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Abstract: Dietary recommendations to reduce the consumption of free sugars often group 100%
fruit juice with other sugar-containing beverages. The objective of this study was to determine the
effect of consuming 100% orange juice compared to an orange drink on next-meal food intake (FI),
glycemic response, average appetite, emotions, and sensory characteristics in normal-weight adults.
Thirty-six normal-weight adults (age: 26.8 ± 0.9 years) consumed, in random order and at least
5 days apart, three 240 mL test beverages as follows: (a) 100% orange juice, (b) orange drink, or
(c) water. Subjective sweetness and pleasantness were determined immediately after test beverage
consumption. Glycemic response, average appetite, and subjective emotions were measured every
15 min for 60 min. Food intake was determined at a pizza lunch 60 min later. Rest-of-day glycemic
response and energy intake (EI) were determined using a continuous glucose monitor and food
record, respectively. Lunch FI (p = 0.054) and total EI (p = 0.01) were both lower after 100% orange
juice compared with the orange drink. Caloric compensation was 84% after 100% orange juice and
−25% after the orange drink (p = 0.047). Average appetite was not significantly different between
the test beverages (p > 0.05). Blood glucose iAUC adjusted for available carbohydrate was lower
after 100% orange juice compared with the orange drink (p < 0.001). Rest-of-day blood glucose
concentrations were lower after 100% orange juice compared with the orange drink (p = 0.03) and
water control (p < 0.001). In conclusion, consumption of 100% orange juice as a preload resulted in
higher caloric compensation, lower total daily EI, and lower blood glucose concentrations compared
to the orange drink.

Keywords: 100% orange juice; sugar-sweetened beverages; sugars; satiety; food intake; appetite;
glycemic response; blood glucose; normal-weight adults

1. Introduction

Decreasing the intake of free sugars to 10% or less of daily energy intake (EI) is
suggested by the World Health Organization to reduce the risk of unhealthy body weight
and dental caries [1]. Consistent with these recommendations, some national dietary
guidelines recommend reducing the intake of sugars from all sources [2]. Yet, because these
recommendations do not distinguish the source of free sugars and are based primarily on
data from observational studies, the physiological mechanisms underlying any observed
effects cannot be readily determined.

There is a significant amount of literature showing that sugars suppress food intake
(FI) in adults, but the effects are dependent on the source, dose, and meal timing. For
example, in young men, 50 g of glucose [3], or a sucrose-sweetened yogurt [4] suppressed
FI 60 min later. In contrast, high amylose/amylopectin cornstarch-sweetened drinks (75 g)
failed to reduce FI after 60 min [5], suggesting that carbohydrates eliciting a higher glycemic
response are associated with greater suppression of subjective appetite and lower FI 1–
2 h later in short-term studies [5,6]. However, sucrose-sweetened beverages provided

Nutrients 2024, 16, 242. https://doi.org/10.3390/nu16020242 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu16020242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://doi.org/10.3390/nu16020242
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16020242?type=check_update&version=1


Nutrients 2024, 16, 242 2 of 14

immediately before or with lunch appear to add to EI [7]. This effect extends beyond
sugar-sweetened beverages (SSBs), where within meal consumption of regular cola, orange
juice, and 1% milk increased meal EI compared to diet cola or water [8].

100% fruit juices are readily available nutrient-dense options containing naturally
present sugars and, apart from fiber, can provide micronutrients and bioactive compounds
at doses similar to those found in whole fruits [9–11]. Unlike 100% fruit juices, SSBs
are beverages with caloric sweeteners added during processing [12]. In Canada and the
United States, orange juice ranks among the most frequently consumed fruit juices [13].
In addition, 100% orange juice is a source of micronutrients and can be supplemented by
the manufacturer with several key shortfall nutrients such as calcium and vitamin D [14].
However, there has been a decrease in consumption of 100% orange juice in Canada and
the United States [13,15,16]. Given the ongoing concern that excess energy consumption
derived from free sugars may contribute disproportionately to the obesity epidemic [9,17],
there is a need for further investigation of different sources of sugars such as 100% orange
juice and SSBs on FI regulation.

The associations among free sugars, body weight, and metabolic risk may be mediated
by the source of free sugars. A recent meta-analysis of controlled feeding trials highlighted
the importance of source and energy control of fructose-containing sugars on adiposity [18].
In addition trials, consumption of 100% fruit juice, derived 100% from fruits with no added
sugars at 10% or less of EI, was associated with a moderate decrease in body weight and
body mass index (BMI), while consumption at >10% of EI had no effect on body weight or
BMI [18]. Conversely, fruit drinks derived from fruit juices or fruit flavoring with added
sugars and mixed fructose-containing sources were associated with moderate elevations
in body weight and BMI in addition trials [18]. Furthermore, a synthesis of prospective
cohort studies found that sweetened fruit juices were associated with an increased risk of
type 2 diabetes, but not 100% fruit juice [19]. Furthermore, meta-analyses of prospective
observational studies and randomized controlled trials did not find a relationship between
100% fruit juice and increased risk of cardiovascular disease [20,21].

Limited experimental studies have directly compared the effects of 100% orange juice
to an SSB on satiety and FI or explored potential mechanisms of action. Evidence from
experimental trials is needed to understand the physiological effects of consuming 100%
orange juice compared to commonly consumed beverages containing added free sugars
or water [22], contributing the level of granularity needed to inform dietary guidance.
Therefore, the objective was to determine the effect of consuming 100% orange juice
compared to an orange-flavored SSB on next-meal FI, subjective appetite, glycemic response,
subjective emotions, and sensory characteristics in normal weight adults. We hypothesized
that consuming 100% orange juice as a preload would increase satiety, mood, and suppress
FI through its effect on post-prandial glycemia.

2. Materials and Methods
2.1. Participants, Inclusion and Exclusion Criteria

Adults aged 18 to 45 years of age were recruited via online classified advertisements,
social media, and by word-of-mouth. To meet the inclusion criteria, adults were required
to have BMI between 18.5 and 24.9 kg/m2, to have been habitual breakfast consumers [23],
and to have been willing to consume the study treatment foods and beverages. Adults
were excluded if they were on a diet or had food allergies, sensitives, or aversion to any
of the food or beverages in this study. Furthermore, adults were excluded if they had
significant weight fluctuations within the past 6 months or a previous diagnosis of diabetes,
pre-diabetes, gastrointestinal disease, liver disease, kidney disease, or a metabolic disorder.
Participants who received a score of ≥11 points on an eating habits questionnaire were
considered as restrained eaters and excluded [24].
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2.2. Study Consent

A telephone screening interview provided initial eligibility criteria. Participants who
passed the telephone screening were scheduled to attend an in-person information and final
screening session at the laboratory to review study protocols and obtain written informed
consent. Anthropometric measures were obtained, and participants were familiarized with
test day instruments and procedures during the information and final screening session.
Height was measured to the nearest 0.5 cm using a wall-mounted stadiometer (SECA, 803,
220 height rod, Hamburg, Germany). Body weight was recorded to the nearest 0.1 kg
(Bod Pod, Life Measurement Instruments, Concord, CA, USA). Fat mass and fat-free mass
were determined using the Bod Pod, employing adult-specific body fat equations tailored
for sex and ethnicity (Bod Pod, Life Measurement Instruments, Concord, CA, USA). To
accommodate dietary preferences, eligible participants were asked to rank their top two
flavor preferences from a selection of three pizza options including: three-cheese, pepperoni,
or deluxe (Selection Brand, Mini Pizza, Metro, ON, Canada). This study protocol received
approval from the Toronto Metropolitan University Research Ethics Board (REB #2021-177)
and was registered at clinicaltrials.gov (NCT05012046).

2.3. Experimental Design

Following a within-subjects, repeated measures study design, eligible participants
completed three test sessions at least 5 days apart. On three separate mornings, participants
arrived at the laboratory at 8:00 am following a 10 to 12 h fast, except for a small amount of
water which was permitted up to 1 h before arriving. On the morning of each test session,
participants completed a baseline questionnaire to verify adherence to the fasting protocol
and other pre-test requirements.

Following completion of the baseline questionnaire, a Dexcom G6 (Dexcom Inc.©,
San Diego, CA, USA) continuous glucose monitoring system (CGM) was inserted onto the
abdomen of the participants. Participants were then provided a standardized breakfast
of 2% milk (237 mL, 120 kcal, Neilson, Saputo Inc., Montreal, QC, Canada), a strawberry
breakfast bar (37 g, 130 kcal, Selection), and cereal (27 g, 110 kcal, Cheerios, General Mills
Inc., Minneapolis, MN, USA). Participants were required to consume the entire breakfast.
After participants completed the standardized breakfast, a two-hour waiting period was
commenced to allow for the Dexcom G6 to warm up as previously reported [25,26].

After the two-hour period and the collection of baseline measures, participants con-
sumed, one of the three isovolumetric (240 mL) treatments within five minutes, including
(1) 100% orange juice (105.6 kcal, 25.9 g of carbohydrate, Tropicana Pure Premium Original,
No Pulp, Chicago, IL, USA), (2) orange drink (119.1 kcal, 29.8 g of carbohydrate, Orange
Soda, Compliments, Sobeys Inc., Stellarton, NS, Canada), or (3) a water control (0 kcal,
0 g of carbohydrate, Nestle Pure Life®, North York, ON, Canada). Participants consumed
each test beverage only once during the study. Test beverages were served cold in opaque
containers with lids and straws. Subjective appetite, subjective emotions, and subjective
physical well-being were determined at baseline (0-min) and at 15 min intervals for 60 min.
Glycemic response was measured by finger-prick at baseline (0-min), and 15, 30, 45, and
60 min post-treatment consumption. Sensory characteristics, including pleasantness and
sweetness of the test beverages, were collected post-consumption (5 min). At 60 min,
participants were served an ad libitum pizza lunch assess lunch FI. After completion of the
laboratory test session, participants were sent home with the Dexcom G6 CGM inserted to
measure rest-of-day glycemic control and a rest-of-day food and a physical activity record
to complete and return at their next test session.

2.4. Experimental Procedures
2.4.1. Food and Water Intake

An ad libitum pizza lunch was used to assess lunch FI at 60 min post-treatment, as
we previously reported [27–30]. Participants were individually seated in a private cubicle
in our sensory room adjacent to the kitchen. Participants were provided with ad libitum
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water for 30 min and a fresh tray of pizza every 10 min for 30 min. Each tray consisted of
three mini-pizzas, two of the participant’s first choice, and one of their second choice. Each
pizza was weighed (g) prior to serving. Participants were reminded to eat until they were
comfortably full. Any leftover pizza was weighed and recorded. The frozen three-cheese
pizza delivered 260 kcal (106 g, Selections, Toronto, ON, Canada), while the pepperoni
offered 250 kcal (106 g, Selections, Toronto, ON, Canada), and the deluxe option supplied
240 kcal (106 g, Selections, Toronto, ON, Canada), as per the nutrition facts table.

The amount of pizza consumed (g) was determined by subtracting the total weight of
leftover pizza from the total weight of served pizza. FI at lunch (kcal) was then computed
using the weight of consumed pizza (g) and the information available on the nutrition facts
panel. The pizzas were used in this study due to the absence of an outer crust and consistent
macronutrient and energy density [31]. Water consumption (g) was determined by the
change in weight measured before serving and upon completing the ad libitum lunch.
Cumulative FI (kcal) was determined by the sum of energy consumed from the standardized
breakfast, test beverage, and the ad libitum pizza lunch. Caloric compensation (%) was
calculated by comparing the ad libitum caloric intake after the control preload (water)
versus the ad libitum caloric intake after each high energy preload (100% orange juice
or orange drink): compensation (%) = (control treatment lunch intake (kcal) − treatment
preload intake (kcal)/treatment preload kcal × 100) [32,33].

2.4.2. Rest-of-Day EI and Physical Activity

Upon completing each study session, participants completed a paper-based food and
activity record and were instructed to document all foods and beverages consumed during
the remainder of the day along with any physical activity. To estimate rest-of-day EI (kcal)
and macronutrient intake (total carbohydrate, total fat, and protein), each food record was
analyzed using the Food Processor SQL software (Version 9.8, 2005, ESHA Research, Salem,
OR, USA). Total daily EI (kcal) was computed from the sum of EI from the standardized
breakfast, the test beverage, the ad libitum pizza lunch, and the rest-of-day food record.
Physical activity energy expenditure was assessed by determining the metabolic equivalent
of task (METs) based on the participant’s reported non-sedentary activities. The METs
value was multiplied by the participant’s weight (in kilograms) and the reported duration
of activity (in hours) [34].

2.4.3. Post-Prandial Glycemic Response

Capillary blood glucose samples were collected from participants’ fingertips via a
single-use, auto-disabling lancet device (Safe-T-Pro Plus, Accu-Chek, Roche Diabetes
Care®, Laval, QB, Canada). Three large blood drops were collected into a sodium flu-
oride/potassium oxalate blood collection tube for measurement (Terumo America Inc.,
Tustin, CA, USA). Blood samples were immediately analyzed for glucose concentration in
the YSI 2950D Glucose Analyzer (YSI Inc., Yellow Springs, OH, USA). Changes in glucose
concentrations in the blood typically precede changes in interstitial fluid, especially during
times when glucose is changing rapidly (i.e., post-beverage consumption) [35]. Therefore,
capillary blood glucose via the finger-prick method was used during the acute phase
(over 60 min post-treatment consumption), and the Dexcom G6 CGM was used to observe
glycemic response for the remainder of the day.

2.4.4. Rest-of-Day Glycemic Response

Rest-of-day glucose concentrations were collected using the Dexcom G6 CGM system,
which collects glucose measurements from the interstitial fluid. Dexcom CGM is a widely
used and validated instrument for tracking glycemic response trends [25,26]. Dexcom
CGMs were inserted by the participants on their abdomen following the manufacturer in-
structions and with the assistance of a trained research assistant. The Dexcom G6 provided
glycemic response data every 5 min for 11 h. The data collection period for the rest-of-day
glycemic response phase started at 1:00 p.m. (i.e., after test sessions were completed) and
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continued until 11:59 p.m. of each test session day. A total of eleven time-points represent-
ing the mean from each hour of blood glucose data for the participant were analyzed for
rest-of-day glycemic response.

2.4.5. Subjective Appetite, Subjective Emotions and Sensory Characteristics

Satiety encompasses the sensation of fullness experienced from the cumulative in-
hibitory signals triggered by the ingestion of food and beverages [36]. Paper-based 100 mm
line visual analogue scale (VAS) questionnaires were used to determine the effect of the test
beverages on subjective appetite, emotions, physical well-being, and sensory characteristics.
Participants marked an ‘X’ along the 100 mm line anchored by two opposing statements
based on how they currently felt, as previously reported [30].

A motivation-to-eat VAS questionnaire was used to determine subjective
appetite [27,30,37,38]. Each question of the motivation-to-eat VAS questionnaire addressed
one of the four dimensions as follows: desire to eat, hunger, fullness, and prospective
food consumption. An average appetite score was then calculated as previously re-
ported [27,30,37,38].

Subjective emotions were evaluated using a VAS questionnaire consisting of thirteen
questions, as previously reported [28,29]. An average subjective emotion score (mm) was
calculated from the thirteen VAS questions as previously reported [30,31]. An additional
VAS question was administered to assess physical well-being by inquiring ‘how well do
you feel right now?’ anchoring the response from ‘not well at all’ to ‘very well’. Sensory
characteristics of the test beverages were evaluated via pleasantness and sweetness using
a VAS question at 5 min post-treatment consumption. The test beverage pleasantness
question asked, ‘how pleasant did you find the beverage you consumed?’ with anchors ‘not
pleasant at all’ to ‘very pleasant’. The test beverage sweetness question asked, ‘how sweet
did you find the beverage you consumed?’ with anchors ‘not sweet at all’ to ‘very sweet’.

2.5. Statistical Analyses

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA). A repeated-measures two-factor analysis of variance (ANOVA), using the PROC
MIXED procedure, was used to determine the effect of treatment (i.e., test beverage), time,
and treatment-by-time interaction on change from baseline subjective average appetite, sub-
jective emotions, subjective physical well-being score, and blood glucose concentrations. To
determine the effect of treatment on blood glucose incremental area under the curve (iAUC),
FI measurements (lunch FI, cumulative FI, rest-of-day EI, rest-of-day macronutrient intake
(grams), and total EI), water intake, subjective appetite iAUC, subjective emotions iAUC,
rest-of-day physical activity (METs), and sensory characteristics, a one-factor repeated
measures ANOVA was used. To control for multiple comparisons when main effects were
significant, a Tukey–Kramer’s post hoc analysis was employed. The effect of treatment on
caloric compensation was analyzed using a paired t-test. Blood glucose, subjective average
appetite, and subjective emotion iAUC were calculated using the trapezoid method [39].
Pearson correlation coefficients were used to examine the associations among subjective
average appetite iAUC, subjective average emotions iAUC, lunch FI, and blood glucose
iAUC over 60 min. All data are reported as mean ± standard error of the mean (SEM). A
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Participant Characteristics

Thirty-six adults (18 males and 18 females, age: 26.8 ± 0.9 years) completed the
study (Table 1). All participants consumed all treatment beverages. Thirty-four partic-
ipants (17 males, 17 females) completed post-prandial blood glucose measurements for
60 min. Thirty-one participants (15 males, 16 females) had complete rest-of-day blood
glucose measurements.
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Table 1. Baseline characteristics of test participants.

Variable All Participants (n = 36 *)

Age (years) 26.8 ± 0.9
Body weight (kg) 65.1 ± 1.8

Height (cm) 171.6 ± 1.8
Body Mass Index (BMI) (kg/m2) 22.0 ± 0.3

Fat mass (%) 1 23.0 ± 1.3
Fat-free mass (%) 1 77.0 ± 1.3

* 18 males and 18 females. 1 Estimated using the Bod Pod. All values are presented as means ± SEM.

3.2. Food and Water Intake

There was a main effect of treatment on lunch FI (p = 0.054), cumulative FI (p = 0.007)
and total EI (p = 0.01) (Table 2). Lunch FI was lower after 100% orange juice (p = 0.053)
compared with the orange drink, but there was no difference when compared with water.
Cumulative FI was lower after 100% orange juice (p = 0.02) and water (p = 0.01) compared
with orange drink. Total EI was lower after 100% orange juice (p = 0.008) compared with
orange drink, but there was no difference when compared with water. There was a main
effect of treatment on caloric compensation (p = 0.047). Mean caloric compensation after
the 100% orange juice preload was 84.0% ± 38.0 and after the orange drink preload was
-24.7% ± 40.1. Ad libitum water intake was not affected by treatment (p = 0.17) (Table 2).

Table 2. Effect of test beverages on lunch food intake (FI), caloric compensation, cumulative FI,
rest-of-day energy intake (EI), total EI, water intake, and sensory characteristics.

Variable
Test Beverages (Treatment)

p-Value †
Water Orange Drink 100% Orange Juice

Lunch FI (kcal) 1239.9 ± 90.5 ab 1269.3 ± 103.0 a 1151.2 ± 75.5 b 0.054
Caloric Compensation (%) - −24.7 ± 40.1 84.0 ± 38.0 * 0.047
Cumulative FI 1 (kcal) 1239.9 ± 90.5 a 1388.4 ± 90.4 b 1256.8 ± 90.4 a 0.007
Water intake at lunch (g) 342.4 ± 26.7 340.6 ± 26.4 379.1 ± 26.7 0.17
Rest-of-day EI 2 (kcal) 1374.6 ± 132.7 1388.2 ± 98.7 1100.2 ± 90.4 0.04
Total EI 3 (kcal) 2974.5 ± 161.2 ab 3136.6 ± 146.8 a 2717.0 ± 104.6 b 0.01
Pleasantness of treatment (mm) 49.2 ± 21.3 a 54.9 ± 4.6 a 72.3 ± 24.1 b <0.001
Sweetness of treatment (mm) 6.3 ± 2.5 a 79.5 ± 3.2 b 61.4 ± 4.1 c <0.001

All values represent means ± SEM, n = 36. † p-value representing main effect of treatment. Superscripts with
different letters within each row denote significant differences (p < 0.05; by one-factor ANOVA with Tukey–
Kramer’s post hoc test to account for multiple comparisons). * Asterisks represent significant differences between
treatments (p < 0.05; by paired t-test). 1 Cumulative FI = test beverage + lunch FI (ad libitum pizza lunch).
2 Rest-of-day EI = all FI after ad libitum pizza lunch (assessed using a food record). 3 Total EI = standardized
breakfast + test beverage + lunch FI + rest-of-day EI.

3.3. Rest-of-Day EI

There was a main effect of treatment on rest-of-day EI (p = 0.04). However, after Tukey–
Kramer adjustment, no significant difference was observed for treatment on rest-of-day
EI (Table 2). There was a main effect of treatment on rest-of-day intake of carbohydrates
(p < 0.05), but not dietary fat or protein (p > 0.05). Rest-of-day intake of carbohydrates (in
grams) was lower after 100% orange juice (p = 0.02) compared with orange drink.

3.4. Rest-of-Day Physical Activity

There was no effect of treatment on rest-of-day physical activity METs (p = 0.70).

3.5. Post-Prandial Blood Glucose Concentrations

Blood glucose was affected by treatment (p < 0.001), time (p < 0.001) and treatment-by-
time interaction (p < 0.001) over 60 min post-treatment consumption. Blood glucose was
lower after consumption of 100% orange juice (p < 0.001) and water (p < 0.001) compared to
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orange drink, and lower after water (p < 0.001) compared with 100% orange juice. Blood
glucose concentrations were lower after 100% orange juice compared with orange drink at
15 min (p = 0.001), 30 min (p < 0.001), and 45 min (p = 0.005), but not at 60 min (p > 0.05)
(Figure 1A). There was a main effect of treatment on blood glucose iAUC (p < 0.001). Blood
glucose iAUC was lower after 100% orange juice (p < 0.001) and water (p < 0.001) compared
with orange drink (Figure 1B). Blood glucose iAUC was lower after water compared with
100% orange juice (p < 0.001).
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Figure 1. (A) Effect of treatment on change from baseline blood glucose (mmol/L) over 60 min. Blood
glucose was affected by treatment (p < 0.001), time (p < 0.001), and treatment-by-time interaction
(p < 0.001). Blood glucose concentrations were lower after 100% orange juice compared with orange
drink at 15 min (p = 0.001), 30-min (p < 0.001), and 45 min (p = 0.005), but not at 60-min (p > 0.05).
(B) Effect of treatment on blood glucose incremental area under the curve (iAUC) (mmol/L * min) over
60 min. Blood glucose iAUC was affected by treatment (p < 0.001). Blood glucose iAUC was lower
after 100% orange juice (p < 0.001) and water (p < 0.001) compared with orange drink. Different letters
represent significant differences between treatments (p < 0.05). (C) Effect of treatment on change from
baseline blood glucose per gram of available carbohydrate (mmol/L/g) from test beverages over
60 min. Blood glucose per gram of available carbohydrate was affected by treatment (p = 0.004), time
(p < 0.001) and treatment-by-time interaction (p = 0.015). Blood glucose concentrations per gram of
available carbohydrate were lower after 100% orange juice compared with orange drink at 30 min
(p = 0.003), but not at 15, 45, or 60 min (p > 0.05). (D) Effect of treatment on blood glucose iAUC per
gram of available carbohydrate (mmol/L * min/g) from test beverages over 60 min. Blood glucose
iAUC per gram of available carbohydrate was affected by treatment (p < 0.001). Blood glucose iAUC
was lower after 100% orange juice (p < 0.001) compared with orange drink. Asterisks represent
significant differences between treatments (p < 0.05). All values are means ± SEM, n = 34.



Nutrients 2024, 16, 242 8 of 14

3.6. Post-Prandial Blood Glucose Concentration per Gram of Available Carbohydrate in the
Test Beverage

Blood glucose per gram of available carbohydrate in the test beverage over 60 min
was affected by treatment (p = 0.004), time (p < 0.001), and treatment-by-time interaction
(p = 0.015). Blood glucose was lower after 100% orange juice compared to the orange drink
(p = 0.004). Blood glucose concentrations per gram of available carbohydrate were lower
after 100% orange juice compared with orange drink at 30 min (p = 0.003), but not at 15,
45, or 60 min (p > 0.05) (Figure 1C). There was a main effect of treatment on blood glucose
iAUC per gram of available carbohydrate over 60 min (p < 0.001). Blood glucose iAUC per
gram of available carbohydrate was lower after 100% orange juice compared with orange
drink (p < 0.001) (Figure 1D).

3.7. Rest-of-Day Glycemic Response

Rest-of-day blood glucose over 11 h was affected by treatment (p < 0.001), but not time
or treatment-by-time interaction (p > 0.05). Rest-of-day blood glucose was lower after 100%
orange juice compared with the orange drink (p = 0.03) and water (p < 0.001), and lower
after orange drink compared with water (p = 0.002) (Figure 2).
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Figure 2. Effect of treatment on rest-of-day blood glucose (mmol/L) over 11 h. Blood glucose was
affected by treatment (p < 0.001), but not time or treatment-by-time interaction (p > 0.05). Rest-of-day
blood glucose was lower after 100% orange juice compared with the orange drink (p = 0.03) and
water (p < 0.001), and lower after orange drink compared with water (p = 0.002). All values are
means ± SEM, n = 31.

3.8. Subjective Appetite and Subjective Emotions

Subjective average appetite was affected by time (p < 0.001), but not treatment, and
there was no treatment-by-time interaction (p > 0.05) (Figure 3). Subjective average appetite
was lower at 15 min compared to 30 min, 45 min, and 60 min (p < 0.001), lower at 30 min
compared to 45 and 60 min (p < 0.001), and lower at 45 min compared to 60 min (p < 0.001).
Subjective average appetite iAUC was not affected by treatment (p > 0.05). Subjective
average emotions were not affected by treatment, time, or treatment-by-time interaction
(p > 0.05). Subjective emotions score iAUC was not affected by treatment (p > 0.05). Subjec-
tive wellness score was not affected by treatment, time, or treatment-by-time interaction
(p > 0.05).
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Figure 3. Effect of treatment on change from baseline subjective appetite scores (mm) over 60 min (two-
factor ANOVA with Tukey–Kramer’s post-hoc test to account for multiple comparisons). Subjective
appetite scores were affected by time (p < 0.001), but not treatment or treatment-by-time interaction
(p > 0.05). All values are means ± SEM, n = 36.

3.9. Sensory Characteristics of Treatments

There was a main effect of treatment on subjective sweetness (p < 0.001). Subjective
sweetness was higher after orange drink compared to 100% orange juice (p = 0.003) and
water (p < 0.001), and higher after 100% orange juice compared to water (p < 0.001). There
was a main effect of treatment on subjective pleasantness of the test beverages (p < 0.001).
Subjective pleasantness was higher after 100% orange juice compared with orange drink
(p = 0.009) and water (p < 0.001) (Figure 4).
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Figure 4. Effect of treatment on subjective pleasantness scores (mm) post-treatment consumption.
There was a main effect of treatment on subjective pleasantness of the test beverage (p < 0.001).
Subjective pleasantness was higher after 100% orange juice compared with orange drink (p = 0.009)
and water (p < 0.001). All values are means ± SEM, n = 36. Different letters represent significant
differences between treatments (p < 0.05).

3.10. Correlations

Blood glucose iAUC was positively associated with subjective average appetite iAUC
after 100% orange juice (r = 0.39, p = 0.02, n = 35) but not after orange drink or water.
Subjective average emotions iAUC was inversely associated with average appetite iAUC
after orange drink (r = −0.51, p = 0.002, n = 36) but not after water or 100% orange juice.
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Subjective sweetness was positively associated with lunch FI only after orange drink
(r = 0.34, p = 0.04, n = 36) but not after 100% orange juice or water.

4. Discussion

The present study addressed a crucial knowledge gap in our understanding of how
the source of free sugars affects subjective appetite, FI, and glycemic response in young
adults. Our results show that 100% orange juice suppressed lunch FI, cumulative FI, and
total day EI compared with the orange drink. While rest-of-day EI was lower after 100%
orange juice, this finding was not statistically significant when compared to the orange
drink. Although the glycemic response over 60 min was higher after both caloric treatments
compared with the water control, glycemic response was lower after 100% orange juice
compared with the orange drink.

Our findings emphasize the importance of considering the source of sugars when
examining their influence on satiety and FI. Previous research has suggested that sugar-
sweetened beverages (SSBs) may bypass regulatory control mechanisms for FI, potentially
leading to excess EI and subsequent weight gain, prompting recommendations to limit the
consumption of SSBs [40–42]. However, experimental trials in young men and children
have found evidence of caloric compensation for sugars in solutions, given as preloads,
at subsequent meals 30 min to 2 h later [5,6,29,30]. In contrast, FI intake was similar
after orange juice, low fat milk, and a soft drink at a test meal 2 h later, but all were
higher than the water control [43]. In our study, the orange drink resulted in higher
lunch and cumulative FI compared to 100% orange juice and the water control when the
ad libitum lunch was provided 60 min after treatment consumption. We observed near
complete caloric compensation after 100% orange juice consumption, at 84.0%, compared
to overconsumption after the orange drink, at −24.7%, suggesting that the source and
composition of the beverage and the time to the next meal are important determinants of
short-term FI regulation.

The difference in glycemic response between 100% orange juice and the orange drink
was due, in part, to the amount of available carbohydrates in the orange drink. Given that
treatments were matched for volume and not available carbohydrates, it is not surprising
to observe differences in postprandial glycemic response. However, glycemic response
was lower after 100% orange juice compared with the orange drink when corrected for
grams of available carbohydrates. The mechanism may be due to the high polyphenols
content in 100% orange juice, which have been shown to attenuate glycemic response.
Previous animal models, in vitro, and in vivo studies have suggested that the presence
of polyphenols can influence carbohydrate digestion and absorption by delaying glucose
transport [44,45] and inhibiting digestive enzymes such as alpha-amylase [46], resulting in
an attenuated glycemic response [47]. A randomized double-blind crossover trial in adults
found lower 24 h glucose concentrations after the consumption of grape juice served with a
meal, which is high in polyphenols, compared to a polyphenol-free beverage with reduced
flavor served with a meal [48]. Additionally, Kerimi et al. [49] found that hesperidin in
orange juice attenuated glucose and fructose transport in rats and modulated post-prandial
glucose in healthy adults.

The increase in overweight and obesity globally is thought to be substantially influ-
enced by the heightened intake of sugars, as they are hypothesized to elevate EI by stimu-
lating FI and promoting excess consumption [50,51]. For example, it has been suggested
that sweetness may increase appetite due to the stimulation of gut taste receptors [52].
However, others have found no effect of sweet taste on FI [7,53]. In the present study,
subjective sweetness scores were higher after the orange drink compared to 100% orange
juice and water, and FI was higher after orange drink compared to 100% orange juice. We
found a positive association between the subjective sweetness of the orange drink and
lunch FI. However, there was no association between sweetness and FI after water or 100%
orange juice consumption, suggesting other regulatory mechanisms are responsible for the
differences in FI. While it is unlikely that sweetness was the primary determinant of FI, it
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is possible that it contributed to the differences between treatments found in the present
study, highlighting the complex interactions affecting FI.

In adults, epidemiological evidence demonstrated that the consumption of 100%
orange juice was associated with increased intake of bioactive flavonoids [54]. Moreover,
individuals who included 100% orange juice in their diet exhibited lower consumption
of added sugars, adhered to higher-quality diets as measured by the Healthy Eating
Index, maintained a lower BMI, and had a reduced likelihood of obesity compared to
non-consumers [54,55]. In the present study, total day EI was lower after 100% orange juice
by approximately 420 kcal compared with the orange drink. While the present study only
evaluated EI over one day, short-term changes in caloric intake, if maintained, may influence
body weight and body composition [56,57]. A review of previous work has suggested that
the consumption of sugar-containing beverages is associated with weight gain through
adding calories to the diet and promoting excessive caloric intake [58]. However, findings
from the present study reveal a larger difference in caloric intake when consuming 100%
orange juice as a morning preload compared to the orange drink. These findings may help
support the evidence from a recent meta-analysis evaluating the effects of different sources
of free sugars on adiposity, suggesting that moderate consumption of 100% fruit juice has
no adverse effects on body weight [18].

Our findings contribute to a growing body of literature suggesting that consumption
of 100% orange juice suppresses FI and may protect against obesity risk in adults [54,55],
and further highlights the importance of examining the independent effects of different
sugar-containing beverages. Although we examined the effects of consuming ecologically
relevant sugar-containing beverages in isolation on satiety, short-term FI, and glycemic
response in normal adults, there are several limitations. First, we did not measure satiety
hormone responses (e.g., glucagon-like peptide-1, cholecystokinin, and ghrelin), which
may have provided clarity on how 100% orange juice and SSBs affect FI regulatory systems.
Second, we only included adults with a normal BMI. Future studies should confirm the
present study findings in other populations, such as older adults, children and adolescents,
and those living with diabetes or obesity, who may respond differently to the test beverages
compared with younger, normal-weight adults. Third, we did not consider the effects of
biological sex on FI regulation. Sex-based differences in postprandial hormone responses
have been reported [59,60] and women have been shown to exhibit more restrained eating
behaviors compared with men [61,62], which suggests the need for further examination
of sex-based differences. Fourth, given the diversity of commercially available SSBs in
the food supply and differences in the ratio of glucose to fructose, we cannot conclude
that all SSBs would behave similarly to the SSB selected for this study. Lastly, while short-
term changes could influence longitudinal trajectories for these outcomes, our study only
measured intraday FI and glycemic response and cannot draw conclusions about whether
these findings translate longitudinally. Experimental studies are recommended to examine
the longer-term effects of 100% orange juice consumption on components of energy balance
and glycemic regulation in adults.

5. Conclusions

In conclusion, consumption of 100% orange juice as a preload resulted in higher caloric
compensation, lower total daily EI, and lower blood glucose concentrations compared to
the orange drink. Future longitudinal studies are needed to assess whether the habitual
replacement of SSBs with 100% orange juice may contribute to healthier body weights and
improved glycemic control.

Author Contributions: N.B., M.K. and K.S. conceived and designed the experiment; S.R., S.E.W.,
O.M. and K.D. performed the experiments; S.R., S.E.W., M.K. and N.B. analyzed the data; S.R., M.K.
and N.B. drafted the original manuscript; S.R., M.K., S.E.W., O.M., K.D. and N.B. contributed to
interpreting the data, writing, and editing the manuscript. N.B. is the guarantor. All authors have
read and agreed to the published version of the manuscript.



Nutrients 2024, 16, 242 12 of 14

Funding: This research was funded by the Florida Department of Citrus, grant number n/a. The
funding body had no involvement in the design, analysis, or publication of research resulting from
this study.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Toronto Metropolitan University
(REB-2021-177, approved 10 August 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author. The data are not publicly available due to privacy.

Acknowledgments: The authors thank the participants for their participation in this study. Presented,
in part, at Nutrition 2023, American Society for Nutrition as follows: Effect of 100% Orange Juice
and a Volume-Matched Sugar-Sweetened Drink on Satiety and Food Intake in Normal Weight
Adults. Curr. Dev. Nutr. 2023, 7, 289, doi:10.1016/j.cdnut.2023.100760, (OR24-07-23) [63]; and,
Effect Of 100% Orange Juice and a Volume-Matched Sugar-Sweetened Drink on Post-Prandial and
Rest-Of-Day Glycemic Response in Normal Weight Adults. Curr. Dev. Nutr. 2023, 7, 306–307,
doi:10.1016/j.cdnut.2023.100799, (P16-039-23) [64].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. Guideline: Sugars Intake for Adults and Children; World Health Organization: Geneva, Switzerland,

2015; pp. 1–65.
2. Health Canada. Section 2: Foods and Beverages That Undermine Healthy Eating. In Canada’s Dietary Guidelines; Guidance

Document 170463; Health Canada: Ottawa, ON, Canada, 2019; 62p, Available online: https://food-guide.canada.ca/en/
guidelines/section-2-foods-and-beverages-undermine-healthy-eating/ (accessed on 27 October 2023).

3. Rogers, P.J.; Carlyle, J.A.; Hill, A.J.; Blundell, J.E. Uncoupling sweet taste and calories: Comparison of the effects of glucose and
three intense sweeteners on hunger and food intake. Physiol. Behav. 1988, 43, 547–552. [CrossRef] [PubMed]

4. Rogers, P.J.; Blundell, J.E. Separating the actions of sweetness and calories: Effects of saccharin and carbohydrates on hunger and
food intake in human subjects. Physiol. Behav. 1989, 45, 1093–1099. [CrossRef]

5. Anderson, G.H.; Catherine, N.L.; Woodend, D.M.; Wolever, T.M. Inverse association between the effect of carbohydrates on blood
glucose and subsequent short-term food intake in young men. Am. J. Clin. Nutr. 2002, 76, 1023–1030. [CrossRef] [PubMed]

6. Woodend, D.M.; Anderson, G.H. Effect of sucrose and safflower oil preloads on short term appetite and food intake of young
men. Appetite 2001, 37, 185–195. [CrossRef] [PubMed]

7. Rolls, B.J.; Kim, S.; Fedoroff, I.C. Effects of drinks sweetened with sucrose or aspartame on hunger, thirst and food intake in men.
Physiol. Behav. 1990, 48, 19–26. [CrossRef]

8. DellaValle, D.M.; Roe, L.S.; Rolls, B.J. Does the consumption of caloric and non-caloric beverages with a meal affect energy intake?
Appetite 2005, 44, 187–193. [CrossRef] [PubMed]

9. Clemens, R.; Drewnowski, A.; Ferruzzi, M.G.; Toner, C.D.; Welland, D. Squeezing fact from fiction about 100% fruit juice. Adv.
Nutr. 2015, 6, 236s–243s. [CrossRef] [PubMed]

10. Benton, D.; Young, H.A. Role of fruit juice in achieving the 5-a-day recommendation for fruit and vegetable intake. Nutr. Rev.
2019, 77, 829–843. [CrossRef]

11. Ruxton, C.H.S.; Myers, M. Fruit Juices: Are They Helpful or Harmful? An Evidence Review. Nutrients 2021, 13, 1815. [CrossRef]
12. Sousa, A.; Sych, J.; Rohrmann, S.; Faeh, D. The Importance of Sweet Beverage Definitions When Targeting Health Policies—The

Case of Switzerland. Nutrients 2020, 12, 1976. [CrossRef]
13. Neves, M.F.; Trombin, V.G.; Marques, V.N.; Martinez, L.F. Global orange juice market: A 16-year summary and opportunities for

creating value. Trop. Plant Pathol. 2020, 45, 166–174. [CrossRef]
14. Rampersaud, G.C.; Valim, M.F. 100% citrus juice: Nutritional contribution, dietary benefits, and association with anthropometric

measures. Crit. Rev. Food Sci. Nutr. 2017, 57, 129–140. [CrossRef] [PubMed]
15. Shahbandeh, M. U.S. per Capita Consumption of Orange Juice 2000/01–2022/23. Statista. 2023. Available online: https:

//www.statista.com/statistics/895621/us-per-capita-consumption-of-orange-juice/ (accessed on 5 November 2023).
16. Jones, A.C.; Kirkpatrick, S.I.; Hammond, D. Beverage consumption and energy intake among Canadians: Analyses of 2004 and

2015 national dietary intake data. Nutr. J. 2019, 18, 60. [CrossRef] [PubMed]
17. Pepin, A.; Stanhope, K.L.; Imbeault, P. Are Fruit Juices Healthier Than Sugar-Sweetened Beverages? A Review. Nutrients 2019,

11, 1006. [CrossRef]
18. Chiavaroli, L.; Cheung, A.; Ayoub-Charette, S.; Ahmed, A.; Lee, D.; Au-Yeung, F.; Qi, X.; Back, S.; McGlynn, N.; Ha, V.; et al.

Important food sources of fructose-containing sugars and adiposity: A systematic review and meta-analysis of controlled feeding
trials. Am. J. Clin. Nutr. 2023, 117, 741–765. [CrossRef]

https://food-guide.canada.ca/en/guidelines/section-2-foods-and-beverages-undermine-healthy-eating/
https://food-guide.canada.ca/en/guidelines/section-2-foods-and-beverages-undermine-healthy-eating/
https://doi.org/10.1016/0031-9384(88)90207-7
https://www.ncbi.nlm.nih.gov/pubmed/3200909
https://doi.org/10.1016/0031-9384(89)90093-0
https://doi.org/10.1093/ajcn/76.5.1023
https://www.ncbi.nlm.nih.gov/pubmed/12399274
https://doi.org/10.1006/appe.2001.0425
https://www.ncbi.nlm.nih.gov/pubmed/11895319
https://doi.org/10.1016/0031-9384(90)90254-2
https://doi.org/10.1016/j.appet.2004.11.003
https://www.ncbi.nlm.nih.gov/pubmed/15808893
https://doi.org/10.3945/an.114.007328
https://www.ncbi.nlm.nih.gov/pubmed/25770266
https://doi.org/10.1093/nutrit/nuz031
https://doi.org/10.3390/nu13061815
https://doi.org/10.3390/nu12071976
https://doi.org/10.1007/s40858-020-00378-1
https://doi.org/10.1080/10408398.2013.862611
https://www.ncbi.nlm.nih.gov/pubmed/25831042
https://www.statista.com/statistics/895621/us-per-capita-consumption-of-orange-juice/
https://www.statista.com/statistics/895621/us-per-capita-consumption-of-orange-juice/
https://doi.org/10.1186/s12937-019-0488-5
https://www.ncbi.nlm.nih.gov/pubmed/31627756
https://doi.org/10.3390/nu11051006
https://doi.org/10.1016/j.ajcnut.2023.01.023


Nutrients 2024, 16, 242 13 of 14

19. Xi, B.; Li, S.; Liu, Z.; Tian, H.; Yin, X.; Huai, P.; Tang, W.; Zhou, D.; Steffen, L.M. Intake of fruit juice and incidence of type 2
diabetes: A systematic review and meta-analysis. PLoS ONE 2014, 9, e93471. [CrossRef]

20. D’Elia, L.; Dinu, M.; Sofi, F.; Volpe, M.; Strazzullo, P. 100% Fruit juice intake and cardiovascular risk: A systematic review and
meta-analysis of prospective and randomised controlled studies. Eur. J. Nutr. 2021, 60, 2449–2467. [CrossRef]

21. Khan, T.A.; Tayyiba, M.; Agarwal, A.; Mejia, S.B.; de Souza, R.J.; Wolever, T.M.S.; Leiter, L.A.; Kendall, C.W.C.; Jenkins, D.J.A.;
Sievenpiper, J.L. Relation of Total Sugars, Sucrose, Fructose, and Added Sugars With the Risk of Cardiovascular Disease: A
Systematic Review and Dose-Response Meta-analysis of Prospective Cohort Studies. Mayo Clin. Proc. 2019, 94, 2399–2414.
[CrossRef]

22. Guasch-Ferré, M.; Hu, F.B. Are Fruit Juices Just as Unhealthy as Sugar-Sweetened Beverages? JAMA Netw. Open 2019, 2, e193109.
[CrossRef]

23. O’Neil, C.E.; Byrd-Bredbenner, C.; Hayes, D.; Jana, L.; Klinger, S.E.; Stephenson-Martin, S. The role of breakfast in health:
Definition and criteria for a quality breakfast. J. Acad. Nutr. Diet. 2014, 114, S8–S26. [CrossRef]

24. Herman, C.P.; Polivy, J. Restrained Eating. In Obesity; Standard, A.J., Ed.; SW Saunders: Philadelphia, PA, USA, 1980; pp. 208–225.
25. Davis, G.M.; Spanakis, E.K.; Migdal, A.L.; Singh, L.G.; Albury, B.; Urrutia, M.A.; Zamudio-Coronado, K.W.; Scott, W.H.;

Doerfler, R.; Lizama, S.; et al. Accuracy of Dexcom G6 Continuous Glucose Monitoring in Non-Critically Ill Hospitalized Patients
with Diabetes. Diabetes Care 2021, 44, 1641–1646. [CrossRef]

26. Shah, V.N.; Laffel, L.M.; Wadwa, R.P.; Garg, S.K. Performance of a Factory-Calibrated Real-Time Continuous Glucose Monitoring
System Utilizing an Automated Sensor Applicator. Diabetes Technol. Ther. 2018, 20, 428–433. [CrossRef] [PubMed]

27. Poirier, K.L.; Totosy de Zepetnek, J.O.; Bennett, L.J.; Brett, N.R.; Boateng, T.; Schwartz, A.; Luhovyy, B.L.; Bellissimo, N. Effect of
Commercially Available Sugar-Sweetened Beverages on Subjective Appetite and Short-Term Food Intake in Boys. Nutrients 2019,
11, 270. [CrossRef]

28. Lee, J.J.; Brett, N.R.; Wong, V.C.H.; Totosy de Zepetnek, J.O.; Fiocco, A.J.; Bellissimo, N. Effect of potatoes and other carbohydrate-
containing foods on cognitive performance, glycemic response, and satiety in children. Appl. Physiol. Nutr. Metab. 2019, 44,
1012–1019. [CrossRef]

29. Branton, A.; Akhavan, T.; Gladanac, B.; Pollard, D.; Welch, J.; Rossiter, M.; Bellissimo, N. Pre-meal video game playing and a
glucose preload suppress food intake in normal weight boys. Appetite 2014, 83, 256–262. [CrossRef]

30. Bennett, L.J.; Totosy de Zepetnek, J.O.; Brett, N.R.; Poirier, K.; Guo, Q.; Rousseau, D.; Bellissimo, N. Effect of Commercially
Available Sugar-Sweetened Beverages on Subjective Appetite and Short-Term Food Intake in Girls. Nutrients 2018, 10, 394.
[CrossRef] [PubMed]

31. Van Engelen, M.; Khodabandeh, S.; Akhavan, T.; Agarwal, J.; Gladanac, B.; Bellissimo, N. Effect of sugars in solutions on
subjective appetite and short-term food intake in 9- to 14-year-old normal weight boys. Eur. J. Clin. Nutr. 2014, 68, 773–777.
[CrossRef] [PubMed]

32. Bellissimo, N.; Pencharz, P.B.; Thomas, S.G.; Anderson, G.H. Effect of television viewing at mealtime on food intake after a
glucose preload in boys. Pediatr. Res. 2007, 61, 745–749. [CrossRef]

33. Birch, L.L.; Deysher, M. Caloric compensation and sensory specific satiety: Evidence for self regulation of food intake by young
children. Appetite 1986, 7, 323–331. [CrossRef]

34. Ainsworth, B.E.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R., Jr.; Tudor-Locke, C.; Greer, J.L.; Vezina, J.; Whitt-Glover,
M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A second update of codes and MET values. Med. Sci. Sports Exerc.
2011, 43, 1575–1581. [CrossRef]

35. Cengiz, E.; Tamborlane, W.V. A tale of two compartments: Interstitial versus blood glucose monitoring. Diabetes Technol. Ther.
2009, 11 (Suppl. 1), S11–S16. [CrossRef] [PubMed]

36. Bellisle, F.; Drewnowski, A.; Anderson, G.H.; Westerterp-Plantenga, M.; Martin, C.K. Sweetness, satiation, and satiety. J. Nutr.
2012, 142, 1149S–1154S. [CrossRef]

37. Guo, Q.; Totosy de Zepetnek, J.; Chang, J.; Hayden, J.; Crozier, S.J.; Mongia, G.; Rousseau, D.; Bellissimo, N. Effect of Midmorning
Puree Snacks on Subjective Appetite, Food Intake, and Glycemic and Insulin Responses in Healthy Adults. J. Am. Coll. Nutr.
2018, 37, 659–669. [CrossRef] [PubMed]

38. Hill, A.J.; Blundell, J.E. Nutrients and behaviour: Research strategies for the investigation of taste characteristics, food preferences,
hunger sensations and eating patterns in man. J. Psychiatr. Res. 1982, 17, 203–212. [CrossRef]

39. Wolever, T.M.; Jenkins, D.J.; Jenkins, A.L.; Josse, R.G. The glycemic index: Methodology and clinical implications. Am. J. Clin.
Nutr. 1991, 54, 846–854. [CrossRef] [PubMed]

40. Canty, D.J.; Chan, M.M. Effects of consumption of caloric vs noncaloric sweet drinks on indices of hunger and food consumption
in normal adults. Am. J. Clin. Nutr. 1991, 53, 1159–1164. [CrossRef] [PubMed]

41. Ludwig, D.S.; Majzoub, J.A.; Al-Zahrani, A.; Dallal, G.E.; Blanco, I.; Roberts, S.B. High glycemic index foods, overeating, and
obesity. Pediatrics 1999, 103, E26. [CrossRef] [PubMed]

42. Popkin, B.M.; Armstrong, L.E.; Bray, G.M.; Caballero, B.; Frei, B.; Willett, W.C. A new proposed guidance system for beverage
consumption in the United States2. Am. J. Clin. Nutr. 2006, 83, 529–542. [CrossRef]

43. Almiron-Roig, E.; Drewnowski, A. Hunger, thirst, and energy intakes following consumption of caloric beverages. Physiol. Behav.
2003, 79, 767–773. [CrossRef]

https://doi.org/10.1371/journal.pone.0093471
https://doi.org/10.1007/s00394-020-02426-7
https://doi.org/10.1016/j.mayocp.2019.05.034
https://doi.org/10.1001/jamanetworkopen.2019.3109
https://doi.org/10.1016/j.jand.2014.08.022
https://doi.org/10.2337/dc20-2856
https://doi.org/10.1089/dia.2018.0143
https://www.ncbi.nlm.nih.gov/pubmed/29923775
https://doi.org/10.3390/nu11020270
https://doi.org/10.1139/apnm-2018-0792
https://doi.org/10.1016/j.appet.2014.08.024
https://doi.org/10.3390/nu10040394
https://www.ncbi.nlm.nih.gov/pubmed/29570607
https://doi.org/10.1038/ejcn.2014.33
https://www.ncbi.nlm.nih.gov/pubmed/24667751
https://doi.org/10.1203/pdr.0b013e3180536591
https://doi.org/10.1016/s0195-6663(86)80001-0
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1089/dia.2009.0002
https://www.ncbi.nlm.nih.gov/pubmed/19469670
https://doi.org/10.3945/jn.111.149583
https://doi.org/10.1080/07315724.2018.1457457
https://www.ncbi.nlm.nih.gov/pubmed/29702032
https://doi.org/10.1016/0022-3956(82)90023-1
https://doi.org/10.1093/ajcn/54.5.846
https://www.ncbi.nlm.nih.gov/pubmed/1951155
https://doi.org/10.1093/ajcn/53.5.1159
https://www.ncbi.nlm.nih.gov/pubmed/2021127
https://doi.org/10.1542/peds.103.3.e26
https://www.ncbi.nlm.nih.gov/pubmed/10049982
https://doi.org/10.1093/ajcn.83.3.529
https://doi.org/10.1016/S0031-9384(03)00212-9


Nutrients 2024, 16, 242 14 of 14

44. Li, J.M.; Che, C.T.; Lau, C.B.; Leung, P.S.; Cheng, C.H. Inhibition of intestinal and renal Na+-glucose cotransporter by naringenin.
Int. J. Biochem. Cell Biol. 2006, 38, 985–995. [CrossRef]

45. Manzano, S.; Williamson, G. Polyphenols and phenolic acids from strawberry and apple decrease glucose uptake and transport
by human intestinal Caco-2 cells. Mol. Nutr. Food Res. 2010, 54, 1773–1780. [CrossRef] [PubMed]

46. Shimabukuro, M.; Higa, N.; Chinen, I.; Yamakawa, K.; Takasu, N. Effects of a single administration of acarbose on postprandial
glucose excursion and endothelial dysfunction in type 2 diabetic patients: A randomized crossover study. J. Clin. Endocrinol.
Metab. 2006, 91, 837–842. [CrossRef] [PubMed]

47. Törrönen, R.; Sarkkinen, E.; Tapola, N.; Hautaniemi, E.; Kilpi, K.; Niskanen, L. Berries modify the postprandial plasma glucose
response to sucrose in healthy subjects. Br. J. Nutr. 2010, 103, 1094–1097. [CrossRef] [PubMed]

48. Coelho, O.G.L.; Alfenas, R.C.G.; Debelo, H.; Wightman, J.D.; Ferruzzi, M.G.; Mattes, R.D. Effects of Concord grape juice flavor
intensity and phenolic compound content on glycemia, appetite and cognitive function in adults with excess body weight: A
randomized double-blind crossover trial. Food Funct. 2021, 12, 11469–11481. [CrossRef] [PubMed]

49. Kerimi, A.; Gauer, J.S.; Crabbe, S.; Cheah, J.W.; Lau, J.; Walsh, R.; Cancalon, P.F.; Williamson, G. Effect of the flavonoid hesperidin
on glucose and fructose transport, sucrase activity and glycaemic response to orange juice in a crossover trial on healthy
volunteers. Br. J. Nutr. 2019, 121, 782–792. [CrossRef] [PubMed]

50. Bellisle, F. Intense Sweeteners, Appetite for the Sweet Taste, and Relationship to Weight Management. Curr. Obes. Rep. 2015, 4,
106–110. [CrossRef]

51. Blundell, J.E.; Hill, A.J. Paradoxical effects of an intense sweetener (aspartame) on appetite. Lancet 1986, 1, 1092–1093. [CrossRef]
52. Welcome, M.O.; Mastorakis, N.E.; Pereverzev, V.A. Sweet taste receptor signaling network: Possible implication for cognitive

functioning. Neurol. Res. Int. 2015, 2015, 606479. [CrossRef]
53. Holt, S.H.; Sandona, N.; Brand-Miller, J.C. The effects of sugar-free vs sugar-rich beverages on feelings of fullness and subsequent

food intake. Int. J. Food Sci. Nutr. 2000, 51, 59–71. [CrossRef]
54. Maillot, M.; Vieux, F.; Rehm, C.; Drewnowski, A. Consumption of 100% Orange Juice in Relation to Flavonoid Intakes and Diet

Quality among US Children and Adults: Analyses of NHANES 2013-16 Data. Front. Nutr. 2020, 7, 63. [CrossRef]
55. O’Neil, C.E.; Nicklas, T.A.; Rampersaud, G.C.; Fulgoni, V.L., 3rd. 100% orange juice consumption is associated with better diet

quality, improved nutrient adequacy, decreased risk for obesity, and improved biomarkers of health in adults: National Health
and Nutrition Examination Survey, 2003–2006. Nutr. J. 2012, 11, 107. [CrossRef] [PubMed]

56. Jensen, M.D.; Ryan, D.H.; Apovian, C.M.; Ard, J.D.; Comuzzie, A.G.; Donato, K.A.; Hu, F.B.; Hubbard, V.S.; Jakicic, J.M.;
Kushner, R.F.; et al. 2013 AHA/ACC/TOS guideline for the management of overweight and obesity in adults: A report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and the Obesity Society.
Circulation 2014, 129, S102–S138. [CrossRef] [PubMed]

57. Sacks, F.M.; Bray, G.A.; Carey, V.J.; Smith, S.R.; Ryan, D.H.; Anton, S.D.; McManus, K.; Champagne, C.M.; Bishop, L.M.;
Laranjo, N.; et al. Comparison of weight-loss diets with different compositions of fat, protein, and carbohydrates. N. Engl. J. Med.
2009, 360, 859–873. [CrossRef]

58. Malik, V.S.; Hu, F.B. The role of sugar-sweetened beverages in the global epidemics of obesity and chronic diseases. Nat. Rev.
Endocrinol. 2022, 18, 205–218. [CrossRef]

59. Beasley, J.M.; Ange, B.A.; Anderson, C.A.M.; Miller, E.R.; Erlinger, T.P.; Holbrook, J.T.; Sacks, F.M.; Appel, L.J. Associations
Between Macronutrient Intake and Self-reported Appetite and Fasting Levels of Appetite Hormones: Results from the Optimal
Macronutrient Intake Trial to Prevent Heart Disease. Am. J. Epidemiol. 2009, 169, 893–900. [CrossRef]

60. Carroll, J.F.; Kaiser, K.A.; Franks, S.F.; Deere, C.; Caffrey, J.L. Influence of BMI and gender on postprandial hormone responses.
Obesity 2007, 15, 2974–2983. [CrossRef] [PubMed]

61. Klem, M.L.; Klesges, R.C.; Bene, C.R.; Mellon, M.W. A psychometric study of restraint: The impact of race, gender, weight and
marital status. Addict. Behav. 1990, 15, 147–152. [CrossRef]

62. Rolls, B.J.; Fedoroff, I.C.; Guthrie, J.F. Gender differences in eating behavior and body weight regulation. Health Psychol. 1991, 10,
133–142. [CrossRef]

63. Robayo, S.; Walker, S.; Kucab, M.; Nguyen, N.; Karim, A.; Jordan, A.; Hoffman, T.; Jajalla, D.; Henok, F.; D’Aversa, K.; et al. Effect
of 100% Orange Juice and a Volume-Matched Sugar-Sweetened Drink on Satiety and Food Intake in Normal Weight Adults. Curr.
Dev. Nutr. 2023, 7, 289. [CrossRef]

64. Walker, S.; Robayo, S.; Kucab, M.; Nguyen, N.; Jordan, A.; Hoffman, T.; Karim, A.; Jajalla, D.; Henok, F.; D’Aversa, K.; et al. Effect
of 100% Orange Juice and a Volume-Matched Sugar-Sweetened Drink on Post-Prandial and Rest-Of-Day Glycemic Response in
Normal Weight Adults. Curr. Dev. Nutr. 2023, 7, 306–307. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biocel.2005.10.002
https://doi.org/10.1002/mnfr.201000019
https://www.ncbi.nlm.nih.gov/pubmed/20564476
https://doi.org/10.1210/jc.2005-1566
https://www.ncbi.nlm.nih.gov/pubmed/16368744
https://doi.org/10.1017/S0007114509992868
https://www.ncbi.nlm.nih.gov/pubmed/19930765
https://doi.org/10.1039/D1FO02049H
https://www.ncbi.nlm.nih.gov/pubmed/34698750
https://doi.org/10.1017/S0007114519000084
https://www.ncbi.nlm.nih.gov/pubmed/30670104
https://doi.org/10.1007/s13679-014-0133-8
https://doi.org/10.1016/S0140-6736(86)91352-8
https://doi.org/10.1155/2015/606479
https://doi.org/10.1080/096374800100912
https://doi.org/10.3389/fnut.2020.00063
https://doi.org/10.1186/1475-2891-11-107
https://www.ncbi.nlm.nih.gov/pubmed/23234248
https://doi.org/10.1161/01.cir.0000437739.71477.ee
https://www.ncbi.nlm.nih.gov/pubmed/24222017
https://doi.org/10.1056/NEJMoa0804748
https://doi.org/10.1038/s41574-021-00627-6
https://doi.org/10.1093/aje/kwn415
https://doi.org/10.1038/oby.2007.355
https://www.ncbi.nlm.nih.gov/pubmed/18198306
https://doi.org/10.1016/0306-4603(90)90018-S
https://doi.org/10.1037/0278-6133.10.2.133
https://doi.org/10.1016/j.cdnut.2023.100760
https://doi.org/10.1016/j.cdnut.2023.100799

	Introduction 
	Materials and Methods 
	Participants, Inclusion and Exclusion Criteria 
	Study Consent 
	Experimental Design 
	Experimental Procedures 
	Food and Water Intake 
	Rest-of-Day EI and Physical Activity 
	Post-Prandial Glycemic Response 
	Rest-of-Day Glycemic Response 
	Subjective Appetite, Subjective Emotions and Sensory Characteristics 

	Statistical Analyses 

	Results 
	Participant Characteristics 
	Food and Water Intake 
	Rest-of-Day EI 
	Rest-of-Day Physical Activity 
	Post-Prandial Blood Glucose Concentrations 
	Post-Prandial Blood Glucose Concentration per Gram of Available Carbohydrate in the Test Beverage 
	Rest-of-Day Glycemic Response 
	Subjective Appetite and Subjective Emotions 
	Sensory Characteristics of Treatments 
	Correlations 

	Discussion 
	Conclusions 
	References

