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Impact of flour particle size and origin on the
bread structure and the postprandial glycemic,
insulinemic and appetite responses in healthy
adults}

Maria-Christina Kanata,® Amalia E. Yanni, & *2 Chrysi Koliaki,”

loanna A. Anastasiou,” Nikolaos Tentolouris® and Vaios T. Karathanos {2
Consumption of bakery products prepared with finely milled flour is associated with elevated postprandial
glycemia, increased hunger, and reduced satiety. The milling process disrupts the plant cell walls of cereal
grains and legumes, enhancing the accessibility of encapsulated starch to digestive enzymes. This study
investigates the effects of flour origin (wheat and chickpea) and particle size in three wholemeal breads
on physicochemical properties, postprandial glucose, insulin, glucagon-like peptide-1 (GLP-1) responses,
and subjective appetite sensations in healthy individuals. In the test breads, 30% of refined wheat flour
was substituted with cracked whole wheat (1.8-2.0 mm) to make whole grain bread (WGB), finely milled
chickpea flour (CFM), or larger particle-chickpea flour (1.4-1.8 mm, CLP). Wheat bread (WB) served as the
control. In all three test breads, 28% of refined wheat flour was substituted with wholemeal wheat flour.
Compared to WB and WGB, CFM and CLP had a harder and more chewy texture, and a lower specific
volume (p < 0.05). WGB, CFM, and CLP had reduced porosity and lightness (L*) compared to WB (p <
0.05). In a randomized crossover study (RCT), fifteen normoglycemic individuals participated in four sep-
arate sessions. The glucose incremental area under the curve (IAUC) was lower for CLP compared to
those of both WB and CFM (p < 0.05). While insulin responses were similar across all breads, GLP-1 iAUC
was significantly higher following CLP consumption compared to WB (p < 0.05), whereas no significant
differences were observed among the other test breads in the postprandial GLP-1 response. CLP con-
sumption resulted in a lower iIAUC for hunger and desire to eat, and a higher iAUC for fullness, as evalu-
ated using Visual Analogue Scales (VAS), compared to WB (p < 0.05). Incorporation of large-particle
chickpea flour into bread can effectively reduce postprandial glycemia, increase GLP-1 secretion and
contribute to the enhancement of satiety. Such formulations may offer promising dietary strategies for
glycemic control and appetite regulation.

significantly risen in recent decades.” Food processing, both
primary (e.g. grain milling) and secondary (e.g. breadmaking),

The obesity epidemic constitutes a major public health chal-
lenge nowadays, with global rates nearly tripling since 1975,
according to recent World Health Organization (WHO) data.
The prevalence of Type 2 Diabetes Mellitus (T2DM) has also
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alters the natural microstructure of foods, and can potentially
lead to increased glycemic responses and reduced satiety.® The
excessive consumption of highly processed foods has been
linked to elevated energy intake, ultimately contributing to
weight gain and the impairment of glucose metabolism. So,
the modification of food structures can be a promising strategy
to tackle obesity.*™®

Wheat bread, exclusively made from refined wheat flour,
has an open highly porous structure, with most of its starch
being gelatinized, and its physical structure playing a crucial
role in determining the postprandial glycemic response.'® For
bread-making flour, cereal grains are typically milled to
achieve a particle size of about 180 um. Reduction of particle
size during milling disrupts plant cell walls, where starch gran-
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ules are encapsulated, thus enhancing the contact between
starch and digestive enzymes (e.g. a-amylase).'* According to
geometric principles, flours with larger particle sizes have a
lower specific surface area to volume ratio and contain a
higher proportion of intact, unbroken cells, that restrict
enzyme accessibility and diffusion. As a result, starch is more
effectively encapsulated in these cells and thus is more resist-
ant to digestion in the stomach and small intestine, which can
lead to a milder glycemic response.''™® So, the degree of
milling is of crucial importance when formulating functional
bakery products with reduced starch digestibility.

Several studies have investigated the effect of flour particle
size on the in vitro starch digestibility. In the case of wheat, an
inverse relationship between particle size and starch digestion
has been found, between coarse wheat farina (750-800 pm),
fine farina (330 pm) and flour (85 pm)."" In addition, it has
been found that increasing durum wheat flour particle size
from <0.21 mm to 3.15 mm led to a higher proportion of
encapsulated starch and thus a reduced rate of starch digesti-
bility."” In wheat porridges, a 50% reduction in the rate of
sugar release was observed in coarse particles (1.95 mm) com-
pared to that in finely milled flour (<0.11 mm)."® In flour,
intact wheat endosperm cells effectively slow down enzymic
diffusion, even though their cell walls are permeable to
a-amylase. In the case where wheat flour of larger particle size
has been incorporated into bread, contradictory results have
been found. Lin et al. (2020)"° found that breads exclusively
made from coarse (1325 pm) and medium flour (450 pm) were
digested at a slower rate compared to a fine fraction (199 pm).
However, no significant differences in starch digestibility were
found with the incorporation of coarse farina particles at
inclusion rates of 10-80% by Korompokis and Delcour
(2021).*° Similarly, Tagliasco (2022)"? obtained similar results
by substituting small (<350 pm), medium (1000-1800 pm) and
large (>1800 pm) particle size wheat particles, even though the
cell wall integrity was maintained in a large fraction during
bread processing steps. In terms of human studies, no signifi-
cant differences in glycemic and insulinemic responses were
found in acute postprandial protocols, when either healthy
individuals or those with risk factors for T2DM consumed
breads (with identical amounts of available carbohydrates), in
which larger particle size flours had been incorporated, com-
pared to the respective finely milled whole meal flours.*'">?
However, in the case of diabetic subjects, a significant effect of
flour particle size and degree of milling on postprandial glyce-
mia has been found by several studies.'*">?*2°

Studies on the pulse flour particle size have shown that, for
chickpeas, increasing the flour particle size more effectively
reduces the rate and extent of starch digestibility compared to
wheat flour of similar particle size, after they have undergone
hydrothermal processing.>® Chickpea cotyledons, which are
storage cells located in the seed leaves of legumes, are rich in
starch and protein that are naturally encapsulated within their
thick cell walls. Their plant cell walls are thicker, less per-
meable, and compositionally different from wheat endosperm
cell walls, as they are rich in pectin and xyloglucans. Intact
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chickpea cells tend to separate under hydrothermal treatment,
making them more resistant to digestion in the stomach and
small intestine. Thus, beyond particle size, the botanical
origin plays a crucial role in digestibility."**”** Conventionally
milled pulse flour mainly consists of ruptured plant cells,
which lead to increased digestibility when they undergo hydro-
thermal processing.**? In gluten-free bread, substituting 20%
of rice flour with larger particle-sized legume flour (>200 pm)
significantly reduced starch hydrolysis by nearly half, likely
due to the presence of intact cells.>® In another clinical trial it
was shown that replacing 30% and 60% of refined wheat flour
with chickpea flour containing intact cells in bread led to
improved postprandial metabolic responses, specifically in
glucose regulation, insulin levels, and gut hormone
responses.>®

The aim of the present study is to investigate how the par-
ticle size and botanical origin of flour—specifically, the struc-
tural differences between wheat and legumes—affect both the
physicochemical properties of bread and postprandial meta-
bolic responses in healthy humans. Breads were developed
using finely milled or coarser particles from two botanical
sources, hard durum wheat and chickpeas, to assess differ-
ences in glycemic, insulinemic, and GLP-1 responses following
consumption. This research study explores the effects of the
degree of flour milling and plant tissue structure on the post-
prandial metabolic responses of healthy individuals. To our
knowledge, no previous study has directly compared breads
prepared with different chickpea flour particle sizes to their
quality attributes along with the postprandial metabolic
responses. In the present study, the aforementioned effects of
bread made with coarser chickpea flour were evaluated in com-
parison with bread containing the same proportion of finely
milled chickpea flour, with both flours derived from the same
chickpea source.

Methods

Test food development and evaluation

Bread preparation and nutritional composition. The test
breads were produced in the research and development labora-
tories of the Greek food company VENETIS S.A. Preliminary
pilot baking trials were conducted to finalize the bread
recipes. Four different types of bread were made: white bread
(WB) using 100% conventional refined wheat flour with the
bran and the germ removed (<210 pm), and three test breads
in which 30% of the white wheat flour was replaced with either
broken hard wheat grains (WGB) between 1800 and 2000 pm,
finely milled chickpea flour (CFM) (<210 pm), or chickpea
flour with a larger particle size (CLP). Particle size distribution
of CLP bread is presented in detail in Table 1, and it was deter-
mined by sieve analysis. The percentage of flour substitution
was identical in all bread formulations to be able to compare
the test breads with each other. Additionally, all three test
breads contained wholemeal wheat, comprising 28% of the
total flour content Fig. 1 presents the detailed composition of
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Table 1 Flour particle size distribution of large particle size chickpea
flour

Chickpea particle size (mm) (%)

>2 1.5+2.7
>1.6 17.9+2.0
>1.45 42.5+0.7
>1.25 17.4 £ 0.5
>1 19.0 £ 0.6
>0.8 1.6+0.4

CFM CLP

WGB

42% 42% 2%

€ refined ¢ refined ¢, refined
& wheat a wheat a wheat
¢ 100%
refined
28% 28%
a wheat % ‘3_ 0% - hol | hol 1l
flour 8 flour ‘j wheat flour ‘3 wheat flour

flour flour flour
wheat

30% 30% 30%

cracked
wheat

1.8-2mm

chickpea
flour
1.4-1.8 mm

refined
chickpea
flour

Fig. 1 Flour compositions of the four bread types tested in the study.
WB: white bread (100% refined wheat flour); WGB: bread with 30%
cracked whole wheat; CFM: bread with 30% finely milled chickpea flour;
CLP: bread with 30% large particle size chickpea flour.

the test breads in terms of the different types of flours used.
The remaining ingredients—dry yeast, sourdough, poolish,
flour enhancer, water, and salt—were used in identical quan-
tities across all recipes. All ingredients were sourced from the
company’s suppliers. For each bread recipe, the dry ingredi-
ents were weighed and mixed, followed by the addition of
water. The mixing, kneading, rising, and baking times were
consistent across all recipes. Specifically, the WB and CFM
breads required 10 min of mixing, while the WGB and CLP
breads required 12 min. The dough was allowed to rest for
20 min and then divided into 15 loaves, each weighing
approximately 450 g. The dough was placed into baking pans
(pan bread) and transferred to an incubator set at 37 °C with
75% relative humidity for 40-45 min. The loaves were then
baked in an oven at 190 °C for 18-20 min, with 2.5 L of steam
applied during baking. After baking, the loaves were cooled at
room temperature for 2-3 hours (25 + 2 °C) before being pack-
aged in polyethylene bags and pasteurized. The packaged
breads were then stored frozen at —20 °C. All bread preparation
steps were conducted using the company’s professional equip-
ment, adhering to all necessary safety protocols to ensure the
product is safe for human consumption. The production
process replicated the company’s standard commercial pro-
cedures for bread manufacturing. Fig. 1 presents images of
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bread slices taken from the center of each loaf for all four
bread samples.

Regarding the chickpea flour of larger particle size used for
CLP bread preparation, it was assessed with sieve analysis, as
described elsewhere.”” The whole chickpeas were first dehulled
and then they were roller milled. A mechanical sieve shaker
was used with sieves that captured particles of sizes of 700,
800, 1000, 1250, 1410, 1600, 2000, and 3150 pm. A 100 g
sample of flour was placed on the top sieve (3150 pm), and the
shaker was operated for fifteen min. The amount of chickpea
flour retained on each sieve was then weighed to determine
the particle size distribution. The results shown in Table 1 are
expressed as a percentage of mass particles retained on each
sieve. The process was repeated three times, and the average of
these measurements was reported as the mean + SD. For the
finely milled chickpea flour, a commercially available variety
from the same chickpeas was selected, with particle sizes
small enough to pass through a 70-mesh sieve, which confirms
that all flour particles were <210 pm based on the conversion
chart mesh to millimeters. The wheat grains, supplied by the
food manufacturer’s partners, were specified to have a particle
size between 1800 pm and 2000 pm, produced by milling de-
branned hard durum wheat grains.

The detailed nutritional composition of each test bread is
presented in Table 2. All baked and frozen samples were ana-
lyzed regarding their composition. Protein content (Nitrogen:
Nx6.25) was measured using the Kjeldahl method according to
ISO 1871,%® while fat was determined through Soxhlet pro-
cedures. Saturated and unsaturated fatty acids were analyzed
according to the ISO 5509 method.*” Total dietary fiber was
determined by the AOAC method 991.43.%® Available carbo-
hydrates were calculated by difference, using the following
equation: Carbohydrates (%) = 100 — (moisture + protein + fat
+ ash + fiber); the total starch was determined via enzymatic
reaction and total sugars by GC-FID (gas chromatography with
flame ionizing detector). The moisture content was measured
by loss on drying. Energy content (kJ) was calculated using the
equation: Energy (kJ) = 17 (g protein + g carbohydrate) + 37 (g
fat) + 8 (g total dietary fiber).

Bread quality assessment. From each bread type, three
bread rolls from each separate batch were subjected to analysis
regarding their quality attributes. Test breads were thawed in
their packaging at room temperature (25 + 2 ©°C) for
10-12 hours before conducting quality assessments (overnight,
as provided to the study participants in the clinical trial).
These evaluations included texture analysis, specific volume
and density, crumb grain structure evaluation and crumb
color. The tests were performed in a consistent order for each
treatment and completed within 2 hours to minimize quality
variation, due to starch retrogradation and/or moisture loss.

The mechanical properties of the bread crumb samples
were evaluated using Texture Analysis with a TA-XT2 plus
Texture Analyzer (Stable Microsystems), equipped with a 5 kg
load cell and using modification of the AACC method 74-09
(bread firmness by universal testing) (AACC, 2000). Each
sample underwent two double-compression tests using a

This journal is © The Royal Society of Chemistry 2025
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Table 2 Nutritional composition of the four test breads per serving

Energy Serving Available Fat SFA  MUFA PUFA Protein  Total dietary =~ Total Total
Sample content (kJ) size (g) CHO (g) (2) (2) (2) (g) (g) fiber (g) starch (g)  sugars (g)
WB 1069 100 50 1.1 0.4 0.2 0.6 9.0 3.2 39.7 3.6
WGB 1157 114 50 1.5 0.5 0.2 0.8 11.7 7.6 39.4 2.6
CFM 1215 126 50 2.4 0.5 0.6 1.2 14.5 8.01 41.8 3.5
CLP 1305 136 50 2.7 0.7 0.6 1.4 15.5 11.7 39.7 2.8

SFA: saturated fatty acids; MUFA: monosaturated fatty acids; and PUFA: polysaturated fatty acids.

cylindrical stainless-steel probe (25 mm diameter), to perform
50% penetration tests at the center of each slice. The slices
had a uniform thickness of 1.2 cm, matching the thickness
typically found in commercially available bread. The test proto-
col included a pre-test speed of 10 mm s™*, a test speed of
5 mm s, and a post-test speed of 1 mm s~ . A total of eight
measurements were taken per sample, focusing on the central
slices of the loaf to ensure consistent results. Crumb hardness
was defined as the maximum force required to achieve 50%
compression of the breadcrumb. Stable Micro Systems soft-
ware was used to calculate textural attributes, such as cohesive-
ness, chewiness, and resilience as defined by Szczesniak
(2002).*° Specific volume (cm® g™') and density (g cm™>) were
assessed as the average of three loaves per recipe. The volume
was determined using a volumetric displacement method,
adapted from the rapeseed displacement technique, with
2 mm solid-glass beads, following the approach of
Tsatsaragkou (2017).*° The mass of the bread (g) was also
measured to complete the calculations on a laboratory scale.

Crumb grain structure analysis was performed on four
1.2 cm-thick slices taken from the center of each loaf. The
slices were scanned using a flatbed scanner (HPDeskjet 5200,
Hewlett Packard, USA) with an analysis of 600 dpi. Image ana-
lysis was conducted with Image ProPlus 7 software (Media
Cybernetics, USA). Key parameters such surface porosity (%),
number of pores (1 x 1 cm), average cell size (mm?), and cell
density (cells per cm®) were calculated.” Instrumental
measurement of color was evaluated on eight different slices
using a Minolta spectrophotometer (Chroma Meter CM-5,
Konica Minolta, Japan), calibrated with white and black refer-
ence plates, with the CIE L*, a*, b* model. The total color
difference (AE*) was calculated using the CIE76 formula (eqn
(1)). Additionally, chroma (C) and hue angle (k) were also cal-
culated using the eqn (2) and (3):

4B = /(L= Lo)* + (a— o) +(b— bo)* (1)
C=vVa+p (2)
H=a tan<§) (3)

The CIELAB color space is defined by three coordinates:
lightness (L*), where a value of 0 represents black and 100 rep-
resents white; the red-green axis (a*), with negative values sig-
nifying green and positive values signifying red; and the

This journal is © The Royal Society of Chemistry 2025

yellow-blue axis (b*), where negative values correspond to blue
and positive values correspond to yellow.

Acute postprandial protocol

Study participants. Fifteen healthy, non-diabetic volunteers
(6 males and 9 females) aged 20-35 years, with a BMI (Body
Mass Index) of 18.0-24.9 kg m™>, participated in the study.
Exclusion criteria included the presence of type I or II diabetes
mellitus, cardiovascular disease, gastrointestinal, renal,
hepatic, thyroid, or psychiatric disorders.
Dietary supplement intake, potential allergy or sensitivity to
wheat, excessive exercise habits, a history of alcohol and/or
drug use were also exclusion criteria. Pregnant or breastfeed-
ing women could not participate in the study. The body
weight, BMI, fasting plasma glucose and lipid concentrations
as well as the liver function of study participants were evalu-
ated and confirmed to be within the normal range during a
screening visit, 1 week prior to the beginning of the study pro-
tocol, to assess their eligibility for participation. During the
study, volunteers should have a relatively stable weight and
should not have significantly changed their eating habits and
physical activity levels.

Participants were recruited through posters around the
campus of Harokopio University and Athens Medical School,
online advertisements, and direct communication with them.
Prior to enrollment, they received detailed written information
about the study protocol and provided voluntary, informed
written consent for participation. The study was conducted in
accordance with the Helsinki Declaration and the protocol was
reviewed and approved by the Institutional Review Board/
Ethics Committee of Harokopio University of Athens and
Laiko General Hospital. The study is registered under the
number: ClinicalTrials.gov: NCT050691686. The flowchart of
the study is depicted in Fig. 2.

Study design. The current protocol was an acute single-blind
controlled cross-over trial (RCT) with three test breads (WGB,
CFM, CLP) and a control WB. Breads were provided with an in-
between wash-out period of at least 3 days. The randomization
process was carried out using a computer-generated schedule
(https:/www.randomizer.org, Research Randomizer, version
4.0, accessed on 20 February 2022). The primary outcome of
the current acute study was a 10% reduction in the glucose
incremental area under the curve (iAUC) after consumption of
the breads (WGB, CFM, and CLP) compared to the iAUC after
consumption of the reference food (WB). Secondary outcomes

inflammatory,
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Expressed interest to participate

n=35

|

Assessed for eligibility

n=25

criteria

I Excluded for not meeting the study

Enrolled in the study

n=20

Discontinued the study n=5

l - n=3 could not be cannulated

n=2 dropouts

Completed all 4 study sessions
n=15

Fig. 2 Study flow chart.

were changes in the postprandial response of insulin, GLP-1
and subjective appetite sensations, as described by their
respective iAUCs, as well as changes in specific time points.

The acute postprandial protocol was conducted in the
Diabetes Laboratory of the 1st Department of Propaedeutic
and Internal Medicine of Laiko University Hospital. Subjects
arrived after overnight fasting between 8:00-9:00. Participants
underwent clinical examinations, which included assessments
of body weight and composition, at their first visit to the lab-
oratory. The body weight was measured with an electronic
scale, while body composition—specifically fat and lean mass
—was determined using bioelectrical impedance analysis
(Tanita BC-418, Tokyo, Japan). The height was measured with
a stadiometer (Seca Mode 220, Hamburg, Germany) while par-
ticipants stood in a relaxed position, without shoes, and with
arms hanging naturally. The waist circumference was
measured at the midpoint between the lower edge of the last
palpable rib and the top of the iliac crest, with participants
standing and at the end of a gentle exhalation. Hip circumfer-
ence was measured at the widest part of the buttocks, with
both measurements taken twice using a fiberglass tape. After a
10-minute rest period, participants completed the first set of
visual analogue scale (VAS) questions, which assessed hunger,
fullness, and desire to eat. An intravenous catheter was then
inserted into a forearm vein, and baseline blood samples were
collected. Participants were given one of the four test meals,
which they were required to consume within 15 min. The
meals consisted of a quantity of bread providing 50 g of avail-
able carbohydrates (approximately 3-4 slices), served with
250 mL of tap water. The test breads were stored frozen at
—20 °C and defrosted overnight at room temperature (25 °C)
prior to each test day.

Blood samples were taken at 30, 45, 60, 90, 120, and
180 min postprandially. Subjective satiety was evaluated using
VAS booklets provided to participants. These questionnaires
were completed prior to the consumption of each test bread (¢
= 0 min) and at 30, 60, 90, 120, and 180 min postprandially,
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immediately before blood sample collection. Participants
responded to three questions: “How hungry do you feel?”,
“How full do you feel?”, and “How strong is your desire to
eat?”. Responses were recorded on a 100 mm linear scale,
ranging from 0 (“not at all”) to 10 (“extremely”), reflecting the
lowest and highest possible intensity of the sensation, respect-
ively. Participants were instructed to indicate their current feel-
ings with a vertical mark on the scale, without discussing their
responses with others or referring to prior responses. The
results were quantified by measuring the distance (mm) from
the left end of the scale to the participant’s mark for each
question. Participants were instructed to consume a meal of
their choice, of no more than 400 kcal, with minimal fat and
dietary fiber content, the evening before each study session
and to repeat the same meal prior to each subsequent session.
Twenty-four-hour dietary recalls and a physical activity ques-
tionnaire were collected for the day preceding each study visit.
None of the participants engaged in regular exercise, and they
were strongly encouraged to maintain their usual lifestyle
habits throughout the entire experimental period.

Blood analyses. Blood samples were collected in K3;EDTA-
coated vacutainers and immediately centrifuged at 1000g for
10 min at 4 °C to separate the plasma. For serum collection,
blood was drawn into plain tubes, left to clot at room tempera-
ture for 30 min, and then centrifuged at 1000g for 10 min at
4 °C. Both plasma and serum were stored at —80 °C until
further analysis.

Serum glucose concentrations were measured at 0, 30, 45,
60, 90, 120, and 180 min postprandially. Glucose, as well as
the other biochemical measurements (total cholesterol, HDL-c,
LDL-c, and triglycerides) were performed in serum, at the
beginning of the study, on an automated biochemical analyzer
(Medilyzer, Medicon Hellas S.A., Athens, Greece) using com-
mercially available diagnostic kits. Insulin levels were assessed
in serum at 0, 30, 45, 60, 90, 120, and 180 min postprandially
via an enzyme-linked immunosorbent assay (ELISA) using a
Human Insulin ELISA kit (Merck-Millipore, Burlington, MA,
USA). Additionally, total GLP-1 levels were measured in plasma
at 0, 30, 60, 90, 120, and 180 min using sandwich ELISA
(Human GLP-1 ELISA, Ansh Labs, Webster, TX, USA). All
measurements were carried out using a Multiskan™ FC
Microplate Photometer (Thermo Scientific, Waltham, MA,
USA).

Statistical analysis. A power analysis was conducted to calcu-
late the necessary sample size for detecting a statistically sig-
nificant 10% reduction in the iAUC,g, of glucose following the
intervention. The analysis aimed for a power of 80% at a sig-
nificance level of @ = 5% (Type I error). Based on these para-
meters, a minimum of 16 participants was required to detect
the desired reduction in iAUC,g, with sufficient statistical
power. The recruitment aim was at least 18 participants, to
account for a dropout rate of 10%. Finally, 15 participants
were included in the calculations.

The iAUC for postprandial glucose and insulin responses
were calculated using the trapezoidal rule, excluding any area
below the baseline, following the method described by Yanni

This journal is © The Royal Society of Chemistry 2025
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et al. (2022).*' For GLP-1, the iAUC was calculated based on
the increase from pre-prandial levels, considering only the
area above the x-axis. Similarly, the iAUC for VAS measure-
ments, representing changes in subjective appetite sensations
from pre-prandial values, was determined using the same
approach. The Homeostasis Model Assessment of Insulin
Resistance HOMA-IR for the study subjects was calculated
using the following formula:**

HOMA-IR
= (fasting glucose (mg dL™") x fasting insulin (WUmL ")) /405

(4)

Descriptive statistics are reported as absolute numbers and
percentages (%), while the numerical results are presented as
mean + SEM. Bread quality was analyzed using IBM SPSS stat-
istics 22 with parametric tests, specifically one-way ANOVA, fol-
lowed by Tukey’s post hoc test for comparisons.

A general linear model with repeated measures ANOVA fol-
lowed by Bonferroni’s post hoc test was applied to evaluate
postprandial changes in blood variables and subjective appe-
tite ratings across treatments, identifying significant differ-
ences at specific time points and between iAUC values. A
p-value of <0.05 was considered the threshold for the statistical
significance in all analyses (ESI, Table S17).

Results
Bread quality evaluation

The particle size distribution, nutritional composition and
physicochemical properties of the four test breads are pre-
sented in Tables 1, 2 and 3, respectively. In terms of nutri-
tional composition, the energy content of the test bread was
slightly higher than that of the control, which was expected, as
larger portions of the test bread were consumed to achieve
50 g of available carbohydrates. The WB and WGB had lower
protein and total dietary fiber content compared to the CFM
and CLP bread, whose contents were very similar. All samples
exhibited a similar total starch content, while the moisture
content was slightly higher in bread prepared with chickpea
flour. Regarding the particle size distribution, most of the
chickpea particles (62%) were higher than 1.45 mm, and
almost all of them were higher than 1 mm (>80%).

The physicochemical properties of the test breads were eval-
uated, focusing on their textural and color attributes. The
texture analysis of breads revealed that the three test breads
(WGB, CFM and CLP) were significantly harder compared to
the WB (p < 0.05, Table 3), which is mainly attributed to their
higher dietary fiber content and the use of coarser flours.
Additionally, WGB exhibited significantly lower hardness com-
pared to both chickpea flour-enriched breads (CFM and CLP).
Chewiness values were similar in WB and WGB, both of which
had significantly lower chewiness than CFM and CLP (p <
0.05, Table 3). Cohesiveness and resilience were comparable
across all samples, with no significant differences between

This journal is © The Royal Society of Chemistry 2025

Table 3 Physical characteristics of the four test bread samples

Hue (rad)

a* b* AE

L*

Cohesiveness Chewiness Resilience

Hardness (N)

1.52 £ 0.01%

24.0 + 0.25%

24.0 £ 0.32
17.8 + 0.3°
20.4 + 0.3¢

a

1.2 +0.2

77.4 +1.2%

a

0.2 £ 0.0

0.6 +0.1% 3.7 £ 0.4

6.3 +0.7%

1.35 + 0.01°
1.34 + 0.01¢

18.22 + 0.35°

20.93 + 0.27¢

149 +1.0

64.1 +0.8° 3.9 +0.3°
67.6 0.7

0.3 +0.0%

4.5 +0.7%

0.6 +0.1%

7.3 £0.4°
8.9+ 0.4°

WGB
CFM

11.1+1.6

c

4.9+0.2

a

0.3

5.5 +0.9°

0.6 +0.1%
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CFM and CLP in any of the textural attributes examined
(approximately 8-9 N).

In terms of color parameters, all test bread samples had sig-
nificantly reduced lightness (L*) values, as expected due to the
inclusion of whole meal flour in their formulations. WGB had
the lowest lightness value compared to the other samples (p <
0.05, Table 3). The a* value, which represents the blue-yellow
color spectrum, was significantly higher in all test breads com-
pared to that on WB (p < 0.05, Table 3). As expected, all three
test breads were less yellow (lower a* values) compared to WB,
which was made exclusively with white wheat flour. In terms
of the b* value, all test breads had a redder hue than green,
with high positive values, and WB had the highest value (p <
0.05). Chroma (C) and hue (%) values were also significantly
higher in all test breads, with CFM and CLP differing only in
their lightness (L*) values, while all other color parameters were
similar. The specific volume (cm® g™") of chickpea breads (CFM
and CLP) is significantly lower compared to wheat breads (WB
and WGB). Conversely, the density (g cm ™) of WB and WGB is
significantly lower than that of CFM and CLP (p < 0.05, Table 3).
The crumb of WB exhibited the highest surface porosity at 44.45
+ 2.81%, as determined by image analysis. CLP had similar
porosity values to CFM and WGB, with the latter two signifi-
cantly differing from each other (p < 0.05, Table 3). Chickpea
breads had a significantly higher number of pores (28.18 + 2.98
and 26.30 + 2.73) compared to WB and WGB (34.30 + 2.35 and
33.37 + 1.40, respectively). The average pore diameter was sig-
nificantly larger in WGB than in the other breads, as evident in
the provided bread sample images. WGB had fewer but larger
pores compared to the other breads. Additionally, larger wheat
flour particles were visible and not all of them were fully
embedded in the bread structure. In the case of CLP bread, all
chickpea particles were not fully embedded in the bread struc-
ture, but it did not seem to significantly affect its textural attri-
butes compared to CFM bread (Fig. 3).

Participants. All participants completed all four sessions of
the study without experiencing any adverse effects. Table 4 pro-
vides an overview of the participants’ characteristics, and the
average values of classical biochemical parameters, such as
glycemic and lipidemic profiles, which fell within the normal
range. Participants followed the study guidelines, continuing
their usual dietary and exercise routines, and maintained their
body weight stable throughout the experimental phase.

Metabolic outcomes

Fig. 4 illustrates the postprandial glycemic, insulinemic, and
GLP-1 responses following the consumption of the three test
breads. The mean peak serum glucose concentration was
attained 45 min after ingestion of WB, WGB, and CFM breads,
while glucose peaked at 30 min after CLP bread ingestion. No
significant differences were observed in peak glucose values or
at any other time points throughout the 180 min period for
any of the test breads. The WB bread exhibited the highest
glucose iAUC, followed by CFM, WGB, and CLP, with the WB
iAUC being significantly higher than that of CLP (p < 0.05,
Fig. 3a). Additionally, the iAUC;g, for CLP was 26% lower com-
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Fig. 3 Images of the four test breads: (a) wheat bread (WB), (b) whole
grain bread (WGB), (c) chickpea finely milled (CFM), and (d) chickpea
large particles (CLP).

Table 4 Anthropometric and biochemical characteristics of the study
participants

Characteristic Subjects

n 15

Sex (male/female) (6/9)

Age (years) 23.3+3.6
Body weight (kg) 61.6 +11.0
BMI (kg m™2) 21.3+2.4
Fat mass (%) 18.4+5.1
Fat mass (kg) 11.2 +3.0
Lean mass (kg) 47.6 +14.9
Waist (cm) 72.8 + 8.4
Hip (cm) 94.3 + 8.4
Fasting serum glucose (mg dL™") 88.8 5.0
Fasting serum insulin (pU mL™") 4.2+1.9
HOMA-IR 09+0.4
Total cholesterol (mg dL™") 144.3 +19.2
LDL-c (mg dL™") 86.9 +19.3
HDL-c (mg dL™) 47373
Triacyloglycerols (mg dL™") 48.6 +10.2

n, number of subjects; BMI, body mass index; and HOMA-IR:
homeostatic model assessment of insulin resistance. Values are
presented as mean =+ SD.

pared to CFM (p < 0.05, Fig. 3a). Apart from this, no other sig-
nificant differences were observed—neither between WGB and
CLP, nor between WB and CFM, nor between CFM and CLP.
Regarding the postprandial insulinemic response, the peak
serum insulin values were detected in all test breads at 45 min
postprandially, without significant differences between them
to be observed. Moreover, no significant differences were
observed between the test breads at any other time point.
Additionally, the iAUC;g, of the four breads were similar
(Fig. 3b). Total plasma GLP-1 concentrations increased after
the ingestion of the CLP, compared to WB in 60, 90, 120 and
180 min postprandially (p < 0.05, Fig. 3c). CFM had also a sig-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Postprandial responses and the iAUC for (a) glucose, (b) insulin
and (c) GLP-1. *p < 0.05 between WB and CFM or CLP. iAUC values fol-
lowed by different letters are statistically different (p < 0.05).

nificantly higher GLP-1 concentration at 180 min, compared to
WB (p < 0.05, Fig. 3c). The iAUC, g, for GLP-1 after CLP was sig-
nificantly higher than after the control bread, by approximately
2.3 times (p < 0.05, Fig. 3c). Apart from this, no other signifi-
cant differences were observed—neither between WGB and
CLP, nor between WB and CFM, nor between CFM and CLP.

Subjective appetite sensations

Fig. 5 presents the differences in subjective appetite ratings
from pre-prandial values over the 180 min period following the
consumption of the three test breads and the reference bread
(WB). Significantly lower hunger ratings were observed after
the ingestion of CFM at 60 and 90 min, and after consuming
CLP at 60, 90, and 120 min, compared to WB (p < 0.05,
Fig. 4a). The iAUC for hunger was significantly lower for both
CFM and CLP compared to WB (p < 0.05). CLP ingestion led to
a significant increase in fullness compared to WB, while no
significant differences in fullness were observed between WB
and CFM, WB and WGB, or between CFM and CLP. Similar
results were observed for the desire to eat, where CLP showed
a significantly greater reduction (higher iAUC) compared to
WB. Similar to fullness, no significant differences in the iAUC
for the desire to eat were observed among the other test
breads.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Postprandial responses for subjected appetite sensations: (a)
hunger, (b) fullness, and (c) desire to eat. *p < 0.05 between WB and
WGB or CLP.

Discussion

The present study investigates whether modifying the food
structure by reducing flour milling to create larger particle-size
flour from two distinct botanical sources (wheat and chick-
peas) can affect the postprandial metabolic responses of
healthy individuals. These coarser flours, with higher pro-
portions of intact plant cells and thus naturally encapsulated
starch, partially replaced refined flour. We hypothesize that
flour with significantly larger particle size contains a higher
proportion of intact cells, which may influence glycemic
response and appetite regulation by slowing starch digestion
and glucose absorption in the gut—an effect that could be
retained even after baking. The effect of particle size on the
cell wall integrity has been previously observed in legumes
(e.g. beans and chickpeas),">**%*3** a5 well as cereal grains
(e.g- wheat, sorghum and barley).

To our knowledge, there are no in vivo studies comparing
the postprandial responses to bread made with commercially
available finely milled pulse flour versus bread containing
coarser pulse flour from the same source. Similar to refined
wheat flour, commercially available pulse flour predominantly
consists of cells with disrupted cell walls, making their starch
readily accessible to digestive enzymes following hydrothermal
processing.*>**

11,19,29

Based on the literature and our preliminary
lab trials, a substitution rate of 30% refined wheat flour was
selected for the three test breads, allowing for significant
incorporation of coarser flours."”>>*** Although coarser flour
incorporation has been shown to reduce in vitro starch digesti-
bility due to limited enzymatic accessibility, this effect may not
fully translate to the in vivo glycemic response, likely due to
the complexity of physiological digestion and the food
matrix.>® The primary reason is that normal eating processes,
such as increased oral processing and chewing, tend to break
down coarser particles during ingestion. This enhanced masti-
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cation can compensate for the initial slower starch breakdown
and diminish the beneficial effects on starch digestibility seen
in lab settings. In addition to this, it has been stated that sup-
plementation levels higher than 35% (of total flour) can
adversely affect functional and sensory properties of bakery
products.'® The impact of chemical composition was also eval-
uated by the inclusion of bread in which a part of the wheat
flour was replaced with finely milled chickpea flour, allowing
us to explore whether any potential observed benefits are
attributed to particle size, compositional differences, or both,
given the distinct nutrient and structural profile of chickpeas
compared to wheat. In all three test breads, whole-meal wheat
flour was also added to the recipes.”® It has to be noticed that
although wheat flour is poor in soluble fiber which is known
to affect glycemic response, the inclusion of 28% wholemeal
wheat flour in the three test breads (WGB, CFM, and CLP) may
have interfered with the results since it contains a consider-
able amount of fiber.*® The characteristics and the quality
parameters of the test breads were evaluated. Measurement of
textural attributes is of crucial importance, since they directly
affect disintegration behavior and sensory characteristics. A
significant difference in hardness was observed between WB,
and all other test breads, which as expected, was the softest, as
in most similar research studies,’®*>*” with no significant
differences being observed between the chickpea breads (CFM
and CLP). Chickpea bread (CFM and CLP) had lower values of
chewiness (p < 0.05), compared to wheat breads (WB and
WGB). Contrary to other similar study protocols, in which sub-
stitution of finely milled flour with rye flour,*® wheat flour,"®
or legume flour*® of higher particle size distribution, had an
adverse effect on the cohesiveness and resilience of the test
breads, in this study substitution of wheat flour with larger
particle size flours did not have an impact. All samples had
similar values for those textural parameters (cohesiveness and
resilience), whose decreased values have been related to a
higher rate of food disintegration and thus increased rates of
starch digestibility.** CFM and CLP breads exhibited signifi-
cantly lower surface porosity and bread volume than WB,
mainly due to gluten network disruption, which reduced gas
retention, and gas cell distortion from non-endosperm com-
ponents like dietary fiber.'®*® However, no significant differ-
ences were observed in bread volume and porosity between
two chickpea breads indicating that substitution for larger
particle size chickpea flour did not seem to adversely affect
the structural properties of bread. WGB had significantly
lower surface porosity than WB due to its higher fiber
content, and although its specific volume was also lower,
this difference was not statistically significant. Similar results
have been recorded in another study as well, in which 85%
of whole grain wheat flour was substituted with 85% broken
wheat kernels.”’ The incorporation of 30% higher particle
size wheat flour, finely milled chickpea flour and chickpea
flour of larger particle size, induced a less porous crumb,
due to a reduction in the gas retention capacity, in accord-
ance with other studies.*® The three test breads had signifi-
cantly lower L* (lightness) values, as expected, primarily due
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to the addition of whole meal flour, which darkens the
bread color by including all parts of the wheat grain (e.g
wheat bran). All breads showed positive a* values, indicating
a yellow hue rather than blue. Chickpea bread had a more
pronounced yellow color compared to wheat breads, primar-
ily due to the addition of chickpea flour.

The postprandial glycemic response, measured by the
iAUC, was significantly lower in CLP, compared to both WB
and CFM (p < 0.05, Fig. 3a). In addition, the peak value of
glucose after CLP occurred at 30 min and then glucose concen-
trations began to decrease. In all other breads, peak glucose
values were observed at 45 min, with WB having the highest
peak glucose value. It is suggested that the lower glycemic
response after CLP ingestion compared to CFM and WB is
attributed to a lower rate of glucose release in the gut. CLP
contains chickpea flour with a considerably larger particle
size, which results in a lower surface-to-volume ratio compared
to the finely milled flour in CFM, highlighting the impact of
higher chickpea particle size in the amelioration of postpran-
dial glycemia. This limits the accessibility of digestive enzymes
such as oa-amylase and also reduces the degree of starch
gelatinization.'®?® Since blood glucose levels are strongly influ-
enced by luminal glucose absorbance, lower starch digestion
rate and extent may explain the significantly lower iAUC of
CLP.>"*® The similar glycemic responses observed between
CFM and WB can be attributed to the use of conventional
milling techniques, such as roller milling, which markedly
reduce the particle size and disrupt plant cell walls. This struc-
tural breakdown facilitates the release of intracellular starch
and results in substantial starch damage, thereby increasing
susceptibility to enzymatic digestion. These findings highlight
that the preservation of plant cell integrity may be crucial for
achieving beneficial effects on postprandial metabolic
responses.’*!

In the case of WGB, although larger particles were still
visible, the thorough mixing during bread-making may have
contributed to further structural breakdown. In addition, in
the case of wheat, hydrothermal processing (e.g., during bread-
making) increases the porosity of endosperm cell walls,
thereby enhancing the accessibility of encapsulated starch to
digestive enzymes. This increase in porosity is partly due to
thermal degradation and structural modifications of cell wall
polysaccharides. In particular, the most affected molecules are
B-glucans and arabinoxylans, which are subjected to changes
in their molecular weight under high-temperature conditions.
As a result, the protective barrier function of their cell wall is
diminished, potentially offsetting the reduced starch digesti-
bility that is typically associated when increasing the wheat
flour particle size.>"** In other similar studies, where the post-
prandial glycemia of bread with a higher wheat flour particle
size (coarser particles) was examined, no significant differ-
ences were found, both in glycemia and insulinemia in
healthy participants, even at high inclusion rates of wheat par-
ticles (up to 85%).2'>*>3 Significant differences in the post-
prandial glycemia, in response to bread ingestion have been
found in diabetic subjects, but it must be noted that they

This journal is © The Royal Society of Chemistry 2025
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already have compromised glycemic and insulinemic
regulation.'**323

Chickpea cotyledon cells are thicker and more resistant,
even after hydrothermal processing, compared to wheat endo-
sperm cells, whose porosity increases after hydrothermal pro-
cessing (e.g. breadmaking).'*?' Hydrothermally treated
legume cotyledon cells tend to separate during mastication,
due to the weakening of their intercellular adhesions. That
leads to intact cells forming the primary structural component
of the food bolus as it enters the gastrointestinal tract (GIT).
Cotyledon cells can also resist digestive conditions in the
stomach and the upper small intestine (e.g. duodenum).””>>*
Studies on postprandial glycemia after consuming bread with
larger legume particles yielded mixed results. For instance,
incorporating 75% soybeans with particles >2.8 mm in bread
showed no significant effect on postprandial glycemia. This
outcome was attributed to the breakdown of the food structure
during oral processing, which likely increased enzyme accessi-
bility despite the larger particle size.>> Another study found
that adding 30% intact cellular powder to bread significantly
reduced postprandial glucose levels. Increasing the substi-
tution level to 60% did not provide additional benefits,
suggesting that higher substitution of refined wheat flour does
not further lower the glycemic response. The postprandial
insulin response (iAUC) was significantly reduced only with a
60% incorporation of chickpea cellular powder, while a 30%
incorporation, as also observed in the present study, did not
significantly lower insulin levels. In the present study, no sig-
nificant differences were observed in postprandial insulin
responses. The postprandial insulin levels following the con-
sumption of the two chickpea-based breads (CFM and CLP)
were slightly higher than those observed for the wheat breads;
however, these differences did not reach statistical signifi-
cance. From these findings, it can be concluded that a lower
glycemic response is achieved after CLP ingestion, compared
to WB and CFM, without a significant change in insulin
secretion.*>*

GLP-1, an anorexigenic incretin peptide, is secreted by
L-cells in the gut in response to meals. These L-cells, particu-
larly abundant in the distal colon, contain nutrient-sensing
receptors like G-protein-coupled receptors that detect luminal
nutrients and stimulate GLP-1 release. GLP-1 constitutes one
of the gut peptides, which are responsible for glucose and
appetite regulation, stimulation of insulin secretion and lower-
ing the rate of gastric emptying.>> The postprandial GLP-1
response, indicated by the iAUC after CLP ingestion, is signifi-
cantly higher than that observed with WB. This enhanced
response is primarily attributed to the ileal brake mechanism.
It is suggested that the higher proportion of encapsulated
starch in CLP bread results in a slower release of sugars
(mono- and disaccharides) in the distal gut, where L-cells are
abundant and actively secrete GLP-1.>%°%°7

In addition to monosaccharides, amino acids and peptides
can also stimulate GLP-1 secretion by activating G-protein
coupled receptors such as GPRC6A and calcium-sensing recep-
tors (CaSR) expressed on enteroendocrine L-cells in the gut.*®
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Therefore, we acknowledge that the higher postprandial GLP-1
response observed after CLP ingestion is not solely attributable
to the slower rate of starch digestion and subsequent glucose
release, but also to the significantly higher protein content
(9 g in WB vs. 15.5 g in CLP). This protein is naturally encapsu-
lated within chickpea cotyledon cells, a proportion of which
becomes bioaccessible during digestion. The higher protein
content is thus likely to contribute to the increased postpran-
dial secretion of incretins such as GLP-1, both in acute and
potentially longer-term metabolic settings.’>*° However, it
must be acknowledged that although the amount of CFM con-
sumed contained a similar protein content to CLP (14.5 and
15.5 g) and higher than WB, no significant differences in
GLP-1 response were observed between CLP and WB.
Regarding the role of dietary fiber in incretin release, its con-
tribution is generally mediated via the production of short-
chain fatty acids (SCFAs) resulting from microbial fermenta-
tion of non-digestible carbohydrates in the colon. However,
fermentation typically begins 2-4 hours after ingestion. Since
our study evaluated responses only within a 3-hour postpran-
dial period, at 180 min, it is possible that GLP-1 levels were
slightly influenced by resistant starch fermentation; however,
this is not the primary mechanism impacting the GLP-1
response in the current study. This is consistent with findings
from other acute studies with similar durations, which also
report a minimal impact of fiber fermentation on early gut
hormone responses.”*> Postprandial GLP-1 responses follow-
ing WGB and CFM ingestion were higher than that of WB,
though not being significant. Moreover, no significant differ-
ences were observed in the iAUC of GLP-1 between CLP and
WGB or between CLP and CFM, suggesting that the plant
tissue type (wheat vs. legume) did not significantly influence
the postprandial GLP-1 response, regardless of the flour par-
ticle size (coarse vs. fine). Additionally, GLP-1 levels for
WGB, CFM, and CLP remained elevated at 180 min without
returning to the baseline. GLP-1 levels remained elevated for
a prolonged time following CLP ingestion and at higher
levels compared to the other breads. Previous studies have
shown that GLP-1 levels following starch-rich foods, includ-
ing breads high in slowly digestible starch (SDS), can remain
elevated for up to 300 min due to a secondary GLP-1
response.’™®" A larger sample size or a longer postprandial
study duration may have uncovered significant differences in
GLP-1 responses.>"*?

The results also show significant differences in subjective
appetite sensations, particularly between WB and CLP, which
is expected since apart from the addition of chickpeas of
larger particle size (different origin and particle) different
nutritional composition, particularly the higher protein and
dietary fiber content, also has a crucial role in appetite regu-
lation. Specifically, CLP consumption led to significantly lower
hunger, higher fullness, and a reduced desire to eat, as
measured by iAUC,g, compared to the WB (p < 0.05)
Additionally, no significant differences were observed between
the other breads. These findings agree with postprandial
GLP-1 levels, which were significantly higher following CLP
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consumption, both in terms of iAUC and at most of the
measured time points. So, from these findings, it can be con-
cluded that CLP bread ingestion substantially enhances satiety
postprandially for the whole study duration.

This study has some limitations. The breads were frozen
shortly after baking to maintain freshness throughout the
experimental period, then thawed overnight at room tempera-
ture. This process, while practical, may have influenced post-
prandial glycemia and insulinemia, introducing factors
beyond flour particle size. Freezing and thawing could also
lead to the formation of resistant starch, potentially further
reducing starch digestibility in all test breads. However, this
storage method reflects real-life conditions, as people com-
monly refrigerate or freeze bread to extend the shelf life and
reduce food waste. It must be noted that all bread samples
were stored under the same conditions.*>** Additionally, it is
well known that humans can have differences in their eating
behavior, such as eating rate, chewing characteristics (bolus
formation) and salivary amylase activity, which can influence
the respective glycemic response. The increased oral proces-
sing of foods (e.g. breaking down and chopping) can destroy
the native food structure (e.g. disruption of plant cell walls)
and eliminate its protective effects. For instance, some partici-
pants may have swallowed the larger wheat and/or particles
unchewed, whereas others may have broken them down into
smaller pieces. However, it has been found elsewhere that the
innate plant tissue structure has a greater influence on starch
digestibility than oral processing behavior.>*®* All these
factors may increase variability in the results. In the current
study protocol, 15 participants successfully completed all four
study visits. According to the power analysis, a sample size of
16 participants was deemed sufficient to detect statistically sig-
nificant differences in glucose response. Initially, 19 individ-
uals enrolled in the study; however, 4 participants dropped
out, primarily due to either difficulties in cannulation or dis-
comfort with intravenous catheter. In addition, some were
unwilling to complete, because they did not like some of the
bread samples. Despite using a slightly lower number of subjects
than initially determined, the experiment yielded statistically sig-
nificant results. Other research protocols with a similar study
design did not manage to recruit a higher number of participants
as they also initially intended.”"®> However, it must be acknowl-
edged that this can potentially limit the strength of our con-
clusions. Moreover, the inclusion of 28% wholemeal wheat flour
in the three test breads (WGB, CFM, and CLP), since it contains
a considerable amount of fiber may have interfered with the
results. In addition, there are also differences in the energy
content, serving size and protein between the samples that may
have influenced satiety responses independently of the flour type
or particle size. However, matching all samples to provide 50 g of
available carbohydrates was necessary for comparing the post-
prandial glycemic response, the primary outcome of this study.
Future studies could explore the effects on blood glucose and
appetite regulation in a subsequent meal, or investigate the
effects of incorporating higher proportions than 30% of chick-
peas in test breads.
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Conclusions

In conclusion, this study shows that incorporating larger par-
ticle-sized chickpea flour in wheat bread formulations effec-
tively lowers postprandial glycemia, compared to both WB and
CFM. Following CLP ingestion, the postprandial GLP-1
response is significantly higher than that with WB and
remains elevated up to 180 min. In contrast, the ingestion of
WGB did not lead to significant changes in the postprandial
metabolic response compared to both CLP and WB. However,
a larger sample size or higher incorporation rate in bread
might have revealed some beneficial effects. Moreover, in the
context of this study, the inclusion of 30% finely milled chick-
pea flour also showed no significant effects on the examined
parameters compared to that with WB. CLP ingestion also
caused enhanced subjective appetite sensations compared to
WB ingestion (reduced hunger and desire to eat and increased
fullness). However, it must be acknowledged that CLP and WB
also differed in their chemical compositions, particularly in
terms of protein and dietary fiber content. This study high-
lights the importance of both the degree of milling and the
botanical structure of ingredients in metabolic response
modulation. Since bread is typically a high-GI, low-satiety
food, reducing the degree of flour milling presents a promis-
ing way to improve its nutritional profile, by preserving starch
encapsulation, thus enabling slower, more controlled nutrient
release during digestion. Overall, this study provides
additional information to that field regarding the effect of
milling on postprandial metabolic responses. More studies are
required in the future to support the current findings and
thoroughly investigate the underlying mechanisms.

Author contributions

Conceptualization, A. E. Y. and V. T. K.; data curation, M. C. K.
and A. E. Y,; funding acquisition, A. E. Y, V. T. K. and M. C. K,;
investigation, M. C. K.; methodology, C. K. and I. A. A.; supervi-
sion, A. E. Y., N. T. and V. T. K.; resources, A. E. Y., N. T. and
V. T. K.; writing - original draft, M. C. K.; writing - review &
editing, A. E. Y., C. K, N. T., V. T. K.

Data availability

Data are available from the corresponding author upon
request.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00348b

Open Access Article. Published on 19 May 2025. Downloaded on 4/1/2026 3:27:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

Acknowledgements

Maria Christina Kanata acknowledges that the current research
work was supported by the Hellenic Foundation for Research
and Innovation (HFRI) under the 3rd Call for HFRI PhD
Fellowships (Fellowship number: 6249).

The authors would like to thank Mr Kostas Karavasilis and
Mr Eftixis Tsalikis and the Food Company VENETIS S.A. for
their assistance with the sourcing of raw materials, the devel-
opment of recipes, and the preparation of the bread used in
this study. The authors would also like to thank Mr Nikolaos
Tsakiropoulos for technical assistance and the Laboratory of
Experimental Surgery and Surgery Research of the Medical
School of the National and Kapodistrian University of Athens.

References

1 World Health Organization (WHO). Obesity and
Overweight. Available online at: https:/www.who.int/news-
room/fact-sheets/detail/obesity-and-overweight.  Accessed
on 10 October 2024.

2 American Diabetes Association (ADA). Statistics about
Diabetes. Available online at: https:/diabetes.org/about-
diabetes/statistics/about-diabetes. Accessed on 10 October
2024.

3 A. Fardet, Minimally processed foods are more satiating
and less hyperglycemic than ultra-processed foods: A pre-
liminary study with 98 ready-to-eat foods, Food Funct.,
2016, 7, 2338-2346.

4 K. D. Hall, A. Ayuketah, R. Brychta, H. Cai, T. Cassimatis,
K. Y. Chen, S. T. Chung, E. Costa, A. Courville, V. Darcey,
L. A. Fletcher, C. G. Forde, A. M. Gharib, J. Guo, R. Howard,
P. V. Joseph, S. McGehee, R. Ouwerkerk, K. Raisinger,
1. Rozga, M. Stagliano, M. Walter, P. J. Walter, S. Yang and
M. Zhou, Ultra-Processed Diets Cause Excess Calorie Intake
and Weight Gain: An Inpatient Randomized Controlled
Trial of Ad Libitum Food Intake, Cell Metab., 2019, 30, 67—
77.€3.

5 A. Crimarco, M. J. Landry and C. D. Gardner, Ultra-pro-
cessed Foods, Weight Gain, and Co-morbidity Risk, Curr.
Obes. Rep., 2022, 11, 80-92.

6 M. S. Hafiz, M. D. Campbell, N. M. Orsi, G. Mappa,
C. Ofrfila and C. Boesch, Impact of food processing on post-
prandial glycaemic and appetite responses in healthy
adults: A randomized, controlled trial, Food Funct., 2022,
13, 1280-1290.

7 M. S. Hafiz, M. D. Campbell, L. L. O’'Mahoney, M. Holmes,
C. Ofrfila and C. Boesch, Pulse consumption improves
indices of glycemic control in adults with and without type
2 diabetes: a systematic review and meta-analysis of acute
and long-term randomized controlled trials, Eur. J. Nutr.,
2022, 61, 809-824.

8 M. Cai, B. Dou, ]. E. Pugh, A. M. Lett and G. S. Frost, The
impact of starchy food structure on postprandial glycemic
response and appetite: a systematic review with meta-ana-

This journal is © The Royal Society of Chemistry 2025

10

11

12

13

14

15

16

17

18

19

20

21

View Article Online

Paper

lysis of randomized crossover trials, Am. J. Clin. Nutr., 2021,
114, 472-487.

S. Mishra and ]J. Monro, Wholeness and primary and sec-
ondary food structure effects on in vitro digestion patterns
determine nutritionally distinct carbohydrate fractions in
cereal foods, Food Chem., 2012, 135, 1968-1974.

A. Fardet, F. Leenhardt, D. Lioger, A. Scalbert and
C. Rémésy, Parameters controlling the glycaemic response
to breads, Nutr. Res. Rev., 2006, 19, 18-25.

K. Korompokis, N. De Brier and ]J. A. Delcour, Differences
in endosperm cell wall integrity in wheat (Triticum aesti-
vum L.) milling fractions impact on the way starch
responds to gelatinization and pasting treatments and its
subsequent enzymatic in vitro digestibility, Food Funct.,
2019, 10, 4674-4684.

S. Dhital, R. R. Bhattarai, J. Gorham and M. ]J. Gidley,
Intactness of cell wall structure controls the in vitro diges-
tion of starch in legumes, Food Funct., 2016, 7, 1367-1379.
M. Tagliasco, M. Tecuanhuey, R. Reynard, R. Zuliani,
N. Pellegrini and E. Capuano, Monitoring the effect of cell
wall integrity in modulating the starch digestibility of
durum wheat during different steps of bread making, Food
Chem., 2022, 396(7), 133678.

S. Aberg, J. Mann, S. Neumann, A. B. Ross and
A. N. Reynolds, Whole-grain processing and glycemic
control in type 2 diabetes: A randomized crossover trial,
Diabetes Care, 2020, 43, 1717-1723.

A. N. Reynolds, J. Mann, M. Elbalshy, E. Mete, C. Robinson,
L. Oey, P. Silcock, N. Downes, T. Perry and L. Te Morenga,
Wholegrain particle size influences postprandial glycemia in
type 2 diabetes: A randomized crossover study comparing
four wholegrain breads, Diabetes Care, 2020, 43, 476-479.

P. M. Burton, J. A. Monro, L. Alvarez and E. Gallagher,
Glycaemic impact and health: new horizons in white bread
formulations, Crit. Rev. Food Sci. Nutr., 2011, 51, 965-982.
C. H. Edwards, F. J. Warren, P. J. Milligan, P. J. Butterworth
and P. R. Ellis, A novel method for classifying starch diges-
tion by modelling the amylolysis of plant foods using first-
order enzyme kinetic principles, Food Funct., 2014, 5, 2751~
2758.

G. Mandalari, Z. Merali, P. Ryden, S. Chessa, C. Bisignano,
D. Barreca, E. Bellocco, G. Lagana, R. M. Faulks and
K. W. Waldron, Durum wheat particle size affects starch
and protein digestion in vitro, Eur. J. Nutr., 2018, 57, 319-
325.

S. Lin, J. Gao, X. Jin, Y. Wang, Z. Dong, J. Ying and
W. Zhou, Whole-wheat flour particle size influences dough
properties, bread structure and: In vitro starch digestibility,
Food Funct., 2020, 11, 3610-3620.

K. Korompokis, L. J. Deleu and J. A. Delcour, The impact of
incorporating coarse wheat farina containing intact endo-
sperm cells in a bread recipe on bread characteristics and
starch digestibility, J. Cereal Sci., 2021, 102, 103333.

C. Eelderink, M. W. ]J. Noort, N. Sozer, M. Koehorst,
J. J. Holst, C. F. Deacon, ]J. F. Rehfeld, K. Poutanen,
R. J. Vonk, L. Oudhuis and M. G. Priebe, Difference in post-

Food Funct., 2025, 16, 4548-4561 | 4559


https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://diabetes.org/about-diabetes/statistics/about-diabetes
https://diabetes.org/about-diabetes/statistics/about-diabetes
https://diabetes.org/about-diabetes/statistics/about-diabetes
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00348b

Open Access Article. Published on 19 May 2025. Downloaded on 4/1/2026 3:27:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

22

23

24

25

26

27

28

29

30

31

32

prandial GLP-1 response despite similar glucose kinetics
after consumption of wheat breads with different particle
size in healthy men, Eur. J. Nutr., 2017, 56, 1063-1076.

E. Mete, J. Haszard, T. Perry, I. Oey, J. Mann and L. Te
Morenga, Effect of wholegrain flour particle size in bread
on glycaemic and insulinaemic response among people
with risk factors for type 2 diabetes: A randomised cross-
over trial, Nutrients, 2021, 13, 2579.

A. Srv, S. Mishra, A. Hardacre, L. Matia-Merino, K. Goh,
F. J. Warren and J. A. Monro, Glycaemic potency reduction
by coarse grain structure in breads is largely eliminated
during normal ingestion, Br. J. Nutr., 2022, 127, 1497-1505.
M. M. Elbalshy, A. N. Reynolds, E. Mete, C. Robinson,
I. Oey, P. Silcock, J. J. Haszard, T. L. Perry, J. Mann and
L. Te Morenga, Gelatinisation and milling whole-wheat
increases postprandial blood glucose: randomised cross-
over study of adults with type 2 diabetes, Diabetologia,
2021, 64, 1385-1388.

D. J. A. Jenkins, V. Wesson, T. M. S. Wolever, A. L. Jenkins,
J. Kalmusky, S. Guidici, A. Csima, R. G. Josse and
G. S. Wong, Wholemeal versus wholegrain breads:
Proportion of whole or cracked grain and the glycaemic
response, Br. Med. J., 1988, 297, 958-960.

C. H. Edwards, F. J. Warren, G. M. Campbell, S. Gaisford,
P. G. Royall, P. J. Butterworth and P. R. Ellis, A study of
starch gelatinisation behaviour in hydrothermally-pro-
cessed plant food tissues and implications for in vitro
digestibility, Food Funct., 2015, 6, 3634-3641.

C. H. Edwards, P. Ryden, G. Mandalari, P. J. Butterworth
and P. R. Ellis, Structure-function studies of chickpea and
durum wheat uncover mechanisms by which cell wall pro-
perties influence starch bioaccessibility, Nat. Food, 2021, 2,
118-126.

H. T. Li, S. Q. Chen, A. T. Bui, B. Xu and S. Dhital, Natural
‘capsule’ in food plants: Cell wall porosity controls starch
digestion and fermentation, Food Hydrocolloids, 2021, 117,
106657.

R. R. Bhattarai, S. Dhital, A. Mense, M. ]J. Gidley and
Y. C. Shi, Intact cellular structure in cereal endosperm
limits starch digestion in vitro, Food Hydrocolloids, 2018,
81, 139-148.

R. R. Bhattarai, S. Dhital, P. Wu, X. D. Chen and
M. J. Gidley, Digestion of isolated legume cells in a
stomach-duodenum model: Three mechanisms limit
starch and protein hydrolysis, Food Funct., 2017, 8, 2573-
2582.

A. Pallares Pallares, B. Alvarez Miranda, N. Q. A. Truong,
C. Kyomugasho, C. M. Chigwedere, M. Hendrickx and
T. Grauwet, Process-induced cell wall permeability modu-
lates the: In vitro starch digestion kinetics of common
bean cotyledon cells, Food Funct., 2018, 9, 6544-6554.

K. Pédlchen, W. L. P. Bredie, D. Duijsens, A. I. Alfie Castillo,
M. Hendrickx, A. Van Loey, A. Raben and T. Grauwet, Effect
of processing and microstructural properties of chickpea-
flours on in vitro digestion and appetite sensations, Food
Res. Int., 2022, 157, 111245.

4560 | Food Funct., 2025, 16, 4548-4561

33

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

Food & Function

C. H. Edwards, P. Ryden, A. M. Pinto, A. van der Schoot,
C. Stocchi, N. Perez-Moral, P. J. Butterworth, B. Bajka,
S. E. Berry, S. E. Hill and P. R. Ellis, Chemical, physical and
glycaemic characterisation of PulseON®: A novel legume
cell-powder ingredient for use in the design of functional
foods, J. Funct. Foods, 2020, 68, 103918.

F. Boukid, E. Vittadini, F. Lusuardi, T. Ganino, E. Carini,
F. Morreale and N. Pellegrini, Does cell wall integrity in
legumes flours modulate physiochemical quality and
in vitro starch hydrolysis of gluten-free bread?, J. Funct.
Foods, 2019, 59, 110-118.

B. H. Bajka, A. M. Pinto, N. Perez-Moral, S. Saha, P. Ryden,
J. Ahn-Jarvis, A. van der Schoot, C. Bland, S. E. Berry,
P. R. Ellis and C. H. Edwards, Enhanced secretion of
satiety-promoting gut hormones in healthy humans after
consumption of white bread enriched with cellular chick-
pea flour: A randomized crossover study, Am. J. Clin. Nutr.,
2023, 117, 477-489.

1SO1871:2009, in Food and Feed Products-General Guidelines
for Determination of Nitrogen by the Kjeldahl Method, 1SO,
Geneva, Switzerland., 2009.

ISO 5509:1978, Animal and vegetable fats and oils-
Preparation of methyl esters of fatty acids.

AOAC, AOAC Official Method 991.43 Total, Soluble and
Insoluble Dietary Fiber in Food, Cereal Foods, 1995, 32, 7.
A. Szczesniak, Texture is a sensory property, Food Qual.
Prefer., 2002, 13(4), 215-225.

K. Tsatsaragkou, T. Kara, C. Ritzoulis, I. Mandala and
C. M. Rosell, Improving Carob Flour Performance for
Making Gluten-Free Breads by Particle Size Fractionation
and Jet Milling, Food Bioproc. Tech., 2017, 10, 831-841.

A. E. Yanni, A. Kokkinos, P. Binou, V. Papaioannou,
M. Halabalaki, P. Konstantopoulos, S. Simati and
V. T. Karathanos, Postprandial Glucose and
Gastrointestinal Hormone Responses of Healthy Subjects
to Wheat Biscuits Enriched with L-Arginine or Branched-
Chain Amino Acids of Plant Origin, Nutrients, 2022, 14(20),
4381.

D. R. Matthews, J. P. Hosker, A. S. Rudenski, B. A. Naylor,
D. F. Treacher and R. C. Turner, Homeostasis model assess-
ment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man,
Diabetologia, 1985, 28, 412-419.

A. M. Rovalino-Cordova, V. Fogliano and E. Capuano, The
effect of cell wall encapsulation on macronutrients diges-
tion: A case study in kidney beans, Food Chem., 2019, 286,
557-566.

B. L. Luhovyy, A. Hamilton, P. Kathirvel and
H. Mustafaalsaafin, The effect of navy bean flour particle
size on carbohydrate digestion rate measured in vitro,
Cereal Foods World, 2017, 62, 208-213.

B. H. Bajka, A. M. Pinto, J. Ahn-Jarvis, P. Ryden, N. Perez-
Moral, A. van der Schoot, C. Stocchi, C. Bland, S. E. Berry,
P. R. Ellis and C. H. Edwards, The impact of replacing
wheat flour with cellular legume powder on starch bioac-
cessibility, glycaemic response and bread roll quality: A

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00348b

Open Access Article. Published on 19 May 2025. Downloaded on 4/1/2026 3:27:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

46

47

48

49

50

51

52

53

54

55

double-blind randomised controlled trial in healthy partici-
pants, Food Hydrocolloids, 2021, 114, 106565.

A. M. Stephen, M. M. ]J. Champ, S. J. Cloran, M. Fleith,
L. Van Lieshout, H. Mejborn and V. ]J. Burley, Dietary fibre
in Europe: Current state of knowledge on definitions,
sources, recommendations, intakes and relationships to
health, Nutr. Res. Rev., 2017, 30, 149-190.

J. Bressiani, T. Oro, G. S. Santetti, J. L. Almeida,
T. E. Bertolin, M. Gémez and L. C. Gutkoski, Properties of
whole grain wheat flour and performance in bakery pro-
ducts as a function of particle size, J. Cereal Sci., 2017, 75,
269-277.

M. Tagliasco, G. Font, S. Renzetti, E. Capuano and
N. Pellegrini, Role of particle size in modulating starch
digestibility and textural properties in a rye bread model
system, Food Res. Int., 2024, 190, 114565.

Z. Gan, T. Galliardt, P. R. Ellis, R. E. Angoldt and
J. G. Vaughan, Effect of the Outer Bran Layers on the Loaf
Volume of Wheat Bread, J. Cereal Sci., 1992, 15, 151-163.

E. Li, S. Dhital and J. Hasjim, Effects of grain milling on
starch structures and flour/starch properties, Starch/
Staerke, 2014, 66, 15-27.

A. Cappelli, N. Oliva and E. Cini, Stone milling versus
roller milling: A systematic review of the effects on wheat
flour quality, dough rheology, and bread characteristics,
Trends Food Sci. Technol., 2020, 97, 147-155.

P. Comino, H. Collins, J. Lahnstein, C. Beahan and
M. J. Gidley, Characterisation of soluble and insoluble cell
wall fractions from rye, wheat and hull-less barley endo-
sperm flours, Food Hydrocolloids, 2014, 41, 219-226.

H. Liljeberg, Y. Grandfeldt and I. Bjorck, Metabolic
responses to starch in bread containing intact kernels
versus milled flour, Eur. J. Clin. Nutr., 1992, 46, 561-575.

J. Tovar, Y. Granfeldt and I. M. Bjorck, Effect of Processing
on Blood Glucose and Insulin Responses to Starch in
Legumes, J. Agric. Food Chem., 1992, 40, 1846-1851.

R. E. Kuhre, C. F. Deacon, J. J. Holst and N. Petersen, What
Is an L-Cell and How Do We Study the Secretory
Mechanisms of the L-Cell?, Front. Endocrinol., 2021, 12,
694284.

This journal is © The Royal Society of Chemistry 2025

56

57

58

59

60

61

62

63

View Article Online

Paper

R. Eissele, R. GOke, S. Willemer, H.-P. Harthus, H. Vermeer,
R. Arnold and B. Goke, Glucagon-like peptide-1 cells in
the gastrointestinal tract and pancreas of rat, pig and man,
Eur. J. Clin. Invest., 1992, 22, 283-291.

P. Wyatt, S. E. Berry, G. Finlayson, R. O’Driscoll,
G. Hadjigeorgiou, D. A. Drew, H. Al Khatib, L. H. Nguyen,
I. Linenberg, A. T. Chan, T. D. Spector, P. W. Franks,
J. Wolf, J. Blundell and A. M. Valdes, Postprandial glycae-
mic dips predict appetite and energy intake in healthy indi-
viduals, Nat. Metab., 2021, 3, 523-529.

A. M. Bodnaruc, D. Prud’Homme, R. Blanchet and
L. Giroux, Nutritional modulation of endogenous glucagon-like
peptide-1 secretion: A review, BioMed Central Ltd, 2016, vol.
13, p. 92.

M. Santos-Hernandez, B. Miralles, L. Amigo and I. Recio,
Intestinal Signalling of Proteins and Digestion-Derived
Products Relevant to Satiety, J. Agric. Food Chem., 2018, 66,
10123-10131.

A. Dagbasi, A. M. Lett, K. Murphy and G. Frost,
Understanding the interplay between food structure, intes-
tinal bacterial fermentation and appetite control, in
Proceedings of the Nutrition Society, Cambridge University
Press, 2020, vol. 79, pp. 514-530.

P. D. Cani, E. Lecourt, E. M. Dewulf, F. M. Sohet,
B. D. Pachikian, D. Naslain, F. De Backer, A. M. Neyrinck and
N. M. Delzenne, Gut microbiota fermentation of prebiotics
increases satietogenic and incretin gut peptide production
with consequences for appetite sensation and glucose
response after a meal, Am. J. Clin. Nutr., 2009, 90, 1236-1243.
R. E. Wachters-Hagedoorn, M. G. Priebe, J. A. ]J. Heimweg,
A. M. Heiner, K. N. Englyst, J. J. Holst, F. Stellaard and
R. J. Vonk, The rate of intestinal glucose absorption is correlated
with plasma glucose-dependent insulinotropic polypeptide con-
centrations in healthy men, J. Nutr., 2006, 136, 1511-1516.

Y. Chen, M. Stieger, E. Capuano, C. G. Forde, S. van der
Haar, M. Ummels, H. van den Bosch and R. de Wijk,
Influence of oral processing behaviour and bolus pro-
perties of brown rice and chickpeas on in vitro starch
digestion and  postprandial
Eur. J. Nutr., 2022, 61, 3961-3974.

glycaemic  response,

Food Funct., 2025, 16, 4548-4561 | 4561


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00348b

	Button 1: 


