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Abstract: Objectives: We investigated potential antihyperglycemic effects of HM-chromanone (HMC),
a homoisoflavonoid isolated from Portulaca oleracea, in mice fed a high-fat diet (HFD). Methods:
Five-week-old male C57BL/6J mice (n = 24) were divided into three groups: controls, mice fed an
HFD (11 weeks), and HFD-fed mice receiving HMC supplementation (8 weeks). Various analyses
assessed liver and skeletal muscle proteins, pancreatic β-cell histology, blood glucose and HbA1c
levels, and homeostatic index of insulin resistance (HOMA-IR). Results: HMC supplementation
significantly reduced fasting blood glucose and postprandial blood glucose levels in HFD-fed mice.
HbA1c and serum insulin levels reduced significantly, and HOMA-IR improved. Compensatory
β-cell hyperplasia was reduced, and pancreatic β-cell function improved. AMP-activated protein
kinase (AMPK) was significantly activated in skeletal muscle and liver tissues. IRS-1tyr612 expression
increased significantly. PI3K activation and Akt phosphorylation in skeletal muscles improved insulin
signaling. Forkhead box protein O1 phosphorylation increased through hepatic AMPK activation.
Phosphoenolpyruvate carboxykinase and glucose-6-phosphatase expression was inhibited. Glycogen
synthase kinase 3β phosphorylation increased. Conclusions: HMC supplementation alleviated
hyperglycemia by activating the AMPK and PI3K/Akt pathways in skeletal muscles and the AMPK
pathway in the liver of HFD-fed mice.
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1. Introduction

A high-fat diet affects glucose and lipid metabolism, which causes obesity and insulin
resistance and alters pancreatic β-cell function [1]. Collectively, this results in hyper-
glycemia, a hallmark of type 2 diabetes mellitus [2,3]. Type 2 diabetes is a modern health
problem with a rapidly increasing prevalence that has attracted worldwide attention owing
to its associated morbidity [4]. Thus, it is important for people with diabetes to reduce
hyperglycemia via treatment that can improve insulin resistance and pancreatic β-cell
function [5].

In the course of a high-fat diet, lipids accumulate in the liver and in adipose tissue,
ultimately leading to obesity [6]. During this process, the secretion of free fatty acids in-
creases. Fatty acids interfere with the function of insulin receptors and signaling proteins in
insulin-sensitive tissues, which lowers the sensitivity of insulin signaling and consequently
causes insulin resistance [7]. In the early stage of diabetes, insulin resistance is associated
with impaired glucose-uptake into cells and with pancreatic β-cell compensatory responses,
including increased insulin biosynthesis and secretion [8,9]. As insulin resistance persists,
more insulin is secreted to maintain normal blood glucose levels, causing hyperplasia and
the dysfunction of pancreatic β cells [10,11].
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Insulin resistance is caused by a defect in insulin signaling that inhibits glucose uptake
into target cells [12]. Pathways involved in glucose uptake by target cells include the phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/Akt) and AMP-activated protein kinase
(AMPK) pathways. AMPK is a major regulator of cellular metabolism and is involved in
glucose metabolism [13]. In skeletal muscles, the activation of AMPK results in the translo-
cation of intracellular glucose transporter type 4 (GLUT4) from the cytosol to the plasma
membrane to stimulate glucose uptake, resulting in the alleviation of hyperglycemia [14].
In the PI3K/Akt pathway, insulin activates tyrosine kinase when it binds to the insulin
receptors present on the membranes of target cells [15]. The activated tyrosine kinase
phosphorylates the tyrosine residue of the insulin receptor substrate (IRS), which in turn
activates PI3K and phosphorylates Akt. The phosphorylated Akt also translocates GLUT4
to the plasma membrane to stimulate glucose uptake into the target cells [16]. However, if
a serine residue is attached to the IRS, normal signal transduction does not occur, resulting
in insulin resistance [17].

AMPK activation inhibits glucose production and is involved in glycogen synthe-
sis [18,19]. In hepatic metabolism, AMPK activation results in the phosphorylation of
forkhead box protein O1 (FOXO1), a transcription factor that regulates gluconeogene-
sis [20]. pFOXO1 reduces the expression of phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pase), thereby suppressing glucose production in the
liver [21,22]. Activated AMPK also phosphorylates glycogen synthase kinase 3β (GSK3β),
which is then responsible for maintaining glucose homeostasis through its activation of
glycogen synthase (GS), a target of glycogen synthesis [23]. Thus, hyperglycemia can
be ameliorated by reducing gluconeogenesis and increasing glycogen synthesis through
AMPK-mediated PEPCK/G6Pase and GSK3β regulation.

Existing anti-diabetic drugs are prone to adverse effects, creating a need for the devel-
opment of natural antidiabetic agents that reduce these side effects. One potential source is
Portulaca oleracea L., a plant that has been used as a traditional food and medicine in Asian
since ancient times [24,25]. Many studies have shown that P. oleracea exhibits the therapeutic
effects, including anti-oxidant, neuroprotective, and anti-diabetes effects [24,26,27]. HMC
can be isolated from P. oleracea and belongs to the homoisoflavonoid subclass of flavonoids,
possessing a sappanin-like structure with a 3-benzylchroman backbone [28]. Previous
studies have reported that HMC produces anti-obesity and anti-diabetic effects [29–31].
However, an anti-hyperglycemic effect of HMC has not been demonstrated in mice fed a
high-fat diet. Therefore, the aim of this study was to investigate whether HMC alleviates
hyperglycemia in mice fed a high-fat diet and, if so, to assess which pathways are involved.

2. Materials and Methods
2.1. Preparation of Material

Portulaca oleracea plants were purchased from Hongcheon Hyosung Food Inc. (Gang-
won, Hongcheon, Republic of Korea). The extraction and isolation of HMC were performed
following a protocol. Figure 1 shows the chemical structure of HMC.

2.2. Study Animals

C57BL/6J wild-type mice (5-week male, n = 24) were obtained from the Animal
Company at the Central Research Institute (Seoul, Republic of Korea), acclimatized for one
week, and then used for experiments. During acclimation, mice were provided a stable
environment with 55% humidity and temperature of 24 ◦C. After a 1-week adaptation
period, a control group (n = 8) was fed a normal chow diet while a high-fat diet (HFD)
group (n = 16) was fed a high-fat diet for 11 weeks (60 kcal%; all feed was purchased from
the Animal Company, Central Research Institute) to induce diabetes (Table 1). Two mice
per cage were housed. Different treatments were implemented from week 11 to week 19.
The HFD group was administered 0.9% NaCl solution orally, and the HMC group received
an oral supplement of HMC at 50 mg/kg of body weight, once daily. At the termination
of the experimental period, the mice were fasted for 12 h before being sacrificed under
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ether anesthesia. All animal handling and care procedures were conducted in accordance
with current international laws and policies as per the Pusan National University (Busan,
Republic of Korea) Guide for the Care and Use of Laboratory Animals (Approval no.
PNU-2022-0112).

Figure 1. HMC improves high blood glucose in mice fed a high-fat diet. Normal group: C57BL/6J
wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J wild-type mice (n = 8) fed
a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a high-fat diet and HM-
chromanone 50 mg/kg body weight. (A) Fasting blood glucose level. (B) Oral glucose tolerance
test level. (C) Area under the curve level. Each value is expressed as the mean ± SDE (n = 8). NS:
not significant. a–c Values with different superscript letters are significantly different (a: p < 0.05,
b: p < 0.01, c: p < 0.001) based on Bonferroni’s contrast test when using two-way ANOVA.

Table 1. The dietary composition.

Composition (g/kg) Normal Diet High-Fat Diet

Corn starch 315 0
Sucrose 350 89

Maltodextrin 35 162
Fiber 50 65

Casein 200 258
L-cystine 3 4

Soybean oil 25 32
Lard 20 316

Mineral mixture 10 13
Vitamin mixture 10 13
Potassium citrate 16.5 21

Calcium phosphate 5.5 7
Dicalcium phosphate 13 17

Choline bitartrate 2 2.5

2.3. Tissue Collection

Skeletal muscle of the hindlimb [tibialis anterior (TA), gastrocnemius, and extensor
digitorum longus] and liver tissues were collected. Frozen tissues were ground before
metabolite extraction.
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2.4. Western Blot Analysis

Western blot was performed on the protein extracts of the liver and skeletal muscle.
Skeletal muscle and liver homogenates in buffer were centrifuged at 20,000× g (4 ◦C) for
15 min. Isolated proteins were blocked with 5% skim milk and 0.1% Tween20 in Tris-
buffer for 60 min at room temperature. Blocked membranes were incubated with primary
antibodies against AMPK, IRS-1ser307, IRS-1tyr612, PI3K, Akt, GLUT4, G6pase, FOXO1,
G6Pase, PEPCK, GSK3β, and GS for 60 min (Abcam, Cambridge, UK). After washing the
membrane, the secondary antibody was incubated for 60 min, and each antigen–antibody
complex was visualized using a Western blotting detection reagent. Chemiluminescence
was detected using an LAS-1000 Plus Analyzer (Fujifilm, Tokyo, Japan), and band density
was measured using Image Analyzer (Multi Gauge V3.1, Fujifilm, Tokyo, Japan).

2.5. Blood Glucose Levels and Glycosylated Hemoglobin Levels

Normal group mice, HFD-group mice, and HMC-supplemented mice were fasted
overnight. Fasted animals had no food intake for 12 h. After the overnight fast, mice
were orally supplemented with soluble starch [2 g/kg body weight (bw)]. Blood samples
were taken from the tail vein at 0, 30, 60 and 120 min. Collected blood glucose was
measured using a glucometer (Roche Diagnostics GmbH, Mannheim, Germany). The
areas under the curve (AUC) were calculated using the trapezoidal rule. A hemolyzed
sample of anti-coagulated whole blood was used to measure glycated hemoglobin by the
immunoturbidity method.

2.6. Serum Analysis

Serum insulin levels were measured using the mouse insulin ELISA Kit (Shibayagi,
Gunma, Japan).

2.7. Pancreatic Histology and Morphometry

For the analysis of islet cytoarchitecture (i.e., the typical arrangement of beta- and
non-beta-cells within the islet), 42 the pancreas sections were processed for dual immune
fluorescence for insulin (using the anti-insulin, Dako, Carpinteria, CA, USA) and glucagon
(using the anti-glucagon, Dako, USA) using a standard protocol and observed by confocal
laser microscopy (LSM 510-Zeiss, Land Baden-Württemberg, Germany). For the evalua-
tion of adipocyte infiltration within the pancreas, we used the same histological sections
processed previously for HE staining and insulin immune peroxidase.

2.8. Statistical Analyzes

Data obtained from this study are expressed as the mean ± SEM using SPSS version
26.0 (IBM Corp., Armonk, NY, USA). Data obtained over time were analyzed using a
repeated measures two-way ANOVA test. Post hoc comparisons between selected means
were performed with Bonferroni’s contrast test when initial two-way ANOVA indicated
statistical differences between experimental groups. The level of significance was set at
a: p < 0.05, b: p < 0.01, c: p < 0.001.

3. Results
3.1. Body Weight and Food Intake

Table 2 shows the weight gain, food intake, and water intake of mice during the
experimental period. There was no significant difference in initial body weight between
the HFD group (22.33 ± 1.20 g) and the HMC-supplemented group (22.73 ± 0.73 g). Final
body weight was significantly lower in the HMC-supplemented group (42.24 ± 3.24 g) than
in the HFD group (46.76 ± 3.10 g) (p < 0.05). Correspondingly, weight gain in the HMC-
supplemented group (19.51 ± 4.18 g) was significantly lower than that in the HFD group
(24.43 ± 3.51 g). The average food intake and water intake of the HFD group (2.94 ± 0.30 g
and 2.82 ± 0.34 mL, respectively) were higher than those of the HMC-supplemented group
(2.86 ± 0.34 g and 2.75 ± 0.21 mL, respectively).
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Table 2. HMC decreases body weight and food intake in mice fed a high-fat diet.

Normal HFD HFD + HMC

Body weight
Initial weight (g) 22.18 ± 0.51 NS 22.33 ± 1.20 22.73 ± 0.73
Final weight (g) 29.32 ± 2.25 c 46.76 ± 3.10 a 42.24 ± 3.24 b

Weight gain (g) 7.14 ± 2.41 c 24.43 ± 3.51 a 19.51 ± 4.18 b

Average food intake (AFI) (g/day) 4.07 ± 0.28 a 2.94 ± 0.30 b 2.86 ± 0.34 c

Average water intake (AWI) (mL/day) 4.11 ± 1.05 a 2.82 ± 0.34 b 2.75 ± 0.21 b

Normal group: C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J wild-type
mice (n = 8) fed a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a high-fat diet and
HM-chromanone 50 mg/kg body weight. Each value is expressed as the mean ± SDE (n = 8). NS: not significant.
a–c Values with different superscript letters are significantly different (a: p < 0.05, b: p < 0.01, c: p < 0.001) based on
Bonferroni’s contrast test when using two-way ANOVA.

3.2. Blood Glucose Levels

Figure 1A shows the effect of HMC on fasting blood glucose levels in HFD-fed mice.
In the HMC-supplemented group, the mice were fed an HFD for up to 11 weeks but
also received HMC as a supplement from week 11 to week 19. There was no significant
difference in blood glucose levels between these two groups up to the 11-week mark.
After 12 weeks, the HFD group continued to show an increase in blood glucose levels, as
previously observed, but blood glucose levels in the HMC-supplemented group first stabi-
lized and then gradually decreased. At the termination of the experiment (19 weeks), the
fasting blood glucose level was 91.45 mg/dL in the HMC-supplemented group, which was
significantly lower than the 186.75 mg/dL recorded for the HFD group. The postprandial
blood glucose level of the HFD group increased to 274.00 mg/dL at 30 min, 308.56 mg/dL
at 60 min, and then decreased to 218.44 mg/dL at 120 min (Figure 1B). This increase
in postprandial blood glucose level was significantly ameliorated in the group supple-
mented with HMC, with readings of 213.55 mg/dL, 225.13 mg/dL, and 120.23 mg/dL at
30 min, 60 min, and 120 min, respectively. The AUC for the blood glucose response was
885.09 ± 141.89 mg·h/dL in the HMC-supplemented group, which was significantly lower
than the 1211.95 ± 132.81 mg·h/dL in the HFD group (Figure 1C).

3.3. HbA1c, Serum Insulin, and HOMA-IR Levels

The effect of HMC on HbA1c, serum insulin, and HOMA-IR levels in HFD-fed mice
is depicted in Figure 2. The HbA1c level of the HFD group (7.25 ± 1.81%) was signifi-
cantly higher than that of the control group (4.83 ± 0.52%). In the group receiving HMC
supplementation, an HbA1c level of 5.46 ± 0.67% was significantly lower than that of the
HFD group.

Serum insulin levels were 0.36 ± 0.02 ng/mL, 0.77 ± 0.09 ng/mL, and 0.45 ± 0.03 ng/mL
in the control, HFD, and HMC-supplemented groups, respectively. The level in the HFD group
was significantly higher than that in the control group; however, the mean serum insulin level
in the HMC-supplemented group was significantly lower than that in the HFD group.

The HOMA-IR values were 2.2 ± 0.12 and 20.4 ± 2.56 in the control and HFD groups,
respectively. However, the HOMA-IR value of the HMC-supplemented group, 7.1 ± 1.45,
was significantly lower than that of the HFD group.

3.4. Pancreatic β-Cell Histology

The effect of HMC on the function of pancreatic β cells in mice fed on an HFD is
shown in Figure 3. The immunohistochemical analysis recorded more insulin in the HFD
group than in the control group. In contrast, the HMC-supplemented group showed
significantly lower insulin levels than the HFD group. In the double immunofluorescence
assay, more insulin was once again observed in the HFD group than in the normal group,
and the insulin levels were once again lower in the HMC-supplemented group than in the
HFD group.
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Figure 2. HM-chromanone improves HbA1c and insulin resistance in mice fed a high-fat diet. Normal
group: C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J wild-type
mice (n = 8) fed a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a high-fat
diet and HM-chromanone 50 mg/kg body weight. (A) HbA1c level, (B) serum insulin level, and
(C) homeostatic index of insulin resistance level. Each value is expressed as the mean ± SDE
(n = 8). a–c Values with different superscript letters are significantly different (a: p < 0.05, b: p < 0.01,
c: p < 0.001) based on Bonferroni’s contrast test when using two-way ANOVA.

Figure 3. HMC improves the function of pancreatic β cell in mice fed a high-fat diet. Normal group:
C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J wild-type mice
(n = 8) fed a high-fat diet, HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a high-fat diet
and HM-chromanone 50 mg/kg body weight. Micrographs of pancreatic tissue treated for insulin
immunohistochemical staining (brown) (A–C) or double immunofluorescence for detection of insulin
(red) and glucagon (green) (D–F). Images were obtained with light (A–C) or confocal laser microscopy
(D–F). Scale bar: 400 µm (A–C), 50 µm (D–F).

3.5. Expression of pAMPK and pACC in the Skeletal Muscle

The effects of HMC on pAMPK and pACC expression were investigated in the skeletal
muscles of HFD-fed mice (Figure 4). Compared to the expression of pAMPK and pACC in
the control group (100% for both), that in the HFD group was significantly decreased to
39.61% and 33.00%, respectively. On the other hand, HMC supplementation significantly
increased the expression of pAMPK and pACC compared to that in the HFD group,
reaching 70.23% and 75.00%, respectively. Collectively, these results indicated that HMC
activated AMPK in the skeletal muscles of HFD-fed mice.
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Figure 4. HMC activates AMPK in skeletal muscle of mice fed a high-fat diet. Normal group:
C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J wild-type mice
(n = 8) fed a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed high-fat diet
and HM-chromanone 50 mg/kg body weight. (A) pAMPK, AMPK, pACC, and ACC expression.
(B) Expression levels of pAMPK and pACC. Each value is expressed as the mean ± SDE (n = 8).
a–c Values with different superscript letters are significantly different (a: p < 0.05, b: p < 0.01,
c: p < 0.001) based on Bonferroni’s contrast test when using two-way ANOVA.

3.6. Expression of IRS-1, PI3K, AKT, and PM-GLUT4 in the Skeletal Muscle

We investigated the effect of HMC on the expression of pIRS-1tyr612, pIRS-1ser307,
PI3K, and pAKT, which are transcription factors involved in insulin signaling in the skeletal
muscle of mice (Figure 5). The expression of pIRS-1tyr612 decreased from 100% in the
control group to 53.69% in the HFD group. On the other hand, its expression in the HMC-
supplemented group was significantly higher than that in the HFD group, at 78.25%. The
expression of pIRS-1ser307 increased from 100% in the control group to 353.05% in the
HFD group, compared with which a significantly decreased expression of 174.31% was
recorded for the HMC-supplemented group. Similarly, the expression of PI3K, pAkt, and
PM-GLUT4 decreased significantly from 100% for all in the control group to 31.27%, 38.12%,
and 41.00%, respectively, in the HFD group; however, corresponding expression in the
HMC-supplemented group showed significant increases of 67.35%, 69.00%, and 72.68%,
respectively, compared to those in the HFD group.

3.7. Expression of Factors Related to the AMPK and Akt Pathways in the Liver

The effect of HMC on the expression of pAMPK, pACC, pAkt, pFOXO1, G6Pase,
PEPCK, pGSK3β, and pGS in the liver of mice fed with an HFD were investigated (Figure 6).
The expression of pAMPK and pACC was significantly reduced from 100% in the control
group to 22.00% and 26.28%, respectively, in the HFD group. In contrast, the expression of
pAMPK and pACC was significantly higher in the HMC-supplemented group, at 69.00%
and 68.61%, respectively, compared with the HFD group. Similarly, the expression of
pAkt and pFOXO1 was significantly lower in the HFD group, 30.79% and 19.59%, respec-
tively, than in the control group (100%). An ameliorative pattern was again observed in
the HMC-supplemented group, in which the expression of pAkt and pFOXO1 (65.93%
and 74.52%, respectively) was significantly higher than that in the HFD group. In addi-
tion, the expression of G6Pase and PEPCK were significantly increased to 247.18% and
256.25%, respectively, in the HFD group when compared to their expression in the con-
trol group (100%). However, these heightened figures were significantly reduced in the
HMC-supplemented group, with the expression of G6Pase and PEPCK being recorded
at 131.90% and 167.40%, respectively. The expression of pGSK3β decreased significantly
from 100% in the control group to 24.64% in the HFD group, compared with which it was
significantly higher in the HMC-supplemented group, at 65.57%. Inversely, the expression
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of pGS increased significantly from 100% in the control group to 372.28% in the HFD group,
compared with which it was ameliorated with HMC treatment and significantly decreased
to 246.95% in the HMC-supplemented group.

Figure 5. HMC improves insulin signaling in skeletal muscle tissue of mice fed a high-fat diet.
Normal group: C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J
wild-type mice (n = 8) fed a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a
high-fat diet and HM-chromanone 50 mg/kg body weight. (A) pIRS-1tyr612, IRS-1tyr612, pIRS-1ser
307, PI3K, pAkt, Akt, and PM-GLUT4 expression. (B) Expression levels of pIRS-1tyr612, pIRS-1ser
307, PI3K, pAkt, and PM-GLUT4. Each value is expressed as the mean ± SDE (n = 8). a–c Values with
different superscript letters are significantly different (a: p < 0.05, b: p < 0.01, c: p < 0.001) based on
Bonferroni’s contrast test when using two-way ANOVA.

Figure 6. HMC improves AMPK and Akt/FOXO1 pathway in the liver of mice fed a high-fat diet.
Normal group: C57BL/6J wild-type mice (n = 8) fed a normal chow diet; HFD group: C57BL/6J
wild-type mice (n = 8) fed a high-fat diet; HFD + HMC group: C57BL/6J wild-type mice (n = 8) fed a
high-fat diet and HM-chromanone 50 mg/kg body weight. (A) pAMPK, AMPK, pACC, and ACC
expression. (B) Expression levels of pAMPK, AMPK, pACC, ACC. (C) pAkt, Akt, pFOXO1, FOXO1,
G6Pase, PEPCK, pGSK3β, GSK3β, pGS, and GS expression. (D) Expression levels of pAkt, pFOXO1,
G6Pase, PEPCK, pGSK3β, and pGS. Each value is expressed as the mean ± SDE (n = 8). a–c Values
with different superscript letters are significantly different (a: p < 0.05, b: p < 0.01, c: p < 0.001) based
on Bonferroni’s contrast test when using two-way ANOVA.
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4. Discussion

The previous study investigated the effects of HMC on hyperglycemia and dyslipi-
demia in C57BL/KsJ-db/db mice [31]. However, an anti-hyperglycemic effect of HMC has
not been demonstrated in mice fed a long-term high-fat diet to induce diabetes. Obesity is
a key underlying cause of type 2 diabetes mellitus. A long-term HFD can cause obesity, im-
paired glucose tolerance, and insulin resistance, which are key factors in the pathogenesis of
diabetes and lead to hyperglycemia [32–34]. This study investigated whether HMC isolated
from P. oleracea could alleviate hyperglycemia in mice fed on a long-term HFD, and if so, by
what pathway. The long-term HFD-induced obesity mouse model exhibits characteristics
such as obesity-related insulin resistance, hyperglycemia, and hyperinsulinemia [35,36].

Diabetes mellitus patients must pay attention to the management of blood glucose
levels. When the pancreas detects rising blood glucose levels, it secretes insulin to absorb the
glucose into cells [37]. It also reduces glucose production in the liver and increases glycogen
synthesis [38]. However, if insulin resistance develops, these metabolic processes progress
abnormally and result in a hyperglycemic state. Therefore, the fasting blood glucose level is
one of the diagnostic indicators of diabetes mellitus and blood glucose control status, with
good control of fasting blood glucose being critical in the management of diabetes. In our
study, the fasting blood glucose level in HMC-supplemented mice was significantly lower
than that in the HFD group. The result confirms that HMC supplementation can reduce
fasting blood glucose levels in HFD-fed mice. HMC is a saponin-type homoisoflavonoid.
Homoisoflavonoids isolated from Cucumis bisexualis have similarly been shown to reduce
fasting blood glucose levels [39], as has brazilin, a major homoisoflavonoid component
found in the heartwood of Caesalpinia sappan L. [40]. Several studies have shown that
homoisoflavonoids are effective at controlling blood glucose levels [41], providing the
basis for our hypothesis that HMC may similarly reduce fasting blood glucose levels in
HFD-fed mice.

Postprandial blood glucose levels can more accurately reflect the blood glucose
metabolic response and blood glucose control ability than fasting blood glucose levels [42].
Increases in blood glucose levels after a meal are also related to fasting blood glucose
levels [43]. In the early stages of diabetes, fasting blood glucose levels are relatively well
controlled, while postprandial blood glucose gradually increases [44]. If postprandial blood
glucose levels consistently exceed a certain level, fasting blood glucose levels may also
increase and diabetes symptoms may worsen. Therefore, improving postprandial hyper-
glycemia is an important aspect of diabetes treatment. Oral glucose tolerance tests were
performed to measure the increase in postprandial blood glucose levels in our experimental
mice. The HMC-supplemented group had significantly lower blood glucose levels than the
HFD group at 30, 60, and 120 min, indicating that HMC supplementation may contribute
to the reduction in postprandial hyperglycemia. HbA1c is an indicator of the long-term
control of blood glucose via the chemical linking of hemoglobin and glucose molecules [45].
In patients with diabetes mellitus, the average lifespan of red blood cells is 120 days. The
non-enzymatic and irreversible glycation of hemoglobin continues to occur in cells during
this period, resulting in an increase in the concentration of HbA1c [46]. Many studies
have reported that an increase in HbA1c concentration can worsen diabetes and cause
retinopathy, neuropathy, and microvascular issues, among other complications [47]. In our
study, mice that received HMC supplementation showed a significant decrease in HbA1c.
This finding suggests that HMC supplementation may be effective for long-term blood
glucose control.

When blood glucose levels increase, insulin is secreted from pancreatic β cells to
promote glucose uptake and suppress glucose production in the muscles and liver [48].
However, when insulin resistance occurs due to the impairment of insulin signaling,
compensatory hyperinsulinemia develops as a result of excessive insulin secretion in the
body [49]. In this study, the insulin concentration in mice fed on an HFD was significantly
increased as compensation for the lowered blood glucose levels, whereas the insulin
concentration in mice receiving HMC supplementation was significantly decreased. These
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results suggest that the compensatory secretion of insulin may also be ameliorated as blood
glucose levels are decreased via HMC. HOMA-IR is used to estimate insulin resistance and
can be obtained using blood glucose and insulin concentrations.

When blood glucose rises, the pancreas attempts to control blood glucose by secreting
more insulin, which may be successful initially, but over time, pancreatic β-cell function
may deteriorate [50,51]. This continuous process progressively deteriorates the β-cell func-
tion, restricting glycemic control and ultimately leading to persistent hyperglycemia and
progression to diabetes. To manage this disease, the protection of pancreatic β-cell function
is therefore essential. In our immunohistochemical analysis, less insulin was detected in the
pancreas of mice from the HMC-supplemented group than in that of mice from the HFD
group. This finding was consistent with our blood insulin concentration results. We could
therefore conclude that pancreatic β-cell function was protected in the HMC-supplemented
group. A previous study has demonstrated that baicalein (5,6,7-Trihydroxyflavone) simi-
larly protected pancreatic β-cell function and reduced blood glucose [52]. Genistein, an
isoflavone, has also been shown to alleviate blood glucose and protect pancreatic β-cell
function in diabetic mice [53]. Genistein contains hydroxyl groups at C5 and C7 of the
A ring and a hydroxyl group at C4 of the C ring [54]. The mechanism of β-cell function
protection in this compound was linked with the hydroxyl group at C5 of its A ring [55].
HMC similarly possesses hydroxyl groups at the C5 and C2 positions. We therefore propose
that HMC may protect pancreatic β-cell function via its hydroxyl group at the C5 position.

Insulin signaling plays an important role in glycemic control [56]. Insulin binds to the
insulin receptor, which induces phosphorylation of the IRS at tyrosine residues, activating
downstream signaling molecules, such as PI3K and Akt, with activated Akt ultimately
translocating GLUT4 to the plasma membrane [57]. This signaling stimulates glucose
uptake into skeletal muscle cells and lowers blood glucose levels [58]. In our study, the
expression of IRS-1tyr, PI3K, and Akt increased in the skeletal muscles of mice that received
HMC supplementation; PM-GLUT4 expression was similarly increased in this group. This
indicates the promotion of glucose uptake into skeletal muscle cells to reduce blood glucose
levels. Additionally, the activation of the insulin-independent AMPK signaling pathway
could also increase GLUT4 translocation, thereby promoting glucose uptake into cells and
lowering blood glucose levels [59]. The phosphorylation of AMPK in skeletal muscle tissue
was indeed significantly increased in the HMC-supplemented group, suggesting that HMC
enhances glucose uptake by stimulating GLUT4 translocation to the plasma membrane
through the PI3K and AMPK pathways in skeletal muscle. Biochanin A (5,7-dihydroxy-4′-
methoxyisoflavone) was previously reported to improve the insulin signaling and stimulate
glucose uptake [60]. This compound has hydroxyl groups bonded to C5 and C7 and a
methoxy group bonded to C4′. Flavonoid compounds with multiple hydroxyl groups have
a much stronger activity in stimulating glucose uptake [61]. Additionally, the C3 methine
group was shown to affect AMPK activation in homoisoflavonoids [62]. As already noted,
HMC contains hydroxyl groups at the C5 and C7′ positions, but also a methine group at
the C3 position. These three functional groups in HMC seem to be involved in promoting
glucose uptake by improving insulin signaling and activating AMPK, resulting in lowering
blood glucose levels.

Furthermore, AMPK is a known target factor that regulates gluconeogenesis and glyco-
gen synthesis in the liver [63]. AMPK activation induces FOXO1 phosphorylation, which
regulates the expression of gluconeogenesis-related genes in the liver [64]. Phosphorylation
of FOXO1 inhibits G6Pase and PEPCK, thereby reducing hepatic gluconeogenesis and
contributing to blood glucose control [65]. Additionally, AMPK activation is involved in
glycogen synthesis by reducing the phosphorylation of GS and inactivating GSK3β [66]. In
this study, the phosphorylation of FOXO1 was increased due to AMPK activation, and the
expression of PEPCK and G6pase was decreased in the HMC-supplemented group. Addi-
tionally, GSK3β was phosphorylated and GS phosphorylation was significantly inhibited.
These results demonstrate that HMC reduces gluconeogenesis by activating AMPK and
increasing glycogen synthesis in the liver. Previous studies have reported that hesperetin,
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a 3′,5,7-trihydroxy-4′ methoxy flavanone, inhibits hepatic gluconeogenesis and increases
glycogen synthesis [67]. The chemical structure of hesperetin has one methoxy group and
three hydroxy groups at C3′, C5, and C7. In addition, nobiletin (2-(3,4-dimethoxyphenyl)-
5,6,7,8-tetramethoxy-4H-chromen-4-one) induces GSK3β phosphorylation through AMPK
activation and promotes glycogen synthesis in the liver [68]. Nobiletin has two methoxy
groups bonded to C3 and C4 on the phenyl ring and four methoxy groups located at C5,
C6, C7, and C8 of the chromen structure. One study reported that the methoxy group of
flavonoid compounds affects glycogen synthesis [69]. Additionally, kaempferol inhibited
glucose production by reducing PEPCK and G6Pase expression via AMPK activation [70].
Kaempferol has hydroxy groups at C3, C5, and C7; a double bond between C2 and C3 of
the C ring; and an oxo group at C4. Again, the presence of a hydroxy group in flavonoid
compounds and an oxo group at the 4 position have been associated with the inhibition of
gluconeogenesis [71]. HMC has two hydroxy groups at C5 and C2′, one methoxy group
at C7, and an oxo group at the 4 position. The authors therefore hypothesize that the two
hydroxy, one methoxy, and 4-oxo functional groups of HMC contribute mechanistically to
the promotion of glycogen synthesis and inhibition of gluconeogenesis in the liver.

5. Conclusions

HMC supplements significantly improved hyperglycemia in mice fed on an HFD.
It increased IRS-1tyr612 phosphorylation and improved insulin resistance by activating
PI3K/AKT and AMPK. It also significantly reduced gluconeogenesis by downregulating
PEPCK and G6Pase through the AMPK/FOXO1 pathway in the liver. Additionally, HMC
supplementation reduced compensatory β-cell proliferation and improved pancreatic
β-cell function. Collectively, these data suggest that HMC can be applied to alleviate
hyperglycemia by activating the AMPK and PI3K/Akt pathways in skeletal muscle and
the AMPK pathway in the liver.

Author Contributions: J.-e.P.: conceptualization, data curation, methodology, writing—original draft,
writing—review and editing. J.Y.: conceptualization, data curation, formal analysis, writing—original
draft. J.-s.H.: conceptualization, funding acquisition, project administration, resources, supervision,
writing—review and editing and the decision to submit the article for publication. All data were
generated in-house and no paper mill was used. All authors agree to be accountable for all aspects of
work ensuring integrity and accuracy. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Research Foundation of Korea grant number
[NRF-2020R1A2B5B01001547] and the APC was funded by Ji-Sook Han.

Institutional Review Board Statement: All animal handling and care procedures were conducted in
accordance with current international laws and policies as per the Pusan National University (Busan,
South Korea) Guide for the Care and Use of Laboratory Animals (Approval no. Pusan National
University-2022-0112, approval date: 12 January 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

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

References
1. Prasad, M.; Rajagopal, P.; Devarajan, N.; Veeraraghavan, V.P.; Palanisamy, C.P.; Cui, B.; Patil, S.; Jayaraman, S. A comprehensive

review on high -fat diet-induced diabetes mellitus: An epigenetic view. J. Nutr. Biochem. 2022, 107, 109037. [CrossRef] [PubMed]
2. Prentki, M.; Nolan, C.J. Islet beta cell failure in type 2 diabetes. J. Clin. Investig. 2006, 116, 1802–1812. [CrossRef] [PubMed]
3. Remedi, M.S.; Emfinger, C. Pancreatic β-cell identity in diabetes. Diabetes Obes. Metab. 2016, 18, 110–116. [CrossRef] [PubMed]
4. Shaw, J.E.; Sicree, R.A.; Zimmet, P.Z. Global estimates of the prevalence of diabetes for 2010 and 2030. Diabetes Res. Clin. Pract.

2010, 87, 4–14. [CrossRef]

https://doi.org/10.1016/j.jnutbio.2022.109037
https://www.ncbi.nlm.nih.gov/pubmed/35533900
https://doi.org/10.1172/JCI29103
https://www.ncbi.nlm.nih.gov/pubmed/16823478
https://doi.org/10.1111/dom.12727
https://www.ncbi.nlm.nih.gov/pubmed/27615139
https://doi.org/10.1016/j.diabres.2009.10.007


Nutrients 2024, 16, 3972 12 of 14

5. Weng, J.; Li, Y.; Xu, W.; Shi, L.; Zhang, Q.; Zhu, D.; Hu, Y.; Zhou, Z.; Yan, X.; Tian, H.; et al. Effect of intensive insulin therapy on
beta-cell function and glycaemic control in patients with newly diagnosed type 2 diabetes: A multicentre randomised parallel-group
trial. Lancet 2008, 371, 1753–1760. [CrossRef]

6. Oakes, N.D.; Cooney, G.J.; Camilleri, S.; Chisholm, D.J.; Kraegen, E.W. Mechanisms of liver and muscle insulin resistance induced
by chronic high-fat feeding. Diabetes 1997, 46, 1768–1774. [CrossRef]

7. Pinti, M.V.; Fink, G.K.; Hathaway, Q.A.; Durr, A.J.; Kunovac, A.; Hollander, J.M. Mitochondrial dysfunction in type 2 diabetes
mellitus: An organ-based analysis. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E268–E285. [CrossRef]

8. Campbell, J.E.; Newgard, C.B. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol.
2021, 22, 142–158. [CrossRef]

9. Uranga, R.M.; Bruce-Keller, A.J.; Morrison, C.D.; Fernandez-Kim, S.O.; Ebenezer, P.J.; Zhang, L.; Dasuri, K.; Keller, J.N. Intersection
between metabolic dysfunction, high fat diet consumption, and brain aging. J. Neurochem. 2010, 114, 344–361. [CrossRef]

10. Matheus, V.A.; Monteiro, L.; Oliveira, R.B.; Maschio, D.A.; Collares-Buzato, C.B. Butyrate reduces high-fat diet-induced metabolic
alterations, hepatic steatosis and pancreatic beta cell and intestinal barrier dysfunctions in prediabetic mice. Exp. Biol. Med. 2017,
242, 1214–1226. [CrossRef]

11. Ogihara, T.; Mirmira, R.G. An islet in distress: β cell failure in type 2 diabetes. J. Diabetes Investig. 2010, 1, 123–133. [CrossRef]
[PubMed]

12. Zhao, X.; An, X.; Yang, C.; Sun, W.; Ji, H.; Lian, F. The crucial role and mechanism of insulin resistance in metabolic disease. Front.
Endocrinol. 2023, 14, 1149239. [CrossRef] [PubMed]

13. Hardie, D.G. Minireview: The AMP-activated protein kinase cascade: The key sensor of cellular energy status. Endocrinology
2003, 144, 5179–5183. [CrossRef] [PubMed]

14. Kim, M.S.; Hur, H.J.; Kwon, D.Y.; Hwang, J.T. Tangeretin stimulates glucose uptake via regulation of AMPK signaling pathways
in C2C12 myotubes and improves glucose tolerance in high-fat diet-induced obese mice. Mol. Cell. Endocrinol. 2012, 358, 127–134.
[CrossRef] [PubMed]

15. Cheng, Z.; Tseng, Y.; White, M.F. Insulin signaling meets mitochondria in metabolism. Trends Endocrinol. Metab. 2010, 21, 589–598.
[CrossRef]

16. Carnagarin, R.; Dharmarajan, A.M.; Dass, C.R. Molecular aspects of glucose homeostasis in skeletal muscle—A focus on the
molecular mechanisms of insulin resistance. Mol. Cell. Endocrinol. 2015, 417, 52–62. [CrossRef]

17. Werner, E.D.; Lee, J.; Hansen, L.; Yuan, M.; Shoelson, S.E. Insulin resistance due to phosphorylation of insulin receptor substrate-1
at serine 302. J. Biol. Chem. 2004, 279, 35298–35305. [CrossRef]

18. Sun, W.X.; Lou, K.; Chen, L.J.; Liu, S.D.; Pang, S.G. Lipocalin-2: A role in hepatic gluconeogenesis via AMP-activated protein
kinase (AMPK). J. Endocrinol. Investig. 2021, 44, 1753–1765. [CrossRef]

19. Ren, Z.; Xie, Z.; Cao, D.; Gong, M.; Yang, L.; Zhou, Z.; Ou, Y. C-Phycocyanin inhibits hepatic gluconeogenesis and increases
glycogen synthesis via activating Akt and AMPK in insulin resistance hepatocytes. Food Funct. 2018, 9, 2829–2839. [CrossRef]

20. Saline, M.; Badertscher, L.; Wolter, M.; Lau, R.; Gunnarsson, A.; Jacso, T.; Norris, T.; Ottmann, C.; Snijder, A. AMPK and AKT
protein kinases hierarchically phosphorylate the N-terminus of the FOXO1 transcription factor, modulating interactions with
14-3-3 proteins. J. Biol. Chem. 2019, 294, 13106–13116. [CrossRef]

21. De Souza, C.T.; Frederico, M.J.; da Luz, G.; Cintra, D.E.; Ropelle, E.R.; Pauli, J.R.; Velloso, L.A. Acute exercise reduces hepatic
glucose production through inhibition of the Foxo1/HNF-4alpha pathway in insulin resistant mice. J. Physiol. 2010, 588, 2239–2253.
[CrossRef] [PubMed]

22. Ahmed, S.A.; Sarma, P.; Barge, S.R.; Swargiary, D.; Devi, G.S.; Borah, J.C. Xanthosine, a purine glycoside mediates hepatic glucose
homeostasis through inhibition of gluconeogenesis and activation of glycogenesis via regulating the AMPK/FoxO1/AKT/GSK3β
signaling cascade. Chem. Biol. Interact. 2023, 371, 110347. [CrossRef] [PubMed]

23. Suzuki, T.; Bridges, D.; Nakada, D.; Skiniotis, G.; Morrison, S.J.; Lin, J.D.; Saltiel, A.R.; Inoki, K. Inhibition of AMPK catabolic
action by GSK3. Mol. Cell 2013, 50, 407–419. [CrossRef] [PubMed]

24. Zhou, Y.X.; Xin, H.L.; Rahman, K.; Wang, S.J.; Peng, C.; Zhang, H. Portulaca oleracea L.: A review of phytochemistry and
pharmacological effects. Biomed. Res. Int. 2015, 2015, 925631. [CrossRef] [PubMed]

25. Zhu, H.B.; Wang, Y.Z.; Liu, Y.X.; Xia, Y.L.; Tang, T. Analysis of flavonoids in Portulaca oleracea L. by UV-vis spectrophotometry
with comparative study on different extraction technologies. Food Anal. Methods 2010, 3, 90–97.

26. Kumar, A.; Sreedharan, S.; Kashyap, A.K.; Singh, P.; Ramchiary, N. A review on bioactive phytochemicals and ethnopharmacolog-
ical potential of purslane (Portulaca oleracea L.). Heliyon 2021, 8, e08669. [CrossRef]

27. Petropoulos, S.; Karkanis, A.; Martins, N.; Ferreira, I.C.F.R. Phytochemical composition and bioactive compounds of common
purslane (Portulaca oleracea L.) as affected by crop management practices. Trends Food Sci. Technol. 2016, 55, 1–10. [CrossRef]

28. Park, J.E.; Seo, Y.; Han, J.S. HM-Chromanone Isolated from Portulaca oleracea L. Protects INS-1 Pancreatic β Cells against
Glucotoxicity-Induced Apoptosis. Nutrients 2019, 11, 404. [CrossRef]

29. Je, J.Y.; Park, J.E.; Seo, Y.; Han, J.S. HM-chromanone inhibits adipogenesis by regulating adipogenic transcription factors and
AMPK in 3T3-L1 adipocytes. Eur. J. Pharmacol. 2021, 892, 173689. [CrossRef]

30. Park, J.E.; Han, J.S. A bioactive component of Portulaca oleracea L., HM-chromanone, improves palmitate-induced insulin resistance
by inhibiting mTOR/S6K1 through activation of the AMPK pathway in L6 skeletal muscle cells. Toxicol. Res. 2022, 11, 774–783.
[CrossRef]

https://doi.org/10.1016/S0140-6736(08)60762-X
https://doi.org/10.2337/diab.46.11.1768
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1038/s41580-020-00317-7
https://doi.org/10.1111/j.1471-4159.2010.06803.x
https://doi.org/10.1177/1535370217708188
https://doi.org/10.1111/j.2040-1124.2010.00021.x
https://www.ncbi.nlm.nih.gov/pubmed/24843420
https://doi.org/10.3389/fendo.2023.1149239
https://www.ncbi.nlm.nih.gov/pubmed/37056675
https://doi.org/10.1210/en.2003-0982
https://www.ncbi.nlm.nih.gov/pubmed/12960015
https://doi.org/10.1016/j.mce.2012.03.013
https://www.ncbi.nlm.nih.gov/pubmed/22476082
https://doi.org/10.1016/j.tem.2010.06.005
https://doi.org/10.1016/j.mce.2015.09.004
https://doi.org/10.1074/jbc.M405203200
https://doi.org/10.1007/s40618-020-01494-0
https://doi.org/10.1039/C8FO00257F
https://doi.org/10.1074/jbc.RA119.008649
https://doi.org/10.1113/jphysiol.2009.183996
https://www.ncbi.nlm.nih.gov/pubmed/20421289
https://doi.org/10.1016/j.cbi.2023.110347
https://www.ncbi.nlm.nih.gov/pubmed/36627075
https://doi.org/10.1016/j.molcel.2013.03.022
https://www.ncbi.nlm.nih.gov/pubmed/23623684
https://doi.org/10.1155/2015/925631
https://www.ncbi.nlm.nih.gov/pubmed/25692148
https://doi.org/10.1016/j.heliyon.2021.e08669
https://doi.org/10.1016/j.tifs.2016.06.010
https://doi.org/10.3390/nu11020404
https://doi.org/10.1016/j.ejphar.2020.173689
https://doi.org/10.1093/toxres/tfac055


Nutrients 2024, 16, 3972 13 of 14

31. Park, J.E.; Son, J.; Seo, Y.; Han, J.S. HM-Chromanone Ameliorates Hyperglycemia and Dyslipidemia in Type 2 Diabetic Mice.
Nutrients 2022, 14, 1951. [CrossRef] [PubMed]

32. Lang, P.; Hasselwander, S.; Li, H.; Xia, N. Effects of different diets used in diet-induced obesity models on insulin resistance and
vascular dysfunction in C57BL/6 mice. Sci. Rep. 2019, 9, 19556. [CrossRef] [PubMed]

33. Reaven, G.M. Banting Lecture 1988. Role of insulin resistance in human disease. Nutrition 1988, 13, 65–66. [CrossRef]
34. Matthaei, S.; Stumvoll, M.; Kellerer, M.; Häring, H.U. Pathophysiology and pharmacological treatment of insulin resistance.

Endocr. Rev. 2000, 21, 585–618. [CrossRef]
35. Kahn, B.B.; Flier, J.S. Obesity and insulin resistance. J. Clin. Investig. 2000, 106, 473–481. [CrossRef]
36. Jung, M.; Park, M.; Lee, H.C.; Kang, Y.H.; Kang, E.S.; Kim, S.K. Antidiabetic agents from medicinal plants. Curr. Med. Chem. 2006,

13, 1203–1218. [CrossRef]
37. Tokarz, V.L.; MacDonald, P.E.; Klip, A. The cell biology of systemic insulin function. J. Cell Biol. 2018, 217, 2273–2289. [CrossRef]
38. Hatting, M.; Tavares, C.D.J.; Sharabi, K.; Rines, A.K.; Puigserver, P. Insulin regulation of gluconeogenesis. Ann. N. Y. Acad. Sci.

2018, 1411, 21–35. [CrossRef]
39. Ma, Q.G.; Wei, R.R.; Sang, Z.P.; Dong, J.H. Structurally diverse coumarin-homoisoflavonoid derivatives with hepatoprotective

activities from the fruits of Cucumis bisexualis. Fitoterapia 2021, 149, 104812. [CrossRef]
40. Muti1, A.F.; Pradana1, D.L.C.; Rahmi1, E.P. Extract of Caesalpinia sappan L. heartwood as food treatment anti-diabetic: A narrative

review. IOP Conf. Ser. Earth Environ. Sci. 2021, 755, 012042. [CrossRef]
41. Lin, L.G.; Liu, Q.Y.; Ye, Y. Naturally occurring homoisoflavonoids and their pharmacological activities. Planta Med. 2014, 80,

1053–1066. [CrossRef] [PubMed]
42. Ratner, R.E. Controlling postprandial hyperglycemia. Am. J. Cardiol. 2001, 88, 26H–31H. [CrossRef] [PubMed]
43. Unwin, N.; Shaw, J.; Zimmet, P.; Alberti, K.G. Impaired glucose tolerance and impaired fasting glycaemia: The current status on

definition and intervention. Diabet. Med. 2002, 19, 708–723. [CrossRef] [PubMed]
44. Monnier, L.; Lapinski, H.; Colette, C. Contributions of fasting and postprandial plasma glucose increments to the overall diurnal

hyperglycemia of type 2 diabetic patients: Variations with increasing levels of HbA(1c). Diabetes Care 2003, 26, 881–885. [CrossRef]
45. Weykamp, C. HbA1c: A review of analytical and clinical aspects. Ann. Lab. Med. 2013, 33, 393–400. [CrossRef]
46. Khalafallah, A.; Phuah, E.; Al-Barazan, A.M.; Nikakis, I.; Radford, A.; Clarkson, W.; Trevett, C.; Brain, T.; Gebski, V.; Corbould, A.

Glycosylated haemoglobin for screening and diagnosis of gestational diabetes mellitus. BMJ Open 2016, 6, e011059. [CrossRef]
47. UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose control with sulphonylureas or insulin compared

with conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). Lancet 1998, 352, 837–853.
[CrossRef]

48. Rachdaoui, N. Insulin: The Friend and the Foe in the Development of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 1770.
[CrossRef]

49. Wilcox, G. Insulin and insulin resistance. Clin. Biochem. Rev. 2005, 26, 19–39.
50. Jetton, T.L.; Lausier, J.; LaRock, K.; Trotman, W.E.; Larmie, B.; Habibovic, A.; Peshavaria, M.; Leahy, J.L. Mechanisms of

compensatory beta-cell growth in insulin-resistant rats: Roles of Akt kinase. Diabetes 2005, 54, 2294–2304. [CrossRef]
51. Wang, Q.; Jin, T. The role of insulin signaling in the development of β-cell dysfunction and diabetes. Islets 2009, 1, 95–101.

[CrossRef] [PubMed]
52. Fu, Y.; Luo, J.; Jia, Z.; Zhen, W.; Zhou, K.; Gilbert, E.; Liu, D. Baicalein Protects against Type 2 Diabetes via Promoting Islet β-Cell

Function in Obese Diabetic Mice. Int. J. Endocrinol. 2014, 2014, 846742. [CrossRef] [PubMed]
53. Fu, Z.; Gilbert, E.R.; Pfeiffer, L.; Zhang, Y.; Fu, Y.; Liu, D. Genistein ameliorates hyperglycemia in a mouse model of nongenetic

type 2 diabetes. Appl. Physiol. Nutr. Metab. 2012, 37, 480–488. [CrossRef] [PubMed]
54. Kruk, I.; Aboul-Enein, H.Y.; Michalska, T.; Lichszteld, K.; Kładna, A. Scavenging of reactive oxygen species by the plant phenols

genistein and oleuropein. Luminescence 2005, 20, 81–89. [CrossRef]
55. Gilbert, E.R.; Liu, D. Anti-diabetic functions of soy isoflavone genistein: Mechanisms underlying its effects on pancreatic β-cell

function. Food Funct. 2013, 4, 200–212. [CrossRef] [PubMed]
56. Moller, D.E.; Flier, J.S. Insulin resistance—Mechanisms, syndromes, and implications. N. Engl. J. Med. 1991, 325, 938–948.

[CrossRef]
57. Schultze, S.M.; Hemmings, B.A.; Niessen, M.; Tschopp, O. PI3K/AKT, MAPK and AMPK signalling: Protein kinases in glucose

homeostasis. Expert. Rev. Mol. Med. 2012, 14, e1. [CrossRef]
58. Lee, Y.W.; Pyo, Y.H. Monascus-fermented grain vinegar enhances glucose homeostasis through the IRS-1/PI3K/Akt and AMPK

signaling pathways in HepG2 cell and db/db mice. Food Sci. Biotechnol. 2022, 31, 1583–1591. [CrossRef]
59. Yamaguchi, S.; Katahira, H.; Ozawa, S.; Nakamichi, Y.; Tanaka, T.; Shimoyama, T.; Takahashi, K.; Yoshimoto, K.; Imaizumi, M.O.;

Nagamatsu, S.; et al. Activators of AMP-activated protein kinase enhance GLUT4 translocation and its glucose transport activity
in 3T3-L1 adipocytes. Am. J. Physiol. Endocrinol. Metab. 2005, 289, E643–E649. [CrossRef]

60. Arjunan, S.; Thangaiyan, R.; Balaraman, D. Biochanin A, a soy isoflavone, diminishes insulin resistance by modulating insulin-
signalling pathway in high-fat diet-induced diabetic mice. Arch. Physiol. Biochem. 2023, 129, 316–322. [CrossRef]

61. Guo, H.; Zhao, H.; Kanno, Y.; Li, W.; Mu, Y.; Kuang, X.; Inouye, Y.; Koike, K.; Jiang, H.; Bai, H. A dihydrochalcone and several
homoisoflavonoids from Polygonatum odoratum are activators of adenosine monophosphate-activated protein kinase. Bioorg.
Med. Chem. Lett. 2013, 23, 3137–3139. [CrossRef] [PubMed]

https://doi.org/10.3390/nu14091951
https://www.ncbi.nlm.nih.gov/pubmed/35565920
https://doi.org/10.1038/s41598-019-55987-x
https://www.ncbi.nlm.nih.gov/pubmed/31862918
https://doi.org/10.2337/diabetes.37.12.1595
https://doi.org/10.1210/edrv.21.6.0413
https://doi.org/10.1172/JCI10842
https://doi.org/10.2174/092986706776360860
https://doi.org/10.1083/jcb.201802095
https://doi.org/10.1111/nyas.13435
https://doi.org/10.1016/j.fitote.2020.104812
https://doi.org/10.1088/1755-1315/755/1/012042
https://doi.org/10.1055/s-0034-1383026
https://www.ncbi.nlm.nih.gov/pubmed/25153098
https://doi.org/10.1016/S0002-9149(01)01834-3
https://www.ncbi.nlm.nih.gov/pubmed/11576523
https://doi.org/10.1046/j.1464-5491.2002.00835.x
https://www.ncbi.nlm.nih.gov/pubmed/12207806
https://doi.org/10.2337/diacare.26.3.881
https://doi.org/10.3343/alm.2013.33.6.393
https://doi.org/10.1136/bmjopen-2016-011059
https://doi.org/10.1016/S0140-6736(98)07019-6
https://doi.org/10.3390/ijms21051770
https://doi.org/10.2337/diabetes.54.8.2294
https://doi.org/10.4161/isl.1.2.9263
https://www.ncbi.nlm.nih.gov/pubmed/21099255
https://doi.org/10.1155/2014/846742
https://www.ncbi.nlm.nih.gov/pubmed/25147566
https://doi.org/10.1139/h2012-005
https://www.ncbi.nlm.nih.gov/pubmed/22509809
https://doi.org/10.1002/bio.808
https://doi.org/10.1039/C2FO30199G
https://www.ncbi.nlm.nih.gov/pubmed/23160185
https://doi.org/10.1056/NEJM199109263251307
https://doi.org/10.1017/S1462399411002109
https://doi.org/10.1007/s10068-022-01146-4
https://doi.org/10.1152/ajpendo.00456.2004
https://doi.org/10.1080/13813455.2020.1820525
https://doi.org/10.1016/j.bmcl.2013.04.027
https://www.ncbi.nlm.nih.gov/pubmed/23639538


Nutrients 2024, 16, 3972 14 of 14

62. Zhang, H.; Yang, F.; Qi, J.; Song, X.C.; Hu, Z.F.; Zhu, D.N.; Yu, B.Y. Homoisoflavonoids from the fibrous roots of Polygonatum
odoratum with glucose uptake-stimulatory activity in 3T3-L1 adipocytes. J. Nat. Prod. 2010, 73, 548–552. [CrossRef] [PubMed]

63. Vinayagam, R.; Jayachandran, M.; Chung, S.S.M.; Xu, B. Guava leaf inhibits hepatic gluconeogenesis and increases glycogen
synthesis via AMPK/ACC signaling pathways in streptozotocin-induced diabetic rats. Biomed. Pharmacother. 2018, 103, 1012–1017.
[CrossRef] [PubMed]

64. Zhang, M.; Lv, X.; Li, J.; Meng, Z.; Wang, Q.; Chang, W.; Li, W.; Chen, L.; Liu, Y. Sodium caprate augments the hypoglycemic
effect of berberine via AMPK in inhibiting hepatic gluconeogenesis. Mol. Cell. Endocrinol. 2012, 363, 122–130. [CrossRef]

65. Wang, Q.; Wang, N.; Dong, M.; Chen, F.; Li, Z.; Chen, Y. GdCl3 reduces hyperglycaemia through Akt/FoxO1-induced suppression
of hepatic gluconeogenesis in Type 2 diabetic mice. Clin. Sci. 2014, 127, 91–100. [CrossRef]

66. Horike, N.; Sakoda, H.; Kushiyama, A.; Ono, H.; Fujishiro, M.; Kamata, H.; Nishiyama, K.; Uchijima, Y.; Kurihara, Y.; Kurihara,
H.; et al. AMP-activated protein kinase activation increases phosphorylation of glycogen synthase kinase 3beta and thereby
reduces cAMP-responsive element transcriptional activity and phosphoenolpyruvate carboxykinase C gene expression in the
liver. J. Biol. Chem. 2008, 283, 33902–33910. [CrossRef]

67. Jayaraman, R.; Subramani, S.; Sheik Abdullah, S.H.; Udaiyar, M. Antihyperglycemic effect of hesperetin, a citrus flavonoid,
extenuates hyperglycemia and exploring the potential role in antioxidant and antihyperlipidemic in streptozotocin-induced
diabetic rats. Biomed. Pharmacother. 2018, 97, 98–106. [CrossRef]

68. Qi, G.; Guo, R.; Tian, H.; Li, L.; Liu, H.; Mi, Y.; Liu, X. Nobiletin protects against insulin resistance and disorders of lipid
metabolism by reprogramming of circadian clock in hepatocytes. Biochim. Biophys. Acta. Mol. Cell Biol. Lipids. 2018, 1863, 549–562.
[CrossRef]

69. Johnson, J.L.; Rupasinghe, S.G.; Stefani, F.; Schuler, M.A.; Gonzalez de Mejia, E. Citrus flavonoids luteolin, apigenin, and quercetin
inhibit glycogen synthase kinase-3β enzymatic activity by lowering the interaction energy within the binding cavity. J. Med. Food
2011, 14, 325–333. [CrossRef]

70. Nie, J.P.; Qu, Z.N.; Chen, Y.; Chen, J.H.; Jiang, Y.; Jin, M.N.; Yu, Y.; Niu, W.Y.; Duan, H.Q.; Qin, N. Discovery and anti-diabetic
effects of novel isoxazole based flavonoid derivatives. Fitoterapia 2020, 142, 104499. [CrossRef]

71. Proença, C.; Oliveira, A.; Freitas, M.; Ribeiro, D.; Sousa, J.L.C.; Ramos, M.J.; Silva, A.M.S.; Fernandes, P.A.; Fernandes, E. Structural
Specificity of Flavonoids in the Inhibition of Human Fructose 1,6-Bisphosphatase. J. Nat. Prod. 2020, 83, 1541–1552. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/np900588q
https://www.ncbi.nlm.nih.gov/pubmed/20158245
https://doi.org/10.1016/j.biopha.2018.04.127
https://www.ncbi.nlm.nih.gov/pubmed/29710658
https://doi.org/10.1016/j.mce.2012.08.006
https://doi.org/10.1042/CS20130670
https://doi.org/10.1074/jbc.M802537200
https://doi.org/10.1016/j.biopha.2017.10.102
https://doi.org/10.1016/j.bbalip.2018.02.009
https://doi.org/10.1089/jmf.2010.0310
https://doi.org/10.1016/j.fitote.2020.104499
https://doi.org/10.1021/acs.jnatprod.0c00014
https://www.ncbi.nlm.nih.gov/pubmed/32364726

	Introduction 
	Materials and Methods 
	Preparation of Material 
	Study Animals 
	Tissue Collection 
	Western Blot Analysis 
	Blood Glucose Levels and Glycosylated Hemoglobin Levels 
	Serum Analysis 
	Pancreatic Histology and Morphometry 
	Statistical Analyzes 

	Results 
	Body Weight and Food Intake 
	Blood Glucose Levels 
	HbA1c, Serum Insulin, and HOMA-IR Levels 
	Pancreatic -Cell Histology 
	Expression of pAMPK and pACC in the Skeletal Muscle 
	Expression of IRS-1, PI3K, AKT, and PM-GLUT4 in the Skeletal Muscle 
	Expression of Factors Related to the AMPK and Akt Pathways in the Liver 

	Discussion 
	Conclusions 
	References

