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Purpose: Ginsenoside Rbl (Rbl), one of the crucial bioactive constituents in Panax ginseng C. A. Mey., possesses anti-type 2
diabetes mellitus (T2DM) property. Nevertheless, the precise mechanism, particularly the impact of Rb1l on hepatic glycogen
production, a crucial process in the advancement of T2DM, remains poorly understood. 15-hydroxyprostaglandin dehydrogenase (15-
PGDH) is responsible for prostaglandin E, (PGE,) inactivation. A recent study has reported that inhibition of 15-PGDH promoted
hepatic glycogen synthesis and improved T2DM. Therefore, herein, we aimed to investigate whether Rbl ameliorated T2DM through
15-PGDH/PGE,-regulated hepatic glycogen synthesis.

Methods: By combining streptozotocin with a high-fat diet, we successfully established a mouse model for T2DM. Afterward, these
mice were administered Rb1 or metformin for 8 weeks. An insulin-resistant cell model was established by incubating LO2 cells with
palmitic acid. Liver glycogen and PGE, levels, the expression levels of 15-PGDH, serine/threonine kinase AKT (AKT), and glycogen
synthase kinase 3 beta (GSK3f) were measured. Molecular docking was used to predict the binding affinity between 15-PGDH and
RbI.

Results: Rb1 administration increased the phosphorylation levels of AKT and GSK3 to enhance glycogen synthesis in the liver of
T2DM mice. Molecular docking indicated that Rb1 had a high affinity for 15-PGDH. Moreover, Rbl treatment resulted in the
suppression of elevated 15-PGDH levels and the elevation of decreased PGE, levels in the liver of T2DM mice. Furthermore, in vitro
experiments showed that Rbl administration might enhance glycogen production by modulating the 15-PGDH/PGE,/PGE, receptor
EP4 pathway.

Conclusion: Our findings indicate that Rbl may enhance liver glycogen production through a 15-PGDH-dependent pathway to
ameliorate T2DM, thereby offering a new explanation for the positive impact of Rbl on T2DM and supporting its potential as an
effective therapeutic approach for T2DM.

Keywords: ginsenoside Rbl, type 2 diabetes mellitus, 15-hydroxyprostaglandin dehydrogenase, prostaglandin E,, hepatic glycogen
synthesis

Introduction

By the year 2021, the global number of diabetes patients reached 537 million," with type 2 diabetes mellitus (T2DM)
constituting 90% of all diabetes instances.” As a pervasive global epidemic, T2DM not only exerts pressure on public
healthcare infrastructure but also imposes a growing economic burden on families. Since conventional treatment
strategies for T2DM usually have side effects,” active ingredients from medicinal plants may be promising treatment
strategies and deserve further study.
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The development of T2DM is greatly influenced by insulin resistance.* The liver is a vital organ responsible for
coordinating metabolic homeostasis.” In insulin resistance states, insulin fails to maintain hepatic glucose homeostasis,
leading to hyperglycemia,” therefore, improving hepatic insulin resistance may be critical in treating T2DM. Serine/
threonine kinase AKT (AKT) plays a vital role in regulating the insulin signaling pathway and governing hepatic glucose
metabolism.” AKT enhances the synthesis of glycogen by phosphorylating and suppressing the activity of glycogen
synthase kinase 3 beta (GSK3p).>® In the occurrence of hepatic insulin resistance, the insulin-induced activation of AKT
is hindered, leading to the suppression of glycogen synthesis in the liver and consequently causing an increase in blood
glucose levels.® Previous research has reported that the decreased hepatic glycogen synthesis contributed to T2DM
progression,” making the AKT/GSK3 signaling pathway a promising target for treating T2DM.

Prostaglandin E, (PGE,) is a vital lipid mediator that modulates various biological processes. Although PGE, has
been shown to promote inflammation, mounting studies have demonstrated that PGE, played positive roles in numerous
pathophysiological processes.®” PGE, has been shown to promote glycogen synthesis, thereby maintaining glucose
homeostasis.'® PGE, also reduced the activity of lipogenic enzymes and the level of tumor necrosis factor-o to inhibit
hepatic steatosis and inflammation.'""' The levels of PGE, are tightly controlled. The degradation of PGE, occurs
through the action of 15-hydroxyprostaglandin dehydrogenase (15-PGDH)."? Although previous studies have shown that
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the suppression of 15-PGDH activity promoted tissue regeneration and protected against tissue damage,
on T2DM is still not well clarified. In our recent investigation, we initially demonstrated that inhibition of 15-PGDH
activity promoted glycogen synthesis in mice with T2DM,'® indicating that targeting 15-PGDH could potentially
improve glucose metabolism abnormalities in T2DM.

Ginsenosides are the main bioactive ingredients of Panax ginseng C. A. Mey. (P. ginseng), and among the numerous
ginsenosides, ginsenoside Rb1 (Rbl) is considered the predominant component.'®'” Previous studies have demonstrated
notable anti-obesity and anti-diabetes properties of Rb1.>'®!” Rb1 can decrease body weight and fasting blood glucose
levels, ameliorate impaired glucose tolerance and insulin resistance, and attenuate liver steatosis.>*° However, the effect
and mechanism of Rbl on hepatic glycogen synthesis is still unclear. Hence, the objective of this research was to
investigate whether Rb1 promoted hepatic glycogen synthesis and improved T2DM by reducing the expression of 15-
PGDH in vivo (based on a T2DM mouse model induced by a high-fat diet/streptozotocin injection) and in vitro

(employing an insulin-resistant cell model induced by palmitic acid treatment).

Materials and Methods

Resources

Sigma-Aldrich (St. Louis, MO, USA) provided streptozotocin (S0130) and palmitic acid (P5585). Prostaglandin E,
receptor EP4 (EP4) inhibitor CJ-42794 (C4037) was acquired from APExXBIO (Houston, TX, USA). Cell Signaling
Technology (Danvers, MA, USA) provided the following antibodies: anti-AKT (9272, 1:1000), anti-phosphorylated (p)-
AKTS™73 (9271, 1:1000), anti-B-actin (3700, 1:2000), anti-rabbit secondary antibody (7074, 1:3000), and anti-mouse
secondary antibody (7076, 1:3000). The anti-15-PGDH antibody (ab187161, Abcam, Cambridge, MA, USA) was diluted
at a ratio of 1:1000. The anti-p-GSK3B° antibody (AF2016, 1:1000) was obtained from Affinity Biosciences
(Cincinnati, USA). The anti-GSK3p antibody (22104-1-AP, 1:1000) was obtained from Proteintech (Rosemont, IL,
USA). Rbl was obtained from PUSH BIO-TECHNOLOGY (Chengdu, China).

Animal Experiments

Male C57BL/6] mice were kept in a specific pathogen-free environment at the animal center of Guangdong
Pharmaceutical University. Approval for all animal studies was obtained from the Animal Experimentation Ethics
Committee of Guangdong Pharmaceutical University (Approval number: gdpulacspf2017586). Animal experiments
followed the NIH guidelines for the care and use of laboratory animals (8th edition). Mice were kept in a room with
a controlled temperature of 25 +2 °C, with a light/dark cycle of 12 h/12 h. Mice were given unrestricted access to food
and water during the entire study.
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All mice underwent a one-week acclimatization period before the commencement of the experiments. The control
group (Ctrl, n = 6) mice were given a chow diet, whereas the remaining mice (n = 24) were induced to develop T2DM by
combining a high-fat diet (HF60, Dyets, Bethlehem, PA, USA) with streptozotocin injection. Mice were given a high-fat
diet for 4 consecutive weeks.?' Subsequently, the mice received intraperitoneal injections of streptozotocin (30 mg/kg of
body weight) for 3 continuous days.?'** Two weeks after injection of streptozotocin, mice with fasting blood glucose
exceeding 11.1 mmol/L*' were randomly assigned to 4 groups: T2DM group (T2DM, n = 6), 20 mg/kg Rbl-treated
group (L-Rbl, n = 6), 50 mg/kg Rbl-treated group (H-Rbl, n = 6), and 250 mg/kg metformin-treated group (MET,
n = 6). Rbl or metformin was given orally for 8 consecutive weeks, with the doses of Rbl or metformin being
determined based on prior studies.”> ** After 8 weeks of drug treatment, the blood and liver specimens were gathered
subsequent to a 12 h fasting duration. After anesthesia with 3% isoflurane, blood samples were obtained through retro-
orbital bleeding, and euthanasia was performed by cervical dislocation.”**® The schematic diagram of animal experiment
process is presented in Figure S1.

Biochemical Analysis

An ELISA kit (E-EL-0034c) brought from Elabscience (Wuhan, China) was utilized to measure the levels of PGE; in the
liver. Liver glycogen levels were measured using a glycogen assay kit (A043-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Periodic Acid-Schiff (PAS) Staining

The PAS staining kit was purchased from Servicebio (Wuhan, China). The liver specimens were fixed using 4%
paraformaldehyde, embedded with paraffin, and cut into 4 pum-thick slices. The paraffin-embedded slices underwent
dewaxing using xylene, followed by rehydration with ethanol and rinsing with distilled water. After being oxidized with
0.5% periodic acid for 15 min, each section was stained with Schiff reagent for 10 min, washed with distilled water for 5
min, and then counterstained with hematoxylin for 30 sec. Sequentially, the slices underwent washing, dehydration, and
sealing. The microscope (Olympus, Tokyo, Japan) was used to obtain pictures of the stained sections.

Molecular Docking

The structure of Rb1l was provided by the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The Protein Data
Bank (PDB) (https://www.pdb.org/) provided the crystal structure of 15-PGDH. Rb1 was identified as the ligand, and the
15-PGDH protein was designated as the receptor. The original ligand of 15-PGDH protein and water molecules were

eliminated using PyMOL (version 4.3.0). Tasks such as hydrogenation, constructing a docking grid box for the protein,
and converting the PDB format to PDBQT were carried out using AutoDockTools (version 4.2). Then, AutoDock Vina
(version 1.1.2) was employed for molecular docking analysis. The docking result was displayed as binding free energy,
which serves as an indicator of binding affinity. A lower binding energy represents a higher binding affinity between the
protein and the ligand.

Western Blot Analysis

Liver specimens and LO2 cells were obtained and then lysed in RIPA buffer (Solarbio, Beijing, China), which included
inhibitors for proteases and phosphatases (Thermo Fisher Scientific, Waltham, MA, USA). The BCA protein assay kit
(Solarbio) was used to measure the concentration of protein. Following separation using SDS-PAGE, the proteins were
transferred onto a PVDF transfer membrane (IPVH00010, Millipore, Burlington, MA, USA). The Western blot assays
were conducted following a standard procedure as previously described.'® The Western blot images were quantified using
the Image Lab software (Bio-Rad, Hercules, CA, USA).

Cell Experiments

LO2 hepatocytes were brought from the Cell Bank of The Chinese Academy of Sciences (Shanghai, China). LO2 cells
were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Waltham, MA, USA), which contained 10% fetal bovine
serum (Gibco) and 1% penicillin/streptomycin (Wisent, Montreal, QC, Canada). The dose and incubation time of
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palmitic acid,>® Rb1,%° and CJ-42794'> were chosen based on previous studies. To induce insulin resistance in LO2 cells,
palmitic acid was added at a concentration of 250 uM for 24 h. Insulin-resistant LO2 cells were then treated with Rb1 (20
uM) or a combination of Rbl (20 uM) and CJ-42794 (40 nM) for 24 h.

The measurement of glucose consumption was conducted using a glucose assay kit (F006-1-1, Nanjing Jiancheng
Bioengineering Institute) as previously described.’® An ELISA kit (E-EL-0034c, Elabscience) was utilized to measure
the PGE, levels in the supernatant of the cell culture medium.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 (La Jolla, CA, USA). To compare the average values among
different groups, one-way ANOVA was employed, followed by the application of Tukey’s test. The data were presented
in the form of mean + standard deviation (SD). A significance level of P < 0.05 was deemed to be statistically significant.

Results
Rb| Treatment Increases Hepatic Glycogen Levels in T2DM Mice

Previously, we have reported that Rb1 treatment reduces fasting blood glucose levels in T2DM mice.”° Nevertheless, the
precise mechanism is still not well clarified. The liver plays a crucial role in regulating glucose metabolism.® In response
to insulin stimulation, the liver can store glucose as glycogen.’’ Given that reduced hepatic glycogen synthesis is
associated with increased blood glucose levels and contributes to the advancement of T2DM, the liver was collected for
further examination.®” The glycogen levels in different groups were visualized by PAS staining (Figure 1A). Under the
same area, compared to the control group, a significant decrease in the amount of PAS staining was observed in T2DM
mice, however, this decrease was markedly increased after administration of Rbl or metformin (Figure 1A), which is
consistent with the result of a glycogen assay kit (Figure 1B).

Rbl Promotes Hepatic Glycogen Synthesis in T2DM Mice by Modulating the AKT/
GSK3p Signaling Pathway

AKT is a key kinase in the insulin signaling pathway and serves as a pivotal regulator in the maintenance of glucose
homeostasis.” AKT can phosphorylate and inactivate GSK3p, therefore promoting glycogen synthesis.” AKT phosphor-
ylation is decreased in the state of insulin resistance, leading to the activation of GSK3[ and a decrease in glycogen

A

B

=

2 201

£

S 15

2

< Fkk ek

810- *kk

s s{ |

=]

g‘ 0' m T

o Q
S N > &
CHLFENS

Figure | Rbl treatment enhances hepatic glycogen levels in type 2 diabetes mellitus (T2DM) mice. (A) Liver samples were obtained from control mice (Ctrl), T2DM mice,
mice treated with 20 mg/kg of Rbl (L-Rbl), mice treated with 50 mg/kg of Rbl (H-Rbl), and mice treated with 250 mg/kg of metformin (MET) and conducted periodic acid-
Schiff staining. Scale bar = 50 pm. The upper right corner box refers to the coloring area of PAS under the same area. (B) Liver glycogen levels; n = 6. "#P < 0001 vs the
Ctrl group; **P < 0.001 vs the T2DM group.
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synthesis.” The Western blot analysis demonstrated a decrease in the hepatic phosphorylation levels of AKTS™*7* and
GSK3p5" in the T2DM group, however, these phosphorylation levels were up-regulated following the administration of
Rb1 or metformin (Figure 2A—C). These results suggest that Rbl might promote hepatic glycogen synthesis to prevent
T2DM progression through the AKT/GSK3p signaling pathway.

Rbl Treatment Decreases the 15-PGDH Expression Level in the Liver of T2DM Mice
15-PGDH is a dehydrogenase that is responsible for PGE, degradation. In a recent study, we demonstrated for the first
time that administration of 15-PGDH inhibitor resulted in an increase in hepatic glycogen synthesis in T2DM mice."”
Given that 15-PGDH may be a core regulator in Rb1l-ameliorated T2DM, molecular docking analysis was performed to
investigate the potential interaction between Rbl and 15-PGDH (Figure 3A). The molecular docking result suggested
that Rbl may interact with 15-PGDH, as indicated by binding free energy of —6.2 kcal/mol. Moreover, as shown in
Figure 3A, Rbl may interact with several amino acids of 15-PGDH protein, such as Vall59, Serl164, and Tyr263.

Western blot analysis found that Rbl or metformin treatment decreased the up-regulated 15-PGDH expression level
in the liver of T2DM mice (Figure 3B and C). Moreover, the levels of PGE, in the liver were assessed in different
groups. In the T2DM group, the hepatic PGE, levels were lower compared to the control group, and Rb1 or metformin
treatment significantly enhanced the PGE, levels (Figure 3D). These findings indicate that 15-PGDH may be a crucial
regulator in Rbl-ameliorated T2DM.

Rbl Enhances Glycogen Synthesis by Regulating the 15-PGDH/PGE,/EP4 Pathway

Insulin resistance is a key feature of T2DM.* Therefore, palmitic acid-induced insulin-resistant LO2 hepatocytes were
used in the following experiments. The cells treated with palmitic acid showed a decrease in glucose consumption,
indicating the successful creation of an insulin-resistant cell model (Figure 4A). Furthermore, the administration of Rb1
resulted in an enhancement of glucose consumption in LO2 cells, suggesting the beneficial impact of Rbl on insulin
resistance in vitro (Figure 4A). Moreover, we found that Rb1 reduced the elevated protein expression level of 15-PGDH
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Figure 2 Rb| treatment enhances hepatic glycogen production by regulating the AKT/GSK3p signaling pathway in T2DM mice. (A) Levels of AKT, p-AKT**™73, GSK3p, and
p-GSK3B5er9 were analyzed using Western blot analysis. -actin was used as the control for loading. (B) The bar chart displayed the quantitative data of p-AKTser"n/AKT/B-
actin obtained from Western blot analysis. (C) The bar chart displayed the quantitative data of p-GSK3p**"*/GSK3p/B-actin obtained from Western blot analysis. n = 4.
###p < 0.001 vs the Ctrl group; *P < 0.05, #*P < 0.01, **P < 0,001 vs the T2DM group.
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Figure 3 15-hydroxyprostaglandin dehydrogenase (15-PGDH) is a vital regulator of Rb1 in preventing T2DM. (A) Molecular docking analysis of the interaction between Rbl
and 15-PGDH. (B) The hepatic expression level of |5-PGDH was analyzed using Western blotting analysis. -actin was used as the control for loading. (C) The bar chart
displayed the quantitative data of 15-PGDH/B-actin obtained from Western blot analysis; n = 4. (D) Hepatic prostaglandin E, (PGE,) levels; n = 6. “#P < 0,001 vs the Ctrl
group; *P < 0.05, ¥*P < 0.01, ***P < 0.001 vs the T2DM group.

caused by palmitic acid treatment (Figure 4B and C). Accordingly, Rbl enhanced the decreased PGE, levels caused by
palmitic acid induction (Figure 4D). These results suggest that Rbl might promote glycogen production through the
regulation of the 15-PGDH/PGE, signaling pathway.

In our prior investigation, it was demonstrated that the direct application of PGE, increased the reduced levels of
phosphorylation in AKT (Ser473) and GSK3p (Ser9) in cells treated with palmitic acid, suggesting the role of PGE, in
the regulation of the AKT/GSK3 signaling pathway.'> PGE, activates downstream signaling pathways through four
trans-membrane receptors, prostaglandin E, receptor EP1-4 (EP1-4). EP4 is abundantly expressed in the liver, and
multiple studies have indicated that activation of EP4 improved T2DM.?** Thus, we next examined whether Rbl
promoted glycogen synthesis through EP4. Following the administration of palmitic acid, the levels of phosphorylation
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Figure 4 Rbl decreases the 15-PGDH level and increases the PGE, level in palmitic acid-treated LO2 cells. (A) Glucose consumption was measured in control (Ctrl),
palmitic acid-treated (PA), and palmitic acid+ Rbl-treated (PA+Rb1) LO2 cells. (B) The expression level of 15-PGDH was analyzed using Western blotting analysis. -actin
was used as the control for loading. (C) The bar chart displayed the quantitative data of |5-PGDH/B-actin obtained from Western blot analysis. (D) Levels of PGE, in the
LO2 cell culture medium. n = 3. ¥P < 0.01, **P < 0.001.

for AKT (Ser473) and GSK3p (Ser9) experienced a notable decrease, however, co-treatment of Rb1 and palmitic acid
up-regulated the phosphorylation levels of AKT and GSK3 (Figure SA—C). Furthermore, palmitic acid-treated cells
were subjected to the administration of Rb1 and CJ-42794, an EP4 inhibitor, and observed a reduction in AKT and
GSK3p phosphorylation levels compared to cells treated with palmitic acid and Rbl (Figure SA—C). These results
indicate that Rb1 might promote glycogen synthesis by modulating the EP4/AKT/GSK3p signaling pathway.

Discussion

Previous therapeutic options in treating T2DM, such as sulfonylureas, biguanides, a-glucosidase inhibitors, thiazolidi-
nedione, glucagon-like peptide 1 receptor agonists, and sodium/glucose cotransporter 2 inhibitors, often have various side
effects, including hypoglycemia, gain of weight, gastrointestinal events, hypotension, and drug resistance.®>>=° Rbl can
be extracted from P, ginseng and has been shown to exert anti-diabetic effects through numerous targets and mechanisms,
thus, Rbl administration may be a promising strategy in T2DM treatment.’ Herein, we examined the molecular
mechanism of Rbl on hepatic glycogen synthesis in a T2DM mouse model induced by a high-fat diet combined with

streptozotocin, as well as in an insulin-resistant cell model induced by palmitic acid.
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Figure 5 EP4 is involved in RbI-promoted glycogen synthesis. (A) Levels of AKT, p-AKTser"B. GSK3B, and p-GSK3BSE'9 in control (Ctrl), palmitic acid-treated (PA), palmitic
acid+Rb|-treated (PA+Rbl), and palmitic acid+Rb|+EP4 inhibitor CJ-42794-treated (PA+Rb|+CJ-42794) LO2 cells were analyzed using Western blot analysis. B-actin was
used as the control for loading. (B) The bar chart displayed the quantitative data of p-AKT**"*3/AKT/B-actin obtained from Western blot analysis. (C) The bar chart
displayed the quantitative data of p-GSK3(°°"*/GSK3p/p-actin obtained from Western blot analysis. n = 3. *P < 0.05, **P < 0.01, ** < 0.001.

T2DM is characterized by impaired glucose homeostasis, which is mainly owing to insulin resistance in target organs
and tissues.” As a core insulin target organ, the liver exerts vital roles in controlling blood glucose homeostasis.”’ The
liver is a main organ for glycogen storage. In the postprandial condition, additional glucose in the blood is stored as
glycogen in hepatocytes.’ Under physiological conditions, glycogen synthesis promotes glucose uptake and storage and
maintains glucose homeostasis.>® However, in metabolic diseases, such as T2DM, hepatic insulin resistance occurs, liver
glycogen synthesis decreases, and subsequently leads to the elevation of blood glucose levels.>® AKT plays a vital role in
the insulin signaling pathway.” AKT can be activated by phosphorylation at Ser473.> The activated AKT alleviates
T2DM by phosphorylating and inhibiting GSK3f activity, which activates glycogen synthase to promote glycogen
synthesis.>® In this current investigation, we observed that T2DM mice exhibited reduced hepatic glycogen content.
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Furthermore, the hepatic AKT®™7* and GSK3p5°" phosphorylation levels were significantly decreased in T2DM mice,
indicating the occurrence of insulin resistance in the liver.

According to reports, Rb1 has shown positive effects on T2DM by reducing fasting blood glucose levels, improving
impaired glucose tolerance and insulin sensitivity, and decreasing body weight gain and fat accumulation.'® 2% As for
maintaining glucose homeostasis in the liver, Rb1 has been demonstrated to enhance the rate of liver glycogen synthesis
and suppress hepatic gluconeogenesis, thereby improving liver glucose metabolism.>**° Mechanistically, Rb1 inhibited
the cAMP/CREB/MPCI1 signaling to down-regulate pyruvate carboxylase and up-regulate pyruvate dehydrogenase, thus
inhibiting gluconeogenesis.>* However, the effects and mechanisms of Rb1 on hepatic glycogen synthesis need further
investigation. Herein, we discovered that Rb1 administration enhanced hepatic glycogen content in T2DM mice. Further
investigations found that Rb1 administration significantly increased hepatic AKTS™”* and GSK3p™ phosphorylation
levels in T2DM mice, indicating that Rbl may promote glycogen synthesis by regulating AKT/GSK3f signaling
pathway.

15-PGDH catalyzes the dehydrogenation of PGE, and leads to PGE, inactivation.*'*? 15-PGDH is widely expressed in
mammalian tissues, especially with higher expression in the liver, lung, bladder, small intestine, and colon.** Accumulating
studies indicate that 15-PGDH has negative impacts on various pathophysiological processes and inhibiting 15-PGDH is
regarded as a promising therapeutic strategy in promoting tissue repair and regeneration, preventing organ damage, and
resisting aging.*'*** 15-PGDH inhibition or knockdown promoted liver, bone marrow, and colon regeneration and repair.'® The
expression level of 15-PGDH was elevated in acute kidney injury caused by lipopolysaccharide induction, whereas 15-PGDH
inhibition enhanced PGE, levels and improved kidney injury.* Similarly, 15-PGDH expression was elevated among
individuals diagnosed with idiopathic pulmonary fibrosis, and inhibition of 15-PGDH improved pulmonary performance,
reduced apoptosis of alveolar epithelial cells, and inhibited fibroblasts proliferation.** A recent study found that in aged mice,
the activity and expression of 15-PGDH were significantly increased, and led to decreased PGE, levels, while inhibiting 15-
PGDH raised PGE, levels, bolstered mitochondrial function, and enhanced both muscle mass and strength.*' However, tumor
development may be inhibited by 15-PGDH. The presence of 15-PGDH was universally lacking in human colon cancer and
15-PGDH knockout mice had increased colon tumorigenesis and were more sensitive to the carcinogen azoxymethane.*
Nevertheless, the effects and mechanisms of 15-PGDH on T2DM remain poorly understood. Our latest study indicated that
inhibition of 15-PGDH promoted glycogen synthesis in T2DM mice, implying a potential link between 15-PGDH and T2DM
progression.' In the current investigation, molecular docking analysis first indicated that Rb1 exhibited a prospective binding
affinity with 15-PGDH, specifically binding to the C-terminal region of this enzyme. Interestingly, previous studies have
shown a high correlation between the catalytic effectiveness of 15-PGDH and its C-terminal region.***” Mechanistically, the
efficiency of 15-PGDH in catalyzing prostaglandin oxidation can be influenced by the C-terminal region.***” Subsequently,
Western blot analysis was conducted and determined that in T2DM mice or insulin-resistant cells, the 15-PGDH expression
levels were increased, while administration of Rbl reduced the levels of 15-PGDH both in vivo and in vitro. These results
suggest that 15-PGDH may be a core regulator in Rbl-ameliorated T2DM.

PGE, is a vital lipid mediator in numerous biological processes. PGE, was once regarded as a pro-inflammatory
factor with detrimental effects; nevertheless, an increasing number of studies have indicated its beneficial roles in
metabolic processes.®”** PGE, can alleviate insulin resistance, protect hepatocytes, and promote anti-inflammatory M2
macrophage polarization, suggesting its protective roles in T2DM.*%*? PGE, can bind to four trans-membrane receptors,
namely EP1-4, and EP4 has a high expression in the liver.>?> EP4 activation improved insulin sensitivity and glucose
tolerance and reduced the levels of pro-inflammatory cytokines.”®> By binding to EP4, PGE, inhibited the NF-xB
heterodimer p50/p65 formation and prevented M1 macrophage activation.® Furthermore, in hepatocytes, EP4 inhibition
hampered the increased glycogen synthesis and reduced gluconeogenesis caused by PGE, administration,'” suggesting
the vital role of EP4 in regulating hepatic glucose homeostasis. In the present study, we found that the administration of
Rb1 increased the reduced PGE, levels in mice with T2DM or insulin-resistant cells, indicating the involvement of PGE,
in Rbl-ameliorated T2DM. Furthermore, in vitro studies showed that EP4 inhibition blocked the increased phosphoryla-
tion levels of AKT ™7 and GSK3p>*™ caused by Rbl treatment. Therefore, we speculate that Rbl might promote
glycogen synthesis and prevent T2DM progression by regulating the 15-PGDH/PGE,/EP4/AKT/GSK3p signaling
pathway.

Diabetes, Metabolic Syndrome and Obesity 2023:16 heeps: 3231

Dove:


https://www.dovepress.com
https://www.dovepress.com

Liang et al Dove

Rb1

:

i

: J/ o U

: / ‘

: 4 M

¥ / AKT " |
15-PGDH | —> PGE, | l

GsK3g 1|

|

Glycogen synthesis ]

|

Ameliorate T2DM

Figure 6 Graph illustrating how Rbl administration prevents T2DM. Hepatic |5-PGDH expression level is decreased following Rbl treatment, resulting in increased PGE,
levels in the liver. PGE, binds to the prostaglandin E, receptor EP4, leading to the phosphorylation and activation of AKT, which results in an enhanced phosphorylation level
of GSK3p. The phosphorylated GSK3B promotes glycogen synthesis and ameliorates T2DM.

Our study has several limitations that should be considered. Firstly, our experiment focused on administering Rbl
after T2DM modeling and investigated its therapeutic effect on treating T2DM. However, whether Rbl can prevent the
occurrence of T2DM deserves further exploration. Additionally, our investigation only examined the effect of Rbl on
high-fat diet/streptozotocin-induced T2DM mice. It would be valuable to investigate whether Rb1 can inhibit disease
progression in db/db mice, a spontancous T2DM mice model, and explore the underlying mechanisms. Lastly, our
current study focused on the effect of Rb1 on liver glycogen synthesis. It would be worthwhile to investigate the effects
and mechanisms of Rbl on the pancreas and other insulin-target tissues, such as adipose tissue and skeletal muscle.

Conclusion

In conclusion, this study suggests that Rbl may prevent T2DM progression via the promotion of hepatic glycogen synthesis,
at least partially through regulation of the 15-PGDH/PGE,/EP4 pathway (Figure 6). These results indicate that Rbl,
a compound that improves hepatic glucose metabolism, may offer a promising treatment strategy for T2DM. However,
additional experiments investigating the effects of Rb1 on T2DM mice, apart from hepatic glycogen synthesis, are necessary.
In the future, it would be worthwhile to investigate whether the combined use of Rbl and other conventional drugs could be
more effective in T2DM treatment. Furthermore, it would be valuable to explore the downstream effects of the 15-
PGDH/PGE,/EP4 pathway, other than influencing glycogen synthesis, which could enhance our understanding of the
pathological mechanisms of T2DM and might provide new targets for the clinical treatment of T2DM.
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