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Introduction: The industrial processing of corn (Zeamays L.) generates by-
products such as corn silk, straw peels, and straw core, which contribute to
adverse environmental impacts. Our study aimed to investigate sustainable
approaches for mitigating these effects by evaluating the hypoglycemic
potential and mechanisms of ethyl acetate fractions derived from these corn
derivatives.

Methods: We employed glucose consumption assays, high glucose stress tests,
UPLC-QE-Orbitrap-MS analysis, molecular docking, and simulations to assess
their components and efficacy. Antioxidant capacities were evaluated using
DPPH, FRAP, ABTS, and eOH scavenging assays.

Results: Notably, the ethyl acetate fraction extracted from straw peels (SPE)
exhibited a high concentration of flavonoids and phenolic compounds along with
pronounced hypoglycemic activity and antioxidant capacity. SPE significantly
enhanced glucose consumption in insulin-resistant HepG2 cells while protecting
HUVECs against damage caused by high glucose levels. Molecular docking
analyses confirmed the interaction between active compounds and a-
glucosidase as well as a-amylase, while molecular dynamic simulations
indicated stability at their binding sites.

Discussion: In conclusion, the hypoglycemic and antioxidative properties
observed in corn by-products such as straw peels, corn silk, and straw core
can be attributed to the inhibition of a-glucosidase and a-amylase activities,
coupled with their rich phenolic and flavonoid content. These findings highlight
the potential of these by-products for applications in healthcare management
and their sustainable utilization, demonstrating significant value in the use of
agricultural residues.
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corn silk, straw peels, and straw core, hypoglycemic, antioxidant, flavonoids, phenolics,
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1 Introduction

The metabolic condition of diabetes mellitus (DM) is a complex
and chronic disorder that is not transmissible. It presents as
impaired glucose tolerance resulting from deficiencies in insulin
secretion, insulin function, or both. (Wang and Zhao, 2019). In
2021, the global prevalence of DM was estimated at 500 million, and
it is projected to rise by 46%, reaching 783 million by the year 2045
(Saeedi et al., 2019). This surge underscores the significant threat
DM poses to global public health. Diabetics face an increased risk of
heart disease and stroke by 2-3 times (Emerging Risk Factors et al.,
2010), with vascular complications contributing to a staggering
mortality rate. One of the hallmark characteristics of diabetes is
the augmentation of oxidative stress (OS) under hyperglycemic
conditions, which is propelled by glucose autoxidation and the
(AGEs),
subsequently fostering the production of free radicals and

creation of advanced glycation end—products
compromising cellular antioxidant defenses (Baiseitova et al,
2023; Qasim et al., 2023). Elevated levels of various lipid
peroxidation markers in the plasma and erythrocytes of diabetic
patients have been observed, indicating increased oxidative damage
throughout the disease progression (Rizvi et al., 2005; Bandeira Sde
et al,, 2012; Ho et al., 2013). Hyperglycemia further diminishes the
antioxidant capacity within tissues by reducing levels of antioxidants
such as vitamin E, glutathione, catalase, and superoxide dismutase
(SOD), thereby lowering the overall antioxidant defense (Maritim
et al., 2003; Contreras-Zentella et al.,, 2019). Additionally, diabetes
alters the structure and functionality of erythrocytes, impacts
microcirculation, and  promotes the development of
complications (Babu and Singh, 2004; Sprague et al., 2006; Zhou
et al, 2018). Prolonged hyperglycemia also impairs vascular
endothelial cells, fosters the release of inflammatory cytokines,
reduces nitric oxide production, leading to vascular dysfunction
risk  of

cardiovascular diseases and stroke (Vita and Keaney, 2002; Shi

and atherosclerotic conditions, and elevates the
and Vanhoutte, 2017). In the development of complications
associated with diabetes, the crucial interplay between OS, the
generation of AGEs, and inflammation plays a significant role
(Yang et al, 2019). Thus, effective management of OS and
improvement of vascular health are essential for the prevention
and treatment of diabetes as well as its associated complications.

of type 2 DM (T2DM)
predominantly revolves around insulin therapy and a variety of

Currently, the management

oral antidiabetic agents, including a-glucosidase inhibitors,
rosiglitazone, sulfonylureas, metformin, and thiazolidinediones
(Kim et al, 2006; Lee et al, 2017). However, these
pharmacological treatments are often accompanied by notable
adverse reactions, including hypoglycemia, gastrointestinal
complications, and weight gain (Erpel et al., 2020). Owing to
their diverse botanical origins and minimal toxicity, natural
products have increasingly garnered interest as potential
alternatives in diabetes therapy and natural medicine (Blunt
et al,, 2013; Barbosa et al,, 2014). This shift reflects a growing
trend towards exploring more holistic and side—effect—free
treatment options for managing T2DM.

Corn, an annual herbaceous plant in the grass family, is one of
the top three cereal crops globally, available in abundance

throughout the world, especially in China, France, United States
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and Turkey. Corn silk (Stigma maydis), one of the primary
by—products of corn cultivation, is frequently utilized in the
traditional medical systems of these regions for treating various
ailments (Hasanudin et al., 2012). Recent research indicates that
corn silk is rich in polysaccharides, flavonoids, alkaloids, and other
chemical components (Xiaolin, 2004; Xiaofei, 2012), which
contribute to glucose homeostasis through multiple beneficial
effects like
antioxidative,  anti-inflammatory, and immune-enhancing
properties (Suzuki et al., 2003; Yang et al.,, 2014; Xiaoqian, 2019).
However, aside from corn seeds and silks, other inedible parts of the

anti-hyperglycemic, anti-hyperlipidemic,

plant, such as the straws, are considered waste and have received
little attention, with insufficient exploration in scientific research
(Hasanudin et al., 2012). As one of the major agricultural countries,
China generated an estimated 260 million tons of corn straw in 2020,
constituting 33.8% of the total crop straw production for that year
(Yang et al, 2023). Large amounts of crop straws remain
underutilized and is often disposed of through burning, leading
to severe wastage of resources and other environmental issues.

In our previous investigations, we have substantiated the
hypoglycemic efficacy of ethyl acetate extracts derived from
various components of corn through relevant experimental assays
involving a-glucosidase and a-amylase (Yang et al, 2021la).
Therefore, this study reports on the antioxidant, hypoglycemic
characteristics, and potential hypoglycemic mechanisms of the
ethyl acetate fraction obtained from corn silk (CSE), straw peels
(SPE), and straw core (SCE). Initially, we measured the total
flavonoid content (TFC) and total phenolic content (TPC) in
SPE, SCE, and CSE samples. Subsequently, these extracts were
evaluated for their antioxidant capabilities using various assays
including 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis
(3—ethylbenzothiazoline-6—sulphonic acid) diammonium salt
(ABTS), hydroxyl radical (¢OH), and ferric reducing antioxidant
power (FRAP) methods. The antidiabetic mechanisms of SPE, SCE,
and CSE were investigated through in vitro hypoglycemic assays,
UPLC-QE-Orbitrap—-MS
Investigating the composition and biological activity of SPE, SCE,

analysis, and in silico studies.
and CSE can provide valuable insights for their potential

applications in the fields of food and medicine.

2 Materials and methods
2.1 Reagents and instrument

Ultra—Performance Liquid Chromatography (UPLC) grade
acetonitrile and methanol were obtained from Fisher (Waltham,
MA, United States). The water underwent purification using a
Milli-Q water purification system (TGI Pure Water Systems,
SC, United States). Vanquish Duo UPLC-QE-
Orbitrap-MS system were obtained from Thermo Fisher Science
(CA, United States). DPPH, ABTS, and Folin-Ciocalteu reagent
were obtained from Sigma (St. Louis, MO, United States). All other
chemicals in this research were of analytical quality. Human

Greenville,

umbilical vein endothelial cells (HUVECs) lines were sourced
from the Cell Bank of Type Culture Collection Chinese Academy
of Sciences (Shanghai, China), while human hepatoma cells
(HepG2) were obtained from Procell Life Science &Technology
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Co., Ltd. (Wuhan, China). Standard compounds such as gallic acid
and rutin were provided by the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China).

2.2 Plant materials and extract preparation

Various parts of corn (Zeamays L.), including the corn silk,
straw peels, and straw core, sourced from Jilin Province in the
Northeast region of China, were collected in October 2023. The
collected corn by-product samples underwent natural drying at
room temperature (20°C-30°C) and voucher specimen (Nos.
7ZM20231001, ZM20231002 and ZM20231003)
deposited (for a maximum of 10 weeks) at Composition-
activity Relationship of traditional Chinese medicine (TCM)

have been

Lab at Jilin Ginseng Academy. Subsequently, the samples were
pulverized into fine powder (20 mesh) utilizing an electric grinder
(Linda Machinery Co., Ltd, Wenling, Zhejiang, China). The
powdered material (50 g) underwent a degreasing process with
petroleum ether, followed by extraction with 80% ethanol
(1000 mL x 3 times) for 1 h using ultrasonication (110 W).
The resultant extracts were filtered using the 5 um paper and
concentrated at 40°C under reduced pressure with a rotary
(Model N-1300, EYELA  Corp, Ja-pan).
Subsequently, 1.0 g of the concentrated extract was dissolved

evaporator

in 20 mL of purified water, and sequential extractions were
conducted using ethyl acetate, yielding SPE, SCE, and CSE.
These extracts were then concentrated at 60°C using a rotary
evaporator under reduced pressure. Following this, all the dried
extracts were precisely weighed and stored at —20°C for further
analysis (for a maximum of 10 wk).

2.3 Determination of TPC

The modified Folin-Ciocalteu method was used to quantify
the TPC (De la Rosa et al., 2011). In brief, 0.5 mL sample solution
(0.1 mg/mL) was transferred into a standard colorimetric tube,
followed by adding 1 mL of Folin-Ciocalteu reagent. After
waiting for 1 min, 2 mL of 10% sodium carbonate solution
was added, and the mixture was then diluted to the mark with
distilled water. The reaction mixture was then incubated at room
temperature in the dark for 2 h. A spectrophotometer (Jena
Analytical Instruments Co., Ltd, Thiiringen, Germany) was
used to record the absorbance at a wavelength of 765 nm. To
quantify TPC values as milligrams of gallic acid equivalents
(GAE) per gram of extract (mg - GAE/g), we created a
standard calibration curve using gallic acid. This procedure
was replicated in three independent experiments.

2.4 Determination of TFC

The method described by (Sdayria et al., 2018) was used for the
determination of TFC, with slight modifications. A 0.5 mL aliquot
of the sample solution (0.1 mg/mL) was introduced into a standard
colorimetric tube with a volume adjustment to 5 mL using 70%
ethanol. Subsequently, 0.3 mL of 5% NaNO, was added separately
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to the mixture, followed by the addition of 0.3 mL Al (NO3); (10%)
after 6 min and then 2 mL of 4% NaOH after an additional minute.
The volume was adjusted accordingly using 70% ethanol and the
samples were incubated at room temperature for a duration of
15 min. Absorbance readings were taken at a wavelength of 765 nm
utilizing a spectrophotometer (Jena Analytical Instruments). To
establish a standard calibration curve, quercetin was employed as
reference compound. The TFC was quantified in terms of
milligrams of rutin equivalents (RE) per gram of extract (mg
RE/g). This procedure was replicated in three independent
experiments.

2.5 Determination of oxidoreductive
activities

2.5.1 DPPH assay

The Nunes method 2017), with minor
modifications, was used to measure the scavenging activity of the
assay extracts against DPPH. An amount of 1 mL of SPE, SCE and
CSE (0-1 mg/mL) were combined with 1 mL of 0.2 mM DPPH
ethanol solution. The mixture was shaken and left to react in

(Nunes et al.,

darkness for 30 min. The absorbance (A) was recorded at
517 nm using spectrophotometer (Jena Analytical Instruments).
To obtain Ay, 1 mL of methanol was used instead of the DPPH
solution, and for A;, 1 mL of methanol replaced the sample solution.
Butylated hydroxytoluene (BHT) served as the positive control. The

DPPH scavenging activity was determined using the
following formula:
. . 1-(A-4o)
DPPH scavenging activity % = —a x 100%
1

2.5.2 ABTS assay

The method of Lin (Erhabor et al., 2021), subject to minor
modifications, was used to measure the scavenging activity of the
assay extracts against ABTS. An amount of 1 mL of SPE, SCE and
CSE extracts (0-1 mg/mL) were each mixed with 1 mL of ABTS
working solution. The mixture was then incubated at 37°C + 2°C for
The
spectrophotometer (Jena Analytical Instruments) at 734 nm,
denoted as A. For the absorbance Aj, 1 mL of 70% ethanol was
used instead of the ABTS solution. Additionally, A; was determined
by mixing 1 mL of ABTS solution with 20 pL of 70% ethanol. BHT
served as a positive control. The ABTS scavenging activity was

30  min. absorbance value was measured using

calculated using the following formula:

x 100%

1-(A-A
ABTS scavenging activity % = %

1

2.5.3 «OH assay

The method of Li (Li et al., 2022), with minor modifications, was
used to measure the scavenging ®OH activity of the tested extracts.
An amount of 1 mL of SPE, SCE and CSE (0-1 mg/mL) extracts were
added to 200 pL of 9 mmol/L FeSOy, 200 pL of 9 mmol/L salicylic
acid, and 200 pL H,O,, respectively. After the mixture was incubated
for 30 min at 37°C £ 2°C. The absorbance value was measured using
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spectrophotometer (Jena Analytical Instruments) at 510 nm,
marked as A. The absorbance value A; was treated with 50 pL
ethanol replaced by sample solution. And the absorbance value A,
was treated with 200 pL salicylic acid with 200 pL methanol solution,
BHT was used as a positive control. The scavenge -OH was
calculated according to the formula:

1-(A-A)

x 100%
A, ’

*OH scavenging activity % =

2.5.4 FRAP assay

The method of Masood (Masood et al., 2021), with minor
modifications, was used to measure the scavenging activity of the
assay extracts using the FRAP method. An amount of 15 uL of SPE,
SCE and CSE (0-1 mg/mL) extracts were added to 150 pL of FRAP
working solution, and the mixture was incubated for 5 min at 37°C +
2°C. BHT was used as a positive control. The absorbance value was
measured using spectrophotometer (Jena Analytical Instruments) at
592 nm, The ferrous sulfate (100-1000 uM) was applied to make a
standard curve, and expressed as mg iron (II) sulfate equivalent
ferrous sulfate for 1 g of raw material used.

2.6 Cell culture and viability assay

HepG2 and HUVEC:s lines were maintained routinely minimum
essential medium (MEM) and Dulbecco’s modified eagle medium
(DMEM) medium supplemented with 10% (v/v) fetal bovine serum,
1% (v/v) penicillin-streptomycin solution (100x) at 37°C in an
atmosphere of 5% CO, in a humidified incubator. Cells (5 x
10° /mL) were seeded in a 96—well plate and treated with 0.125,
0.25,0.50 mg/mL of SPE, SCE and CSE. After incubating the cells for
24 h, 10 pL of Cell Counting Kit-8 (CCK-8) solution was added to
each well and then incubated for an additional 2 h at 37°C. The
absorbance of each well was subsequently measured at 450 nm
wavelength.

2.6.1 Anti—insulin resistance activity

In order to establish an in vitro model of insulin resistance (IR),
HepG2 cells were treated with insulin. SPE, SCE, and CSE extracts
(0.125, 0.25, 0.5 mg/mL) and metformin (positive control) were
added and incubated for another 24 h. Glucose levels in the
supernatants were measured using a glucose assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Cells were
processed for Glucokinase (GK) and Glucose-6-phosphatase (G-
6-P) analysis using ELISA kits after freeze-thaw cycles and
sonication. For

detailed experimental procedures, see the

Supplementary Material.

2.6.2 HUVECs damage induced by high glucose
Endothelial dysfunction was induced using 40 mmol/L high
glucose for 24 h. SPE, SCE, and CSE extracts (0.125, 0.25, and
0.5 mg/mL) were then added and incubated for another 24 h.
Rosiglitazone was used as a positive control. Cells were washed
with PBS, digested with trypsin, centrifuged, and stored at —80°C
after freezing in liquid nitrogen. After five freeze-thaw cycles,
cellular contents were released by ultrasonic disruption. The
supernatant was collected after centrifugation to measure t-PA,
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ET-1, NO, and PAI-1 levels with ELISA kits. For detailed
experimental procedures, see the Supplementary Material.

2.7 UPLC-QE-Orbitrap—MS analysis

The analysis of SPE, SCE and CSE were carried out using a
Vanquish Duo UPLC System (Waltham, MA, United States) and Q
Exactive Focus mass spectrometer (Thermo Fisher Science, San Jose,
CA, United States). A Hyersil Gold TM chromatographic column
(2.1 mm x 50 mm, 1.9 um) was employed for chromatograph
separation at a temperature of 25°C. The injection volume was 5 uL
with a flow rate of 0.4 mL/min. The mobile phase comprising 0.1%
formic acid aqueous solution (A) and acetonitrile (B). The gradient
elution program was as follows: 5% B for 0-4 min, 5%-15% B for
4-8 min; 15%-29% B for 8-16 min, 29%-90% B for 16-25 min;
90%-95% B for 25-35 min, 95% B for 35-40 min. The electron spray
ionization (ESI) technique was employed for the ion source, with the
mass spectrometer (MS) operating in negative mode. The scanning
mode used was full scan/ddMS2, specifically designed for negative
ion scanning within a range of 100-1,500 Da. A capillary
temperature of 250°C was maintained throughout the analysis. In
negative mode, a spray voltage of 3500 V was applied, ensuring full
MS resolution at 70,000 and ddMS2 resolution at 35,000. The
collision energy utilized in normalized collisional energy (NCE)
mode was 30/35/40 eV.

2.8 Molecular docking

To begin, protein and ligand files were obtained from the RCSB
Protein Data Bank (https://www.rcsb.org/) in “PDB” and “SDF”
formats, respectively. Identify the matching coordinates for the
protein and the ligand. The protein files were converted to
“PDBQT” format to ensure compatibility with molecular docking
software. Similarly, the compounds identified in SPE, SCE, and CSE,
downloaded in “SDF” format, were converted into “PDBQT” ligand
format. Molecular docking studies were conducted using AutoDock
Vina 122 (Center for Computational Structural Biology,
United States) to evaluate the binding affinities between the
target proteins and the ligands. Visualize these outcomes using
PyMOL 2.0 software (DeLano Scientific LLC, United States),
showcasing hydrogen bonding interactions and amino acid
residues involved in the binding process.

2.9 Molecular dynamics simulation

The initial molecular dynamics simulation conformation was
derived from the outcomes of molecular docking. Gromacs
(released 12 November 2018), a dynamic simulations software,
was utilized with the Charmm 36 force field and TIP3P water
model. A water box was established and sodium ions were
incorporated to maintain system balance. To optimize the
molecular configuration, an energy minimization process was
conducted on the entire system. Afterwards, the system was
subjected to equilibration using both the canonical ensemble
and isothermal-isobaric ensemble at normal temperature and
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TABLE 1 Total phenolic and flavonoid contents of SPE, SCE, and CSE.

10.3389/fchem.2024.1433501

Samples TPC (mg - GAE/g extract) TFC (mg - RE/g extract)
SPE 215.1 + 1.90° 182.3 + 0.16°
SCE 160.9 + 0.62° 58.0 + 0.21°
CSE 93.6 + 0.94° 80.0 + 0.31°

*¢ Columns with different superscripts indicate a significant difference (p < 0.05).

SPE (straw peels of ethyl acetate fraction), SCE (straw core of ethyl acetate fraction) and CSE (corn silk of ethyl acetate fraction).

TPC: Total phenolic content. TFC: Total flavonoid content.
GAE: Gallic acid equivalent. QE: Rutin equivalent.
Values are the mean + standard deviation of three independent experiments.

TABLE 2 Antioxidant activity of SPE, SCE and CSE determined with DPPH, ABTS, ®OH and FRAP.

Samples DPPH ABTS «OH FRAP
SPE 0.24 + 0.00° 0.05 + 0.00* 0.40 + 0.01° 0.63 + 0.02°
SCE 0.42 + 0.02¢ 0.11 + 0.01° ‘ 0.62 + 0.03¢ 0.76 + 0.01°
CSE 0.61 + 0.02¢ 0.13 £ 0.01¢ ‘ 0.56 + 0.00° 1.06 + 0.05¢
BHT 0.15 + 0.00° 0.14 + 0.02¢ ‘ 0.28 + 0.02° 0.43 + 0.01°

-4 Columns with different superscripts indicate a significant difference (p< 0.05).

SPE (straw peels of ethyl acetate fraction), SCE (straw core of ethyl acetate fraction) and CSE (corn silk of ethyl acetate fraction).

Used as a standard antioxidant.

DPPH: 2,2-Diphenyl-1-picrylhydrazyl. ABTS: 2,2'~Azino-bis (3—ethylbenzothiazoline~6-sulphonic acid) diammonium salt. FRAP: Ferric-reducing antioxidant power. ® OH: Hydroxyl

radicals.

ICs0: Concentration required to scavenge 50% of the radicals present in the test solution. BHT: butylated hydroxytoluene.

Values are the mean + standard deviation of three independent experiments.

pressure for a period of 100 ns, with the aim of conducting
molecular dynamics simulation. The simulation trajectory
underwent further analysis employing root mean square
fluctuation (RMSF), root mean square deviation (RMSD), and
the radius of gyration of the protein backbone to assess dynamic
stability and conformational changes.

2.10 Statistical analysis

Statistical analyses were performed using SPSS v22.0 (IBM,
Armonk, NY, United States) and GraphPad Prism 9.0 (GraphPad
Software, Boston, MA, United States). Analysis of variance
(ANOVA) with 95% confidence intervals was utilized to identify
significant differences among the mean values.

3 Results

3.1 Determination of total phenolics and
flavonoids content

Remarkable differences were evident in the TPC among SPE,
SCE, and CSE, as detailed in Table 1. The TPC ranged from
93.6 to 215.1 mg GAE/g of dry extract. SPE stood out with the
highest TPC, reaching 215.1 + 1.90 mg/g, followed by SCE with
160.9 £ 0.62 mg/g, and CSE at 93.6 + 0.94 mg/g. When examining
TFC, the values spanned from 80.0 to 182.3 mg RE/g of dry
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extract. SPE again led the pack with a TFC of 182.3 + 0.16 mg/g,
while CSE and SCE followed with 80.0 + 0.31 mg/g and 58.0 +
0.21 mg/g, respectively. It’s particularly noteworthy that SPE not
only dominated in TPC but also in TFC, establishing it as the
most phenolic and flavonoid-rich among the
samples analyzed.

extract

3.2 Antioxidant activity in vitro

To comprehensively evaluate the antioxidant activity of SPE,
SCE, and CSE, we employed multiple assays, including DPPH,
ABTS, ®OH scavenging capacity, and FRAP. This multifaceted
approach was necessary due to the distinct mechanisms of action
associated with each antioxidant assay. ICs, value is a widely used
parameter for measuring antioxidant activity. A lower IC5, indicates
higher antioxidant activity (Table 2).

3.2.1 DPPH assay

DPPH radicals serve as a common metric for assessing the free
radical scavenging potential of natural compounds (Zhao et al,
2022). Table 2 illustrates the free radical scavenging activities of SPE,
SCE, and CSE, benchmarked against BHT. The SPE (ICsy, 0.24 +
0.00 mg/mL) exhibited high scavenging activity, as did BHT (ICs,
0.15 + 0.00 mg/mL). However, SCE (ICsp, 0.42 + 0.02 mg/mL) and
CSE (ICs, 0.61 + 0.02 mg/mL) exhibited weak scavenging activity.
In general, the SPE possesses superior antioxidant properties
compared to SCE and CSE.
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Glucose consumption of SPE, SCE and CSE. SPE (straw peels of ethyl acetate fraction), SCE (straw core of ethyl acetate fraction) and CSE (corn silk of
ethyl acetate fraction). Significantly different from the control group at *p < 0.05, **p < 0.01 and ***p < 0.001. Significantly different from the Model group
at #p < 0.05, ##p < 0.01 and ###p < 0.001. Values are expressed as the mean + standard error of the mean (n = 3).
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3.2.2 ABTS assay

The ABTS radical scavenging assay is frequently employed to
assess the effectiveness of a sample in neutralizing the ABTS radical
(Fan et al., 2020; Wang et al., 2020). The scavenging ability of SPE,
SCE, and CSE against the ABTS radical exhibited an enhancement
with rising mass concentrations, demonstrating a positive linear
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correlation. Table 2 reveals that SPE demonstrated robust
scavenging activity at a low concentration with an ICs, value of
0.05 £ 0.00 mg/mL, which is 2-3 times more effective than the
positive controls. Followed by SCE (ICsp, 0.11 + 0.01 mg/mL)
and CSE (ICsp, 0.13 + 0.01 mg/mL)
scavenging activity.

showed strong

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1433501

Yang et al. 10.3389/fchem.2024.1433501

250+ . 3 Centrel 2501 = f‘:’;d

Model P
T i e Matformin ;::
o HR SPE -

2004 WX SCE = 2007 i a4 e e
R wn T awe & 2 e T T HHH - Cse
awe == CSE ~ nn

-~ e il - z T wer |
S - T T e 3 wae iy
= T 2 T s _nn
s wen # T Biocs -
£ 1504 T % ane £ i T
= e -3 e
: T ‘Z unn
i
3 wow ¢

2

100 © 1004

sodtipl = W : . : $0- el yey T T T

- > > &> N N N

> > > S & R
& & &\o & & \¢v & ~\°§ & *)@ Q@ éo\
R & & & e v & &8 ~;=“ o8
& “.\":’ & g ¥ o & o
FIGURE 3

The outcomes of treatment with SPE, SCE, and CSE on the (A) GK (Glucokinase) and (B) G-6-P (Glucose—6-phosphatase) activity in IR-HepG2. SPE
(straw peels of ethyl acetate fraction), SCE (straw core of ethyl acetate fraction) and CSE (corn silk of ethyl acetate fraction). Significantly different from the
controlgroup at *p < 0.05, **p < 0.01 and ***p < 0.001 Significantly different from the Model group at #p < 0.05, ##p < 0.01 and ###p < 0.001. Values are

expressed as the mean + standard error of the mean (n = 3).

3.2.3 Hydroxyl radicals assay

Table 2 showed SPE displayed moderate hydroxyl radical
scavenging activity with the ICs, value as 0.40 + 0.01 mg/mL.
The ICsy values indicate that the hydroxyl radical scavenging
activity of the ethyl acetate fraction from corn derivatives ranks
as SPE > CSE > SCE. SPE (ICs, 0.40 + 0.01 mg/mL) and BHT (ICs,
0.28 + 0.02 mg/mL) exhibited high efficiency as hydroxyl radical
scavengers, while SCE demonstrated the lowest scavenging activity
with an ICsq of 0.62 £ 0.03 mg/mL.

3.2.4 FRAP assay

Antioxidants in the samples can reduce ferric tripyridyltriazine (Fe**
TPTZ) to ferrous tripyridyltriazine (Fe** TPTZ), serving as a measure of
their antioxidative capability (Masood et al., 2021). The tested results
were consistent with the Hydroxyl radical assay, SPE, SCE, and CSE
showed ferric reducing antioxidation power (Table 2), SPE possessed
stronger ferric reducing antioxidation power (ICsg, 0.40 £ 0.01 mg/mL),
while SCE, and CSE showed lower ferric reducing antioxidation power
than BHT (ICso, 028 + 0.02 mg/mL).

3.3 Anti—insulin resistance and cell
viability assays

IR-HepG2 cells were used to measure glucose consumption and cell
viability across different groups (model, positive control, SPE, SCE, and
CSE), with metformin as the positive control. As shown in Figure 1
(Supplementary Table S1), the SPE, SCE, and CSE groups had minor
inhibitory effects on HepG2 viability. Additionally, 0.5 mg/mL SPE and
SCE slightly promoted HepG2 viability. Other groups showed no
significant impact on cell viability. When the HepG2 was treated
with IR, there was an obvious decrease, from 1049 mM to
7.87 mM, in the content of glucose consumption compare to the
control group (Figure 2; Supplementary Table S2). The above results
demonstrated that a model of IR in HepG2 was successfully built.
According to Figure 2, the glucose concentrations in the media of SPE
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groups at doses of 0.125, 0.25, and 0.5 mg/mL were 8.28 + 0.52, 9.6 +
0.55, and 10.8 + 0.36 mmol/L, respectively, after 24 h of treatment.
Notably, concentrations of 0.25 and 0.5 mg/mL of SPE, SCE, and CSE
significantly enhanced glucose consumption in IR-HepG2 cells, with
the differences being statistically significant. A concentration-
dependent effect in promoting glucose consumption was observed
with SPE, SCE, and CSE. In conclusion, SPE demonstrated the most
potent protective effect on glucose consumption, with its impact at
0.5 mg/mL surpassing even that observed in the normal control groups.
Additionally, SPE significantly enhanced glucose consumption in IR-
HepG2 cells without adversely affecting cell viability.

3.4 Intracellular enzyme activity analysis

IR is the primary cause for the early onset of diabetes, with the liver
serving as the primary site of insulin action and a major contributor to IR.
This resistance leads to alterations in intracellular enzyme activity,
particularly affecting GK, which plays a crucial role in catalyzing
glucose phosphorylation. Consequently, once glucose enters the cell
via phosphorylation, its ability to freely exit through the cell
membrane is hindered. GK represents the initial rate-limiting enzyme
in glucose metabolism, and its activity is significantly diminished in IR
cells. G-6—P, also known as Glucose—6—phosphatase, is an enzyme that
plays a crucial role in regulating blood glucose levels by catalyzing the
hydrolysis of glucose—6—phosphate, resulting in the release of glucose into
the bloodstream. This enzymatic process serves as the final step in both
gluconeogenesis and glycogen decomposition. Notably, in cells exhibiting
insulin resistance, there is a notable elevation in G-6-P activity.

Glucose consumption as a conventional method for directly
assessing glucose metabolism in HepG2 within an IR model.
Metformin was chosen as a positive control drug. As depicted
in Figure 1, the model group exhibited a substantial inhibition in
glucose consumption. In order to investigate the therapeutic
impact of SPE, SCE and CSE on IR, the activities of GK and
G—-6-P were assessed. As depicted in Figure 3A (Supplementary
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The outcomes of treatment with SPE, SCE, and CSE on the (A) NO (nitric oxide), (B) ET-1 (endothelin-1), (C) PAI-1 (plasminogen activator inhibitor 1)

and (D) t—PA (tissue—type plasminogen ac-tivator) activity in HUVECs. SPE (straw peels of ethyl acetate fraction), SCE (straw core of ethyl acetate fraction)
and CSE (corn silk of ethyl acetate fraction). Significantly different from the control group at *p < 0.05, **p < 0.01 and ***p < 0.001 Significantly different
from the Model group at #p < 0.05, ##p < 0.01 and ###p < 0.001. Values are expressed as the mean + standard error of the mean (n = 3).

Table S3), the GK activity in the model group was considerably
suppressed, whereas the application of the sample led to a
substantial dose—dependent increase in GK activity. Particularly,
when the concentrations of SPE and SCE reached 0.125 mg/mL,
they  exhibited
group. Furthermore, based on Figure 3B (Supplementary Table
S4), in the model group, the activity of G-6-P exhibited a
significant increase. Conversely, the application of the sample
led to a significant decrease in G-6-P activity, demonstrating a

significant deviations from the model

dose-dependent relationship The assessment of these two
indicators yielded intriguing findings. Notably, SPE exhibited a
stronger therapeutic effect on insulin resistance compared to SCE
and CSE, and in certain aspects, its efficacy was comparable to that
of metformin, thus emphasizing its potential in hypoglycemic
interventions.

3.5 HUVECs damage induced by
high glucose

In this study, we conducted an assessment of the SPE, SCE, and CSE
protective effect on HUVEC injury induced by diabetes, with

rosiglitazone  serving as a positive control. In Figure 4
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(Supplementary ~ Tables S5-S8), our experimental findings
demonstrate that under high glucose conditions, the levels of crucial
biomarkers NO and t-PA exhibit a significant decrease, whereas the
levels of PAI-1 and ET-1 experience a significant increase. These
observations align with the vascular injury and dysfunction associated
with diabetes. Following treatment with positive drugs and extracts
(SPE, SCE, and CSE), there was a noteworthy enhancement in the levels
of these biomarkers within the impaired cells, indicating a
dose-dependent association. As shown in Figures 4A, B, the
activities of NO and t-PA were significantly decreased in the Model
compared with the Control group (p < 0.01). The activities of NO and
t—PA were significantly increased in the SPE, SCE, and CSE groups
compared with the Model (p < 0.01 or p < 0.05). As depicted in
Figures 4C, D, at 0.5 mg/mL, the inhibitory effects of SPE, SCE, and CSE
on PAI-1 and ET-1 surpassed those of rosiglitazone, with SPE
exhibiting the most pronounced effect. It is important to note that
the use of rosiglitazone at high concentrations may excessively inhibit
PAI-1 and ET-1 expression, potentially compromising vascular
function. In contrast, low-dose extracts (SPE, SCE, and CSE)
effectively restore PAI-1 and ET-1 expression to nearly normal
levels, thereby potentially mitigating the adverse effects associated
with high-dose rosiglitazone. As illustrated in Figure 4B, at
concentrations ranging from 0.125 to 0.5 mg/mlL, the SPE, SCE, and
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Docking results for SPE, SCE, MSE system with a-amylase, a-glucosidase molecules are shown. (A) Docking of canrenone with a-amylase. (B)
Docking of 1-[2—(1,3-benzodioxol-5-yl) —3-methyl-1-benzofuran-5-yl] propane-1,2—diol (CHEBI:190940) with a-glucosidase. (C) Docking of
erodictyol with a-amylase. (D) Docking of paprazine with a-glucosidase. (E) Docking of genistein with a-amylase. (F) Docking of mandarin G with a-

glucosidase.

CSE demonstrates a more pronounced enhancing effect on t-PA
compared to rosiglitazone, highlighting its potential in enhancing
the fibrinolytic system. This implies that the SPE, SCE, and CSE
potentially possesses a safeguarding influence on diabetes—induced
vascular injury through the regulation of these pivotal molecules’
expression. In summary, the aforementioned findings establish a
robust scientific foundation for the utilization of SPE, SCE and CSE
in the mitigation and management of cardiovascular and
This
intervention not only ameliorates diabetes—induced vascular injury,
but also enhances vascular functionality through the modulation of
pivotal biomarker expression. Consequently, it is anticipated that this

cerebrovascular complications associated with ~ diabetes.

intervention will serve as an efficacious adjunctive therapy for
cardiovascular and cerebrovascular complications.

3.6 Chemical components

It has been documented that corn derivatives possesses a diverse
array of complex heterogeneous components, including phenolics,
flavonoids, lipids, proteins, carbohydrates, and polysaccharides
(Hamzah et al.,, 2021; Zhang et al,, 2021; Hossain and Jayadeep,
2022). Its chemical composition, however, has not been elucidated in
many studies. In this research, Compound Discoverer 3.0 (Thermo
Fisher Science) was employed to analyze the extracted molecular ion
chromatographic peaks and isotope peaks using the raw data
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obtained from UPLC-QE-Orbitrap—-MS.
results were cross-referenced with online databases (mz Cloud
Vault)
identification of 61 compounds present in the extracts of SPE,
SCE, and CSE (refer to Supplementary Table S9).

Subsequently, the

and mz and relevant literature, leading to the

3.7 Molecular docking

The results of molecular docking analysis indicate that
in the SPE system, the
1-[2—(1,3-benzodioxol-5-yl) —3—methyl-1-benzofuran—5-yl]
propane—1,2—diol (CHEBIL:190,940), exhibits the strongest binding
affinity towards a-amylase and a-glucosidase, with binding energies
of —10.2 and 7.8 kcal/mol, respectively. Similarly, in the SCE system,
the compounds erodictyol and paprazine demonstrate the lowest

compound  canrenone  and

binding energies towards a-amylase and a-glucosidase, with values
of —9.2 and 7.8 kcal/mol, respectively. Lastly, in the CSE system, the
compounds genistein and mandarin G exhibit the lowest binding
with
of -89 and -7.7 kcal/mol, respectively. A binding energy

energies towards a-amylase and a-glucosidase, values
below —4.0 kcal/mol indicates favorable molecule-protein binding. In
this instance, all candidate compounds recorded binding energies
below —4.0 kcal/mol, indicating robust interactions with a-amylase
and a-glucosidase. Visualization of these interactions was conducted

using PyMOL 2.0 software, as depicted in Figure 5.
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3.8 Dynamics simulation

Molecular dynamics simulations were utilized to confirm the
stability of compound-target protein interactions after docking. In
this investigation, the CHARMM force field was applied, and a
200 ns simulation was conducted to assess the structural integrity of
the complex. The trajectory underwent analysis for RMSD, RMSF,
and protein gyration radius (RG). RMSD is a critical metric for
evaluating system stability. Throughout the simulation, a
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consistently low RMSD value suggested a stable complex with
strong ligand-receptor binding.

3.8.1 Root mean square deviation analysis

The RMSD quantifies the average displacement deviation of a
complex relative to a reference over a specific simulation
duration, with a lower value indicating greater stability of the
system (Ebenezer et al., 2023). As illustrated in Figure 6, the
receptor protein across all docking systems exhibited notable
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stability, maintaining an RMSD value below 0.2 nm. Among
these a-glucosidase-CHEBI:190940, «-glucosidase—paprazine,
a-glucosidase-mandarinG and a-amylase-canrenone, a-
amylase—eriodictyol, a-amylase—genistein showed minimal
movement with stable RMSF values after 50 ns. The RMSD
values of a-glucosidase~CHEBI:190940, a-glucosidase—paprazine,
a-glucosidase-mandarinG and a-amylase—canrenone, a-amylase—
eriodictyol, a-amylase—genistein fluctuated at 0.1 nm and 0.3 nm,
respectively, during the 200 ns simulation. However, the ligands
remained in the active pockets of a-glucosidase and a-amylase

during the simulation, indicating stable complexes.

3.8.2 Root mean square fluctuation analysis

As displayed in Figure 7, RMSF represents the shift of each
residue in a-glucosidase and a-amylase within four docking systems
(Wang R. et al, 2023). The a-amylase—eriodictyol and «-
glucosidase—mandarinG complex with an average RMSF value of
0.077 nm and 0.067 nm had more stable residues than a-
amylase—canrenone, a-amylase—genistein (with RMSF values of
0.085 nm and 0.083 nm, respectively) and a-
glucosidase—CHEBI190940, «-glucosidase—paprazine (with RMSF
values of 0.077 nm and 0.071 nm, respectively). However, all
docking systems displayed a similar fluctuation trend. Notably,
irregular structures at amino acid residues between positions
4,500-6,500 led to abrupt fluctuations; nevertheless, these systems
exhibited stability and cohesive connections within a simulated
human environment despite some dynamic shifts.

3.8.3 Radius of gyration analysis

Figure 8 displays the Rg the complexes, where a smaller Rg value
signifies a more compact structure (Chouhan et al., 2021). Stability
across all docking systems was attained after 50 ns of simulation. The
compactness of the structures ranked from most to least compact as
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Time (ps)
follows: a-amylase—genistein, a-amylase—eriodictyol and a-

amylase—canrenone. Their average Rg values were 2.32 nm,
2.34 nm, and 2.37 nm, respectively. respectively. These values are
comparable to the previously reported Rg of 240 nm for a-
glucosidase peptides, suggesting similar structural stability (Zheng
et al, 2023). As shown in Figures 8A, B, the Rg value of a-
remained stable around 0.25 nm

The Rg of
and a-glucosidase—paprazine
and 2.84 nm,
respectively. Among these peptides, the densest system was the

glucosidase-mandarinG
throughout  the  simulation.
glucosidase—~CHEBI190940

fluctuated moderately between 2.85

values a-

nm

a-amylase—eriodictyol and a-glucosidase-mandarinG complex with
high conformational stability, aligning with the RMSD and
RMSF results.

4 Discussion

DM is a prevalent chronic metabolic disease globally, often

leading to severe complications. Presently, the primary
pharmacological treatments for DM rely on chemical-based
drugs, which exhibit limited long—term efficacy and may
As the
hypoglycemic activity of corn silk has been widely reported
(Guo et al,, 2009; Chang et al., 2016; Wang and Zhao, 2019;
Hamzah et al, 2021; Wans et al., 2021). Nonetheless, as

by—products of corn, there is a notable lack of systematic

induce adverse reactions. a folk medicine,

researches on straw peels and straw core, particularly
regarding their anti—diabetic effects and impact on associated
complications. Using a simple process to develop health-
beneficial straw peels and straw core fractions would enhance
the utilization of corn by-products, which are often discarded as

agricultural waste. Preliminary findings indicate that CSE, SPE,
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and SCE can effectively inhibit activities of a-glucosidase and a-
amylase, with SPE showing the most pronounced efficacy (Yang
et al, 202la). The management of DM and its associated
complications often involves the regulation of postprandial
hyperglycemia through the inhibition of «a-amylase and a-
glucosidase, which effectively modulating glucose absorption
(Wang et al, 2010). Notably, inhibiting a-glucosidase can
effectively control postprandial hyperglycemia (Shah et al,
2020). Natural products with distinct inhibitory activities
against these enzymes have garnered increased interest in the
management of DM, owing to their efficacy, safety, and minimal
toxicity. Specifically, plant extracts rich in phenolics and
flavonoids have been identified as potent a-amylase and a-
glucosidase inhibitors (Tadera et al., 2006; Ademiluyi and
Oboh, 2012). In this study, SPE was found to contain the
highest levels of phenolics and flavonoids compared to CSE
and SCE, with concentrations measured as rutin equivalent
(182.3 + 0.16) mg/g and gallic acid equivalent (215.1 + 0.91)
mg/g, respectively. The anti-hyperglycemic activities of SPE
demonstrated a positive correlation with their TPC and TFC,
aligning with findings from previous studies on Rheum
turkestanicum (Dehghan et al., 2018). These results highlight
the hypoglycemic potential of corn straw, underscoring the
varying contributions of polar components from different
sections of corn to DM management.

OS is closely linked to DM and its complications (Darenskaya
et al., 2021). It originates from an imbalance between excessive
free radical production and inadequate antioxidant defense.
Among phytochemical antioxidants, phenolic compounds and
flavonoids are distinguished for their ability to neutralize free
radicals through hydrogen atom or electron donation (Aryal
et al,, 2019). Notably, the previous study reported that corn
silk’s ethyl acetate extract had the highest antioxidant activity
and total phenolic/flavonoid contents compared to petroleum
ether and ethanol extracts (Wang and Zhao, 2019). In
comparative assessments using DPPH, ABTS, eOH, and FRAP
assays, SPE emerged as the most effective antioxidant, especially
in free radical scavenging, likely due to its superior phenolic and
flavonoid concentrations.

IR refers to the diminished efficacy of insulin in influencing its
target tissues, commonly observed in individuals with metabolic
disorders such as obesity (Kullmann et al., 2016). The elevation in
insulin demand, prompted by IR, intensifies the development of
T2DM and complicates the management of blood glucose levels
among diabetic patients (Szoke and Gerich, 2005; Brown et al., 20105
Kampmann et al., 2011). When IR occurs, the expression of enzymes
associated with hepatic glycolysis, such as GK and G-6-P,
experiences significant modifications. These alterations precipitate
a diminished capacity for glucose consumption and utilization by
target cells, ultimately disrupting blood glucose homeostasis. Our
findings demonstrate that within an IR model established by adding
10”7 mol/L insulin to HepG2, there was a discernible decrease in GK
content, accompanied by an elevation in G—6-P levels. Subsequent
treatment with SPE, CSE, and SCE in this IR-HepG2 model showed
increased GK levels and reduced G-6-P levels, notably with SPE at
0.5 mg/mL significantly normalizing the expressions of GK and
G—6-P to closely match those observed in the positive control
group. These findings suggest that SPE significantly promotes
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glucose consumption in IR-HepG2

while positively affecting glycolysis

in a dose—dependent

manner, and glucose
metabolism processes.

In the context of diabetes, sustained hyperglycemia inflicts
damage on vascular endothelial cells, rendering them to
pathological changes (Wang J. et al, 2023). This damage alters
cytokine secretion, potentially leading to serious cerebrovascular
and cardiovascular conditions, including cerebral hemorrhage,
cerebral infarction, and coronary artery disease, mediated
through alterations in vasodilation and the fibrinolytic system
(Zhang et al., 1998; Shen, 2010). NO and ET-1 serve as critical
regulators of vascular dilation, with ET-1 acting as a potent
vasoconstrictor (Spieker et al., 2001; Hynynen and Khalil, 2006),
whereas NO facilitates vascular relaxation (Giles, 2006). Under
normal physiological conditions, the synthesis of these molecules
is counterbalanced, maintaining a dynamic equilibrium essential for
vascular systolic and diastolic functions (Goto et al., 1996; Zhao
et al, 2010). Additionally, t-PA and PAI-1 regulate the blood
coagulation process, with t—PA activating plasminogen and
PAI-1 inhibiting the effect of t-PA by forming a complex with it
(Wagner et al., 1989; Pandolfi et al.,, 1996). In the present study, we
demonstrated that SPE significantly upregulates NO and t—PA levels
while downregulating ET—1 and PAI-1 expressions, suggesting that
SPE ameliorates hyperglycemia—induced endothelial damage by
promoting endothelium—dependent vasodilation and
fibrinolytic function.

This study employed UPLC-QE—Orbitrap—MS technology for a
swift and comprehensive analysis of the chemical constituents
within SPE, CSE, and SCE, leading to the identification of
61 compounds, including vanillic acid, gallic acid, gentisic acid,
naringenin, genistein, canrenone, eriodictyol, and CHEBI190940.
Prior research has demonstrated the potent inhibitory effects of
phenolic compounds, such as vanillic acid, gallic acid, gentisic acid,
naringenin, and genistein, on a-amylase and «a-glucosidase (Ahmad
et al., 2021; Osman et al., 2021; Aleixandre et al., 2022; El Karkouri
et al., 2022). Several polyphenols, such as protocatechuic acid and
naringenin, have been shown to enhance glucose consumption in
IR-HepG2. Protocatechuic acid facilitates glucose consumption by
activating AMPK  phosphorylation and upregulating glucose
transporter 4 (GLUT4) expression (Yang X. Y. et al, 2021).
AMPK  phosphorylation Thr172,
stimulating glucose transporter 2 (GLUT2) translocation and
IR-HepG2
(Dayarathne et al., 2021). Moreover, eriodictyol primarily boosts

Naringenin enhances at

thereby improving glucose consumption in
insulin—sensitive glucose consumption through activation of the
PI3K/Akt signaling pathway (Zhang et al., 2012). Canrenone is
noted for its regulatory effects on fasting plasma glucose levels and
blood pressure (Derosa et al., 2018). This study marks the first
identification of canrenone within SPE, specifically from the Zea L.
species, expanding the knowledge on the bioactive components of
SPE and their potential therapeutic implications.

Following this, we conducted in silico virtual docking studies of the
identified compounds with the crystal structures of a-glucosidase and
a-amylase using AutoDock, employing acarbose as a positive control
due to its recognized binding to these enzymes. The outcomes suggest
these candidate compounds can potentially interact with the active sites
of a-amylase and «-glucosidase, thus inhibiting their enzymatic
functions. Notably, indicated canrenone

docking  simulations
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possessed the highest binding affinity toward a-amylase, surpassing
acarbose, by effectively occupying the enzyme’s active site. This can be
attributed to canrenone’s strong hydrogen bond interactions with the
HIS-201 and GLN-63 residues, yielding a higher binding energy.
Similarly, CHEBI190940 exhibited a stronger binding interaction
(7.8 keal/mol) with a-glucosidase compared to acarbose (7.3 kcal/
mol), particularly due to significant interactions with the catalytic
residues ASP—327 and ASP-205, leading to a marked reduction in
a-glucosidase activity.In essence, the in vitro hypoglycemic activity
observed in CSE, SPE, and SCE could be attributed to the inhibition
of a-glucosidase and a-amylase, alongside the promotion of glucose
consumption in IR-HepG2.

Molecular dynamics simulation is a potent tool for elucidating the
stability and dynamics of protein-ligand complexes, crucial for drug
design (Leeson and Young, 2015). They enable the identification of
structural cavities essential for developing new compounds with
superior target affinity. Molecular dynamics simulations facilitate the
acquisition of detailed structural information and insights into how
protein stability influences ligand binding. This leads to improved
sampling of binding poses and more precise estimates of binding
affinity, enhancing structural precision (Yunta, 2017). Higher values
of RMSD, RMSF and Rg indicate increased system flexibility (Zhang
et al, 2017). Our molecular dynamics simulations on docking
complexes aim to investigate structural alterations upon ligand
interaction. After 50 ns, the amylase and glucosidase complexes
reached stability, with RMSD values below 0.3, signifying stable
complexes. Concurrently, Rg and RMSF values further denote the
complexes’ stability. Such computational analyses provide vital
insights for identifying viable medication candidates for T2DM
management. However, the path to new drug development requires
consideration of pharmacokinetic attributes, therapeutic efficacy, and
safety profiles (Doss et al, 2013; Peele et al, 2020). Specifically,
molecular docking and absorption, distribution, metabolism,
excretion, and toxicity (ADMET) analysis of phytochemicals (P.
betle compounds) have exhibited a wide range of physicochemical,
pharmacokinetic, and drug-likeness properties, positioning in—silico
screening as a viable method for discovering new therapeutics (Wang
and Urban, 2004) from natural sources (Peele et al., 2020).

5 Conclusion

In summary, our study demonstrates that SPE, SCE, and CSE are
abundant in natural hypoglycemic agents and antioxidants, particularly
flavonoids and phenolics, with their concentrations ranking in the order
of SPE > SCE > CSE for both total flavonoids and phenolics. Initial
assays on a-glucosidase and a-amylase inhibition validated this efficacy
hierarchy. Moreover, glucose consumption assays revealed a substantial
increase in glucose absorption by IR-HepG2 treated with SPE.
Analytical outcomes from UPLC-QE-Orbitrap-MS and molecular
docking, further substantiated by molecular dynamics simulations,
verified interactions between candidate compounds (including
canrenone, CHEBI190940, erodictyol, paprazine, genistein, and
mandarin G) and the target a-glucosidase and a-amylase. These
findings are consistent with the antioxidation capacities assessed by
DPPH, FRAP, ABTS, and ®OH scavenging assays, which also follow the
sequence of SPE > SCE > CSE. The enhanced antioxidant capacity of
SPE is attributed to its elevated levels of flavonoids and phenolics, while
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its hypoglycemic effect likely stems from the inhibition of a-glucosidase
and a-amylase activities, alongside facilitating glucose consumption in
IR-HepG2 and providing protection against high glucose-induced
damage in HUVECs. This research suggests that SPE and/or SCE
could be promising natural sources for hypoglycemic and antioxidant
interventions in nutraceutical and functional food development,
presenting an innovative strategy for the sustainable utilization of
corn by—products.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Author contributions

XY: Data curation, Formal Analysis, Writing-original draft.
YW: Conceptualization, Methodology, Software, Writing-original
draft. JfL: Data curation, Formal Analysis, Writing-original draft.
YT: Software, Validation, Writing-original draft. KY: Data curation,
Formal Analysis, Writing-original draft. JwL: Data curation,
Methodology, Writing—original draft. JS: Funding acquisition,
HZ:
acquisition, Supervision, Writing-review and editing.

Supervision, ~Writing-review and  editing. Funding

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Project of Research project of Jilin Provincial
Health and Family Planning Commission (grant No. 2015Z067).

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1433501/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1433501/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1433501/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1433501

Yang et al.

References

Ademiluyi, A. O., and Oboh, G. (2012). Phenolic-rich extracts from selected tropical
underutilized legumes inhibit a-amylase, a-glucosidase, and angiotensin I converting
enzyme in vitro. J. Basic Clin. Physiol. Pharmacol. 23, 17-25. doi:10.1515/jbcpp-2011-
0005

Ahmad, H. I, Nadeem, M. F., Shoaib Khan, H. M., Sarfraz, M., Saleem, H., Khurshid,
U,, et al. (2021). Phytopharmacological evaluation of different solvent extract/fractions
from Sphaeranthus indicus L. Flowers: from traditional therapies to bioactive
compounds. Front. Pharmacol. 12, 708618. doi:10.3389/fphar.2021.708618

Aleixandre, A., Gil, J. V., Sineiro, J., and Rosell, C. M. (2022). Understanding phenolic
acids inhibition of a-amylase and a-glucosidase and influence of reaction conditions.
Food Chem. 372, 131231. doi:10.1016/j.foodchem.2021.131231

Aryal, S., Baniya, M. K., Danekhu, K., Kunwar, P., Gurung, R., and Koirala, N. (2019).
Total phenolic content, flavonoid content and antioxidant potential of wild vegetables
from western Nepal. Plants (Basel) 8, 96. doi:10.3390/plants8040096

Babu, N., and Singh, M. (2004). Influence of hyperglycemia on aggregation,
deformability and shape parameters of erythrocytes. Clin. Hemorheol. Microcirc. 31,
273-280.

Baiseitova, A., Shah, A. B., Khan, A. M., Idrees, M., Kim, J. H., Lee, Y. H., et al. (2023).
Antioxidant potentials of furanodihydrobenzoxanthones from Artocarpus elasticus and
their protection against oxLDL induced injury in SH-SY5Y cells. Biomed.
Pharmacother. 165, 115278. doi:10.1016/j.biopha.2023.115278

Bandeira Sde, M., Guedes Gda, S., Da Fonseca, L. ., Pires, A. S., Gelain, D. P., Moreira,
J. C., et al. (2012). Characterization of blood oxidative stress in type 2 diabetes mellitus
patients: increase in lipid peroxidation and SOD activity. Oxid. Med. Cell Longev. 2012,
1-13. doi:10.1155/2012/819310

Barbosa, M., Valentdo, P., and Andrade, P. B. (2014). Bioactive compounds from
macroalgae in the new millennium: implications for neurodegenerative diseases. Mar.
Drugs 12, 4934-4972. doi:10.3390/md 12094934

Blunt, J. W., Copp, B. R, Keyzers, R. A., Munro, M. H,, and Prinsep, M. R. (2013).
Marine natural products. Nat. Prod. Rep. 30, 237-323. doi:10.1039/c2np20112g

Brown, A., Desai, M., Taneja, D., and Tannock, L. R. (2010). Managing highly insulin-
resistant diabetes mellitus: weight loss approaches and medical management. Postgrad.
Med. 122, 163-171. doi:10.3810/pgm.2010.01.2110

Chang, C. C, Yuan, W,, Roan, H. Y., Chang, J. L., Huang, H. C, Lee, Y. C, et al.
(2016). The ethyl acetate fraction of corn silk exhibits dual antioxidant and anti-
glycation activities and protects insulin-secreting cells from glucotoxicity. BMC
Complement. Altern. Med. 16, 432. doi:10.1186/5s12906-016-1382-8

Chouhan, H., Purohit, A., Ram, H., Kumar, A., Kashyap, P., Panwar, A,, et al. (2021).
The interaction capabilities of phytoconstituents of ethanolic seed extract of cumin
(Cuminum  cyminum L.) with HMG-CoA reductase to subside the
hypercholesterolemia: a mechanistic approach. Food Front. 3, 300-315. doi:10.1002/
fft2.122

Contreras-Zentella, M. L., Sanchez-Sevilla, L., Suarez-Cuenca, J. A., Olguin-Martinez,
M., Alatriste-Contreras, M. G., Garcia-Garcia, N., et al. (2019). The role of oxidant stress
and gender in the erythrocyte arginine metabolism and ammonia management in
patients with type 2 diabetes. PLoS One 14, €0219481. doi:10.1371/journal.pone.
0219481

Darenskaya, M. A., Kolesnikova, L. I, and Kolesnikov, S. I. (2021). Oxidative stress:
pathogenetic role in diabetes mellitus and its complications and therapeutic approaches
to correction. Bull. Exp. Biol. Med. 171, 179-189. doi:10.1007/s10517-021-05191-7

Dayarathne, L. A, Ranaweera, S. S., Natraj, P., Rajan, P, Lee, Y. J., and Han, C. H.
(2021). The effects of naringenin and naringin on the glucose uptake and AMPK
phosphorylation in high glucose treated HepG2 cells. J. Vet. Sci. 22, €92. doi:10.4142/jvs.
2021.22.e92

Dehghan, H., Salehi, P., and Amiri, M. S. (2018). Bioassay-guided purification of a-
amylase, a-glucosidase inhibitors and DPPH radical scavengers from roots of Rheum
turkestanicum. Industrial Crops Prod. 117, 303-309. doi:10.1016/j.indcrop.2018.02.086

De La Rosa, L. A., Alvarez-Parrilla, E., and Shahidi, F. (2011). Phenolic compounds
and antioxidant activity of kernels and shells of Mexican pecan (Carya illinoinensis).
J. Agric. Food Chem. 59, 152-162. doi:10.1021/jf1034306

Derosa, G., Gaudio, G., Pasini, G., D’angelo, A., and Maffioli, P. (2018). A
randomized, double-blind clinical trial of canrenone vs hydrochlorothiazide in
addition to angiotensin II receptor blockers in hypertensive type 2 diabetic patients.
Drug Des. Devel Ther. 12, 2611-2616. doi:10.2147/dddt.s151449

Doss, C. G. P., Nagasundaram, N., Chakraborty, C., Chen, L., and Zhu, H. (2013).
Extrapolating the effect of deleterious nsSNPs in the binding adaptability of flavopiridol
with CDK7 protein: a molecular dynamics approach. Hum. Genomics 7, 10. doi:10.
1186/1479-7364-7-10

Ebenezer, O., Damoyi, N., Shapi, M., Wong, G. K., and Tuszynski, J. A. (2023). A
molecular docking study reveals that short peptides induce conformational changes in
the structure of human tubulin isotypes apl, apll, apIIl and aBIV. . Funct. Biomater. 14,
135. doi:10.3390/jfb14030135

El Karkouri, J., Kchibale, A., Chroho, M., Eddamsyry, B., Touijer, H., El Makhoukhi,
F, et al. (2022). Phytochemical profile, antioxidant activity, anti-hyperglycemic effect

Frontiers in Chemistry

14

10.3389/fchem.2024.1433501

and toxicity assessment of ridolfia segetum (L.) moris extract. Life (Basel) 13, 44. doi:10.
3390/1ife13010044

Emerging Risk Factors, C., Sarwar, N., Gao, P., Seshasai, S. R., Gobin, R., Kaptoge, S.,
et al. (2010). Diabetes mellitus, fasting blood glucose concentration, and risk of vascular
disease: a collaborative meta-analysis of 102 prospective studies. Lancet 375, 2215-2222.
doi:10.1016/s0140-6736(10)60484-9

Erhabor, R. C., Aderogba, M. A., Erhabor, J. O., Nkadimeng, S. M., and Mcgaw, L. J.
(2021). In vitro bioactivity of the fractions and isolated compound from Combretum
elacagnoides leaf extract against selected foodborne pathogens. J. Ethnopharmacol. 273,
113981. doi:10.1016/j.jep.2021.113981

Erpel, F., Mateos, R., Pérez-Jiménez, J., and Pérez-Correa, J. R. (2020).
Phlorotannins: from isolation and structural characterization, to the evaluation of
their antidiabetic and anticancer potential. Food Res. Int. 137, 109589. doi:10.1016/j.
foodres.2020.109589

Fan, S, Yang, G., Zhang, J., Li, J., and Bai, B. (2020). Optimization of ultrasound-
assisted extraction using response surface methodology for simultaneous quantitation
of six flavonoids in flos sophorae immaturus and antioxidant activity. Molecules 25,
1767. doi:10.3390/molecules25081767

Giles, T. D. (2006). Aspects of nitric oxide in health and disease: a focus on
hypertension and cardiovascular disease. J. Clin. Hypertens. (Greenwich) 8, 2-16.
doi:10.1111/j.1524-6175.2006.06023.x

Goto, K., Hama, H. and Kasuya, Y. (1996). Molecular pharmacology and
pathophysiological significance of endothelin. Jpn. J. Pharmacol. 72, 261-290. doi:10.
1254/jjp.72.261

Guo, J., Liu, T., Han, L., and Liu, Y. (2009). The effects of corn silk on glycaemic
metabolism. Nutr. Metab. (Lond) 6, 47. doi:10.1186/1743-7075-6-47

Hamzah, N., Safuan, S, and Wan Ishak, W. R. (2021). Potential effect of
polyphenolic-rich fractions of corn silk on protecting endothelial cells against high
glucose damage using in vitro and in vivo approaches. Molecules 26, 3665. doi:10.3390/
molecules26123665

Hasanudin, K., Hashim, P., and Mustafa, S. (2012). Corn silk (Stigma maydis) in
healthcare: a phytochemical and pharmacological review. Molecules 17, 9697-9715.
doi:10.3390/molecules17089697

Ho, E., Karimi Galougahi, K., Liu, C. C, Bhindi, R., and Figtree, G. A. (2013).
Biological markers of oxidative stress: applications to cardiovascular research and
practice. Redox Biol. 1, 483-491. doi:10.1016/j.redox.2013.07.006

Hossain, A., and Jayadeep, A. (2022). Impact of extrusion on the content and
bioaccessibility of fat soluble nutraceuticals, phenolics and antioxidants activity in
whole maize. Food Res. Int. 161, 111821. doi:10.1016/j.foodres.2022.111821

Hynynen, M. M., and Khalil, R. A. (2006). The vascular endothelin system in
hypertension--recent patents and discoveries. Recent Pat. Cardiovasc Drug Discov. 1,
95-108. doi:10.2174/157489006775244263

Kampmann, U., Hoeyem, P., Mengel, A., Schmitz, O., Rungby, J., Orskov, L., et al.
(2011). Insulin dose-response studies in severely insulin-resistant type 2 diabetes--
evidence for effectiveness of very high insulin doses. Diabetes Obes. Metab. 13, 511-516.
doi:10.1111/j.1463-1326.2011.01373.x

Kim, K, Lee, J., Kim, S. J., Rhee, S., Jung, W., Yang, S. D., et al. (2006). KR-62980: a
novel peroxisome proliferator-activated receptor gamma agonist with weak adipogenic
effects. Biochem. Pharmacol. 72 (4), 446-454. doi:10.1016/j.bcp.2006.05.005

Kullmann, S., Heni, M., Hallschmid, M., Fritsche, A., Preissl, H., and Haring, H. U.
(2016). Brain insulin resistance at the crossroads of metabolic and cognitive disorders in
humans. Physiol. Rev. 96, 1169-1209. doi:10.1152/physrev.00032.2015

Lee, H. A, Lee, J. H,, and Han, J. S. (2017). A phlorotannin constituent of Ecklonia
cava alleviates postprandial hyperglycemia in diabetic mice. Pharm. Biol. 55, 1149-1154.
doi:10.1080/13880209.2017.1291693

Leeson, P. D, and Young, R. J. (2015). Molecular property design: does everyone get
it? ACS Med. Chem. Lett. 6, 722-725. doi:10.1021/acsmedchemlett.5b00157

Li, M., Zhao, X,, and Xu, M. (2022). Chemical composition, antimicrobial and
antioxidant activity of essential oil from allium tenuissimum L. Flowers. Foods 11, 3876.
doi:10.3390/foods11233876

Maritim, A. C., Sanders, R. A., and Watkins, J. B. (2003). Diabetes, oxidative stress,
and antioxidants: a review. J. Biochem. Mol. Toxicol. 17, 24-38. doi:10.1002/jbt.10058

Masood, S., Rehman, A. U,, Thsan, M. A., Shahzad, K., Sabir, M., Alam, S., et al. (2021).
Antioxidant potential and a-glucosidase inhibitory activity of onion (Allium cepa L.)
peel and bulb extracts. Braz J. Biol. 83, 00264. doi:10.1590/1519-6984.247168

Nunes, R., Pasko, P., Tyszka-Czochara, M., Szewczyk, A., Szlosarczyk, M., and
Carvalho, I. S. (2017). Antibacterial, antioxidant and anti-proliferative properties
and zinc content of five south Portugal herbs. Pharm. Biol. 55, 114-123. doi:10.
1080/13880209.2016.1230636

Osman, W., Ismail, E.,, Shantier, S. W., Mohammed, M. S., Mothana, R. A,
Muddathir, A., et al. (2021). In silico assessment of potential leads identified from
Bauhinia rufescens Lam. as a-glucosidase and a-amylase inhibitors. J. Recept Signal
Transduct. Res. 41, 159-169. doi:10.1080/10799893.2020.1800734

frontiersin.org


https://doi.org/10.1515/jbcpp-2011-0005
https://doi.org/10.1515/jbcpp-2011-0005
https://doi.org/10.3389/fphar.2021.708618
https://doi.org/10.1016/j.foodchem.2021.131231
https://doi.org/10.3390/plants8040096
https://doi.org/10.1016/j.biopha.2023.115278
https://doi.org/10.1155/2012/819310
https://doi.org/10.3390/md12094934
https://doi.org/10.1039/c2np20112g
https://doi.org/10.3810/pgm.2010.01.2110
https://doi.org/10.1186/s12906-016-1382-8
https://doi.org/10.1002/fft2.122
https://doi.org/10.1002/fft2.122
https://doi.org/10.1371/journal.pone.0219481
https://doi.org/10.1371/journal.pone.0219481
https://doi.org/10.1007/s10517-021-05191-7
https://doi.org/10.4142/jvs.2021.22.e92
https://doi.org/10.4142/jvs.2021.22.e92
https://doi.org/10.1016/j.indcrop.2018.02.086
https://doi.org/10.1021/jf1034306
https://doi.org/10.2147/dddt.s151449
https://doi.org/10.1186/1479-7364-7-10
https://doi.org/10.1186/1479-7364-7-10
https://doi.org/10.3390/jfb14030135
https://doi.org/10.3390/life13010044
https://doi.org/10.3390/life13010044
https://doi.org/10.1016/s0140-6736(10)60484-9
https://doi.org/10.1016/j.jep.2021.113981
https://doi.org/10.1016/j.foodres.2020.109589
https://doi.org/10.1016/j.foodres.2020.109589
https://doi.org/10.3390/molecules25081767
https://doi.org/10.1111/j.1524-6175.2006.06023.x
https://doi.org/10.1254/jjp.72.261
https://doi.org/10.1254/jjp.72.261
https://doi.org/10.1186/1743-7075-6-47
https://doi.org/10.3390/molecules26123665
https://doi.org/10.3390/molecules26123665
https://doi.org/10.3390/molecules17089697
https://doi.org/10.1016/j.redox.2013.07.006
https://doi.org/10.1016/j.foodres.2022.111821
https://doi.org/10.2174/157489006775244263
https://doi.org/10.1111/j.1463-1326.2011.01373.x
https://doi.org/10.1016/j.bcp.2006.05.005
https://doi.org/10.1152/physrev.00032.2015
https://doi.org/10.1080/13880209.2017.1291693
https://doi.org/10.1021/acsmedchemlett.5b00157
https://doi.org/10.3390/foods11233876
https://doi.org/10.1002/jbt.10058
https://doi.org/10.1590/1519-6984.247168
https://doi.org/10.1080/13880209.2016.1230636
https://doi.org/10.1080/13880209.2016.1230636
https://doi.org/10.1080/10799893.2020.1800734
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1433501

Yang et al.

Pandolfi, A., Tacoviello, L., Capani, F., Vitacolonna, E., Donati, M. B., and Consoli, A.
(1996). Glucose and insulin independently reduce the fibrinolytic potential of human
vascular smooth muscle cells in culture. Diabetologia 39, 1425-1431. doi:10.1007/
5001250050594

Peele, K. A., Potla Durthi, C,, Srihansa, T., Krupanidhi, S., Ayyagari, V. S., Babu, D. .,
et al. (2020). Molecular docking and dynamic simulations for antiviral compounds
against SARS-CoV-2: a computational study. Inf. Med. Unlocked 19, 100345. doi:10.
1016/j.imu.2020.100345

Qasim, N., Arif, A, and Mahmood, R. (2023). Hyperglycemia enhances the
generation of ROS and RNS that impair antioxidant power and cause oxidative
damage in human erythrocytes. Biochem. Cell Biol. 101, 64-76. doi:10.1139/bcb-
2022-0008

Rizvi, S. I, Zaid, M. A., Anis, R., and Mishra, N. (2005). Protective role of tea catechins
against oxidation-induced damage of type 2 diabetic erythrocytes. Clin. Exp. Pharmacol.
Physiol. 32, 70-75. d0i:10.1111/j.1440-1681.2005.04160.x

Saeedi, P., Petersohn, 1., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al.
(2019). Global and regional diabetes prevalence estimates for 2019 and projections
for 2030 and 2045: results from the International Diabetes Federation Diabetes Atlas,
9(th) edition. Diabetes Res. Clin. Pract. 157, 107843. doi:10.1016/j.diabres.2019.
107843

Sdayria, J., Rjeibi, I, Feriani, A., Ncib, S., Bouguerra, W., Hfaiedh, N., et al. (2018).
Chemical composition and antioxidant, analgesic, and anti-inflammatory effects of
methanolic extract of Euphorbia retusa in mice. Pain Res. Manag. 2018, 1-11. doi:10.
1155/2018/4838413

Shah, A. B, Yoon, S., Kim, J. H., Zhumanova, K., Ban, Y. J., Lee, K. W., et al. (2020).
Effectiveness of cyclohexyl functionality in ugonins from Helminthostachys zeylanica to
PTP1B and a-glucosidase inhibitions. Int. J. Biol. Macromol. 165, 1822-1831. doi:10.
1016/j.ijbiomac.2020.10.061

Shen, G. X. (2010). Oxidative stress and diabetic cardiovascular disorders: roles of
mitochondria and NADPH oxidaseThis review is one of a selection of papers published
in a Special Issue on Oxidative Stress in Health and Disease. Can. J. Physiol. Pharmacol.
88, 241-248. doi:10.1139/y10-018

Shi, Y., and Vanhoutte, P. M. (2017). Macro- and microvascular endothelial
dysfunction in diabetes. J. Diabetes 9, 434-449. doi:10.1111/1753-0407.12521

Spieker, L. E., Noll, G., Ruschitzka, F. T., and Liischer, T. F. (2001). Endothelin
receptor antagonists in congestive heart failure: a new therapeutic principle for the
future? J. Am. Coll. Cardiol. 37, 1493-1505. doi:10.1016/s0735-1097(01)01210-4

Sprague, R. S., Stephenson, A. H., Bowles, E. A., Stumpf, M. S., and Lonigro, A. J.
(2006). Reduced expression of G(i) in erythrocytes of humans with type 2 diabetes is
associated with impairment of both cAMP generation and ATP release. Diabetes 55,
3588-3593. doi:10.2337/db06-0555

Suzuki, R., Okada, Y., and Okuyama, T. (2003). Two flavone C-glycosides from the
style of Zea mays with glycation inhibitory activity. J. Nat. Prod. 66, 564-565. doi:10.
1021/np020256d

Szoke, E., and Gerich, J. E. (2005). Role of impaired insulin secretion and insulin
resistance in the pathogenesis of type 2 diabetes mellitus. Compr. Ther. 31, 106-112.
doi:10.1007/s12019-005-0005-y

Tadera, K., Minami, Y., Takamatsu, K., and Matsuoka, T. (2006). Inhibition
of. ALPHA.-Glucosidase and. ALPHA.-Amylase by flavonoids. J. Nutr. Sci. Vitaminol.
(Tokyo) 52, 149-153. doi:10.3177/jnsv.52.149

Vita, J. A, and Keaney, J. F. (2002). Endothelial function: a barometer for
cardiovascular risk? Circulation 106, 640-642. doi:10.1161/01.cir.0000028581.07992.56

Wagner, O. F., De Vries, C., Hohmann, C., Veerman, H., and Pannekoek, H. (1989).
Interaction between plasminogen activator inhibitor type 1 (PAI-1) bound to fibrin and
either tissue-type plasminogen activator (t-PA) or urokinase-type plasminogen
activator (u-PA). Binding of t-PA/PAI-1 complexes to fibrin mediated by both the
finger and the kringle-2 domain of t-PA. J. Clin. Invest. 84, 647-655. doi:10.1172/
jeill4211

Wang, H,, Du, Y. ., and Song, H. C. (2010). a-Glucosidase and a-amylase inhibitory
activities of guava leaves. Food Chem. 123, 6-13. doi:10.1016/j.foodchem.2010.03.088

Wang, H. Y., Zhao, J. G, and Zhang, Y. Q. (2020). The flavonoid-rich ethanolic
extract from the green cocoon shell of silkworm has excellent antioxidation, glucosidase
inhibition, and cell protective effects in vitro. Food Nutr. Res. 64. doi:10.29219/fnr.v64.
1637

Wang, J., and Urban, L. (2004). The impact of early ADME profiling on drug discovery
and development strategy.

Frontiers in Chemistry

15

10.3389/fchem.2024.1433501

Wang, J., Zhou, H., Shao, J., Zhang, S., and Jin, J. (2023a). Hyperglycemia-suppressed
SMARCAS5 disrupts transcriptional homeostasis to facilitate endothelial dysfunction in
diabetes. Diabetes Metab. J. 47, 366-381. doi:10.4093/dm].2022.0179

Wang, K. J.,, and Zhao, J. L. (2019). Corn silk (Zea mays L.), a source of natural
antioxidants with a-amylase, a-glucosidase, advanced glycation and diabetic
nephropathy inhibitory activities. Biomed. Pharmacother. 110, 510-517. doi:10.1016/
j.biopha.2018.11.126

Wang, R, Fan, R, Meng, T., and Wang, L. (2023b). Exploration of the inhibitory
mechanisms of trans-polydatin/resveratrol on a-glucosidase by multi-spectroscopic
analysis, in silico docking and molecular dynamics simulation. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 299, 122866. doi:10.1016/j.saa.2023.122866

Wans, E. M., Ahmed, M. M., Mousa, A. A., Tahoun, E. A., and Orabi, S. H. (2021).
Ameliorative effects of corn silk extract on acetaminophen-induced renal toxicity in
rats. Environ. Sci. Pollut. Res. Int. 28, 1762-1774. doi:10.1007/s11356-020-10588-4

Xiaofei, L. (2012). Determination of monosaccharide composition of corn silk
polysaccharide by gas chromatography-mass spectrometry. Food Sci. 33, 249-251.

Xiaolin, R. S. D. (2004). Extraction, separation and structure identification of
flavonoids from corn silk. Chin. Herb. Med., 21-22.

Xiaoqian, Y. (2019). Research progress in chemical composition, pharmacological
action and utilization of different parts of maize. Jilin Tradit. Chin. Med. 39, 837-840.

Yang, C.-W., Xing, F., Zhu, J.-C,, Li, R.-H., and Zhang, Z.-Q. (2023). Temporal and
spatial distribution, utilization status, and carbon emission reduction potential of straw
resources in China. Environ. Sci. 44, 1149-1162. doi:10.13227/j.hjkx.202201033

Yang, J., Li, X,, Xue, Y., Wang, N., and Liu, W. (2014). Anti-hepatoma activity and
mechanism of corn silk polysaccharides in H22 tumor-bearing mice. Int. J. Biol.
Macromol. 64, 276-280. doi:10.1016/j.ijbiomac.2013.11.033

Yang, P., Feng, J., Peng, Q., Liu, X,, and Fan, Z. (2019). Advanced glycation end
products: potential mechanism and therapeutic target in cardiovascular complications
under diabetes. Oxidative Med. Cell. Longev. 2019, 1-12. doi:10.1155/2019/9570616

Yang, X.-Q,, Sun, J.-M., Wu, N,, Gao, X,, Zhi, H., Wu, Q,, et al. (2021a). Inhibitory
effects of extracts from different parts of maize on a-glucosidase and a-amylase. Sci.
Technol. Food Industry 42, 15-21+27.

Yang, X. Y., Wang, W. X, Huang, Y. X,, Yue, S. ], Zhang, B. Y., Gao, H., et al. (2021b).
Network pharmacology-based dissection of the active ingredients and protective
mechanism of the salvia miltiorrhiza and panax notoginseng herb pair against
insulin resistance. ACS Omega 6, 17276-17288. doi:10.1021/acsomega.1c01209

Yunta, M. J. R. (2017). It is important to compute intramolecular hydrogen bonding
in drug design? Am. J. Model. Optim. 5, 24-57. doi:10.12691/ajmo-5-1-3

Zhang, J., Ren, S., Sun, D., and Shen, G. X. (1998). Influence of glycation on LDL-
induced generation of fibrinolytic regulators in vascular endothelial cells. Arterioscler.
Thromb. Vasc. Biol. 18, 1140-1148. doi:10.1161/01.atv.18.7.1140

Zhang, L., Yang, Y., and Wang, Z. (2021). Extraction optimization of polysaccharides
from corn silk and their antioxidant activities in vitro and in vivo. Front. Pharmacol. 12,
738150. doi:10.3389/fphar.2021.738150

Zhang, W. Y., Lee, J. J., Kim, Y., Kim, I. S, Han, J. H,, Lee, S. G, et al. (2012). Effect of
eriodictyol on glucose uptake and insulin resistance in vitro. J. Agric. Food Chem. 60,
7652-7658. doi:10.1021/jf300601z

Zhang, X., Perez-Sanchez, H., and C. Lightstone, F. (2017). A comprehensive docking
and MM/GBSA rescoring study of ligand recognition upon binding antithrombin. Curr.
Top. Med. Chem. 17, 1631-1639. doi:10.2174/1568026616666161117112604

Zhao, Y. H,, Xu, Y. H,, Guan, Y., and Xiang, P. (2010). Effects of Yinian Jiangya
Decoction containing serum on cytokines secretion of vascular endothelium of
spontaneously hypertensive rats. Chin. J. Integr. Med. 16, 344-347. doi:10.1007/
511655-010-0524-y

Zhao, Z. H., Ju, X. Y., Wang, K. W,, Chen, X. ], Sun, H. X,, and Cheng, K. J. (2022).
Structure characterization, antioxidant and immunomodulatory activities of
polysaccharide from Pteridium aquilinum (L.) kuhn. Foods 11, 1834. doi:10.3390/
foods11131834

Zheng, X. Q., Chi, H,, Ma, S., Zhao, L., and Cai, S. B. (2023). Identification of novel
a-glucosidase inhibitory peptides in rice wine and their antioxidant activities using in
silico and in vitro analyses. Lwt-Food Sci. Technol. 178, 114629. doi:10.1016/j.1wt.2023.
114629

Zhou, Z., Mahdi, A., Tratsiakovich, Y., Zahoran, S., Kovamees, O., Nordin, F., et al.
(2018). Erythrocytes from patients with type 2 diabetes induce endothelial dysfunction
via arginase I. J. Am. Coll. Cardiol. 72, 769-780. doi:10.1016/j.jacc.2018.05.052

frontiersin.org


https://doi.org/10.1007/s001250050594
https://doi.org/10.1007/s001250050594
https://doi.org/10.1016/j.imu.2020.100345
https://doi.org/10.1016/j.imu.2020.100345
https://doi.org/10.1139/bcb-2022-0008
https://doi.org/10.1139/bcb-2022-0008
https://doi.org/10.1111/j.1440-1681.2005.04160.x
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1155/2018/4838413
https://doi.org/10.1155/2018/4838413
https://doi.org/10.1016/j.ijbiomac.2020.10.061
https://doi.org/10.1016/j.ijbiomac.2020.10.061
https://doi.org/10.1139/y10-018
https://doi.org/10.1111/1753-0407.12521
https://doi.org/10.1016/s0735-1097(01)01210-4
https://doi.org/10.2337/db06-0555
https://doi.org/10.1021/np020256d
https://doi.org/10.1021/np020256d
https://doi.org/10.1007/s12019-005-0005-y
https://doi.org/10.3177/jnsv.52.149
https://doi.org/10.1161/01.cir.0000028581.07992.56
https://doi.org/10.1172/jci114211
https://doi.org/10.1172/jci114211
https://doi.org/10.1016/j.foodchem.2010.03.088
https://doi.org/10.29219/fnr.v64.1637
https://doi.org/10.29219/fnr.v64.1637
https://doi.org/10.4093/dmj.2022.0179
https://doi.org/10.1016/j.biopha.2018.11.126
https://doi.org/10.1016/j.biopha.2018.11.126
https://doi.org/10.1016/j.saa.2023.122866
https://doi.org/10.1007/s11356-020-10588-4
https://doi.org/10.13227/j.hjkx.202201033
https://doi.org/10.1016/j.ijbiomac.2013.11.033
https://doi.org/10.1155/2019/9570616
https://doi.org/10.1021/acsomega.1c01209
https://doi.org/10.12691/ajmo-5-1-3
https://doi.org/10.1161/01.atv.18.7.1140
https://doi.org/10.3389/fphar.2021.738150
https://doi.org/10.1021/jf300601z
https://doi.org/10.2174/1568026616666161117112604
https://doi.org/10.1007/s11655-010-0524-y
https://doi.org/10.1007/s11655-010-0524-y
https://doi.org/10.3390/foods11131834
https://doi.org/10.3390/foods11131834
https://doi.org/10.1016/j.lwt.2023.114629
https://doi.org/10.1016/j.lwt.2023.114629
https://doi.org/10.1016/j.jacc.2018.05.052
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1433501

	From waste to wonder: exploring the hypoglycemic and anti-oxidant properties of corn processing by−products
	1 Introduction
	2 Materials and methods
	2.1 Reagents and instrument
	2.2 Plant materials and extract preparation
	2.3 Determination of TPC
	2.4 Determination of TFC
	2.5 Determination of oxidoreductive activities
	2.5.1 DPPH assay
	2.5.2 ABTS assay
	2.5.3 •OH assay
	2.5.4 FRAP assay

	2.6 Cell culture and viability assay
	2.6.1 Anti−insulin resistance activity
	2.6.2 HUVECs damage induced by high glucose

	2.7 UPLC−QE−Orbitrap−MS analysis
	2.8 Molecular docking
	2.9 Molecular dynamics simulation
	2.10 Statistical analysis

	3 Results
	3.1 Determination of total phenolics and flavonoids content
	3.2 Antioxidant activity in vitro
	3.2.1 DPPH assay
	3.2.2 ABTS assay
	3.2.3 Hydroxyl radicals assay
	3.2.4 FRAP assay

	3.3 Anti−insulin resistance and cell viability assays
	3.4 Intracellular enzyme activity analysis
	3.5 HUVECs damage induced by high glucose
	3.6 Chemical components
	3.7 Molecular docking
	3.8 Dynamics simulation
	3.8.1 Root mean square deviation analysis
	3.8.2 Root mean square fluctuation analysis
	3.8.3 Radius of gyration analysis


	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


