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Beta ()-glucan (BG) from cereal grains is associated with lowering post-prandial blood
glucose but the precise mechanism is not well-elucidated. The main aim of this study
was to understand the mechanism through which BG from barley affects post-prandial
glycemic response. Waffles containing 0, 1, 2, and 3 g barley BG and the same amount
of available carbohydrate (15 g) were fed to the TIM-1 dynamic gastrointestinal digestion
system to study the effect of BG on starch hydrolysis. Intestinal acetone powder
and Xenopus laevis oocytes were used to study BG’s effect on mammalian intestinal
a-glucosidase and glucose transporters. The presence of BG did not significantly
affect the in vitro starch digestion profiles of waffles suggesting that BG does not
affect a-amylase activity. Intestinal a-glucosidase and glucose transport activities were
significantly (o < 0.0001) inhibited in the presence of barley BG. Interestingly, BG
viscosity did not influence a-amylase, a-glucosidase, GLUT2, and SGLT1 activities.
This study provides the first evidence for the mechanism by which BG from barley
attenuates post-prandial glycemic response is via alteration of a-glucosidase, GLUT2,
and SGLT1 activity, but not amylolysis of starch. The decrease in post-prandial blood
glucose in the presence of BG is likely a consequence of the interaction between BG
and membrane active proteins (brush border enzymes and glucose transporters) as
opposed to the commonly held hypothesis that increased viscosity caused by BG inhibits
starch digestion.

Keywords: barley, beta-glucan, post-prandial glucose response, viscosity, GLUT2, SGLT1, in vitro digestion

INTRODUCTION

Several human feeding studies have shown that beta (B)-glucan (BG) from barley can mitigate
the rise in post-prandial glycemic response after consuming a high available carbohydrate
meal, but the results are not consistent (1-3). These inconsistencies have been attributed to
the changes in concentration, type of BG, or the BG to available carbohydrate ratio present
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in the food matrix. The precise mechanism through which BG
attenuates glycemic response remains a subject of investigation.
The widely hypothesized mechanism through which cereal BG
reduces post-prandial blood glucose is its ability to form viscous
solutions (4, 5). It is purported that BG increases luminal
viscosity thereby decreasing the interaction between digestive
enzymes and their substrates as well as simple sugars and
intestinal nutrient transport proteins (6, 7). This has been
supported by the evidence that high molecular weight BG
tends to be more effective in impairing intestinal carbohydrate
assimilation than its low molecular weight counterparts (8). BG
viscosity, like the viscosity of most soluble fibers, is a function
of its molecular weight and concentration when the solubility,
pH and temperature are the same (9, 10). Thus, grain processing
or meal preparation techniques that compromise BG molecular
weight are thought to be responsible for the lack of effect in some
BG human feeding trials (11). The drawback of the hypothesis
related to viscosity is that the viscosity of soluble fiber is highly
susceptible to shear thinning (12) and thus BG viscosity may be
drastically reduced or nullified in the presence of the intestinal
peristaltic force during digestion (13).

In human studies, intake of <3.5g of BG per day does not
significantly affect post-prandial blood glucose concentration but
> 6g BG per day for at least 4 weeks does (14). However, for
a single meal effect, the ratio of BG to available carbohydrates
in the meal appears to be critical to BG’s efficacy in lowering
post-prandial blood glucose. For example, in one study, a
BG to starch ratio of 0.16 was more effective in impairing
starch digestibility than that of 0.11 (10). Most human studies
suggest that 4g or more of BG for every 30g of available
carbohydrates is required to notice a significant decrease in
post-prandial blood glucose. Consequently, EFSA approved a
health claim for barley and oat BG and post-prandial blood
glucose when the dose is > 4g BG for every 30g available
carbohydrate (15). In a recent study conducted by our group
(Clinicaltrial.gov Identifier: NCT02367989) which aimed to
understand the effect of BG dosage and ratio to available
carbohydrate, all three doses tested (2, 4, and 6g of BG per
30 g of available carbohydrate) were effective in reducing post-
prandial glycemic response with more than 20%, which is
of physiological relevance. However, we did not observe any
significant changes between 2, 4, or 6 g of BG per 30 g of available
carbohydrate (16).

In theory, assimilation of available carbohydrate begins with
the breakdown of starch by the saliva and pancreatic a-amylase
in the mouth and the small intestine, respectively (17). The
released maltose or a-limit dextrin together with disaccharides
present in the food are hydrolysed to monosaccharides by
the brush border maltase-glucoamylase and sucrase-isomaltase
(18). The monosaccharides are later transported either passively
through the intestinal nutrient transporter GLUT2 and GLUT5
or actively through the SGLT1 (19, 20). BG is likely to affect the
activity of gastrointestinal carbohydrase or nutrient transporters
for a reduced post-prandial blood glucose concentration (21).
Thus, this study was specifically designed to understand the
mechanism through which BG affects available carbohydrate
digestibility, glucose bio-accessibility and uptake. Specifically,

we evaluated the effect of BG on a) a-amylase activity
using a computer-controlled dynamic multi-compartmental
in vitro digestive platform (TIM-1 system), b) a-glucosidase
activity using mammalian intestinal o-glucosidase, and c)
glucose uptake activity using oocytes expressing either human
GLUT2 or SGLTI1. Additionally, we aimed to evaluate the
test food we used in our recent human feeding study
and to precisely understand the digestive mechanism of
the BG containing test foods using the dynamic in vitro
digestion platform.

MATERIALS AND METHODS

Materials

Enzymes and bile for use in TIM-1 and oa-glucosidase
experiments were obtained from Sigma-Aldrich (St. Louis, MI,
USA). Barley BG was obtained from Megazyme International
Ireland [Bray, Wicklow, Ireland). Radiolabelled glucose ([3H]
2-deoxyglucose (25.5 Ci/mmol) and [3H] 3-O-methyl-D-
glucose (25.5 Ci/mmol)] was obtained from PerkinElmer
(Waltham, MA, USA). pBluescript ii KS(+) plasmids with
open reading frames (ORFs) of human SGLT1 (OHu22190
NM_000343) and GLUT2 (OHu20407 NM_000340.2) were
obtained from Genscript Biotech (Piscataway, NJ, USA).
Restriction enzymes and T7 transcription materials were
obtained from New England Biolabs (Ipswich, MA, USA).
All other chemicals for use in glucose uptake studies were
obtained from Sigma-Aldrich (St. Louis, MI, USA) unless
otherwise noted. Isolated Xenopus laevis ovaries were purchased
from Xenopus-1 (Dexter, MI, USA). The standard Modified
Barth’s Saline (MBS, contained (in mmol 17!) 88 NaCl, 1
KCl, 1 MgSOy4, 5 HEPES, 2.5 NaHCO3, 0.7 CaCl,-2H,0, pH
7.4) was prepared in our lab following standard procedures.
When necessary, MBS was sterilized by vacuum bottle-top
filters (EMD MilliporeTM SteritopTM sterile vacuum bottle-
top filters, ThermoFisher, Waltham, Massachusetts, USA) and
supplemented with sodium pyruvate (ImM), 1mg ml™}
penicillin-streptomycin (Gibco, Long Island, NY, USA) per
mL and 50 pg gentamicin per mL for long term storage of
isolated oocytes.

Waffle Formulation

Four waffles were formulated to provide different amounts of BG
but the same amount of available carbohydrate per serving while
maintaining consistency in fat, protein, and insoluble dietary
fiber. Waffles containing BG were made from whole barley flour
(6.1% BG, 67.8% available carbohydrate, 14.9% total dietary fiber,
14.9% protein, and 2.6% oil) or BG rich barley flour (12.2% BG,
48.8% available carbohydrate, 29.0% total dietary fiber, 16.4%
protein, and 4.3% oil). Control waftles were made from all-
purpose wheat flour (Robin Hood). For our clinical trial we
tested 2, 4, and 6 g BG per 30 g available carbohydrate, but in the
present in vitro study half of each treatment was used for testing
in in vitro digestion model (1g, 2g, 3g BG per 15g available
carbohydrate). Wholemeal barley was used to achieve the 1.2 g
BG per 15 g available carbohydrate treatment and the 2 and 3 g
BG treatments were made by substituting increasing amounts of
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the BG rich milling fractions. Commercial oat hull fiber (high in
insoluble fiber) was supplied by Grain Millers, Inc. and added to
the formulations as necessary to equalize insoluble dietary fiber
as closely as possible across the treatments. Canola oil, egg white,
and skim milk amounts were adjusted to equalize fat and protein
and water was varied to maintain a functional batter consistency.
The control made with all-purpose wheat flour was formulated to
match as closely as possible the available carbohydrate, insoluble
dietary fiber, protein, and oil content of the BG treatments. A
second control was included to represent a typical waffle recipe
that would commonly be available to consumers and therefore
did not match the treatments in macronutrient composition or
serving size with the exception of delivering the same amount
of available carbohydrate. All waffle treatments and control
formulations are shown in Table 1.

TIM-1 Gastro-Intestinal Model

The computer controlled dynamic multi-compartmental TIM-
Isystem (TNO, Zeist, Netherlands) was used to digest waffles
in vitro by following a fed state protocol to mimic digestion
in healthy young adults. The system has been described in
detail and validated by its developer (22). The system simulates
conditions in the upper gastrointestinal digestion system and
was operated using the “water fed state” conditions presented
in Table 2. Prior to feeding the system with waflles, the gastric
compartment contained 10g of gastric start residue [pH 1.7,
5 g hydroxypropylmethylcellulose (0.4%)] and 5 g gastric enzyme
solution (pepsin 4,800 U/ g; a-amylase 47 U/ g and lipase 20
U/ g), the duodenum contained 55g duodenal start residues
(15g pancreatin solution (7%), 30g bile solution (4%), 2 mg
trypsin and 15 g small intestine electrolyte solution), and both the
jejunum and ileum contained 115 g intestinal electrolyte solution
(pH 7.4) each.

Waftles were mixed with ~200mL tap water (37°C) and
homogenized using a kitchen hand blender. The pH of the food
was adjusted to 5.5 using 1 M HCI after which 15mg porcine
pancreatic a-amylase (1,500 units/mg) was added to the food and
volume adjusted to 290 mL with water. The food (37°C) was fed
to TIM-1 system and digestion was initiated at ~5 min from the
time a-amylase was added to the food. Waffles were digested for
360 min and jejunal and ileal dialysis fluids were changed every
60 min. The dialysis fluids collected were kept at —40°C until the
day of sugar analysis. Cumulative glucose released at a time point

was calculated as the sum of the sugar content in the jejunal and
ileal dialysis fluids at a sampling point.

Glucose Determination on TIM-1
Dialysates Using Acid Hydrolysis

Dialysate aliquots collected from the jejenum and ileum were
frozen in 2 mL microfuge tubes until ready for analysis. Samples
were defrosted and centrifuged at 9,000 x g for 2min. 200
WL of the supernatant was pipetted to a 2 mL microfuge tube
containing 200 wL 2.6 M HCI and placed in a boiling water
bath for 1h. Samples were cooled to room temperature and
50 WL was pipetted into a 10 mL glass tube containing 50 pnL
1.3M HCL Three mL of GOPOD reagent (D-Glucose Assay
kit, K-GLUC, Megazyme, Ireland) was added to the tube and
incubated at 50°C for 20 min. Absorbance was read at 510 nm
on a spectrophotometer (Ultrospec 3000, Pharmacia Biotech,
Sweden). The amount of glucose in the aliquot was calculated
against the absorbance of the external glucose standard (1 mg/
mL) which was used to calculate how much glucose was in
the dialysate.

Determination of Waffle Viscosity

BG viscosity was determined by an in vitro digestion method,
by adding digestive enzymes to the waftle samples and incubated
with stirring in a Rapid Visco Analyser (RVA) 4500. The amount
of cooked waffle to weigh into the canister was based on 4.1¢g
dry solids, which was added to 24.487 mL of 20 mM NaH,POy4
+ 10mM NaCl buffer, pH 6.9 less the moisture amount in
the cooked waffle, along with 63 L salivary a-amylase (Sigma
A1031; 220 U/mL in 2.5mM CaCl,), 150 pL pepsin (Sigma
P7012; 1,130 U/mL in 0.9% NaCl), and 300 L pancreatin (Sigma
P7545;0.5 mg/mL in 20 mM NaH,PO4 + 10 mM NaCl buffer, pH
6.9). The RVA paddle speed was set to 480 rpm for 10, followed
by 160 rpm for a total of 2 h, with the temperature maintained at
37°C. The final slurry viscosity was recorded at 2 h. A subsample
of the slurry was transferred to microfuge tubes and centrifuged
at 9,000 x g. The supernatant viscosity was measured on a DHR-
2 rheometer (TA Instruments, New Castle, DE, USA) fitted with
a 4°, 40 mm geometry. The Pelletier plate was set to 37°C, and a
flow ramp method with an initial shear rate of 0.1/s, increasing to
100/s logarithmically over 2 min was used. The viscosity at 30/s
shear rate was determined.

TABLE 1 | Nutrient composition of waffle treatments, based on a single serving.

Waffle type Serving size Available Beta-glucan Insoluble Soluble Total dietary Protein Oil
(g, asis carbohydrate dietary fiber dietary fiber fiber
basis)
1gBG 7 14.54 1.21 4.54 1.64 6.18 6.91 3.76
2gBG 89 15.14 2.06 4.27 2.60 6.86 7.01 3.83
3gBG 89 14.28 2.96 4.38 3.44 7.82 714 3.60
Control-matching 77 15.18 0.06 5.18 0.39 5.57 7.01 3.77
Control-typical recipe 38 14.98 0.06 0.45 0.38 0.83 3.47 3.48
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TABLE 2 | The “water fed state” operating conditions of TIM-1 digestion system used to digest waffles.

100 6
=
= 75 = 5
I o4
X E —6— oastric Z23
| 3
g 25 — | |cUIM Oy
>
3 0 1
R 0 60 120 180 240 300 360 0 60 120 180 240 300 360

Time of Digestion (min)

Time of Digestion (min)

Parameters of in vitro digestion

Gastric compartment

pH 5.7 at To to 1.7 at Tagp See chart above

Volume 300 mL

Secretions 520 U/ min pepsin, 2 U/ min lipase, and 5 U/ min amylase
Time of half emptying Ti/2 =70 min

B coefficient 2.5

Duodenal compartment

pH ~6.2

Volume 55 mL

Secretions

Sodium bicarbonate solution (as required)

Jejunal compartment

pH ~7.4
Volume 115 mL
Secretions Sodium bicarbonate solution (as required)

lleal compartment

pH ~T7.4
Volume 115 mL

Secretions Sodium bicarbonate solution (as required)
Time of half emptying T1/2 = 220 min

B coefficient 2.5

Bile (20 mg/min for the first 30 min after which 10 mg/ min), pancreatic juice (80 mg/ min) and

Effect of BG on Intestinal Brush Border

o-glucosidase Activity

The effect of BG on intestinal brush border a-glucosidase
activity was determined according to Malunga et al. (23).
Briefly, intestinal a-glucosidase was extracted from rat intestinal
acetone powder with sodium phosphate buffer (pH 6.9, 0.1 M).
Two barley BG (Megazyme) with average molecular weight of
650,000 (BG-HMW) and 229,000 (BG-LMW) were used to create
solutions of different viscosity. BG was added to water and
brought to 90°C whilst stirring continuously on a magnetic
stirrer until the mixture was clear. The mixture was diluted to 2, 4,
and 6 mg / mL with sodium phosphate buffer (pH 6.9, 0.1 M) after
cooled to room temperature. Later, 100 «L BG solution or buffer
(control) was mixed with 50 pL rat intestinal a-glucosidase in
a screw cap test-tube. The mixture was incubated at 37°C for
5 min and digestion was initiated by adding 50 ;L of maltose (60
mg/ mL). Enzyme activity was stopped after 30 min by heating at
95°C for 10 min. The mixture was centrifuged (10,000 x g, 4°C,

10 min). The glucose released was analyzed using the Megazyme
GOPOD glucose test kit.

Preparation of cRNA for Oocyte Expression
DH5a cells containing SGLT1 and GLUT2 ORFs were
propagated and the plasmid extracted using the plasmid
miniprep kit (Qiagen, Hilden, Germany) and linearized with
Xbal (New England Biolabs, Canada (NEB) following the
manufacturer’s guidance. The in vitro transcription of the capped
mRNA (cRNA) was done using the HiScribe™ T7 ARCA mRNA
Kit (with tailing) (NEB) and was later purified using E.Z.N.A.®
MicroElute RNA Clean Up Kit (Omega Bio-Tek, Norcross, GA,
USA) and eluted in DEPC treated water.

Preparation of Oocytes

For the oocyte experiments, oocytes were extracted from isolated
ovaries. The removal of the ovaries were performed by the
supplier (Xenopus 1) and the isolated ovaries were shipped
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to us later. Isolated Xenopus laevis ovaries received from the
supplier were incubated in Ca’*-free MBS buffer containing
55 mg/mL collagenase type IV (Gibco) and gently agitated at
room temperature for defolliculation. After 30 min, the oocytes
were washed three times with standard MBS and allowed to
recover overnight at 18°C in sterile MBS containing gentamycin
(50 g/ml) and sodium pyruvate (1 mM) with daily medium
change until experiments were performed.

Injection of Oocytes

The oocytes were then injected with 36.8 nl of SGLT1 or GLUT2
cRNA (500 ng/pl) after being rested for 24 h using the Nanoject
III Programmable Nanoliter Injector (Drummond Scientific,
Broomall, PA, USA). Some oocytes (labeled SHAM) were injected
with DEPC treated water (36.8 nl) instead of GLUT2 or SGLT1
cRNA as a negative control. The injected oocytes were incubated
in MBS at room temperature for 48 h before conducting glucose
uptake studies.

Glucose Uptake Studies in GLUT2 or

SGLT1 Injected Oocytes

Barley BG (Megazyme) was added to water and brought to
90°C whilst stirring continuously on a magnetic stirrer until the
mixture was clear. The mixture was cooled to room temperature
and diluted to 2, 4, and 6 mg / mL with standard MBS buffer.
Two types of barley BG were used namely a) BG with an average
molecular weight of 650,000 (BG-HMW) and b) BG with an
average molecular weight of 229,000 (BG-LMW). Glucose uptake
studies were conducted in MBS transport buffer containing
125 pmol radiolabeled glucose and BG (0, 1, 2, and 3mg /
ml). Oocytes (15) were transferred to 200 pl transport buffer
and incubated for 30 min at room temperature. Transport was
terminated by adding ice cold MBS in excess. The oocytes were
washed four times with ice cold MBS and lysed individually in
vials containing 200 pl sodium dodecyl sulfate (10%). Ultima
Gold scintillation cocktail (5ml) (PerkinElmer) was added to
each vial and internal radioactivity was quantified by liquid
scintillation spectrometry as counts per minute (CPM). [*H]
2-deoxyglucose and [*H] 3-O-methyl-D-glucose were used as
substrate in glucose transport experiments involving oocytes
expressing GLUT2 and SGLT1, respectively.

Statistics

TIM-1 experiments were run in duplicate, o-glucosidase
experiments were done in sextuplicate, and glucose uptake
experiments were done using 15-20 oocytes per treatment. The
effect of BG on the outcome variables was tested using Analysis of
Variance with p < 0.05 as the cut off for significance. Differences
among means were determined using Tukey honest significant
difference method. Statistical analysis was performed using SAS
software (version 9.4, SAS Institute, Inc, Cary, NC).

RESULTS
Waffle Viscosity

Table 3 shows the in vitro viscosity of the formulated waffles.
The viscosity of formulated waffles ranged from 0.008 to 2.6 Pa.s.
The waffle with the highest concentration of BG (3.0g) had

the highest viscosity among all the waffles. The viscosity of the
walffles increased with higher BG content in the waffles. Addition
of oat hull or insoluble fiber did not affect the viscosity of the
wheat-based waffles.

The in vitro Carbohydrate Digestibility of
Waffles Using TIM-1 Dynamic Stomach
Model

The first set of experiments examined the effect of BG
concentration on saliva and pancreatic a-amylase activity. The
results of carbohydrate digestibility in the TIM-1 digestion
system are presented in Figure 1. The peak of carbohydrate

TABLE 3 | In vitro viscosity of waffles containing different BG concentrations.

Rheometer
viscosity @ 30/s, Pa. s

Waffle type RVA
final viscosity, cP

19BG 796 0.223
2gBG 2,055 1.203
3gBG 2,663 2.556
Control — matching 276 0.008
Control - typical recipe 92 0.008

The data represent the means of n = 2 waffles.

A
80001
> & Control - Matched
E 6000 & Control - Typical recipe
e .
2 =+ 19gBG
©
S 4000 Fi2gBG
@ + 3gBG
»
S 2000+
2
(O]
0 T T T T T 1
0 60 120 180 240 300 360
Digestion Time (minutes)
B
17.5
3
<
14
2105 !
Q
o
=
o @
3.5
[
0
Control - Control - 1gBG 2gBG 3gBG
Typical recipe  Matching
Waffle type

FIGURE 1 | The in vitro digestibility of waffle carbohydrates using TIM-1
digestion model. Waffles containing ~15 g of available carbohydrate were fed
to the TIM-1 system and the dialysates were collected from jejunum and ileum
compartments every 60 min for glucose analysis after acid hydrolysis. The data
represent mean + SD (n = 2). (A) The release of glucose in hydrolysates over
time. (B) Total carbohydrate released over 360 min of digestion.
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digestibility was reached at 120 min for the typical wheat-based
waffles and the digestion was almost complete by 300 min.
Addition of more protein or insoluble fiber or oil to the waffles,
for example in the second control (matched) waffle, slowed the
release of hydrolysed carbohydrates compared to the typical
waffle (Figure 1A) i.e., the peak glucose released was reduced
from ~5,371 to ~4,829 mg. The second control waftle (matched)
with no soluble dietary fiber but set a benchmark for insoluble
dietary fiber, protein, oil, and available carbohydrate for the
barley waffles.

Comparing the digestion profiles of the matched wheat-based
waffle and a barley waffle delivering 1.2 g BG, the results indicate
that addition of BG did not affect the digestion profile except at
60 min. For example, the amount of glucose released at 60 min
increased from ~950 to ~1,980 mg for waffle containing 1 g BG.
This suggests that barley flour may have a higher amount of
rapidly available carbohydrate compared to wheat. Increasing
BG concentration in waffles to 2 or 3g did not change their
digestion profile compared to the matched wheat-based waffles.
Figure 1B shows the cumulative amount of hydrolysed sugars
over 360 min digestion time. The total amount of hydrolysed
sugars was highest for the 2 g BG waflle and lowest for the 3 g BG
waffles but not significantly different compared to all the other
waffle types tested in this study.

Effect of Barley BG on the «-Glucosidase
Activity

The effect of barley BG on the activity of mammalian intestinal
a-glucosidase is presented in Figure 2. The concentration of
glucose released after 30 min of incubation ranged from 3.35 to
3.65 mg/ mL. Figure 2 shows that the mean concentration of
glucose released in the control sample was 3.53 mg/ mL. Addition
of BG did not significantly affect the concentration of glucose
released regardless of BG molecular weight nor concentration.

These results suggest that barley BG does not affect the activity
of a-glucosidase at the tested concentration.

Effect of Barley BG on the Glucose Uptake
in Oocytes Expressing Human GLUT2

Oocytes expressing human GLUT2 were incubated in buffer
containing radiolabeled glucose only (control) or buffers
containing different amounts of barley BG (Figure 3). In the
absence of GLUT2 (Sham), oocytes did not transport glucose as
expected (Figure 3). The glucose uptake in GLUT2 expressing
oocytes was ~16,000 CPM per 30 min. Adding barley BG to the
transport medium at concentrations equivalent to the waftles (1,
2, and 3 g per L gastric volume) completely inhibited glucose
uptake. Figure 3 shows glucose uptake by GLUT2 in the presence
of barley BG with an average molecular weight of 650,000 and
that for barley BG with an average molecular weight of 229,000.
Barley BG at all the tested concentrations (1, 2, and 3 mg / mL)
completely inhibited the uptake of glucose mediated by GLUT2.
Similarly, the inhibition potency of BG with an average molecular
weight of 650,000 was not significantly different from that of
BG with an average molecular weight of 229,000. Specifically,
in the presence of BG (regardless of BG concentration or its
molecular weight), the amount of glucose absorbed was like
that of oocytes not expressing GLUT2 suggesting complete
nullification of GLUT2 activity.

Effect of Barley BG on the Glucose Uptake

in Oocytes Expressing Human SGLT1

The effect of barley BG on the glucose uptake in oocytes
expressing human SGLT1 is presented in Figure 4. Glucose
uptake in SGLT1 expressing oocytes ranged from ~120 to
~10,000 CPM per 30 min. The results show that BG at all tested
concentrations (1, 2, and 3 mg/mL) significantly reduced the
uptake of glucose mediated by SGLT1. Pairwise comparison

Glucose released (mg/ ml)

Control BG L\m (1 mg

difference (p < 0.0001) was observed between means of treatment groups.

3.5
3
25 1
2
1.5 4
14

BG L\m (z mg BG L\N (, mg BG H\m (1 mg/ BG H\m (2 mg/ BG H\m (, mg/
Treatment

FIGURE 2 | Effect of BG on mammalian intestinal alpha-glucosidase activity. Maltose (30 mg/mL) was mixed buffer (control) or buffers containing different amounts
barley BG (BG-HMW: 650,000 average molecular weight; BG-LMW: 229,000 average molecular weight). Data are mean + standard deviation (n = 6). No statistical
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FIGURE 3 | Effect of BG on glucose uptake in oocytes expressing human
GLUT2. Oocytes expressing human GLUT2 and oocytes injected with water
(SHAM, negative control) incubated in buffer containing radiolabeled glucose
only (control) or buffers containing different amounts barley BG (BG-HMW:
650,000 average molecular weight; BG-LMW: 229,000 average molecular
weight). Data are mean + SEM (n = 12-15 oocytes per treatment).
*Significantly different from all other treatment groups p < 0.0001.

of the mean glucose uptake between the 1, 2, and 3mg BG
per mL showed no significant difference within BG molecular
weight types.

DISCUSSION

It is generally thought that the mechanism through which
BG delays carbohydrate digestibility and glucose uptake is
related to its ability to form viscous solutions (24). It has
been hypothesized that the resultant high viscosity limits the
interaction between digestive enzymes and their substrate as
well as that of nutrients and nutrient transporters leading
to a reduction in post-prandial glucose concentration (5).
However, our results suggest for the first time that BG does
not lower blood glucose because of its high viscosity but
rather through direct interaction with intestinal brush border
enzymes and nutrient transporters. In our study, the developed
waffles had substantially different viscosities (0.008, 0.223, 1.203,
and 2.556Pa. s) and yet their starch digestibility through
the TIM-1 system did not vary significantly. Viscosity of
BG is dependent on its concentration and molecular weight
average (10). Therefore, BG of varying molecular weights and
concentrations were used for a-glucosidase and glucose uptake
studies to generate experimental mediums of different viscosities.
Higher concentrations and molecular weights generate more
viscous BG solutions (10). We found that the effect of the BG
on the activities of a-glucosidase, GLUT2, and SGLT1 was not
concentration or molecular weight dependent. These findings

1.2x10%=

1.0x10%~

8.0x10%=

6.0x10%—

3.0x102+

[H3]3-0-Methy! Glucose Uptake
CPM/oocyte

1.5x10%

FIGURE 4 | Effect of BG on glucose uptake in oocytes expressing human
SGLT1. Oocytes expressing human SGLT1 and oocytes injected with water
(SHAM, negative control) were incubated in buffer containing radiolabeled
glucose only (control) or buffers containing different amounts barley BG
(BG-HMW: 650,000 average molecular weight; BG-LMW: 229,000 average
molecular weight). Data are means + SEM (n = 10-12 oocytes per treatment).
*Significantly different from all other treatment groups p < 0.0001.

do suggest that BG’s effect on the activities of a-glucosidase,
GLUT2, and SGLT1 are not explained by viscosity. BG at dietary
concentrations exhibit non-Newtonian fluid behavior where the
polysaccharides may thin out under high shear stress (13). Thus,
it is plausible that the BG apparent viscosity is counteracted by
intestinal peristalsis.

The first step in carbohydrate assimilation involves the
hydrolysis of starch by a-amylase present in the saliva and
pancreatic juice. Barley waffles containing 1.2, 2.0, and 3.0 g BG
per 15g available carbohydrate were fed to the TIM-1 system
to study the effect of BG on starch digestibility. The EFSA
panel on Dietetic Products and Allergies recommends taking
4¢g BG per 30g available carbohydrate to lower post-prandial
blood glucose concentration (15). The amount fed to the TIM-1
system in this study was equivalent to 2.4, 4, and 6 g BG per 30 g
available carbohydrate. Thus, we anticipated that at least waftles
containing 4 and 6 g BG should significantly reduce the amount
of hydrolysed sugars in the dialysate. In fact, our group used
these same waffle formulations in a clinical trial (Clinicaltrial.gov
Identifier: NCT02367989) and found that all three BG treatments
significantly lowered post-prandial glucose concentrations (16).
The lack of significant difference in the in vitro digestibility
profiles of waffles suggest that BG does not affect amylase activity
in the gastrointestinal tract as hypothesized previously. This
finding is consistent with a previous study with a different soluble
fiber, arabinoxylan, where amylolysis of starch was not affected by
addition of arabinoxylan in vitro (23).
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It is possible that the lack of difference in starch hydrolysis
could be a consequence of the difference in BG and/or starch
source used in this study. Waftles were made from flour
constituting different grain fractions to achieve a desired nutrient
composition. The solubility of BG may vary depending on its
source and botanical fraction (25). However, the waffle viscosity
measurements corresponded with the increase in BG content
demonstrating that BG solubility was not affected based on the
source and botanical fraction. Additionally, starches obtained
from different botanical sources may have different digestibility
potential as they may vary in their amylose to amylopectin ratio
(26). If this were true, the numerical difference in the amount
of hydrolysed sugars released between barley waffles made from
whole barley flour (BG 1g), an equal blend of whole barley flour
with the BG rich fraction (2 g) and that made from the BG rich
fraction alone (BG 3 g) would be linear. Our results did not show
a linear response in the amount of hydrolysed sugars released
between barley waffles further strengthening the case that source
and botanical fraction did not affect the observed results. Starch
digestibility is also affected by the level of gelatinisation attained
during the thermal processing (27). The gelatinization potential
of starch can be affected by BG which competes with starch
for the available water (28). However, our results suggest that
the carbohydrate digestibility of waffles was neither affected by
the difference in the source of starch nor by the dose of BG
as evidenced by lack of clear observable pattern in the amount
of glucose released numerically. Thus, we concluded that the
lowered post-prandial blood glucose observed in vivo after taking
a BG rich meal is not a consequence of BG influencing the
amylolysis of starch.

The products of starch hydrolysis by a-amylase together
with the inherent disaccharides or oligosaccharides present in
foods are hydrolysed by the intestinal brush border maltase-
glucoamylase and sucrase-isomaltase to monosaccharides prior
to their absorption. Most of the available pharmaceutical
molecules for management of diabetes target the intestinal
brush border a-glucosidase activity. Therefore, we examined the
effect of BG on intestinal brush border a-glucosidase activity.
The results indicated that brush border a-glucosidase activity
was not affected by BG regardless of BG’s molecular weight
or concentration. Similarly, arabinoxylan obtained from wheat
could only inhibit a-glucosidase activity when feruloylated (23).
This further suggests that viscosity of digesta generated by soluble
fiber may not influence the digestibility of carbohydrates.

The last step in the intestinal carbohydrate digestion involves
transportation of monosaccharides across the intestinal epithelia.
Transport of monosaccharides in the intestine is mediated by
passive transport through GLUT2 and GLUT5 and by active
transport through SGLT1 (19, 20). Both SGLT1 and GLUT2
activities were significantly inhibited by BG at all concentrations
tested in this study. Our results suggest that the lowered post-
prandial blood glucose concentration in the presence of BG
maybe a consequence of BG’s ability to inhibit intestinal glucose
uptake via SGLT1 and GLUT?2 transporters. SGLT1 is expressed
on the apical side of the intestine and transports most of the
glucose when the glucose concentration of the intestinal digesta
is low (29). On the other hand, GLUT2 is mostly found on

the basolateral side and is responsible for exporting glucose to
blood. As the concentration of glucose increases, usually after
consumption of available carbohydrate rich meals, GLUT2 is also
expressed on the apical side and works together with SGLT1
to mediate glucose uptake (29, 30). In a previous study, Abbasi
et al. reported that BG reduced the glucose uptake in IEC-6
cells by suppressing the expression of GLUT2 and SGLT1. Our
results however suggest that glucose uptake inhibition by BG
is achieved through substrate-inhibitor-transporter interaction.
Both SGLT1 and GLUT2 expression on the intestinal brush
border layer is dependent on the luminal glucose concentration.
It is possible that the reduced mRNA expression observed
in the previous study was a consequence of reduced glucose
uptake due to BG interaction with the pre-expressed GLUT2
and SGLT1. Glucose uptake in our study used pre-expressed
SGLT1 or GLUT2. Therefore, it is reasonable to propose that BG
affects glucose uptake by inhibiting the activities of SGLT1 and
GLUT2, and consequently SGLT1 and GLUT2 mRNA expression
is suppressed.

CONCLUSION

This study has indicated that barley BG attenuates post-prandial
glycemic response by influencing the activities of GLUT2 and
SGLT1 but not amylolysis of starch and a-glucosidase activity.
The glucose transporter activity was inhibited in the presence
of barley BG. The effect of BG on GLUT2 and SGLT1 activities
was not a consequence of BG’s viscosity but rather a direct
interaction between BG and membrane active proteins. We have
also demonstrated that differences in BG viscosity may not
affect a-amylase, a-glucosidase, GLUT2, and SGLT1 activities.
Thus, further molecular studies are required to understand the
interaction between BG and membrane active proteins.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

LM, NA, and ST contributed to conception and design of
the study. LM and HZ performed experiments and statistical
analysis. LM wrote the first draft of the manuscript. LM and
ST wrote sections of the manuscript. LM, NA, HZ, HB, and
ST contributed to manuscript revision, read, and approved the
submitted version. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was funded by Agriculture and Agri-Food Canada
through the A-base program. All funds or material support
received did not lead to conflicts of interest in the publication
of this manuscript.

Frontiers in Nutrition | www.frontiersin.org

April 2021 | Volume 8 | Article 628571


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Malunga et al.

Barley Beta-Glucan Inhibits Glucose Transporters

ACKNOWLEDGMENTS

We would like to express our gratitude to Tracy Exley,
Camille Rhymer, Kim Kuzminski, Tatiana Kowalchuk, Joanne

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Bozbulut R,

. BaoL, CaiX, XuM, Li Y. Effect of oat intake on glycaemic control and insulin

sensitivity: a meta-analysis of randomised controlled trials. Br ] Nutr. (2014)
112:457-66. doi: 10.1017/S0007114514000889

. Ames N, Storsley J. Effects of barley on post-prandial glycemic response.

Agri Agri-Food Canada Richardson Centre Funct Foods Nutraceut. (2015)
196:21-3. doi: 10.15562/diabesity.2015.15
Sanlier N. Promising
glyceamic control in diabetes. Trends
83:159-66. doi: 10.1016/j.tifs.2018.11.018

effects of P-glucans on
Food Sci Technol. (2019)

. Jenkins D, Wolever T, Leeds AR, Gassull MA, Haisman P, Dilawari J, et al.

Dietary fibres, fibre analogues, and glucose tolerance: importance of viscosity.
Br Med J. (1978) 1:1392-4. doi: 10.1136/bm;.1.6124.1392

. Daou C, Zhang H. Oat beta-glucan: its role in health promotion and

prevention of diseases. Comprehens Rev Food Sci Food Safety. (2012) 11:355-
65. doi: 10.1111/j.1541-4337.2012.00189.x

. Dunaif G, Schneeman B. The effect of dietary fiber on human

pancreatic enzyme activity in vitro. Am ] Clin  Nutr. (1981)

34:1034-5. doi: 10.1093/ajcn/34.6.1034

. Behall KM, Scholfield DJ, Hallfrisch JG. Barley f-glucan reduces plasma

glucose and insulin responses compared with resistant starch in men. Nutr
Res. (2006) 26:644-50. doi: 10.1016/j.nutres.2006.10.001

. Bidrklund M, Van Rees A, Mensink R, Onning G. Changes in serum lipids

and postprandial glucose and insulin concentrations after consumption of
beverages with B-glucans from oats or barley: a randomised dose-controlled
trial. Eur J Clin Nutr. (2005) 59:1272-81. doi: 10.1038/sj.ejcn.1602240

. Havrlentova M, Petrulakova Z, Burgarova A, Gago F, Hlinkova A, Sturdik E. B-

glucans and their significance for the preparation of functional foods-a review.
Czech ] Food Sci. (2011) 29:1-14. doi: 10.17221/162/2009-CJFS

Regand A, Chowdhury Z, Tosh SM, Wolever TM, Wood P. The molecular
weight, solubility and viscosity of oat beta-glucan affect human glycemic
response by modifying starch digestibility. Food Chem. (2011) 129:297-
304. doi: 10.1016/j.foodchem.2011.04.053

El Khoury D, Cuda C, Luhovyy B, Anderson G. Beta glucan: health
benefits in obesity and metabolic syndrome. ] Nutr Metabol. (2012)
2012:851362. doi: 10.1155/2012/851362

Kale MS, Yadav MP, Hicks KB, Hanah K. Concentration and shear rate
dependence of solution viscosity for arabinoxylans from different sources.
Food Hydrocoll. (2015) 47:178-83. doi: 10.1016/j.foodhyd.2015.01.012

Dhital S, Dolan G, Stokes JR, Gidley MJ. Enzymatic hydrolysis of starch in
the presence of cereal soluble fibre polysaccharides. Food Function. (2014)
5:579-86. doi: 10.1039/c3f060506]

Andrade EE, Lobato RV, De Araujo TV, Zanger6nimo MG, De Sousa RV,
Pereira L]. Effect of beta-glucans in the control of blood glucose levels
of diabetic patients: a systematic review. Nutr Hospital. (2015) 31:170-
7. doi: 10.3305/nh.2015.31.1.7597

EFSA Panel on Dietetic Products N, Allergies. Scientific Opinion on the
substantiation of health claims related to beta-glucans from oats and barley
and maintenance of normal blood LDL-cholesterol concentrations (ID 1236,
1299), increase in satiety leading to a reduction in energy intake (ID 851,
852), reduction of post-prandial glycaemic responses (ID 821, 824), and
“digestive function”(ID 850) pursuant to Article 13 (1) of Regulation (EC) No
1924/2006. EFSA J. (2011) 9:2207. doi: 10.2903/j.efsa.2011.2207

Blewett H, Ames N, Petkau ], Joseph S, Ludwig SJCDIN. Randomized
controlled crossover dose-response trial shows low dose (2 g) barley p-glucan

Storsley, and Shusheng Zhao for their technical support;
and Dr. Peter Eck from the University of Manitoba for
providing the infrastructure to conduct glucose transport
studies in oocytes.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

provided in waffles lowers post-prandial glycaemic response in healthy.
Adults. (2020) 4:615. doi: 10.1093/cdn/nzaa049_008

Dona AGC, Pages G, Gilbert RG, Kuchel PW. Digestion of starch: in vivo and
in vitro kinetic models used to characterise oligosaccharide or glucose release.
Carbohydrate Polym. (2010) 80:599-617. doi: 10.1016/j.carbpol.2010.01.002
Sim L, Willemsma C, Mohan S, Naim HY, Pinto BM, Rose DR.
Structural basis for substrate selectivity in human maltase-glucoamylase and
sucrase-isomaltase N-terminal domains. | Biol Chem. (2010) 285:17763-
70. doi: 10.1074/jbc.M109.078980

. Burant C, Takeda J, Brot-Laroche E, Bell G, Davidson N. Fructose transporter

in human spermatozoa and small intestine is GLUTS5. J Biol Chem. (1992)
267:14523-6. doi: 10.1016/S0021-9258(18)42067-4

Wright E, Hirayama B, Loo D. Active sugar transport in health and disease. J
Internal Med. (2007) 261:32-43. doi: 10.1111/j.1365-2796.2006.01746.x
Battilana P, Ornstein K, Minehira K, Schwarz ], Acheson K, Schneiter P, et
al. Mechanisms of action of B-glucan in postprandial glucose metabolism in
healthy men. Eur J Clin Nutr. (2001) 55:327-33. doi: 10.1038/sj.ejcn.1601160
Minekus M, Marteau P, Havenaar R. Multicompartmental dynamic computer-
controlled model simulating the stomach and small intestine. Alternativ Lab
Anim. (1995) 23:2. doi: 10.1177/026119299502300205

Malunga LN, Izydorczyk M. Antiglycemic effect of water extractable
arabinoxylan from wheat aleurone and bran. J Nutr Metabol. (2017)
2017:5784759. doi: 10.1155/2017/5784759

Henrion M, Francey C, Lé K-A, Lamothe L. Cereal B-glucans: the impact
of processing and how it affects physiological responses. Nutrients. (2019)
11:1729. doi: 10.3390/nu11081729

Brennan CS. Dietary fibre, glycaemic response, and diabetes. Mol Nutr Food
Res. (2005) 49:560-70. doi: 10.1002/mnfr.200500025

Gallant D, Bouchet B, Buléon A, Perez S. Physical characteristics of starch
granules and susceptibility to enzymatic degradation. Eur J Clin Nutr.
(1992) 46:S3-16.

Heaton KW, Marcus S, Emmett P, Bolton C. Particle size of wheat, maize,
and oat test meals: effects on plasma glucose and insulin responses and
on the rate of starch digestion in vitro. Am J Clin Nutr. (1988) 47:675-
82. doi: 10.1093/ajcn/47.4.675

Banchathanakij R, Suphantharika M. Effect of different p-glucans on the
gelatinisation and retrogradation of rice starch. Food Chem. (2009) 114:5-
14. doi: 10.1016/j.foodchem.2008.09.016

Wright EM, Marti NMNG, Turk E. Intestinal absorption in health
and disease—sugars. Best Pract Res Clin Gastroenterol. (2003) 17:943-
56. doi: 10.1016/S1521-6918(03)00107-0

Zheng Y, Scow JS, Duenes JA, Sarr MG. Mechanisms of glucose
uptake in intestinal cell lines: role of GLUT2. Surgery. (2012) 151:13-
25. doi: 10.1016/j.surg.2011.07.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Malunga, Ames, Zhouyao, Blewett and Thandapilly. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Nutrition | www.frontiersin.org

April 2021 | Volume 8 | Article 628571


https://doi.org/10.1017/S0007114514000889
https://doi.org/10.15562/diabesity.2015.15
https://doi.org/10.1016/j.tifs.2018.11.018
https://doi.org/10.1136/bmj.1.6124.1392
https://doi.org/10.1111/j.1541-4337.2012.00189.x
https://doi.org/10.1093/ajcn/34.6.1034
https://doi.org/10.1016/j.nutres.2006.10.001
https://doi.org/10.1038/sj.ejcn.1602240
https://doi.org/10.17221/162/2009-CJFS
https://doi.org/10.1016/j.foodchem.2011.04.053
https://doi.org/10.1155/2012/851362
https://doi.org/10.1016/j.foodhyd.2015.01.012
https://doi.org/10.1039/c3fo60506j
https://doi.org/10.3305/nh.2015.31.1.7597
https://doi.org/10.2903/j.efsa.2011.2207
https://doi.org/10.1093/cdn/nzaa049_008
https://doi.org/10.1016/j.carbpol.2010.01.002
https://doi.org/10.1074/jbc.M109.078980
https://doi.org/10.1016/S0021-9258(18)42067-4
https://doi.org/10.1111/j.1365-2796.2006.01746.x
https://doi.org/10.1038/sj.ejcn.1601160
https://doi.org/10.1177/026119299502300205
https://doi.org/10.1155/2017/5784759
https://doi.org/10.3390/nu11081729
https://doi.org/10.1002/mnfr.200500025
https://doi.org/10.1093/ajcn/47.4.675
https://doi.org/10.1016/j.foodchem.2008.09.016
https://doi.org/10.1016/S1521-6918(03)00107-0
https://doi.org/10.1016/j.surg.2011.07.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Beta-Glucan From Barley Attenuates Post-prandial Glycemic Response by Inhibiting the Activities of Glucose Transporters but Not Intestinal Brush Border Enzymes and Amylolysis of Starch
	Introduction
	Materials and Methods
	Materials
	Waffle Formulation
	TIM-1 Gastro-Intestinal Model
	Glucose Determination on TIM-1 Dialysates Using Acid Hydrolysis
	Determination of Waffle Viscosity
	Effect of BG on Intestinal Brush Border α-glucosidase Activity
	Preparation of cRNA for Oocyte Expression
	Preparation of Oocytes
	Injection of Oocytes
	Glucose Uptake Studies in GLUT2 or SGLT1 Injected Oocytes
	Statistics

	Results
	Waffle Viscosity
	The in vitro Carbohydrate Digestibility of Waffles Using TIM-1 Dynamic Stomach Model
	Effect of Barley BG on the α-Glucosidase Activity
	Effect of Barley BG on the Glucose Uptake in Oocytes Expressing Human GLUT2
	Effect of Barley BG on the Glucose Uptake in Oocytes Expressing Human SGLT1

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


