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Abstract: Brewers’ spent grain (BSG) is a fibre and protein-rich by-product of beer-brewing. Fer-
menting BSG with Rhizopus oligosporus can further increase its content of soluble fibre, protein and
certain antioxidants. Since nutrients rich in BSG can improve postprandial glycaemic response, this
study assessed the postprandial glucose response (PPGR) and postprandial insulin response (PPIR)
controlling effect of consuming 30% wheat flour substituted biscuits with autoclaved BSG (ABSG) or
fermented BSG (FBSG) in individuals with metabolic syndrome (MetS). The effect on postprandial
lipid panel, breath hydrogen (H2) and methane (CH4) concentration and subjective appetite response
was also examined. Fifteen subjects with MetS participated in this crossover randomised controlled
trial, and blood was collected at 9 time-points for 4 h after consumption of control biscuits (Control),
ABSG and FBSG. A significant interaction effect was observed (Pinteraction = 0.013) for the glucose
time-points concentration. At 180 min, the glucose concentration was lowered after the consumption
of ABSG (p = 0.010) and FBSG (p = 0.012) compared to the Control. Moreover, the FBSG resulted in a
significantly lower glucose incremental area under curve (iAUC) compared to the Control (p = 0.028).
Insulin level was also lowered at 180 min after the ABSG (p = 0.010) and FBSG (p = 0.051) consumption
compared to the Control. However, no difference was noted for postprandial lipid panel, breath
H2 and CH4 concentration and subjective appetite response. In conclusion, the consumption of
BSG-incorporated biscuits can attenuate PPGR, and fermented BSG incorporation conferred a further
PPGR controlling benefit.

Keywords: dietary fibre; dietary protein; brewery by-product; Rhizopus oligosporus; subjective appetite;
postprandial lipid panel response

1. Introduction

Postprandial hyperglycaemia is an important contributor to type 2 diabetes mellitus
(T2DM)-related complications, such as cardiovascular disease (CVD) [1]. Moreover, it has
been reported that postprandial glucose response (PPGR) could serve as a more effective
predictor of cardiovascular events compared to fasting glucose concentration [2]. Another
factor closely associated with the development and progression of T2DM and CVD is
metabolic syndrome (MetS) [3,4], a pathophysiological clustering of chronic disease risk
factors including abdominal obesity, hypertension, hyperglycaemia and dyslipidaemia [5].
Individuals with MetS exhibit a higher risk of impaired PPGR, primarily due to insulin
resistance, a key characteristic of MetS [6,7]. Consequently, establishing interventions that
regulate PPGR in this population is crucial.
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Biscuits are widely consumed due to their ease of consumption, long shelf life, high
affordability, and palatability [8,9]. However, they are commonly formulated with refined
grains and tend to cause a rise in PPGR [10]. Among the various factors affecting PPGR,
fibre has been proven by numerous studies to modulate PPGR by slowing gastric empty-
ing, promoting insulin release, and decreasing glucagon release [11–14]. Brewer’s spent
grains (BSG), a fibre-rich by-product of the beer-brewing process, contains 41–59% dietary
fibre (dry weight basis) [15,16], thus, incorporating BSG into biscuits may improve the
nutritional profiles in biscuits and promote a desirable PPGR after consumption [17,18].
Moreover, previous studies have also indicated that the extract of dietary protein and
phenolic compounds from BSG exhibits potential in regulating PPGR [19–21]. However,
since the primary dietary fibre in BSG is insoluble fibre, the dietary protein and phenolic
compounds are physically trapped in the insoluble dietary fibre matrix [22]. This may
reduce the bioaccessibility of these nutrients, thereby limiting the effectiveness of BSG in
regulating PPGR after consumption.

Our recent study showed that the solid-state fermentation of BSG with Rhizopus
oligosporus (RO) could break down insoluble dietary fibre into soluble dietary fibre [18].
Soluble dietary fibre can be further fermented by gut microbiota to promote the secretion of
short-chain fatty acids [23], which in turn will regulate glucose metabolism by stimulating
the secretion of glucagon-like peptide-1 and peptide tyrosine tyrosine, and upregulating
the expression of glucose transporter-4 [24–26]. The consumption of fermented BSG-
incorporated biscuits may therefore provide a further improvement on PPGR.

At present, limited clinical research has been conducted to verify the potential ben-
efits of BSG and fermented BSG-containing biscuits consumption on PPGR regulation,
particularly in individuals with MetS. Hence, the aim of the current study was to recruit
individuals with MetS into a crossover randomised controlled trial (RCT) to explore the
PPGR and postprandial insulin response (PPIR) after consuming BSG and fermented
BSG-containing biscuits. The effect on the postprandial lipid panel, breath H2 and CH4
concentration and subjective appetite response were also examined as secondary outcomes
in this research.

2. Materials and Methods
2.1. BSG Fermentation and Biscuits Baking

The fermentation of BSG and formulation of biscuits were carried out as per our
previous work [18] and briefly elaborated below. BSG was provided by Brewerkz Brewing
Co. (Singapore) and sterilised at 121 ◦C for 15 min to produce autoclaved BSG. Ragi
tempe starter (PT. Aneka Fermentasi Industri, Bandung, Indonesia), a mixture of RO spores
and rice flour, was added to autoclaved BSG cooled to room temperature at 4% of wet
autoclaved BSG basis and subsequently incubated at 37 ◦C for 72 h to obtain fermented
BSG. All autoclaved BSG and fermented BSG were freeze-dried (Lyovapor L-300, BUCHI,
Singapore) to a water content of less than 5% and stored at −20 ◦C until use.

The control biscuits (Control), autoclaved BSG-containing biscuits (ABSG) and fer-
mented BSG-containing biscuits (FBSG) were made with the same base recipe, with ABSG
and FBSG made with a 30% wheat flour substitution of autoclaved or fermented BSG
powder, respectively. The base recipe contained 180 g wheat flour, 10 g corn flour, 50 g
fine sugar, 1 g salt, 1 g baking soda, 55 g sunflower oil and 70 g whole egg. Additionally,
15 g water was added to the ABSG and FBSG recipe to improve dough binding. The whole
egg, sunflower oil and fine sugar were mixed at speed 2 for 1 min using a stand mixer flat
beater (KitchenAid Classic, Battle Creek, MI, USA) before the remaining ingredients were
mixed at speed 1 for 90 s. The dough was sheeted to a 3 mm thickness, sliced into 55 mm
squares, and baked at 160 ◦C in a convection oven (Anna, Unox, Cadoneghe, Italy) for
20 min. Upon cooling to room temperature, all the biscuits were stored at 4 ◦C until use.

The nutritional profile of the test biscuits was measured and detail methods are
described in previous work [18]. The results were converted to wet basis and tabulated in
Table 1.
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Table 1. Nutrient composition of test biscuits.

Nutrient
(per 90 g Biscuits) Control ABSG FBSG

Energy (kcal) 455 ± 5 440 ± 5 428 ± 5
Fat (g) 18.9 ± 0.0 20.0 ± 0.2 19.6 ± 0.2

Protein (g) 9.0 ± 0.1 10.4 ± 0.0 10.7 ± 0.0
ACHO (g) 61.2 ± 1.2 49.2 ± 0.9 47.1 ± 1.4

TDF (g) 1.9 ± 0.4 10.7 ± 0.4 10.4 ± 0.1
IDF (g) 1.2 ± 0.1 9.9 ± 0.3 9.3 ± 0.1
SDF (g) 0.7 ± 0.2 0.8 ± 0.2 1.1 ± 0.1

Phytic acid (g) 0.7 ± 0.0 0.9 ± 0.0 0.9 ± 0.0
Ash (g) 0.4 ± 0.2 1.0 ± 0.1 1.0 ± 0.2

Values are presented as mean ± SD. Control: control biscuit; ABSG: autoclaved brewers’ spent grain-containing
biscuit; FBSG: fermented brewers’ spent grain-containing biscuit; ACHO: available carbohydrates; TDF: total
dietary fibre; IDF: insoluble dietary fibre; SDF: soluble dietary fibre.

2.2. Study Design and Subject Recruitment

The study was registered at clinicaltrials.gov (NCT05421780) and approved by the
National University of Singapore Institutional Review Board (NUS-IRB-2022-089) on
25 May 2022.

The recruitment of subjects with MetS aged 35–85 years old took place from June to
December 2022 in Singapore by placing posters, sending emails, and advertising through
word-of-mouth. The criteria for MetS was in accordance to the National Cholesterol Educa-
tion Program Adult Treatment Panel III (NCEP-ATP III), where subjects that meet any three
of the following five criteria were defined as with MetS: (1) waist circumference > 102 cm
(male), >88 cm (female), and for the Asian population, >90 cm (male), >80 cm (female);
(2) fasting glucose concentration ≥ 5.6 mmol/L or on known medication for blood glu-
cose control; (3) triglyceride (TG) ≥ 1.7 mmol/L or on known medication for TG control;
(4) high-density lipoprotein cholesterol (HDL-C) < 1.0 mmol/L (male), <1.3 mmol/L (fe-
male); (5) systolic or diastolic blood pressure > 130/85 mmHg or on known medication for
blood pressure control. The exclusion criteria to reject subjects whose current lifestyle may
impact the outcomes of interest was as follows: (1) significant change in weight (≥3 kg)
over the past 3 months; (2) allergy to barley, wheat, corn, egg, or any other ingredients
found inside the biscuits; (3) acute illness at study baseline; (4) exercising vigorously
over the past 3 months; (5) following any restricted diet (e.g., vegetarian); (6) smoking;
(7) have a daily intake of more than 2 alcoholic drinks per day; (8) prescribed and taking
antihypertensive/cholesterol-lowering/T2DM medication for less than 3 years prior to the
intervention participation; (9) taking fermented food regularly or any probiotic/prebiotic
supplements; (10) consumption of antibiotics over past 3 months; (11) pregnant, lactating,
or planning pregnancy in the next 6 months; (12) current daily intake of brown rice or whole-
meal products comprising more than 6 servings; (13) current daily intake of vegetables
comprising more than 2 servings.

Sixteen subjects were recruited and provided their written informed consent. Follow-
ing the consent, subjects were randomly assigned to the intervention order using STATA
(Version 13, StataCorp LC, College Station, TX, USA) by an unblinded staff. Fifteen subjects
finished the entire intervention and one subject dropped out due to personal reasons. The
CONSORT flow diagram for our study is as shown in Figure 1.

clinicaltrials.gov
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taking high-fibre meals and alcohol the day before. Moreover, anti-diabetic, cholesterol-
lowering and anti-hypertensive medications were also stopped. After the subjects arrived 
at the National University Health System Investigational Medicine Unit, anthropometric 
measurements and blood pressure were taken by trained staff. Subjects lay in a 
phlebotomy bed for the entirety of the visit, and blood collection was completed through 
an indwelling venous cannula inserted into the antecubital vein on the forearm, with a 
saline flush conducted every time a blood aliquot was taken. After fasting, blood and 
breath were taken (time = 0 min) and subjects were asked to consume a pack of biscuits 
(90 g) within 15 min. Additionally, a cup of plain water (250 mL) was provided to facilitate 
the consumption of the biscuits, although complete consumption of water was not 
obligatory. As the main aim of this study was to mimic a typical eating pattern 
incorporating whole BSG, the biscuits provided were standardised based on weight (90 g) 
instead of matching available carbohydrates (ACHO). The timer was started on their first 
bite, and blood samples were taken at time = 15, 30, 45, 60, 90, 120, 180 and 240 min. A 
heating pad was used to warm the subjects’ forearm throughout the entire visit duration 
to avoid coagulation in the cannula. 

Figure 1. Flow chart of the clinical trial enrolment, randomisation, allocation, and analysis.

2.3. Study Design

The study procedure is depicted in Figure 2. This was a randomised, crossover, double-
blinded study with three visits and a 7 day washout period was set between each visit.
Prior to the test visit, subjects were instructed to fast for more than 10 h and to avoid
taking high-fibre meals and alcohol the day before. Moreover, anti-diabetic, cholesterol-
lowering and anti-hypertensive medications were also stopped. After the subjects arrived
at the National University Health System Investigational Medicine Unit, anthropometric
measurements and blood pressure were taken by trained staff. Subjects lay in a phlebotomy
bed for the entirety of the visit, and blood collection was completed through an indwelling
venous cannula inserted into the antecubital vein on the forearm, with a saline flush
conducted every time a blood aliquot was taken. After fasting, blood and breath were taken
(time = 0 min) and subjects were asked to consume a pack of biscuits (90 g) within 15 min.
Additionally, a cup of plain water (250 mL) was provided to facilitate the consumption
of the biscuits, although complete consumption of water was not obligatory. As the main
aim of this study was to mimic a typical eating pattern incorporating whole BSG, the
biscuits provided were standardised based on weight (90 g) instead of matching available
carbohydrates (ACHO). The timer was started on their first bite, and blood samples were
taken at time = 15, 30, 45, 60, 90, 120, 180 and 240 min. A heating pad was used to warm the
subjects’ forearm throughout the entire visit duration to avoid coagulation in the cannula.

2.4. Anthropometric and Blood Pressure Measurement

The height and weight were measured using an electronic scale stadiometer (BSM370,
Biospace Co., Ltd., Seoul, Korea), with body mass index (BMI) calculated by weight/height2.
The waist circumference (WC) was taken as the midpoint between the lower margin of
the last rib and top of the iliac crest according to the World Health Organisation STEPwise
Approach to Surveillance protocol [27]. Subjects lay on the phlebotomy bed for 5 min before
taking resting blood pressure (Omron HEM-7121, Kyoto, Japan). All the measurements
were taken in duplicates.
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Figure 2. Study design timeline of a crossover design, 3-arm randomised controlled trial. Fifteen
subjects were randomly assigned to the intervention order of consuming Control, FBSG and ABSG.
Control: control biscuit; ABSG: autoclaved brewers’ spent grain-containing biscuit; FBSG: fermented
brewers’ spent grain-containing biscuit.

2.5. Blood Sample Processing and Biochemical Analysis

All blood samples were drawn by certified phlebotomists. At each timepoint, 2 mL
and 3 mL of blood was collected in a fluoride tube and serum separator tube respectively
(Becton Dickinson, Franklin Lakes, NJ, USA). Fluoride tubes and serum separator tubes
were kept at 4 ◦C and outsourced to Quest Laboratories Pte Ltd. (Singapore) for glucose,
insulin and lipid panel analysis. The glucose and lipid panel was analysed using ADVIA
1800 and ADVIA Chemistry XPT (Siemens, Munich, Germany). Glucose concentration was
determined using the enzymatic method with hexokinase and glucose-6-phosphate [28].
Insulin concentration was measured through electro-chemiluminescence immunoassay
using a Cobas 6000 (e601) analyser (Roche, Basel, Switzerland). Total cholesterol (TC) and
HDL-C concentrations were quantified using an enzymatic method based on the Trinder
reaction and the Fossati three-step enzymatic reaction, while a Trinder endpoint was used
to determine TG concentration [29]. After determining the TC, HDL-C, and TG, low-density
lipoprotein cholesterol (LDL-C) was calculated using the Friedwald formula [30].

2.6. Breath Analysis

The breath samples were collected by trained staff. Subjects were required to contin-
uously blow into a vented polyethylene bag with a medium-resistance leak at time = 0,
15, 30, 45, 60, 90, 120, 180 and 240 min. Subsequently, a 25 mL breath sample was drawn
steadily into a syringe. Twenty-mL was injected into a Quintron breath analyser (BioMedix
Singapore Pte Ltd., Singapore) to analyse the concentration of hydrogen (H2) and methane
(CH4) present to assess gastrointestinal bacteria fermentation.

2.7. Appetite Sensation

Subjective appetite was evaluated via the Visual Analogue Scale (VAS) of appetite
proposed by Flint [31]. Responses were collected every 60 min (time = 0, 60, 120, 180 and
240 min). The VAS contained questions regarding subjects’ feelings of hunger, desire to eat,
prospective consumption and fullness. For each query, answers were collected through a
scale represented as a 100 mm long horizontal line, with no gradation. The subjects were
asked to mark a cross at the point of the scale to assess their sensation at each timepoint.
After collection, a ruler measurement from the left end of the line (0 mm) to the right end
(100 mm) was performed to obtain the appetite score.

2.8. Power Calculation and Statistical Analysis

The primary outcome of interest in this research is the difference in postprandial glu-
cose concentration after consuming BSG-containing biscuits, compared to the Control. Re-
cent research reported that the plasma glucose concentration area under the curve0–120min
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(AUC0–120min) was lower with a BSG-containing high fat meal (2613 ± 193 a.u., mean ± SD),
compared to the same meal without BSG (2936± 139 a.u., mean± SD) in the animal model [32].
In addition, an in vitro digestion study reported that total glucose release AUC0–360 min was
lower with RO fermented okara-containing biscuits (166.8 ± 7.7 mg/min, mean ± SD) com-
pared to the same biscuits without okara (187.9 ± 17.5 mg/min, mean ± SD) [33]. For the
current study, presuming the proposed experiment yields similar results as previous stud-
ies, ≥6 subjects will provide ≥90% power at α = 0.05 (two-tailed) to statistically confirm a
similar difference. Due to the different study types (animal model vs. in vitro vs. human)
and study design, a minimum recruitment of 15 subjects is required, with a maximum
recruitment of 19 subjects to account for a 20% dropout.

Two researchers were involved in data collation to ensure accuracy. A blinded re-
searcher proceeded with the data analysis and was only unblinded after the completion
of statistical analysis. The change from the baseline of serum glucose, insulin and lipid
lipoprotein concentration was plotted against time. Subsequently, the positive incremental
area under the curve (iAUC) of glucose, insulin and TG were calculated with GraphPad
Prism 9.3.0 software (GraphPad Software Inc., La Jolla, CA, USA) by using the trapezoidal
rule formula. As TC, HDL-C and LDL-C may decrease before rising over the entire post-
prandial duration, negative iAUC for the postprandial lipid lipoprotein response was also
calculated. The subjective appetite assessment score was also plotted against time. All data
were checked for normality distribution using a Shapiro–Wilk test and were logarithmised
if necessary. Two-way repeated measures ANOVA were used to examine the effect of time,
intervention and their interaction (time × intervention). The Wilcoxon test considering
Bonferroni correction for multiple comparisons was used to determine the simple main
effect when the interaction effects were significant. One-way repeated-measures ANOVA
and pairwise comparison with the Bonferroni test was conducted to assess the effect of
intervention among groups in iAUC. The figures were drawn using GraphPad Prism 9.3.0
software (GraphPad Software Inc., La Jolla, CA, USA). IBM SPSS Statistics 20 (SPSS Inc.,
Chicago, IL, USA) was used for all statistical analysis, and a p value < 0.05 was considered
statistically significant. The data of the clinical trial are presented as mean ± SEM.

3. Results
3.1. Subjects’ Baseline Characteristics

Subjects’ baseline characteristics are shown in Table 2. Fifteen middle-aged and older
adults (mean age: 63 ± 10 years old, 10 males and 5 females) participated in this study and
all of them were diagnosed as MetS. Among all subjects, 8, 6 and 1 subjects met 3, 4, 5 MetS
components respectively.

3.2. Postprandial Glucose and Insulin Response

The changes in postprandial glucose and insulin concentration from 0 min and positive
iAUC are shown in Figure 3. For PPGR (Figure 3A), a significant interaction effect was
observed (Pinteraction = 0.013) for glucose time-points concentration. Pairwise comparison
showed that at time-points 90 and 120 min, FBSG resulted in a significantly lower glucose
concentration compared to the Control (FBSG vs. Control: 90 min: 2.15 ± 0.44 mmol/L
vs. 3.42 ± 0.62 mmol/L, p = 0.010; 120 min: 2.28 ± 0.47 mmol/L vs. 3.31 ± 0.72 mmol/L,
p = 0.041). Moreover, at 180 min, both ABSG and FBSG showed a significantly lower glu-
cose concentration compared to the Control (ABSG vs. Control: 1.57 ± 0.57 mmol/L vs.
2.83 ± 0.67 mmol/L, p = 0.010; FBSG vs. Control: 1.54± 0.46 mmol/L vs. 2.83 ± 0.67 mmol/L,
p = 0.002), with no significant difference between ABSG and FBSG. As compared to the Con-
trol consumption, FBSG consumption resulted in a significantly lower positive iAUC for
glucose (FBSG vs. Control: 413.9 ± 73.8 mmol/L × min vs. 602.0 ± 123.4 mmol/L × min,
p = 0.028) while no difference between ABSG and the Control was observed (p > 0.05)
(Figure 3B).
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Table 2. Participant baseline characteristics.

Characteristics Total Male Female

Number of subjects (n) 15 10 5
Age (years) 63 ± 10 61 ± 10 66 ± 12

WC (cm) 94.5 ± 12.0 96.6 ± 13.7 90.4 ± 6.5
HDL (mmol/L) 1.3 ± 0.1 1.1 ± 0.1 1.8 ± 0.2

Fasting glucose (mmo/L) 6.2 ± 0.4
TG (mmol/L) 1.3 ± 0.2
SBP (mmHg) 130.5 ± 18.5
DBP (mmHg) 71.2 ± 11.2

Insulin (mU/L) 10.0 ± 1.4
HOMA-IR 2.61 ± 0.4

T2DM medication (n) 5 3 2
Cholesterol-lowering medication (n) 9 6 3

Antihypertension medication (n) 6 3 3
The number of MetS criteria met

3 (n) 8
4 (n) 6
5 (n) 1

Values are presented as mean ± standard deviation or n. WC: waist circumference; HDL: high-density lipoprotein
cholesterol; TG: triglyceride; SBP: systolic blood pressure; DBP: diastolic blood pressure; T2DM: type 2 diabetes
mellitus; MetS: metabolic syndrome.
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Figure 3. (A) Change from baseline of postprandial glucose concentration. (B) Positive iAUC of
glucose. (C) Change from baseline of postprandial insulin concentration. (D) Positive iAUC of insulin.
p values were determined using two-way repeated measures ANOVA (A,C) or one-way repeated
measures ANOVA (B,D). Groups with different letters indicate a statistical difference. Control:
control biscuit; ABSG: autoclaved brewers’ spent grain-containing biscuit; FBSG: fermented brewers’
spent grain-containing biscuit.

Regarding the PPIR (Figure 3C), no interaction effect was observed (Pinteraction = 0.34).
At 180 min, the concentration of insulin was significantly higher in the Control than ABSG
(Control vs. ABSG: 28.32 ± 3.81 mIU/L vs. 13.91 ± 3.56 mIU/L, p < 0.001), and FBSG
tended to have a lower insulin concentration compared to the Control (FBSG vs. Control:
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16.55 ± 6.08 mIU/L vs. 28.32 ± 3.81 mIU/L, p = 0.051). However, no difference was noted
in positive iAUC for insulin (p > 0.05) (Figure 3D).

3.3. Postprandial Lipid Panel Response

The responses in the postprandial concentration of TC, HDL-C, LDL-C, and TG
concentrations from baseline are shown in Supplemental Figure S1 and the negative iAUC
of TC, HDL-C and LDL-C, as well as positive iAUC of TG, are summarised in Supplemental
Table S1. No difference was observed for any of the outcomes.

3.4. Breath Analysis

The changes in postprandial breath H2 and CH4 are shown in Supplemental Figure S2
and no difference was observed for postprandial breath H2 and CH4 after consuming the
3 types of biscuits (p > 0.05).

3.5. Subjective Appetite Assessment

The effect on the postprandial subjective sensation of hunger, desire to eat, prospective
consumption and fullness are shown in Supplemental Figure S3 and there was no difference
on those measurements between the Control, ABSG and FBSG (p > 0.05) at all time-points.

4. Discussion

While BSG and fermented BSG could serve as fibre-rich ingredients to be incorporated
into food products to enhance their nutritional value, research into its effect on PPGR is
lacking. In addition, there are limited studies exploring the potential of diet modifications in
improving PPGR in the MetS population, who experience an impaired glucose metabolism.
Our findings suggest that the consumption of biscuits with a 30% substitution of wheat
flour with BSG improves PPGR in individuals with MetS and a further benefit on PPGR
was offered by FBSG-containing biscuits consumption.

A significant difference was found in PPGR between the Control and BSG-containing
biscuits consumption. Both ABSG and FBSG showed a more than 16% lower in glucose
iAUC (29% and 31%, respectively), which is considered clinically relevant [34], although
the decrease in ABSG is statistically insignificant. The decrease in the PPGR in the FBSG
and ABSG could be attributed to the lesser ACHO content in the BSG-containing biscuits
(20% in ABSG and 23% in FBSG). However, a previous study that substituted whole
maize flour into biscuits which resulted in an ACHO reduction (18%), similar to our study
here, only showed a 14% decrease in glucose AUC [35]. This implies that the presence
of other compounds within BSG may also contribute to the decrease in PPGR observed.
In a prior study by Ullah, et al. [36], the consumption of BSG extract-based breadsticks
with matched ACHO showed an improvement in PPGR at 90 and 120 min compared
to the consumption of plain breadsticks in individuals with impaired glucose tolerance.
As a high-fibre food by-product, BSG-containing biscuits showed a significantly higher
total dietary fibre content [18] and this dietary fibre is able to increase the viscosity of
gastric contents and slow down gastric emptying, leading to a delayed and reduced glucose
absorption [37]. Additionally, the antioxidants present in BSG, such as phenolic compounds
and bioactive peptides, also contribute to the improvement in PPGR regulation. These
antioxidants function as α-glucosidase inhibitor, which prevents the breakdown of complex
carbohydrates into glucose [18]. On the other hand, these antioxidants could promote
glucose consumption and glycogen synthesis, enhancing the utilisation of glucose [38].

Moreover, FBSG demonstrated a further improved PPGR regulating effect, exhibited
through a significantly lower positive iAUC compared to Control, whereas ABSG did not.
This outcome is attributed to a portion of the insoluble dietary fibre being broken down to
soluble dietary fibre during the fermentation process by certain extracellular carbohydrases
secreted by RO, such as cellulase, endocellulase, and hemicellulose [33]. Soluble dietary
fibre demonstrates a greater ability to inhibit glucose absorption in the intestine compared
to insoluble dietary fibre because of its high viscosity and gel-forming properties [39]. A
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previous RCT evidenced that incorporating β-glucan, a soluble fibre also present in BSG,
into tortillas improved PPGR [40].

Nevertheless, a recent study found that there was no difference in PPGR among
healthy subjects who consumed either 100 g of 40% autoclaved or RO fermented okara-
substituted biscuits, which is also a dietary fibre-rich food by-product, compared to those
who consumed 100 g of control biscuits [41]. The difference in findings may be caused
by the different health conditions of the subjects involved in each study. The dietary
fibre rich food by-products may be more effective in managing PPGR in individuals with
MetS because they have impaired glucose tolerance and insulin resistance, which can
lead to higher PPGR [42]. This finding is supported by the result of a systematic review
and meta-analysis, which concluded that metabolically impaired individuals showed a
more significant improvement in PPGR after consuming a low glycaemic index breakfast
compared to healthy individuals [6].

In our results, ABSG and FBSG showed a lower insulin concentration at 180 min
in comparison to Control, and the iAUC was lower although statistically insignificant.
Dietary fibre is extensively credited as the main reason for the improvement of PPIR, as its
consumption is associated with increased insulin sensitivity [43]. Additionally, phenolic
compounds present in BSG could also play a supporting role. Reactive oxygen species
generated from glucose metabolism could trigger the secretion of glucose-stimulated
insulin [44] and phenolic compounds may combat these reactive oxygen species. Despite
this, an overall insignificant change in insulin iAUC is likely due to the high dietary protein
content in ABSG and FBSG compared to the Control. Dietary protein is recognised as
insulinotropic since it stimulates insulin secretion by producing insulin-related amino acids
during digestion, such as branched-chain amino acids [45]; therefore, this effect may offset
the benefit provided by dietary fibre and phenolic compounds.

We also examined the postprandial lipid-panel response after biscuits consumption
and no effect on postprandial TG response is observed, even though consumption of soluble
fibre has been shown to enhance postprandial TG response [46]. That being said, another
study conducted by Bourdon, et al. [47], also showed no difference in postprandial TG
response after consumption of pasta made with a 40% barley flour substitution compared
to pasta made with wheat flour. The reason for such conflicting results could be due to
the amount of soluble dietary fibre present in the biscuits. Previous studies have shown
that a minimum of 10 g of soluble dietary fibre is required to reduce postprandial TG
response [48], while the soluble dietary fibre content in our biscuits is noted to be below
1.2 g [18]. In addition, the 4-h duration of the postprandial study could also explain the
discrepancy in results, as lipid metabolism requires a longer postprandial duration of
around 6-h [46].

We anticipated that the BSG-containing biscuits would increase the concentration of
breath H2 and CH4, as BSG-containing biscuits contain more non-digestible carbohydrates,
such as cellulose and hemicellulose, which can be fermented by gut microbiota [49]. How-
ever, in contrast, no difference was observed and it is possibly explained by the relatively
short postprandial duration in this study. As the primary dietary fibre in the BSG is insolu-
ble, it cannot be rapidly fermented by gut microbiota [50]. According to a previous study
by Belobrajdic et al. [51], it takes at least 270 min for 121 g of wholegrain bread to reach
the large intestine. In line with this study, results from O’Connor and Campbell [52] found
that after consuming a 15 g insoluble dietary fibre-enriched snack bar, H2 levels increased
after 240 min, and a significant difference with a plain snack bar was only observed after
360 min.

A previous study demonstrated that arabinoxylans, the main oligosaccharide in BSG
(21–28% on dry weight basis), exhibit a great water holding capacity, thereby increasing
digested food viscosity and prolonging stomach distension [53]. With these characteristics,
it was expected that the consumption of BSG-containing biscuits will suppress appetite;
however, no difference was observed in this study. This may be attributed to the fact that the
subjects enrolled into this study are relatively older adults and may exhibit a slower gastric
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emptying due to increased pyloric motility, greater gastric antral area, and decreased
perception of gastric distension [54]. Moreover, older adults experience a decrease in
appetite due to the elevated secretion of appetite-suppressing peptides in conjunction
with a decreased secretion of appetite-stimulating peptides [55]. Hence, any changes in
postprandial appetite for the older adults may be less obvious when reported through a
subjective appetite assessment.

The novelty of the study lies in the incorporation of BSG or fermented BSG into food
products and the subsequent assessment of its PPGR and PPIR controlling effects. These
findings provide clinical evidence to facilitate the development of functional food with
BSG that can assist in improving glucose metabolism while simultaneously addressing
the environmental challenge of BSG disposal. Another key strength of this study lies in
the recruitment of individuals with MetS, as these individuals specifically require dietary
strategies for PPGR regulation. However, present limitations in our study should also be
noted. Although 15 subjects provided more than 90% statistical power, the sample size
remains relatively small. Therefore, future studies should consider enlarging the study
population to enhance the generalizability of the findings across broader demographic
groups. Additionally, as the main aim of this study was to mimic a typical eating pattern,
the biscuits provided were standardised based on weight, resulting in varying ACHOs
which may cause differences in PPGR. Therefore, it would be valuable to run future
studies matching the ACHO content in the biscuits. Moreover, although a postprandial
duration of 4 h is sufficient to observe differences in our primary outcomes such as PPGR
and PPIR, a longer duration may be necessary to detect variations in other parameters
such as postprandial breath and lipid panel response. Lastly, future studies which may
explore the underlying mechanism responsible for the improvement of PPGR following the
consumption of BSG-containing biscuits, as well as the effect over long-term consumption,
are required.

5. Conclusions

In conclusion, BSG-containing biscuits have a higher nutritive value compared to com-
mercial wheat-based biscuits, which can help to regulate postprandial glycaemic response
in individuals with MetS. This study posits BSG as a promising source of value-added
ingredient, and fermentation as a potential method for biovalorising food by-products to
enhance their health benefits.
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concentration; Figure S3: VAS score of subjective satiety assessment: (A) Hunger. (B) Desire to eat.
(C) Prospective consumption. (D) Fullness; Table S1: Normalised AUC of TC, HDL-C and LDL-C,
and positive iAUC and net iAUC of TG.
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ingredient for functional foods. J. Agroaliment. Process Technol. 2014, 20, 137–141.

16. Lynch, K.M.; Steffen, E.J.; Arendt, E.K. Brewers’ spent grain: A review with an emphasis on food and health. J. Inst. Brew. 2016,
122, 553–568. [CrossRef]

17. Lamas, D.L.; Gende, L.B. Valorisation of brewers’ spent grain for the development of novel beverage and food products. Appl.
Food Res. 2023, 3, 100314. [CrossRef]

18. Wang, X.; Xu, Y.; Teo, S.Q.; Heng, C.W.; Lee, D.P.S.; Gan, A.X.; Kim, J.E. Impact of solid-state fermented Brewer’s spent grains
incorporation in biscuits on nutritional, physical and sensorial properties. LWT 2023, 182, 114840. [CrossRef]

19. Nuttall, F.Q.; Mooradian, A.D.; Gannon, M.C.; Billington, C.; Krezowski, P. Effect of Protein Ingestion on the Glucose and Insulin
Response to a Standardized Oral Glucose Load. Diabetes Care 1984, 7, 465–470. [CrossRef]

20. Gutierrez-Barrutia, M.B.; Cozzano, S.; Arcia, P.; del Castillo, M.D. In Vitro Digestibility and Bioaccessibility of Nutrients and
Non-Nutrients Composing Extruded Brewers’ Spent Grain. Nutrients 2022, 14, 3480. [CrossRef]

21. Farago, C.V.; de Melo, G.B.; Escher, G.B.; Marcon, M.V.; Granato, D.; Danesi, E.D.G. Cereal bars made from brewers’ spent grain,
apple and Spirulina platensis: Antioxidant activity and antihyperglycaemic effects. Res. Soc. Dev. 2021, 10, 5.

22. Schettino, R.; Verni, M.; Acin-Albiac, M.; Vincentini, O.; Krona, A.; Knaapila, A.; Cagno, R.D.; Gobbetti, M.; Rizzello, C.G.; Coda,
R. Bioprocessed Brewers’ Spent Grain Improves Nutritional and Antioxidant Properties of Pasta. Antioxidants 2021, 10, 742.
[CrossRef] [PubMed]

23. Prasad, K.N.; Bondy, S.C. Dietary fibers and their fermented short-chain fatty acids in prevention of human diseases. Bioact.
Carbohydr. Diet. Fibre. 2019, 17, 100170. [CrossRef]

https://doi.org/10.2337/diacare.21.3.360
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.1385/CBB:43:2:289
https://doi.org/10.1001/jama.285.19.2486
https://www.ncbi.nlm.nih.gov/pubmed/11368702
https://doi.org/10.1016/j.nut.2019.110634
https://www.ncbi.nlm.nih.gov/pubmed/31838460
https://doi.org/10.2337/diacare.29.01.06.dc05-0862
https://doi.org/10.1515/opag-2017-0043
https://doi.org/10.5937/FFR1701057P
https://doi.org/10.3325/cmj.2008.49.722
https://www.ncbi.nlm.nih.gov/pubmed/19090602
https://doi.org/10.1016/j.jada.2011.08.008
https://www.ncbi.nlm.nih.gov/pubmed/22027051
https://doi.org/10.1016/j.jnutbio.2007.02.009
https://www.ncbi.nlm.nih.gov/pubmed/17618108
https://doi.org/10.1093/jn/136.4.913
https://www.ncbi.nlm.nih.gov/pubmed/16549450
https://doi.org/10.1038/sj.ejcn.1602525
https://doi.org/10.1002/jib.363
https://doi.org/10.1016/j.afres.2023.100314
https://doi.org/10.1016/j.lwt.2023.114840
https://doi.org/10.2337/diacare.7.5.465
https://doi.org/10.3390/nu14173480
https://doi.org/10.3390/antiox10050742
https://www.ncbi.nlm.nih.gov/pubmed/34067199
https://doi.org/10.1016/j.bcdf.2018.09.001


Nutrients 2024, 16, 909 12 of 13

24. Utzschneider, K.M.; Kratz, M.; Damman, C.J.; Hullarg, M. Mechanisms Linking the Gut Microbiome and Glucose Metabolism. J.
Clin. Endocrinol. Metab. 2016, 101, 1445–1454. [CrossRef] [PubMed]

25. Van Den Hoek, A.M.; Heijboer, A.C.; Corssmit, E.P.; Voshol, P.J.; Romijn, J.A.; Havekes, L.M.; Pijl, H. PYY3–36 reinforces insulin
action on glucose disposal in mice fed a high-fat diet. Diabetes 2004, 53, 1949–1952. [CrossRef] [PubMed]

26. He, J.; Zhang, P.; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X.; Li, X.; et al. Short-Chain Fatty Acids and Their
Association with Signalling Pathways in Inflammation, Glucose and Lipid Metabolism. Int. J. Mol. Sci. 2020, 21, 6356. [CrossRef]

27. World Health Organization. WHO STEPS Surveillance Manual: The WHO STEPwise Approach to Chronic Disease Risk Factor
Surveillance; Report No.: 9241593830; World Health Organization: Geneva, Switzerland, 2005.

28. Bergmeyer, H. Determination with hexokinase and glucose-6-phosphate dehydrogenase. Methods Enzym. Anal. 1997, 3, 1196–1201.
29. Fossati, P.; Prencipe, L. Serum triglycerides determined colorimetrically with an enzyme that produces hydrogen peroxide. Clin.

Chem. 1982, 28, 2077–2080. [CrossRef]
30. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,

without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef]
31. Flint, A. Reproducibility, power and validity of visual analogue scales in assessment of appetite sensations in single test meal

studies. Int. J. Obes. 2000, 24, 38–48. [CrossRef]
32. Raza, G.S.; Maukonen, J.; Makinen, M.; Niemi, P.; Niiranen, L.; Hibberd, A.A.; Poutanen, K.; Buchert, J.; Herzig, K.-H. Hypoc-

holesterolemic Effect of the Lignin-Rich Insoluble Residue of Brewer’s Spent Grain in Mice Fed a High-Fat Diet. J. Agric. Food
Chem. 2019, 67, 1104–1114. [CrossRef] [PubMed]

33. Lee, D.P.S.; Gan, A.X.; Kim, J.E. Incorporation of biovalorised okara in biscuits: Improvements of nutritional, antioxidant, physical,
and sensory properties. LWT 2020, 134, 109902. [CrossRef]

34. de Carvalho, C.M.; de Paula, T.P.; Viana, L.V.; Machado, V.M.; de Almeida, J.C.; Azevedo, M.J. Plasma glucose and insulin
responses after consumption of breakfasts with different sources of soluble fiber in type 2 diabetes patients: A randomized
crossover clinical trial. Am. J. Clin. Nutr. 2017, 106, 1238–1245. [CrossRef]

35. Luhovyy, B.L.; Mollard, R.C.; Yurchenko, S.; Nunez, M.F.; Berengut, S.; Liu, T.T.; Smith, C.E.; Pelkman, C.L.; Anderson, G.H. The
Effects of Whole Grain High-Amylose Maize Flour as a Source of Resistant Starch on Blood Glucose, Satiety, and Food Intake in
Young Men. J. Food Sci. 2014, 79, H2550–H2556. [CrossRef]

36. Ullah, H.; Esposito, C.; Piccinocchi, R.; De Lellis, L.F.; Santarcangelo, C.; Minno, A.D.; Baldi, A.; Buccato, D.G.; Khan, A.;
Piccinocchi, G.; et al. Postprandial Glycemic and Insulinemic Response by a Brewer’ Spent Grain Extract-Based Food Supplement
in Subjects with Slightly Impaired Glucose Tolerance: A Monocentric, Randomized, Cross-Over, Double-Blind, Placebo-Controlled
Clinical Trial. Nutrients 2022, 14, 3916. [CrossRef] [PubMed]

37. Reynolds, A.N.; Akerman, A.P.; Mann, J. Dietary fibre and whole grains in diabetes management: Systematic review and
meta-analyses. PLoS Med. 2020, 17, e1003053. [CrossRef] [PubMed]

38. Deng, N.; Zheng, B.; Li, T.; Liu, R.H. Assessment of the Phenolic Profiles, Hypoglycemic Activity, and Molecular Mechanism of
Different Highland Barley (Hordeum vulgare L.) Varieties. Int. J. Mol. Sci. 2020, 21, 1175. [CrossRef]

39. Steemburgo, T.; Dall’Alba, V.; Almeida, J.; Zelmanovitz, T.; Gross, J.; De Azevedo, M. Intake of soluble fibers has a protective role
for the presence of metabolic syndrome in patients with type 2 diabetes. Eur. J. Clin. Nutr. 2009, 63, 127–133. [CrossRef]

40. Ames, N.; Blewett, H.; Storsley, J.; Thandapilly, S.J.; Zahradka, P.; Taylor, C. A double-blind randomised controlled trial testing
the effect of a barley product containing varying amounts and types of fibre on the postprandial glucose response of healthy
volunteers. Br. J. Nutr. 2015, 113, 1373–1383. [CrossRef]

41. Lee, D.P.S.; Gan, A.X.; Sutanto, C.N.; Toh, K.Q.X.; Khoo, C.M.; Kim, J.E. Postprandial glycemic and circulating SCFA concentra-
tions following okara- and biovalorized okara-containing biscuit consumption in middle-aged and older adults: A crossover
randomized controlled trial. Food Funct. 2022, 13, 9687–9699. [CrossRef]

42. Alberti, K.G.; Zimmet, P.; Shaw, J.; IDF Epidemiology Task Force Consensus Group. The metabolic syndrome—A new worldwide
definition. Lancet 2005, 366, 1059–1062. [CrossRef] [PubMed]

43. Liese, A.D.; Schulz, M.; Fang, F.; Wolever, T.M.; D’Agostino, R.B., Jr.; Sparks, K.C.; Mayer-Davis, E.J. Dietary glycemic index
and glycemic load, carbohydrate and fiber intake, and measures of insulin sensitivity, secretion, and adiposity in the Insulin
Resistance Atherosclerosis Study. Diabetes Care 2005, 28, 2832–2838. [CrossRef] [PubMed]

44. Serrano, J.C.; Martín-Gari, M.; Cassanye, A.; Granado-Serrano, A.B.; Portero-Otín, M. Characterization of the post-prandial
insulinemic response and low glycaemic index of a soy beverage. PLoS ONE 2017, 12, e0182762. [CrossRef] [PubMed]

45. Rietman, A.; Schwarz, J.; Tome, D.; Koke, F.J.; Mensink, M. High dietary protein intake, reducing or eliciting insulin resistance?
Eur. J. Clin. Nutr. 2014, 68, 973–979. [CrossRef] [PubMed]

46. Lee, D.P.S.; Low, J.H.M.; Chen, J.R.; Zimmermann, D.; Actis-Goretta, L.; Kim, J.E. The influence of different foods and food
ingredients on acute postprandial triglyceride response: A systematic literature review and meta-analysis of randomized
controlled trials. Adv. Nutr. 2020, 11, 1529–1543. [CrossRef] [PubMed]

47. Bourdon, I.; Yokoyama, W.; Davis, P.; Hudson, C.; Backus, R.; Richter, D.; Knuckles, B.; Schneeman, B.O. Postprandial lipid,
glucose, insulin, and cholecystokinin responses in men fed barley pasta enriched with β-glucan. Am. J. Clin. Nutr. 1999, 69, 55–63.
[CrossRef] [PubMed]

48. Khossousi, A.; Binns, C.; Dhaliwal, S.; Pal, S. The acute effects of psyllium on postprandial lipaemia and thermogenesis in
overweight and obese men. Br. J. Nutr. 2008, 99, 1068–1075. [CrossRef] [PubMed]

https://doi.org/10.1210/jc.2015-4251
https://www.ncbi.nlm.nih.gov/pubmed/26938201
https://doi.org/10.2337/diabetes.53.8.1949
https://www.ncbi.nlm.nih.gov/pubmed/15277371
https://doi.org/10.3390/ijms21176356
https://doi.org/10.1093/clinchem/28.10.2077
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1038/sj.ijo.0801083
https://doi.org/10.1021/acs.jafc.8b05770
https://www.ncbi.nlm.nih.gov/pubmed/30592221
https://doi.org/10.1016/j.lwt.2020.109902
https://doi.org/10.3945/ajcn.117.157263
https://doi.org/10.1111/1750-3841.12690
https://doi.org/10.3390/nu14193916
https://www.ncbi.nlm.nih.gov/pubmed/36235569
https://doi.org/10.1371/journal.pmed.1003053
https://www.ncbi.nlm.nih.gov/pubmed/32142510
https://doi.org/10.3390/ijms21041175
https://doi.org/10.1038/sj.ejcn.1602902
https://doi.org/10.1017/S0007114515000367
https://doi.org/10.1039/D2FO00526C
https://doi.org/10.1016/S0140-6736(05)67402-8
https://www.ncbi.nlm.nih.gov/pubmed/16182882
https://doi.org/10.2337/diacare.28.12.2832
https://www.ncbi.nlm.nih.gov/pubmed/16306541
https://doi.org/10.1371/journal.pone.0182762
https://www.ncbi.nlm.nih.gov/pubmed/28793331
https://doi.org/10.1038/ejcn.2014.123
https://www.ncbi.nlm.nih.gov/pubmed/24986822
https://doi.org/10.1093/advances/nmaa074
https://www.ncbi.nlm.nih.gov/pubmed/32609800
https://doi.org/10.1093/ajcn/69.1.55
https://www.ncbi.nlm.nih.gov/pubmed/9925123
https://doi.org/10.1017/S0007114507864804
https://www.ncbi.nlm.nih.gov/pubmed/18005484


Nutrients 2024, 16, 909 13 of 13

49. Le Marchand, L.; Wilkens, L.R.; Harwood, P.; Cooney, R.V. Use of breath hydrogen and methane as markers of colonic fermentation
in epidemiologic studies: Circadian patterns of excretion. Environ. Health Perspect. 1992, 98, 199–202. [CrossRef]

50. Glitsø, L.V.; Gruppen, H.; Schols, H.A.; Højsgaard, S.; Sandström, B.; Bach Knudsen, K.E. Degradation of rye arabinoxylans in the
large intestine of pigs. J. Sci. Food Agric. 1999, 79, 961–969. [CrossRef]

51. Belobrajdic, D.P.; Regina, A.; Klingner, B.; Zajac, I.; Chapron, S.; Berbezy, P.; Bird, A.R. High-Amylose Wheat Lowers the
Postprandial Glycemic Response to Bread in Healthy Adults: A Randomized Controlled Crossover Trial. J. Nutr. 2019, 149,
1335–1345. [CrossRef]

52. O’Connor, L.E.; Campbell, W.W. A novel fiber composite ingredient incorporated into a beverage and bar blunts postprandial
serum glucose and insulin responses: A randomized controlled trial. Nutr. Res. 2016, 36, 253–261. [CrossRef] [PubMed]

53. Marciani, L.; Pritchard, S.E.; Hellier-Woods, C.; Costigan, C.; Hoad, C.; Gowland, P.A.; Spiller, R.C. Delayed gastric emptying and
reduced postprandial small bowel water content of equicaloric whole meal bread versus rice meals in healthy subjects: Novel
MRI insights. Eur. J. Clin. Nutr. 2013, 67, 754–758. [CrossRef] [PubMed]

54. Giezenaar, C.; Chapman, I.; Luscombe-Marsh, N.; Feinle-Bisset, C.; Horowitz, M.; Soenen, S. Ageing Is Associated with Decreases
in Appetite and Energy Intake—A Meta-Analysis in Healthy Adults. Nutrients 2016, 8, 28. [CrossRef]

55. Akimoto, S.; Miyasaka, K. Age-associated changes of appetite-regulating peptides. Geriatr. Gerontol. Int. 2010, 10, S107–S119.
[CrossRef] [PubMed]

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

https://doi.org/10.1289/ehp.9298199
https://doi.org/10.1002/(SICI)1097-0010(19990515)79:7%3C961::AID-JSFA311%3E3.0.CO;2-1
https://doi.org/10.1093/jn/nxz067
https://doi.org/10.1016/j.nutres.2015.11.015
https://www.ncbi.nlm.nih.gov/pubmed/26923512
https://doi.org/10.1038/ejcn.2013.78
https://www.ncbi.nlm.nih.gov/pubmed/23594839
https://doi.org/10.3390/nu8010028
https://doi.org/10.1111/j.1447-0594.2010.00587.x
https://www.ncbi.nlm.nih.gov/pubmed/20590826

	Introduction 
	Materials and Methods 
	BSG Fermentation and Biscuits Baking 
	Study Design and Subject Recruitment 
	Study Design 
	Anthropometric and Blood Pressure Measurement 
	Blood Sample Processing and Biochemical Analysis 
	Breath Analysis 
	Appetite Sensation 
	Power Calculation and Statistical Analysis 

	Results 
	Subjects’ Baseline Characteristics 
	Postprandial Glucose and Insulin Response 
	Postprandial Lipid Panel Response 
	Breath Analysis 
	Subjective Appetite Assessment 

	Discussion 
	Conclusions 
	References

