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ABSTRACT 
Cardiovascular disease (CVD) is the leading cause of death among 
women in the United States. Endothelial dysfunction and arterial 
stiffness increase with advancing age and are early predictors of 
future CVD outcomes. We designed the Modulating Oxidative 
Stress and Inflammation in Elders (MOXIE) study to examine the 
effects of 100% watermelon juice as a “food-first” intervention to 
reduce CVD risk among African American (AA) and European 
American (EA) women aged 55–69 years. Vascular dysfunction is 
more pronounced in AA compared to EA women due in part to 
lower nitric oxide bioavailability caused by higher oxidative 
stress. However, bioactive compounds in watermelon may 
improve vascular function by increasing nitric oxide bioavail-
ability and antioxidant capacity. This trial will use a randomized, 
placebo-controlled, crossover design to investigate the potential 
of 100% watermelon juice to positively impact various robust 
measures of vascular function as well as serum biomarkers of 
oxidative stress and antioxidant capacity. This nutrition interven-
tion and its unique methodology to examine both clinical and 
mechanistic outcomes are described in this article. 

KEYWORDS  
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Introduction 

The Modulating Oxidative Stress and Inflammation in Elders (MOXIE) study 
is a randomized, double-blind, placebo-controlled crossover trial designed to 
evaluate the influence of bioactive compounds in 100% watermelon juice on 
biomarkers of vascular dysfunction and oxidative stress in postmenopausal 
women. Several natural ingredients in watermelon may act in synergy to 
improve vascular endothelial function and ameliorate arterial stiffness, two 
early independent predictors of cardiovascular disease (CVD) (1, 2). 
Traditionally, primary prevention strategies have targeted men (6). However, 
CVD accounts for the deaths of one in four women, and it is the leading cause 
of death for both African American (AA) and European American (EA) 
women (3). Disparities also exist such that rates of CVD are higher among 
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AA compared to EA women (4). The U.S. Census Bureau predicts that the 
older adult population will continue to increase and become more racially/ 
ethnically diverse (7), so interventions to alleviate these gender/ethnic health 
disparities are a public health priority. 

Decline in vascular function with advancing age is a key contributor to 
development of atherosclerosis, arteriosclerosis, and future cardiovascular 
events (2, 8, 9). In particular, multiple studies have demonstrated decreased 
endothelium-dependent vasodilation (9–11) and increased arterial stiffness 
(12–14) with aging. These age-related changes are due largely to oxidative 
stress levels (15–17) and reduced bioavailable nitric oxide (2, 9, 11). Research 
has shown that impaired vascular function is more pronounced in AA 
compared to EA (18, 19), and clinical studies using nanosensor techniques 
have revealed that AA women have lower nitric oxide bioavailability, attribu-
table to higher oxidative stress (20). Additional studies examining biomarkers 
of oxidative stress have also confirmed lower antioxidant capacity in AA 
compared to EA women (21, 22). 

Several bioactive food compounds that are naturally found in watermelon 
possess properties that may reduce oxidative stress while simultaneously 
increasing bioavailable nitric oxide. Lycopene is one such lipophilic carote-
noid with potent antioxidant properties (23, 24). No Recommended Dietary 
Allowance (RDA) has been established for this carotenoid even though 
lycopene cannot be synthesized endogenously and must be consumed in the 
diet (25). Previous studies indicate that lycopene may beneficially influence 
multiple underlying mechanisms and clinical outcomes related to CVD. For 
example, an independent inverse association between circulating lycopene 
and arterial stiffness has been described (26). Lycopene also appears to inhibit 
the rate-limiting enzyme in cholesterol synthesis (27) and inhibit the oxidation 
of low density lipoprotein (LDL) -cholesterol (26). In addition to its own 
primary antioxidant capacity, lycopene has also been shown to increase the 
activity of other endogenous antioxidant enzymes in the body (24). 

Figure 1. Watermelon: The MOXIE study intervention.  
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Arginine is another key bioactive food compound found in watermelon 
that may improve vascular function (28–30). Arginine is a precursor for nitric 
oxide, the principal vasodilatory molecule produced by endothelial cells (31). 
Nitric oxide is produced from arginine in a reaction catalyzed by the enzyme 
endothelial nitric oxide synthase (eNOS) (32). Studies have shown that eNOS 
is upregulated in endothelial cells of older adults (11, 33) and AA women (20, 
34) as an apparent compensatory attempt to generate more nitric oxide. Thus, 
increasing dietary intake of arginine may improve nitric oxide bioavailability 
by providing additional substrate for nitric oxide synthesis (35, 36). Inde-
pendent of nitric oxide pathways, arginine also suppresses generation of 
reactive oxygen species and attenuates pro-inflammatory cytokines (35–37). 
Additionally, limited evidence suggests that arginine may decrease total serum 
cholesterol and LDL cholesterol without impacting HDL cholesterol (38). 

The amino acid citrulline was first discovered in watermelon (Citrullus 
vulgaris) (39), and watermelon is the richest food source of citrulline. 
Citrulline is converted to arginine in the kidneys (40). It is well-absorbed from 
the gastrointestinal tract and reaches systemic circulation with little 
metabolism by the gut or liver (40, 41). Consequently, studies have shown that 
supplemental citrulline can increase circulating levels of arginine even more 
than supplemental arginine (41, 42). 

In addition to lycopene, arginine, and citrulline, watermelon is also a good 
food source of glutamine and ascorbic acid, both of which display antioxidant 
properties (43, 44). Further, ascorbic acid has been shown to enhance arterial 
dilation through its effect on nitric oxide release (45). Thus, it is plausible that 
these bioactive food compounds may act in synergy to reduce endothelial 
dysfunction and arterial stiffness; however, most studies to date have only 
examined these compounds individually as dietary supplements rather than 
together in the food matrix. The only studies that have examined the effects 
of watermelon on vascular function support the notion that this functional 
food may improve blood pressure and arterial stiffness (46–51), but these 
studies have been limited to powdered watermelon extracts rather than the 
whole food. 

According to the Healthy Eating Index, adults aged 60 years and older, 
particularly AA, fall far short of the recommended intake of 2.5 servings of 
fruit per day (52). Barriers to consumption include edentulism and the hassle 
of preparing fresh fruits in the home environment (53, 54). Because, one cup 
of 100% fruit juice counts as one serving of whole fruit according to the 2015 
Dietary Guidelines for Americans (55), 100% watermelon juice may provide a 
way for elders to easily meet dietary recommendations for fruit servings while 
ingesting beneficial bioactive food compounds capable of improving vascular 
function. The MOXIE study will be the first to examine the impact of regular 
intake of 100% watermelon juice on vascular function using a randomized, 
double-blind, placebo-controlled crossover design. Mechanistic outcomes 
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related to oxidative stress and antioxidant capacity will be assessed alongside 
clinical measures of vascular health. Examining differences in these outcomes 
between AA and EA women will shed light on the underpinnings of ethnic 
disparities related to CVD, and results of this study will help determine 
whether incorporating this functional food into one’s usual diet may be a 
practical efficacious way to reduce CVD risk. The protocol along with detailed 
descriptions of the methodology are presented in this manuscript. 

Methodology 

Eligibility screening 

A total of 17 AA and 17 EA community-dwelling, postmenopausal women 
aged 55–69 years will be recruited by a variety of advertisement and word- 
of-mouth methods. Flyers will be placed in various places around the 
community where they may be seen by members of the target population. 
These include local YMCAs and other health clubs, libraries, senior centers, 
churches, shopping centers, and coffee shops. The principal investigators will 
also work with university-approved media outlets such as local newspapers 
and evening news programs to advertise the study, and study information will 
be distributed to community liaisons through the University of Alabama’s 
Division of Community Affairs. 

Inclusion and exclusion criteria are described in Table 1. Study staff will 
conduct an initial telephone screening with each potential participant. Age 
and race will be ascertained by self-report with assertion that both parents 
share the same race as the participants. Postmenopausal status (natural or 
surgical) will also be affirmed by self-report of no menses for the previous 
12 months. Exclusion criteria include obesity (defined by body mass index 
of 30 kg/m2 or above), weight change greater than 10% over the past year, 
food allergies, cognitive impairment, and diagnosis of any terminal disease. 
Because of hepatic and renal metabolism of the amino acids in watermelon 
(56), women with any history of liver disease or chronic kidney disease will 
also be excluded. Smoking or other tobacco use, cardiac arrhythmias, artificial 

Table 1. Inclusion/exclusion criteria. 
Inclusion Criteria  
.� Postmenopausal African American or European American females, aged 55–69 years  
.� Body mass index 18.5–29.9 kg/m2 (nonobese) 

Exclusion Criteria  
.� Food allergy to watermelon  
.� Cognitive impairment defined by Folstein’s Mini-Mental State Exam MMSE score <24  
.� Terminal illness  
.� Cardiac arrhythmia; implanted pacemaker or defibrillator device  
.� History of hypotension, chronic hypertension, chronic kidney disease, hepatic disease, diabetes, previous 

cardiac events or procedures, phenylketonuria  
.� Smoking or other tobacco use  
.� Use of anticoagulant medications, cholesterol-lowering medications, blood-pressure medications  
.� Weight change >10% in the previous year   
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pacemaker or defibrillator devices, diabetes, history of hypertension, or any 
previous cardiac events or procedures will preclude enrollment as these 
may affect the outcomes to be measured. Likewise, use of medications known 
to impact endothelial function and arterial stiffness (anticoagulants, choles-
terol-lowering medications, and antihypertensive agents) will also be 
considered among the exclusion criteria. 

Respondents deemed eligible and interested from the pre-screening will be 
provided with a copy of the informed consent to review before an initial 
screening visit where the study coordinator will explain the protocol in detail, 
show participants the testing equipment that will be used to assess clinical 
outcomes, and obtain written consent. Height, weight, and blood pressure 
will be recorded at the screening visit. Study staff will also administer the 
Folstein’s Mini-Mental State Exam (57) and verify information collected 
during the pre-screening interview. Verification of medications and dosages 
will be assessed by a “brown bag review” of all medications and dietary 
supplements the participant brings to the screening visit (58). This study 
has been approved by Institutional Review Boards of the University of 
Alabama and the DCH Health System. 

Components of the intervention 

A detailed timeline of the intervention is presented in Table 2. Following a 
one-week run-in of a controlled-lycopene diet, participants will be rando-
mized to two 12-ounce servings of 100% watermelon juice per day or a calori-
cally similar placebo beverage for four weeks each with a two-week washout 
period in between. 

Randomization 

Participants will be randomized to the order in which they receive the juice 
versus the placebo, with randomization stratified by race. A blocked randomi-
zation has been generated using PROC PLAN in SAS (version 9.4, Cary, NC). 
The closed envelope method will be used to assign a randomization code 
(101–134) to each sequential subject. Bottles of juice and placebo will be 
labeled with an appropriate code, and only research staff not involved in data 
collection or analysis will have access to the randomization scheme. The 
double-blind design will ensure that neither the participant nor the investiga-
tors know which beverage they have received in each arm. 

Juice and placebo beverages 

During each four-week treatment arm, juice or placebo will be provided in 
12-ounce opaque bottles, and participants will be asked to consume one bottle 
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in the morning and another in the evening with a meal containing dietary 
lipid. Based on previous studies (39, 59) two 12-ounce servings of 100% water-
melon juice will provide approximately 1 gram of L-citrulline and 32 mg of 
lycopene. Pasteurized watermelon juice for this study will be supplied by Frey 
Farms (Keenes, IL) from a single harvest of Estrella variety melons. Samples 
from each batch of watermelon juice supplied by Frey Farms will be tested 
for quality control purposes allowing for the study to determine deviations 
from the mean content of each bioactive compound in watermelon juice. 

The placebo beverage will be prepared and bottled in the University of 
Alabama Food Science Laboratory and will contain water, sucrose, non- 
nutritive watermelon flavoring, plant-based fibers (pectin and sheared 
cellulose), malic acid, and Food and Drug Administration–approved food 
coloring. Taste and acidity of the placebo beverage will be matched to the 
100% juice. Pilot testing using SIMS Sensory Quality Panel Software Systems 
(Berkeley Heights, New Jersey) has confirmed that the 100% watermelon juice 
and the placebo beverage are comparable in hedonic characteristics of aroma, 
texture, and taste (data not shown). 

One week prior to the intervention, during both treatment periods, and 
during the washout period, participants will be asked to consume their typical 
diet of choice with the exception of foods high in lycopene. A list of lycopene- 
rich foods such as watermelon and tomato products will be provided, and 
participants will be instructed to limit these foods to two servings per day 
for the duration of the study. Participants will also be asked to hold all 
vitamins, minerals, and other dietary supplements during this time. Dietary 
intake will be closely monitored by three-day food diaries submitted during 
the one-week run-in period and the two-week washout period as well as by 
three unannounced 24-hour diet recalls by phone during each treatment arm. 

Monitoring of adherence 

Participants will report to campus each week to obtain a week’s supply of bev-
erage. During these visits and phone calls with study personnel, participants 
will be queried about adherence to the protocol and acceptability of the bev-
erages. Adherence will be assessed by log forms with check-off boxes for each 
dose and random 24-hour diet recalls. Minimal adherence will be defined as 
70% of recommended supplementation of two doses per day for four weeks. 

Outcome measures 

The MOXIE study will evaluate the influence of bioactive compounds in 100% 
watermelon juice on a variety of outcome measures pertaining to vascular 
health. The specific aims of this study examine both mechanistic and clinical 
outcomes, but the aims are not contingent on each other. 
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Specific aim #1—mechanistic 
To determine whether four-week consumption of two 12-ounce servings of 
100% watermelon juice per day versus placebo will result in: 
a)  increased circulating levels of serum lycopene, citrulline, and arginine 
b)  improved serum biomarkers of antioxidant status 
c)  decreased urinary biomarkers of oxidative stress 
d)  decreased circulating biomarkers of inflammation  

Hypotheses:  Four-week dietary supplementation with 100% watermelon juice will 
result in increased antioxidant capacity and decreased inflammation, 
related to increased serum lycopene, citrulline, and arginine. 

To our knowledge, no previous studies have examined the effects of water-
melon or watermelon extracts on circulating lycopene. Circulating levels of 
lycopene, arginine, and citrulline in serum will be assessed using an ultra- 
high-performance liquid chromatography system (UPLC) (Waters, Milford, 
MA) equipped with a photo-diode array detector (PDA). UPLC-PDA method 
conditions will be adapted from previously validated methods (60). Data will 
be collected and processed using Empower chromatographic software 
(Waters, Milford, MA). Previous studies have shown that another carotenoid, 
beta-carotene, can be adversely affected by exposure to light (61). Because it is 
not known whether the carotenoid lycopene may be similarly affected, care 
will be taken during serum preparation to wrap vacutainer tubes in aluminum 
foil, and serum aliquots will be stored in opaque boxes. 

In addition to circulating arginine, serum samples will also be analyzed to 
quantify asymmetrical dimethylarginine (ADMA). ADMA is an endogenous 
inhibitor of nitric oxide synthase that could potentially decrease nitric oxide 
synthesis by displacing arginine (62). Studies have shown that ADMA levels 
increase with aging (32). ADMA in serum samples will be quantified by 
enzyme-linked immunosorbent assay (Enzo Life Sciences, Farmingdale, NY). 

The antioxidant capacity of whole and deproteinated serum will be mea-
sured using the oxygen radical absorbance (ORAC) assay on a FLUOstar 
Optima plate reader (BMG Labtech, Offenburg, Germany) in accordance with 
the method by Prior and colleagues (63). Serum will be deproteinated accord-
ing to a published method by the principal investigator using methanol/acet-
onitrile/acetone (1:1:1, v/v/v) added to serum in a ratio of 1:4 (v/v) (64). 

Malondialdehyde (MDA), a product of lipid peroxidation, is a biomarker of 
oxidative stress. An index of MDA can be measured in urine samples using a 
thiobarbituric acid-reacting substances (TBARS) assay (65). The TBARS assay 
will be applied to urine samples to determine whether the intervention 
ameliorates this biomarker of oxidative stress. 

Oxidative stress and chronic low-grade inflammation have been shown to 
be interrelated in several chronic diseases (66). Tumor necrosis factor-α, 
interleukin-6, interleukin-8, interleukin-10, and C-reactive protein are serum 
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cytokines commonly measured as biomarkers of inflammation. Thus, tumor 
necrosis factor-α, interleukin-6, interleukin-8, and interleukin-10 will be 
assessed by high-sensitivity enzyme immunoassay (EIA; R&D Systems, 
Minneapolis, MN and ALPCO Diagnostics, Salem, NH). 

Specific aim #2—clinical 
To determine whether four-week consumption of two 12-ounce servings of 
100% watermelon juice per day versus placebo will result in: 
a)  improved vascular function as assessed by flow-mediated dilation (FMD), 

pulse wave analysis (PWA), pulse wave velocity, and 24-hour ambulatory 
blood pressure monitoring (ABPM). 

b)  decreased LDL oxidation  

Hypotheses:  Four-week dietary supplementation with 100% watermelon juice will 
result in improved vascular endothelial function and decreases in 
arterial stiffness, blood pressure, and LDL oxidation. 

Blood pressure will be measured in the nondominant arm after five 
minutes of rest in the supine position using an automated monitor (Mobil- 
O-Graph, IEM, Stolberg, Germany) with the arm supported at heart level. 
An appropriate sized cuff is used with a cuff bladder encircling at least 80% 
of the arm. Three readings are taken at intervals of two minutes, and the 
second and third readings are averaged. Blood pressure measurements are 
performed according to published guidelines (67). 

FMD is a well-validated method of measuring nitric oxide-mediated 
vasodilation of the brachial artery. With the participant in a rested, supine 
position, the technician uses high-resolution Doppler ultrasound to analyze 
a cross-section of the brachial artery. Baseline diameter measurements are 
taken for one minute, and then a blood pressure cuff is placed around the 
forearm and inflated to 50 mm Hg above resting systolic blood pressure. 
The cuff remains inflated for five minutes, and then it is rapidly deflated. 
When the cuff is deflated, the resulting hyperemia causes nitric oxide to be 
released from the vascular endothelium, which in turn, induces vasodilation 
of the artery. A second ultrasound recording of the brachial artery is acquired 
30 seconds before cuff deflation to two minutes afterward. The five largest 
diameters after deflation are averaged, and FMD represents the percent 
change in vessel diameter from baseline average to the peak average dilation, 
and is calculated utilizing the following equation: 

FMD %ð Þ ¼ Peak average diameter � baseline average diameterð Þ=baseline½

average diameter� � 100:

Additionally, 10 mid-artery pulsed Doppler signals are obtained at an < 60 
degree angle at baseline and upon immediate cuff release to assess baseline 
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and hyperemic velocity parameters. Parameters are analyzed with edge detec-
tion software and Doppler flow analyzer (Vascular Research Tools 6 Software, 
Medical Imaging Applications, LLC, Coralville, IA). 

Pulse wave velocity (PWV) is considered the gold standard for assessment 
of arterial stiffness (13), representing the time necessary for a pulse wave to 
travel between two different sites. If arteries are stiff and rigid, the speed at 
which a pressure wave moves through the vessel is increased (68). PWV 
can be measured by different methods including use of probes, cuffs, ultra-
sonography, and magnetic resonance imaging–based approaches (13). A 
fairly new method uses a cuff-based device to estimate PWV by brachial 
oscillometry (Mobil-O-Graph, IEM, Stolberg, Germany). The device calcu-
lates aortic PWV by obtaining traditional blood pressure readings combined 
with another pressure waveform recording made while the cuff remains 
inflated to the participant’s diastolic blood pressure for approximately 10 
seconds. Although the device obtains a peripheral recording of pulse waves, 
it uses an ARCSolver algorithm (Austrian Institute of Technology, Vienna, 
Austria) to estimate central pressure curves by a transfer function. Static 
estimation of aortic PWV by the Mobil-O-Graph system has demonstrated 
good reproducibility, and it has been validated against invasive (intra-aortic 
catheter) and non-invasive (carotid-femoral applanation tonometry) 
methods (13, 69, 70). 

The Mobil-O-Graph device also provides a measurement of PWA. Similar 
to PWV, the system applies a mathematical model to oscillometric blood 
pressure measurements to derive an aortic pressure waveform. Comparison 
of the first and second systolic peaks of the waveform is used to derive and 
“augmentation index (AIx)” (14). Although arterial stiffness is only one of 
several factors that affect AIx (13, 68), a higher AIx is highly correlated with 
arterial stiffness and is considered a surrogate marker (14, 71). Static measure-
ments of PWV and PWA will be obtained in the clinic under standardized 
conditions before and after each treatment arm. 

The Mobil-O-Graph device will also be used for 24-hourABPM before and 
after each treatment arm. For a 24-hour period at each of these time points, 
participants will wear an appropriately sized cuff around the nondominant 
upper arm. An ABPM monitor connected to the cuff will be worn around 
the neck in a small pouch. The cuff will inflate every 20 minutes during 
waking hours and every half hour during sleeping hours. Waking and sleeping 
hours will be defined for each participant based on self-report (72). Parti-
cipants will also be advised to refrain from excessive movement while the 
device is recording a measure. Criteria for successful measurement will be 
specified as higher than 70% of expected measurements during the 24 hours 
or at least 20 valid waking measurements and seven valid sleep measurements 
in accordance with published guidelines (73). In tandem with the ABPM 
recordings, heart rate variability will also be calculated from the standard 
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deviation of waking and sleeping heart rate values obtained during the 24- 
hour period (74). 

Serum oxidized LDL is a sensitive biomarker of CVD risk (75). Measure-
ment of circulating oxidized LDL will be conducted using an enzyme immu-
noassay (Cell BioLabs, Inc., San Diego, CA) with the resultant chromophore 
read at 450 nm with a spectrophotometer (PerkinElmer, Akron, OH). 

Diet and physical activity covariates 

Dietary intake data will be collected to monitor adherence with the 
controlled-lycopene diet throughout the study. Participants will record 
three-day food records during the one-week run-in period and during the 
two-week washout period. Unannounced 24-hr recalls will also be conduc-
ted at three time points during each treatment arm. A single trained staff 
member will administer each 24-hour recall using the multi-pass method 
that has been validated for use in older adults (76). Data from 24-hour 
recalls and three-day food records will be coded and entered into the 
computerized Nutrition Data System for Research (Nutrition Coordinating 
Center, Minneapolis, MN, 2015), a software program designed for analysis 
of food diaries and 24-hour dietary recalls. In addition, participants will 
complete a validated, semi-quantitative Block Food Frequency Question-
naire (77) at the beginning of the study that will estimate customary intake 
of the bioactive food compounds of interest over the past year. Before and 
after each treatment arm, participants will also complete a physical activity 
questionnaire. The Physical Activity Scale for the Elderly is a validated 
10-item questionnaire designed to assess habitual levels of physical activity 
among adults in this age group (78). 

Body composition covariates 

At screening, weight and height will be measured with a calibrated scale and a 
standardized stadiometer. Before and after each treatment arm, percent body 
fat will be estimated by bioelectrical impedance analysis (BIA) (RJL Systems 
Inc., Clinton Township, MI). This test uses a mild electric current (50 kHz, 
800 µA) that is passed between electrodes positioned on the participant’s 
upper and lower extremities. Total body water is estimated based on different 
impedance of the current by different tissues, and total body water, in turn, 
can be used to estimate fat mass and fat-free mass (79). 

Fidelity in design 

Given the complexity of outcome measures to be assessed, safeguards to 
maintain fidelity have been incorporated into the study design (80). Study 
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personnel who will be collecting or analyzing outcome data will remain 
blinded for the duration of the study. Because the FMD measurement can 
be operator-dependent (81), one dedicated technician with expertise in vascu-
lar ultrasounds will perform all tests. In addition to weekly meetings of the 
two principal investigators, at least one principal investigator will be present 
for weekly face-to-face team meetings with the research staff. Role-playing, 
vignettes, and mock study visits will be used to ensure competency; further, 
checklists and source documents will be used at all data collection to ensure 
all appropriate study information is collected. Standardized training materials 
will be collated into a Manual of Procedures that will be given to all team 
members. A book of standard operating procedures has been developed 
specifically for individuals involved with bench laboratory analyses. Labora-
tory personnel will also keep detailed laboratory notebooks, and they will 
demonstrate proficiency with each method by one-on-one training and direct 
observation by the principal investigators. 

Statistical analysis and sample size considerations 

Baseline differences between AA and EA will be evaluated by independent 
t-tests to ensure that any differences prior to the intervention do not have 
an effect on outcomes. Effects of 100% watermelon juice versus placebo on 
outcomes of interest will be determined by two-way ANOVA with repeated 
measures (juice vs. placebo) x (baseline vs. week four). Treatment effects 
will also be determined by mixed models analysis using the PROC MIXED 
procedure with Tukey’s test post-hoc analysis. All analyses will be 
performed using SAS, version 9.4, with a two-tailed approach. Given the 
multiple measures and analysis plan of this study design, the significance 
level of 0.05 will be adjusted using the Bonferroni adjustment for Type 1 
error. 

Sample size calculations were conducted using published data for both 
mechanistic and clinical outcomes of interest for the MOXIE Study. Sample 
size for mechanistic outcomes were based on lycopene as the bioactive food 
compound in greatest concentration in watermelon (82, 83). Sample size 
calculations for clinical outcomes were based on official guidelines from 
the Brachial Artery Reactivity Task Force; a sample size of 20–30 participants 
is indicated to detect changes in FMD with a crossover design (84). 
Assuming an average change in serum lycopene of 100 nmol/L with a stan-
dard deviation of change of 25 nmol/L, and a significance level of 5%, we 
would have 80% power to detect a significant change in lycopene with 15 
EA and 15 AA participants. However, 17 participants will be enrolled per 
group to account for unexpected variance in our study sample, the possi-
bility of a lower magnitude of response due to study design differences, 
and potential drop-outs. 
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Justification of the dosage and intervention period 

Previous studies investigating compounds of interest on noncardiovascular 
disease outcomes have shown that two weeks is an optimal washout period 
(51, 59, 85). An intervention period of four weeks for each arm and a dosage 
of 720 mL/d were chosen based on a previous crossover study with healthy 
adults that examined the effects of 780 mL/day of unpasteurized watermelon 
juice on circulating concentrations of arginine. They reported a 9% increase in 
fasting plasma arginine after one week and an 11% increase after three weeks 
(p < 0.01) (59). Additionally, the absorption kinetics of lycopene have been 
studied in a crossover design in which tomato formulations containing 
15 mg lycopene increased plasma lycopene by 40 nmol/L with maximum 
increase observed in 10–12 hours upon consumption (85). Providing 100% 
watermelon juice twice daily ensures sustained increases in plasma lycopene 
throughout the intervention period. 

Discussion 

Although often under-recognized in women, heart disease is the leading cause 
of death for both AA and EA women as well as for all adults aged 65 years and 
older in the United States (27.7%) (3). As the population ages and becomes 
more ethnically diverse (5), practical lifestyle interventions to reduce CVD 
risk will become increasingly important. The MOXIE study is a prospective 
randomized, double-blind, placebo-controlled trial that aims to investigate 
whether regular consumption of 100% watermelon juice may ameliorate vas-
cular endothelial dysfunction and arterial stiffness in AA and EA women aged 
55–69 years. 

Endothelial dysfunction increases with advancing age and is considered a 
major risk factor for CVD and future cardiovascular events (2). However, 
endothelial dysfunction occurs very early in the process of atherosclerosis, 
and this early stage is potentially reversible (1, 81). Similarly, arteries become 
stiffer and less elastic with age (14), and arterial stiffness is an early predictor of 
future CVD risk (13, 86). By targeting women aged 55–69 years not yet diag-
nosed with CVD, this intervention aims to address underpinnings of vascular 
dysfunction at a stage when it may be possible to prevent future cardiac events. 

Worsening vascular function with age is due largely to reduced bioavail-
ability of nitric oxide (2, 9, 11) at the arterial endothelium along with reduced 
capacity to combat oxidative stress (15–17). Several bioactive food com-
pounds naturally found in watermelon may work together to increase bioa-
vailable nitric oxide while reducing oxidative stress and improving 
antioxidant capacity. AA women have been shown to have even more marked 
reductions in bioavailable nitric oxide and higher levels of oxidative stress 
than EA women of the same age (20–22). Thus, although both AA and EA 
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women stand to benefit, this intervention directly addresses mechanisms that 
underpin the higher prevalence of vascular dysfunction among AA women 
(18, 19). 

Previous studies have examined effects of powdered watermelon extract on 
CVD biomarkers. Chronic ingestion of watermelon extract has shown prom-
ise for reducing total and LDL-cholesterol concentrations in both mice (87) 
and younger adult subjects (88). Two research groups have reported beneficial 
effects of powdered watermelon extract on blood pressure and other measures 
of vascular function among adults with pre-existing obesity, prehypertension 
or stage 1 hypertension (Table 3) (46, 47, 49–51). Although beneficial effects 
in these studies were thought to be due to higher circulating levels of arginine, 
the present study will be the first to elucidate mechanisms of action by a 
robust battery of laboratory analyses to quantify circulating levels of serum 
arginine, citrulline, and lycopene along with biomarkers of oxidative stress, 
antioxidant capacity, and inflammatory status. In short, this is the first study 
of its kind to evaluate bioactive compounds in 100% watermelon juice sup-
plied together in the food matrix on an array of well-validated clinical out-
comes to assess vascular endothelial function, arterial stiffness, and 24-hour 
ambulatory blood pressure parameters. 

In addition to advancing our knowledge about how the bioactive food com-
pounds in watermelon act in the body, this trial will systematically determine 
whether the delivery vehicle of 100% fruit juice is a feasible and well-accepted 
means of increasing fruit intake among this population. An indicator of health 
and well-being in the Healthy People 2020 initiative includes “consumption of 
2 or more fruits per day” (89). Although watermelon is a popular and palat-
able fruit, national surveys report that only 27% of American adults aged 60 
years and older ingest the recommended fruit servings per day (52). A barrier 
that precludes consumption is the perceived difficulty of preparing fresh fruits 
(54). Particularly for older adults who live alone, it may be cumbersome to cut 
and store a large melon and to consume it before spoilage. However, a 
previous systematic review suggests that 100% fruit and vegetable juices may 
be practical vehicles for improving nutrient intake among older adults (90). 

Moreover, the selection of pasteurized 100% watermelon juice versus 
watermelon fruit is based on the fact that pasteurized watermelon juice con-
tains lycopene in its most bioavailable form—cis-lycopene. In the fresh fruit, 
lycopene exists predominantly in the trans-lycopene form. Upon processing 
watermelon fruit to its juice form, lycopene is released from its cellular plant 
matrix resulting in free trans-lycopene, which will undergo isomerization to 
cis-lycopene upon exposure to heat during juice pasteurization (91). Numer-
ous clinical studies have demonstrated the greater absorption and bioavail-
ability of cis- versus trans-lycopene (92–94). Hence, pasteurized food 
products containing significant amounts of lycopene are considered superior 
to their fresh fruit counterparts. 
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This intervention will make important contributions to the fields of food 
science and aging. By assessing both mechanistic and clinical outcomes 
related to chronic ingestion of 100% watermelon juice, we will add to the 
evidence base about how key bioactive food compounds in watermelon (lyco-
pene, arginine, citrulline, and other antioxidants) affect the underlying causes 
of vascular dysfunction. Practically, the intervention is not only innovative but 
also impactful in helping elders easily meet dietary recommendations for fruit 
servings while improving intake of beneficial bioactive food compounds. By 
enrolling half AA and half EA, we will begin to tease apart ethnic differences 
in vascular function, thereby addressing an important health disparity. As the 
population ages and becomes more ethnically diverse, such holistic food-first 
interventions are needed to reduce the burden of chronic disease and to 
address the Healthy People 2020 goal of alleviating health disparities among 
women and minorities (95). 

Take away points  

.� CVD is the leading cause of death among both EA and AA women in the 
United States. 

.� Watermelon in its 100% juice form was chosen as a food-first intervention 
based on the authors’ previous research with arginine (ACE) and serum 
antioxidant capacity related to dietary intake (KCW). Watermelon contains 
several key ingredients (arginine, citrulline, lycopene, glutamine, and ascor-
bic acid) that may act synergistically to improve vascular endothelial func-
tion and reduce oxidative stress. 

. Results of this study will determine whether 100% watermelon juice is a pal-
atable, feasible delivery vehicle for several bioactive food compounds that 
act in concert to improve vascular function and combat oxidative stress. 
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