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n improves glucose homeostasis
in mice fed on a high-fat diet†

Yuliang Cheng, Jie Zhang, Kaiyun Luo and Genyi Zhang*

Oat-based functional foods are commonly produced with 1,3-b-D-glucan-enriched oat bran in which b-

glucan (termed as oat bran b-glucan (OB-b-glucan)) not only co-exists with multiple other food

components but also exists in different physical forms compared to extracted b-glucan. In the current

study, the impacts of OB-b-glucan on the glucose homeostasis of mice fed on a high-fat diet were

investigated to determine whether oat bran provided additional functional metabolic effects compared

to extracted b-glucan. The experimental results using a C57BL/6J mouse model showed that high-fat

(HF) diet treatment significantly increased the body weight (25.1%), fasting blood glucose (17.4%),

glycated hemoglobin (HbA1c) (31.6%) and insulin resistance when compared to mice fed on a low fat

diet (LF) after treatment for six weeks. In contrast, both OB-b-glucan and its extracted counterpart with

the same amount of b-glucan (4%) in the HF-diet significantly improved the insulin sensitivity with

reduced levels of HbA1c and body weight gain. The activation of liver glucokinase (GK) and intestinal

phosphoenolpyruvate carboxykinase (PEPCK), and an increased ratio of neuro-peptide

proopiomelanocortin (POMC) to neuropeptide Y (NPY) suggest a gut–liver–brain axis mechanism to

improved insulin sensitivity and glucose homeostasis after treatment by either OB-b-glucan or its

extracted counterpart. In conclusion, OB-b-glucan, even in a different physical form, exerted similar

physiological effects compared to extracted b-glucan, and the b-glucan is the predominant functional

component in the health effects of oat bran on glucose homeostasis.
Introduction

Whole grain food is one of the dietary approaches to prevent or
intervene the incidences of obesity, type 2 diabetes and other
chronic diseases.1 Oat-based whole grain foods have been shown
to have multiple health benets such as modulating post-
prandial blood glucose and insulin responses, preventing
obesity and abdominal fat deposition, reducing LDL cholesterol,
controlling blood pressure and improving glycemic control and
insulin sensitivity.2–7 Oat bran, as a rich source of water-soluble
b-glucan (mainly 1,3-b-D-glucan), B-vitamins, minerals, protein
and functional phytochemicals, has also been shown to be
effective to reduce the total and LDL cholesterol in hypercho-
lesterolemic subjects and to decrease the peak of the post-
prandial glycemic response.8–10 Additional studies revealed that
b-glucan was the main component responsible for these health
benets, and consumption of b-glucan-incorporating diets was
effective to increase the satiety of diet-induced obese mice
through activating the gut–brain axis with reduced neuropeptide
NPY and increased peptide YY (PYY).11–14 Fermentation of high
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molecular weight oat b-glucan also altered the composition of
microbiota to reduce the risk factor of cardiovascular disease.15

Thus, there have been extensive studies on the physiological
functions of b-glucan natively presented in oat our or in its
extracted forms. However, considering the multiple components
in oat bran in its native physical form, it is necessary to identify
whether oat bran provided additional functional metabolic
effects compared to extracted b-glucan.

Oat b-glucan is a homopolymer of D-glucopyranose units
linked through b-(1 / 3) and b-(1 / 4) glycosidic linkages
arranged in cellotriosyl (DP3) and cellotetraosyl residues
(DP4).16 It is a viscous ber, and its viscosity, which is deter-
mined by its molecular weight, concentration, and solubility,
has been widely considered to be the critical rheological prop-
erty related to its health benets. Botanically, b-glucan is
predominantly located in the internal aleurone and sub-
aleurone cell walls of the oat grains, and as a natural cell wall
component, b-glucan is tightly associated with the cell wall
matrix formed by cellulose, lignin and other polysaccharides
such as arabinoxylan.17 Once the b-glucan is isolated, its asso-
ciation with cell wall matrix is completely disappeared. Thus,
the extracted b-glucan and its counterpart presented in the cell
wall in cereal grains are different in their physical properties,
and reduced solubility of b-glucan from the cell wall matrix
would diminish its physiological functions. However, our
RSC Adv., 2017, 7, 54717–54725 | 54717
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previous study found that b-glucan natively presented in the oat
grain fraction with a large particle size, which was a type of oat
bran based on the AACC standard, signicantly decreased the in
vitro starch digestibility and postprandial glycemia while the
extracted b-glucan was less effective.18,19 The mechanistic study
showed that both protein and b-glucan played an important role
to the in vitro starch digestibility and the rheological properties
of the oat our. Thus, b-glucan extracted from oat grain and OB-
b-glucan (co-existed with many other components) are two
different types of b-glucan. Although the fundamental impor-
tance of b-glucan to the induced health benets has been widely
accepted as discussed above, there are also reports showing no
function of b-glucan in cholesterol metabolism and glucose
tolerance.20,21 The study of the pasting property of oat our and
its bile acid binding capability also showed the importance of
interactions among starch, protein, and b-glucan.22 Addition-
ally, the oat bran is a food processing-related term without exact
composition requirement according to the standard, and its
processing-dependence implies the difficulty to produce the
exact same oat bran samples in both composition and physical
form (such as particle size) in the industrial production.18 Thus,
the possible inuence on health benets by OB-b-glucan, as
compared to extracted b-glucan, needs to be examined in order
to have a better understanding of the health function of
b-glucan natively presented in oat bran.

Obesity and type 2 diabetes have become a public health
concern, and insulin resistance related abnormality of glucose
homeostasis with elevated blood glucose is a common
phenomenon in obese and diabetic patients.23 Oat bran is oen
used to make b-glucan-enriched food products for improved
glycemic control in type 2 diabetic patients, and the extracted
b-glucan has also been shown effective to reduce the post-
prandial glycemia or the glycemic index of foods.10,24,25 However,
the different physiochemical properties and physical forms
between extracted b-glucan and the OB-b-glucan, as discussed
above, suggest there might be of differences in their bioactiv-
ities.19 But there are not many studies specically focusing on
the possible inuence of the physical form of b-glucan on its
health benets. Hence, the aim of the current study was to
investigate the impact of b-glucan in different physical forms on
the physiological response through comparing the differences
in health efficacy of puried b-glucan and OB-b-glucan pre-
sented in oat bran.

Materials and methods
Preparation and characterization of oat bran and extracted b-
glucan

Whole oat grains (Hebei, China) were milled into our, and
our fraction retained aer passing through a sieve with a pore
size of 250 mm (mesh size of 60) was used as OB-b-glucan sample
aer the endogenous glucanase was deactivated following the
method from literature.26 The particle size of the sample was
measured by a laser particle size distribution instrument
(Microtrac S3500, USA). The proximate analysis was carried out
based on the standard official method (AACC method 08-01.01
for ash, 30-25.01 for fat, 44-16.01 for moisture, 46-10.01 for
54718 | RSC Adv., 2017, 7, 54717–54725
protein) from the 11th edition of AACC International. Starch
content was measured by a heat-stable a-amylase and amylo-
glucosidase method using the Total Starch Measurement kit
(Megazyme International Ireland), and the content of b-glucan
was measured by AACC method 32-22.01 involving lichenase
and b-glucosidase to convert extracted b-glucan into glucose,
and then the glucose content was measured by a GOPOD kit
(Sigma, Shanghai China) according to the manufacturer's
instructions, and the total glucose content was converted to the
content of b-glucan by factor of 0.9.

For the characterization of b-glucan, oat b-glucan was rst
extracted based on a literature report, and the purity of extrac-
ted b-glucan was measured by the AACC method 32-22.01 as
above.27 In a typical procedure, 20 g oat our was reuxed with
200 mL 82% ethanol (v/v) for 2 h at 85 �C. The mixture was
centrifuged at 3000g for 10 min. The pellets were collected and
washed twice with 50 mL 95% ethanol (v/v). Aer centrifuga-
tion, the pellets were dried at 40 �C overnight. 150 mL distilled
water was added into the dried our to extract the water-soluble
b-glucan at 47 �C for 3 h using a shaking water bath. Then the
suspension was centrifuged and the supernatant was collected
and dried as the extracted b-glucan. The molecular weight of
extracted b-glucan was measured by HPLC according to the
literature report using pullulan molecular weight standard
(Megazyme International Ireland), and the oat starch was
extracted according to our previous work.19,28 Then, the samples
of oat bran (in a concentration containing 0.5% starch w/v) and
extracted b-glucan (mixed with oat starch in the same ratio as in
oat bran) were cooked in a boiling water bath for 20 min with
continuous stirring, and the viscosity of the cooked samples was
measured at room temperature (22 �C) along a shear rate from
0.1–100 s�1 using an AR-G2 rheometer (TA Instruments-Waters
LLC, Shanghai, China) with a cone plate.

Semi-puried chow diets and mouse study

Four different chow diets were prepared (Trophic Animal Feed
High-Tech Co. Ltd, China) based on our formula (ESI Table
S1†): normal control diet (low fat diet, LF), high fat control diets
(HF), HF containing 4% b-glucan in a bran form (HFBF), and HF
containing 4% b-glucan in an extracted physical from (HFEF).

Three-week-old male C57BL/6J mice (n¼ 40) were purchased
from Slack (Suzhou, China), and housed in cages kept on
a 12 : 12 light: dark cycle under constant temperature (24 �C)
and controlled humidity (55%). Aer 1 week of assimilation, the
mice were randomly assigned into four groups (n ¼ 10/group)
fed on the experimental diets for 6 weeks with free access to
food and water. Their body weight was measured once a week
and daily food intake was also recorded by weighing the le
diets every day, and the daily food intake averaged during
each week was presented. The animal study was approved by
the Animal Ethics Committee of Jiangnan University
(approved no. 2015000511811).

Oral glucose tolerance test (OGTT)

At the end of 6 weeks feeding on different diets, the oral glucose
tolerance test was carried out on the mice aer subjecting to an
This journal is © The Royal Society of Chemistry 2017
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overnight fasting. Blood samples were obtained from the tail
vein of the mice and blood glucose levels were measured using
the One-touch Ultra glucometer and One-touch Ultra test strips
(LifeScan, Inc, USA). Then, glucose (2 g kg�1 of body weight) was
administrated to the mice via the epi-gastric route. Finally, the
blood glucose levels were measured every 30 min for 2 hours (0,
30, 60, 90 and 120 min). AUC (area under the curve of glycemic
response) was calculated according to the OGT prole based on
the soware of Origin 8.5 (OriginLab Corporation USA).

Blood and tissue sampling

At the end of the study, animals were fasted for 12 h, the mice
were then anesthetized with ether, and the blood samples were
collected from orbital sinus and dropped into tubes held in an
ice bath. Aer clotting for 2 h at 4 �C, the tube was centrifuged at
1000 rpm at 4 �C for 5 min to collect the serum samples. Then,
the mice were sacriced by cervical dislocation, and the tissues
of the liver and small intestine were excised. All the collected
serum samples and tissues were stored at �80 �C for further
analysis.

Serum measurements

The serum glucose concentration was determined by a diag-
nostic kit (Nanjing Jiancheng Bioengineering Inst., Nanjing,
China) according to the kit instruction. Serum insulin level was
measured with an ELISA assay kit (Cusabio Biotech Co., Ltd.,
Hubei, China) with a microplate reader (SpectraMax M5,
Molecular Devices, USA). HOMA-IR and ISI expressed as indices
of insulin resistance and insulin sensitivity, respectively, were
calculated using the homeostasis model assessment: HOMA-IR
¼ fasting glucose (mmol L�1) � fasting insulin (mU mL�1)/22.5,
ISI ¼ ln(1/fasting glucose (mmol L�1) � fasting insulin
(mU mL�1)). Other serum parameters of glycated hemoglobin of
HbA1c, hypothalamic proopiomelanocortin (POMC), and
neuropeptide Y (NPY) were determined using corresponding
ELISA kits (Shanghai Changjin Biological Co. Ltd, China)
according to the instruction manual.

Hepatic glucose metabolism-related enzymes and glycogen
determination

The liver tissue and 9 volumes (w/v) ice-cold buffer (50 mM
sodium HEPES, 100 mM KCl, 1 mM EDTA, 5 mM MgCl2, and
10 mM 2-mercaptoethanol, pH 7.0) were mixed, and the liver
tissue was homogenized by an Omni general laboratory
homogenizer (Omni International, USA) at a high speed for 30–
40 s�1. Aer centrifugation (10 000g) for 30 min at 4 �C, the
supernatant as the crude extract was used to measure the
enzyme activity. The glucokinase activity was measured using
a method of the spectrophotometric continuous assay, and
1 mmol glucose-6-phosphate formed per minute per milligram
protein was dened as one unit of enzyme activity.29 The activity
of glucose 6-phosphatase (G6Pase) and liver glycogen content
was measured using corresponding ELISA kit (Nanjing Jian-
cheng Bioengineering Inst., Nanjing, China) according to the
instruction manual. BAC Protein Assay was used to measure the
protein content.
This journal is © The Royal Society of Chemistry 2017
For small intestine phosphoenolpyruvate carboxykinase
(PEPCK) activity measurement, the same procedure as the
above was used to prepare the crude extract for each intestine
sample, and the PEPCK was measured using an ELISA kit from
the same company (Nanjing Jiancheng Bioengineering Inst.,
Nanjing, China) according to the instruction manual.

Statistical analysis

The data reported were the average of at least triplicate experi-
mental results, and Statistical Package for the Social Science
(SPSS, version 11.5, IBM) was used to analyze the results by one-
way analysis of variance (ANOVA) along with Tukey's Post Hoc
HSD test. The data were presented as means � SEM. The value
of p < 0.05 was considered as statistically signicant.

Results and discussion
The property of prepared oat bran sample and extracted b-
glucan

The prepared oat bran sample had a particle size of 349.9� 59.7
mm, and proximate analysis of the sample showed that the b-
glucan was enriched from 6.1% in the oat our to a content of
15.6% along with increased protein content (19.4%) and
decreased content of starch (39.6%) (Table 1), and the enriched
b-glucan indicates a typical oat bran sample. The extracted b-
glucan (purity ¼ 88%) had a molecular weight (Mw) of 2.05 �
105 Da based on HPLC analysis (Fig. 1A), and it is a type of
medium viscosity b-glucan. The intrinsic viscosity was
2.24 dl g�1 based on the Mark–Houwink equation for
b-glucan.30 Comparatively, the oat bran sample had a higher
viscosity (based on 0.5% starch, w/v) than the mixture of oat
starch and extracted b-glucan in the same amount as in the oat
bran sample (Fig. 1B) demonstrating the physical form of b-glucan
does have an impact on its rheological properties. The high
viscosity of oat bran is likely caused by the interactions among b-
glucan and other components including starch and protein in the
bran matrix as reported in literature and our previous study
indicating that the bran context (other components and the
physical forms) should be taken into consideration to a better
understanding of the physiological function of oat b-glucan.19,31

The impact of oat bran on body weight

As the study was a preventive study, the body weight of the mice
(Fig. 2A) was continuously increasing from the initial body
weight of 12.61 � 0.27 g up to 26–30 g at the end of study.
However, the body weight of mice on HF diet was signicantly
higher compared to mice on LF diet starting from week 3 to
week 6 demonstrating the effectiveness of high fat diet-induced
body weight gain of C57BL/6J mice. Actually, an increase of body
weight by 27.6% at week 5 indicates the mice on HF diet has
become obese. On the contrast, a signicantly lower body
weight of mice fed on HFBF was observed at week 4 and week 5
when compared to HF treatment group, and the positive control
of mice fed on HFEF also showed a lower body weight at week 5.
Thus, it seems that the anti-obesity effect of b-glucan is inde-
pendent of its physical forms, but the HFBF may be more
RSC Adv., 2017, 7, 54717–54725 | 54719
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Table 1 The composition of the OB-b-glucan sample compared to the whole oat flour (% w/w)

Sample Starch Protein Lipids b-Glucan Moisture Ash

OB-b-glucan 39.6 � 0.9 19.4 � 0.1 11.4 � 0.1 15.6 � 0.4 8.3 � 0.0 3.2 � 0.1
Whole oat our 62.8 � 1.6 14.4 � 0.2 8.7 � 0.2 6.1 � 0.3 8.0 � 0.5 1.6 � 0.1

Fig. 1 The molecular weight of extracted b-glucan (1%) and the viscosity of prepared OB-b-glucan sample (containing 0.5% starch w/v)
compared to a mixture of extracted b-glucan and starch in the same ratio as in the OB-b-glucan sample.
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efficient to slow the rate of body weight gain with a signicant
difference from the HF group at an early time of week 4 and
a trending low body weight starting from week 2 compared to
HFEF treatment.

Analysis of the average daily food intake in each week
suggests reduced food intake might be the basis for b-glucan's
anti-obesity function. Certainly, mice fed on either HFBF or
HFEF diet had a lower food intake compared to HF group
(Fig. 2B) although there was still a signicantly higher food
intake compared to mice fed on LF diet. Literature studies
indicated that reduced satiety by b-glucan is the main reason of
reduced food intake, and gut hormones might play an impor-
tant role.32 Regarding the effect of HFBF andHFEF on the rate of
body weight gain, both of them showed similar effect on body
weight gain and reduction of food intake, which indicates b-
glucan is the functional component, and the b-glucan in oat
bran, even in a cell wall matrix with a large particle size, was
able to exert its health-promoting functions.
Effects of oat bran on the level of fasting blood glucose and
HbA1c

The fasting blood glucose (FBG) is intimately associated with
the overall status of glucose metabolism, and impaired fasting
glucose (IFG) is characteristic of pre-diabetes. Serum glycated
hemoglobin A1c (HbA1c), which is formed by nonenzymatic
glycation of hemoglobin aer exposure to blood glucose, espe-
cially a high level of fasting blood glucose, reects the status of
dysglycemia. The combination of IFG and HbA1c can be used as
diagnostic criteria to identify subjects with an increased risk of
progression from pre-diabetes to diabetes.33 In the current
study, when both FBG and HbA1c were measured at the second
week, almost no changes were found among all the groups (data
not shown). However, at the end of study (week 6), the levels of
54720 | RSC Adv., 2017, 7, 54717–54725
fasting blood glucose and glycated hemoglobin (HbA1c) were
signicantly increased in the HF-treated group indicating
impaired fasting glucose. When oat bran was incorporated into
the HF diet, although the level of FBG did not show signicant
decrease aer six weeks fed on HFBF diet (Fig. 3A), the level of
HbA1c was signicantly decreased (Fig. 3B) compared to HF
group demonstrating the health potential of b-glucan in oat
bran, just like the extracted counterpart (HFEF), to glucose
homeostasis.
Effects of oat bran on oral glucose tolerance (OGTT) and
insulin sensitivity

Insulin resistance is commonly accompanied with obesity that
is one main risk factor for type 2 diabetes.24 Except for the
diagnostic biomarker of FBG and HbA1c for pre-diabetes,
glucose tolerance impairment is another measure to reect
the abnormality of glucose homeostasis that is associated with
insulin sensitivity. At the end of week 6, the oral glucose toler-
ance test (OGTT) was carried out, and the results showed
a signicant difference between LF group and other groups at
the initial time of OGTT, which is the FBG (Fig. 4A). However, no
signicant difference was observed between HF and LF groups
in the glucose peak or the area under the curve, which is
probably because of the high insulin level in the HF group to
suppress the increase of postprandial glucose.34 Only the post-
prandial glucose level of HFBF group decreased signicantly at
30 and 60 min when compared to HF group. Consistently,
a signicant reduction of the area under the curve (AUC) was
also observed for HFBF (Fig. 4B). Regarding the effect of HFEF
on OGTT proles, no signicant difference was observed when
compared to HF and HFBF groups. Thus, although the b-glucan
in oat bran is more efficient to reduce the postprandial glycemia
in OGTT test when compared to HF group, no signicant
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The changes of body weight (A) and daily food intake (B). LF: low-fat diet, HF: high-fat diet, HFBF: high-fat diet with OB-b-glucan, HFEF:
high-fat diet with extracted b-glucan. Compared to LF *(p < 0.05), **(p < 0.01), compared to HF #(p < 0.05), ##(p < 0.01). Different letters in (B)
represent significant difference at p < 0.05.

Fig. 3 The fasting blood glucose concentration (A) and the concentration of serum HbA1c (B) after fed on different diets for 6 weeks. Different
letters represent statistical significance at p < 0.05.

Fig. 4 Postprandial blood glucose profiles (A) and area under the glycemic response curve (AUC) (B) in oral glucose tolerant test of mice fed on
different diets. Different letters represent significant difference at p < 0.05. LF group is significantly different from other groups#, and HFBF is
significantly different from HF groups* at p < 0.05.
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difference was found when it is compared to HFEF group,
indicating the b-glucan in oat bran is also similar to its extracted
counterpart concerning the glycemic control.

Insulin resistance is a common feature of obesity and pre-
diabetes with elevated blood glucose level and disordered
glucose homeostasis. In the current study, mice fed on either
HFBF or HFEF diet have reduced insulin resistance indices
This journal is © The Royal Society of Chemistry 2017
approaching to the LF control group (Table 2). Thus, HF diet
not only induced an increase in body weight gain but also
caused a reduction of insulin sensitivity while the addition of
b-glucan in the HF diet can ameliorate the insulin resistance,
which is consistent with literature report on improved insulin
sensitivity using extracted b-glucan as the treatment
ingredient.35
RSC Adv., 2017, 7, 54717–54725 | 54721
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Table 2 The fasting serum insulin in mice fed on different cow diets (�X
� SEM)a

Diet group FINS ISI HOMA-IR

LF 1.85 � 0.02a 1.08 � 0.02a 0.34 � 0.01a

HF 2.41 � 0.07b 0.65 � 0.02b 0.52 � 0.02b

HFBF 1.87 � 0.03a 0.91 � 0.01a 0.40 � 0.03c

HFEF 1.89 � 0.01a 0.92 � 0.02a 0.39 � 0.01c

a Note: n ¼ 10, different superscripts (a, b, and c) means signicant
difference at p < 0.05.
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Effects of b-glucan on glucose metabolism

In order to further the understanding of the benecial impact of
OB-b-glucan on glucose homeostasis, the hepatic glucose
metabolism and gluconeogenesis in the small intestine were
investigated (Fig. 5). HF diet substantially decreased the
glycogen content and activity of glucokinase (GK) in the liver,
which indicates the occurrence of glycogenolysis of glycogen and
reduced glucose disposal capability of the liver with reduced
activity of GK. This result was consistent with increased FBG is
HF-fedmice. However, when 4% b-glucan was added into the HF
diet, the glycogen content increased to the level of the LF control
for HFBF group, and even higher than the LF control for HFEF
Fig. 5 Glucose metabolism including hepatic glycogen content (A), the a
letters represent statistical significance at p < 0.05.

54722 | RSC Adv., 2017, 7, 54717–54725
group. The GK activity also returned to the level of the LF control
group while no signicant changes were found for the activity of
G6Pase (convert G-6-P to glucose into blood circulation) even
though a lower trending for HFBF and HFEF groups.

Glucokinase is well-known as a hepatic glucose disposer that
phosphorylate glucose to G-6-P favoring glycogen synthesis
leading to a decrease of blood glucose. Thus, hepatic glucoki-
nase is a critical player to a normal blood glucose control.36,37 In
our current study, the GK activity was restored, and the glycogen
content also signicantly increased when fed on HFBF and
HFEF diets. These changes were benecial to glucose homeo-
stasis and were consistent with the increased insulin sensitivity.
However, the fasting blood glucose (FBG) level (Fig. 3) did not
show signicant improvement even the high GK activity favors
the decrease of blood glucose, indicating the complexity of FBG
regulation, which needs further study by either extending the
treatment time or increasing the dosage of b-glucan.
Effect of b-glucan on the changes of NPY and POMC

In our current study, we observed a signicant slow rate of body
weight gain in HFBF and HFEF groups compared to HF group
aer just 5 weeks treatment. A lower body weight is either due to
decreased energy intake or increased energy expenditure in
ctivity of glucokinase (B), G6Pase (C) and intestinal PEPCK (D). Different

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The impact of b-glucan on serum neural peptide Y (NPY) (A) and POMC (B). Different letters represent statistical significance at p < 0.05.
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which the central nervous system plays a critical role, particu-
larly the hypothalamus.38 The arcuate nucleus within the hypo-
thalamus is key to the regulation of appetite and food intake
involving orexigenic (appetite stimulating) neuropeptide Y (NPY)
and anorexigenic (appetite suppressing) pro-opiomelanocortin
(POMC) neuropeptides.39,40 In the current study, we showed
a signicant increase of NPY and decrease of POMC in mice fed
on HF diet (Fig. 6), which is correlated to the increased rate of
body weight gain due to a high-calorie intake (Fig. 2). However,
when 4% b-glucan was added to the HF diet, the serum NPY was
signicantly decreased while the POMC was increased, which is
probably the reason for a slower rate of body weight gain of mice
fed on HFBF and HFEF diet with reduced food intake.

According to a previous study, intestinal gluconeogenesis
(IGN) was a critical player in the fermentable dietary ber-
induced benecial effect on glucose and energy homeostasis.51

In the current study, the enzyme activity of PEPCK in the small
intestine, which is an indicator of gluconeogenesis, was
increased signicantly in mice fed on b-glucan-containing HF
diet. The glucose from IGN, as ametabolic signal, can be detected
by a hepatoportal glucose sensor of SGLT3 to transmit the signal
to the central nervous system to balance energy metabolism.41,42
Mechanism of health benet of OB-b-glucan

There have been numerous studies on the health benets of b-
glucan using either the extracted b-glucan or bran form b-
glucan (the experimental material is a type of oat bran) that is
the most common ingredient in a whole grain food of oat or
barley. Whole grain oat food is well known for its health bene-
ts, but the mechanism to these health benets is still a chal-
lenge as the complexity of the food components. In the current
investigation using the b-glucan in oat bran, which is closer to
whole grain food ingredient, similar health benets of
improved glucose homeostasis and lower rates of body weight
gain were observed for both the extracted b-glucan and the
bran-form b-glucan, conrming the b-glucan is the dominant
functional component. Although the phytochemicals are
generally considered as health-promoting components, their
content in oat bran might not be high enough to show observ-
able effects.43 On the other hand, the fasting blood glucose,
which is an important indicator of glucose homeostasis, did not
This journal is © The Royal Society of Chemistry 2017
show signicant changes in HFBF and HFEF-fed mice, the
reason is likely due to the relatively low dose level of b-glucan in
the oat bran. Certainly, when we used 8% b-glucan (extracted
form) to treat the mice, signicant reduction of FBG was ach-
ieved accompanying substantial increase of liver glycogen and
the activities of GK and PEPCK (Fig. S1 and Table S2†), further
demonstrating the function of b-glucan in glucose homeostasis.

Regarding the mechanism of b-glucan's inuence on glucose
homeostasis, there has been a report that gut–brain axis was
assumed as the basis for reduced food intake and improved
insulin sensitivity.13 Reduced pancreatic cell apoptosis and
hormone secretion were also considered as the basis for the
hypoglycemic effect of oat product.44 However, there were not
enough details in those studies to conclude the action mecha-
nism. In the current study, simultaneous changes of hepatic
glucose metabolism, small intestinal gluconeogenesis, and the
neural peptide indicate that there might be an intricate inter-
actions among the gut microbiome (fermentation), liver and the
central nervous system, and the health benet is likely achieved
through the activation of the gut–brain–liver axis by b-glucan.
Specically, b-glucan is a fermentable dietary ber, and the
fermentation products of short chain fatty acids (SCFA) as re-
ported in literature have been shown to be important to prevent
high-fat diet induced obesity through direct hypothalamic
neuron activation (acetate) or intestinal gluconeogenesis-
mediated activation of gut-neural circuit (propionate and
butyrate).45–51 Thus, the activation of the central nervous system
through short chain fatty acid generated by b-glucan fermen-
tation might be the basis of the observed health benet of
improved insulin sensitivity and glucose homeostasis with the
concomitantly decreased rate of body weight gain.

Although oat bran and extracted b-glucan have different
physiochemical properties, they did elicit similar long-term
health effect on glucose metabolism, which indicates that the
oat b-glucan is the predominant functional component to the
induced physiological effects. The b-glucan in oat bran, even
embedded in a cell wall matrix with a particle physical form in
the sample, might be utilized completely in the body with an
slight better OGTT proles and seemly more efficient body
weight reduction effect, which is likely caused by a possible
extended “second meal effect” due to a slow fermentation of b-
RSC Adv., 2017, 7, 54717–54725 | 54723
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glucan in a cell wall matrix form.52 Thus, manipulation of the oat
bran sample with different particle sizes to simultaneously
attenuate acute postprandial glycaemia (rst meal effect, might
be due to the physical entrapment of starch by b-glucan-
contained cell wall matrix) and to maintain its long-term
health benets (through slow fermentation of b-glucan and
possibly other materials) warrants further investigation to
maximize the health benet of b-glucan in a whole grain context.

Conclusions

Oat bran, as b-glucan-enriched ingredient, is oen used to
produce oat-based functional foods, and b-glucan is considered
as the fundamental functional component for its health bene-
ts. The extracted b-glucan is also used in functional food
production. Aer long-term feeding study using the C57BL/6J
mouse model, high-fat diet treatment signicantly increased
the body weight, fasting blood glucose, glycated hemoglobin,
and insulin resistance when compared to mice fed on low fat
diet. In contrast, both oat bran and the extracted b-glucan in the
HF-diet signicantly improved the insulin sensitivity and body
weight gain. The analysis of gluconeogenesis-related enzymes
and liver glucose metabolism as well as the neuro-peptide of
proopiomelanocortin and neuropeptide Y suggest b-glucan in
oat bran is the predominant functional component to the
health effects of oat bran on glucose homeostasis. However, the
actual mechanism still needs further investigation from the
viewpoint of ber fermentation.
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Abbreviation
HF
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High-fat diet

LF
 Low-fat control diet

HFBF
 High-fat diet containing oat grain form b-glucan (4%)

HFEF
 High-fat diet containing extracted oat b-glucan (4%)

(positive control of HFBF)

OGTT
 Oral glucose tolerance test

NPY
 Neural peptide Y

POMC
 Proopiomelanocortin neural peptide

GK
 Glucokinase

AACC
 Association of American Cereal Chemists

PEPCK
 Phosphoenolpyruvate carboxykinase

HbA1c
 Glycated hemoglobin A1c

FBG
 Fasting blood glucose

FINS
 Fasting insulin

ISI
 Insulin sensitivity index
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