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ABSTRACT

Background: Dietary intake of pulses is associated with beneficial effects on body weight management and cardiometabolic health, but some of these
effects are now known to depend on integrity of plant cells, which are usually disrupted by flour milling. Novel cellular flours preserve the intrinsic
dietary fiber structure of whole pulses and provide a way to enrich preprocessed foods with encapsulated macronutrients.

Objectives: This study aimed to determine the effects of replacing wheat flour with cellular chickpea flour on postprandial gut hormones, glucose, insulin,
and satiety responses to white bread.

Methods: We conducted a double-blind randomized crossover study in which postprandial blood samples and scores were collected from healthy human
participants (n = 20) after they consumed bread enriched with 0%, 30%, or 60% (wt/wt) cellular chickpea powder (CCP, 50 g total starch per serving).
Results: Bread type significantly affected postprandial glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) responses (time x treatment, P = 0.001
for both). The 60% CCP breads elicited significantly elevated and sustained release of these anorexigenic hormones [between 0% and 60% CPP—GLP-1:
mean difference incremental area under the curve IAUC), 3101 pM/min; 95% CI: 1891, 4310; P-adjusted < 0.001; PYY: mean difference iAUC, 3576
pM/min; 95% CI: 1024, 6128; P-adjusted = 0.006] and tended to increase fullness (time x treatment, P = 0.053). Moreover, bread type significantly
influenced glycemia and insulinemia (time X treatment, P < 0.001, P = 0.006, and P = 0.001 for glucose, insulin, and C-peptide, respectively), with 30%
CCP breads eliciting a >40% lower glucose iAUC (P-adjusted < 0.001) than the 0% CCP bread. Our in vitro studies revealed slow digestion of intact
chickpea cells and provide a mechanistic explanation for the physiologic effects.

Conclusions: The novel use of intact chickpea cells to replace refined flours in a white bread stimulates an anorexigenic gut hormone response and has
potential to improve dietary strategies for prevention and treatment of cardiometabolic diseases.

This study was registered at clinicaltrials.gov as NCT03994276.
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Introduction in high glycemic, less-satiating foods than minimally processed whole
foods [3, 4]. In whole pulses, the dietary fiber structure, particularly the
intact plant cell wall, helps to regulate macronutrient digestion [5, 6].
By designing new food ingredients that retain the cellular structure, it
may be possible to slow macronutrient digestion for improved glucose
homeostasis and satiety.

Obesity and cardiometabolic disease are partially fueled by the
increased intake of processed foods made from highly refined in-
gredients [1, 2]. Processing disrupts food microstructure and increases
rates of carbohydrate (e.g., starch) digestion and absorption, resulting
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MRU, metabolic research unit; PYY, peptide YY; RS, resistant starch; VAS, visual analog scale.
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Glucagon-like peptide (GLP-1) and peptide YY (PYY) are
anorexigenic gut hormones important in the regulation of glucose
homeostasis and food intake [7] through the ileal brake [8]. These
hormones are satiety-promoting pharmacologic targets, successfully
used in obesity management [9-11]. GLP-1 and PYY are produced
after meal ingestion when bioaccessible macronutrient digestion
products bind nutrient-sensing receptors of specialized enteroendocrine
cells [7]. The density of these cells increases distally in the intestine
[12, 13]. Thus, rapidly digested foods have limited capacity to stimu-
late satiety through the distal gut and likely contribute to a positive
energy balance leading to obesity [4, 14].

Food microstructure has a profound effect on nutrient absorption [15]
and could offer new routes to optimize diet-mediated satiety. Cotyledon
cells from legumes (including pulses such as chickpeas) are attracting
interest for their natural bioencapsulation properties, providing a new
route to deliver nutrients to the distal gut [5, 6, 16—19]. Unlike wheat and
other cereals, owing to their primary plant cell wall (dietary fiber)
structure and properties, cotyledon tissues of cooked pulses tend to
separate into intact cells [20], such that macronutrients remain encap-
sulated by the cell walls [5, 20]. Laboratory [20, 21] and human intu-
bation studies [22, 23] have shown that cotyledon cells from cooked
pulses resist digestive conditions of the stomach and small intestine. The
slow release of these encapsulated nutrients underpins the low glycemic
properties of pulses [24-26] and contribute to their effects on subjective
appetite [27]. Thus, although pulses are regarded as a source of dietary
fiber and resistant starch (RS), the preservation of plant cell intactness
may be critical to achieve beneficial effects on obesity and car-
diometabolic disease risk [28-30]. By contrast, refined pulse ingredients
such as conventionally milled pulse flours, which consist predominantly
of ruptured plant cells, are highly digestible once hydrothermally pro-
cessed [31] and may not be as satiating as whole pulses [27].

We have recently shown that pulses can be exploited to obtain a
novel cellular ingredient with high levels of encapsulated starch (type 1
RS) [17, 26, 31, 32]. The ingredient retains starch resistance to amy-
lolysis, even after baking, and lowers starch digestibility and glycemic
potency of starch-rich foods [26, 31]. In addition, inclusion of intact
chickpea cells (~140 pm) within a white bread reduced postprandial
interstitial fluid glucose concentrations while retaining acceptable
product palatability [26]. Laboratory studies by our group [20, 31] and
others [21, 33, 34] indicate that intact legume cell walls slow the release
of encapsulated starch during simulated digestion. This is likely to
influence the spatiotemporal concentration of digestion products in the
intestinal lumen in vivo, affecting enteroendocrine nutrient-sensing and
gut hormone secretion. Thus, plant cells with slow digestibility may
have the potential to trigger postprandial gut hormone secretion. This
study aimed to investigate the use of newly developed cellular flours to
influence gut hormone secretion and satiety responses in healthy adults.

Materials and Methods

Bread products for in vitro and in vivo testing

Bread rolls were prepared in which 30% or 60% of the white wheat
flour was replaced in the breadmaking recipe with a cellular chickpea
powder (CCP, WO 2019/155190 Al, available commercially as Pul-
seON®™ PulseON Foods). Further details on the methods used to pre-
pare the CCP and its technofunctional characteristics have been
published previously [26, 31]. In addition, a control wheat bread (0%
CCP) made with 100% white flour was prepared. The formulation and
bread preparation method have been described in full previously [26].
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In brief, the CCP bread rolls include on a %wet basis (ingredient
mass/dough mass): 44.1%-50.3% water; 12.8%-33.4% white wheat
bread flour (Taste the Difference Very Strong Canadian Bread Flour;
Sainsbury’s); 1.0% sucrose (white caster sugar; Sainsbury’s); 0.8%
NaCl (Saxa table salt; Premier Foods); 1.8% vegetable fat (Trex
Vegetable Baking Fat; Princes Group); 2.4%-5.2% wheat gluten (Vital
Wheat Gluten 75%-80% protein; Bob’s Red Mill); 0.1% ascorbic acid
(Dove’s farm), purchased from Amazon; and 0.9% dry baker’s yeast
(Ferminpan Red) provided by Lallemand. The entire dough was
divided into matched bread rolls so that each bread roll would contain
50 g of potentially available starch per serving. Measured macronu-
trient composition of these breads is provided in Table 1, which in-
cludes a detailed breakdown of the carbohydrate fractions. All bread
rolls contained a similar amount of wheat gluten per serving (11.2-13.5
g/serving), and the higher protein content of CCP bread rolls is owing
to the cell-encapsulated protein within the CCP. Full details of the
preparation and characteristics of these bread rolls has been reported
previously [26]. In brief, the previous study showed no significant
differences in the participant sensory scores of 0%, 30%, and 60% CCP
bread rolls in taste or texture when these were consumed on separate
occasions, indicating good palatability. At 60% CCP, the bread was
noticeably less moist and more difficult to eat than the control.
Although not detected by participants, the laboratory analysis did
reveal harder texture and increased bulk density in CCP breads than
those of the control [26]. For context, a photograph of bread rolls is
shown alongside bread loaves in Supplemental Figure 1.

TABLE 1
Nutrient composition of test meals (per served portion)
0% CCP 30% CCP 60% CCP

Bread roll
Amount served (g)' 115.0 £ 2.7 1500 £ 1.6  2012+13
Moisture (g/serving)’ 39.1 62.3 94.6
Energy (k)/serving)’ 1301.8 1501.5 1823.1
Protein (g/serving)” 12.88 17.7 27.16
Fat (g/serving)* 3.33 5.55 8.84
Starch (g/serving)’ 453 44.9 42.5

Digestible 45.07 43.23 39.38
Resistant 0.25 1.63 3.13

Total sugar (g/serving)’ 2.76 3.45 5.67
Potentially available 48.1 48.3 48.2
carbohydrate (g/serving)*
Dietary fiber (g/serving)” 2.64 6.15 10.65
Sodium (g/serving)” 0.419 0.543 0.752

Jam
Amount served (g) 20 20 20
Energy (k)/serving)’ 139 139 139
Protein (g/serving)’ 0.06 0.06 0.06
Fat (g/serving)’ 0.02 0.02 0.02
Sugars (g/serving)’ 0.4 0.4 0.4
Polyols (g/serving)’ 12.8 12.8 12.8
Dietary fiber (g/serving)’ 0.12 0.12 0.12
Salt (g/serving)’ 0.04 0.04 0.04

Water
Amount served (g) 381 358 325
Total meal weight (g) 516 528 546

! Values are mean + SD; 1 bread roll per serving; see further details in a
recent publication [26].

2 Proximate determinations by ALS Laboratories.

3 Direct measurements obtained using Megazyme total and resistant starch
kits.

4 Potentially available carbohydrates is the sum of total starch and sugars.

5 Nutrition specification data from the manufacturer.
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Acute postprandial study

Study participants

A human study (randomized double-blind crossover design) was
conducted (Supplemental Figure 2), in which 20 fasted, healthy par-
ticipants aged 18-45 y were recruited using advertisements around
King’s College London, including circular e-mails and posters.
Exclusion criteria included the following: BMI <18 or >35 kg/m?,
blood pressure >160/100 mm Hg, fasted glucose >6.0 mmol/L,
plasma cholesterol >7.8 mmol/L, plasma triacylglycerol >5.0 mmol/
L, medications that may interfere with the study (e.g., antidiabetic or
lipid-lowering drugs), allergy or sensitivity to wheat, alcohol intake
>28 units/wk, and active or recent cessation of smoking (<6 months).
Participants were healthy with no history of cardiovascular disease,
diabetes, or gastrointestinal disorders, as confirmed by a full medical
history (Table 2). BMI, blood pressure, liver function, blood cell
count, fasting plasma glucose, and lipid concentrations were
confirmed to be within limits during a screening clinical visit that took
place before confirming enrolment. Individuals who met all inclusion
and exclusion criteria were randomly allocated 1 of the 6 treatment
orders (Table 2) using Sealed Envelope (www.sealedenvelope.com).
The composition of treatment meals A, B, and C was blinded to the
investigators, technicians performing analysis of blood samples, and
participants. Investigators and participants remained blinded until the
completion of the study and data analysis. The study was conducted
in accordance with the Declaration of Helsinki and approved by the
relevant research ethics committee (HR-18/19-8431, BDM Research
Ethics Subcommittee at King’s College London) in the United
Kingdom, and registered on clinicaltrials.gov (NCT03994276) as
phase 2. The results of phase 1 have been previously reported [26].
All participants gave their written informed consent after being pro-
vided with oral and written information about the aims and protocol of
the study. Data were stored in accordance with the General Data
Protection Regulation 2018 as per the Data Protection Act [35], and
biological samples were handled, stored, transported and disposed of
in accordance with the Human Tissue Act (2004) [36]. Participants
were reimbursed for their time and travel expenses on completion of
the study.

Study design

A randomized, controlled, double-blind, crossover design study was
undertaken at the Metabolic Research Unit (MRU), Department of
Nutritional Sciences, King’s College London, between August 2019 and
January 2020. The trial investigated the effects of 0%, 30% and 60%
CCP breads on postprandial glucose, insulin, and gut hormone re-
sponses, using blood samples collected over a 240-min time course.

TABLE 2
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Primary outcomes were glucose, insulin, and C-peptide levels, gut
hormone responses [GLP-1, PYY, and glucose-dependent insulinotropic
peptide (GIP)], and the postprandial incremental area under the curve
(IAUC) between 0 and 60 min as the predefined primary outcome
measure for each biomarker. Predefined secondary outcome measures
investigated the iAUC in other time frames (0—120 min, 30-90 min, and
90-240 min) and peak concentrations (Cy,ax) and time to peak (Tjax)-
Additional exploratory outcomes included the first peak iAUC, subjec-
tive satiety responses, and amino acid responses over the 240-min
period. On examination of the postprandial curves, it was apparent that
the fixed periods chosen as the predefined primary and secondary
outcome measures did not fully capture the postprandial responses for all
individuals. Therefore, our analysis has focused more on the first peak
area, which was a more appropriate descriptor of the postprandial
response and, therefore, better suited to addressing the scientific aims of
the study. Analyses relating to predefined primary and secondary
outcome measures are included in the supplementary material (Sup-
plemental Table 1).

Three bread rolls baked with different quantities of CCP (0%, 30%,
or 60%, wt/wt, of refined wheat flour replaced with CCP) were
consumed by participants in a random order, at 3 separate study visits
and with at least 4 days washout between each visit. Replacement of
wheat flour with CCP meant that ~12 and 30 g of the total starch in the
0% bread roll was replaced by starch from CCP to make the 30% and
60% bread rolls, respectively. Each bread roll was served with 20 g of no-
added sugar strawberry jam (energy-reduced strawberry jam with
sweetener; Marillo Foods), providing <0.4 g sugars (mainly fructose)
and 12.8 g polyols (mainly from sorbitol), to aid palatability. The total
weight of drinking water served with each meal was adjusted to achieve
a constant total meal weight of 420 g because the different type of breads
had different weights, owing mostly to the differences in moisture
content. Participants were instructed to consume the meal at their normal
pace, which was standardized based on their first visit. Each participant
received a different bread roll treatment on each of the 3 separate visits to
the MRU.

On the morning of each intervention, the participants arrived at the
MRU after a 12-h fast and having consumed a standard evening meal
(350-450 kcal and <12 g fat per serving and < 3 g dietary fiber/100 g)
the previous evening. A venous cannula was inserted in a vein in the
antecubital fossa or a forearm vein by a trained phlebotomist. Baseline
fasted blood samples (t = — 15 min) were collected before the allocated
test meal was consumed at t = 0 min, and blood samples were subse-
quently taken at frequent intervals up to 4 h posttest meal, at ¢ = 15, 30,
45, 60,90, 120, 180, and 240 min after the first bite. Blood samples were
collected into appropriate tubes [BD Vacutainer tubes: fluoride/oxalate
tubes for glucose analysis; SST serum tubes for insulin and C-peptide

Physical characteristics of enrolled study participants by the randomization sequence

Treatment sequence

ABC ACB BAC BCA CAB CBA

Sex, n (%)

Male 2 (66.6) 1 (50) 1(33.3) 2 (40) 0 (0) 4 (80)

Female 1(333) 1 (50) 2 (66.6) 3 (60) 2 (100) 1 (20)
Age (y) 26.33 + 1.50 31.50 + 10.61 26.00 £ 2.52 27.40 £+ 3.44 25.00 £ 0.00 30.20 £ 5.98
BMI (kg/m?) 24.63 £3.62 22.65 £+ 3.89 21.10 £ 0.50 2420 £ 4.15 2520 £ 0.99 23.52 £ 1.90
Fasted plasma glucose (mM) 5.00 £ 0.25 4.92 + 0.40 4.53 +£0.17 5.00 + 0.48 4.65 £ 0.21 4.56 £ 0.16
Fasted total cholesterol (mM) 4.48 £+ 0.65 491 £+ 0.40 471 £0.43 4.76 + 1.03 433 +1.68 4.50 + 1.41

Values are given as mean £+ SD unless otherwise specified.
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analysis, and K2 EDTA tubes with DPP-IV (10 uL/mL blood; Merck
Millipore) and aprotinin (500 KIU/mL blood; Nordic Pharma) for GIP,
GLP-1, and PYY analysis]. All samples were centrifuged at 1300 x g,
4°C for 15 min, and plasma/serum aliquots were stored at —80°C until
used for biochemical analyses, performed by a clinical pathology
accredited biochemistry laboratory (Affinity Biomarkers Labs). Glucose
was determined enzymatically on a Siemens Advia 1800 auto-analyzer
and insulin and C-peptide by Siemens Centaur XP (Siemens Health-
care Diagnostics). Plasma gut hormone concentrations (GIP, GLP-1, and
PYY) were determined by electrochemiluminescent multiplexed assay
(Mesoscale Discovery). Amino acids were determined using UPLC-MS/
MS method, described further. Of the 21 participants recruited, 20
completed the study (Supplemental Figure 2); however, one of the vol-
unteers was unable to provide venous blood samples after consumption
of one of the test meals (n = 20 for 0% CCP and 30% CCP; n = 19 for
60% CCP).

Visual analog scales (VAS) were completed at baseline (t = — 10
min), after the test meal (t = 10 min), and at t = 30, 60, 90, 120, 180,
and 240 min. Participants marked responses to satiety questions (How
hungry do you feel?, How full do you feel?, How strong is your desire
to eat?) using 100-mm VAS, with questions that were anchored from
“not at all” to “extremely.” In addition, participants were asked, “How
would you rate your digestive comfort?” anchored from “very un-
comfortable” to “very comfortable,” and “How much do you think you
can eat?” anchored to “nothing at all” and “a lot.” The combined satiety
score was calculated as follows: [(100 — Hunger) + (100 — Desire to
eat) + (100 — Food Volume) + (1/Fullness))/4 [37]. After the
completion of the test period, at t = 255 min, participants were pro-
vided with an unlimited lunch, consisting of pasta, tomato-based sauce,
and cheese. The unlimited energy intake was calculated from the total
amount of food consumed (in grams) at the end of each test period.

Analysis of amino acids in plasma samples

Plasma extraction for amino acids analysis was adopted from a pre-
viously published method [38] as described elsewhere [39]. In brief,
isotope-labeled internal standards (canonical amino acid mix; Cambridge
Isotope Laboratories) dissolved in 90 pL of 60% acetonitrile were added
to 10 pL plasma sample/calibration standards, vortexed for 1 min, and
kept at 4°C for 5 min. Then, samples were centrifuged at 13,000 x g
(4°C) for 10 min. The supernatant was transferred into HPLC vials for
LC-MS/MS analysis. The UPLC-MS/MS method was optimized for
targeted amino acids analysis in the samples using a HILIC column in an
Agilent 1290 LC system coupled to a 6490 mass spectrometer with a jet
stream electrospray ionization source. Separation of amino acids was
performed according to the chromatographic method described by
Prinsen et al. [40]. Amino acids were detected in a 1-pL extracted plasma
sample injection by multiple reaction monitoring mode using positive
electrospray polarity. Quantification was performed using the
concentration-to-peak area ratio (the integrated peak area of the analyte to
that of the internal standard) calibration curve, and data were processed
with MassHunter Workstation Quantitative Analysis software (version
10.0; Agilent Technologies). The total amount of free amino acids was
calculated by adding all individual amino acids measured in each sample.

In vitro digestion of bread rolls

The digestibility of 0%, 30%, and 60% CCP breads was determined
in vitro in accordance with the international consensus method pub-
lished by Brodkorb et a/ [41], following the individual enzyme format.
Digestions were performed in triplicate for the breads containing 30%
and 60% of CCP and in duplicate for the 0% CCP bread for each time
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point at 37°C. In each digestion tube, 0.228 g of breadcrumbs (1-2
mm) and 0.572 mL water were mixed with 0.8 mL simulated oral (pH
7), 1.6 mL gastric (pH 3), and 3.2 mL intestinal (pH 7) fluids to mimic
the conditions of electrolytes, pH, bile salts, and enzymes in the mouth,
stomach, and small intestine. Individual enzymes for the oral phase
(salivary o-amylase), gastric phase (pepsin), and intestinal phase
(pancreatic a-amylase, trypsin, chymotrypsin) at the specified activities
[based on enzyme activity assays as per [41] were added to each time
point as per the standard protocol. Bile salts were added to the intestinal
phase. A blank digestion containing all enzymes and fluids with water
instead of bread was included for each time point in each bread to
account for the background values of the fluids, enzymes, and bile salts
used. The digestion was stopped (by addition of an equal volume of 0.3
M sodium carbonate solution and, for the intestinal samples only, 50 pL
of pefabloc 0.1 M per mL of intestinal digesta) at the end of the oral
phase, after 30 and 60 min of gastric digestion, and at 0, 5, 10, 20, 30,
60 and 120 min of small intestinal digestion, discarding 1 tube for each
time point. Inactivated samples of digesta were frozen immediately and
stored at —80°C until the subsequent analysis. All reagents were from
Sigma-Aldrich.

Analysis of maltose and amino acids produced from in
vitro digestion

Inactivated digesta from different time points were thawed and
centrifuged at 3000 x g for 10 min at 4°C. The concentration of free
amino acids and reducing sugars (mainly maltose) in the supernatant
was measured in aliquots taken from the supernatant. Maltose con-
centrations were determined using the “pahbah” (p-hydroxybenzoic
acid hydrazide) reagent method [42]. Free amino acids in the super-
natant were measured by LC-MS/MS (Agilent 6490 mass spectrom-
etry), following the same method as used for human plasma samples,
described earlier. Concentrations present in the digesta from the blank
runs were subtracted from concentrations present in the corresponding
digesta from the bread runs. The resulting net concentration of maltose
or free amino acids in the digesta was divided by the initial food sample
(dry matter basis) and plotted over time to represent release of these
starch and protein digestion products from each bread type.

Microscopy

Light micrographs were captured with an Olympus BX60 Micro-
scope equipped with Jenoptik ProgRes camera and a ProgRes Cap-
turePro software. Inactivated samples of in vitro digesta from the end of
oral, gastric, and duodenal digestion were thawed and stained with
Lugol iodine (I,/KI) and/or 1% toluidine blue solution (Sigma-Aldrich)
before viewing.

Data and statistical analysis

Statistical analyses of in vitro digestion, VAS, and blood biochem-
istry data (including iAUC, Cpax, and Tin,x) and graphical representa-
tions were performed using GraphPad Prism 9.3.1 software (GraphPad
Software). Normality of raw data distributions were assessed using a
Shapiro-Wilk the normality test. For a mixed-effects analysis, normality
of the residuals was checked by visual examination of QQ plots. Equal
variance in the differences between treatments was not assumed, and the
Greenhouse-Geisser correction applied to correct for violations in
sphericity. Unless otherwise specified, the iIAUC values are the first peak
areas (first peak iAUC), calculated using the trapezoid rule, in GraphPad
Prism 9.3.1, for individualized data using the area below the first peak
and above the fasted baseline. /n vivo data analyzed by the mixed-effects
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model ANOVA, comparing all 3 treatment groups with time and treat-
ment (e.g., bread roll type) as fixed effects and individual differences as
random effects. It is noteworthy that the multiple primary and secondary
outcomes could result in an inflated risk of type 1 statistical errors. The
type 1 error rate for each outcome was controlled with the use of an
omnibus test and post hoc testing performed with Tukey adjustment for
multiple comparisons. Post hoc analyses were performed when signifi-
cant treatment x time effects were detected and multiplicity adjusted P
values reported (P-adjusted), with mean differences and 95% ClIs. Sta-
tistically significant effects were accepted at the 95% confidence level. 4
prioripower calculation was based on a previous study [43] where a30%
substitution of wheat flour with RS resulted in a 40% reduction in
postprandial plasma glucose and insulin responses, respectively. Using
mean and SD data from the previous study indicated that » = 20 had a
90% power to detect a 40% difference in postprandial responses (1IAUC)
between breads containing 0%, 30%, or 60% CCP at o« = 0.05. All data
are presented as means = SEM with the exception of glucose, insulin,
C-peptide, and gut hormone fasting, Cp,x, and Tiyay values, which are
reported as geometric mean £ geometric mean SD factor, and the
number of participants (1) whose data were included in each analysis is
indicated in figure legends and throughout the text. A nonlinear
regression analysis was performed on in vitro digestibility data by fitting
to 1-phase and 2-phase association equations in GraphPad Prism 9.3.1
software (GraphPad Software). Outliers were not excluded.

Results

Intact plant cells lowered postprandial glycemia and
insulinemia

There was a significant main effect of bread type on postprandial
plasma glucose responses (time x treatment, P < 0.001, ANOVA)
(Figure 1A—C). Post hoc testing showed pairwise differences between the
glucose responses to the 0% and those to 60% bread. The consumption of
the 60% CCP bread elicited a significantly lower plasma glucose response
than that of the 0% CCP bread, with a mean difference of 0.866 mmol/L
(95% CI: 0.336, 1.397; P-adjusted = 0.002) at 30 min and 1.063 mmol/L
(95% CI: 0.491, 1.640; P-adjusted < 0.001) at 45 min. No significant
differences in the glycemic responses between 30% and 60% CCP breads
were observed in the pairwise comparisons of the time-series data. Thus,
analysis of time-series data (Figure 1A) revealed that effects of CCP
enrichment are most pronounced during the early postprandial period (i.e.,
the first 60 min), with both CCP-enriched test breads eliciting a lower rise
in blood glucose than the 0% CCP bread. Peak glucose concentrations
(Ciax) Were reached at ~30 min and were significantly lower (P-adjusted
= 0.002) for both CCP-enriched breads, relative to the 0% CCP control
(Supplemental Table 2). Comparison of the mean differences in iAUC
(first peak above the fasted baseline) for glucose (Figure 1B) demonstrated
a significant reduction of more than 40% after consumption of 30% CCP
that that of 0% CCP bread (P-adjusted < 0.001), with a mean difference of
41.97 mmol/L/min (95% CI: 18.34, 65.61). The difference in first peak
iAUC for glucose between 0% and 60% CCP bread was not significant (P-
adjusted = 0.115). From the individualized iAUC glucose data (Figure
1C), it is apparent that 3 participants showed a larger glucose response to
the 60% CCP bread. In addition, significant differences between 0% CCP
and both 30% and 60% CCP breads were observed in the iAUC over the
first 60 min (P-adjusted < 0.001) (Supplemental Table 1). Thus, overall,
our data showed that substitution of 30% wheat flour with CCP was
sufficient to lower the glycemic response to bread, with no further
attenuation at the higher level (60%) of CCP inclusion.
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In addition, bread type exhibited significant main time X treatment
effects on insulin (P = 0.006, ANOVA) and C-peptide (P = 0.001,
ANOVA) responses. Post hoc analyses revealed that the main effects of
CCP enrichment on postprandial insulinemia were due to the lower
plasma insulin (Figure 1D-F) and C-peptide (Figure 1G-I) concen-
trations within the first 90 min after ingestion of 60% CCP bread than
the 0% CCP bread, being reflected in the insulin first peak iAUC values
(0% vs 60% CCP: iAUC mean difference, 2127 mU/min; 95% CI: 370,
3884; P-adjusted = 0.017) and C-peptide first peak iAUC values (0%
vs 60% CCP: iAUC mean difference, 118.8 pg/L/min; 95% CI: 28.0,
209.5; P-adjusted = 0.010). Moreover, this was evident in the iAUC
analysis over the initial postprandial period (Supplemental Table 1).
Insulin and C-peptide responses to breads enriched with only 30% CCP
were not significantly different from responses to the 0% CCP bread
(0% vs 30% CCP bread: insulin iAUC mean difference, 220 mU/min;
95% CI: —1346, 1787; P-adjusted = 0.931; 0% vs 30% CCP bread: C-
peptide iIAUC mean difference, 26.3 pg/L/min; 95% CI: —52.3, 105.0;
P-adjusted = 0.677) and remained significantly higher than that of 60%
CCP bread (Figure 1E, H). Insulin iAUC values (Figure 1E) were 40%
lower and peak concentrations (Cpax) (Supplemental Table 2) were
28% lower after the 60% CCP bread than those of the 0% CCP bread.
Regardless of the type of bread consumed, the plasma insulin con-
centrations peaked between 30 and 40 min and returned to fasted levels
within 180 min (Supplemental Table 2). Circulating levels of C-peptide
(Figure 1G-I) reflected the observed differences in insulin and peak
areas, and mean iAUC for C-peptide responses were 33% lower when
participants consumed the 60% CCP bread than in those who
consumed 0% CCP (P-adjusted = 0.009).

Intact plant cells produced a sustained release of glucose-
dependent insulinotropic peptide, glucagon-like peptide-1,
and peptide YY

The analysis of postprandial gut hormone concentrations in venous
blood revealed that breads baked with intact plant cells gave rise to
elevated and sustained release of satiety-promoting hormones (Figure
2). Plasma GIP responses (Figure 2A—C) showed a significant time x
treatment effect (P = 0.007), and GIP concentrations tended to differ in
the latter phase of the postprandial period (Figure 2A) following the
different bread roll types; however, the iAUC were not significantly
different between bread types (P > 0.05). The iAUC data and indi-
vidualized data for GIP responses are shown in Figures 2B, C,
respectively. Peak plasma GIP concentrations were similar and
occurred after ~70 min, regardless of meal type (Supplemental Table
2).

There was a significant main effect of bread type on plasma GLP-1
responses (treatment X time interaction, P = 0.001). GLP-1 concen-
trations were significantly higher after consumption of 30% and 60%
CCP breads than those after the consumption of the 0% CCP bread (as
evident from pairwise comparisons of time-series data) (Figure 2D),
and differences were particularly pronounced during the late post-
prandial period (Supplemental Table 1). Although the peak plasma
concentrations (Ciax) reached were similar for all bread types, the
GLP-1 concentrations peaked >40 min later when participants
consumed the 60% CCP bread than after the 0% CCP and 30% CCP
breads (Supplemental Table 2). Overall, this prolonged plasma GLP-1
response to CCP-enriched bread is reflected in a doubling of the IAUC
(Figure 2E) for the GLP-1 response after consumption of 60% CCP
compared with that after the 0% CCP bread consumption, with a mean
difference of 3101 pmol/L/min (95% CI: 1891, 4310; P-adjusted <
0.001), and 60% CCP compared with that after the 30% CCP, with a
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FIGURE 1. Glycemic and insulinemic responses to control and CCP-enriched test bread. Postprandial responses are based on analysis of blood samples
collected following consumption of white bread rolls containing 0% (control, n = 20), 30% (n = 20) or 60% (n = 19) cellular chickpea powder (CPP) and 50 g
of available carbohydrate per serving. Time-course data show the change (relative to fasting concentrations) in postprandial plasma; (A) glucose (D) insulin , (G)
C-peptide measured for 240 min. Bar charts show the integrated area under the curve (1IAUC) calculated for the 1st peak (above baseline) of the time-course data
for glucose (B), insulin (E) and C-peptide (H) responses. The scatter plots show the matched iAUC for individual participants for glucose (C), insulin (F) and C-
peptide (I) following the consumption of each of the bread types; data points connected by a line were from the same individual. Significant time X treatment
effects were detected for glucose (ABC, P < 0.001), insulin (DEF, P = 0.006), and C-peptide (GHI, P = 0.001). Data presented as means £ SEM, significance
determined by mixed-effects ANOVA and Tukey’s post hoc analysis; Significant differences between 0% CCP and 30% CCP (**P < 0.01 and ***P < 0.001),
significant differences between 0% CCP and 60% CCP (°P < 0.05, °°P < 0.01 and *®®P < 0.001) and significant differences between 30% CCP and 60% CCP
(°P < 0.05, and “°P < 0.01). For iAUC values; ns P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. Color legend is the same for all panels.

mean difference of 1528 pM/min (95% CI: 2.9, 3053.0; P-adjusted =
0.050). Although the overall mean iAUC for GLP-1 after 30% CCP
was not different from the 0% CCP bread (mean difference, 1573 pmol/
min; 95% CI: 240, 3386; P-adjusted = 0.096, Tukey post hoc), it is
noteworthy that the GLP-1 response tended to increase in a dose-
dependent manner for most individuals (Figure 2F). It may be that
the application of iIAUC to temporal data could mask important effects,
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as demonstrated by the inter-individual differences; notably, we iden-
tified nonresponders but did not exclude their data from the statistical
analysis (see individualized data in Figure 2C, F, and I).

Moreover, there was a significant main effect of bread type on PYY
responses (time X treatment, P < 0.001, ANOVA). Similar to the GLP-
1 responses, the post hoc analysis revealed that postprandial plasma
PYY responses increased significantly after consumption of the 30%
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and 60% CCP breads relative to 0% CCP (Figure 2G-I), with PYY
concentrations reaching higher levels and remaining elevated for
longer after the consumption of CCP-enriched breads, with a mean
difference in iIAUC between 0% and 60% CPP of 3576 pmol/min (95%
CI: 1024, 6128; P-adjusted = 0.006). For the 0% CCP bread, PYY
concentrations peaked within the first 24 min of meal consumption, but
when participants consumed CCP-enriched breads, the peak PYY
concentrations reached ~40 to 76 min later (at ~60—120 min after meal
consumption) and the magnitude of the peak PYY response (change
from fasted levels) was up to ~170% higher than that elicited by the 0%

483

CCP bread (Supplemental Table 2 and Figure 2G). Furthermore, after
consuming the 60% CCP bread, PYY concentrations at 240 min (the
last time point sampled) after the meal were considerably higher than
the maximum PYY response to the 0% CCP bread. Overall, our ana-
lyses of postprandial blood samples demonstrated that the 30% CCP
bread elicited significantly lower glycemic responses, and the 60%
CCP bread elicited significantly lower insulinemic responses, in
addition to significantly increasing and prolonging the postprandial
release of anorexigenic gut hormones, compared with the control 0%
CCP bread, for at least 4 h after meal consumption.
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High levels of intact cells are needed to influence
subjective satiety

There was a borderline significant time x treatment effect (P =
0.053) on the combined satiety score, with a tendency for the combined
satiety score iIAUC to be higher after the 60% CCP than after the 0%
CCP consumption (iIAUC, combined satiety score 0% vs 60% CCP:
mean difference, 3184 mm/min, 95% CI: 491, 5878) (Figure 3B, C).
The different components used for assessing appetite and satiety in this
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study (i.e., hunger, desire to eat and food volume) suggested a tendency
for increased satiety after consumption of the bread meal containing
60% CCP, as shown by the hunger score (Figure 3D). The unlimited
meal provided to participants after the experimental period did not
demonstrate a significant reduction in food intake at the subsequent
meal (no significant treatment effect, P = 0.176) (Figure 3E, F).
Although the total meal weight (bread roll and drink) was matched for
all bread types, the VAS responses to the question on meal volume
shows that the participants did notice the larger bread roll size at the 60%
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dose, but this had no adverse effect on digestive comfort (Figure 3G-I).
Overall, the replacement of 60% wheat flour with CCP resulted in a
bread that elicited higher and sustained circulating levels of anorexi-
genic gut hormones (Figure 2), with a tendency (time x treatment, P =
0.053) to increase participant reported sensations of satiety (Figure 3).

Differences in nutrient release during digestion underpin
effects on postprandial responses

Because gut hormone production can be stimulated by nutrient
concentrations in the intestinal lumen, we explored and compared the
luminal release (bioaccessibility) of starch and protein digestive
products from breads under simulated oral, gastric, and small intestinal
digestive conditions (INFOGEST 2.0 protocol). We found that the
main release of amylolytic products of starch digestion (expressed as
maltose equivalents) occurred rapidly during the early small intestinal
phase and tended to be higher in the 0% CCP bread than in the 30 and
60% CCP breads (Figure 4A)—this is in good agreement with higher
plasma glucose concentration observed for the 0% CCP bread (Figure
1A) and consistent with our previous observations of slow rates of
starch release from intact plant cells [26]. However, higher concen-
trations of maltose were observed in the gastric phase of the 0% CCP
samples than those for both 30% and 60% CCP samples, being re-
flected in the Lugol iodine-stained starch observed in the corre-
sponding samples (Figure 4E2, ES5). This indicates residual salivary
amylase activity in the gastric phase for the 0% CCP breads only [44].

Data from in vitro digestion of bread indicate that the production of
free amino acids from protein hydrolysis also occurred mainly in the
early intestinal phase and tended to increase with higher doses of CCP
inclusion (Figure 4B). This is likely because of the higher protein con-
tent of 25.5 mg protein/100 mg dry matter for the 60% CCP bread than
that of 17 mg protein/100 mg dry matter for the 0% CCP bread, rather
than the former’s intrinsic protein digestibility. When this is considered,
the free amino acids measured in simulated luminal fluid at the end of
digestion accounted for ~40% of the initial total protein mass, regardless
of bread type and could indicate that although breads were digested at
different rates, a similar proportion of protein would eventually be
available for absorption (Figure 4B). The amount of maltose released
from starch at the end of the small intestinal phase accounted for
approximately 82% of the initial mass of starch within each bread type.
Thus, it seems that a similar proportion of total starch would eventually
be digested regardless of bread type.

The higher amount of total free amino acids released from the CCP
breads during in vitro digestion (Figure 4B) is consistent with our
analysis of postprandial serum amino acid responses in humans re-
ported in Figure 4C and included as an exploratory outcome. Bread
type affected the overall total serum amino acid concentrations (sig-
nificant overall time X treatment effect, P < 0.001). Amino acid
concentrations were found to increase in a dose-dependent manner and
remained elevated for longer after the 30% and 60% CCP bread than
after the 0% CCP bread consumption. The total serum free amino acid
concentrations peaked at ~60 min, and the overall amino acid iAUC
(Figure 4D) was significantly higher when participants consumed the
60% CCP bread than that after the 0% CCP bread consumption (0% vs
60% CCP: 9094 pg/mL/min; 95% CI: 13,851, 4338; P-adjusted <
0.001). The higher mean amino acid iAUC after the 30% CCP bread
consumption was not significantly different from that after the 0% CCP
bread consumption (P-adjusted = 0.100). The ingested 0%, 30%, and
60% CCP breads contained 12.9, 17.7, and 27.2 g total protein/serving,
respectively, of which ~12 g was wheat-derived protein, whereas the
chickpea protein contributed 0, 5, and 12 g, respectively. It is therefore
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likely that the higher serum amino acid response to the 60% CCP bread
reflects the higher amount of total protein ingested with this meal.

A microscopic analysis of in vitro digesta (Figure 4E) confirmed the
presence of intact plant cells with encapsulated starch and protein
within the CCP breads and showed that free wheat starch granules
(present in all breads) were digested earlier than the encapsulated starch
in CCP. At the end of duodenal digestion, all wheat starch granules had
been digested, and some cells from the CCP were showing damage and
release of encapsulated nutrients, whereas other cells appeared intact
with macronutrients still enclosed. This is consistent with our inter-
pretation of the in vitro digestibility curves. Thus, our in vitro digestion
experiments revealed how incorporation of CCP into bread flour lowers
the rate of release of malto-oligosaccharides from cell-encapsulated
starch, in addition to providing a higher amount of bioavailable total
free amino acids (derived from protein digestion) when compared with
that of the 0% CCP bread.

Discussion

The increased prevalence of obesity worldwide is partly because of
the accessibility of processed high glycemic foods with only transient
hunger suppression. A transformative dietary shift is needed, but it is
challenging for people to change their diet when it is interlinked with
cultural and societal behaviors. Improving the metabolic effect of staple
foods such as white bread “by stealth” through microstructural mod-
ulation is an appealing diet-based strategy for improving population
health. This study uses a novel cellular legume flour (CCP) to
demonstrate for the first time, to our knowledge, that replacement of
significant amounts of wheat flour by CCP in bread increases circu-
lating levels of satiety-promoting hormones (GLP-1 and PYY) and
fullness sensation, in addition to lowering blood glucose and insulin
responses. These beneficial effects were clearly attributed to the slow
digestion behavior of the intact cells, which are not present in
conventionally milled white or whole meal cereal or legume flours.

Our studies provide evidence for a plausible mechanism by which
intact legume plant cells influence appetite regulation [27] in the early
postprandial state through the anorexigenic gut hormones and does not
seem to be dependent on the delivery of RS to the distal gut (i.e., mi-
crobial fermentation). The observed stimulatory effects of CCP enrich-
ment on circulating anorexigenic gut hormones is likely explained by the
differential spatiotemporal release of cell-encapsulated nutrients from
these meals during digestive transit. Indeed, given the increased tendency
for prolonged satiety after consumption of CCP-enriched breads, the
elevated circulating anorexigenic gut hormones may suppress feelings of
hunger after dips in plasma glucose levels reported previously [45].

The slower release of starch from chickpea cells (as seen in this in
vitro study) would result in higher luminal concentrations of mono-
saccharides and disaccharides toward the distal gut and stimulate local
enteroendocrine cells with GLP-1- and PY Y-producing capacity [4, 11,
13]. The highest density of these enteroendocrine cells is in the colon,
and others have suggested that the colonic microbial fermentation of RS
into short-chain fatty acids within this region may stimulate gut hormone
production [46, 47], although evidence for this mechanism in humans
remains equivocal [48-51]. However, considering that the mean transit
time to the ileocecal junction in humans is 3—6 h [8], we believe the acute
differences in gut hormone responses observed within the present 4-h
postprandial study are driven mainly by non-microbiome-mediated
digestion in the small intestine. Thus, our study points to a different
mechanism to previous studies in which fermentation of RS into
short-chain fatty acids has been suggested to stimulate satiety. Our
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(control, n = 20), 30% (n = 20), and 60% (n = 19) CCP breads, plotted over time as means = SEM. Bar charts show incremental area under the curve IAUC,
mean £+ SEM) for serum amino acid responses (D). Time x treatment effects for amino acid data (C, D) were statistically significant, P < 0.001, as determined
by the mixed-effects ANOVA with Tukey post hoc analysis. Significant differences were noted between 0% CCP and 30% CCP (°P < 0.05), between 0% CCP
and 60% CCP (bP < 0.05), and between 30% CCP and 60% CCP (°P < 0.05). ns, P > 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001. Light micrographs (E),
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oral (E1) and gastric (E2) digestion, with some cell rupture evident at the end of the duodenal phase (E3). No intact cells were present in control bread, and
extensive wheat starch granule digestion is evident (E4-E6). Scale bars = 100 pm.
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observations are better described by the ileal brake mechanism—a
combination of processes mediated by GLP-1 and PYY in which mac-
ronutrients downregulate digestion and suppress food intake [8].

Although encapsulated starch has been the main focus of our pre-
vious studies, the novel chickpea cell flours studied in this study also
contain ~ 20% protein, and the digestion behavior of protein within the
chickpea cells is less well understood. Recent evidence suggests that
the cell wall barrier mechanism applies to protein as well [52]; how-
ever, our analyses suggests that some of the encapsulated chickpea
protein within these breads was in fact bioaccessible and bioavailable
[39]. The postprandial satiety-promoting effects observed in response
to intact plant cells (type 1 RS) may not only be due to the delayed
starch digestion alone but also be attributed to the release and digestion
of peptides from co-located encapsulated protein. Thus, although evi-
dence for RS effects on acute satiety in humans is limited and mech-
anisms unconfirmed [49], there is strong evidence for acute effects of
protein in satiety regulation [53].

The observed effects on postprandial glucose, insulin, and GIP re-
sponses are explained by the early luminal appearance of macronutrient
digestion products within the upper small intestine. Blood glucose re-
sponses are strongly influenced by availability of luminal glucose from
starch digestion [42, 54], so the limited bioaccessibility and digestion
(orogastric and duodenal) of intracellular starch provides an explanation
for the attenuated postprandial glycemic responses to the CCP breads
[44]. Insulin (and C-peptide) responses tend to reflect the changes to
plasma glucose levels and, thus, were reduced or unchanged in response
to intact plant cell intake. Similar mechanisms are likely to underpin the
observed GIP responses; increasing luminal glucose concentrations in
the duodenum are known to be detected by K-cells with GIP production
capacity. Glucose derived from the rapidly digested wheat starch (pre-
sent in all meals) is likely to have stimulated the initial GIP response, but
the prolonged GIP response seen from 90 min onward after intact plant
cell consumption from CCP breads could reflect continued stimulation
due to slower availability of hydrolyzed products of starch and/or pro-
teolytic products from intact plant cells [53].

A limitation of our study is that, owing to the complex nature of
RS1, the meals inevitably varied not only in encapsulated starch but
also in encapsulated protein content. Our original hypothesis focused
on the effect of the cell wall barrier mechanism on starch digestion, but
our results provide evidence of slow release and digestion of both
starch and protein digestion products. Nevertheless, our observations
of gut hormone response to plant cells in bread complement the find-
ings of a recent study where nutrient-matched chickpea purees differing
in plant cell intactness elicited different effects on subjective appetite
[27]. In addition, the postprandial glucose and insulin responses
measured in venous blood were less pronounced than differences in
capillary and interstitial glucose responses to these breads, as reported
previously [26], which is consistent with participants being healthy and
with a good glycemic control. A greater sample size would have more
power to detect small differences in venous glucose and insulin re-
sponses, particularly between 30% and 60% CCP breads. Regarding
the statistical analyses, we acknowledge the inflated risk of type 1
statistical errors due to having multiple primary and secondary out-
comes. The prespecified analysis plan included several related out-
comes measures (iIAUCs over different time segments) calculated from
each postprandial curve. However, we made a data-driven decision to
deviate from this analysis plan by focusing on the first peak iAUC and
its parameters. Postprandial responses to a control meal are known to
vary in duration and magnitude between individuals, so assessing the
response based on the fixed, arbitrary period could have been
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misleading [55]. However, the observed postprandial responses did not
deviate so strongly from the time course on which the original outcome
measures were based, so the prespecified analyses (presented in Sup-
plementary Table 1) would have led us to the same main conclusions.
Nevertheless, the first peak iAUC and its parameters are preferrable and
recommended as an outcome measure for future studies because they
capture more completely the postprandial response.

Overall, this study adds to a growing body of evidence [5,55-58]
that dietary fiber structure in the form of intact plant cell walls plays
a critically important role in altering macronutrient bioavailability
and postprandial metabolism. Current findings that plant cell struc-
ture influences the anorexigenic response to food is highly relevant
to understanding the relationship between dietary fiber intake,
obesity, and cardiometabolic risk reported in epidemiological studies
[28]. An important implication of our study is that dietary fiber
supplementation with disrupted cells may not be as effective in
supporting cardiometabolic health as the consumption of whole
foods, where the plant cell structures are intact. This is an important
consideration in designing effective strategies for dietary fiber
supplementation.

In conclusion, this study demonstrates how incorporation of a novel
cellular powder into a staple food (bread) has beneficial effects on
glycemia, insulinemia, and release of satiety-promoting gut hormones,
particularly at a 60% substitution of white flour. Overall, the intact
legume cell powders reveal a slow digestion behavior, and their
incorporation into bread provides a new dietary strategy of stimulating
release of satiety-promoting gut hormones. Because the mechanisms
are dependent on the slow-release properties of intact plant cells,
conventionally milled flours such as pulse flours or whole meal flours
are unlikely to exert similar effects. Considering the magnitude of the
observed effects seen acutely in healthy individuals and our recent
encouraging findings regarding sensory characteristics [26], we believe
further studies are required to: /) investigate consumer acceptance and
further optimize the bread formulation and 2) assess the therapeutic
potential of legume cell powders in body weight and diabetes man-
agement in chronic intervention studies.
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