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Abstract

Background/Objectives: Data on the effects of low- versus high-glycemic index (GI)
meals across various carbohydrate contents on postprandial subjective satiety and gut
hormones are unclear. Methods: This study aimed to investigate the effects of low-carbo-
hydrate (45%E) or high-carbohydrate (65%E) breakfasts with low-GI (<55) versus high-GI
(>70) values on postprandial subjective satiety and plasma gut hormone concentrations in
healthy adults, and whether sex and the quantity and quality of habitual dietary carbohy-
drate intake influenced these effects. In this exploratory secondary analysis of an acute
randomized crossover controlled-feeding trial, 15 healthy adults (19-25y) were randomly
assigned to one of four breakfasts on separate days: high-carbohydrate low-GI, low-car-
bohydrate low-GI (LCLGI), high-carbohydrate high-GI, and low-carbohydrate high-GI
meals. Postprandial subjective satiety scores were measured over 240 min following
breakfasts, and area under the curve (AUC240) of fullness, hunger, desire to eat, and pro-
spective eating scores were calculated. Plasma concentrations of ghrelin, glucagon-like
peptide-1 (GLP-1), and glucose-dependent insulinotropic polypeptide (GIP) were meas-
ured at fasting and 240 min after breakfast. Results: Both low-GI breakfasts resulted in
lower AUC240 (Pcr = 0.0423) of fullness and higher AUC240 (Par = 0.0291) compared to
high-GI breakfasts. The LCLGI breakfast resulted in the highest AUC240 of hunger (Piner-
ation = 0.0178) and prospective eating scores (Prueraction = 0.0153) compared to the other three
breakfasts. The postprandial plasma concentrations of ghrelin, GLP-1, and GIP were sim-
ilar among the four breakfasts (all p > 0.05). Conclusions: These findings suggested a rel-
atively unfavorable effect of the LCLGI breakfast on postprandial satiety, without influ-
encing postprandial ghrelin, GLP-1, or GIP concentrations.

Keywords: carbohydrate; glycemic index; gut hormone; satiety; visual analog scale;
randomized crossover controlled-feeding trial
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1. Introduction

Maintaining glucose homeostasis is essential for overall health status. Satiety, the
postprandial suppression of appetite [1], is modulated by various gut hormones, such as
ghrelin, glucagon-like peptide-1 (GLP-1), and glucose-dependent insulinotropic polypep-
tide (GIP), that subsequently influence glucose homeostasis [2,3]. These gut hormones are
secreted in response to food and nutrient ingestion to coordinate appetite and metabolic
signaling [3,4]. Elevated concentrations of circulating GLP-1 and GIP, together with sup-
pressed ghrelin concentrations, synergistically inhibit appetite and maintain glucose ho-
meostasis [3].

Dietary macronutrient composition is a critical determinant in satiety perception and
postprandial gut hormone secretions. As the primary energy source in the human diet,
both quantity and quality of dietary carbohydrate exert a pivotal influence on satiety and
gut hormones [5,6]. Evidence regarding the impact of meal carbohydrate quantity on post-
prandial subjective satiety and gut hormones remains equivocal. Acute randomized con-
trolled trials (RCTs) have reported higher postprandial subjective satiety within 3-7.5 h
following meals with low-carbohydrate contents [31-35 percent of energy (%E)] com-
pared to meals with moderate carbohydrate contents (54-60%E) [7-9], while other studies
have reported null [10-12] or opposite findings [13]. Available data from acute RCTs have
demonstrated higher postprandial plasma GLP-1 concentrations [11,12] and lower GIP
[7,8,14,15] and ghrelin [9,10] concentrations within 2-8 h in response to meals with low-
carbohydrate contents (30-38%E) compared to those with moderate or high-carbohydrate
contents (54-84%E), while other studies have reported opposite findings [13,15,16].

Glycemic index (GI) was introduced to rank carbohydrate-containing foods based on
their potential to raise postprandial blood glucose concentrations [17], and has been used
as an indicator of carbohydrate quality. Although some studies have recognized the po-
tential of low-GI breakfasts to enhance postprandial subjective satiety within 3-4 h fol-
lowing meals [18,19], other studies have demonstrated no significant difference in post-
prandial subjective satiety between low- and high-GI breakfasts when the energy contri-
bution from dietary carbohydrates is either moderate (56-60%E) or low (~40%E) [20-22].
In terms of gut hormones, findings from acute RCTs have demonstrated that low-GI meals
result in lower postprandial plasma GLP-1 concentrations [18] within 3 h following meals
without influencing postprandial plasma ghrelin concentrations [23,24] within 2-6 h fol-
lowing meals in comparison to high-GI breakfasts when the energy contribution from di-
etary carbohydrates is either moderate (55-64%E) or low (~41%E). There is currently no
study examining the effects of acute breakfast interventions with varying GI values on
postprandial GIP concentrations.

Notably, there is a lack of systematic research directly comparing the effects of dif-
ferent combinations of carbohydrate content and GI. Only one study has investigated the
effects of low-carbohydrate (~40%E) or high-carbohydrate (~60%E) meals with low-GI (GI
value of 46—48) or high-GI (GI value of 72-76) values for an entire day on postprandial
subjective satiety. The results found no significant differences in the mean area under the
curve (AUC) of postprandial subjective satiety scores throughout the day among the four
groups [25]. There is currently no study examining the effects of varying GI values on
postprandial gut hormone concentrations.

The primary aim of this study was to assess the effects of low-carbohydrate or high-
carbohydrate breakfasts with low-GI or high-GI values on postprandial subjective satiety
and plasma concentrations of gut hormones, including ghrelin, GLP-1, and GIP in healthy
adults. Exploratory analyses were conducted to examine whether these effects varied by
sex and the quantity and quality of habitual dietary carbohydrate intake. We hypothe-
sized that, with both carbohydrate contents, low-GI breakfasts would result in higher
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postprandial subjective satiety and lower ghrelin, higher GLP-1 and GIP concentrations
than high-GI breakfasts.

2. Materials and Methods
2.1. Study Participants

Healthy adults aged 18-65 years with a body mass index (BMI) between 22 and 35
kg/m? were enrolled in this randomized crossover study. The RCT was conducted at the
Shenzhen Campus of Sun Yat-sen University. The participants were excluded based on
the following criteria: fasting glucose concentration = 6.1 mmol/L [26]; untreated hyper-
tension; known chronic diseases (including cardiovascular diseases, diabetes, kidney, thy-
roid, gastrointestinal and liver diseases); use of medications known to affect glucose or
lipid metabolism; use of nonsteroidal anti-inflammatory drugs or antihistamines; use of
hormonal medications (e.g., anticoagulants, anabolic steroids, hydrocortisone); vegetar-
ian; on a weight-loss diet; use of probiotics, multivitamins, fish oils, herbal supplements,
or supplements containing dietary fiber; food allergies or other issues that could affect
food intake; tobacco use; consume alcohol more than twice a day and refuse to stop during
the study; weight gain or loss of more than 7 kg within six months before enrollment;
unable to maintain body weight during the study; poor venous access; and unwilling to
consume only the food and beverages provided during the study. The study was ap-
proved by the Sun Yat-sen University School of Public Health (Shenzhen) Biomedical Re-
search Ethics Review Committee (SYSU-PH (5Z) ME [2024] 058), and written informed
consent was obtained from all participants. The study was registered at the Chinese Clin-
ical Trial Registry (ChiCTR2400093484; registered on 5 December 2024) and was con-
ducted between 2024 and 2025.

2.2. Recruitment and Screening

Volunteers who responded to the recruitment poster underwent preliminary screen-
ing. Those who met the eligibility criteria were invited for an on-site visit. During this
visit, participants received detailed information about the study design and underwent
health screenings to confirm eligibility. Individuals who maintained their interest and ful-
filled all eligibility requirements were subsequently enrolled in the study. A total of 38
volunteers were initially screened for eligibility, and 18 participants were enrolled in the
study. Three volunteers did not complete all four interventions owing to personal reasons.
A total of 15 participants completed four dietary interventions and were included in the
final analysis (Figure 1A).

2.3. Study Design and Intervention

This study was a secondary analysis of an acute randomized crossover controlled-
feeding trial. Each intervention protocol in the RCT consisted of a dinner followed by a
breakfast, whereas the current study focused solely on the breakfast component. The din-
ner meal before the test day consisted of a standard moderate-carbohydrate meal with a
medium-GI value (55.0%E from total carbohydrate, GI = 61.6). On the test days, partici-
pants were randomly assigned to receive one of four breakfast options based on a 2 x 2
factorial design on separate days. The test breakfasts included high-carbohydrate meal
with low-GI value (HCLGI; 65%E from total carbohydrate, GI < 55), low-carbohydrate
meal with low-GI value (LCLGI; 45%E from total carbohydrate, GI < 55), high-carbohy-
drate meal with high-GI value (HCHGIL; 65%E from total carbohydrate, GI >70), and low-
carbohydrate meal with high-GI value (LCHGI; 45%E from total carbohydrate, GI > 70)
[27]. Participants were provided with all foods and beverages. The foods included in the
test breakfasts were summarized in Supplementary Table S1. The test breakfasts provided
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645 kcal for men and 510 kcal for women, corresponding to 30% of the estimated total
daily energy intake for Chinese adults [27]. Protein contributed approximately 20% of en-
ergy in all four breakfasts, whereas fat contributed around 35% and 15% in low- and high-
carbohydrate breakfasts, respectively (Table 1). To minimize seasonal effects, all meals
comprised only foods available year-round. The GI values of each breakfast were calcu-
lated as the weighted sum of the GI values of its component foods [28]. The GI values of
individual foods were collected from the China Food Composition Tables [29] or food
producers.

_ Assessed for eligibility (n = 38)

Excluded (n = 20)
— . Not meeting inclusion criteria (n = 6)
Declined to participate (n = 12)
Other reasons (n = 2)

A

Randomized (n = 18)

l

| | l

Allocated to HCLGI diet (n = 18) Allocated to LCLGI diet (n = 18) Allocated to HCHGI diet (n = 18) Allocated to LCHGI diet (n = 18)
Received allocated Received allocated 0 Received allocated . Received allocated
intervention (n = 15) intervention (n = 16) intervention (n=17) intervention (n = 15)

Drop out for personal reasons . Drop out for personal reasons o Drop out for personal reasons . Drop out for personal reasons
(n=3) (n=2) (n=1) (n=3)

B Randomized

l

Analyzed for satiety visual analog scale (n = 15)
Analyzed for gut hormone concentrations (n = 14)
Ghrelin
GLP-1
GIP
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Figure 1. Participant flow diagram (A) and study design (B) of the acute randomized crossover
controlled-feeding trial. GI, glycemic index; GIP, glucose-dependent insulinotropic polypeptide;
GLP-1, glucagon-like peptide-1; HCHGI, high-carbohydrate meal with high-GI value; HCLGI, high-
carbohydrate meal with low-GI value; LCHGI, low-carbohydrate meal with high-GI value; LCLGI,

low-carbohydrate meal with low-GI value; VAS, visual analog scale.
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Table 1. Nutrient composition of four breakfasts in the acute randomized crossover controlled-feed-

ing trial.
Diet Variables HCLGI LCLGI HCHGI LCHGI
%Energy
Carbohydrate 65 45 65 45
Protein 20 20 20 20
Fat 15 35 15 35
SFA 1.2 9.7 1.5 7.7
MUFA 5.9 18.8 4.2 18.3
PUFA 2.7 24 24 3.2
Dietary GI 45 45 77 77
Dietary GL 39.0 27.4 70.2 48.0
Per 1000 kcal (g)
Fiber 20.9 10.1 6.2 3.3
Starch, whole grain 89.3 62.6 0 0
Starch, refined grain 27.3 52 92.7 64.8
Total sugar 4.3 5.1 29.7 19.6

GI and GL values were calculated using glucose as a reference food. GI, glycemic index; GL, glyce-
mic load; HCHGI, high-carbohydrate meal with high-GI value; HCLGI, high-carbohydrate meal
with low-GlI value; LCHGI, low-carbohydrate meal with high-GI value; LCLGI, low-carbohydrate
meal with low-GI value; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid;
SFA, saturated fatty acid.

Each participant received all test breakfasts in a random order, separated by a wash-
out period of 3-7 days. The randomization sequence was generated before the study, and
allocation was determined by participants” enrollment date and time. All research staff
remained blinded to the testing order. Participants arrived at the trial center at 18:30 on
the evening before the test day for a standard dinner. After an overnight fast, participants
arrived at the trial center at 08:00 on the test day for fasting blood sampling and were
instructed to complete a subjective satiety questionnaire on a subjective 100 mm visual
analog scale (VAS), followed by a test breakfast that was required to be consumed within
10 min under supervision by trained staff. Starting from the first bite, participants com-
pleted a satiety questionnaire every hour to rate their hunger, fullness, desire to eat, and
prospective eating. At 240 min post-breakfast, venous blood samples were drawn from
the participants to measure postprandial subjective satiety-related gut hormone concen-
trations (Figure 1B). The 240 min postprandial time point was selected according to the
original trial protocol to coincide with the final assessment of postprandial subjective sa-
tiety responses, as 240 min assessment periods have been commonly used in single-meal
studies evaluating postprandial subjective satiety and gut hormone responses [30,31]. Par-
ticipants were instructed to refrain from consuming any additional food or beverages ex-
cept water after breakfast. Participants were asked to maintain their regular diet and ex-
ercise routine during the study, and they were instructed to abstain from alcohol and vig-
orous physical activity for 72 h before the test day. Sociodemographic characteristics were
collected via questionnaires. Time and intensity of transportation, occupational, house-
hold, and leisure-time activities, as well as time of sitting, were assessed using the Inter-
national Physical Activity Questionnaire (IPAQ), and calculated physical activity status
was classified as “high”, “moderate”, and “low” based on established criteria [32]. Body
weight, height, waist circumference, hip circumference, and blood pressure were meas-
ured.
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2.4. Biochemical Analysis

Blood samples were collected in 5 mL ethylenediaminetetraacetic acid tubes, imme-
diately placed at 4 °C for 30 min, centrifuged at 4 °C, 3000 rpm for 15 min to separate
plasma, and then spun again at 4 °C, 10,000 g for 10 min. The plasma was then transferred
to a clean polypropylene tube and frozen at =80 °C until analysis. Plasma concentrations
of ghrelin, GLP-1, and GIP were measured using Bio-Plex Pro Human Diabetes Assays
(#171A7001M, Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufac-
turer’s instructions. The intra-assay and inter-assay coefficient of variation (CV) specified
by the manufacturer were 3-4% CV and 3-6% CV, respectively. GLP-1 concentrations
were below the detection limit in some samples, and these values were imputed as half
the limit of detection (1.84 pg/mL).

2.5. Habitual Dietary Intake Assessment

Habitual dietary intake over the past year was assessed using a semi-quantitative
food frequency questionnaire (FFQ) administered by trained interviewers. The FFQ was
developed in reference to the China Health and Nutrition Survey [33], including 10 food
categories and 103 food items. For each food item, participants reported the frequency of
habitual consumption (daily, weekly, monthly, or annually) over the past year and the
amount consumed each time. The nutrient content of the edible portion of each food was
calculated with the use of China Food Composition Tables [29,34].

Dietary GI and glycemic load (GL) values were calculated using previously estab-
lished methods [35], and GI values for each carbohydrate-containing food were obtained
from the China Food Composition Table [29] or International Tables of Glycemic Index
and Glycemic Load Values [36]. Dietary carbohydrate to fiber ratio (CF) was calculated by
dividing each participant’s mean daily total carbohydrate intake by their daily fiber in-
take. All nutrients and dietary GI, GL, and CF values were adjusted for total energy intake
using the residual method [37]. Carbohydrate quality index (CQI) scores, including die-
tary GI, dietary fiber intake (g/d), solid carbohydrate to total carbohydrate ratio, and
whole grain to total grain ratio, were calculated as described previously [38,39].

2.6. Subjective Satiety Assessment

Postprandial subjective satiety following the test breakfasts was assessed by the VAS
satiety questionnaire prior to breakfast intake and every hour following breakfast intake
for 4 h, consistent with the sampling interval used in previous studies [40,41]. Subjective
feelings were rated on a 100 mm scale ranging from 1 (“not at all”) to 100 (“extremely”),
with specific questions including [42]: (1) “How full do you feel right now?”; (2) “How
hungry do you feel right now?”; (3) “How strong is your desire to eat right now?”; (4)
“How much food do you think you can eat right now?”. Fullness was used to evaluate
how full the participants were at the moment of investigation. Hunger was used to eval-
uate how hungry the participants were at the moment of investigation. Desire to eat was
used to assess how much the participants wanted to crave food at the moment of investi-
gation. Prospective eating was used to assess how much they thought they could eat at
the moment of investigation. Participants chose to fill in the questions based on their ac-
tual feelings. Postprandial subjective satiety was evaluated by calculating the AUC from
0 to 240 min (AUC240) using the trapezoid method [43].

2.7. Statistical Analysis

Statistical analyses were performed using a per-protocol strategy, including only par-
ticipants who completed all four interventions in the final analyses (n = 15). Data were
assessed for normality using residual plots, and those that did not conform to a normal
distribution were transformed using logarithmic or square root methods before statistical
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analysis. A repeated-measure two-way ANOVA model (PROC MIXED) was used to eval-
uate the main effects of carbohydrate, GI, and carbohydrate*GI interaction. The model
included study period and sequence as covariates and participant as the random effect.
Additionally, fasting subjective satiety scores were also included as a covariate for post-
prandial subjective satiety analyses of non-fasting time points and AUC240. For outcome
measures exhibiting a significant carbohydrate*GI interaction, post hoc analyses were per-
formed using the Tukey-Kramer method. Conversely, for outcome measures lacking a
significant carbohydrate*GlI interaction, post hoc analyses were conducted following a pre-
viously described method [44]. Hedges’ g was calculated using an established method to
reflect effect size based on the current data [45]. Pearson or Spearman methods were used
to analyze the correlation between postprandial subjective satiety and gut hormone con-
centrations, and between habitual dietary carbohydrate intake of the participants and
postprandial subjective satiety as well as gut hormones concentrations according to the
normal distribution of measurement data, and subgroup analyses of postprandial subjec-
tive satiety scores and gut hormone concentrations among the four groups were per-
formed based on sex, %E from carbohydrate, CQI, and CF. Data were presented as least-
squares means (LSmeans) with 95% confidence limits (CLs). Statistical significance was
accepted at p < 0.05 (two-tailed). Statistical analysis was performed using SAS 9.4 (SAS
Institute Inc., Cary, NC, USA) and R 4.5.0 (R Foundation for Statistical Computing, Vi-
enna, Austria), and figures were depicted using GraphPad Prism 10.0 (GraphPad Soft-
ware, La Jolla, CA, USA).

3. Results
3.1. Baseline Characteristics of Study Participants

Baseline anthropometric and lifestyle characteristics, dietary intakes, and fasting gut
hormone concentrations were presented in Table 2. The mean age of participants was 22
+ 2y, the mean BMI was 24.0 + 1.7 kg/m? (ranging from 22.1 to 27.7 kg/m?), and the mean
waist circumference was 80.2 + 4.2 cm (ranging from 73.3 to 86.1 cm). Seven participants
(46.7%) were overweight. The mean total energy intake of participants was 2113.2 + 139.6
kcal. The carbohydrate energy ratio of the participants was 50.3%. Additionally, the mean
dietary GI and GL values, CF, and CQI score of the participants were 59.9, 146.1, 25.8, and
11.3, respectively.

Table 2. Baseline characteristics of study participants in the acute randomized crossover controlled-

feeding trial.
Total (N = 15) Male (n = 6) Female (n=9)

Age,y 242 23+2 21+2
Height, cm 163.8 +6.3 169.3 £5.1 160.1 £ 4.0
Weight, kg 64.5+6.2 69.8£3.6 61.0+49
BMI, kg/m? 240+1.7 244+1.6 23.8+1.8
Waist circumference, cm 80.2+4.2 80.1+3.9 80.3+4.7
Hip circumference, cm 97.8+3.3 97.4+3.3 98.0+3.5
Waist-hip ratio 0.82 +0.04 0.82+0.05 0.82+0.04
Blood pressures, mmHg

Systolic blood pressure 105.1+6.9 110.0 +4.2 101.9+6.5

Diastolic blood pressure 67.6+5.5 70.5+5.3 65.6 +4.9
Physical activity

High 2 (13.3%) 1(16.7%) 1 (11.1%)

Moderate 7 (46.7%) 4 (66.6%) 3 (33.3%)

Low 6 (40.0%) 1(16.7%) 5 (565.6%)

Habitual dietary intake
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Total energy, kcal 2113.2+139.6 2131.8 +£168.0 2100.9 +£126.6
Carbohydrate, %E 50.3+10.0 451+12.0 53.8+7.2
Protein, %E 16.0+£2.9 17.5+4.0 150+14
Fat, %E 33.5+7.6 37.1+87 31.1+6.1
Dietary fiber, g 11.7+£3.8 10.7+£4.4 12.3+35

Indicator of carbohydrate quality
Dietary GI 59.9+6.4 63.3+6.9 57.7+5.2
Dietary GL 146.1 £ 35.6 138.5 + 40.6 151.3 £33.4
CQI 11.3+25 102+1.5 121+2.8
CF 25.8+10.2 25.9+10.7 25.8+10.5
Fasting glucose concentrations, mmol/L 52+03 52+04 52+03
Fasting gut hormone concentrations, pg/mL
Ghrelin 570.6 +218.1 465.3+114.1 649.6 +249.8
GLP-1 N/A N/A N/A
GIP 2948.1 +163.9 2960.3 +189.7 2939.0 +154.8

Data were presented as mean + SD or n (%). Physical activity levels were assessed using IPAQ. Data
on nutrients, dietary GI, dietary GL, and CF ratio were presented after energy-adjusted intake. N/A,
not detected in any sample. BMI, body mass index; CF, carbohydrate to fiber ratio; CQI, carbohy-
drate quality index; E, energy; GI, glycemic index; GIP, glucose-dependent insulinotropic polypep-
tide; GL, glycemic load; GLP-1, glucagon-like peptide-1; IPAQ, International Physical Activity

Questionnaire; SD, standard deviation.

3.2. The Effects of Low-Carbohydrate and High-Carbohydrate Breakfasts with Low-GI and High-
GI Values on Postprandial Subjective Satiety Responses and Gut Hormone Concentrations

Both low-carbohydrate breakfasts had lower fasting fullness scores compared with
both high-carbohydrate breakfasts (Pcarbonyarate = 0.0490). Both low-GI breakfasts resulted in
lower fullness scores than the high-GI breakfasts at 60 min (Pcr=0.0305) and 120 min (Pa:
=0.0299) (Figure 2A). This resulted in lower AUC240 of fullness scores following low-GI
breakfasts compared to high-GI breakfasts (Pci = 0.0423) (Figure 2B).

Both low-GI breakfasts had lower fasting hunger scores compared with high-GI
breakfasts (Pcr = 0.0410). The LCLGI breakfast resulted in the highest hunger scores com-
pared to the other three breakfasts at 60 min (Pcr=0.0016, Pcarbonyarate = 0.0100) and 120 min
(Pcr=0.0029, Pcarvohydrate =0.0101). Both low-carbohydrate breakfasts resulted in higher hun-
ger scores at 180 min compared with the high-carbohydrate breakfasts (Pcarbonyrate = 0.0452)
(Figure 2C). Collectively, the LCLGI breakfast resulted in the highest AUC240 of hunger
scores in comparison to the other three breakfasts (Pmtraction = 0.0178) (Figure 2D).

In terms of desire to eat scores, both low-GI breakfasts had lower fasting scores com-
pared with high-GI breakfasts (Pcr = 0.0109). Both low-GI breakfasts resulted in higher
scores at 60 min (Psr=0.0471) and 120 min (Pcr=0.0238) compared with the high-GI break-
fasts (Figure 2E). This resulted in higher AUC240 of desire to eat scores following both
low-GI breakfasts compared to high-GI breakfasts (Pcr = 0.0291) (Figure 2F).

For prospective eating, the LCLGI breakfast resulted in the highest scores compared
to the other three breakfasts at 60 min (Pcr = 0.0021, Pcarbonydrate = 0.0334). Both low-carbohy-
drate breakfasts resulted in higher scores compared to the high-carbohydrate breakfasts
at 120 min (Pcarvohyarate = 0.0424) (Figure 2G). This resulted in the highest AUC240 of pro-
spective eating scores in response to the LCLGI breakfast in comparison to the other three
breakfasts (Pruteraction = 0.0153) (Figure 2H). Detailed data on postprandial subjective satiety
responses were presented in Supplementary Table S2.
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Figure 2. Postprandial subjective satiety responses of fullness (A), AUC240 of fullness (B), hunger
(C), AUC240 of hunger (D), desire to eat (E), AUC240 of desire to eat (F), prospective eating (G),
and AUC240 of prospective eating (H) during 240 min following the low-carbohydrate and high-
carbohydrate breakfasts with low-GI and high-GI values. Data were presented as least-squares
means + 95% confidence limits. Different letters (a, b, or c) indicated significant differences from
each other. n=15. AUC, area under the curve; GI, glycemic index; HCHGI, high-carbohydrate meal
with high-GI value; HCLGI, high-carbohydrate meal with low-GI value; LCHGI, low-carbohydrate
meal with high-GI value; LCLGI, low-carbohydrate meal with low-GI value; ns, not significant (p >
0.05).

Since the postprandial subjective satiety score was not the primary outcome for sam-
ple size estimation in this study, we calculated Hedges’ g values between any two of the
intervention groups as a measure of effect size (Supplementary Table S3). The AUC240 of
fullness scores between any two breakfasts showed negligible to medium effects, with
absolute Hedges’ g values ranging from 0.01 to 0.51. The AUC240 of hunger scores be-
tween LCLGI and the other three breakfasts showed large effects for hunger AUC240,
with absolute Hedges’ g values ranging from 0.84 to 0.99. The AUC240 of desire to eat and
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prospective eating scores between LCLGI and the other three breakfasts exhibited me-
dium effects, with absolute Hedges’ g values ranging from 0.51 to 0.76 (Supplementary
Table S3).

The concentrations of postprandial ghrelin, GLP-1, and GIP following 240 min of
breakfast were similar among the four breakfasts (all p > 0.05) (Figure 3 and Supplemen-
tary Table S2). The calculated effect sizes of gut hormone concentrations were generally
negligible to small, with absolute Hedges’ g values ranging from 0 to 0.42 (Supplementary
Table S3).
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Figure 3. Postprandial concentrations of gut hormones, including ghrelin (A), GLP-1 (B), and GIP
(C) at 240 min following the low-carbohydrate and high-carbohydrate breakfasts with low-GI and
high-GI values. Data were presented as least-squares means + 95% confidence limits. n = 14. GI,
glycemic index; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-
1; HCHGI, high-carbohydrate meal with high-GI value; HCLGI, high-carbohydrate meal with low-
GI value; LCHGI, low-carbohydrate meal with high-GI value; LCLGI, low-carbohydrate meal with

low-GlI value; ns, not significant (p > 0.05).

3.3. Sensitivity Analyses of Postprandial Subjective Satiety Responses and Gut Hormone Con-
centrations

The leave-one-participant-out sensitivity analyses showed that the main effects of
carbohydrate and GI on hunger AUC240 remained significant after the exclusion of any
single participant. For other outcomes, the significance of effects varied depending on the
excluded participant, which might reflect the modest sample size and the negligible to
medium effect sizes of these outcomes (Supplementary Table S4).

3.4. Relationships Between Postprandial Subjective Satiety and Gut Hormone Concentrations

At 240 min after four breakfasts, plasma ghrelin concentrations were inversely corre-
lated with fullness scores (r = -0.390, p = 0.0035) and positively correlated with hunger,
desire to eat, and prospective eating scores (r = 0.287 to 0.358, all p < 0.05). Changes in
plasma ghrelin concentrations from fasting to 240 min were inversely correlated with the
AUC240 of prospective eating scores (r = -0.347, p = 0.0102). Both plasma GLP-1 concen-
trations at 240 min and their changes from fasting to 240 min were inversely correlated
with the AUC240 of fullness scores (r =-0.417, p = 0.0017) and positively correlated with
the AUC240 of hunger, desire to eat, and prospective eating scores (r = 0.343 to 0.442, all
p <0.05) (Figure 4A).

Changes in plasma ghrelin concentrations from fasting to 240 min were positively
correlated with changes from baseline to peak of postprandial fullness scores (r = 0.287, p
= 0.0356) and prospective eating scores (r = 0.456, p = 0.0005) (Figure 4B). Changes in
plasma GLP-1 concentrations from fasting to 240 min were inversely correlated with
changes from baseline to peak postprandial fullness scores (r = -0.296, p = 0.0296) (Figure
4B).
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Figure 4. Correlations between postprandial subjective satiety responses and gut hormone concen-
trations at 240 min and their changes from fasting (A), and correlations between changes from base-
line to peak postprandial VAS scores and changes in gut hormone concentrations from fasting to
240 min (B) following the low-carbohydrate and high-carbohydrate breakfasts with low-GI and
high-GI values. Data were presented as Pearson or Spearman correlation coefficients based on the
distribution of the variables. n =15. %, p <0.05; **, p <0.01; **, p <0.001. AUC, area under the curve;
GI, glycemic index; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like pep-
tide-1; VAS, visual analog scale.

3.5. Subgroup Analysis Based on Sex, Habitual Carbohydrate Intake Quantity and Quality

Habitual carbohydrate intake (%E, CQI, and CF) was correlated with postprandial
subjective satiety scores or gut hormone concentrations (Supplementary Figure S1). The
habitual %E of carbohydrate was positively correlated with the AUC240 of fullness,
whereas the CQI was negatively correlated with the AUC240 of fullness and positively
correlated with the AUC240 of hunger. The CF was positively correlated with GLP-1 con-
centrations and their changes from fasting. No significant correlations were observed for
dietary GI or GL (Supplementary Figure S1). In exploratory subgroup analyses of post-
prandial subjective satiety, females demonstrated higher AUC240 of hunger and desire to
eat scores following low-carbohydrate vs. high-carbohydrate breakfasts (all Pcarbonydrate <
0.05) (Supplementary Figure S2A).

Stratification by habitual %E of carbohydrate revealed that in comparison to high-
carbohydrate breakfasts, low-carbohydrate breakfasts resulted in higher AUC240 of hun-
ger scores in participants with lower %E (Pcarohyirate = 0.0297) and higher AUC240 of desire
to eat (Pcarvohyarate = 0.0495) and prospective eating scores (Pcarbonydrate = 0.0183) in participants
with higher %E (Supplementary Figure S2B).
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In participants with lower CQI, both low-GI breakfasts resulted in higher AUC240 of
hunger (Pcr = 0.0214) and prospective eating scores (Pcr = 0.0411) compared to both high-
Gl breakfasts. In participants with higher CQI, both low-carbohydrate breakfasts resulted
in higher AUC240 of desire to eat scores (Pcaohydrate = 0.0398) compared to both high-car-
bohydrate breakfasts. Among participants with higher CQI or CF, the LCLGI breakfast
consistently resulted in higher AUC240 of hunger and prospective eating scores compared
with at least one of the other breakfasts (Supplementary Figure S2C, D).

For gut hormones, sex-stratified analyses revealed differential ghrelin responses.
Males had lower 240 min postprandial plasma ghrelin concentrations following low-GI
vs. high-GI breakfasts (Pc = 0.0318), while females had higher ghrelin concentrations fol-
lowing low-carbohydrate vs. high-carbohydrate breakfasts (Pcarvonyarate = 0.0362) and higher
plasma GLP-1 concentrations following low-GI vs. high-GI breakfasts (Pcr = 0.0207) (Sup-
plementary Figure S3A). Participants with lower CQI had lower ghrelin concentrations
following low-GI vs. high-GI breakfasts (Pc: = 0.0112), and participants with higher CQI
had higher ghrelin concentrations following low-carbohydrate vs. high-carbohydrate
breakfasts (Pcarbonydrate = 0.0374) (Supplementary Figure S3C). Gut hormone concentrations
were similar among the four breakfasts in subgroup analyses based on habitual %E from
carbohydrate and CF (all p > 0.05) (Supplementary Figure S3B, D).

4. Discussion

To our knowledge, this acute randomized crossover controlled-feeding trial pro-
vided the first documentation of the effects of low-carbohydrate or high-carbohydrate
breakfasts with low-GI or high-GI values on 240 min postprandial subjective satiety and
plasma concentrations of gut hormones in healthy Chinese adults. Low-GI breakfasts re-
sulted in lower 240 min postprandial AUC240 of fullness scores and higher AUC240 of
desire to eat scores than high-GI breakfasts, and the LCLGI breakfast resulted in the high-
est 240 min postprandial AUC240 of hunger and prospective eating scores among the four
breakfasts. These results suggested inhibitory effects of low-GI breakfasts, specifically the
LCLGI breakfast, on postprandial subjective satiety, which were contradictory to our hy-
pothesis. Across all participants, postprandial gut hormone concentrations did not differ
significantly among the four breakfasts. Exploratory subgroup analyses demonstrated
that sex and habitual carbohydrate intake modified the postprandial subjective satiety and
gut hormone concentrations in response to breakfasts.

The leave-one-participant-out sensitivity analyses showed that the main effects of
carbohydrate and GI on hunger AUC240 were robust to the exclusion of any single par-
ticipant, consistent with the large size observed for these outcomes. In contrast, the effects
on fullness, desire to eat, prospective eating scores, and gut hormones, which exhibited
small-to-medium effect sizes, did not remain consistently significant after excluding indi-
vidual participants. This differential robustness indicated limited statistical power of the
current sample size (n = 15) for detecting small-to-medium effects, rather than spurious
findings. Future studies with larger sample sizes powered for subjective satiety outcomes
are warranted to confirm these findings.

In the current study, low-GI breakfasts resulted in less favorable 240 min postpran-
dial subjective satiety responses than high-GI breakfasts, particularly for the LCLGI break-
fast. These findings aligned with a previous acute controlled-feeding RCT reporting lower
postprandial subjective satiety following low-GI meals than high-GI meals when the car-
bohydrate energy ratio was high (67%E) [46]. However, contrary to our findings, some
other acute interventional studies with moderate or high-carbohydrate contents (57—
64%E) or low-carbohydrate contents (40%E) have reported that low-GI meals resulted in
higher fullness scores and lower hunger scores [18], or did not significantly affect fullness
scores [25], hunger scores [20,25], desire to eat scores [25], or prospective eating scores [18]
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compared to high-GI controls. The current literature collectively has reported heterogene-
ous findings on the effects of low-GI versus high-GI meals with various carbohydrate con-
tents on postprandial subjective satiety, suggesting that food properties beyond GI values
may also influence satiety. In the current study, the main food sources of low-GI breakfast
were soda crackers and whole wheat bread, which had high hardness. In contrast, the
main food sources of high-GI breakfasts were white bread and glucose drinks, which were
softer and easier to digest and absorb [47]. The differences in the physical properties of
foods may directly affect the gastric emptying rates and the subsequent signal transduc-
tion of satiety [48].

Correlation analysis revealed that GLP-1 concentrations were positively correlated
with hunger, desire to eat, and prospective eating scores, which was unexpected. This
may be explained by the single 240 min postprandial time measurement of gut hormones,
which likely reflected compensatory hormone secretion rather than causal relationships.
Another possible explanation is that plasma GLP-1 concentrations may not fully reflect
the local vagal or central GLP-1 signaling involved in satiety regulation [49]. In addition,
the expected association between higher plasma GLP-1 concentrations and greater sub-
jective satiety has not always been observed in human studies [50,51]. Future studies with
serial measurements are needed to clarify the temporal dynamics.

Exploratory subgroup analysis revealed that sex and both the quantity and quality
of habitual carbohydrate intake influenced the effects of four breakfasts on postprandial
subjective satiety. The habitual diet of the participants was characterized by a moderate
GI of 59.9 and a daily GL of 146.1, both within the ranges reported for Chinese adults
without diabetes [52]. Interestingly, the effects of GI and carbohydrate content on subjec-
tive satiety appeared to differ between males and females. Carbohydrate seemed to have
a greater influence on subjective satiety in females. These effects may be related to sex
differences in postprandial substrate metabolism and the effects of sex hormones on ap-
petite regulation [53,54]. However, the sample size of each sex subgroup was small, and
future studies with larger sample sizes are needed to confirm these findings. Regardless
of dietary carbohydrate energy contents, both high-carbohydrate breakfasts resulted in
higher postprandial subjective satiety. In our study, both high-carbohydrate breakfasts
had a higher dietary fiber content than the low-carbohydrate breakfasts. A systematic re-
view highlighted the role of dietary fiber in enhancing satiety through increased mastica-
tion, delayed gastric emptying rates, and reduced digestion and absorption [55]. This pat-
tern remained within the low-GI breakfasts: the HCLGI breakfast contained more refined-
grain starch (27.3 vs. 5.2 g/1000 kcal) as well as more fiber (20.9 vs. 10.1 g/1000 kcal) than
the LCLGI breakfast. Despite the higher refined-grain content, the HCLGI breakfast re-
sulted in higher satiety than the LCLGI breakfast. The results of participants with lower
CQI and of prospective eating AUC240 in participants with higher CF were consistent
with findings in all participants. In addition, the LCLGI breakfast resulted in lower sub-
jective satiety compared to HCLGI and/or HCHGI breakfasts among participants with
higher CQI. These findings collectively suggested that the LCLGI breakfast exerted inhib-
itory effects on postprandial hunger and prospective eating in participants, irrespective of
their habitual carbohydrate intake quality. However, given the limited sample size in the
subgroup analyses, these findings are exploratory and should be interpreted with caution.

We observed no significant differences in postprandial gut hormone concentrations
among the four breakfasts. In all participants, the ghrelin results were consistent with pre-
vious findings [23,56]. Exploratory subgroup analysis demonstrated differential ghrelin
responses based on sex and CQIL. Among participants with lower CQI and among males,
both low-GI breakfasts resulted in lower postprandial ghrelin concentrations compared
to both high-GI breakfasts. Among participants with higher CQI and among females, both
high-carbohydrate breakfasts resulted in lower ghrelin concentrations compared to both
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low-carbohydrate breakfasts. In females, both low-GI breakfasts also resulted in higher
GLP-1 concentrations than both high-GI breakfasts. By design, the low-GI and high-car-
bohydrate breakfasts had higher dietary fiber content than high-GI and low-carbohydrate
breakfasts, respectively. Previous studies have reported that dietary fiber inhibits ghrelin
secretion via mechanisms such as delayed gastric emptying and short-chain fatty acid
production [57,58]. These findings collectively suggested that the quality of habitual car-
bohydrate intakes might influence the individuals” acute ghrelin responses to both quan-
tity and quality of meal carbohydrate. Of note, previous studies have reported that GLP-
1 and GIP are secreted rapidly, within 5-15 min after food intake, and return to baseline
levels within 240 min [59-61]. Therefore, postprandial concentrations measured at 240
min may not capture these rapid fluctuations.

A major strength of this study was the establishment of a rigorous randomized cross-
over controlled-feeding trial to investigate the effects of low-carbohydrate or high-carbo-
hydrate breakfasts with low-GI or high-GI values on 240 min postprandial subjective sa-
tiety and plasma concentrations of gut hormones. The additional effect sizes and leave-
one-participant-out sensitivity analyses corroborated each other and provided further
support for the observed results. The exploratory subgroup analyses were conducted
based on sex and quantity and quality of habitual dietary carbohydrate intake to elucidate
their modifiable effects on the observed differential responses to different breakfasts.
However, some limitations must be acknowledged. By design, the breakfasts differed not
only in estimated GI but also in other compositional characteristics, including dietary fiber
content and fat composition. Because meal composition may influence postprandial gly-
cemic responses and meal GI/GL determinations, and meal GI was estimated rather than
directly measured, the observed effects cannot be attributed exclusively to GI [62]. In ad-
dition, VAS was measured every hour following breakfast consumption, which may not
capture more subtle satiety responses, especially in the first hour after eating. Glycated
hemoglobin and gastric emptying were not measured. The lack of differences in postpran-
dial concentrations of gut hormones might be due to limited statistical power for these
parameters, as this was a secondary analysis of an RCT with the sample size calculation
based on the primary outcome of postprandial glycemic responses. The modest sample
size limited statistical power and the precision of effect size estimates. The correlation and
subgroup analyses were exploratory and involved small subgroup sample sizes. As an
acute RCT, this study was not able to capture the dynamic and long-term effects of dietary
interventions on postprandial subjective satiety and gut hormone concentrations. Gut
hormone concentrations were measured only at a single 240 min postprandial time point,
which may not adequately capture their dynamic secretion.

5. Conclusions

In conclusion, this study demonstrated that low-GI breakfasts resulted in lower
AUC240 of fullness scores and higher AUC240 of desire to eat scores than high-GI break-
fasts. The LCLGI breakfast resulted in the highest AUC240 of hunger and prospective
eating scores among the four breakfasts. No significant differences in postprandial
ghrelin, GLP-1, and GIP concentrations were observed among the four breakfasts. In con-
trast to our hypothesis and previous reports, these findings suggested that a relatively
unfavorable effect of the LCLGI breakfast on postprandial satiety, without influencing
postprandial plasma ghrelin, GLP-1, or GIP concentrations.

Supplementary Materials: The following supporting information can be downloaded at

https://www.mdpi.com/article/10.3390/nu18213632/s1, Table S1: Food composition and content of

four breakfasts in the acute randomized crossover controlled-feeding trial; Table S2: Main and in-
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teraction effects of carbohydrate and GI on postprandial subjective satiety responses and gut hor-
mone concentrations (n = 15); Table S3: The calculated Hedges’ g for AUC240 of postprandial sub-
jective satiety responses and gut hormone concentrations following the low-carbohydrate and high-
carbohydrate breakfasts with low-GI and high-GI values (n = 15); Table S4: Leave-one-participant-
out sensitivity analyses for the effects of AUC240 of postprandial subjective satiety and gut hormone
concentrations following the low-carbohydrate and high-carbohydrate breakfasts with low-GI and
high-GI values (n = 15); Figure S1: Correlations of habitual dietary carbohydrate intake with post-
prandial subjective satiety responses and gut hormone concentrations during 240 min following the
low-carbohydrate and high-carbohydrate breakfasts with low-GI and high-GI values; Figure S2:
Subgroup analysis of postprandial subjective satiety AUC240 following the low-carbohydrate and
high-carbohydrate breakfasts with low-GI and high-GI values, stratified by sex (A), habitual per-
centage of energy from carbohydrate (B), CQI (C), and CF (D); Figure S3: Subgroup analysis of post-
prandial gut hormone concentrations at 240 min following the low-carbohydrate and high-carbo-
hydrate breakfasts with low-GI and high-GI values, stratified by sex (A), habitual percentage of
energy from carbohydrate (B), CQI (C), and CF (D).
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Abbreviations

The following abbreviations were used in this manuscript:

GLP-1 glucagon-like peptide-1

GIP glucose-dependent insulinotropic polypeptide
RCT randomized controlled trial

%E percent of energy

GI glycemic index

AUC area under the curve

BMI body mass index

HCLGI  high-carbohydrate meal with low-GI value
LCLGI low-carbohydrate meal with low-GI value
HCHGI  high-carbohydrate meal with high-GI value
LCHGI low-carbohydrate meal with high-GI value

VAS visual analog scale
IPAQ International Physical Activity Questionnaire
CV coefficient of variation
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FFQ food frequency questionnaire
GL glycemic load

CF carbohydrate to fiber ratio
CQI carbohydrate quality index
LSmeans least-squares means

CL confidence limit

SD standard deviation
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