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Red rice (Oryza sativa L.) consumption has grown recently, partly due to its potential health benefits in several
disease prevention. The impact of red rice bran aqueous extract (RRBE) on intestinal glucose uptake and diabetes
mellitus (DM) progression has not been thoroughly investigated. This study aimed to evaluate the effect of RRBE
on ex vivo intestinal glucose absorption and its potential as an antihyperglycemic compound using a high-fat diet
and streptozotocin (STZ)-induced diabetic rats. High-fat diet/STZ-induced diabetic rats were supplemented with
either 1000 mg/kg body weight (BW) of RRBE, 70 mg/kg BW of metformin (Met), or a combination of RRBE and
Met for 3 months. Plasma parameters, intestinal glucose transport, morphology, liver and soleus muscle glycogen
accumulation were assessed. Treatment with RRBE, metformin, or combination markedly reversed hypergly-
cemia, hypertriglyceridemia, insulin resistance, and pancreatic morphology changes associated with T2DM.
Correspondingly, all supplements effectively downregulated glucose transporters, resulting in a reduction of
intestinal glucose transport—additionally, liver and soleus muscle glycogen accumulation was reduced in RRBE
+ Met treated group. Taken together, RRBE potentially suppressed intestinal glucose transporters’ function and
expression, reducing diabetic status.

intestinal tract.* The main point is that the intestinal barrier plays a role
in blood glucose level control. Therefore, any change in these trans-

1. Introduction

Glucose is a primary energy source for both aerobic and anaerobic
cellular respiration. Glucose from foods is absorbed across the absorp-
tive enterocytes of the small intestine. The glucose is transported across
the brush border membrane (BBM) to the bloodstream through a
sodium-dependent glucose cotransporter 1 (SGLT1). In addition, glucose
is transferred from the blood flow via glucose transporter 2 (GLUT2)
localized in the basolateral membrane.' A previous study reported that
2 h after eating a meal in humans, glucose was found in the upper

porters will likely affect blood glucose levels. The increment of intestinal
SGLT1 and GLUT2 expression and function is involved in hyperglycemia
and diabetes mellitus.! Hyperglycemia is a hallmark of type 2 diabetes
(T2DM), diagnosed when fasting blood sugar exceeds 126 mg/dL. A
significant level of intestinal glucose uptake in diabetic conditions re-
lates to small intestinal SGLT1 and GLUT2 expression.” ® Therefore, it is
reasonable to consider these transporters as targets for treating T2DM.

Rice is a significant grain consumed by the world’s population. Asia-
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Pacific is the world’s central rice-growing region. It has an output of
approximately 90 % of the world’s total production. Some byproducts
occur in the rice milling process, including 20 % of the rice husk, germ,
and seed coat, known as rice bran, and 10.5 % of whole-grain rice.
However, some studies indicate that excessive white rice consumption
increases the risk of diabetes or metabolic syndrome.”'® Thus, colored
rice is widely consumed by health-conscious and older consumers. The
red, purple, and black rice bran has several advantageous effects, such as
anti-cancer, anti-inflammatory, and antioxidant properties. However,
different bran colors contain different pigments and major components.
Previous studies reported that red rice contains several active com-
pounds, including proanthocyanidin, catechin, epicatechin, 3-O-gal-
lates, and epigallates.'""'? Red rice crude extract has anti-cancer,
anti-inflammatory, antioxidant properties, anti-obesity, and improved
insulin resistance.'>'® Furthermore, red rice bran extract has
anti-cancer properties by inhibiting cancer cell growth.'”>'® It was also
found that ethanol extract from red jasmine rice bran had the best
antioxidant activity compared to other strains.'” The red rice bran
extract also shows anti-obesity activity by reducing glucose transport
into fat cells 3T3-L1 via a-glucosidase and a-amylase enzyme inhibition
compared with purple rice bran extract.'® A recent study demonstrated
that red rice bran ethanol extract modulates liver and skeletal muscle
glucose transporter 4 (GLUT4), skeletal muscle insulin-degrading
enzyme expression resulting in decreased insulin resistance in obese
mice.'* However, the effect of red rice bran aqueous extract on glucose
transport through intestinal epithelium cells in diabetic condition
remain unclear. Therefore, the possibility of a protective effect of RRBE
on intestinal glucose transporter function, as well as potential mecha-
nisms, are addressed in this study on experimental T2DM rats.

The findings provide insight into the possible advantages of RRBE
supplementation in diabetes mellitus and associated conditions.

2. Materials and methods
2.1. Chemicals

Streptozotocin and CelLytic™ mammalian tissue lysis/extraction
reagents were purchased from Sigma Aldrich (St. Louis, MO, USA).
Polyclonal rabbit anti-SGLT1, GLUT2, 5' AMP-activated protein kinase,
and p-AMPK were purchased from Merck KGaA. Monoclonal mouse
alkaline phosphatase (ALP) antibodies were obtained from Novus Bi-
ologicals, LLC. Monoclonal mouse anti-f-actin and hepatocyte nuclear
factor 1 alpha (HNF1a) were purchased from Abcam. 2-(N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) was obtained
from Thermo Fisher Scientific, Inc. All other chemicals with high purity
were obtained from commercial sources.

2.2. Red rice bran aqueous extract preparation, qualification, total
phenolic and anthocyanin content measurement

Red glutinous rice bran was purchased from a Thai farmer at Ban Dok
Bua, Ban Tun sub-district, Muang Phayao district, Phayao, Thailand. A
hundred grams of dried red rice bran (RRB) was boiled in 1000 mL water
at 100 °C for 10 min. RRB aqueous solution was filtered through filter
paper before being freeze-dried using a freeze dryer (Scanvac, Lillergd,
Denmark), producing RRBE with a yield of 20 % (w/w). The chemical
constituents of RRBE, namely epicatechin, protocatechuic acid, vanillic
acid, caffeic acid, and chlorogenic acid (Sigma-Aldrich; St. Louis, MO,
USA), were utilized as benchmarks for validation and quantification
through high-performance liquid chromatography (HPLC) with diode
array detection on an Agilent 1200 series chromatograph (Agilent
Technologies, Inc, CA USA) at the Science and Technology Service
Centre, Faculty of Science, Chiang Mai University (Chiang Mai,
Thailand). This analysis followed the ISO/IEC 17025 method (Interna-
tional Organization for Standardization, 2005). The flow rate was 0.6
mL/min. The column used was a Zorbax Eclipse XDB-C18 (4.6 x 150
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mm, 5 pm) and the absorption wavelength was selected at 280 nm. The
mobile phase for detected chlorogenic acid and caffeic acid was a binary
solvent system of 2 % acetic acid dissolved in HPLC water (solvent A)
and absolute methanol (solvent B). Moreover, the mobile phase for
detected protocatechuic acid, vanillic acid, and epicatechin was a binary
solvent system of 0.1 % formic acid dissolved in HPLC water (solvent A)
and absolute methanol (solvent B). In addition, total phenolic and
anthocyanin contents were quantified using Folin-Ciocalteu reagent and
vanillin assay, respectively, as previously described.?%?!

2.3. Animals and induction of experimental type 2 diabetic rats

Forty-eight male Wistar rats weighing 170-220 g were obtained from
Nomura Siam International, Bangkok, Thailand. The Laboratory Animal
Care and Use Committee approved the animal facility and protocols at
the University of Phayao, Phayao, Thailand (Protocol no. 640104013).
All rats used in the experiment were housed in a controlled environment
with a 12-h light and dark cycle. They were randomly divided into two
groups: the normal diet group consumed a commercial normal chow diet
(CP Mice Feed, n0.082, Bangkok, Thailand) with 19.77 % of total energy
from fat, while the high-fat diet group had access to food containing
approximately 60 % of total energy from fat. After two weeks, the high-
fat diet group received a single intraperitoneal injection of 40 mg/kg
body weight of streptozotocin (STZ) dissolved in 0.09 M citrate buffer
(Sigma-Aldrich; St. Louis, MO, USA). The normal diet group received a
citrate buffer injection. A hundred microliter of blood samples were
collected from the tail vein two weeks after the intraperitoneal injection
of STZ, to determine overnight fasting blood glucose levels using a
colorimetric assay (Erba Diagnostics, Mannheim, Germany). As shown
in Fig. 1, rats with fasting blood glucose levels exceeding 250 mg/dL
were considered diabetic.?? Then, the rats were randomly divided into
six groups (Table 1): normal diet (ND), ND supplemented with RRBE at
1000 mg/kg BW (ND + RRBE), type 2 diabetes (DM), DM supplemented
with RRBE at 1000 mg/kg BW (DM + RRBE), DM treated with metfor-
min at 70 mg/kg BW (DM + Met), and DM receiving a combination of
RRBE at 1000 mg/kg BW and metformin at 70 mg/kg BW (DM + RRBE
+ Met). The selection of this single, high dose was due to our preliminary
study demonstrating that after glucose loading, the plasma glucose level
did not change over 120 min in 1000 mg/kg RRBE pretreated normal
group. RRBE and metformin were dissolved in deionized water, and the
rats received their respective supplements once daily for 12 weeks by
oral gavage. Body weight was measured weekly, and food and water
intake were recorded daily. Before sacrifice, an oral glucose tolerance
test (OGTT) was conducted. The area under the curve (AUC) was
calculated using GraphPad Prism version 10.0.3 (GraphPad Software,
MA, USA). At the end of the experiment, the animals were euthanized
using COs.

2.4. Biochemical analysis

Plasma glucose and triglyceride levels were measured using enzy-
matic colorimetric assay kits obtained from Erba Mannheim (ERBA Di-
agnostics Mannheim, FL, USA). The plasma insulin concentration was
determined using Rat/Mouse Insulin ELISA assay kits (Merck KGaA,
Germany). To assess insulin resistance, the homeostasis assessment of
insulin resistance (HOMA) index was calculated using the formula:
fasting plasma insulin (pU/mL) multiplied by fasting plasma glucose
(mmol/L) divided by 22.5.%°

2.5. Glucose transport in ex vivo rat jejunal loops

To address the effect of RRBE on glucose transport using an isolated
jejunal loop, small intestinal tracts were removed, cleaned, and flushed
with PBS. The jejunum was ligated to a length of 1.5 cm and intra-
luminally injected with PBS containing 2 mM 2-NBDG (Thermo Fisher
Scientific, MA, USA) for 30 min. At the end of the experiment, the
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Fig. 1. Schematic representation of animals and induction of experimental model. Created with BioRender.com.

Table 1
Experimental groups and the number of animals.

Group Group description Total number of
abbreviation animals included in
the study
ND Normal rats received a normal diet 6
ND + RRBE ND supplemented with RRBE at 1000 6
mg/kg BW
DM Type 2 diabetes mellitus rats 6
DM + RRBE DM supplemented with RRBE at 1000 6
mg/kg BW
DM + Met DM was treated with metformin at 70 6
mg/kg BW
DM + RRBE + DM supplemented a combination of 6
Met RRBE at 1000 mg/kg BW and metformin

at 70 mg/kg BW

epithelial tissue was removed. The jejunal epithelium was dissolved in
PBS. The fluorescence intensity was measured using a Synergy™ HT
microplate reader (BioTek Instruments, Inc.) at excitation and emission
wavelengths of 485 and 535 nm, respectively, and calculated as fmol/
mg protein/min.

2.6. Histological analysis

The pancreas, a 1 cm segment of the jejunum, liver, and soleus
muscle, were removed, fixed in 4 % paraformaldehyde at 4 °C for 12-24
h, rinsed with phosphate buffer saline (PBS), and then embedded in
paraffin blocks. These paraffin blocks were later sliced into 5-7 pm thick
sections and placed on slides coated with gelatin. The slides were stained
using hematoxylin and eosin (H&E), following established protocols to
assess the morphology of the pancreas and intestine and identify any
abnormalities.?* In addition, liver and soleus muscle slides were stained
with periodic acid-Schiff base (PAS) for evaluated glycogen deposit in
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the tissues.
2.7. Hepatic and skeletal muscle glycogen content analysis

The hepatic and muscle glycogen levels determination were modi-
fied as previously described.? The frozen liver and soleus muscle were
digested for 30 min in 30 % Potassium hydroxide (KOH) solution at
95 °C for glycogen determination. Its extraction was performed in two
stages of precipitation by using 1 M of sodium sulfate (Na;SO4) and
ethanol solution under heat and centrifuged at 20,000 x g for 5 min. The
pallets were washed twice with HoO and ethanol. After that, the dried
pellets were resuspended with 0.3 mg/mL amyloglucosidase and incu-
bated at 37 °C for 3 h. The glucose levels were quantified by enzymatic
colorimetric assay using commercial kits obtained from Erba Mannheim
(ERBA Diagnostics Mannheim, FL, USA).

2.8. Immunofluorescence staining

Jejunum was excised, fixed in 4 % paraformaldehyde at 4 °C for
12-24 h, washed with PBS, and embedded in paraffin blocks. The sec-
tions were deparaffinized in xylene, rehydrated in gradient ethanol, and
subjected to high-temperature antigen retrieval in citrate buffer (pH
6.0). Sections were blocked with 5 % BSA for 30 min and stained with
rabbit anti-SGLT1 (Cat. No. 07-1402-1, Merck KGaA, Germany) and
rabbit anti-GLUT2 (Cat. No. 07-1402-I, Merck KGaA, Germany), and
Alexa Fluor 488-labeled rabbit (Thermo Fisher Scientific, MA, USA) was
sequentially added. After immunoreaction, sections were incubated
with DAPI (Thermo Fisher Scientificc MA, USA) for 5 min before
mounting. Slides were detected using a Nikon Eclipse Ni-U fluorescent
microscope (original magnification 40) (Nikon Corporation, Japan).

2.9. Subcellular fractionation and western blot analysis

Subcellular fractions were prepared through differential
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centrifugation. The absorptive tissues of the jejunum were homogenized
and centrifuged at 5000x g for 10 min at 4 °C, resulting in a supernatant
referred to as the whole-cell lysate. Half of this supernatant underwent
further centrifugation at 100,000 g for 2 h. The resulting supernatant
represented the cytosolic fraction, while the pellet was resuspended in
the same buffer and designated as the membrane fraction. The protein
concentration in each sample was determined using a Bradford assay
(Bio-Rad Laboratories, Inc.), and the samples were stored at —80 °C until
further use. For Western blot analysis, the samples were mixed with 4X
Laemmli solution, subjected to electrophoresis using 10 % SDS-PAGE,
and transferred to PVDF membranes (Merck KGaA, Germany). Non-
specific binding was blocked by incubating the membranes with 5 %
(w/v) non-fat dry milk in 0.05 % Tween-20 in Tris-buffered saline (TBS-
T) for 1 h at room temperature. The membranes were then incubated
overnight at 4 °C with specific antibodies such as polyclonal anti-rabbit
SGLT1 (1: 500, Cat. No. 07-1417, Merck), GLUT2 (1: 500, Cat. No. 07-
1402-1, Merck KGaA, Germany), AMPK (Cat. No. AF3197, R&D Systems,
MN, USA), p-AMPK (1: 500, Cat. No. 07-681, Merck KGaA, Germany),
HNF-1a (1: 500, Cat. No. ab96777, Abcam, United Kingdom), mono-
clonal anti-mouse alkaline phosphatase (ALP) (1: 500, BBM marker; Cat.
No. NB110-3638, Novus International, MO, USA), or anti-mouse $-actin
(1: 500, Cat. No. ab8227, Abcam, United Kingdom) antibodies.
Following washing with TBS-T buffer, the PVDF membranes were
incubated with horseradish peroxidase-conjugated ImmunoPure sec-
ondary antibodies (goat anti-rabbit or anti-mouse IgG) for 1 h at room
temperature. Protein bands were visualized using Clarity Western ECL
Substrate (Bio-Rad Laboratories, Inc.) and semi-quantitatively analyzed
using ImageJ version 1.44p (National Institutes of Health).

2.10. Statistical analysis

Data were expressed as mean + SEM. Statistical differences were
assessed using one-way ANOVA followed by Tukey’s post hoc test.
Statistical analyses were conducted using Statistical Package for IBM
SPSS Statistical Software version 23 (IBM Corp., NY, USA). Differences
were considered to be significant when p < 0.05.

3. Results
3.1. Phenolic compounds in RRBE

HPLC chromatogram of RRBE reliably detected protocatechuic acid,
caffeic acid, vanillic acid, and epicatechin with retention time at 7.239,
8.486, 22.264, and 27.626 min (Fig. 2B and D). The calculated amount
of each significant constituent found in RRBE, as obtained from their
respective calibration curves, is shown in Table 2. Compared to other
phenolic compounds, a high epicatechin content was obtained (15.5
mg/kg). In addition, protocatechuic acid was found at 11.2 mg/kg of
RRBE, whereas vanillic acid and caffeic acid were present at 5.32 and
0.55 mg/kg of RRBE, respectively (Table 2). As shown in Table 3, the
total phenolic content of RRBE was 871.22 £+ 12.24 mg gallic acid
equivalents (GAE)/kg RRBE. The anthocyanin content was 6.20 + 0.24
mg catechin/g RRBE.

3.2. Effects of RRBE on general characteristics, glucose tolerance, and
pancreatic morphology in T2DM rats

As indicated in Table 4, There was no significant difference in body
weight among the experimental groups. T2DM rats demonstrated
significantly higher plasma glucose and triglyceride levels than the ND
group. Once again, these values were significantly reduced in DM +
RRBE, DM + Met, and DM + RRBE + Met rats compared to the T2DM
group. Although no significant differences were observed in plasma in-
sulin levels among the experimental groups, the HOMA index, which
indicates insulin resistance, was significantly elevated in T2DM rats.
However, RRBE, metformin, and the combination treatment showed a
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Fig. 2. A representative HPLC chromatogram of (A) Red rice bran aqueous

extract (RRBE) for detect chlorogenic acid and caffeic acid contents, (B)
chlorogenic acid and caffeic acid standard, and (C) red rice bran aqueous
extract (RRBE) for detect protocatechuic acid, vanillic acid, and epicatechin (D)
protocatechuic acid, vanillic acid, and epicatechin standards at the absorption
wavelength 280 nm.

decrease in this parameter. This suggests that RRBE provided benefits in
improving hyperglycemia, hypertriglyceridemia, and insulin resistance
in T2DM rats as well as metformin. Similar to the typical characteristics
of T2DM, the results demonstrated that T2DM rats exhibited glucose
intolerance, as indicated by a significant increase in AUC (1613.83 +
46.68 mg x min/dL, p < 0.05). However, T2DM rats treated with RRBE
952.67 + 111.00 mg x min/dL, p < 0.05), metformin (881.58 + 126.70
mg x min/dL, p < 0.05), or combination treatment (801.32 + 45.38 mg
x min/dL, p < 0.05) showed a significantly reduced AUC compared to
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Table 2
The quantification parameters and quantitative amount of significant
components in red rice bran aqueous extract (RRBE).

Major component Amount (mg/kg of RRBE)

Epicatechin 15.5

Protocatechuic acid 11.2

Vanillic acid 5.32

Caffeic acid 0.55

Chlorogenic acid ND
Table 3

Total phenolic contents and anthocyanin of RRBE.

Bioactive Amount

Total phenolic content (mg GAE/kg RRBE)
Anthocyanin (mg Catechin/g RRBE)

871.22 +£12.24
6.20 + 0.24

T2DM rats (Fig. 3A and B). These findings suggest that RRBE has anti-
diabetic effects against hyperglycemia, hyperlipidemia, insulin resis-
tance, and glucose intolerance.

To further investigate the pancreatic protective effects of RRBE, a
morphological analysis was performed using standard methods for tis-
sue biopsy, i.e., hematoxylin and eosin (H&E) staining. Fig. 3C and D
shows that ND and ND + RRBE demonstrated normal pancreatic islet
structures. Moreover, a microscopic examination of pancreatic tissues of
the diabetic group showed the pancreatic islets of Langerhans were
damaged, as indicated by disrupted islet integrity and uneven bound-
aries (blue arrow), vacuolation (green arrow) and decreased vasculature
with cellular infiltration with cells as lymphocytes and mononuclear
cells with focal areas of degeneration, congestion, and necrosis (red
arrow) (Fig. 3E) compared to normal patterns. Furthermore, the
pancreatic morphology in DM + Met still showed islet integrity
disruption and uneven boundaries (blue arrow) (Fig. 3G). Treatment
with the RRBE and combination with metformin and RRBE resulted in
pancreatic morphologies resembling those of normal rats (Fig. 3F and
H).

3.3. RRBE inhibited glucose uptake in intestinal absorptive tissues

The inhibitory effect of RRBE on glucose absorption was evaluated.
As shown in Fig. 4A, the intestinal fluorescent glucose analog uptake
level was significantly higher in T2DM rats (592.63 £+ 71.98 fmol/mg
protein, p < 0.05) when compared with ND rats. In addition, this level
was significantly reduced in DM + RRBE (367.72 + 62.42 fmol/mg
protein, p < 0.05), DM + Met (274.00 + 32.08 fmol/mg protein, p <
0.05), and DM + RRBE + Met rats (167.67 + 12.45 fmol/mg protein, p
< 0.05) compared to the T2DM group, suggesting that RRBE amelio-
rated intestinal glucose absorption in T2DM.

To further investigate the effect of RRBE on jejunal epithelial tissue
morphology, hematoxylin, and eosin (H&E) staining was performed. As
shown in Fig. 4B-G, there were no differences in the jejunal tissue
structures among experimental groups, suggesting that the diabetes
condition in this study did not affect jejunal absorptive tissues. Thus, this
study clearly shows that a high-fat diet combined with a low dose of STZ
not altered intestinal morphology but increased intestinal glucose
transport function.

Table 4
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3.4. RRBE interfered with intestinal glucose uptake via downregulated
sodium/glucose cotransporter protein 1 (SGLT1)

To evaluate whether the inhibited intestinal glucose transport caused
by RRBE was due to the downregulation of SGLT apical membrane
expression, intestinal SGLT1 protein expression was determined using
immunofluorescence. The results show that the immunostaining for
apical membrane SGLT1 showed no difference between ND (Fig. 5A)
and ND + RRBE (Fig. 5B) rats. Moreover, the SGLT1 glucose transporter
was increased in brush border membrane (BBM) SGLT1 expression
(white arrow) in Type 2 DM rats (Fig. 5C). In T2DM rats receiving RRBE
(Fig. 5D), MET (Fig. 5E), and RRBE + Met (Fig. 5F) rats, the expression
of SGLT1 protein was downregulated in the intestinal epithelium.

This study further confirmed the effects of RRBE on SGLT1 expres-
sion using Western blot. As shown in Fig. 5G, intestinal membrane
SGLT1 protein expression was significantly decreased in DM + RRBE
treated group (0.32 + 0.11 a. u., p < 0.05), while metformin and RRBE
combined with metformin were not different compared to that of T2DM
rats. However, there were no significant differences in cytosolic fraction
among groups (Fig. 5H). The data presentation suggests that RRBE-
induced down-regulation of SGLT1 membrane protein expression
reduced glucose uptake in the T2DM rat model.

3.5. RRBE suppressed glucose transporter 2 (GLUTZ2) expression leading
to decreased intestinal glucose transport

After RRBE treatment, the expression of GLUT2 was not different
between ND and ND + RRBE-treated rats (Fig. 6A and B). However, the
elevation of GLUT2 expression at the intestinal apical membrane was
observed in T2DM rats, as shown with green fluorescence (Fig. 6C).
Surprisingly, this elevation was reduced in RRBE, metformin, and
combination-treated groups (Fig. 6D, E, and F). The subcellular distri-
bution changes of GLUT2 in intestinal epithelial cells were further
studied. The results showed that GLUT2 was increased in localization in
the membrane fraction of intestinal epithelial cells in diabetic rats (1.17
+ 0.26 a. u., p < 0.05) (Fig. 6G). Moreover, treated with RRBE (0.22 +
0.0.09 a. u.,, p < 0.05), metformin (0.45 + 0.17 a. u.,, p < 0.05), and
RRBE + Met (0.41 + 0.02 a. u., p < 0.05) for 12 weeks decreased in-
testinal epithelium membrane GLUT2 expression, as shown in Fig. 6G.
Although GLUT?2 protein expression was reduced in the cytosol fraction
of the DM group (0.15 £ 0.07 a. u., p < 0.05), it was not significantly
reduced in all treatment groups (Fig. 6H).

3.6. RRBE did not downregulate glucose transporters via phosphorylation
of AMPK or HNFla

As shown in Fig. 7A, the activation of AMPK was elevated in the DM
+ Met (1.08 + 0.09 a. u., p < 0.05) and DM + RRBE + Met groups (1.30
+0.09 a. u., p < 0.05). These results implied that the activation of AMPK
in DM + RRBE + Met rats might be due to metformin drugs. Fig. 7B
showed the expression of HNFla was no different between ND and ND
+ RRBE groups. Moreover, HNFla increased in T2DM intestinal
epithelium tissue (2.39 + 0.22 a. u., p < 0.05). However, it was not
significantly decreased in all treatment groups. Therefore, these data
suggest that RRBE might be inhibited by GLUT2 transport function and
expression via other regulators.

The effect of RRBE on general characteristics and plasma parameters in type 2 diabetes mellitus (T2DM) rats.

ND ND + RRBE DM

DM + RRBE DM + Met DM + RRBE + Met

Body weight (g) 490.00 £+ 16.16 478.58 £ 25.45

549.29 + 25.92

524.17 + 21.58 502.86 + 13.40 479.17 £ 36.22

Glucose (mg/dL) 96.19 + 15.62 127.74 + 24.53% 272.98 + 22.32* 142.08 + 29.29% 142.26 + 17.41% 146.17 + 34.56"
Insulin (ng/mL) 6.43 +1.12 6.20 + 0.72 5.87 + 1.05 5.51 + 0.57 5.33 + 0.95 6.08 + 1.27
HOMA index 34.23 + 5.35 40.90 + 4.45% 63.54 + 3.54*% 40.90 + 7.69% 36.41 + 4.52% 41.92 + 5.23%
Triglycerides (mg/dL) 80.20 + 8.86 76.73 + 12.61% 331.51 + 35.69* 176.79 + 32.14% 193.16 + 15.64% 162.43 + 22.65%
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Fig. 3. The impact of RRBE on glucose intolerance in type 2 diabetic (T2DM) rats. Blood glucose levels were measured at the baseline and after glucose loading (1 g/
kg BW) for 120 min. (A) Plasma glucose levels were determined using a commercially available colorimetric assay. (B) The total area under the curve (AUC) was
calculated based on the data from (A). The results are presented as mean + SEM (n = 6), *p < 0.05 compared to the ND group, #p < 0.05 to the T2DM group. (C-H)
Microscopic images of pancreas tissues stained with conventional hematoxylin and eosin (H&E). (C) Normal diet (ND), (D) ND treated with RRBE (ND + RRBE), (E)
T2DM rat (DM), (F) T2DM treated with RRBE (DM + RRBE), (G) T2DM treated with metformin (DM + Met), (H) T2DM treated with RRBE and metformin (DM +
RRBE + Met). Pancreas samples from each experimental group were collected, fixed, embedded, sectioned, and stained with H&E (original magnification 40x). The
assay was repeated at least three times using different sets of animals. The data were subsequently analyzed using bright-field microscopy.

3.7. Combination with RRBE and metformin decrease blood glucose by
elevating glycogen accumulation in soleus muscle and liver tissues

To further investigate the effect of RRBE on glycogen content, tissue
glycogen extraction and Periodic acid-Schiff (PAS) staining were per-
formed. The liver glycogen contents were significantly decreased in the
DM group (129.09 + 6.37 mg/g protein, p < 0.05) compared to the ND
group (278.61 + 29.70 mg/g protein, p < 0.05) (Fig. 8A). Furthermore,
this content was significantly elevated in the DM + RRBE + Met group
(273.09 + 47.63 mg/g protein, p < 0.05) compared to the DM group.
The results of the PAS staining of the liver cross-section are confirmed in
Fig. 8B-G. The glycogen accumulation showed a greater positively
stained area (purple color) in ND (Fig. 8B) and ND + RRBE (Fig. 8C) than
in the diabetic rats (Fig. 8D). Treatment with the combination of RRBE
and metformin appeared to elevate the level of positive staining
(Fig. 8G).

Similarly, glycogen accumulation in the soleus muscle was markedly
reduced in the DM rats (12.49 + 1.38 mg/g protein, p < 0.05) compared
to the control (31.63 + 3.52 mg/g protein, p < 0.05) (Fig. 8H).
Furthermore, the glycogen content was significantly increased in the
DM + RRBE + Met group (27.61 + 2.57 mg/g protein, p < 0.05). Again,
the PAS staining of the soleus muscle in each group is confirmed in
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Fig. 8I-N. The ND (Fig. 8I) and ND + RRBE (Fig. 8J) have a greater
positive stained area than the DM group (Fig. 8K). However, supple-
menting with RRBE + Met increased the positive staining area (Fig. 8N).
These data suggest combining red rice bran aqueous extract and met-
formin can improve glycogen storage in DM rats’ liver and soleus
muscle.

4. Discussion

This study was to investigate the beneficial effects of RRBE in dia-
betic conditions. RRBE at 1000 mg/kgBW of RRBE in this study can be
converted to a human dose at 9720 mg/60kgBW/day, according to a
previous study.”® As shown in Table 4, fasting plasma glucose, HOMA
index, and triglyceride levels were markedly increased in our experi-
mental model. These levels were reduced in RRBE, metformin, and a
combination of RRBE and metformin-treated rats. A previous study re-
ported that epicatechin, the highest component in RRBE, mitigated in-
sulin signaling impairment and diabetes conditions in high fructose-fed
rats.”” Moreover, high fat-fed mice supplemented with epicatechin at
200 mg/kg diet reduced body weight gain and improved insulin sensi-
tivity.”® Accordingly, protocatechuic acid also showed a stimulation
effect on insulin signaling in the human adipocytes of obese subjects,””
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Fig. 4. Effect of RRBE on glucose transport using ex vivo rat jejunal loops. (A) 2 mM 2-NBDG was injected in a rat jejunal loop and incubated for 30 min. The
fluorescent intensity in the intestinal epithelium was then measured and expressed as intensity/mg protein. Values are mean + SEM (n = 6), *p < 0.05, vs. control,
#p < 0.05 vs. the T2DM group. (B-G) Micrographs of conventional hematoxylin and eosin (H&E) staining of the jejunal epithelial tissues. (B) Normal diet (ND), (C)
Normal diet treated with RRBE (ND + RRBE), (D) T2DM rat (DM), (E) T2DM treated with RRBE (DM + RRBE), (F) T2DM treated with metformin (DM + Met), (G)
T2DM treated with RRBE and metformin (DM + RRBE + Met). The jejunum from each experimental group was removed, fixed, embedded, cut, and stained by H&E
(original magnification 10x). The assay was performed at least three times on separate sets of animals. The data were then analyzed using bright-field microscopy.

implying it might potentially be involved in RRBE’s anti-diabetic action.

The present study shows that RRBE decreased diabetic status by
reducing jejunal glucose absorption in high fat/streptozotocin-induced
diabetic rats. Previous evidence suggests that increment of intestinal
glucose absorption plays a major role in postprandial hyperglycemia
resulting in T2DM.***! As mentioned earlier, the transepithelial trans-
port of glucose in the small intestine can be mediated by an active ab-
sorption through SGLT1 and by a diffusive component GLUT2 at the
BBM.>? We found that glucose absorption was increased in diabetic rats,
mainly shown by the localization of SGLT1 and GLUT2 in the brush
border membrane of jejunal epithelium in
high-fat/streptozotocin-induced diabetic rats. There is an increasing
accumulation of data linking natural compounds with effects on glucose
transporters inhibition and intestinal glucose absorption. Thus, there is
the potential for these compounds to protect against the development of
type 2 diabetes and metabolic syndrome. Of particular relevance to the
present study are observations that RRBE suppressed SGLT1 and GLUT2
expression at the BBM of enterocytes, decreasing intestinal glucose up-
take. There are several natural compounds have been reported to inhibit
these transporters. For example, flavonoids from the roots of Sophora
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flavescens inhibit methyl-a-d-glucopyranoside uptake through SGLT1 in
monkey kidney fibroblast-like cells.®® Mulberry leaf polyphenols sup-
press glucose transport via SGLT1 in the human colon carcinoma cell
line (Caco-2).>* Furthermore, epicatechin gallate is a potent inhibitor of
glucose uptake into intestinal cells and a competitive inhibitor of the
SGLT1, expressed on the apical membrane of small intestinal
enterocytes.>>°

One significant SGLT1 and GLUT2 regulator is the metabolic sensing
kinase AMP-dependent kinase (AMPK). It has been reported that the
activation of AMPK with AICAR in mice jejunal tissue results in an in-
crease in glucose uptake that can be attributed to an increased amount of
GLUT2 in the BBM.?” Furthermore, epidermal growth factor upregu-
lated SGLT1 and GLUT2 via EGFR/AMPK signaling pathway to jointly
promote intestinal glucose absorption in lipopolysaccharide-induced
IPEC-J2 cells and piglets.*® In contrast, our previous study reported
that caffeic acid rich in coffee bean extract inhibited SGLT1 and
GLUT2-mediated AMPK phosphorylation in Caco-2 cells.*® This study
reported that RRBE reduced intestinal SGLT1 and GLUT2 membrane
expression without changing the p-AMPK levels. Additionally, the
phosphorylation of AMPK was found in the DM + Met and DM + RRBE
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Fig. 5. Effect of RRBE on sodium/glucose cotransporter protein 1 (SGLT1) expression in jejunal epithelial tissues. (A) Normal diet (ND), (B) Normal diet treated with
RRBE (ND + RRBE), (C) T2DM rat (DM), (D) T2DM treated with RRBE (DM + RRBE), (E) T2DM treated with metformin (DM + Met), (F) T2DM treated with RRBE
and metformin (DM + RRBE + Met). SGLT1 transporter expressions were shown in green color (white arrow). Nuclei were stained with DAPI (blue). The original
magnification is 10x. (G) Representative blot of SGLT1 membrane protein expression and semi-quantification of relative SGLT1/ALP protein expression, (H)
representative blot of SGLT1 cytosol protein expression and semi-quantification of relative SGLT1/p-actin protein expression. Values are presented as the mean + the
standard error of the mean (n = 3). *p < 0.05 vs. the ND group, #p < 0.05 vs. the T2DM group.

+ Met groups; however, GLUT2 expression was decreased in DM +
RRBE, DM + Met, and DM + RRBE + Met rats, while SGLT1 expression
only decreased in DM + RRBE rats. HNFla is a transcription factor
SGLT1 expression in cultured enterocytes.’’ Moreover, the expression
pattern of GLUT2 in several organs, including pancreatic p-cells, hepa-
tocytes, intestine, and kidney, is similar to that of HNF-1a. Thus, HNF-1a
might be vital in regulating GLUT2 expression and function.*>*?

Nevertheless, this study found that HNFla expression was not different
among the diabetic-treated group. Therefore, the effect of the RRBE on
the expression and function of glucose transporter proteins might be
caused by other regulators.

Glycogen is the storage form of glucose in the liver and muscles.
Liver glycogen regulates blood glucose homeostasis, while muscle
glycogen fuels muscles during intense exertion. The breakdown of liver
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Fig. 6. Effect of RRBE on Glucose Transporter 2 (GLUT2) expression in jejunal epithelial tissues. (A) Normal diet (ND), (B) Normal diet treated with RRBE (ND +
RRBE), (C) T2DM rat (DM), (D) T2DM treated with RRBE (DM + RRBE), (E) T2DM treated with metformin (DM + Met), (F) T2DM treated with RRBE and metformin
(DM -+ RRBE + Met). GLUT2 transporter expressions were shown in green color (white arrow). Nuclei were stained with DAPI (blue). The original magnification is
10x. (G) Representative blot of GLUT2 membrane protein expression and semi-quantification of relative GLUT2/ALP protein expression, (H) representative blot of
GLUT2 cytosol protein expression, and semi-quantification of relative GLUT2/p-actin protein expression. Values are presented as the mean =+ the standard error of
the mean (n = 3). *p < 0.05 vs. the ND group, #p < 0.05 vs. the T2DM group.

glycogen helps regulate blood glucose levels, while muscle glycogen
supports energy needs during strenuous activities.*> T2DM reduces liver
and muscle glycogen content due to decreasing insulin signaling.**
Conversely, glycogen accumulates in the heart and pancreatic p-cells in
T2DM.*° Moreover, glycogen accumulates in adipose tissue in obese
insulin-resistant patients.*® The rate-limiting enzymes in the gluconeo-
genic process are glucose-6-phosphatase (G6Pase) and phosphoenol-
pyruvate carboxyl kinase (PEPCK),"”” which is the diabetic treating
target.”® (—)-Epicatechin-3-O-p-d-allopyranoside rich in Davallia for-
mosana decreased PEPCK and G6Pase mRNA expression, leading to
increased glycogen accumulation and reduced glucose production.*’
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Moreover, RRBE’s major component, protocatechuic acid, also attenu-
ated PEPCK and G6Pase mRNA expression.’” Similarly, this study also
showed liver and muscle glycogen levels decreased in the DM group;
however, glycogen accumulation was elevated in DM treated with RRBE
and metformin. Thus, the enhancement of liver and skeletal muscular
glycogen synthesis in RRBE + Met-treated rats might be due to the
inhibitory effect of RRBE on these enzymes. Finally, it can be indicated
that not only inhibited intestinal glucose transporters by RRBE but also
increased liver and muscle glycogen accumulation that can attenuate
diabetic condition in this study. However, it should be noted that the
anti-diabetic effect of RRBE and its mechanisms require further
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Fig. 8. Effect of RRBE on glycogen accumulation in the liver and soleus muscle. (A) Glycogen content in the livers. Values are presented as the mean =+ the standard
error of the mean (n = 6). *p < 0.05 vs. the ND group, #p < 0.05 vs. the T2DM group. The periodic acid-Schiff (PAS) staining of liver sections (B) Normal diet (ND),
(C) Normal diet treated with RRBE (ND + RRBE), (D) T2DM rat (DM), (E) T2DM treated with RRBE (DM + RRBE), (F) T2DM treated with metformin (DM + Met), (G)
T2DM treated with RRBE and metformin (DM + RRBE + Met). (H) Glycogen content in the soleus muscle. Values are presented as the mean =+ the standard error of
the mean (n = 6). *p < 0.05 vs. the ND group, #p < 0.05 vs. the T2DM group. The PAS staining of soleus muscle sections (I) Normal diet (ND), (J) Normal diet treated
with RRBE (ND + RRBE), (K) T2DM rat (DM), (L) T2DM treated with RRBE (DM + RRBE), (M) T2DM treated with metformin (DM + Met), (N) T2DM treated with
RRBE and metformin (DM + RRBE + Met). The original magnification is 10x.
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investigation in clinical trials.

In conclusion, RRBE downregulated intestinal glucose transporters’
expression, reducing glucose uptake. Consequently, RRBE attenuated
hyperglycemia, hyperlipidemia, insulin resistance, and glycogen accu-
mulation. This magnificent effect of RRBE makes it a new alternative
approach as a natural anti-diabetic-supplement. However, it should be
noted that the antidiabetic effect of RRBE and its mechanisms requires
further investigation in clinical trials.
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Abbreviation

ALP alkaline phosphatase

AMPK 5 AMP-activated protein kinase

BW body weight

BBM brush border membrane

GAE gallic acid equivalents

GLUT2 glucose transporter 2

H&E hematoxylin and eosin

HNFla hepatocyte nuclear factor 1 alpha

HPLC high-performance liquid chromatography

HOMA homeostasis assessment of insulin resistance

2-NBDG 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxyglucose

p-AMPK phosphorylation of AMPK

KOH potassium hydroxide

RRBE red rice bran aqueous extract

SGLT1  sodium-dependent glucose cotransporter 1

NayS0O4 sodium sulfate

STZ streptozotocin

TBS-T tris-buffered saline

T2DM  type 2 diabetes
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