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ARTICLE INFO ABSTRACT

Keywords: The anti-diabetic properties of whole groats and dietary fibers from various grains and legumes
Diabetes mellitus are well known. Nevertheless, studies on the anti-diabetic effects of their extracts are limited, and
;)at N it is difficult to compare their efficacy. This study investigated the anti-diabetic potential of
N(I)iilgetum ethanol extracts from oats (OE), sorghum (SE), foxtail millet (FE), proso millet (PE), adzuki bean

(AE), and black soybean (BE) in a high-fat diet and streptozotocin-nicotinamide-induced diabetic
rat models. The extracts, obtained using 99.9 % ethanol, were orally administered to diabetic rats
for four weeks. Various parameters were evaluated, including fasting blood glucose levels,
glucose tolerance, insulin sensitivity, serum insulin levels, and pancreas histological analysis. OE
and SE effectively reduced fasting blood glucose levels and the area under the curve (AUC) in the
oral glucose tolerance test. Only OE significantly decreased the AUC in the insulin tolerance test
and increased insulin concentration and homeostatic model assessment of the p-cell function
index, indicating improved insulin sensitivity and p-cell function. Histological and immunohis-
tochemical analysis of the pancreas supported these findings, demonstrating that OE protected
against pancreatic cell damage. In contrast, FE, PE, AE, and BE did not have a significant effect on
diabetes-related parameters. These findings identify OE as the most promising natural interven-
tion for diabetes management.

Adzuki bean
Black soybean

1. Introduction

Diabetes mellitus is a global health concern that poses significant challenges to individuals and healthcare systems worldwide [1].
The prevalence of diabetes has increased dramatically, rising from 180 million in 1980 to 422 million in 2014 [2]. In addition, the age
mortality rate increased by 3 % from 2000 to 2019, with 48 % of deaths from diabetes occurring before the age of 70. Beyond mortality,
diabetes is associated with severe health complications such as cardiovascular disease, kidney failure, vision loss, and foot ulcers [3,4].
Notably, type 2 diabetes (T2DM) overwhelmed type 1 diabetes in prevalence, with an incidence rate of 5.9 % in 2020, compared to 0.2
% for type 1 diabetes [5]. T2DM is characterized by hyperglycemia and abnormal glucose metabolism resulting from insulin resistance
and pancreatic p-cell dysfunction [6]. Insulin resistance refers to reduced cell sensitivity to insulin, leading to increased insulin
production and release in the pancreas. However, sustained high insulin demand can deplete f-cells, resulting in decreased insulin
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production and secretion.

Due to the increasing prevalence of T2DM, effective management strategies are urgently needed [7]. While oral anti-diabetic drugs,
such as biguanides, sulphonylureas (metformin), and alpha-glucosidase inhibitors (acarbose and voglibose) are commonly used to
manage T2DM, they can have adverse effects [8]. These medications may lead to weight gain and gastrointestinal side effects,
including nausea, vomiting, and diarrhea [9]. Hence, there is growing interest in exploring natural resources with anti-diabetic effects
as alternative approaches [10].

Grains and legumes, such as oats (Avena sativa), sorghum (Sorghum bicolor), foxtail millet (Setaria italica), proso millet (Panicum
millaceum), adzuki bean (Vigna angularis), and black soybean (Glycine max), are recognized as valuable and nutrient-rich natural re-
sources due to their bioactive compounds [11]. These crops have been reported to exhibit various health benefits, including antiox-
idant, anti-cancer, anti-obesity, and anti-diabetic effects [12,13]. Previous studies on their anti-diabetic effects have primarily focused
on whole grains, highlighting the role of dietary fiber in reducing blood glucose levels by slowing down the emptying of the digestive
tract [14].

Interestingly, these grains and legumes also contain abundant phenolic compounds with anti-diabetic effects [15]. For instance,
ferulic acid, which is abundant in most grains, improves glucose homeostasis by regulating insulin signaling and genes involved in
gluconeogenesis [16]. Additionally, catechin and vitexin in adzuki beans, as well as cyanidin-3-glucoside in black soybeans, are known
to have anti-diabetic effects [17-19]. Organic solvent extraction is commonly used to obtain high concentrations of phenolic com-
pounds from natural sources [20]. Therefore, extracts of these grains and legumes have potential as functional foods for the prevention
and treatment of diabetes.

A few animal studies have investigated the anti-diabetic effects of organic solvent extracts from oats [21], sorghum [22-24], adzuki
bean [25,26], and black soybean [27,28]. However, there is limited research comprehensively evaluating the effects of extracts on not
only hyperglycemia but also insulin sensitivity and pancreas damage. Furthermore, comparing the anti-diabetic effects among
different grains and legumes is challenging due to variations in extraction solvents, animal models, and measured outcomes across the
previously reported studies.

Therefore, this study aimed to investigate the anti-diabetic effects of 99 % ethanol extracts derived from oats (OE), sorghum (SE),
foxtail millet (FE), proso millet (PE), adzuki bean (AE), and black soybean (BE) in a high-fat diet and streptozotocin (STZ)-nicotin-
amide (NA)-induced diabetic rat model. In this study, we evaluated the potential of these extracts to control hyperglycemia and
improve glucose tolerance and insulin resistance. OE, which exhibited the most potent anti-diabetic effects, was also assessed for its
ability to mitigate pancreatic cell damage.

2. Materials and methods
2.1. Sample preparation

Oat (Daeyang), sorghum (Sodamchal), foxtail millet (Samdachal), proso millet (Geumsilchal), adzuki bean (Arari), and black
soybean (Chungja #4), harvested in 2018, were provided by the National Institute of Crop Science, Rural Development Administration
(Suwon, Korea). The grains and legumes were then ground and stirred in 99.9 % ethanol (Duksan Pure Chemicals Co., Ansan, Korea) at
aratio of 1 L per 100 g for 24 h at room temperature. The extracts were filtered and concentrated using a rotary vacuum evaporator
(Eyela, Tokyo, Japan) at 50 °C. Each extract was stored at —80 °C for further experiments.

2.2. Quantification of phenolic compounds

The composition of phenolic compounds in each extract was determined through high-performance liquid chromatography [29].
Utilizing an ODS column (5 pm, 4.6 x 250 mm; Agilent Technologies, Santa Clara, CA, USA), a gradient elution was executed using
solvent A (water with 0.1 % (v/v) acetic acid) and solvent B (acetonitrile with 0.1 % (v/v) acetic acid). The flow rate was 1 mL/min,
and the injection volume was 20 pL. UV detection was set at 280 nm. Quantification of each phenolic compound involved referencing a
standard curve constructed by injecting varying concentrations of standards into the HPLC system. Peak identification was facilitated
by introducing standards to the sample, and peak areas were calculated by comparing them to the standard peaks.

2.3. Animals and diets

The animal experiments were approved by the Animal Ethics Committee of Woojung Bio (WJIACUC20190624-2-40). Five-week-
old male Sprague-Dawley rats were obtained from Dooyeol Biotech (Seoul, Korea). All rats were housed in a controlled environment
(22 £2°C, 50 £ 15 % humidity, and 12:12 light/dark cycle). Rats in a normal group were fed either a normal diet (SAFE A40, SAFE
Inc., Augy, France) and rats in other groups a high-fat diet (45 % kcal from fat, D12451, Research Diets, New Brunswick, NJ, USA)
throughout the experiment. The composition of the normal diet and high-fat diet is as follows: normal diet - protein (25 % kcal),
carbohydrate (62 % kcal), and fat (13 % kcal); high-fat diet - protein (20 % kcal), carbohydrate (35 % kcal), and fat (45 % kcal).
Distilled water was purified using UV sterilization and provided in a polysulfone drinking bottle for free ingestion. After a week of
acclimation, rats were intraperitoneally injected with 60 mg/kg body weight (bw) of STZ in 0.1 M acetate buffer and 120 mg/kg bw of
NA with the exception of the normal group. After a week, rats with fasting blood glucose levels >200 mg/dL were considered to have
successfully established a diabetic model.

The rats were divided into nine groups (n = 8); (1) NC (saline), a normal control group, (2) MC (saline), a diabetic model control
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group, (3) PC (200 mg/kg bw of metformin), a positive control group, (4) OE (500 mg/kg bw of oat extract), (5) SE (500 mg/kg bw of
sorghum extract), (6) FE (500 mg/kg bw of foxtail millet extract), (7) PE (500 mg/kg bw of proso millet extract), (8) AE (500 mg/kg bw
of adzuki bean extract), and (9) BE (500 mg/kg bw of black soybean extract). All treatments were dissolved in 0.5 % (w/v) carbox-
ymethy]l cellulose in saline (Sigma-Aldrich, St. Louis, MO, USA), and orally administered to the rats daily for four weeks. The dosage of
the extract (500 mg/kg body weight) was determined based on the absence of heaptoxocity in our previous study evaluating the
antihypertensive activity of the legumes, which is equivalent to 4.836 g for a 60 kg person [30,31]. Body weight and feed intake were
measured weekly throughout the experiment. Rats were fasted for 12 h and fasting blood glucose levels were measured in the fourth
week.

2.4. Oral glucose tolerance test and insulin tolerance test

The oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) were performed during the fourth week. For the OGTT, rats
were fasted for 16 h and orally administered 2 g/kg bw of glucose (Sigma-Aldrich). Blood glucose levels were measured from tail veins
using a glucometer (Green Cross, Seoul, Korea) at 0, 30, 60, 90, 120, and 180 min after administration. Five days later, the ITT was
conducted in a similar manner. After fasting for 16 h, the rats were intraperitoneally injected with insulin (2 U/kg bw), and blood
glucose levels were measured at 0, 30, 60, 90, and 120 min. The area under the curve (AUC) for blood glucose levels was calculated
using Prism 9 software (GraphPad Software, San Diego, CA, USA). In the period between the OGTT and ITT, the NC group was fed a
normal diet, and the other groups were maintained on a high-fat diet. During this period, each group received oral administrations of
saline, metformin, and the respective extracts.

2.5. Blood biochemical analysis

At the end of the experimental period, rats were fasted overnight and anesthetized with 2 % isoflurane (2 L/min). Blood was
collected from the abdominal aorta vein and serum was isolated by centrifugation at 3000 xg for 20 min at 4 °C. Serum insulin levels
were measured using an ELISA kit (Elabscience, Bethesda, MD, USA), following the manufacturer’s protocol. Homeostasis model
assessment of insulin resistance (HOMA-IR) and homeostasis model assessment of p-cell function (HOMA-p) indexes were calculated
from fasting blood glucose level and insulin levels. Both indexes were computed using the subsequent formulas: HOMA-IR = (fasting
blood glucose level x insulin level)/405, and HOMA-B = (20 x insulin level)/(fasting blood glucose level - 63).

2.6. Histological and immunohistochemical analysis of the pancreas

Pancreatic tissues from rats in the NC, MC, PC, and OE groups were fixed in a 10 % formalin solution. The fixed tissue was
embedded in a paraffin block and sectioned at a 4 pm thickness. For histological analysis, sections were stained with hematoxylin and
eosin (H&E). For insulin immunohistochemical (IHC) staining of pancreatic p-cells, sections were incubated with an insulin antibody
(Cell Signaling Technology, Danvers, MA, USA). The stained area and total area of the islets were measured using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Table 1
Profiles of phenolic compounds in oat, sorghum, foxtail millet, proso millet, adzuki bean, and black soybean extract (mean + SD).

Classification Compound (1g/g) OE SE FE PE AE BE

Phenolic acid Ferulic acid 22.60 + 2.28 28.35+0.11 N.D. N.D. 9.09 + 0.51 N.D.
Caffeic acid 9.86 + 1.38 166.74 + 4.00 3.27 £ 0.63 5.69 + 3.10 1.70 £ 0.10 N.D.
Vanillic acid 8.93 £1.35 N.D. 8.06 + 0.27 N.D. 13.76 + 0.29 16.36 + 0.97
2-Hydroxy cinnamic acid 8.50 + 0.38 N.D. N.D. N.D. 5.97 + 0.59 N.D.
t-3-Hydroxy cinnamic acid N.D. N.D. N.D. 0.69 + 0.98 26.22 + 0.47 21.21 +0.97
Sinapic acid 8.21 £ 2.95 N.D. 8.89 £ 0.42 N.D. 7.93 £ 0.26 9.83 +£1.17
Syringic acid 5.60 +£1.17 N.D. N.D. N.D. 5.39 £1.94 N.D.
4-Hydroxy benzoic acid 5.25 +1.01 9.52 +1.53 N.D. 0.89 +1.25 95.48 +£10.31 86.51 + 2.63
p-Coumaric acid 5.17 £ 0.59 32.75 + 2.38 1.91 £ 0.90 4.94 + 2.90 79.01 + 3.78 16.12 + 1.00
t-Cinnamic acid 4.58 £ 0.48 N.D. N.D. 3.77 £2.98 1.26 £ 0.16 N.D.
Chlorogenic acid N.D. 44.13 + 1.08 N.D. 3.48 £+ 3.08 4.09 £ 0.35 N.D.
Total 78.68 + 9.48 281.48 + 0.99 22.13 +£1.30 19.45 + 11.78 249.90 + 11.14 150.04 + 3.17

Flavonoid Naringin 8.13 £4.57 N.D. N.D. 1.85+1.24 11.25 +1.18 N.D.
Rutin hydrate N.D. 495.00 + 7.09 9.10 £ 3.68 59.25 + 44.70 32.58 £ 0.75 N.D.
Naringenin N.D. 159.01 +9.89 N.D. N.D. N.D. N.D.
Myricetin N.D. 132.47 £ 6.32 16.87 £+ 2.90 N.D. N.D. N.D.
Protocatechuic acid N.D. N.D. 2.47 + 1.60 10.86 + 6.78 N.D. N.D.
Quercetin N.D. N.D. N.D. 0.59 £+ 0.83 30.07 + 2.02 N.D.
Total 8.13 £+ 4.57 786.48 + 8.89 25.41 + 9.47 72.55 + 53.55 73.90 £ 1.42 N.D.

Phenolic amide Avenanthramide A 50.64 + 1.79 - - - - -
Avenanthramide B 75.90 + 0.31 - - - - -
Avenanthramide C 99.87 + 1.00 - - - - -
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2.7. Statistical analysis

All data were analyzed using GraphPad Prism (GraphPad Software). Statistical analyses included one-way analysis of variance
(ANOVA), followed by Fisher’s LSD test. P-values <0.001, 0.01, and 0.05 were considered statistically significant. Data are expressed
as mean =+ standard error of the mean (SEM) (n = 8).

3. Results
3.1. Quantification of phenolic compounds using HPLC

The concentrations of phenolic compounds in six grains and legume extracts are presented in Table 1. OE exhibited various
phenolic acids and phenolic amides, including ferulic acid (22.60 + 2.28 pg/g), caffeic acid (9.86 + 1.38 pg/g), avenanthramide
(99.87 + 1.00 pg/g). SE demonstrated high levels of flavonoids and phenolic acids, including rutin hydrate (495.00 + 7.09 pg/g),
caffeic acid (166.74 + 4.00 pg/g), and naringenin (159.01 + 9.89 pg/g). FE showed a moderate content of myricetin (16.87 + 2.90 pg/
g) and rutin hydrate (9.10 + 3.68 ug/g), while PE contained 2-hydroxy cinnamic acid (5.97 + 0.59 pg/g) and t-3-hydroxy cinnamic
acid (0.69 + 0.98 ug/g). AE presented abundant 4-hydroxy benzoic acid (95.48 + 10.31 pg/g) and p-coumaric acid (79.01 + 3.78 pg/
g). BE was characterized by significant amounts of 4-hydroxy benzoic acid (86.51 + 2.63 pg/g) and vanillic acid (16.36 + 0.97 pg/g).
SE and AE had the highest total phenolic content (281.48 + 0.99 pg/g, 249.90 + 11.25 pg/g), while SE had the highest total flavonoid
content (786.48 + 8.89 ug/g). Rutin hydrate was prominent in SE, and avenanthramides were exclusive to OE.

3.2. Growth performance
The growth performance of the rats is shown in Fig. 1A-C. Final body weight, feed intake, and water intake were significantly
different between the NC and MC groups (p < 0.01). None of the treatments significantly changed feed intake; however, all treatments

significantly reduced water intake compared with the MC group (p < 0.01). Notably, the PC and OE groups significantly increased
weight compared with the MC group from the second week to the final week (p < 0.05).

3.3. Fasting blood glucose level

As shown in Fig. 2, the fasting blood glucose level in the MC group (271.0 + 15.4 mg/dL) was significantly higher than in the NC
group (97.6 + 1.43 mg/dL), indicating the successful establishment of the diabetic model. Notably, a significant decrease in blood
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Fig. 1. (A) Body weight changes, (B) feed intake, and (C) water intake. NC: normal control; MC: model control; PC: positive control (metformin);
OE: oat extract; SE: sorghum extract; FE: foxtail millet extract; PE: proso millet extract; AE: adzuki bean extract; BE: black soybean extract. Data are
expressed as mean + SEM (n = 8). *p < 0.05, *#p < 0.01, *##p < 0.001 vs NC. *p < 0.05, **p < 0.01, ***p < 0.001 vs MC.
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glucose was observed in the PC (185.8 + 29.2 mg/dL), OE (192.8 + 23.6 mg/dL), and SE (206.4 + 25.4 mg/dL) groups compared with
the MC group, showing a considerable improvement in glycemic control in diabetic rats (p < 0.05). In summary, OE and SE were as
effective in lowering blood glucose levels as metformin.

3.4. Oral glucose tolerance test and insulin tolerance test

To assess the ability to efficiently eliminate glucose after glucose intake, we conducted an OGTT by measuring glucose levels at
various time points (Fig. 3A and B). All groups showed an initial increase in blood glucose levels after glucose administration, peaking
at 30 or 60 min. Throughout the OGTT, the MC group consistently exhibited significantly elevated blood glucose levels compared with
the NC group. Notably, the PC, OE, and SE groups displayed lower blood glucose levels than the MC group. In addition, the NC group
showed a decrease in blood glucose levels, returning to baseline levels (0 min) at 120 min, while all other groups, except MC, reached
baseline levels at 180 min. As shown in Fig. 3B, the AUC data from the OGTT revealed that MC had a significantly higher OGTT AUC
compared with the NC group (p < 0.001). Interestingly, the AUC of the OGTT in the PC, OE, and SE groups was significantly reduced by
16.8 %, 19.6 %, and 19.9 %, respectively, compared with the MC (p < 0.05) group, whereas there was no significant reduction in the
FE, PE, AE, and BE groups.

To assess the ability to respond to insulin, we performed an ITT to measure glucose levels at various time points after insulin
injection (Fig. 3C and D). Remarkably, significant decreases in the AUC of the ITT were observed in the PC and OE groups compared
with the MC group. However, changes in glucose levels in the SE group were not as significant as those in the OGTT, implying that SE
was insufficient to regulate insulin resistance. These results suggest that the oral administration of OE and SE for 4 weeks effectively
improved glucose tolerance and, more importantly, OE decreased insulin resistance in diabetic rats.

3.5. Insulin, HOMA-IR, and HOMA-$

Fig. 4A-C shows the insulin concentration in serum, HOMA-IR and HOMA-f indexes of the rats treated with various grain and
legume extracts. The MC group showed a significantly lower insulin concentration compared with the NC group. Among the treat-
ments, only OE significantly increased insulin concentration compared with the MC group. In addition, HOMA-IR, which indicates the
degree of insulin resistance, showed that the MC group was more insulin resistant than NC. While both PC and OE reduced HOMA-IR in
comparison with MC, these reductions were not statistically significant. The HOMA-f index indicates the functionality of the p-cells in
the pancreas. -Cells in the MC group were destroyed by STZ, resulting in reduced functionality to secrete insulin in comparison to the
NC group. Notably, both PC and OE displayed significantly higher HOMA- p indexes compared with the MC group (p < 0.05).

3.6. H&E and IHC staining of the pancreas

Histological analysis of the pancreas (H&E staining and IHC staining) are presented in Fig. 5A and B. The cell number in the
pancreas of the MC group was lower compared with that in the NC group. In addition, degenerative and necrotic changes in the islets of
the rats were observed in the MC group. Both PC and OE treatments rescued the pancreatic damage compared with the MC group.
Moreover, a pronounced reduction in the yellow-brownish staining, which signifies insulin immunoreactivity, was evident in the MC
group (p < 0.001). Metformin and OE treatment significantly increased insulin immunoreactive area (%) compared to the MC group,
indicating that they ameliorated the STZ-induced damage to pancreatic islet cells, in particular, insulin-secreting -cells (p < 0.05). In
addition, there was no significant difference between PC and OE. Thus, OE effectively protected islets from STZ-induced pancreatic
damage.

4. Discussion

The anti-diabetic properties of whole grains and dietary fibers derived from various grains and legumes are well-documented.
However, research on the anti-diabetic effects of their extracts is still limited, making it challenging to compare their efficacy

Fasting blood glucose level

NC MC PC OE SE FE PE AE BE

Fig. 2. Fasting blood glucose levels. NC: normal control; MC: model control; PC: positive control (metformin); OE: oat extract; SE: sorghum extract;
FE: foxtail millet extract; PE: proso millet extract; AE: adzuki bean extract; BE: black soybean extract. Data are expressed as mean + SEM (n = 8).
###p < 0.001 vs NC. *p < 0.05, **p < 0.01 vs MC.
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Fig. 3. (A) Blood glucose levels and (B) area under the curve (AUC) in the oral glucose tolerance test, (C) blood glucose level and (D) AUC in the
insulin tolerance test. NC: normal control; MC: model control; PC: positive control (metformin); OE: oat extract; SE: sorghum extract; FE: foxtail
millet extract; PE: proso millet extract; AE: adzuki bean extract; BE: black soybean extract. Data are expressed as mean + SEM (n = 8). *##p < 0.001
vs NC. *p < 0.05, **p < 0.01 vs MC.

across previous studies. In this study, six different extracts were orally administered to diabetic rats for four weeks to assess their anti-
diabetic effects. Among these extracts, OE exhibited the most significant anti-diabetic properties. Notably, OE effectively lowered
blood glucose levels by 28.9 %, a reduction comparable to that achieved with metformin. OE also improved impaired glucose tolerance
and insulin resistance and protected p-cell function in diabetic rats. Subsequently, SE displayed hypoglycemic effects and improved
glucose tolerance.

Oats are a fiber-rich crop, well-known for their ability to regulate postprandial blood glucose levels. While previous studies have
provided strong evidence of the anti-diabetic effects of oats primarily due to p-glucan, a soluble dietary fiber, our study revealed the
novel perspective for anti-diabetic effects of oat phenolic rich extract [32-35]. Despite using 99.9 % ethanol for extraction, theo-
retically eliminating p-glucan, OE displayed potent blood glucose-lowering effects. These findings suggest that phenolic compounds in
oats, beyond f-glucan, may contribute to their hypoglycemic activity.

A detailed analysis of phenolic compounds in each extract revealed that despite having lower phenolic acid and flavonoid contents
than SE and AE, OE exhibited a high avenanthramide content, a group of phenolamides found only in oats. In a previous study,
dihydroavenanthramide, a synthetic analog of avenanthramide, had a protective effect against STZ-induced pancreatic injury and
played a crucial role in maintaining insulin levels and enhancing immune responsiveness to insulin [36]. Additionally, avenan-
thramide inhibited the production of advanced glycation end products and lowered blood glucose levels by modulating gut microbiota
in obese rats [26,37]. These results suggest that avenanthramides, specifically found in OE, contribute significantly to its
glucose-lowering effects.

Further elucidating the potential mechanisms, the hypoglycemic effects of OE might be linked to the mitigation of pancreatic cell
destruction confirmed by H&E and insulin IHC results. Previous studies on oat bran and oat extract using 90 % methanol in diabetic
rats emphasized the regenerative potential of oats on pancreatic islets, reducing blood glucose levels and improving insulin resistance
[21,38]. Taken together, the ability of OE to increase insulin concentration and regenerate islet cells may have contributed to the
dramatic decrease in fasting blood glucose levels. Further research is needed to identify the antidiabetic mechanisms and specific
active compounds of OE.

Following OE, SE also exhibited hypoglycemic effects and improved glucose tolerance in rats, aligning with previous studies
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Fig. 4. (A) Insulin concentration, (B) HOMA-IR, and (C) HOMA-B. NC: normal control; MC: model control; PC: positive control (metformin); OE: oat
extract; SE: sorghum extract; FE: foxtail millet extract; PE: proso millet extract; AE: adzuki bean extract; BE: black soybean extract. Data are
expressed as mean + SEM (n = 8). *p < 0.05, *##p < 0.001 vs NC. *p < 0.05 vs MC.

demonstrating that SE significantly lowered blood glucose levels by inhibiting the mRNA expression related to hepatic gluconeogenesis
[23,24]. However, SE did not affect insulin concentration and did not exhibit a comprehensive anti-diabetic effect beyond OE in this
model. The animal model in this study may have contributed to these results. A high-fat diet and STZ-NA-induced diabetes animal
model used in this study has the characteristics of severe T2DM, including not only high blood glucose levels and insulin resistance but
also insulin insufficiency due to damaged pancreatic p-cells [39]. In this model, the restoration of pancreatic p-cells can play an
important role in helping to normalize blood sugar metabolism and alleviate diabetes symptoms.

Contrary to expectations, FE, PE, AE, and BE did not exhibit significant effects on blood glucose levels in this study. Previous studies
have shown that foxtail millet water extract and adzuki bean water extract reduced fasting blood glucose [26,40]. These inconsistent
results may be due to variations in grain and legume varieties and extraction solvents. Additionally, it is also speculated that a longer
duration of intervention is required to observe significant changes in diabetes-related parameters.

5. Conclusion

In summary, we comprehensively evaluated the anti-diabetic effects of various grain and legume extracts in a high-fat diet and STZ-
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Fig. 5. (A) Hematoxylin and eosin (H&E) staining of the pancreas and insulin immunohistochemical (IHC) staining of pancreatic p-cells and (B) the
ratio of insulin immunoreactive area to islet area (%). Circles indicate pancreas Langerhans islets and arrows indicate insulin immunoreactivity. NC:
normal control; MC: model control; PC: positive control (metformin); OE: oat extract. Data are expressed as mean + SEM (n = 4). ###p < 0.001 vs
NC. *p < 0.05 vs MC.

NA-induced diabetic rat model. Among these extracts, OE emerged as the most potent, significantly reducing fasting blood glucose
levels and improving glucose tolerance and insulin resistance. Notably, OE exhibited protective effects on pancreatic p-cells, indicating
a potential mechanism for its hypoglycemic effects. While SE also demonstrated glycemic-lowering effects, the overall findings
highlight the promising anti-diabetic potential of OE. This study contributes valuable insights into the comparative efficacy of various
grain and legume extracts, emphasizing their potential, in particular OE, as functional foods in managing T2DM.

Funding

This work was supported by the Cooperative Research Program for Agriculture Science & Technology Development (Project No.
PJ01415003) of the Rural Development Administration and the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (2021R1A6A3A13045631).

Data availability statement

Data will be made available on request.



E. Jeong et al. Heliyon 10 (2024) 25279
Declarations

The animal experiments were approved by the Animal Ethics Committee of Woojung Bio (WJIACUC20190624-2-40).
CRediT authorship contribution statement

Eunwoo Jeong: Writing — original draft, Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Youjin Baek: Writing — review & editing, Investigation, Conceptualization. Hyun-Joo Kim: Writing — review &
editing, Resources, Conceptualization. Hyeon Gyu Lee: Writing — review & editing, Supervision, Project administration, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

[1] N.H. Cho, J. Shaw, S. Karuranga, Y. Huang, J. da Rocha Fernandes, A. Ohlrogge, B. Malanda, IDF Diabetes Atlas: global estimates of diabetes prevalence for
2017 and projections for 2045, Diabetes Res. Clin. Pract. 138 (2018) 271-281, https://doi.org/10.1016/j.diabres.2013.11.002.

[2] World Health Organization, Factsheet on diabetes, Available online: https://www.who.int/news-room/fact-sheets/detail /diabetes. (Accessed 5 April 2023).

[3] O.J. Olatunji, H. Chen, Y. Zhou, Lycium chinense leaves extract ameliorates diabetic nephropathy by suppressing hyperglycemia mediated renal oxidative stress

and inflammation, Biomed. Pharmacother. 102 (2018) 1145-1151, https://doi.org/10.1016/j.biopha.2018.03.037.

[4] W.D. Strain, P. Paldanius, Diabetes, cardiovascular disease and the microcirculation, Cardiovasc. Diabetol. 17 (2018) 1-10, https://doi.org/10.1186/512933-

018-0703-2.

K.L. Ong, L.K. Stafford, S.A. McLaughlin, E.J. Boyko, S.E. Vollset, A.E. Smith, B.E. Dalton, J. Duprey, J.A. Cruz, H. Hagins, Global, regional, and national burden

of diabetes from 1990 to 2021, with projections of prevalence to 2050: a systematic analysis for the Global Burden of Disease Study 2021, Lancet 402 (2023)

203-234, https://doi.org/10.1016/50140-6736(23)01301-6.

[6] M.E. Cerf, Beta cell dysfunction and insulin resistance, Front. Endocrinol. 4 (2013) 37, https://doi.org/10.3389/fend0.2013.00037.

[7] M.A.B. Khan, M.J. Hashim, J.K. King, R.D. Govender, H. Mustafa, J. Al Kaabi, Epidemiology of type 2 diabetes-global burden of disease and forecasted trends,

J. Epidemiol. Glob. Health 10 (2020) 107, https://doi.org/10.2991/jegh.k.191028.001.

B. Lorenzati, C. Zucco, S. Miglietta, F. Lamberti, G. Bruno, Oral hypoglycemic drugs: pathophysiological basis of their mechanism of action, Pharmaceuticals 3

(2010) 3005-3020, https://doi.org/10.3390,/ph3093005.

[9] A. Babiker, M. Al Dubayee, Anti-diabetic medications: how to make a choice? Sudan, J. Paediatr. 17 (2017) 11, https://doi.org/10.24911/SJP.2017.2.12.

[10] M.M. Rahman, P.S. Dhar, F. Anika, L. Ahmed, M.R. Islam, N.A. Sultana, S. Cavalu, O. Pop, A. Rauf, Exploring the plant-derived bioactive substances as
antidiabetic agent: an extensive review, Biomed. Pharmacother. 152 (2022) 113217, https://doi.org/10.1016/j.biopha.2022.113217.

[11] B. Venn, F. Thies, C. O’'Neil, Whole grains, legumes, and health, J. Nutr. Metab. 2012 (2012), https://doi.org/10.1155/2012/903767.

[12] M.P. McRae, Health benefits of dietary whole grains: an umbrella review of meta-analyses, J. Chitropr. Med. 16 (2017) 10-18, https://doi.org/10.1016/j.
jem.2016.08.008.

[13] R. Polak, E.M. Phillips, A. Campbell, Legumes: health benefits and culinary approaches to increase intake, Clin. Diabetes 33 (2015) 198-205, https://doi.org/
10.2337/diaclin.33.4.198.

[14] K. Kaline, S. Bornstein, A. Bergmann, H. Hauner, P. Schwarz, The importance and effect of dietary fiber in diabetes prevention with particular consideration of
whole grain products, Horm. Metab. Res. 39 (2007) 687-693.

[15] D. de Paulo Farias, F.F. de Araujo, I.A. Neri-Numa, G.M. Pastore, Antidiabetic potential of dietary polyphenols: a mechanistic review, Food Res. Int. 145 (2021)
110383, https://doi.org/10.1055/5-2007-985811.

[16] A. Narasimhan, M. Chinnaiyan, B. Karundevi, Ferulic acid exerts its antidiabetic effect by modulating insulin-signalling molecules in the liver of high-fat diet
and fructose-induced type-2 diabetic adult male rat, Appl. Physiol. Nutr. Metabol. 40 (2015) 769-781, https://doi.org/10.1139/apnm-2015-0002.

[17] 1.L. Abdulai, S.K. Kwofie, W.S. Gbewonyo, D. Boison, J.B. Puplampu, M.B. Adinortey, Multitargeted effects of vitexin and isovitexin on diabetes mellitus and its
complications, Sci. World J. 2021 (2021) 1-20, https://doi.org/10.1155/2021/6641128.

[18] R. Sasaki, N. Nishimura, H. Hoshino, Y. Isa, M. Kadowaki, T. Ichi, A. Tanaka, S. Nishiumi, I. Fukuda, H. Ashida, Cyanidin 3-glucoside ameliorates hyperglycemia
and insulin sensitivity due to downregulation of retinol binding protein 4 expression in diabetic mice, Biochem. Pharmacol. 74 (2007) 1619-1627, https://doi.
0rg/10.1016/j.bcp.2007.08.008.

[19] L. Wen, D. Wu, X. Tan, M. Zhong, J. Xing, W. Li, D. Li, F. Cao, The role of catechins in regulating diabetes: an update review, Nutrients 14 (2022) 4681, https://
doi.org/10.3390/nu14214681.

[20] J.F. Osorio-Tobén, Recent advances and comparisons of conventional and alternative extraction techniques of phenolic compounds, J. Food Sci. Technol. 57
(2020) 4299-4315, https://doi.org/10.1007/s13197-020-04433-2.

[21] I. Marmouzi, E.M. Karym, N. Saidi, B. Meddah, M. Kharbach, A. Masrar, M. Bouabdellah, L. Chabraoui, K. El Allali, Y. Cherrah, In vitro and in vivo antioxidant
and anti-hyperglycemic activities of moroccan oat cultivars, Antioxidants 6 (2017) 102, https://doi.org/10.3390/antiox6040102.

[22] I.-M. Chung, E.-H. Kim, M.-A. Yeo, S.-J. Kim, M.C. Seo, H.-I. Moon, Antidiabetic effects of three Korean sorghum phenolic extracts in normal and streptozotocin-
induced diabetic rats, Food Res. Int. 44 (2011) 127-132, https://doi.org/10.1016/j.foodres.2010.10.051.

[23] J. Kim, Y. Park, Anti-diabetic effect of sorghum extract on hepatic gluconeogenesis of streptozotocin-induced diabetic rats, Nutr. Metab. 9 (2012) 1-7, https://
doi.org/10.1186,/1743-7075-9-106.

[24] J.H. Park, S.H. Lee, I.-M. Chung, Y. Park, Sorghum extract exerts an anti-diabetic effect by improving insulin sensitivity via PPAR-y in mice fed a high-fat diet,
Nutr. Res. Prac. 6 (2012) 322-327, https://doi.org/10.4162/nrp.2012.6.4.322.

[25] J.Lee, B.W. Lee, K.E. Kim, H.S. An, E.A. Jeong, H.J. Shin, S.B. Song, G.S. Roh, Adzuki bean MY59 extract reduces insulin resistance and hepatic steatosis in high-
fat-fed mice via the downregulation of lipocalin-2, Nutrients 14 (2022) 5049, https://doi.org/10.3390/nul14235049.

[26] A.Zhang, X. Jiang, Y. Ge, Q. Xu, Z. Li, H. Tang, D. Cao, D. Zhang, The effects of GABA-rich adzuki beans on glycolipid metabolism, as well as intestinal flora, in
type 2 diabetic mice, Front. Nutr. 9 (2022) 849529, https://doi.org/10.3389/fnut.2022.849529.

[27] K. Damian-Medina, D. Milenkovic, Y. Salinas-Moreno, K.F. Corral-Jara, L. Figueroa-Yanez, E. Marino-Marmolejo, E. Lugo-Cervantes, Anthocyanin-rich extract
from black beans exerts anti-diabetic effects in rats through a multi-genomic mode of action in adipose tissue, Front. Nutr. 9 (2022) 1019259, https://doi.org/
10.3389/fnut.2022.1019259.

[28] Y. Kanamoto, Y. Yamashita, F. Nanba, T. Yoshida, T. Tsuda, I. Fukuda, S. Nakamura-Tsuruta, H. Ashida, A black soybean seed coat extract prevents obesity and
glucose intolerance by up-regulating uncoupling proteins and down-regulating inflammatory cytokines in high-fat diet-fed mice, J. Agric. Food Chem. 59 (2011)
8985-8993, https://doi.org/10.1021/jf201471p.

[5

[}

[8

—


https://doi.org/10.1016/j.diabres.2013.11.002
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1016/j.biopha.2018.03.037
https://doi.org/10.1186/s12933-018-0703-2
https://doi.org/10.1186/s12933-018-0703-2
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.3389/fendo.2013.00037
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.3390/ph3093005
https://doi.org/10.24911/SJP.2017.2.12
https://doi.org/10.1016/j.biopha.2022.113217
https://doi.org/10.1155/2012/903767
https://doi.org/10.1016/j.jcm.2016.08.008
https://doi.org/10.1016/j.jcm.2016.08.008
https://doi.org/10.2337/diaclin.33.4.198
https://doi.org/10.2337/diaclin.33.4.198
http://refhub.elsevier.com/S2405-8440(24)01310-0/sref14
http://refhub.elsevier.com/S2405-8440(24)01310-0/sref14
https://doi.org/10.1055/s-2007-985811
https://doi.org/10.1139/apnm-2015-0002
https://doi.org/10.1155/2021/6641128
https://doi.org/10.1016/j.bcp.2007.08.008
https://doi.org/10.1016/j.bcp.2007.08.008
https://doi.org/10.3390/nu14214681
https://doi.org/10.3390/nu14214681
https://doi.org/10.1007/s13197-020-04433-2
https://doi.org/10.3390/antiox6040102
https://doi.org/10.1016/j.foodres.2010.10.051
https://doi.org/10.1186/1743-7075-9-106
https://doi.org/10.1186/1743-7075-9-106
https://doi.org/10.4162/nrp.2012.6.4.322
https://doi.org/10.3390/nu14235049
https://doi.org/10.3389/fnut.2022.849529
https://doi.org/10.3389/fnut.2022.1019259
https://doi.org/10.3389/fnut.2022.1019259
https://doi.org/10.1021/jf201471p

E. Jeong et al. Heliyon 10 (2024) e25279

[29]
[30]
[31]
[32]
[33]

[34]

[35]
[36]
[37]
[38]
[39]

[40]

M.Y. Kim, B.W. Lee, H.U. Lee, Y.Y. Lee, M.H. Kim, J.Y. Lee, B.K. Lee, K.S. Woo, H.J. Kim, Phenolic compounds and antioxidant activity in sweet potato after heat
treatment, J. Sci. Food Agric. 99 (2019) 6833-6840, https://doi.org/10.1002/jsfa.9968.

E.-W. Jeong, S.-Y. Park, Y.-S. Yang, Y.-J. Baek, D.-M. Yun, H.-J. Kim, G.-W. Go, H.-G. Lee, Black soybean and adzuki bean extracts lower blood pressure by
modulating the renin-angiotensin system in spontaneously hypertensive rats, Foods 10 (2021) 1571, https://doi.org/10.3390/foods10071571.

A.B. Nair, S. Jacob, A simple practice guide for dose conversion between animals and human, J. Basic Clin. Pharm. 7 (2016) 27, https://doi.org/10.4103/0976-
0105.177703.

S.M. Tosh, Y. Chu, Systematic review of the effect of processing of whole-grain oat cereals on glycaemic response, Br. J. Nutr. 114 (2015) 1256-1262, https://
doi.org/10.1017/S0007114515002895.

J.-b. Wang, X.-r. Liu, S.-q. Liu, R.-x. Mao, C. Hou, N. Zhu, R. Liu, H.-j. Ma, Y. Li, Hypoglycemic effects of oat oligopeptides in high-calorie diet/STZ-induced
diabetic rats, Molecules 24 (2019) 558, https://doi.org/10.3390/molecules24030558.

V. Chen, A. Zurbau, A. Ahmed, T.A. Khan, F. Au-Yeung, L. Chiavaroli, S.B. Mejia, L.A. Leiter, D.J. Jenkins, C.W. Kendall, Effect of oats and oat 8-glucan on
glycemic control in diabetes: a systematic review and meta-analysis of randomized controlled trials, BMJ Open Diabetes Res. Care 10 (2022) e002784, https://
doi.org/10.1136/bmjdrc-2022-002784.

Y. Zhu, L. Dong, L. Huang, Z. Shi, J. Dong, Y. Yao, R. Shen, Effects of oat f-glucan, oat resistant starch, and the whole oat flour on insulin resistance,
inflammation, and gut microbiota in high-fat-diet-induced type 2 diabetic rats, J. Funct.Foods 69 (2020) 103939, https://doi.org/10.1016/].jff.2020.103939.
N. Lv, M.-Y. Song, Y.-R. Lee, H.-N. Choi, K.-B. Kwon, J.-W. Park, B.-H. Park, Dihydroavenanthramide D protects pancreatic p-cells from cytokine and
streptozotocin toxicity, Biochem. Biophys. Res. Commun. 387 (2009) 97-102, https://doi.org/10.1016/j.bbrc.2009.06.133.

P. Zhu, Y. Zhang, D. Zhang, L. Han, H. Liu, B. Sun, Inhibitory mechanism of advanced glycation end-product formation by avenanthramides derived from oats
through scavenging the intermediates, Foods 11 (2022) 1813, https://doi.org/10.3390/foods11121813.

R.-L. Shen, F.-L. Cai, J.-L. Dong, X.-Z. Hu, Hypoglycemic effects and biochemical mechanisms of oat products on streptozotocin-induced diabetic mice, J. Agric.
Food Chem. 59 (2011) 8895-8900, https://doi.org/10.1021/jf200678q.

T. Szkudelski, Streptozotocin-nicotinamide-induced diabetes in the rat. Characteristics of the experimental model, Exp. Biol. Med. 237 (2012) 481-490, https://
doi.org/10.1258/ebm.2012.011372.

Y. Sireesha, R.B. Kasetti, S.A. Nabi, S. Swapna, C. Apparao, Antihyperglycemic and hypolipidemic activities of Setaria italica seeds in STZ diabetic rats,
Pathophysiol 18 (2011) 159-164, https://doi.org/10.1016/j.pathophys.2010.08.003.

10


https://doi.org/10.1002/jsfa.9968
https://doi.org/10.3390/foods10071571
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1017/S0007114515002895
https://doi.org/10.1017/S0007114515002895
https://doi.org/10.3390/molecules24030558
https://doi.org/10.1136/bmjdrc-2022-002784
https://doi.org/10.1136/bmjdrc-2022-002784
https://doi.org/10.1016/j.jff.2020.103939
https://doi.org/10.1016/j.bbrc.2009.06.133
https://doi.org/10.3390/foods11121813
https://doi.org/10.1021/jf200678q
https://doi.org/10.1258/ebm.2012.011372
https://doi.org/10.1258/ebm.2012.011372
https://doi.org/10.1016/j.pathophys.2010.08.003

	Comparison of the anti-diabetic effects of various grain and legume extracts in high-fat diet and streptozotocin-nicotinami ...
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation
	2.2 Quantification of phenolic compounds
	2.3 Animals and diets
	2.4 Oral glucose tolerance test and insulin tolerance test
	2.5 Blood biochemical analysis
	2.6 Histological and immunohistochemical analysis of the pancreas
	2.7 Statistical analysis

	3 Results
	3.1 Quantification of phenolic compounds using HPLC
	3.2 Growth performance
	3.3 Fasting blood glucose level
	3.4 Oral glucose tolerance test and insulin tolerance test
	3.5 Insulin, HOMA-IR, and HOMA-β
	3.6 H&E and IHC staining of the pancreas

	4 Discussion
	5 Conclusion
	Funding
	Data availability statement
	Declarations
	CRediT authorship contribution statement
	Declaration of competing interest
	References


