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Abstract: Oxidative stress is known to modulate insulin secretion and initiate gene alterations
resulting in impairment of β-cell function and type 2 diabetes mellitus (T2DM). Rice bran (RB)
phenolic extracts contain bioactive properties that may target metabolic pathways associated with
the pathogenesis of T2DM. This study aimed to examine the effect of stabilized RB phenolic extracts
on the expression of genes associated with β-cell function such as glucose transporter 2 (Glut2),
pancreatic and duodenal homeobox 1 (Pdx1), sirtuin 1 (Sirt1), mitochondrial transcription factor
A (Tfam), and insulin 1 (Ins1) in addition to evaluating its impact on glucose-stimulated insulin
secretion. It was observed that treatment with different concentrations of RB phenolic extracts
(25-250 µg/mL) significantly increased the expression of Glut2, Pdx1, Sirt1, Tfam, and Ins1 genes
and glucose-stimulated insulin secretion under both normal and high glucose conditions. RB phenolic
extracts favourably modulated the expression of genes involved in β-cell dysfunction and insulin
secretion via several mechanisms such as synergistic action of polyphenols targeting signalling
molecules, decreasing free radical damage by its antioxidant activity, and stimulation of effectors or
survival factors of insulin secretion.
Keywords: rice bran; phenolic extracts; β-cell function; gene expression; insulin secretion

1. Introduction
Glucose homeostasis is regulated by a sequence of events within the pancreatic β-cells, which
result in the secretion of insulin [1]. Typically, in the postprandial state, increased levels of glucose
in plasma can initiate pancreatic β-cells to secrete insulin, consequently suppressing hepatic glucose
output and increasing peripheral tissue glucose uptake [2]. However, impairment of glucose-stimulated
insulin secretion as a result of oxidative stress and inflammation can result in β-cell dysfunction
and insulin resistance, subsequently leading to the pathogenesis of type 2 diabetes mellitus (T2DM) [3].
There are several essential genes involved in insulin secretion pathways that are specifically expressed
in pancreatic β-cells. They are known to be involved in the processes leading to insulin release from
the initial glucose entry into the β-cells followed by mitochondrial adenosine triphosphate (ATP)
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generation and potassium and calcium membrane depolarization leading to exocytosis events [4].
They include, glucose transporter 2 (Glut2) [5], pancreatic and duodenal homeobox 1 (Pdx1) [6], sirtuin
1 (Sirt1) [7], mitochondrial transcription factor A (Tfam) [8], and insulin 1 (Ins1) [9].
The Glut2 gene is located in the pancreatic plasma membrane and functions as a glucose transporter
as part of the glucose-sensing mechanism for the stimulation of insulin secretion [2]. The Pdx1 gene
plays an important role in mitochondrial embryonic development and β-cell differentiation and is
known to regulate the expression of a variety of different pancreatic endocrine genes, including
Glut2 [10]. The Sirt1 gene is known to serve as a key energy redox sensor involved in generating ATP
that helps promote glucose-stimulated insulin secretion in pancreatic β-cells and potentially contribute
to β-cell adaptation in response to insulin resistance [1]. In the liver, skeletal muscles, and white adipose
tissues, the Sirt1 gene has key functions that include regulation of glucose production, improvement in
insulin sensitivity via fatty acid oxidation, and control of the production of adipokines [7]. The Tfam
gene plays an essential role in the maintenance of mitochondrial DNA (mtDNA) and replication [11].
Altered mitochondrial function is known to result in a defective oxidative metabolism, which seems to
be involved in visceral fat gain and the development of insulin resistance [12]. Moreover, the Tfam
gene is also involved in insulin exocytosis events by maintaining appropriate ADP/ATP ratio [4].
The Ins1 gene and its transcription factors are regulated by the circulating levels of glucose [9]. It
encodes the production of insulin that plays a vital role in the regulation of carbohydrate and lipid
metabolism [13]. Therefore, a disruption in the function of these genes (Glut2, Pdx1, Sirt1, Tfam,
and Ins1) in the pancreatic β-cells is known to impair insulin secretion and result in the development
of T2DM.
Recent studies have shown the potential of plant-derived phenolic compounds in ameliorating
β-cell dysfunction via their antioxidant and free radical scavenging properties [14–16]. Exposure of
polyphenols to β-cells has also been responsible for the modulation of several signalling proteins,
including transcription factors, protein kinase, and ion channels [17].
Rice bran (RB), a by-product of the rice milling process, is usually discarded or used as animal
feed [18]. However, the bran layer is composed of several bioactive phytochemicals, including
polyphenols and phenolic acids [19]. Although RB phenolic extracts are believed to target metabolic
pathways associated with T2DM, the mechanisms behind its effect on gene expression under normal
and diabetic conditions have not been investigated. This study aimed to determine the effect of
RB phenolic extracts on the expression of genes (Glut2, Pdx1, Sirt1, Tfam, and Ins1) associated with
insulin secretion pathways and on glucose-stimulated insulin secretion under normal and high
glucose conditions.
2. Materials and Methods
2.1. Chemicals and Reagents
All chemicals and reagents used in this study were purchased from Promega Corporation
(Madison, WI, USA), Bio-Rad (Hercules, CA, USA), or Sigma-Aldrich (St Louis, MO, USA).
2.2. Rice Bran Phenolic Extract Preparation
Commercially stabilized RB (drum-dried), from an Australian grown Reiziq rice variety,
was obtained from SunRice Australia, courtesy of their milling plant in Leeton, NSW, Australia
and subsequently stored at 4 ◦ C until further analysis. Phenolic compounds were extracted from
stabilized RB using an acetone/water/acetic acid (70:29.5:0.5, v/v) mixture, the characterization of which
has been described elsewhere [18]. It is known to contain several bioactive compounds including
ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, syringic acid, sinapic acid, feruloyl glycoside,
shikimic acid, ethyl vanillate, tricin, and their isomers. The extract was reconstituted in 50% dimethyl
sulfoxide (DMSO) and stored at −20 ◦ C before starting cell culture studies.
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2.3. Cell Culture Conditions
INS-1E cells were maintained in RPMI 1640 media containing 11.1 mM glucose and supplemented
with 2 mM L-Glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 0.05 mM β-mercaptoethanol, 10%
Fetal Bovine Serum, and 1% 10,000 U/mL Penicillin–10 mg/mL Streptomycin from Sigma-Aldrich (St
Louis, MO, USA) at 37 ◦ C in 5% CO2 and used before reaching passage 45.
2.4. Cytotoxicity Assay
The cytotoxicity of RB phenolic extracts was examined using a resazurin red cytotoxicity assay
wherein INS-1E cells were seeded into 96-well plates at a density of 50,000 cells per well and incubated
for 24 h in the RPMI 1640 complete media. The cell count for experimental seeding was achieved with
a Muse® Cell Analyzer from Luminex Corporation (Austin, TX, USA). INS-1E cells were then treated
with 200 µL of freshly prepared RB phenolic extracts at various concentrations (25, 50, 100, 250, 500, 750,
and 1000 µg/mL) for 6 h. Hydrogen peroxide (5 mM) was used as a positive control and 0.25% DMSO
served as a negative control. Subsequently, all the treatment wells were emptied before adding 200 µL
of resazurin red solution (14 mg/L) to each well and incubated for an additional 4 h at 37 ◦ C in 5%
CO2 . The absorbance was measured on a microplate reader (FLUOstar Omega microplate reader, BMG
Labtech, Offenburg, Germany) at 570 and 600 nm against a resazurin red blank. The percentage of cell
viability was calculated as described by Saji, Francis [20]. Each treatment was measured in octuplicate.
2.5. Expression of Genes Associated with β-Cell Function
2.5.1. Experimental Design
Two experimental conditions simultaneously tested were normal glucose treatment (11.1 mM) to
represent a normal β-cell function and high glucose treatment (25 mM) to represent β-cell dysfunction
under glucotoxic stress [4,15]. INS-1E cells were seeded at a density of 500,000 cells per well into
6-well plates and incubated for 24 h. To induce glucotoxicity, INS-1E cells were further subjected to
48 h incubation in RPMI 1640 complete media containing 25 mM glucose. Cells under both normal
and high glucose conditions were treated for 6 h with RB phenolic extracts (25, 50, 100, and 250 µg/mL)
and 0.125% DMSO served as the negative control. Each treatment was measured in quintuplicate.
2.5.2. Gene Expression Analysis
Total ribonucleic acid (RNA) extraction was conducted using the SV Total RNA Isolation System
according to the manufacturer’s instructions (Promega, Madison, WI, USA). RNA quality was
determined using a NanoDrop™ 2000 c Spectrophotometer from Thermo Fisher Scientific (Waltham,
MA, USA). Then, cDNA synthesis was conducted using a GoScript™ Reverse Transcriptase, according
to the manufacturer’s instructions (Promega, Madison, WI, USA).
Primers used for quantitative real-time polymerase chain reaction (qPCR) examinations are
listed in Table 1. All of the qPCR primers were adapted from [21], designed using Primer3 software,
and synthesized by Sigma-Aldrich (St Louis, MO, USA). The amplification efficiency was determined
to be between 90–110% for all the primers before starting qPCR.
Gene expression was conducted in the CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad) using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) detection according to
the manufacturer’s instructions. The cycling conditions comprised 95 ◦ C for 3 min, 95 ◦ C for 10 s,
and 60 ◦ C for 30 s repeated for 39 cycles. The melt curve was generated at 65 ◦ C for 5 s and 95 ◦ C for 50
s. The endpoint or cycle threshold (Ct) values were obtained for all genes tested. The mean normalized
expression of genes was determined using the Q-gene software application, as described by Muller,
Janovjak [22]. TfIIβ served as the reference gene.
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Table 1. The nucleotide sequences of the PCR primers used to assay gene expression by qPCR.
Gene

Forward Primer

Reverse Primer

Glut2

TCAGCCAGCCTGTGTATGCA

TCCACAAGCAGCACAGAGACA

Pdx1

CCGCGTTCATCTCCCTTT C

CTCCTGCCCACTGGCTTT T

Sirt1

CAGTGTCATGGTTCCTTTGC

CACCGAGGAACTACCTGA T

Tfam

GGGAAGAGCAAATGGCTGAA

TCACACTGCGACGGATGA GA

Ins1

TGCTCACCCGCGACCTT

GTTCATATGCACCACTGGACTGAA

TfIIβ

GTTCTGCTCCAACCTTTGCCT

TGTGTAGCTGCCATCTGCACT T

2.6. Glucose-Stimulated Insulin Secretion
The preparation of supernatant for the glucose-stimulated insulin secretion assay was adapted
from a previous study conducted by Bhattacharya, Oksbjerg [15] with slight modifications. Briefly,
INS-1E cells were seeded into a 24-well plate at a density of 1 × 105 cells/well and incubated for
24 h or until 70–80% confluency was reached. The cells were treated with DMSO control and RB
extracts at different concentrations (25–250 µg/mL) and incubated for 6 h. Cells were then starved with
a Krebs-Ringer bicarbonate buffer (125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2 , 1.2 mM MgCl2 , 25 mM
HEPES, and 0.1% BSA at pH 7.4) containing 5 mM glucose for 1 h. Glucose-stimulated insulin secretion
was then induced by treating cells with a Krebs-Ringer bicarbonate buffer containing either 11.1 mM
or 25 mM glucose for 1 h. The supernatant containing secreted insulin was collected and stored at −20
◦ C until further analysis. Insulin secretion was measured using a Rat Ins1/Insulin ELISA Kit purchased
from Sigma-Aldrich (St Louis, MO, USA) according to the manufacturer’s instructions. Each treatment
was measured in sextuplicate.
2.7. Statistical Analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by
post-hoc Tukey’s multiple comparisons test using GraphPad Prism 7 software (GraphPad Software Inc,
San Diego, CA, USA) at a level of p < 0.05. The results are reported as mean ± standard deviation (SD).
3. Results
3.1. Cytotoxicity of RB Phenolic Extracts on INS-1E Cells
The cell viability of INS-1E cells 6 h post-exposure (Figure 1) to various concentrations of RB
phenolic extracts did not display any cytotoxic effect on the INS-1E cells at the lower concentrations
tested (25–250 µg/mL). However, higher concentrations (500–1000 µg/mL) displayed a reduction in
cell viability. Optimal, non-toxic concentrations of RB extract were determined to be between 25–250
µg/mL under both normal and high glucose conditions.

Figure 1. INS-1E cell viability 6 h post-exposure to various concentrations of RB phenolic extracts.
(a) Normal glucose conditions, (b) High glucose conditions (n = 8). Data are presented as Mean ± SD.
Dimethyl sulfoxide, DMSO; Hydrogen Peroxide, H2 O2 ; Insulin-secreting rat insulinoma cell, INS-1E;
Rice bran, RB.
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3.2. Effect of RB Phenolic Extracts on Expression of Genes Associated with β-Cell Function
3.2.1. Expression of the Glut2 Gene
Under normal glucose conditions, a significant increase (p < 0.01) in the expression of the Glut2
gene was observed after treatment with 50 and 100 µg/mL of RB phenolic extracts when compared to
that of the control. Under high glucose conditions, a significant increase (p < 0.0001) in the expression
of the Glut2 gene was also observed after treatment with 25–250 µg/mL of RB phenolic extracts when
compared to that of the control (Figure 2).

Figure 2. Effect of RB phenolic extracts on the expression of the Glut2 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Glucose transporter 2, Glut2; Rice bran, RB.

3.2.2. Expression of the Pdx1 Gene
A significant increase (p < 0.05) in the expression of the Pdx1 gene was observed after treatment
with 50 and 100 µg/mL of RB phenolic extracts under normal glucose conditions when compared
to that of the control. A significant increase (p < 0.001) in the expression of the Pdx1 gene was also
observed after treatment with 25–250 µg/mL of RB phenolic extracts under high glucose conditions
when compared to that of the control (Figure 3).

Figure 3. Effect of RB phenolic extracts on the expression of the Pdx1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n
= 5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p <
0.001. Data are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin promoter factor 1, Pdx1;
Insulin-secreting rat insulinoma cell, INS-1E; Rice bran, RB.
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3.2.3. Expression of the Sirt1 Gene
There was no significant increase in the expression of the Sirt1 gene observed under normal
glucose conditions when compared to that of the control. However, under high glucose conditions,
a significant increase (p < 0.0001) in the expression of the Sirt1 gene was observed after treatment with
25–250 µg/mL of RB phenolic extracts when compared to that of the control (Figure 4).

Figure 4. Effect of RB phenolic extracts on the expression of the Sirt1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Data are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat
insulinoma cell, INS-1E; Rice bran, RB; Sirtuin 1, Sirt1.

3.2.4. Expression of the Tfam Gene
Under normal glucose conditions, a significant increase (p < 0.001) in the expression of the Tfam
gene was observed after treatment with 25–250 µg/mL of RB phenolic extracts when compared to that of
the control. However, under high glucose conditions, a significant increase (p < 0.05) in the expression
of the Tfam gene was only observed after treatment with 25 µg/mL of RB phenolic extracts when
compared to that of the control (Figure 5).

Figure 5. Effect of RB phenolic extracts on the expression of the Tfam gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n = 5).
The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p < 0.001. Data
are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Mitochondrial transcription factor A, Tfam; Rice bran, RB.
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3.2.5. Expression of the Ins1 Gene
RB extract did not alter the expression of the Ins1 gene under normal glucose treatment. However,
under high glucose conditions, a significant increase in the expression of the Ins1 gene was observed
after treatment with 50 µg/mL (p < 0.01) and 100 µg/mL (p < 0.001) of RB phenolic extracts when
compared to that of the control (Figure 6).

Figure 6. Effect of RB phenolic extracts on the expression of the Ins1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby ** p < 0.01, *** p < 0.001. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin 1, Ins1; Insulin-secreting rat insulinoma
cell, INS-1E; Rice bran, RB.

3.3. Glucose-Stimulated Insulin Secretion
Glucose-stimulated insulin secretion was observed to significantly increase after treatment with
25 (p < 0.0001), 50 (p < 0.0001), 100 (p < 0.0001), and 250 (p < 0.05) µg/mL of RB phenolic extracts
under normal glucose conditions when compared to that of the control. Similarly, under high glucose
conditions, a significant increase in glucose-stimulated insulin secretion was also observed after
treatment with 25 (p < 0.0001), 50 (p < 0.05), and 100 (p < 0.05) µg/mL of RB phenolic extracts when
compared to that of the control (Figure 7).

Figure 7. Effect of RB phenolic extracts on glucose-stimulated insulin secretion under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n = 6).
The level of significance is indicated by the asterisks, whereby * p < 0.05, **** p < 0.0001. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Rice bran, RB.
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4. Discussion
Prolonged exposure of pancreatic β-cells to a high glucose environment is known to result in
oxidative stress, consequently leading to the downregulation of pancreatic genes, in turn causing
impaired β-cell function and insulin secretion [16]. Plant-derived phenolic compounds via their
antioxidant, free radical scavenging and metal chelating properties have been observed to target
metabolic pathways associated with the pathogenesis of T2DM [14]. The present study demonstrated
that RB phenolic extracts effectively alter β-cell function in insulin-secreting cells by modulating
the expression of genes and insulin secretion. It was observed that RB phenolic extracts upregulated
the expression of key genes associated with β-cell function, including Glut2, Pdx1, Sirt1, Tfam, and Ins1
both under normal and high glucose-induced stress conditions (Figures 2–6).
The Glut2 gene primarily acts as a glucose transporter and the decreased expression of the Glut2
gene is directly proportional to the loss of glucose-stimulated insulin secretion [5]. In this study,
a significant increase in the expression of the Glut2 gene was observed under normal conditions
compared to that in high glucose conditions. This may have been caused by the increase in glucotoxic
stress created by the high glucose environment, resulting in a reduced ability to maintain normal
functioning as a glucose transporter. Nevertheless, a significant up-regulation of the Glut2 gene was
observed under both conditions compared to those of the respective controls after treatment with
varying concentrations of RB extract (Figure 2). Similarly, studies in which phenolic compounds
derived from M. pumilum var. alata extracts and purified phenolic compounds such as resveratrol
were tested improved β-cell function, and insulin signalling was observed as a result of increased
expression of the Glut2 gene in the pancreas [21,23]. This is most likely due to the polyphenols
targeting the exchange of calcium ions resulting in the exocytosis of insulin-containing granules,
thereby favourably modulating β-cell function [5,24].
Pdx1 gene expression is essential for the homeostatic regulation of the glucose-sensing system in
β-cells [6]. It is also essential for survival and differentiation of β-cells as it primarily acts by upregulating
the transcription of several β-cell-specific genes, including the Ins and Glut2 genes [25]. Results obtained
from this study show that under both normal and high glucose conditions, a significant upregulation
of the Pdx1 gene was evident after treatment with RB phenolic extracts (Figure 3). Upregulation
of the Pdx1 gene has been observed elsewhere, in which administration of Teucrium polium extract,
known to contain phenolic compounds with strong antioxidant and anti-inflammatory effects, was
found to reverse the symptoms of streptozotocin-induced diabetes in rats [26]. Another study, wherein
the effect of gallic acid against glucolipotoxicity and insulin secretion was examined, showed that
pre-treatment with different concentrations of gallic acid was found to increase insulin secretion
and resulted in the upregulation of the Pdx1 gene in RINm5F β-cells [27]. Reduction in insulin
secretion has been attributed to the c-Jun N-terminal kinase (JNK) pathway activation under oxidative
stress conditions. JNK activation as a result of oxidative stress results in forkhead box protein O1
(FOXO1) phosphorylation, and the nuclear localization of the FOXO1protein leads to a reduction in
the expression of the Pdx1 gene [28]. As an adequate expression of the pancreatic Pdx1 gene is essential
to maintain the proper function of insulin-producing β-cells, inhibition of the JNK pathway is crucial.
As phenolic compounds are recognized to modulate the regulation of the JNK pathway [26], it is
likely that the observed upregulation of the Pdx1 gene by RB-derived phenolic extracts resulted from
an inhibition of the JNK pathway.
The Sirt1 gene is known to be a major contributor to the metabolic regulation of a cell via lipid
metabolism and insulin secretion [7]. In the current study, under high glucose conditions, a significant
increase in the expression of the Sirt1 gene was observed after treatment with RB phenolic extracts
(Figure 4). Sun, Zhang [29] demonstrated that resveratrol improved insulin sensitivity by repressing
the protein tyrosine phosphatase (PTP) constitute and PTP1 B transcription at the chromatin level (on
the Sirt1 gene) under normal versus insulin-resistant conditions. Hence, it is believed that upregulation
of the Sirt1 gene as a result of treatment with RB phenolics can potentially target PTP1 B ranscription
consequently improving insulin sensitivity.
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Any disruption to the Tfam gene in the pancreatic β-cell is known to result in impaired insulin
secretion, reduced β-cell mass, and, consequently, the development of T2DM [8]. The current study
shows a significant increase in the expression of the Tfam gene under normal and high glucose conditions
post-treatment with RB phenolic extracts (Figure 5). In an in vivo study where rats were gavaged
with pterostilbene, Tfam gene expression was significantly increased in addition to improvements
to glycaemic control and insulin resistance [30]. Furthermore, the treatment of INS-1E cells with
resveratrol also displayed marked potentiation of glucose-stimulated insulin secretion as a result
of the up-regulation of Tfam [21]. From the above studies, it is believed that RB phenolics have
the potential to enhance the efficiency of mitochondrial function via interaction with transcription
factors such as Tfam.
Appropriate regulation of the Ins1 gene is essential for central insulin signalling as it is an anorectic
gene that encodes for the production of the insulin hormone that plays a vital role in the regulation
of carbohydrate and lipid metabolism [31]. Chronic exposure to high glucose conditions can reduce
the expression of the Ins1 gene in β-cells and is often accompanied by the decreased binding activity
of the β-cell-specific transcription factor, Pdx1 [32]. In the current study, although there was no
significant increase in Ins1 gene expression after RB extract treatment under normal glucose conditions,
the expression of the Ins1 gene was significantly upregulated under high glucose conditions (Figure 6).
Similarly, an in vivo study by the author of [33] also demonstrated blueberry-leaf extract rich in
chlorogenic acid and flavonol glycosides attenuates glucose homeostasis and improves pancreatic
β-cell function by increasing the expression of several genes including Ins1. Polyphenols present
in common spices, such as cinnamon, cloves, turmeric, and bay leaves, due to their doubly-linked
procyanidin type-A polymers, have also shown an insulin-like activity in vitro [34]. The mechanism of
cinnamon’s insulin-like activity may be in part due to increases in the amounts of insulin receptor
β and Glut4 expression [34]. Some of the polyphenols present in cinnamon include caffeic, ferulic,
p-coumaric, protocatechuic, and vanillic acids [35], a similar phenolic profile observed in the RB
samples used in this study [18]. Therefore, it is likely that the effects observed in this study may
be due to the insulin-like activity displayed by the polyphenols present in RB individually or via
synergistic bioactivity.
Hormones such as insulin and amylin are co-secreted by β-cells in a fixed molecular ratio
that provides circulating energy in the form of glucose and stored energy in the form of visceral
adipose tissue [36]. However, conditions such as obesity, T2DM, and pancreatic cancer result in
an increase in the amount of amylin relative to the insulin, which can disturb the regulation of
energy homeostasis [36]. It was observed that under normal and high glucose-induced conditions, RB
phenolic extracts significantly increased glucose-stimulated insulin secretion (Figure 7). Bhattacharya,
Oksbjerg [15] also observed a similar trend where caffeic acid, naringenin, and quercetin significantly
increased glucose-stimulated insulin secretion under hyperglycaemic and glucotoxic conditions in
INS-1E cells. Similarly, several other phenolic compounds such as ferulic acid [37] and p-coumaric
acid [38] have also been shown to increase insulin secretion both in vitro and in vivo, respectively. In
this study, it was observed that RB phenolic compounds increase the expression of both the Ins1 gene
and the secretion of insulin in INS-1E cells under high glucose conditions. Since the Ins1 gene is known
to encode for the production of insulin hormone, this may indicate that there may be a correlation
between insulin secretion and the expression of the Ins1 gene.
Furthermore, it was observed that lower doses of the RB extract used in this study favourably
modulated β-cell function associated gene expression and insulin secretion when compared to
the higher doses in vitro. This phenomenon may be explained through the effect of hormesis, a biphasic
dose-response to an environmental agent, wherein glucose-stimulated insulin secretion was observed
to have a stimulatory or beneficial effect at low doses and an inhibitory or toxic effect at high doses
of RB extract [39]. Dietary polyphenols are known to have strong cytoprotective effects, however,
the hormetic role of dietary antioxidants in free radical-related diseases have demonstrated that under
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uncontrolled nutritional supplementation, gene induction effects and the interaction with detoxification
responses can result in a negative response by generating more reactive and harmful intermediates [40].
As a result of hindrance by cereal matrices, most of the bound phenolic compounds present in
cereal grains are usually not readily accessible by digestive enzymes, leading to low bioavailability [41].
Studies have demonstrated that this could be improved by increasing their accessibility through
suitable processing techniques, for example, thermal treatments [18,41]. The RB sample examined in
this study was previously studied with respect to several thermal treatments. Of the treatments studied,
drum drying resulted in the optimal antioxidant activity and was therefore selected for the current
investigation [18]. The drum-dried RB samples resulted in a total free phenolic content of 362.17 ±
34.16 gallic acid equivalent (GAE)/100 g of RB with antioxidant activity of 975.33 ± 20.24 Fe2+ /100 g of
RB and a total bound phenolic content of 160.65 ± 5.52 GAE/100 g of RB with antioxidant activity of
551.91 ± 8.82 Fe2+/ 100 g of RB. This was much higher compared to that of a non-treated sample that
had a total free phenolic content of 238.26 ± 30.34 GAE/100 g of RB with antioxidant activity of 621.76
± 26.76 Fe2+/ 100 g of RB and a total bound phenolic content of 222.94 ± 3.74 GAE/100 g of RB with
antioxidant activity of 712.37 ± 14.57 Fe2+ /100 g of RB [18].
5. Conclusions
This study has demonstrated that RB phenolic compounds, under both normal and glucotoxic
conditions, significantly increase the expression of genes associated with β-cell function, in addition
to increasing glucose-stimulated insulin secretion. RB phenolic compounds could play an important
role in modulating the expression of genes involved in β-cell dysfunction and insulin secretion via
several mechanisms, including (1) Synergistic action of polyphenols and phenolic acids by targeting
signalling molecules, including transcription factors, consequently modulating mitochondrial potential;
(2) Reducing free radical damage related to β-cell dysfunction via their antioxidant activity; and (3)
Stimulation of effectors or survival factors of insulin secretion. RB phenolic extracts present as
a promising preventive/therapeutic target in the treatment of glucotoxicity induced β-cell dysfunction.
More in vivo studies are warranted to confirm the bioactivity of RB phenolic compounds.
Author Contributions: N.S. performed the experiments outlined in this study and drafted the manuscript.
N.F., L.J.S., C.L.B., and A.B.S. were involved in the experimental study design, preparation, and review of this
manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: This study was funded by the Australian Research Council Industrial Transformation Training Centre
for Functional Grains (Project ID 100737) and from AgriFutures, Australia (PRJ-011503). We would like to
acknowledge the Faculty of Science, Charles Sturt University, for providing funding towards the publication cost
of this article.
Acknowledgments: The authors acknowledge SunRice, Australia, for providing the rice bran samples used in
this study. We would like to acknowledge Kathryn Aston-Mourey, Head of Islet Biology Laboratory at Deakin
University, Australia, for kindly donating the INS-1E cells.
Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
c-Jun N-terminal kinase (JNK), Dimethyl sulfoxide (DMSO), Forkhead box protein O1 (FOXO1), Gallic acid
equivalent (GAE), Glucose transporter 2 (Glut2), Insulin 1 (Ins1), Insulin-secreting rat insulinoma cell (INS-1E),
Mitochondrial DNA (mtDNA), Mitochondrial transcription factor A (Tfam), One-way analysis of variance
(ANOVA), Pancreatic and Duodenal Homeobox 1 (Pdx1), Protein tyrosine phosphatase (PTP), Quantitative
real-time polymerase chain reaction (qPCR), Ribonucleic acid (RNA), Rice bran (RB), Sirtuin 1 (Sirt1), Standard
deviation (SD), Type 2 diabetes mellitus (T2DM).

Nutrients 2020, 12, 1889

11 of 13

References
1.

2.

3.

4.

5.
6.

7.
8.
9.

10.
11.

12.

13.

14.
15.

16.
17.
18.
19.

20.

Leko, V.; Varnum-Finney, B.; Li, H.; Gu, Y.; Flowers, D.; Nourigat, C.; Bernstein, I.D.; Bedalov, A. SIRT1 is
dispensable for function of hematopoietic stem cells in adult mice. Blood J. Am. Soc. Hematol. 2012, 119,
1856–1860. [CrossRef] [PubMed]
Hou, J.C.; Williams, D.; Vicogne, J.; Pessin, J.E. The glucose transporter 2 undergoes plasma membrane
endocytosis and lysosomal degradation in a secretagogue-dependent manner. Endocrinology 2009, 150,
4056–4064. [CrossRef] [PubMed]
Keane, K.N.; Cruzat, V.F.; Carlessi, R.; de Bittencourt, P.I.H.; Newsholme, P. Molecular events linking
oxidative stress and inflammation to insulin resistance and β-cell dysfunction. Oxidative Med. Cell. Longev.
2015, 2015. [CrossRef] [PubMed]
Kang, G.G.; Francis, N.; Hill, R.; LE Waters, D.; Blanchard, C.L.; Santhakumar, A.B. Coloured rice phenolic
extracts increase expression of genes associated with insulin secretion in rat pancreatic insulinoma β-cells.
Int. J. Mol. Sci. 2020, 21, 3314. [CrossRef] [PubMed]
Thorens, B. GLUT2, glucose sensing and glucose homeostasis. Diabetologia 2015, 58, 221–232. [CrossRef]
Gao, N.; LeLay, J.; Vatamaniuk, M.Z.; Rieck, S.; Friedman, J.R.; Kaestner, K.H. Dynamic regulation of Pdx1
enhancers by Foxa1 and Foxa2 is essential for pancreas development. Genes Dev. 2008, 22, 3435–3448.
[CrossRef]
Imai, S.-i.; Kiess, W. Therapeutic potential of SIRT1 and NAMPT-mediated NAD biosynthesis in type 2
diabetes. Front. Biosci. J. Virtual Libr. 2009, 14, 2983. [CrossRef]
Lezza, A.M. Mitochondrial transcription factor A (TFAM): One actor for different roles. Front. Biol. 2012, 7,
30–39. [CrossRef]
Kataoka, K.; Han, S.-i.; Shioda, S.; Hirai, M.; Nishizawa, M.; Handa, H. MafA is a glucose-regulated
and pancreatic β-cell-specific transcriptional activator for the insulin gene. J. Biol. Chem. 2002, 277,
49903–49910. [CrossRef]
Campbell, S.C.; Macfarlane, W.M. Regulation of the pdx1 gene promoter in pancreatic β-cells. Biochem.
Biophys. Res. Commun. 2002, 299, 277–284. [CrossRef]
Gemma, C.; Sookoian, S.; Dieuzeide, G.; García, S.I.; Gianotti, T.F.; González, C.D.; Pirola, C.J. Methylation of
TFAM gene promoter in peripheral white blood cells is associated with insulin resistance in adolescents.
Mol. Genet. Metab. 2010, 100, 83–87. [CrossRef] [PubMed]
Gianotti, T.F.; Sookoian, S.; Dieuzeide, G.; García, S.I.; Gemma, C.; González, C.D.; Pirola, C.J. A decreased
mitochondrial DNA content is related to insulin resistance in adolescents. Obesity 2008, 16, 1591–1595.
[CrossRef] [PubMed]
Mehran, A.E.; Templeman, N.M.; Brigidi, G.S.; Lim, G.E.; Chu, K.-Y.; Hu, X.; Botezelli, J.D.; Asadi, A.;
Hoffman, B.G.; Kieffer, T.J. Hyperinsulinemia drives diet-induced obesity independently of brain insulin
production. Cell Metab. 2012, 16, 723–737. [CrossRef] [PubMed]
Kaup, R.M.; Khayyal, M.T.; Verspohl, E.J. Antidiabetic effects of a standardized egyptian rice bran extract.
Phytother. Res. 2013. [CrossRef]
Bhattacharya, S.; Oksbjerg, N.; Young, J.; Jeppesen, P. Caffeic acid, naringenin and quercetin enhance
glucose-stimulated insulin secretion and glucose sensitivity in INS-1E cells. Diabetes Obes. Metab. 2014, 16,
602–612. [CrossRef]
Cheng, A.-S.; Cheng, Y.-H.; Chang, T.-L. Resveratrol protects RINm5F pancreatic cells from
methylglyoxal-induced apoptosis. J. Funct. Foods 2013, 5, 1774–1783. [CrossRef]
Dall’Asta, M.; Bayle, M.; Neasta, J.; Scazzina, F.; Bruni, R.; Cros, G.; Del Rio, D.; Oiry, C. Protection of
pancreatic β-cell function by dietary polyphenols. Phytochem. Rev. 2015, 14, 933–959. [CrossRef]
Saji, N.; Schwarz, L.J.; Santhakumar, A.B.; Blanchard, C.L. Stabilization treatment of rice bran alters phenolic
content and antioxidant activity. Cereal Chem. 2020, 97, 281–292. [CrossRef]
Saji, N.; Francis, N.; Schwarz, L.J.; Blanchard, C.L.; Santhakumar, A.B. Rice bran derived bioactive compounds
modulate risk factors of cardiovascular disease and type 2 diabetes mellitus: An updated review. Nutrients
2019, 11, 2736. [CrossRef]
Saji, N.; Francis, N.; Blanchard, C.L.; Schwarz, L.J.; Santhakumar, A.B. Rice Bran phenolic compounds regulate
genes associated with antioxidant and anti-inflammatory activity in human umbilical vein endothelial cells
with induced oxidative stress. Int. J. Mol. Sci. 2019, 20, 4715. [CrossRef]

Nutrients 2020, 12, 1889

21.

22.
23.

24.
25.

26.

27.

28.

29.
30.

31.
32.
33.

34.
35.
36.
37.

38.
39.

12 of 13

Vetterli, L.; Brun, T.; Giovannoni, L.; Bosco, D.; Maechler, P. Resveratrol potentiates glucose-stimulated
insulin secretion in INS-1E β-cells and human islets through a SIRT1-dependent mechanism. J. Biol. Chem.
2011, 286, 6049–6060. [CrossRef] [PubMed]
Muller, P.; Janovjak, H.; Miserez, A.; Dobbie, Z. Processing of gene expression data generated by quantitative
real-time RT PCR (vol 32, pg 1378, 2002). Biotechniques 2002, 33, 514.
Dharmani, M.; Kamarulzaman, K.; Giribabu, N.; Choy, K.; Zuhaida, M.; Aladdin, N.; Jamal, J.; Mustafa, M.
Effect of Marantodes pumilum Blume (Kuntze) var. alata on β-cell function and insulin signaling in
ovariectomised diabetic rats. Phytomedicine 2019, 65, 153101. [CrossRef] [PubMed]
Henquin, J.-C. Triggering and amplifying pathways of regulation of insulin secretion by glucose. Diabetes
2000, 49, 1751–1760. [CrossRef] [PubMed]
Grondin, M.; Robinson, I.; Do Carmo, S.; Ali-Benali, M.A.; Ouellet, F.; Mounier, C.; Sarhan, F.;
Averill-Bates, D.A. Cryopreservation of insulin-secreting INS832/13 cells using a wheat protein formulation.
Cryobiology 2013, 66, 136–143. [CrossRef]
Tabatabaie, P.S.; Yazdanparast, R. Teucrium polium extract reverses symptoms of streptozotocin-induced
diabetes in rats via rebalancing the Pdx1 and FoxO1 expressions. Biomed. Pharmacother. 2017, 93, 1033–1039.
[CrossRef] [PubMed]
Sameermahmood, Z.; Raji, L.; Saravanan, T.; Vaidya, A.; Mohan, V.; Balasubramanyam, M. Gallic acid protects
RINm5F β-cells from glucolipotoxicity by its antiapoptotic and insulin-secretagogue actions. Phytother. Res.
2010, 24, S83–S94. [CrossRef] [PubMed]
Kawamori, D.; Kaneto, H.; Nakatani, Y.; Matsuoka, T.-a.; Matsuhisa, M.; Hori, M.; Yamasaki, Y. The forkhead
transcription factor Foxo1 bridges the JNK pathway and the transcription factor PDX-1 through its intracellular
translocation. J. Biol. Chem. 2006, 281, 1091–1098. [CrossRef]
Sun, C.; Zhang, F.; Ge, X.; Yan, T.; Chen, X.; Shi, X.; Zhai, Q. SIRT1 improves insulin sensitivity under
insulin-resistant conditions by repressing PTP1B. Cell Metab. 2007, 6, 307–319. [CrossRef]
Gómez-Zorita, S.; Fernández-Quintela, A.; Aguirre, L.; Macarulla, M.; Rimando, A.; Portillo, M. Pterostilbene
improves glycaemic control in rats fed an obesogenic diet: Involvement of skeletal muscle and liver. Food
Funct. 2015, 6, 1968–1976. [CrossRef]
Lu, C.; Zhu, W.; Shen, C.-L.; Gao, W. Green tea polyphenols reduce body weight in rats by modulating
obesity-related genes. PLoS ONE 2012, 7, e38332. [CrossRef] [PubMed]
Puddu, A.; Storace, D.; Odetti, P.; Viviani, G. Advanced glycation end-products affect transcription factors
regulating insulin gene expression. Biochem. Biophys. Res. Commun. 2010, 395, 122–125. [CrossRef] [PubMed]
Li, H.; Park, H.-M.; Ji, H.-S.; Han, J.; Kim, S.-K.; Park, H.-Y.; Jeong, T.-S. Phenolic-enriched blueberry-leaf extract
attenuates glucose homeostasis, pancreatic β-cell function, and insulin sensitivity in high-fat diet–induced
diabetic mice. Nutr. Res. 2020, 73, 83–96. [CrossRef] [PubMed]
Hanhineva, K.; Törrönen, R.; Bondia-Pons, I.; Pekkinen, J.; Kolehmainen, M.; Mykkänen, H.; Poutanen, K.
Impact of dietary polyphenols on carbohydrate metabolism. Int. J. Mol. Sci. 2010, 11, 1365–1402. [CrossRef]
Pramote, K.; Nucha, S.; Suched, S.; Parinda, P.; Prasong, S.; Shuji, A. Subcritical water extraction of flavoring
and phenolic compounds from cinnamon bark (Cinnamomum zeylanicum). J. Oleo Sci. 2012, 61, 349–355.
Woods, S.C.; Lutz, T.A.; Geary, N.; Langhans, W. Pancreatic signals controlling food intake; insulin, glucagon
and amylin. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1219–1235. [CrossRef]
Nomura, E.; Kashiwada, A.; Hosoda, A.; Nakamura, K.; Morishita, H.; Tsuno, T.; Taniguchi, H. Synthesis of
amide compounds of ferulic acid, and their stimulatory effects on insulin secretion In vitro. Bioorganic Med.
Chem. 2003, 11, 3807–3813. [CrossRef]
Zabad, O.M.; Samra, Y.A.; Eissa, L.A. P-Coumaric acid alleviates experimental diabetic nephropathy through
modulation of Toll like receptor-4 in rats. Life Sci. 2019, 238, 116965. [CrossRef]
Mattson, M.P. Hormesis defined. Ageing Res. Rev. 2008, 7, 1–7. [CrossRef]

Nutrients 2020, 12, 1889

40.

41.

13 of 13

Calabrese, V.; Cornelius, C.; Trovato-Salinaro, A.; Cambria, M.T.; Locascio, M.; Rienzo, L.; Condorelli, D.;
Mancuso, C.; De Lorenzo, A.; Calabrese, E. The hormetic role of dietary antioxidants in free radical-related
diseases. Curr. Pharm. Des. 2010, 16, 877–883. [CrossRef]
Karakaya, S. Bioavailability of phenolic compounds. Crit. Rev. Food Sci. Nutr. 2004, 44, 453–464. [CrossRef]
[PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

