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A B S T R A C T

Background: Watermelon and its rind are rich in fiber, vitamins, minerals, and L-citrulline. Despite these nutri
tional benefits, research on the effects of blenderized watermelon (WM), especially in adolescents, remains 
limited. This study aimed to address this gap by examining the impact of blenderized WM (Citrullus lanatus, 
including both flesh and rind) on satiety, postprandial glucose responses, and overall acceptability among 
overweight and obese adolescents.
Methods: In a randomized crossover design, 20 participants consumed 240 mL of either blenderized watermelon 
(WM) or an isocaloric sugar-sweetened beverage (SSB) on separate days. A triangle sensory test assessed par
ticipants’ ability to distinguish between WM with and without rind, while acceptability assessments rated flavor, 
sweetness, and overall satisfaction using a seven-point hedonic scale.
Results: Blenderized WM consumption resulted in significantly lower postprandial glucose levels at 20 and 40 min 
(P < 0.01) compared to SSB. Satiety responses showed delayed increases in hunger and desire to eat with WM. 
Feelings of fullness increased at 20 min for WM (P = 0.033), while SSB resulted in lower fullness than baseline at 
120 min (P = 0.006). Participants reported increased appetite after 120 min with WM, compared to 60 min with 
SSB (P < 0.05). In the triangle sensory test, 70 % of participants correctly identified WM with and without rind, 
with acceptability assessments favoring WM without rind.
Conclusion: Blenderized WM shows potential for stabilizing postprandial glucose levels and enhancing satiety in 
overweight and obese adolescents. However, improving the sensory qualities of WM with rind is crucial to in
crease its appeal as a healthier alternative to sugary snacks. While these findings highlight its promise for 
managing glucose and promoting satiety, further efforts to enhance its palatability are needed.

1. Introduction

The prevalence of obesity in children and adolescents is on the rise, 
impacting more than 19.7 % of youth in the United States [1]. Predia
betes is more common among adolescents with obesity than in their 
normal-weight counterparts. Between 2005 and 2016, 18 % of U.S. 
adolescents were found to have prediabetes [2]. Childhood obesity 
significantly impacts health, increasing the likelihood of developing 
nutrition-related diseases such as type 2 diabetes, cardiovascular dis
eases (CVDs), and certain forms of cancer in later stages of the life cycle 
[3].

Obesity in children has been linked to unhealthful snacking, char
acterized by the consumption of over-processed foods and sugar- 
sweetened beverages [4]. These snacks are low in nutrient density and 

are less satiating, potentially resulting in an increased total energy 
intake [4–6]. However, snacking is an integral part of childhood food 
intake and can contribute to meeting recommended nutrient intakes [7]. 
Adolescents report consuming an average of 4.3 snacks a day [8]. One 
study reported that 28.4 %, or 450 kcal, of children’s energy intake 
comes from snacks [9]. Replacing conventional snacks with fruit in
creases satiety and is recommended for many health benefits [6,10].

Watermelon is a fruit abundant in essential nutrients, including 
lycopene [11], ascorbic acid, potassium, beta carotene, and flavonoids 
[12]. Additionally, it serves as an excellent source of fluids, containing 
92 % water, and provides dietary fiber [13,14]. In a recent study 
involving 33 overweight and obese adults, the consumption of two cups 
of watermelon led to greater satiety in an acute setting compared to an 
isocaloric snack for 90 min post-consumption [15]. This increased 
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satiety can be attributed to high fiber content, which promotes satiety 
and reduces energy intake [15]. Furthermore, watermelon and its rind 
contain phenolic compounds such as 4-hydroxybenzoic acid, vanillin, 
and coumaric acid [16], and is particularly rich in L-citrulline [17]. In 
overweight and obese patients with type 2 diabetes, L-citrulline sup
plementation was found to improve glucose homeostasis and inflam
matory markers [18]. Similarly, when fed to diabetic mice, watermelon 
was linked to decreased blood glucose and increased serum insulin [19]. 
Though the whole watermelon fruit—including the rind—is edible and 
abundant in nutrients, the rind is often discarded, contributing to food 
and environmental waste. Yet, the rind contains a rich array of nutrients, 
including dietary fiber, L-citrulline, phosphorus, calcium, sodium, 
vitamin A, and vitamin C [20]. This nutritional profile underscores its 
potential for enhancing nutritional intake while also addressing envi
ronmental concerns through innovate utilization strategies.

The purpose of this study was to compare the effects of blenderized 
watermelon (WM) and an isocaloric sugar-sweetened beverage (SSB) on 
perceived appetite and postprandial glucose levels in overweight and 
obese adolescents. Additional objectives of this study were to assess 
consumer acceptability and compare the sensory, physical, and chemi
cal attributes of blenderized WM both with and without rind. It was 
hypothesized that the consumption of blenderized WM would lead to 
higher perceived satiety scores and improved glucose responses 
compared to an isocaloric SSB.

2. Methods and materials

2.1. Subjects

Twenty-six subjects were recruited for the present study through 
flyers posted at various locations in San Diego County. Based on a 
watermelon study of adult subjects [21], it was anticipated that signif
icant differences in postprandial glucose can be obtained in a sample of 
20–26 subjects between watermelon vs isocaloric control groups at 
70–80 % power and an alpha-level of P < 0.05. The inclusion criteria 

were 10–17 years old and BMI ≥85th percentile for age and sex. 
Exclusion criteria included irregular menstruation; allergy to water
melon; taking medications that affect blood pressure, blood lipids, and 
blood glucose; and exposure to radiation over the past 12 months. Three 
participants were excluded due to not meeting the study’s inclusion 
criteria: one participant declined to drink the samples, and two did not 
meet the required BMI criteria. The remaining 23 participants were 
randomized into two groups, with 11 participants allocated to the 
blenderized watermelon (WM) treatment and 12 to the sugar-sweetened 
beverage (SSB) treatment. A cross-over design was implemented, during 
which one participant from the blenderized WM group and two from the 
SSB group were lost to follow-up due to relocation or personal reasons 
unrelated to this study. A total of 20 participants between the ages of 
10–17 years (9 males, 11 females; 9 overweight, 11 obese) completed 
the study. No participants were excluded from the final analysis (Fig. 1). 
Adolescent BMI percentile was calculated using CDC growth charts 
based on age, sex, height, and weight [22]. The study protocol was 
approved by San Diego State University’s Institutional Review Board. All 
subjects and their parents or legal guardians provided assent and 
informed written consent before participation in the study. The trial was 
registered at clinicaltrials.gov (NCT04096586).

2.2. Study design

This study was a snack intervention that used a crossover design. On 
two separate occasions, participants were instructed to come to the 
laboratory in the morning following a 10-h overnight fast. Anthropo
metric measurements were taken during each visit. Height was 
measured barefoot using a stadiometer attached to a beam balance scale. 
Weight was measured using a digital scale. Body fat percentile was 
assessed via a BOD POD (Cosmed, Concord, CA) and bioelectrical 
impedance analysis (BIA) device (Omron, Lake Forest, IL). Waist-to-hip 
ratio was taken one inch above the navel and at the most expansive area 
on the hips. After a 10-min rest, blood pressure was measured using an 
automatic blood pressure cuff (Omron HEM-712C, Omron Healthcare, 

Fig. 1. CONSORT flow diagram of participant selection.
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Inc. Bannockburn, IL).
Subjects completed a baseline visual analog scale (VAS) satiety 

questionnaire and finger prick for blood glucose analysis. Participants 
were then instructed to consume 8 oz of blenderized seedless red WM 
(Citrullus lanatus), including both the flesh and rind, or a SSB containing 
red dye (FD&C RED #40, Flavors and Color, Diamond Bar, CA). Both 
beverages provided 72 kcal and were consumed within 5 min. To pre
pare the blenderized WM with rind, the skin was removed, and the flesh 
and rind were blended together at an approximate ratio of 68.5 % flesh 
to 31.5 % rind (SD 7.1 %). The mixture was then portioned into 8 oz 
(240 mL) containers. The blenderized WM contains approximately 0.91 
g of dietary fiber, and 18 g of carbohydrates including 14.8 g of sugar 
[23]. To prepare an isocaloric SSB with the same carbohydrate content, 
18 g of sugar and a small drop of red dye were mixed with 7.85 oz of 
water, resulting in a final volume of 8 oz. The VAS satiety questionnaire 
and finger prick were further administered 20, 40, 60, 90, and 120 min 
following consumption of either beverage.

2.3. Satiety questionnaire

The visual analog scale (VAS) questionnaire measured satiety re
sponses and included a series of five questions which included: (i) how 
hungry are you? (“not at all hungry” to “totally hungry”), (ii) how full 
are you? (“not at all full” to “totally full”), (iii) how strong is your desire 
to eat? (“not at all” to “extremely”), (iv) how much do you think you 
could eat right now? (“nothing” to “a large amount”), and (v) how 
thirsty are you? (“not at all thirsty” to “totally thirsty”). Each VAS 
question consisted of a 10-cm line anchored at the beginning and end by 
opposing statements [24]. Subjects were instructed to plot a point on the 
line for their perceived response to each question, with 0 cm being the 
lowest and 10 cm being the highest.

2.4. Postprandial glucose

Capillary glucose levels were measured using a glucometer (Nova 
Biomedical, Waltham, MA). A small drop of blood via a finger prick was 
placed on a disposable test strip that was inserted into a digital meter. 
Glucose was expressed in mg/dL.

2.5. Sensory evaluation

The sensory evaluation was comprised of two separate components: 
a triangle test and an evaluation of samples using a seven-point hedonic 
scale. In the triangle test, equal amounts of either blenderized WM with 
flesh only or blenderized WM with both flesh and rind were poured into 
three 2-oz (60 mL) clear plastic portion cups for every participant. Each 
set of samples consisted of two identical samples and one odd sample 
out, and every cup was assigned a random three-digit code. Participants 
were asked to identify the odd sample out of the three samples pre
sented. Subjects were provided verbal and written instructions to follow, 
which included rinsing mouths with water before and between 
consuming samples. Subjects conducted the triangle tests in isolated test 
booths.

For the second component of the sensory evaluation, participants 
were given a separate set of blenderized WM with and without rind and 
were asked to rate the color, smell, flavor, sweetness, mouthfeel, after
taste, and general acceptance of the samples using a seven-point hedonic 
scale. Participants were provided verbal and written instructions, as well 
as a printed questionnaire, and performed this evaluation in isolated test 
booths.

2.6. Analyses of physical and chemical properties

Blenderized WM samples with and without rind were analyzed to 
determine and compare their physical (i.e., color, texture, and total 
soluble solids) and chemical (i.e., pH) properties. Color, as defined by 

the redness of each sample, was determined using a CM-700d spectro
photometer (Konica Minolta, Sakai, Osaka, Japan). Texture was exam
ined using a TA.XTPlus texture analyzer (Texture Technologies Corp., 
Hamilton, MA). Texture analysis was carried out in a back extrusion 
container (65 mm inner diameter x 55 mm height) approximately 75 % 
full using a TA-25 2″ diameter disc and 5-kg load cell. The extrusion disc 
was centrally positioned over the sample container. The pre-test speed, 
test speed, and post-test speed were 1.0 mm/s, 1.0 mm/s, and 10.0 mm/ 
s, respectively. A 30-mm distance and trigger force of 10 g was used. The 
maximum force was defined as sample firmness, the area of the positive 
curve was taken as consistency, and the maximum negative force was 
defined as cohesiveness of the sample. The area of the negative curve 
was defined as work of cohesion, which is an indication of the consis
tency/viscosity of the sample. Additionally, total soluble solids were 
analyzed using a Sper Scientific 3,500,035 digital refractometer 
(Scottsdale, AZ). Lastly, pH was determined with a SevenExcellence pH 
meter (Mettler Toledo, Columbus, OH).

2.7. Statistical analysis

Data were analyzed using SPSS (version 25, IBM, Armonk, NY, USA). 
A repeated-measures analysis of variance (ANOVA) was used to analyze 
the effects of each treatment on time and any significant interactions. 
Since this study utilized a crossover design, measurements (WM vs. SSB) 
for each participant were matched prior to analysis. If significant in
teractions were found, Bonferroni post-hoc comparisons were per
formed. Findings were expressed in means ± SDs and a P value ≤ 0.05 
was considered statistically significant.

The triangle test and seven-hedonic scale results were analyzed using 
a binomial test and student’s t-test, respectively. The results from the 
color, texture, total soluble solids, and pH tests of blenderized water
melon with or without rind were analyzed using paired samples t-tests.

3. Results

3.1. Demographics and baseline characteristics

Participants were between the ages of 10–17 years, with a mean age 
of 12.80 ± 1.96 years (Table 1). To be considered overweight or obese, 
CDC guidelines require the BMI percentile to be between 85 and 94.9 for 
overweight and greater than or equal to 95 for obese [22]. Of the par
ticipants, nine were considered overweight, while 11 fell into the obese 
category. The mean BMI percentile was 93.28 ± 5.38, mean body fat % 
was 34.40 ± 4.25 %, and mean waist-to-hip ratio was 0.86 ± 0.07 
(Table 1). The mean systolic blood pressure was 107.23 ± 10.01 mmHg 
and mean diastolic blood pressure was 69.48 ± 7.66 mmHg.

Table 1 
Participant demographics.

Demographic Information Mean ± SD

Age, years 12.80 ± 1.96
Height, cm 156.58 ± 9.48
Weight, kg 65.29 ± 17.11
BMI, kg/m2 26.26 ± 4.51
BMI percentile 93.28 ± 5.38
Systolic blood pressure, mmHg 107.23 ± 10.01
Diastolic blood pressure, mmHg 69.48 ± 7.66
Waist, cm 85.95 ± 11.07
Hip, cm 100.23 ± 9.32
Waist-to-hip ratio 0.86 ± 0.07
Body fat, % - BIA 34.40 ± 4.25
Body fat, % - BOD POD 30.65 ± 6.75
Hemoglobin A1c, % 5.09 ± 0.27

Values are means ± SDs. N = 20 (9 males/11 females). BIA, Bioelectrical 
impedance analysis; BMI: Body mass index.
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3.2. Postprandial glucose

There were no statistically significant differences in baseline blood 
glucose levels between trials (Fig. 2). Both trials resulted in increased 
postprandial glucose levels, peaking at 20 min and returning to baseline 
at 120 min (P < 0.001). Overall postprandial glucose levels were lower 
with blenderized WM consumption compared to SSB consumption (P =
0.002), particularly at 20 min and 40 min post-consumption (P < 0.001 
and P = 0.003, respectively).

3.3. Satiety questionnaire

There were no main effects of trials in hunger, desire to eat, how 
much one could eat, and thirst between trials (Fig. 3). However, 
compared to baseline, blenderized WM consumption delayed increases 
in hunger and desire to eat until 60 min post-consumption versus 40 min 
for SSB consumption (P < 0.05, Fig. 3A and Fig. 3C). Blenderized WM 
consumption resulted in a greater feeling of fullness, which increased at 
20 min from baseline (P = 0.033), while the SSB was lower than baseline 
at 120 min (P = 0.006, Fig. 3B). How much one could eat was greater 
than baseline at 120 min in the WM trial compared to 60 min in the SSB 
trial (P < 0.05, Fig. 3D). Both blenderized WM and SSB decreased thirst 
at 20 min compared to baseline (P < 0.05), but there were no significant 
differences between trials (Fig. 3E).

3.4. Triangle sensory evaluation

A proportion of 68.5 % ± 7.1 % flesh and 31.5 % ± 7.1 % rind (w/w) 
was used for preparing each sample of blenderized WM with rind. 
Fourteen out of 20 participants (70 %) identified the odd sample out 
from the three samples in the triangle test (P = 0.010) (Fig. 4).

3.5. Seven-point hedonic scale sensory evaluation

Participants preferred the flavor (P = 0.031) and sweetness (P =
0.009) of blenderized WM without rind compared to blenderized WM 
with rind (Table 2). No significant differences were observed for color, 
smell, mouthfeel, and aftertaste between the two blenderized WM 
samples. Blenderized WM without rind had a greater acceptance score 
(5.05 ± 1.32) than that of blenderized WM with rind (4.00 ± 1.30) (P <
0.001).

3.6. Properties of blenderized watermelon with and without rind

Blenderized WM without rind had greater redness, pH level, and 

total soluble solids content compared to blenderized WM with rind (P <
0.001) (Table 3). The higher amount of total soluble solids, an indicator 
of sugar content, of blenderized WM without rind was consistent with its 
perceived greater sweetness. Additionally, blenderized WM with rind 
displayed greater firmness, consistency, cohesiveness, and viscosity (P 
< 0.05).

4. Discussion

The current study investigated the effects of blenderized seedless red 
watermelon (WM) (Citrullus lanatus) versus an isocaloric sugar- 
sweetened beverage (SSB) on perceived satiety and postprandial 
glucose responses in overweight and obese adolescents, as well as 
physical properties and sensory attributes of blenderized WM with and 
without rind.

In the blenderized WM trial, participants consistently had lower 
postprandial glucose levels compared to those in the SSB trial. This 
difference is likely due to the higher fiber content in both the flesh and 
rind [15,25] of WM compared to the SSB, as the blenderized WM and 
SSB samples were isocaloric and matched in carbohydrate content. 
Fiber, an indigestible carbohydrate in plants, delays gastric emptying 
and slows intestinal glucose absorption, contributing to lower blood 
glucose levels [26,27]. Another investigation that observed postprandial 
serum glucose response following the consumption of fiber-enriched 
orange juice versus a fiber-free orange juice placebo reported a 
decrease in serum glucose levels 15 min post-consumption with the 
fiber-enriched orange juice compared to the placebo [26].

Subjects in the present study who consumed blenderized WM re
ported greater feelings of fullness by 20 min compared to those who 
consumed an isocaloric SSB. This increased satiety may also be attrib
uted to the fiber content in blenderized WM, as fiber is known to 
enhance satiety [28–30]. A study by Borkoles et al. [30] found that 
participants who received fiber supplementation felt fuller and experi
enced a reduction in appetite compared to those who received a placebo. 
However, Flood-Obbagy et al. [28] discovered that adding fiber to apple 
juice did not heighten satiety compared to plain apple juice. Participants 
reported greater feelings of fullness and reduced levels of hunger when 
consuming apple pieces as opposed to fruit juice with added fiber. The 
divergent results from these studies suggest that the form in which fruit 
is consumed may influence energy intake independently from fiber 
content, as consuming whole fruit requires mastication. Mastication has 
been shown to significantly reduce self-reported hunger by influencing 
gut hormone responses associated with satiety [31]. Therefore, while 
the fiber content in blenderized WM may have contributed to increased 
satiety in the current study’s participants, it is also likely that mastica
tion further contributed to increased feelings of fullness. However, the 
potential effects of mastication on the fullness feeling in relation to WM 
consumption should be further investigated.

L-citrulline, a free amino acid, is converted to nitric oxide (NO) in the 
body [32]. NO plays a critical role in glucose metabolism by enhancing 
insulin delivery to peripheral tissues and improving glucose homeostasis 
[33]. NO enhances the expression and translocation of GLUT4 in skeletal 
muscles, facilitating glucose uptake into insulin-sensitive cells and 
decreasing gluconeogenesis while increasing hepatic insulin-sensitizing 
substance secretion [33,34]. Additionally, L-citrulline supplementation 
has been linked to improved blood glucose levels in both mice and 
human [35,36]. In one study, WM rind extract significantly reduced 
blood glucose levels compared to WM flesh after four weeks [18]. 
Similarly, WM juice has been shown to lower fasting blood glucose 
levels in alloxan-induced diabetic rats compared to untreated diabetic 
control rats, which was attributed to L-citrulline’s inhibition of 
α-amylase and α-glucosidase activity [37]. These mechanisms suggest 
that the L-citrulline content in blenderized WM likely played a role in 
the improved postprandial glucose levels observed in this study. How
ever, further research is needed to directly evaluate the specific effects of 
L-citrulline on postprandial glucose response.

Fig. 2. Postprandial glucose response after blenderized watermelon and sugar- 
sweetened beverage (SSB) consumption over 120 min. Data are presented as 
means ± SDs. (*, P < 0.05 compared to baseline in watermelon trial; ^, P < 0.05 
compared to baseline in SSB trial; +, P < 0.05 difference between trials).
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Watermelon contains a notable amount of L-citrulline, ranging from 
1.0-3.5 mg/g fresh weight in the flesh and 0.8–1.5 mg/g fresh weight in 
the rind [38,39]. In the present study, the estimated L-citrulline content 
in an 8 oz (240 mL) sample of blenderized WM was approximately 
225–689 mg. Kudo et al. [40] administered L-citrulline to 

obese/diabetic mice at a dose of 1 g/kg body weight per day for nine 
weeks—approximately twelve times the human equivalent dose based 
on a daily intake of 5 g for a 60 kg human—and observed significant 
reductions in food consumption following supplementation. To achieve 

Fig. 3. Effects of blenderized watermelon and sugar sweetened beverage (SSB) on perceived appetite following consumption determined by VAS satiety ques
tionnaire. (A) How hungry are you? (B) How full are you? (C) How strong is your desire to eat? (D) How much do you think you could eat? (E) How thirsty are you? 
Data are presented as means ± SDs. (*, P < 0.05 compared to baseline in blenderized watermelon trial; ^, P < 0.05 compared to baseline in SSB trial).

Correct (N=14, 70%)

Wrong
(N=6, 30%)

Fig. 4. Percentage of participants who correctly identified the odd sample in a 
triangle test.

Table 2 
Sensory characteristics of blenderized watermelon with and without rind.

Sensory 
Characteristics

Blenderized watermelon, 
flesh only

Blenderized watermelon, 
flesh and rind

Color 5.40 ± 0.99 5.20 ± 1.11
Smell 4.85 ± 0.88 5.05 ± 0.76
Flavor 4.85 ± 1.39* 4.25 ± 1.16
Sweetness 4.75 ± 1.29* 4.05 ± 1.23
Mouthfeel 4.25 ± 1.59 3.90 ± 1.21
Good aftertaste 4.40 ± 1.27 4.05 ± 0.94
Acceptance 5.05 ± 1.32*** 4.00 ± 1.30

Values are means ± SDs. N = 20. *P < 0.05; ***P < 0.001.
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similar appetite-suppressing effects, overweight/obese adolescents 
would need approximately 4.17 g of L-citrulline per day [40]. Despite 
promising animal model results, no studies have yet examined the effect 
of L-citrulline on appetite response in humans, particularly adolescents. 
Future research is needed to confirm these mechanisms and establish 
safe and effective dosages for adolescents.

In the sensory evaluation, blenderized WM without rind was found to 
have greater flavor, sweetness, and overall acceptance compared to 
blenderized WM with rind. Overall acceptance was greater in blen
derized WM without rind compared to blenderized WM with rind in the 
present study. Similarly, a study by Zhang et al. [41] observed an 
average greater acceptance score for blenderized WM without rind 
compared to blenderized WM with rind on a seven-point hedonic scale 
in adults. The triangle test in the current study demonstrated that most 
participants (70 %) correctly differentiated between blenderized WM 
with flesh only and blenderized WM with both flesh and rind. The study 
by Zhang et al. [41] also discovered that 91 % of adult participants could 
successfully differentiate between blenderized WM with and without 
rind. This suggests that both adults and children can successfully 
differentiate between the two samples.

A study conducted by Ramirez et al. [25] found that blenderized WM 
with up to 20 % added rind was deemed acceptable among panelists. 
The inclusion of 30 % rind received the lowest score in overall liking, 
suggesting a neutral (not negative) impact on consumer acceptance. 
Blenderized WM samples with 0 % and 10 % rind levels were given the 
highest scores for overall liking (6.9 and 6.6, respectively) based pri
marily on sweetness and having sufficient watermelon flavor [25]. 
Given these results, blenderized WM beverages containing up to 10 % 
rind may appeal to consumers, offering additional nutritional benefits 
and environmental advantages from consuming WM rind.

The entire watermelon fruit is edible yet its rind, which is rich in 
nutrients, is frequently discarded. Though WM rind is known to be a 
good source of dietary fiber and L-citrulline [20,42], it has also been 
reported to have appreciable amounts of phosphorus (135.24 mg/100 
g), calcium (29.15 mg/100 g), sodium (12.65 mg/100 g), vitamin A 
(retinol, 52.13 mg/100 g), and vitamin C (ascorbic acid, 8.46 mg/100 g) 
[20]. These findings indicate that consumption of WM rind can 
contribute to RDA requirements and have led researchers to assess 
various methods of using powderized and fresh WM rind to harness the 
nutritional properties of this component while simultaneously 
decreasing solid waste [20,42]. In the context of sustainable food 
practices, consumption of WM rind emerges as an environmentally 
friendly strategy to mitigate food waste.

While blending rind with WM flesh is an easy method to boost rind 
consumption, it is worth noting that WM rind can also serve as a vege
table or a functional ingredient in cooking and baking. For instance, WM 
rind is commonly pickled and served as a condiment with meats or as a 
relish in the Southern U.S [43]. Furthermore, Naknaen et al. [42] uti
lized WM rind powder (WRP) as a substitute for wheat flour in cookies 
and reported that incorporating up to 20 % WRP resulted in an 

acceptable cookie with increased dietary fiber content, reduced glyce
mic index, and improved antioxidant levels. WM rind has also been 
dehydrated into a candy and incorporated into cake, with replacement 
of 5–10 % WRP for wheat flour resulting in an acceptable product [44]. 
More effort should be allocated towards developing, promoting, and 
employing methods that incorporate nutrient-dense WM rind into foods 
and beverages to reduce environmental waste. Additionally, assessing 
the palatability of frozen blenderized WM among children would be 
valuable to determine if it results in a more appealing and palatable 
product, thereby promoting increased consumption of this 
nutrient-dense food. The potential to augment consumption of WM rind 
remains promising.

In conclusion, the present study found that blenderized watermelon 
(WM) consumption resulted in lower postprandial glucose levels and 
greater feelings of fullness compared to sugar-sweetened beverage (SSB) 
consumption in overweight and obese adolescents. These findings sug
gest that blenderized WM not only helps stabilize postprandial glucose 
but also promotes satiety, making it a potentially beneficial alternative 
to SSBs. Choosing blenderized WM over SSBs and other refined-sugar- 
rich foods and beverages could offer a more nutritious and satisfying 
snack option for adolescents, contributing to healthier dietary habits 
and improved metabolic outcomes.

CRediT authorship contribution statement

Caitlin Rasmussen: Writing – original draft, Validation, Investiga
tion, Data curation. Martin Rosas: Investigation, Data curation. Isa
bella Gallardo: Writing – original draft, Validation, Investigation, Data 
curation. Anna J. Kwon: Writing – review & editing, Data curation. Hoa 
Luu: Investigation, Data curation. Changqi Liu: Writing – review & 
editing, Data curation, Conceptualization. Shirin Hooshmand: Writing 
– review & editing, Conceptualization. Mark Kern: Writing – review & 
editing, Conceptualization. Mee Young Hong: Writing – review & 
editing, Supervision, Resources, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization.

Data availability statement

Data will be available from the principal corresponding author upon 
reasonable request.

Funding

This study was funded by The National Watermelon Promotion 
Board [NWPB 19–20].

Declaration of competing interest

Authors disclose no conflict of interest.

References

[1] CDC (Centers for Disease Control and Prevention). Childhood obesity facts - 
prevalence of childhood obesity in the United States. https://www.cdc.gov/o 
besity/data/childhood.html. [Accessed 30 March 2024].

[2] Andes LJ, Cheng YJ, Rolka DB, Gregg EW, Imperatore G. Prevalence of prediabetes 
among adolescents and young adults in the United States, 2005-16. JAMA Pediatr 
2020;174(2):e194498. https://doi.org/10.1001/jamapediatrics.2019.4498.

[3] Sahoo K, Sahoo B, Choudhury A, Sofi N, Kumar R, Bhadoria A. Childhood obesity: 
causes and consequences. J Fam Med Prim Care 2015;4(2):187. https://doi.org/ 
10.4103/2249-4863.154628.

[4] Costa CS, Del-Ponte B, Assunção MCF, Santos IS. Consumption of ultra-processed 
foods and body fat during childhood and adolescence: a systematic review. Publ 
Health Nutr 2018;21(1):148–59. https://doi.org/10.1017/S1368980017001331.

[5] Aghayan M, Asghari G, Yuzbashian E, Dehghan P, Khadem Haghighian H, 
Mirmiran P, et al. Association of nuts and unhealthy snacks with subclinical 
atherosclerosis among children and adolescents with overweight and obesity. Nutr 
Metabol 2019;16(1):23. https://doi.org/10.1186/s12986-019-0350-y.

Table 3 
Properties of blenderized watermelon with and without rind.

Properties Blenderized watermelon, 
flesh only

Blenderized watermelon, flesh 
and rind

Color- redness 8.64 ± 1.75*** 3.83 ± 0.70
pH 5.43 ± 0.09*** 5.28 ± 0.05
Texture- firmness 146.40 ± 54.3* 1594.3 ± 562.7
Texture- 

consistency
1948.9 ± 179.5* 9317.9 ± 1888.6

Texture- 
cohesiveness

− 57.09 ± 48.62* − 744.95 ± 314.39

Texture- viscosity − 7.16 ± 7.15* − 277.40 ± 93.73
Total soluble 

solids
7.50 ± 0.24*** 5.00 ± 0.37

Values are means ± SDs. *P < 0.05; ***P < 0.001.

C. Rasmussen et al.                                                                                                                                                                                                                             Metabolism Open 25 (2025) 100345 

6 

https://www.cdc.gov/obesity/data/childhood.html
https://www.cdc.gov/obesity/data/childhood.html
https://doi.org/10.1001/jamapediatrics.2019.4498
https://doi.org/10.4103/2249-4863.154628
https://doi.org/10.4103/2249-4863.154628
https://doi.org/10.1017/S1368980017001331
https://doi.org/10.1186/s12986-019-0350-y


[6] Sharma S, Chung H, Kim H, Hong S. Paradoxical effects of fruit on obesity. 
Nutrients 2016;8(10):633. https://doi.org/10.3390/nu8100633.

[7] Howard S, Reeves S. The snacking habits of adolescents: is snack food necessary to 
meet dietary recommendations? Health Educ J 2005;64(1):51–7. https://doi.org/ 
10.1177/001789690506400106.

[8] Larson NI, Miller JM, Watts AW, Story MT, Neumark-Sztainer DR. Adolescent 
snacking behaviors are associated with dietary intake and weight status. J Nutr 
2016;146(7):1348–55. https://doi.org/10.3945/jn.116.230334.

[9] Shriver LH, Marriage BJ, Bloch TD, Spees CK, Ramsay SA, Watowicz RP, et al. 
Contribution of snacks to dietary intakes of young children in the United States. 
Matern Child Nutr 2018;14(1):e12454. https://doi.org/10.1111/mcn.12454.

[10] Slavin JL, Lloyd B. Health benefits of fruits and vegetables. Adv Nutr 2012;3(4): 
506–16. https://doi.org/10.3945/an.112.002154.

[11] Perkins-Veazie P, Collins JK. Flesh quality and lycopene stability of fresh-cut 
watermelon. Postharvest Biol Technol 2004;31(2):159–66. https://doi.org/ 
10.1016/j.postharvbio.2003.08.005.

[12] Egbuonu ACC. Comparative assessment of some mineral, amino acid and vitamin 
compositions of watermelon (Citrullus lanatus) rind and seed. Asian J Biochem 
2015;10(5):230–6. https://doi.org/10.3923/ajb.2015.230.236.

[13] Naz A, Butt MS, Sultan MT, Qayyum MMN, Niaz RS. Watermelon lycopene and 
allied health claims. EXCLI J 2014;13:650–60. https://www.ncbi.nlm.nih.gov/pmc 
/articles/PMC4464475/.

[14] Sorokina M, McCaffrey KS, Deaton EE, Ma G, Ordovás JM, Perkins-Veazie PM, 
Steinbeck C, Levi A, Parnell LD. A catalog of natural products occurring in 
watermelon-Citrullus lanatus. Front Nutr 2021;8:729822. https://doi.org/10.3389/ 
fnut.2021.729822.

[15] Lum T, Connolly M, Marx A, Beidler J, Hooshmand S, Kern M, et al. Effects of fresh 
watermelon consumption on the acute satiety response and cardiometabolic risk 
factors in overweight and obese adults. Nutrients 2019;11(3):595. https://doi.org/ 
10.3390/nu11030595.

[16] Al-Sayed HMA, Ahmed AR. Utilization of watermelon rinds and sharlyn melon 
peels as a natural source of dietary fiber and antioxidants in cake. Ann Agric Sci 
(Cairo) 2013;58(1):83–95. https://doi.org/10.1016/j.aoas.2013.01.012.

[17] Davis AR, Webber CL, Fish WW, Wehner TC, King S, Perkins-Veazie P. L-citrulline 
levels in watermelon cultigens tested in two environments. Hortscience 2011;46 
(12):1572–5. https://doi.org/10.21273/HORTSCI.46.12.1572.

[18] Azizi S, Mahdavi R, Mobasseri M, Aliasgharzadeh S, Abbaszadeh F, Ebrahimi- 
Mameghani M. The impact of L-citrulline supplementation on glucose homeostasis, 
lipid profile, and some inflammatory factors in overweight and obese patients with 
type 2 diabetes: a double-blind randomized placebo-controlled trial. Phytother Res 
2021;35(6):3157–66. https://doi.org/10.1002/ptr.6997.

[19] Ahn J, Choi W, Kim S, Ha T. Anti-diabetic effect of watermelon (Citrullus vulgaris 
Schrad) on Streptozotocin-induced diabetic mice. Food Sci Biotechnol 2011;20(1): 
251–4. https://doi.org/10.1007/s10068-011-0034-5.

[20] Gladvin G, Sudhaakr G, Swathi V, Santhisri KV. Mineral and vitamin compositions 
contents in watermelon peel (rind). Int J Curr Microbiol Appl Sci 2017;5:129–33. 
https://www.ijcmas.com/special/5/G.%20Gladvin,%20et%20al.pdf.

[21] Quang C, Rosas Jr M, Rasmussen C, Hong MY. The effects of fresh watermelon juice 
consumption on satiety, postprandial glucose, insulin response, and topical 
application on skin health in healthy adults. Curr Dev Nutr 2020;4(Suppl 2):456. 
https://doi.org/10.1093/cdn/nzaa045_089.

[22] CDC (Centers for Disease Control and Prevention). Bmi calculator for child and 
teen. https://www.cdc.gov/healthyweight/bmi/calculator.html. [Accessed 14 
September 2023].

[23] U.S. Department of Agriculture. Fooddata Central Search Results. FoodData 
Central. https://fdc.nal.usda.gov/fdc-app.html#/food-search?query=waterm 
elon&type=SR%20Legacy (Accessed August 10, 2024).

[24] Flint A, Raben A, Blundell JE, Astrup A. Reproducibility, power and validity of 
visual analogue scales in assessment of appetite sensations in single test meal 
studies. Int J Obes Relat Metab Disord 2000;24(1):38–48. https://doi.org/ 
10.1038/sj.ijo.0801083.

[25] Ramirez JL, Juma S, Du X. Consumer acceptance of watermelon flesh-rind blends 
and the effect of rind on refreshing perception. J Food Sci 2021;86(4):1384–92. 
https://doi.org/10.1111/1750-3841.15648.

[26] Bosch-Sierra N, Marqués-Cardete R, Gurrea-Martínez A, Grau-Del Valle C, Talens C, 
Alvarez-Sabatel S, et al. Effect of fibre-enriched orange juice on postprandial 
glycaemic response and satiety in healthy individuals: an acute, randomised, 

placebo-controlled, double-blind, crossover study. Nutrients 2019;11(12):3014. 
https://doi.org/10.3390/nu11123014.

[27] Yuan JYF, Smeele RJM, Harington KD, Van Loon FM, Wanders AJ, Venn BJ. The 
effects of functional fiber on postprandial glycemia, energy intake, satiety, 
palatability and gastrointestinal wellbeing: a randomized crossover trial. Nutr J 
2014;13(1):76. https://doi.org/10.1186/1475-2891-13-76.

[28] Flood-Obbagy JE, Rolls BJ. The effect of fruit in different forms on energy intake 
and satiety at a meal. Appetite 2009;52(2):416–22. https://doi.org/10.1016/j. 
appet.2008.12.001.

[29] Miquel-Kergoat S, Azais-Braesco V, Burton-Freeman B, Hetherington MM. Effects 
of chewing on appetite, food intake and gut hormones: a systematic review and 
meta-analysis. Physiol Behav 2015;151:88–96. https://doi.org/10.1016/j. 
physbeh.2015.07.017.

[30] Borkoles E, Krastins D, Van Der Pols JC, Sims P, Polman R. Short-term effect of 
additional daily dietary fibre intake on appetite, satiety, gastrointestinal comfort, 
acceptability, and feasibility. Nutrients 2022;14(19):4214. https://doi.org/ 
10.3390/nu14194214.

[31] Kudo M, Yoshitomi H, Momoo M, Suguro S, Yamagishi Y, Gao M. Evaluation of the 
effects and mechanism of l-citrulline on anti-obesity by appetite suppression in 
obese/diabetic kk-ay mice and high-fat diet fed sd rats. Biol Pharmaceut Bull 2017; 
40(4):524–30. https://doi.org/10.1248/bpb.b16-01002.

[32] Valaei K, Mehrabani J, Wong A. Effects of L-citrulline supplementation on nitric 
oxide and antioxidant markers after high-intensity interval exercise in young men: 
a randomized controlled trial. Br J Nutr 2021;127:1303–12. https://doi.org/ 
10.1017/S0007114521002178. Advance online publication.

[33] Sansbury BE, Hill BG. Regulation of obesity and insulin resistance by nitric oxide. 
Free Radic Biol Med 2014;73:383–99. https://doi.org/10.1016/j. 
freeradbiomed.2014.05.016.

[34] Lira VA, Soltow QA, Long JH, Betters JL, Sellman JE, Criswell DS. Nitric oxide 
increases GLUT4 expression and regulates AMPK signaling in skeletal muscle. Am J 
Physiol Endocrinol Metab 2007;293(4):E1062–8. https://doi.org/10.1152/ 
ajpendo.00045.2007.

[35] Eshreif A, Al Batran R, Jamieson KL, Darwesh AM, Gopal K, Greenwell AA, et al. l 
-citrulline supplementation improves glucose and exercise tolerance in obese male 
mice. Exp Physiol 2020;105(2):270–81. https://doi.org/10.1113/EP088109.

[36] Abbaszadeh F, Azizi S, Mobasseri M, Ebrahimi-Mameghani M. The effects of 
citrulline supplementation on meta-inflammation and insulin sensitivity in type 2 
diabetes: a randomized, double-blind, placebo-controlled trial. Diabetol Metab 
Syndrome 2021;13(1):52. https://doi.org/10.1186/s13098-021-00669-w.

[37] Ajiboye BO, Shonibare MT, Oyinloye BE. Antidiabetic activity of watermelon 
(Citrullus lanatus) juice in alloxan-induced diabetic rats. J Diabetes Metab Disord 
2020;19(1):343–52. https://doi.org/10.1007/s40200-020-00515-2.

[38] Rimando AM, Perkins-Veazie PM. Determination of citrulline in watermelon rind. 
J Chromatogr A 2005;1078(1–2):196–200. https://doi.org/10.1016/j. 
chroma.2005.05.009.

[39] Gu I, Balogun O, Brownmiller C, Kang HW, Lee S-O. Bioavailability of citrulline in 
watermelon flesh, rind, and skin using a human intestinal epithelial Caco-2 cell 
model. Appl Sci 2023;13(8):4882. https://doi.org/10.3390/app13084882.

[40] Kudo M, Yamagishi Y, Suguro S, Nishihara M, Yoshitomi H, Hayashi M, et al. L- 
citrulline inhibits body weight gain and hepatic fat accumulation by improving 
lipid metabolism in a rat nonalcoholic fatty liver disease model. Food Sci Nutr 
2021;9(9):4893–904. https://doi.org/10.1002/fsn3.2439.

[41] Zhang L, Buenaventura K, Wickstrom C, Liu C, Hong MY. Sensory evaluation of 
blenderized watermelon flesh juice with and without the rind. Curr Dev Nutr 2021; 
5:616. https://doi.org/10.1093/cdn/nzab044_047.

[42] Naknaen P, Itthisoponkul T, Sondee A, Angsombat N. Utilization of watermelon 
rind waste as a potential source of dietary fiber to improve health promoting 
properties and reduce glycemic index for cookie making. Food Sci Biotechnol 2016; 
25(2):415–24. https://doi.org/10.1007/s10068-016-0057-z.

[43] Simonne A, Carter M, Fellers R, Weese J, Wei CI, Smonne E, et al. Chemical, 
physical and sensory characterization of watermelon rind pickles. J Food Process 
Preserv 2003;26(6):415–31. https://doi.org/10.1111/j.1745-4549.2003.tb00494. 
x.

[44] Dubey S, Rajput H, Batta K. Utilization of watermelon rind (Citrullus lanatus) in 
various food preparations: a review. J Agric Sci Food Res 2023;14(1):1–3. https:// 
doi.org/10.35248/2161-1025.23.14.141.

C. Rasmussen et al.                                                                                                                                                                                                                             Metabolism Open 25 (2025) 100345 

7 

https://doi.org/10.3390/nu8100633
https://doi.org/10.1177/001789690506400106
https://doi.org/10.1177/001789690506400106
https://doi.org/10.3945/jn.116.230334
https://doi.org/10.1111/mcn.12454
https://doi.org/10.3945/an.112.002154
https://doi.org/10.1016/j.postharvbio.2003.08.005
https://doi.org/10.1016/j.postharvbio.2003.08.005
https://doi.org/10.3923/ajb.2015.230.236
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4464475/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4464475/
https://doi.org/10.3389/fnut.2021.729822
https://doi.org/10.3389/fnut.2021.729822
https://doi.org/10.3390/nu11030595
https://doi.org/10.3390/nu11030595
https://doi.org/10.1016/j.aoas.2013.01.012
https://doi.org/10.21273/HORTSCI.46.12.1572
https://doi.org/10.1002/ptr.6997
https://doi.org/10.1007/s10068-011-0034-5
https://www.ijcmas.com/special/5/G.%20Gladvin,%20et%20al.pdf
https://doi.org/10.1093/cdn/nzaa045_089
https://www.cdc.gov/healthyweight/bmi/calculator.html
https://fdc.nal.usda.gov/fdc-app.html#/food-search?query=watermelon&amp;type=SR%20Legacy
https://fdc.nal.usda.gov/fdc-app.html#/food-search?query=watermelon&amp;type=SR%20Legacy
https://doi.org/10.1038/sj.ijo.0801083
https://doi.org/10.1038/sj.ijo.0801083
https://doi.org/10.1111/1750-3841.15648
https://doi.org/10.3390/nu11123014
https://doi.org/10.1186/1475-2891-13-76
https://doi.org/10.1016/j.appet.2008.12.001
https://doi.org/10.1016/j.appet.2008.12.001
https://doi.org/10.1016/j.physbeh.2015.07.017
https://doi.org/10.1016/j.physbeh.2015.07.017
https://doi.org/10.3390/nu14194214
https://doi.org/10.3390/nu14194214
https://doi.org/10.1248/bpb.b16-01002
https://doi.org/10.1017/S0007114521002178
https://doi.org/10.1017/S0007114521002178
https://doi.org/10.1016/j.freeradbiomed.2014.05.016
https://doi.org/10.1016/j.freeradbiomed.2014.05.016
https://doi.org/10.1152/ajpendo.00045.2007
https://doi.org/10.1152/ajpendo.00045.2007
https://doi.org/10.1113/EP088109
https://doi.org/10.1186/s13098-021-00669-w
https://doi.org/10.1007/s40200-020-00515-2
https://doi.org/10.1016/j.chroma.2005.05.009
https://doi.org/10.1016/j.chroma.2005.05.009
https://doi.org/10.3390/app13084882
https://doi.org/10.1002/fsn3.2439
https://doi.org/10.1093/cdn/nzab044_047
https://doi.org/10.1007/s10068-016-0057-z
https://doi.org/10.1111/j.1745-4549.2003.tb00494.x
https://doi.org/10.1111/j.1745-4549.2003.tb00494.x
https://doi.org/10.35248/2161-1025.23.14.141
https://doi.org/10.35248/2161-1025.23.14.141

	Effects of blenderized watermelon consumption on satiety and postprandial glucose in overweight and obese adolescents
	1 Introduction
	2 Methods and materials
	2.1 Subjects
	2.2 Study design
	2.3 Satiety questionnaire
	2.4 Postprandial glucose
	2.5 Sensory evaluation
	2.6 Analyses of physical and chemical properties
	2.7 Statistical analysis

	3 Results
	3.1 Demographics and baseline characteristics
	3.2 Postprandial glucose
	3.3 Satiety questionnaire
	3.4 Triangle sensory evaluation
	3.5 Seven-point hedonic scale sensory evaluation
	3.6 Properties of blenderized watermelon with and without rind

	4 Discussion
	CRediT authorship contribution statement
	Data availability statement
	Funding
	Declaration of competing interest
	References


