and also found in 

some foods like watermelons, pumpkins, and squashes. Oral supplementation of L-citrulline has 

been shown to increase level of L-arginine, in turn, L-arginine is converted to nitric oxide which 

is a potent vasodilator and antihypertensive substance. I will complete a medical/exercise history 

before I can participate in the study.  

 

8. The possible benefits of my participation in this study include learning about my 

cardiovascular health and function. I will also be given a number of tests (cardiovascular and 

autonomic function) and supplement at no charge. 

 

9. The result of this study may be published but my name or identity will not be revealed. 

Information obtained during the course of the study will remain confidential, to the extent 

allowed by law. My name will not appear on any of the results. No individual responses will be 

reported. Only group responses will be reported in the publications. Confidentiality will be 

maintained by assigning each subject a code number and recording all data by code number. The 

only record with the subject’s name and code number will be kept by Dr. Figueroa in a locked 
drawer in his office. Data will be kept for 10 years and then destroyed. 

 

10. I will not be paid for my participation in this study. In case of an injury, first aid (free of 

charge) will be provided to me by the laboratory personnel working on the research project. 

However, any other treatment or care will be provided at my expense. 
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FSU Human Subjects Committee Approved on 2/08/2013. Void after 1/08/2014. 
HSC # 2012.9621 

11. Any questions I have concerning the research study or my participation in it, before or after 

my consent, will be answered by the investigators or they will refer me to a knowledgeable 

source. I understand that I may contact Roy Kalfon at ***-***-**** (*****@my.fsu.edu) or Dr. 

Arturo Figueroa at ***-***-**** (*********@fsu.edu), for answers to questions about this 

research study or my rights. Group results will be sent to me upon my request. 

 

12. In case of an injury, or if I have questions about my rights as a subject/participant in this 

research, or I feel I have been placed at risk, I can contact the chair of the human subject 

committee, Institutional Review Board, through the office of the Vice President of Research at:  

 

13. The nature, demands, benefits and risks of the study have been explained to me. I knowingly 

assume any risk involved. 

 

14. I have read the above informed consent form. I understand that I may withdraw my consent 

and discontinue participation at any time without penalty or loss of the benefits to which I may 

otherwise entitled. In signing this consent form, I am not waiving my legal claims, rights or 

remedies. 

 

 

 

 

 

 

 

 

 

 

 

________________________________________________ 

Subject                                                                             Date 

 

 

 

 

 

 

 

mailto:rk11e@my.fsu.edu
mailto:*********@fsu.edu
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APPENDIX C 

HEALTH HISTORY QUESTIONNAIRE 

   
                                                                                                                 ID: ____________ 

      DATE: _________ 

 

Answer the following questions, indicating the month and year of the event or diagnosis where 

appropriate. 

  

                Yes      No   Month/Year 

1. Has a doctor ever told you that you have 

 heart disease? ___ ___ ____/____ 

 

2. Have you ever had a heart attack? ___ ___ ____/____ 

 

3.  Have you ever had chest pain? ___ ___ ____/____ 

 

4. Have you ever had cardiac  

 catheterization? ___ ___ ____/____ 

 

5. Have you ever had balloon angioplasty? ___ ___ ____/____ 

 

6. Have you had coronary artery bypass graft  

 surgery? ___ ___  

 

 If yes, list date and number of grafts: 

  

 ____/____  # grafts: ___ 1   ___ 2   ___ 3   ___ 4+ 

   Mo.       Yr. 

 

7.  Have you ever had a stroke? ___ ___ ____/____ 

 

8.  Do you have hypertension (high blood pressure)? ___ ___ ____/____ 

 

 If yes, how long have you had hypertension? 

 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

 

9.  Do you have diabetes mellitus? ___ ___ ____/____ 

 

 

 

 

 



54 

 

              

               Yes      No      Month/Year 

 

10. Do you take insulin for diabetes? ___ ___ ____/____ 

 

 If yes, how long have you taken insulin? 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

 

11. Do you take oral hypoglycemics for  

 diabetes? ___ ___ ____/____ 

 

12. Do you have a cardiac pacemaker? ___ ___ ____/____ 

 

 If yes, how long have you had a cardiac pacemaker? 

 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

 

13. Have you had a carotid endarterectomy? ___ ___ ____/____ 

 

14. Has your doctor ever told you that you   

 have a heart valve problem? ___ ___ ____/____ 

 

15. Have you had heart valve replacement  

 surgery? ___ ___ ____/____ 

 

 If yes, what heart valves were replaced? ___ mitral  ___ aortic 

 

16. Have you had cardiomyopathy? ___ ___ ____/____ 

 

17 Have you had a heart aneurysm? ___ ___ ____/____ 

 

18. Have you had heart failure? ___ ___ ____/____ 

  

19.  Have you ever suffered cardiac arrest? ___ ___ ____/____ 

 

20.       Do you still have your menstrual cycle?                          ___ ___ ____/____ 

 

                If yes, when was your last cycle?    

 

21. Have you had vasculitis problems or Raynaud’s phenomenon (finger blanching with cold 
exposure)? 

  ___ ___ ____/____ 

 

22. Do you take erectile dysfunction medications (Viagra, Cialis, etc.)? 

  ___ ___ ____/____ 
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23.  OTHER MEDICAL PROBLEMS: Indicate if you have had any of the following medical 

problems: 

 

 Past    Now 

 ____  ____  Alcoholism 

 ____  ____ Allergies 

 ____  ____ Anemia 

 ____  ____ Arthritis 

 ____  ____ Asthma 

 ____  ____ Back injury or problem 

 ____  ____ Blood clots 

 ____  ____ Bronchitis 

 ____  ____ Cirrhosis 

 ____  ____ Claudication 

 ____  ____ Elbow or shoulder problems 

 ____  ____ Emotional disorder 

 ____  ____ Eye problems 

 ____  ____ Gall bladder disease 

 ____  ____ Glaucoma 

 ____  ____ Gout 

 ____  ____ Headaches 

 ____  ____ Hemorrhoids 

 ____  ____ Hernia 

 ____  ____ Hip, knee, or ankle problems 

 ____  ____ Intestinal disorders 

 ____  ____ Kidney disease 

 ____  ____ Liver disease 

 ____  ____ Lung disease 

 ____  ____ Mental illness 

 ____  ____ Neck injury or problem 

 ____  ____ Neuralgic disorder 

 ____  ____ OB/GYN problems 

 ____  ____ Obesity/overweight 

 ____  ____ Osteoporosis 

 ____  ____ Parkinson's disease 

 ____  ____ Phlebitis 

 ____  ____ Rheumatic fever 

 ____  ____ Seizure disorder 

 ____  ____ Stomach disease 

 ____  ____ Thyroid disease 

 ____  ____ Tumors or cancer - List type: _______________ 

 ____  ____ Ulcers 

 ____  ____ Other - specify: ________________ 

 

List medications you are taking below: 

 

Name of Drug Dosage Times/day Duration of drug use 
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APPENDIX D 

3 DAY FOOD RECORD 

 

 

Subject’s Name _______________________ Dates Recorded________________ 

  

Instructions:  

 

 Record all foods, snacks and beverages you eat or drink over a 3-day period including 

one weekend day and return it. Use one page for each day. 

 Please don’t change your eating habits unless you have been advised to do so by your 
healthcare provider.  

 Recording things CLEARLY and honestly as they are will help resolve any dietary issues 

and help us provide you with the best possible feedback. Record as soon as possible and 

try not to rely on memory – you may want to carry a little pocket notepad. For more 

space use the back of the page or use extra forms. 

 Time - Write the time of day you consumed the item (i.e. 8:00 a.m.) Please indicate 

meal/snacks as follows: B—breakfast, L—lunch, D—dinner, S—snack. 

 Food/Snack/Beverage – Specifically write down the type of food you ate.  Include all 

extra things – gravies, sauces, dressings, butter, cheese, candy, soda, mayonnaise, 

ketchup, sugar, sour cream, condiments etc. Mention if it is low fat, low sodium, sugar 

free etc. Any preparation methods – grilling, frying, steaming, roasting…; any brand 
names etc. 

 Amount - Make a good estimate of the amount of the particular food/beverage or snack 

and write the serving sizes. Indicate the volume measure (3/4 cup), size (2” x 1” x 1”), 
the weight (6 oz) or the number of items or pieces (12) of the type of food consumed. 

When possible you may want to use measuring utensils. A good source for estimating 

portion sizes is National Heart, Lung and Blood Institute's pocket guide to estimating 

portion sizes available at -  

 

Example: 

 

Time & Meal/ Snack Food Or Beverage Item Amount 

 

8:00 AM 

Breakfast 

Whole Wheat Toast 2 slices 
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Day and Date: __________ (Use a separate page for each day) 

 

 

Time & Meal/ Snack Food Or Beverage Item Amount 
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APPENDIX E 

SCREENING DATA SHEET 

 

 

Date____________                 Subject ID #_________ 

 

Time____________ 

 

Age_______y.  Height________cm  Weight__________kg  

 

Waist___________cm BMI___________km/m
2
 

 

Resting brachial blood pressure _________/_________mmHg 

 

Last meal__________________  Last exercise_____________________ 

 

Room temperature _______Cº   

Handgrip:  Strength__________   30%MVC__________   

 

 

 

Comments: 

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________ 
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