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N-p-coumaroyloctopamine
ameliorates hepatic glucose
metabolism and oxidative stress
involved in a PI3K/AKT/

GSK3p pathway
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Wende Zheng"?*?, Panpan Wu'??, Rihui Wu®#**,
Wen-Hua Chen'#** and Chen Li**3*

!School of Pharmacy and Food Engineering, Wuyi University, Jiangmen, China, ?International Healthcare
Innovation Institute (Jiangmen), Jiangmen, China, *Guangdong Provincial Key Laboratory of Large
Animal Models for Biomedicine, Wuyi University, Jiangmen, China

Type 2 diabetes mellitus is regarded as a chronic metabolic disease characterized
by hyperglycemia. Long-term hyperglycemia may result in oxidative stress,
damage pancreatic p-cell function and induce insulin resistance. Herein we
explored the anti-hypoglycemic effects and mechanisms of action of N-p-
coumaroyloctopamine (N-p-CO) in vitro and in vivo. N-p-CO exhibited high
antioxidant activity, as indicated by the increased activity of SOD, GSH and GSH-
Px in HL-7702 cells induced by both high glucose (HG) and palmitic acid (PA).
N-p-CO treatment significantly augmented glucose uptake and glycogen
synthesis in HG/PA-treated HL-7702 cells. Moreover, administration of
N-p-CO in diabetic mice induced by both high-fat diet (HFD) and
streptozotocin (STZ) not only significantly increased the antioxidant levels of
GSH-PX, SOD and GSH, but also dramatically alleviated hyperglycemia and
hepatic glucose metabolism in a dose-dependent manner. More importantly,
N-p-CO upregulated the expressions of PI3K, AKT and GSK3p proteins in both
HG/PA-induced HL-7702 cells and HFD/STZ-induced mice. These findings
clearly suggest that N-p-CO exerts anti-hypoglycemic and anti-oxidant
effects, most probably via the regulation of a PI3K/AKT/GSK3p signaling
pathway. Thus, N-p-CO may have high potentials as a new candidate for the
prevention and treatment of diabetes.

KEYWORDS

N-p-coumaroyloctopamine, diabetes, oxidative stress, hyperglycemia, mechanism
of action

1 Introduction

Diabetes is a chronic metabolic disorder characterized by persistent dysregulation of
glucose and lipid metabolism (Huang et al., 2023; Hu et al., 2024). Currently, type
2 diabetes (T2DM) accounts for approximately 90% of the global diabetes cases, which
significantly exacerbates physical and economic burdens for individuals (Kane et al,
2018). More and more evidences have suggested that diabetes is a multifactorial disease
accompanied by the dysregulation of lipid and glucose metabolism, and oxidative stress,
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FIGURE 1

N-p-CO treatment increased the antioxidant capacity in HL-7702 cells exposed to both HG and PA. (A) Structure of N-p-CO; (B) Cytotoxicity of
N-p-CO on HL-7702 cells; (C) Effects of different concentrations of N-p-CO on the viability of HG/PA-induced HL-7702 cells; (D) Representative images
of ROS fluorescence staining; (E) Relative fluorescence intensity of ROS; (F—1) Contents of SOD, GSH, GSH-Px and MDA in HG/PA-induced HL-7702 cells.
Data were represented as mean + SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the model group.

which plays an important role in the occurrence and development
of diabetes (Maria and Mattias, 2017; Hu et al., 2020; Sourbh and
Jeena, 2022). The long-term hyperglycemia in patients with
diabetes may lead to chronic injury and dysfunction of various
tissues (Satman et al, 2023; Min et al, 2024). Although the
commonly used hypoglycemic clinical agents, such as
metformin and glibenclamide can lower blood glucose, they
often induce a range of side effects including diarrhea, intestinal
flatulence, hemolytic anemia, lactic acidosis and congestive heart
failure (Xing et al., 2021; Elkhalifa et al., 2024). Therefore, it is
imperative to develop novel hypoglycemic agents with low

adverse effects.
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It is known that oxidative stress has been regarded as a
pathological mechanism that contributes to the initiation and
progression of T2DM and related complications (Jiang et al.,
20205 Argaev-Frenkel and Rosenzweig, 2023). It is a cytotoxic
(ROY)
production and inhibition of ROS elimination in antioxidant

consequence of excessive reactive oxygen species

defense systems (Hasandeep et al., 2023). Chronic long-term
exposure of hyperglycemia may result in oxidative stress, activate
C (PKQ),
phosphatidylinositol 3-kinase (PI3K) and serine/threonine

several pathways including protein kinase
protein kinase AKT, and facilitate the formation of advanced

glycation end-products (AGEs). The activation of these signaling
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pathways eventually alters gene expressions and physiological
metabolism, leading to organ dysfunction (Hasandeep et al,
2023).
metabolism and lipid biosynthesis (Adeva-Andany et al,
2016). In the setting of T2DM, the disordered oxidation of
these substrates can induce excessive levels of systemic glucose

Liver is the major regulator for carbohydrate

and lipid and oxidative stress. These alterations are also
accompanied by the disturbance in the metabolism of
hepatocellular glucose. Thus, targeting hepatic glucose and
glycogen metabolism has been considered as a strategy for the
treatment of T2DM (Rines et al., 2016). Several studies have
reported that remission of oxidative stress by natural products
from plants, such as polyphenols, polysaccharides and flavones,
contributes to the improvement of glycolipid metabolism and
diabetic phenotype (Chen et al., 2022; He et al., 2022; Zhou et al.,
2023). As a naturally-occurring hydroxycinnamoyl amide
compound, N-p-coumaroyloctopamine (N-p-CO, Figure 1A)
widely exists in alliums, eggplants, potatoes and the like
(Hisashi et al., 1998). N-p-CO-enriched allium crude extracts
have been found to effectively inhibit the activity of a-glucosidase
in vitro (Jeppe et al, 2014). In addition, N-p-CO exhibits
excellent antioxidant activity (Ayanlowo et al., 2020) and anti-
inflammatory activity to reduce the levels of inflammatory
(LPS)-induced human
peripheral blood mononuclear cell (Nchiozem-Ngnitedem
et al, 2020). Both biological effects are helpful for the
mitigation of diabetes. Thus, it is of great significance to

cytokines in  lipopolysaccharide

reveal the potential anti-diabetic effects and mechanisms of
action of N-p-CO.

In the work reported herein, we sought to evaluate the
antioxidant and hypoglycemic effects of N-p-CO in both high
glucose (HG)/palmitic acid (PA)-induced HL-7702 cells and
high-fat diet (HFD)/treptozotocin (STZ)-induced mice, and
PI3K/AKT/GSK3p pathway involved in the
alleviation of N-p-CO on hepatic glucose metabolism.

recovered the

2 Materials and methods

2.1 Cell culture

HL-7702 cells were originally obtained from the American Type
Culture Collection (ATCC), and cultured in Dulbecco’s
Modification of Eagle’s Medium (DMEM, Servicebio, Wuhan,
China) supplemented with 10% fetal bovine serum (FBS, PAN,
German) and 100 U/mL penicillin and 100 pg/mL streptomycin
(HyClone, Logan, United States) at 37°C with 5% carbon dioxide
in a humidified incubator prior to treatment.

2.2 Cell treatment and bioactivity assay

HL-7702 cells were plated in a 96-well plate with a density of 1 x
10° cells per well for 24 h and incubated for an additional 24 h with
serum-free medium in combination with or without 30 mM glucose,
0.2 mM PA, or 0-200 pug/mL N-p-CO (Macklin, Shanghai, China).
The cytotoxicity of N-p-CO was measured using a 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT,
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Biofroxx, Einhausen, German) assay according to previous
methods (Wang et al, 2020). Briefly, after treatment with
N-p-CO, MTT (5 mg/mL, 20 uL) was added to each well for 4 h
and then dimethyl sulfoxide (DMSO, 150 pL) was added. The
absorbance was determined at 490 nm on a Microplate Reader
(BioTek, Vermont, United States).

2.3 Assessment of cellular glucose
consumption and uptake

For the consumption of cellular glucose, after treatment with or
without N-p-CO (10 pg/mL, 20 pg/mL and 50 pg/mL) or Metformin
(Met, HPLC >97%, Macklin, Shanghai, China; 50 pg/mL), the
culture supernatant of HL-7702 cells induced by both PA
(0.2mM) and glucose (30 mM) was collected and quantified
using a sulfate-anthrone method. The concentration of glucose
was determined using a standard curve of glucose under an
absorbance of 620 nm.

The glucose uptake was measured according to a previous
method (Ye et al.,, 2022). In brief, after treatments with N-p-CO
of varying concentrations, the HL-7702 cells were washed with PBS
(Adamas life, Shanghai, China) and then incubated with fluorescent
deoxyglucose derivative (2-NBDG, Invivochem, Guangzhou, China;
100 uM) at 37°C for 30 min. Subsequently, fluorescence microscopy
(Olympus, Nagano, Japan) was used to detect
fluorescence intensity.

cellular

2.4 Determination of cell glycogen

The content of glycogen in cells was determined using the
method described before (Huang et al., 2015). Briefly, cells
supernatant was air-dried naturally and the mass was
quantified. A containing 30% KOH (Aladdin,
Shanghai, China) was added and heated in a water bath for
30 min. Then anhydrous ethanol (1.5mL) was added and

solution

centrifuged at 12,000 g for 15 min at 4°C. The glucose content
was determined using a sulfuric acid-anthrone (Macklin,
Shanghai, China) method.

2.5 Animal model and experimental design

6-8 Week-old C57BL/6 healthy male mice (20 + 2 g) were
obtained from BesTest Biotechnology Co., LTD (Zhuhai,
Guangdong, China) and housed under standard specific
pathogen-free (SPF) conditions with a constant temperature of
25°C and a 12-h light/dark cycle. To induce T2DM, the mice were
adapted for 7 days and treated with both high-fat and high-sugar
diets (D12492, Xiao Shu You Tai, Beijing, China) and
intraperitoneal STZ (Biofiven, Guangzhou, China). The mice
in a control group received a normal diet. The mice in the
other groups were fed with a high-fat and high-sugar diet. The
mice in the experimental groups were fasted for 12h and
intraperitoneally injected with 40 mg/kg STZ dissolved in
sodium citrate buffer solution (pH 4.4) (Xu et al., 2020). The
mice in normal control group was administered with an equal
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volume of citric acid-sodium citrate buffer solution instead of
STZ injection. Mice with T2DM were identified using fasting
blood glucose levels at > 16 mmol/L after 5 days and selected for
further treatment. Diabetic mice were randomly divided into four
groups (n = 5), that is, diabetic model group (DM), positive
control group (i.p. 200 mg/kg metformin, DM-Met), low-dose
group (i.p. 5 mg/kg N-p-CO, DM-L) and high-dose group (i.p.
10 mg/kg N-p-CO, DM-H). The mice in normal control and
diabetic model groups received an equal volume of normal saline
for 5 weeks.

2.6 Oral glucose tolerance test (OGTT)

After treatment for 5 weeks, mice were fasted overnight and
given 2 g/kg glucose by oral gavage. The blood glucose of mice
was measured with a blood glucose meter (Sinocare, Shenzhen,
China) after glucose administration for 0, 30, 60, 90, and 120 min.
The area under the curve (AUC) was calculated to give the
OGTT of mice.

2.7 Oxidation detection

The antioxidant activity of N-p-CO was assessed by measuring
the contents of ROS, superoxide dismutase (SOD), glutathione
(GSH), glutathione peroxidases GSH-px and malondialdehyde
(MDA). For the detection of cellular antioxidant activity, the
level of ROS was measured by using a 27-
dichlorodihdrofluorescein diacetate (DCFH-DA) probe staining
method in lined with previous reports (Sun et al, 2021; Zhang
etal., 2021). Briefly, HL-7702 cells were plated in a 96-well plate with
a density of 1 x 10° cells per well for 24 h and incubated for an
additional 24 h with serum-free medium, 30 mM glucose, 0.2 mM
PA, or 0, 10, 20 and 50 pug/mL N-p-CO (Ye et al., 2024). The content
of ROS was measured using a ROS detection kit and observed with
fluorescence microscope.

For the detection of SOD, GSH, GSH-px and MDA in cells and
liver, cell culture supernatant or heptic homogenate was determined
by kits (Nanjing Jiancheng
Bioengineering China) the
manufacturer’s instructions with mild modifications (Sun et al.,
2020; Zhang et al., 2021).

using commercial reagent

Institute, Nanjing, following

2.8 Serum biochemical analysis

Serum and hepatic levels of alanine aminotransferase (ALT),
aspartate transaminase (AST) and glycated serum protein (GSP)
were detected by commercial assay kits in line with the
manufacturer’s protocol with mild adjustments (Qi et al., 2022).

2.9 Histopathological examination
Histopathological examination of liver was performed with a

standard process with mild modifications (Ma et al., 2023; Zhang
et al., 2023). The liver tissue from the mice was fixed with 4%
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paraformaldehyde solution for 24 h, dehydrated with gradient
ethanol solution and embedded in paraffin. Sections (4 um) were
prepared and stained with hematoxylin and eosin (H&E) and
acid-schiff (PAS) respectively.  The
morphology was obtained with a light microscope (Olympus,

periodic staining,

Nagano, Japan).

2.10 Western blot assay

The western blot assay was performed using the procedures
previously described (Tao et al., 2020; Wang et al., 2021; Sun et al.,
2023). The total protein of liver or cells was extracted with the RIPA
lysis buffer and quantified with a BCA protein detection kit (Aidlab,
Beijing, China). Each sample was loaded with 1pL protein,
separated with 10% SDS-PAGE and transferred onto a PVDF
membrane (Millipore, Massachusetts, United States). Membrane
binding proteins were blocked with 10% milk (Yili, Neimenggu,
China) at room temperature for 1h. Subsequently, primary
antibodies including AMPK (1:1,000, Cell Signaling Technology,
MA, United States), GLUT2 (1:1,000, Cell Signaling Technology,
MA, United States), PI3K (1:1,000, Cell Signaling Technology, MA,
United States), AKT (1:1,000, Cell Signaling Technology, MA,
United States), GSK3p (1:1,000, Cell Signaling Technology, MA,
United States), p-GSK3p (1:1,000, Cell Signaling Technology, MA,
United States) and B-actin (1:1,000, Cell Signaling Technology, MA,
United States), were incubated overnight at 4°C followed by three
washes with Tris-buffered saline Tween-20 (TBST) (Sinopharm,
Beijing, China). The membrane was then incubated with a
horseradish ~ peroxidase-labeled secondary antibody (1:2000,
Sarvicebio, Wuhan, China) at room temperature for another 1h
and washed three times with TBST. Finally, the membrane-bound
proteins were detected using an ECL detection reagent (Beyotime,
Shanghai, China) and visualized on an Image Quant LAS-4000
digital  imaging (GE  Healthcare
Uppsala, Sweden).

system Bio-Sciences,

2.11 gPCR analysis

The relative expressions of genes were conducted according to
established protocols (Wang and Mu, 2021; Hao et al., 2022; Liu
et al,, 2022). Total RNA from the cells was extracted using a Trizol
extraction reagent (Biosharp, Guangzhou, China). The RNA was
reversed into c-DNA using an RT reagent kit (ThermoFisher,
Massachusetts, United States). QqRT-PCR was performed using a
TB Green kit (Servicebio, Wuhan, China) on the Applied Biosystems
Step One RT-PCR system (Applied Biosystems, Forster city,
United States). The primer sequences of the target genes are
listed in Table 1.

2.12 Statistical analysis

Data are presented as mean + standard deviation. One-way
analysis of variance (ANOVA) was performed to analyze the
significant differences among groups by IBM SPSS Statistics 26.0
(SPSS Inc., Chicago, United States). Results were visualized using
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TABLE 1 Primers for the PCR assay.

Forward primer (5'-3')

10.3389/fphar.2024.1396641

Reverse primer (5'-3')

GSK3p GACAGTGGTGTGGATCAGTTGGTG GCGATTGCCTCTGGTGGAGTTC
GLUT2 CACCAGCACATACGACACCAGAC CCCAAGCCACCCACCAAAGAAC
PI3K AGGATGCCCAACTTGATGCTGATG CCCGTTCATATAGGGTGTCGCTGTG
AMPKa CAACTATCGATCTTGCCAAAGG AACAGGAGAAGAGTCAAGTGAG
AKT TGACCATGAACGAGTTTGAGTA GAGGATCTTCATGGCGTAGTAG
B-Actin ATGTGGATCAGCAAGCAGGA ATGTGGATCAGCAAGCAGGA
A 5- B Control Model Met
*kk
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FIGURE 2

N-p-CO increases cellular glucose uptake in HG/PA-induced HL-7702 cells. (A) The glucose uptake of HG/PA-induced HL-7702 cells was
determined by an anthrone-sulfuric method; (B) Representative images of 2-NBDG fluorescence staining; (C) Representative bands of GLUT2 and AMPK
determined by western blot; (D,E) Relative expressions of AMPK and GLUT2 proteins; (F) Relative mRNA expression of AMPKa and GLUT2. Data were
represented as mean + SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the model group.
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Origin 2022 software (OriginLab, Electronic Arts Inc,
United States). Statistical significance is indicated by *p < 0.05,

**p < 0.01 and **p < 0.001.

3 Result

3.1 N-p-CO ameliorated oxidative stress of
HG/PA-induced HL-7702 cells

To assess the antioxidant capacity of N-p-CO, a model of HL-
7702 cells was established in the absence or presence of HG/PA. The
concentrations of 10 pg/mL, 20 pg/mL and 50 pg/mL without any
effect on the cell viability were selected for subsequent experiments
according to the cytotoxicity induced by N-p-CO in HL-7702 cells
(Figure 1B). Exposure of HL-7702 cells to N-p-CO led to a
significant decrease in the cell viability in a dose-dependent
manner. The viability was significantly decreased to 81.02% =*
4.65% at the concentration of 50 ug/mL of HG/PA (Figure 1B).
Compared with the cell viability of HL-7702 cells exposed to HG/
PA, treatment with N-p-CO significantly increased the viability of
HG/PA-induced cells in a dose-dependent manner (Figures 1C-I).
Furthermore, ROS fluorescence staining showed that the content of
intracellular ROS in the model group was significantly higher than
that in the control group. Supplementation with N-p-CO
significantly reduced the ROS levels elevated by HG/PA in a dose
dependent manner (Figures 1D, E). N-p-CO also significantly
increased the levels of SOD, GSH and GSH-px, and decreased
the contents of MDA in HG/PA-incued HL-7702 cells in a dose
dependent manner (Figures 1F-I). These results indicate that
N-p-CO has the potential to HG/PA-induced
oxidative damage.

alleviate

3.2 N-p-COincreased glucose uptake of HL-
7702 cells induced by HG/PA

High sugar exposure can promote the generation of ROS and
in turn activates AMPKa to reduce the cellular glucose uptake
capacity, eventually resulting in metabolic disorders (Jiang et al.,
2021). Glucose uptake was measured, with met as the positive
control drug which had been a clear mechanism that met can
increase GLUT?2 expression. The glucose uptake capacity of HG/
PA-treated HL-7702 cells was significantly lower than that of the
control group. The glucose uptake capacity of HL-7702 cells was
significantly improved after treatment with metformin and
different doses of N-p-CO (Figures 2A, B). As cellular glucose
uptake is mainly regulated by GLUT2 (Rathinam and Pari,
2016), we conducted western blot analysis to observe the
effects of N-p-CO on the expression of GLUT2 protein.
Compared with the control cells, cells exposed to HG/PA
presented a clear downregulation of GLUT2 protein.
Treatment with N-p-CO or an AMPK agonist metformin
(Sun Y. et al,, 2023) significantly upregulated the expression
of GLUT?2 in the HG/PA-treated HL-7702 cells. Interestingly,
the upregulation of GLUT2 and the enhancement of glucose
uptake capacity by N-p-CO were significantly reversed by
metformin treatment. This result suggests that N-p-CO
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effectively increases glucose uptake, which may be related to
the upregulation of GLUT2 and the activation of AMPK
(Figures 2C-F).

3.3 N-p-CO upregulated the PI3K/AKT/
GSK3p pathway and increased the content of
glycogen in HG/PA-induced HL-7702 cells

As the uptake of glucose is mainly stored in the form of
glycogen in liver (M. et al, 2016), we next tested whether
N-p-CO affect the
hepatocytes. It was observed that the content of glycogen in
HG/PA-induced HL-7701 cells was significantly lower than that
of controls. Treatment with N-p-CO could effectively increase

could generation of glycogen in

the content of intracellular glycogen in HG/PA-induced HL-
7701 cells when compared with the model group (Figure 3A).
The production of glycogen has been suggested to be associated
with the inhibition of glycogen synthase kinase 3p (GSK3p) (Yan
et al., 2023). Then we characterized the protein expressions of
GSK3p
Significant downregulations of p-GSK3B proteins and its

involved signaling pathway using western blot.
upstream gene PI3K and AKT were observed in the model

group when compared with the control group. After
intervention with N-p-CO, the expressions of these proteins
were significantly upregulated in HG/PA-induced HL-7701 cells
(Figures 3B-F). These findings reveal that N-p-CO could
activate the PI3K/AKT/GSK3(B pathway and increase the
in HG/PA-induced HL-7702 cells,

which may hold great potentials for the mitigation of

content of glycogen

hyperglycemia.

3.4 N-p-CO decreased blood glucose and
improved physical phenotypes in HFD/STZ-
induced T2DM mice

Because administration of N-p-CO could ameliorate glucose
uptake and glycogen production in vitro, we then tested whether
N-p-CO exhibited these effects in mice treated with HFD/STZ. Mice
were treated with HFD/STZ with or without N-p-CO for 8 weeks
(Figure 4A). It could be found that mice in the DM group exhibited
significantly reduced sizes, disheveled and dull hair (Figure 4B). As
expected, these physical appearances of DM mice characterized by
soft and lustrous hair, were significantly restored after intervention
with N-p-CO or Met (Figure 4B). Compared with the control mice,
HFD/STZ treatment induced an obvious decrease in the body weight
of mice in the DM group, while relatively slow decline in mice
administrated with either N-p-CO or Met (Figures 4C, D).
Furthermore, the fasting blood sugar (FBG) of the HFD/STZ-
induced mice was significantly higher than that in the NC
group. Compared with the DM group, treatment with N-p-CO
significantly reduced the level of FBG in HFD/STZ-induced mice in
a dose-dependent manner (Figure 4E). Additionally, DM mice
displayed significantly increased consumption of water and food
when compared with the controls, which was improved after
treatment with either N-p-CO or Met (Figures 4F, G). These
results indicate that N-p-CO could effectively improve the
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FIGURE 3

N-p-CO promoted glycogen production related to the PI3K/AKT/GSK3p pathway in HG/PA-induced HL-7702 cells. (A) Content of glycogen in HG/
PA-induced HL-7702 cells; (B) Representative western blot bands of PI3K, AKT and GSK3p proteins; (C—E) The relative expressions of PI3K, AKT and GSK3p
proteins; (F) Relative mRNA expression of PI3K, AKT and GSK3p. Data were represented as mean + SD (n = 3). *p < 0.05, **p < 0.01 and ***p <

0.001 compared with the model group.

phenotypes of hyperglycemia in mice with diabetes induced by
HFD/STZ.

3.5 N-p-CO enhanced antioxidant ability in
mice treated by HFD/STZ

As the above data have shown that N-p-CO supplementation
could prevent oxidative damage induced by HG/PA in liver cells,
the antioxidant effect of N-p-CO was further determined in mice
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treated by HFD/STZ. Compared with mice in the NC group,
mice treated with HFD/STZ presented a significant decrease in
the levels of GSH, GSH-Px and SOD in the
Administration with N-p-CO significantly increased the
serum levels of GSH, GSH-Px and SOD in mice induced by
HFD/STZ (Figures 5A-C). The content of MDA in serum of DM
group was significantly higher than that in the control groups.
Compared with the DM group, treatment with N-p-CO reduced
the serum content of MDA in HFD/STZ-induced mice.
Meanwhile, the hepatic levels of GSH, GSH-Px and SOD were

serum.
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N-p-CO improved the phenotypes of hyperglycemia in HFD/STZ-induced mice. (A) Experimental process and employed groups; (B) Representative
images of mice; (C) The changes in the body weight of mice; (D) The body weight gain of mice; (E) The changes of fasting blood glucose of mice; (F) Food
intake of mice; (G) Water intake of mice. Data were represented as mean + SD (n = 5). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the DM group.

significantly decreased in the mice induced by HFD/STZ when
compared with the NC group. The levels of these antioxidant
enzymes in the liver of HFD/STZ-induced mice were remarkably
increased by N-p-CO treatment in a dose-dependent manner
(Figures 5E-G). Compared with the NC group, HFD/STZ-
induced mice displayed evaluated content of MDA in the
liver, which was significantly decreased after treatment with
N-p-CO (Figure 5H). These results suggest that N-p-CO
could effectively enhance the antioxidant capacity of mice
induced by HFD/STZ.

3.6 N-p-CO improved liver function in HFD/
STZ-induced mice

As liver acts as a vital organ involved in the metabolism of

glucose, we evaluated the protective effect of N-p-CO on liver
function and morphology. Compared with the NC group, the
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ratio of liver weight and body weight, and the levels of ALT and
AST in the liver of mice induced by HFD/STZ were significantly
increased. N-p-CO treatment significantly reduced liver index and
the hepatic levels of ALT and AST in HFD/STZ-induced mice
(Figures 6A-C). The H&E staining of liver showed that
exhibited
boundaries, uniform sizes, and abundant cytoplasm in liver from

hepatocytes intact architecture with well-defined
the NC group. The hepatic sinuses displayed a regular arrangement
with clear sinusoidal spaces occasionally accompanied by a few
inflammatory cells in the control mice. Conversely, in relative to the
control mice, the hepatocytes in the DM group showed hypertrophy,
vacuolar degeneration, and cytoplasmic accumulation of numerous
round lipid droplets of varying sizes (Figure 6D). Moreover, there
was significant infiltration of inflammatory cells, hepatocyte necrosis
along with indistinct hepatic lobular boundaries and disorganized
arrangement of hepatic cords. Additionally, a great number of red
blood cells were observed within the hepatic cords, indicating severe
cellular damage. N-p-CO treatment induced a significant reduction
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N-p-CO enhanced systemic and hepatic antioxidant ability in HFD/STZ-induced mice. (A—C) The levels of GSH, GSH-Px and SOD in serum; (D) The
content of MDA in serum; (E—-G) The hepatic levels of GSH, GSH-Px and SOD; (H) The content of MDA in liver. Data were represented as mean + SD (n =

3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the DM group.

in hepatic steatosis and improvement of glomerular morphology in
the HFD/STZ-induced mice. These findings indicate that N-p-CO
may have high potentials in improving hepatic function and
metabolic activity, which may contribute to the remission
of diabetes.

3.7 N-p-CO activated PI3K/AKT/GSK3p
pathway and improved the metabolism of
hepatic glucose in mice

The above results indicated that N-p-CO could improve the
function of liver in mice induced by HFD/STZ and glucose
metabolism in HL-7702 cells induced by HG/PA. We next
evaluated whether N-p-CO could also improve the metabolism of
glucose in the liver of diabetic mice. A significant increase in the level
of blood glucose was found in HFD/STZ-induced mice when
compared with the mice in NC group, suggesting that HFD/STZ
treatment induced an impaired glucose tolerance in mice. Oral
glucose tolerance was significantly improved by the decrease in
the blood glucose level by administration with either Met or N-p-CO
in HFD/STZ-induced mice (Figures 7A, B). Serum level of GSP in
HFD/STZ-induced DM mice was significantly higher than that in
the NC group. Supplementation with either N-p-CO or Met
significantly reduced the content of GSP in mice induced by
HFD/STZ (Figure 7C). Furthermore, glycogen production in liver
was determined using periodic PAS staining. The content of
glycogen in liver in HFD/STZ-induced DM mice was decreased
when compared with the NC group. Administration with either
N-p-CO or Met significantly increased the production of glycogen in
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the liver of mice induced by HFD/STZ (Figures 7D, E). Importantly,
in line with the changes in cells, the downregulations of hepatic
PI3K, AKT and GSK3p expressions by HFD/STZ exposure were
significantly restored in mice by treatment with either N-p-CO or
Met. Notably, HFD/STZ exposure caused a clear downregulation of
hepatic GLUT2 protein in mice, which was significantly increased
after treatment with either N-p-CO or Met. These findings suggest
that administration with N-p-CO effectively improved hepatic
glucose metabolism, which may be related to the activation of a
PI3K/AKT/GSK3p pathway in mice (Figures 7F-L).

4 Discussion

It has been suggested that chronic or intermittent hyperglycemia is
linked to the development of diabetic complications (Volpe et al., 2018;
Wu et al, 2023). Several signaling pathways involved in diabetic
complications may be directly triggered by hyperglycemia in
different tissues, due to the production of ROS, the formation of
AGEs and the secretion of pro-inflammatory cytokines (Song et al.,
2022; Yoshikawa et al, 2022). Thus, reduction of ROS has been
proposed as an effective strategy for mitigating inflammation and
complications associated with diabetes (Cheng et al., 2019). Several
natural antioxidants including polyphenols, have been shown to reduce
the risk of T2DM via increasing the antioxidant defense, regulating
inflammatory response and decreasing blood glucose and insulin
resistance (Shah et al.,, 2022; Kukavica et al., 2024). Therefore, it is
in need to further discover high-efficiency, low-toxicity and multi-target
antioxidants for diabetes and its complications. In this study, we found
that as a natural polyphenol compound, N-p-CO exhibited strong
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antioxidant ability and hypoglycemic effect in both HG/PA-induced
HL-7702 and HFD/STZ-induced mice. Furthermore,
supplementation with N-p-CO significantly activated the hepatic
PI3K/AKT/GSK3p signaling pathway, which may participate in the
metabolism of glucose in liver. N-p-CO may serve as an antioxidant and
regulator of hepatic glucose metabolism in diabetes, which may provide
a theoretical basis for the clinical use of N-p-CO.

Liver is an important organ for the maintenance of glucose

cells

homeostasis via controlling glycogenesis, glycogenolysis, glycolysis,
gluconeogenesis and other pathways (Ding et al., 2018). However,
these hepatic processes are dysregulated in diabetes mellitus, which
may contribute to high hepatic glucose production and
hyperglycaemia (Petersen et al., 2017). It is reported that high
glucose can induce apoptosis and oxidative stress injury for
different cells, and hepatic glucose and glycogen metabolism have
been considered to be related to the hepatic glucose output (Ding
et al, 2021). The enhancement of hepatic glucose and glycogen
metabolism has been proposed as a potential avenue for the
development of anti-diabetic therapy. However, this aspect
remains largely unexplored (Rines et al., 2016). The dysregulation
of hepatic glucose metabolism probably results from the oxidative
damage to enzymes that are related to the glycolysis, tricarboxylic
acid cycle and ATP biosynthesis (Jha and Mazumder, 2019).
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Therefore, targeting oxidative stress to improve the metabolism
of glucose in liver has been suggested as a strategy for the treatment
of hepatotoxicity, diabetes and its complications (Sun et al., 2020b).
For example, dapagliflozin protects hyperglycemia-induced
cardiomyocytes damage through inhibiting NADPH oxidase-
mediated oxidative stress 2021). Notably,

polyphenols have been considered to have the potential to treat

(Xing et al,
diabetes due to their strong antioxidant ability (Krawczyk et al.,
2023). Rutin and quercetin have been found to enhance glucose
uptake by decreasing oxidative stress in L6 myotubes induced by
tertiary butyl hydrogen peroxide (Dhanya et al., 2014). Resveratrol
could afford advantageous effects for glucose uptake and
metabolism by activating the AKT pathway and reducing the
oxidative injury in the context of insulin resistance related with
pre-diabetes and T2DM (Brasnyo et al., 2011).

Consistent with the strong anti-oxidant effects of these
polyphenols in T2DM, we found that N-p-CO treatment
significantly increased the activity of GSH-PX, SOD and GSH in
both HG/PA-induced HL-7702 cells and HFD/STZ-induced mice,
indicating a lowered degree of the hydroxyl free radical production
induced by N-p-CO. In other words, the strong antioxidant properties
of N-p-CO may result from the ability to activate antioxidant enzymes
and other mechanisms. Notably, administration with N-p-CO not
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only dramatically augmented glucose uptake and glycogen synthesis ~ dependent manner in diabetic mice induced by HFD/STZ. This
in HG/PA-treated HL-7702 cells, but also significantly alleviated  result suggests that the consumption of N-p-CO could effectively
hyperglycemia and hepatic glucose metabolism in a dose-  improve hepatocellular glucose homeostasis in T2DM. These findings
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Hypoglycemic effects and possible mechanisms of N-p-CO in vivo and in vitro.

also demonstrate that the amelioration of dysregulation of hepatic
glucose metabolism by N-p-CO was, at least in part, owing to the
increase in the antioxidant defense.

The regulation of hepatic glucose and lipid metabolism is
controlled by the intrinsic molecular signaling pathways, such as
PI3K/AKT, MAPK and AMPK pathways (Kumar et al.,, 2021). For
instance, the PI3K pathway has been identified as a critical pathway
for the actions of insulin in liver, which can be differentially regulated
by AKT and PKC A\/§ and induced differential actions of insulin and
PI3K (Taniguchi et al., 2006). The PI3K-dependent activation of AKT
is helpful for the regulation of hepatic glucose metabolism induced by
insulin. Impaired phosphorylation of AKT and its substrate GSK3p
suppresses gluconeogenesis and increases glycogen synthesis (Ge
et al,, 2015). Previous studies have reported that upregulation of
PI3K/AKT and AMPK proteins by polyphenols is able to inhibit
intestinal ~ glucose absorption by glucose
transporter 1 (SGLT1), enhance insulin-dependent glucose uptake,

sodium-dependent

activate PI3K-dependent insulin and AMPK signaling pathways, and
reduce hepatic glucose output (Munir et al., 2013). In line with these
findings, we found that supplementation with N-p-CO could
significantly activate PI3K/AKT/GSK3p pathways, upregulate the
expression of GLUT2, and improve the hepatocellular
glycometabolism in both HG/PA-induced HL-7702 cells and
diabetic mice (Figure 8). These findings indicate that the ability of
N-p-CO to stimulate hepatocellular glycogenesis production and
glucose consumption may be mediated by AKT pathway activation
via PI3K phosphorylation, leading to increased p-GSK3p levels and
subsequent promotion of glycogen. In other words, the regulation of
hepatic glucose metabolism by N-p-CO may be, at least in part, related
to the PI3K-dependent activation of AKT. However, the precise
mechanism underlying the amelioration of hepatic glucose
metabolism dysregulation by N-p-CO through the AKT pathway
remains to be further elucidated in vivo and in vitro utilizing AKT-
deficient or CRISPR-Cas9 modified mice models.
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5 Conclusion

In conclusion, administration with N-p-CO effectively
activated a PI3K/AKT/GSK3p signaling pathway and
ameliorated oxidative stress in both HG/PA-induced HL-7702
cells and HFD/STZ-induced mice. N-p-CO treatment not only
significantly promoted glucose uptake and glycogen synthesis in
HG/PA-induced HL-7702 cells, but also exhibited significant
hypoglycemic effects by reducing fasting blood glucose and
increasing hepatic glycogen production in HFD/STZ-induced
mice. These effects demonstrated the significant mitigation of
the dysregulation of hepatic glucose metabolism induced by
N-p-CO supplementation, and may be attributed to the
reduction of the hydroxyl free radical and the activation of a
PI3K/AKT/GSK3p signaling pathway. Though more work will be
needed to reveal the PI3K/AKT/GSK3pB-involved accurate
mechanism of action regulated by N-p-CO, the present
findings clearly demonstrate that N-p-CO is exploitable as a
new candidate for the prevention and treatment of diabetes.
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