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Context: Shengmai San (SMS) is a traditional Classic Recipes made with Panax ginseng, Ophiopogon, and Schisandra. The precise
mechanism of action of SMS remains unclear, despite its noteworthy therapeutic advantages for type 2 diabetes mellitus (T2DM).
Objective: The objective of this study was to confirm the mechanism of SMS in the treatment of T2DM.

Materials and Methods: UPLC-MS/MS was employed to identify the active components in SMS. Using network pharmacology, the
intervention pathways of SMS in T2DM rats were investigated. A high-sugar, high-fat diet and intrabitoneal injection of streptozotocin
were used to create a T2DM rat model. The serum parameters of each group were assessed following the completion of the
experiment. The mRNA and protein expression levels of genes related to the PI3K/AKT/GSK3B pathway were analyzed using qRT-
PCR and Western blot.

Results: There were 39 components found in SMS San by UPLC-Q-Orbitrap/MS. Network pharmacology and molecular docking
study indicate that the PI3K/AKT/GSK3B pathway may be a part of SMS’s therapeutic mechanism for the treatment of T2DM. Rats’
serum levels of TC, TG, LDL-C, MDA, TNF-a, and IL-6 dramatically dropped after taking SMS, whereas SOD and HDL-C levels
rose. The improvement of these parameters may be related to SMS activation of downstream target proteins, PI3K, and AKT.
Conclusion: SMS can help cure T2DM mellitus by regulating the PI3K/AKT/GSK3B pathway, improving islet tissue injury, reducing
oxidative stress, and easing lipid metabolism issues. This study not only revealed the unique therapeutic mechanism of SMS by
regulating the PI3K/AKT/GSK3p signaling pathway, but also provided new theoretical support for multi-target and personalized
treatment of diabetes. Its novelty lies in the first exploration of the mechanism of action of traditional Chinese medicine prescriptions
through the lens of modern molecular biology, emphasizing the potential of natural medicines in diabetes treatment.
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Introduction

In recent years, the incidence of diabetes has steadily increased. Epidemiological studies estimate that the global number
of diabetic patients will rise from 371 million in 2000 to 589 million by 2025, with a further increase to 643 million by
2030." Type 1 diabetes mellitus (T1DM), Type 2 diabetic mellitus (T2DM), gestational diabetes mellitus, and other forms
are the four categories of diabetes. T2DM accounts for a noteworthy 90% of all occurrences of diabetes.? Cardiovascular
disease is the leading cause of death in individuals with diabetes. Diabetes not only elevates the risk of cardiovascular
damage but also contributes to subclinical blood sugar increases, which raise A1C levels even in individuals who do not
meet the diagnostic criteria for diabetes. In individuals without diabetes, it also leads to subclinical cardiovascular
dysfunction and an increased risk of developing overt cardiovascular disease. T2DM is a chronic metabolic disorder
characterized by reduced insulin sensitivity, impaired glucose and lipid metabolism, or related metabolic imbalances.’ Its
pathogenesis may be linked to lipid metabolism disorders, where oxidative stress leads to islet tissue damage, decreased
insulin secretion, reduced glucose uptake, diminished glycogen synthesis, increased glycogen breakdown, and elevated
blood glucose levels. Current treatments for diabetes primarily involve oral hypoglycemic agents or insulin injections.*
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SMS treats T2DM by activating the
Improve the effect after treatment PI3K/AKT/GSK3B pathway

Drugs used to treat T2DM include insulin, biguanides, glucagon-like peptide-1 (GLP-1) agonists, sulfonylureas, and
thiazolidinediones.”® However, common side effects of biguanides include gastrointestinal issues such as nausea,
indigestion, diarrhea, and lactic acidosis, with mortality rates as high as 50% if lactic acidosis occurs.””
Hypoglycemia is the most serious adverse effect of insulin therapy, and severe cases can lead to headache, dizziness,
confusion, coma, shock, and even death.'” Diabetes, formerly known as “thirst disease” in ancient Chinese medical
writings, has a lengthy history of treatment in traditional Chinese medicine. The “SuWen - Strange Disease” was the first
to document this condition, while the “Huangdi’s Internal Classic” described it as Xiaoshi, Phyrexia, or Xiaozhong based
on its symptoms and pathogenesis.'" According to traditional Chinese medicine, the primary causes of this condition are
overconsumption of fatty and sweet foods, emotional disturbances, and deficiencies in the five viscera, with Yin
deficiency and dry heat as the main pathogenic factors.'> Herbal formulas such as Huangqintalishi decoction,'
Sanhuang decoction,'* and Wuling San'*'® have become focal points in T2DM research. The phosphatidylinositol
3-kinase/protein kinase B/Glycogen Synthase Kinase 3 Beta (PI3K/AKT/GSK3B) signaling pathway is one of the major
insulin signaling pathways, regulating processes such as cell proliferation, autophagy, and inflammation. It controls
various biological processes, including cell proliferation, autophagy, and the inflammatory response. The PI3K/Akt/
GSK3B signaling pathway plays a crucial role in regulating cell growth and metabolism. Activated in response to insulin,
it regulates key metabolic processes, including glucose and lipid metabolism, as well as protein synthesis.

SMS comes from Medical Qiyuan written by Zhang Element in the Jin Dynasty.'” It is composed of Panax ginseng,
Ophiopogon and Schisandrae. Panax ginseng consists of the dried roots and rhizomes of Panax ginseng C. A. Mey.,
a plant of the Araliaceae family. Ophiopogon consists of the dried tuberous roots of Ophiopogon japonicus (L.f). Ker-
Gawl, a plant of the Liliaceae family. Schisandrae consists of the dried mature fruits of Schisandra chinensis (Turcz).
Baill., a plant of the Magnoliaceae family. It has the effect of beneficial qi and promoting fluid, restraining Yin and
preventing perspiration. Ophiopogon Gan cold, nourishing Yin Qingheat, moistening lung Shengjin, as minister medi-
cine, When Panax ginseng and Ophiopogon are used together, the benefits of invigorating qi and nourishing Yin are
enhanced. Schisandric acid warm, collect lung antiperspirant, produce fluid to quench thirst, for adjuvant medicine; Three
medicines used in combination, one tonifying, one moistening and one restraining, invigorating qi and nourishing Yin,
promoting fluid to quench thirst, and restraining Yin and stopping perspiration.'® This study aims to explore the
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pharmacodynamic evaluation and mechanism of SMS in the treatment of T2DM, and evaluate the influence of SMS on
T2DM through network pharmacology, qRT-PCR, WB and other methods, hoping to provide a new theoretical basis for
the treatment of T2DM and provide theoretical support for clinical application.

Materials and Methods

Instrument

UPLC-Q-Exactive Orbitrap/MS was used for qualitative composition analysis of SMS chemical composition. KQ-250DE
type CNC ultrasonic cleaner was used to promote the dissolution of drugs. The mRNA of rat liver tissue was detected by
Real-time fluorescence quantitative PCR instrument. Blood glucose meter (model 2205076630, Yuyue Group), Blood
glucose test paper was used to detect blood glucose in rats. The serum parameters of rats were detected by enzyme label
instrument.

Drugs and Reagents

Decoction pieces of Panax Ginseng (220602), Ophiopogon (231204611), Schisandra (20230901) were purchased from
Kyushu Shanghai Medical Center, Kangmei Pharmaceutical Co., LTD., Guangdong Huizun Traditional Chinese
Medicine Decoction Pieces Co., LTD., Panax ginseng C.A. Mey. (Panax ginseng): The dried roots and rhizomes of
Ophiopogon japonicus (L.f). Ker-Gawl (dried root tubers), and Schisandra chinensis (Turcz). Baill (dried ripe fruit). All
of them are in line with the collection standards of the 2020 edition of Chinese Pharmacopoeia. The metformin-
glibenclamide capsule was administered to animals as a positive control. Streptozotocin was used as a modeling agent
to establish T2DM rat models by intraperitoneal injection. The antibodies PI3K, P-PI3K, AKT, P-AKT, GSK3B, GYS2,
and GAPDH specifically recognize and bind to their respective target proteins, enabling detection and quantification of
these proteins through various antibody combinations.

Analysis of the Chemical Constituents of the Traditional SMS Decoction

Panax ginseng, Ophiopogon and Schisandrae were mixed in a 3:3:2 ratio.'” After dissolving 1.0 g of freeze-dried SMS in
10 mL of 50% methanol, which is equal to 0.9 g of Panax ginseng decoction pieces, 0.9 g of Ophiopogon decoction
pieces, and 0.6 g of Schisandra decoction pieces, the sample was weighed. Chromatography was performed using
a HALO 90A CI18 column (100 mm % 2.1 mm, 2.7 um), with a mobile phase comprising 0.1% formic acid in aqueous
solution (A) and 0.05% acetonitrile solution (B). The gradient elution procedure was as follows: from 0 to 3.24 min, 5%
A to 10% A; from 3.24 to 8.64 min, 10% A to 14% A; from 8.64 to 14.04 min, 14% A to 20% A; from 14.04 to
20.52 min, 20% A to 40% A; from 20.52 to 24.84 min, 40% A to 42% A; from 24.84 to 28.08 min, 42% A to 44% A,
from 28.08 to 32.40 min, 44% A to 60% A; from 32.40 to 34.56 min, 60% A to 62% A; and from 34.56 to 40.0 min, 62%
A to 80% A. The column temperature was maintained at 30 °C, the sample volume was 3 pL, and the flow rate was
0.3 mL/min. Electrospray ionization (ESI) was used in both positive and negative ion monitoring modes. For positive and
negative modes, the spray voltage was +3.3 kV and —2.6 kV, respectively. In addition to keeping the ion transfer tube
temperature at 320°C, the auxiliary gas flow rate was set at 3 mL/min. The Full MS/dd-MS2 scanning mode had a Full
MS resolution of 70,000 and a dd-MS2 resolution of 17,500. The scanning quality range was m/z 80—1200.

Network Pharmacology and Molecular Docking

Establishment of the Active Ingredient and Disease Target Database

The compounds obtained from mass spectrometry analysis were imported into the TCM System Pharmacology
Technology platform database (TCMSP, http:/tcmspw.com/tcmsp.php). 2° The category was set to “Chemical name”

to specifically search for related active ingredients. The SMILES names of the retrieved active ingredients were then
input into SwissTargetPrediction (http://www.swisstargetprediction.ch/)*' selecting the species “Homo sapiens” to obtain

the gene targets corresponding to the active ingredients, thereby establishing the active ingredient target database. To
locate disease targets, we utilized the Disgenet database (https://www.disgenet.com)®* and the GeneCards database

(https://www.genecards.org/). ** Using “type 2 diabetes” as a keyword, we searched for and screened disease gene
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targets related to type 2 diabetes from these databases. Finally, the disecase targets and active ingredient targets were
imported into Venny2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/index.html) to obtain the intersection of the two

target sets, thus creating an intersection target database.

Construction of the PPl Core Network Structure Diagram
To further explore the interaction mechanisms of the active ingredients in SMS for the treatment of diabetes mellitus, the
obtained intersection targets were imported into the STRING database (https:/cn.string-db.org/). The analysis was

conducted using “Homo sapiens” as the selected species to construct the PPI target interaction network diagram.

GO and KEGG Pathway Analysis of Intersection Targets
The overlapping gene targets will be input into the DAVID database (https:/david.nciferf.gov/)** for GO enrichment

analysis of biological processes and KEGG pathway analysis. The results will then be analyzed using the “Micro Letter”
website (https://www.bioinformatics.com.cn) to create pillar charts and bubble charts for visualization.

Screening of Core Compounds

A total of 39 compounds in SMS were identified using UPLC-Q-Orbitrap/MS. These identified compounds were selected
as the primary subjects for network pharmacological analysis and were imported into Cytoscape 3.9.0, along with the
associated cross-targets, for interaction network analysis. The degree of interaction for each compound with the gene
targets was assessed based on the number of associated targets.

Molecular Docking and Visualization

This study investigated the mechanism of action of SMS on the PI3K/AKT pathway. We selected four key active factors
(PI3K, AKTI1, GSK3B, GYS2) involved in this pathway and collected relevant small molecule and protein information
from the PDB database (https://www1.rcsb.org/). For molecular docking, AutoDock Vina software was employed after

performing energy minimization on the small molecule ligands and receptor proteins. Based on binding energy
references, we screened combinations of small molecules and proteins with low binding energy. Finally, PyMOL 2.5.0
software was used to visually present the docking results.

Verification of Animal Experiments

Preparation of Drug Solution

Weigh 48.6 g of Panax ginseng, 48.6 g of Ophiopogon, and 32.4 g of Schisandra chinensis. After grinding through
a No. 2 sieve, mix the powders evenly and place them into a decoction pot with 2000 mL of distilled water. Boil for
1 hour, then drain the hot liquid. The filtrate was distilled at 70°C and concentrated to volumes of 600 mL, 300 mL, and
150 mL, respectively. Finally, the concentrated solutions were removed, refrigerated, and sealed at a low temperature
of 4°C.

Experimental Animals

Beijing Huafukang Biotechnology Co., Ltd. (SCXK Jing 2019-0008) was the source of sixty 6-week-old SPF SD rats,
each weighing 200 = 10 g. The rats were housed in a controlled environment at the Laboratory Animal Center of
Shandong University of Traditional Chinese Medicine, maintained at a temperature of 18 to 25°C, with a relative
humidity of 50% to 60%. A 12-hour cycle of light and dark was applied to them. All procedures complied with the
ethical standards of animal experimentation established by Shandong University of Traditional Chinese Medicine
(License No. 110322241100935627). Metformin (MET) at 0.45 mg-kg ' was one of the treatments, along with SMS
at low dose (2.16 g-kg™"), middle dose (4.32 g-kg™"), and high dose (8.64 g-kg ™).

Modeling and Grouping of Experimental Animals

SD rats were randomly assigned to six groups following seven days of adaptive feeding: model, positive drug (Met),
SMS low-dose (S-L), medium-dose (S-M), high-dose (S-H), and normal control (Control). Each group, except the
Control, was assigned a unique identifier. The non-Control groups were fed a high-fat diet. After 4 weeks on the high-fat
diet, these groups received a single intraperitoneal injection of 2% streptozotocin solution (30 mg kg-1), prepared
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immediately. The streptozotocin was wrapped in ice in tin foil, stored away from light, and prepared in an ice bath with
a 0.1 mol/L citric acid-sodium citrate buffer (pH 4.5), with an injection volume of 1 mL per 100 g of body weight. Three
days post-injection, rats exhibiting fasting blood glucose (FBG) levels greater than 11.10 mmol/L, along with signs of
hyperglycemia, polydipsia, polyuria, and weight loss, were considered successfully modeled.*

Overall Condition of the Animals

Following the completion of modeling, the rats’ weights were measured weekly, and changes in weight were observed.
The prescribed amounts of feed and water were administered over 24 hours, and food intake and water consumption were
recorded. Random blood glucose and fasting blood glucose (after 12 hours of fasting) were measured weekly for each
group. Blood samples were collected from the tail vein using a blood glucose meter and test strips, with glucose levels
recorded as follow-up indices. The day before dissection, each group of rats received a 5% glucose solution (2 g-kg )
based on body weight. At 30-, 60-, 90-, and 120-minute intervals, blood glucose levels were monitored, and variations in
blood glucose levels throughout time were noted and recorded.

Enzyme-Linked Immunosorbent Assay (ELISA)

During the dissection of the rats, livers were collected from each group, frozen in liquid nitrogen, and stored at —80°C.
Blood was drawn from the abdominal aorta, allowed to stand for 4 hours, and centrifuged at 8000 r-min ' for 10 minutes.
The supernatant was collected and stored at —80°C. Using an enzyme-linked immunosorbent test, serum TG, TC, HDL-
C, LDL-C, MDA, SOD, Fins, TNF-a, and IL-6 were analyzed.

Histopathological Analysis of Pancreas
Each group’s pancreatic tissues were gathered and preserved in 4% paraformaldehyde. To observe pancreatic morphol-
ogy, paraffin slices were produced, stained with hematoxylin-eosin (HE), and seen under a light microscope.

Quantitative Real-Time PCR Analysis

Total liver RNA was extracted using the Flying Shark Plus tissue RNA extraction kit, and cDNA was synthesized with
Rescript II RT SuperMix for quantitative PCR (qPCR). qPCR was conducted using a fluorescent quantitative PCR
apparatus and 2xSYBR Premix UrTaq® II. The relative expression of mRNA was normalized to the housekeeping gene
B-actin and calculated using the 2 **“" method. Suzhou Jinweizhi Biotechnology Co., Ltd. produced the primers used in
this investigation. Primer design details are provided in Table 1.

Western Blot

Liver tissue was treated with RIPA lysate, thoroughly ground using a freezer mill, and the supernatant was collected.
Protein concentration was quantified using a BCA assay, and then the proteins were denatured. Proteins were transferred
to a PVDF membrane after being separated using 10% SDS-PAGE. 5% BSA was used to block the membrane for two
hours at room temperature. The following primary antibodies were applied at a 1:5000 dilution and incubated overnight
at 4°C: PI3K, P-PI3K, AKT, P-AKT, GSK3B, and P-GSK3B. Three TBST washes of the membrane were performed the

Table | Information for Primer Sequence

Target | Direction | Sequence

PI3K Forward 5-TACTGCGTGGCAACCTTTATC-3’
Reverse 5-GCTGTCCGTCATCTTTCACCA-3

AKTI Forward 5-TACGGTGCGGAGATTGTGTC-3
Reverse 5’-ACAGCCCGAAGTCCGTTATC-3

GSK3b | Forward 5-TCCGAGGAGAGCCCAATGTT-3’
Reverse 5-CGTGTAATCGGTGGCTCCAA-3

GYS2 Forward 5-GAGTTTGTCCGAGGCTGTCA-3
Reverse 5-GTTCGTAGTCACACTGGGGAT-3’

B-action | Forward 5-CTCTGTGTGGATTGGTGGCT-3’
Reverse 5’-CGCAGCTCAGTAACAGTCCG-¥
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next day. After adding a diluted 1:500 secondary antibody, the mixture was shaken and allowed to sit at room
temperature for an hour. The membrane was coated with a supersensitive luminous solution for chemiluminescence
detection following three TBST washes. ImagelJ software was used to assess the target bands’ gray levels.

Statistical Analysis

The data was analyzed using GraphPad Prism (version 10.1, GraphPad, United States), and the mean + standard
deviation is the outcome. A one-way analysis of variance (ANOVA) was performed to assess the differences between
the groups, followed by LSD post hoc analysis to identify specific group differences. There was a significant difference
when the result was *P < 0.05, and the significance of the difference progressively increased as **P < 0.01, ***P <
0.001, and ****P < 0.0001.

Results
Analysis of UPLC-MS/MS and Screening of Active Ingredients

Based on ion fragment data from literature, 39 components were identified in SMS using UPLC-Q-Orbitrap/MS. These
consist of 17 components from the five-flavor category, 4 from Ophiopogon, and 25 from Panax ginseng. Detailed
compound information and the total ion chromatogram are presented in Figure 1A and B and Table 2. To find the
matching targets of the active components, the discovered compounds were entered into the SwissTargetPrediction and
TCMSP databases. A total of 23 active ingredients were screened, leading to the establishment of an active ingredient
database for SMS.
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Figure | Total ion chromatogram of SMS traditional decoction in both positive and negative ion modes. (A) Positive modes. (B) Negative modes.
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Table 2 Identification of Chemical Constituents in SMS

Number | Identification Formula Rt Quasi- Error Measured | Calculated | Major Fragments Source
(min) | molecular (ppm) value value
ion

| Caffeic acid C9H80O4 1.17 [M-H]- 8.7 179.0365 179.0351 101.0241, 89.0240 BC

2 Protocatechuic acid C7H404 2.6l [M—-H]- 7.26 153.0187 153.0182 109.0290, 135.0368, 61.9880 ABC

3 TryptopHan CIIHI2N202 | 3.12 [M+H]+ 1.22 205.0974 205.0972 188.07098, 146.06030, ABC
159.09186

4 Schindilactone C or isomer C29H3601 | 1227 | [M-H]- 1.96 559.21849 559.22 541.21198, 365.13647 C

5 Azelaic Acid CIH1604 13.52 | [M-H]- 0.29 187.0965 187.0976 141.86751, 125.09663 BC

6 Ginsenoside C42H72014 1951 | [M+HCOOQ]- -1.91 845.4877 845.4893 799.48218, 637.42932, A

Rgl 475.37769, 391.28354

7 24(R)-pseudoginsenoside FI | C42H72014 19.6 [M+HCOOQO]- -1.91 845.4877 845.4893 799.48154, 653.42175 A

8 Ginsenoside Rf C42H72014 19.7 [M+HCOOQO]- -1.91 845.4877 845.4893 799.48242, 637.4269, A
475.37756, 391.28381

9 notoginsenoside R2 C41H70013 19.9 [M+HCOOQO]- —-1.66 815.4774 815.4788 769.47095, 637.42896, A
475.37769

10 Floralginsenoside F C42H72015 19.9 [M-H]- -2.99 815.4774 815.4798 637.43048, 475.37775 A

I Ginsenoside F5 C41H70013 1991 | [M+HCOOQ]- —1.47 815.4775 815.4787 769.47198, 637.66321, A
475.79550, 391.83475

12 Pseudoginsenoside Rt3 C41H70013 20.05 | [M+HCOO]- -1.55 815.5477 815.4787 769.47272, 607.24796 A

13 Ginsenoside Rg3 C42H72013 2024 | [M+HCOO]- -1.81 829.4929 829.4944 637.42957, 475.37726 A

14 Ginsenoside FI C36H6209 20.34 | [M+HCOO]- —6.86 683.4356 683.4365 637.42664, 475.37836, A
391.28546

15 Ginsenoside F3 C41H70013 2045 | [M+HCOO]- -2.15 815.477 815.4787 621.19965, 391.83456 A

16 Ginsenoside Rhl C36H6209 20.63 | [M+HCOO]- -1.74 683.4353 683.4365 637.42242, 475.37851, A
391.28391

17 Ginsenoside Ro C48H76019 20.69 | [M-H]- —4.04 955.4869 955.4908 793.43518, 613.37262, A
569.38196, 455.39141

18 Chikusetsusaponin 1Va C42H66014 21.48 | [M-H]- —4.15 793.4347 793.438 631.38153, 569.38306, A
455.35342

19 Zingibroside R1 C42H66014 21.58 | [M-H]- -1.68 793.4367 793.438 631.38379, 569.38129, A
455.35333

20 Meprednisone acetate or isomer C24H3006 22.15 | [M+H]+ 0.23 4152116 415.2115 41521161, 415.21 161, AC
353.17944

21 Ginsenoside Rg9 C42H70013 2268 | [M+HCOO]- 1.57 827.4787 827.4774 781.47266, 619.41870 A

22 Ginsenoide Rgé C42H70012 23.57 | [M+HCOO]- 0.46 811.4842 811.4838 765.48010, 619.41937 A

23 SchisandrolA C24H3207 23.62 | [M+H]+ 0.52 433.2184 433.2221 415.21298, 400.18991, C
358.13977

(Continued)
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Table 2 (Continued).

Number | Identification Formula Rt Quasi- Error Measured | Calculated | Major Fragments Source
(min) | molecular (ppm) value value
ion

24 Gomisin | C22H2806 23.68 | [M+H]+ —4.95 389.1939 389.1959 325.14334, 287.09113, C
227.07085

25 Rubrisandrins A or isomer C22H2806 23.79 | [M+H]+ =17 389.1929 389.1959 373.09348, 356.18799 C

26 Ginsenoside F4 C42H70012 2394 | [M+HCOO]- 0.46 811.4842 811.4838 765.47552, 619.41504 A

27 Allyl 2-O-benzoyl-3- O-benzyl-6-deoxy-a- C23H2606 25.77 | [M+H]+ 0.14 399.1803 399.1802 368.16238, 330.11029, AC

L-mannopyranoside or isomer 315.08643

28 Ginsenoside Rg2 C42H72013 26.58 | [M+HCOO]- -1.71 829.493 829.4944 783.63761, 391.83542 A

29 Ginsenoside F2 C42H72013 2721 [M+HCOOQ]- -1.81 829.4929 829.4944 783.48737, 621.43512, A
459.38348, 375.29126

30 Gedunin or C28H3407 27.83 | [M+H]+ 4.118 483.2397 483.2377 437.19763, 414.16827, A

isomer 381.13687

31 Rubschisandrin or isomer C23H2806 29.39 | [M+H]+ 343 401.1972 401.1959 370.17783, 355.15442, C
323.12802

32 Gomisin K2 or isomer C23H3006 32 [M+H]+ 0.95 403.2125 403.2115 371.18665, 301.10782, C
287.09198

33 Ginsenoside Rg5 C42H70012 3248 | [M+HCOO]- -1.36 811.4827 811.4838 76547711, 545.77991, A
439.81604

34 Gomisin G C30H3209 32.8 [M+H]+ —4.19 537.2097 537.2119 371.14948, 343.11618, C
285.07559

35 Schisanhenol C23H3006 33.09 | [M+H]+ I.14 403.2127 403.2115 357.17029, 325.14349 C

36 Isomer of schisantherin A C30H3209 3325 | [M+H]+ —2.49 537.2106 537.2119 312.09946, 343.11667 C

37 Schisandrin A or isomer C24H3206 3571 [M+H]+ 3.679 417.2287 417.2272 316.13107, 301.10748, C
285.11267

38 Gomisin N C23H2806 37.57 | [M+H]+ 2.95 401.1971 401.1959 386.17307, 371.18790, C
356.16428

39 Schisandrin B or isomer C23H2806 37.76 | [M+H]+ 0.36 401.196 401.1959 386.17377, 301.10678, C

331.11768, 227.07147

Notes: A represents Panax ginseng, B represents Ophiopogon, and C represents Schisandra.
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Network Pharmacologyanalysis Results

Identification of Common Targets

A total of 417 active ingredient targets associated with SMS and 7548 disease targets related to type 2 diabetes were
collected. These targets were analyzed using the Venny 2.1.0 tool to identify common targets, resulting in 359
intersection targets (Figure 2A). An intersection target database was subsequently established.

PPI Interaction Network Diagram

There were 5521 edges and 359 nodes in the PPI protein interaction network diagram that was created. The average node
degree was 30.8, and the average local clustering coefficient was 0.486. 2431 was the anticipated number of edges. The
degree values were used as evaluation criteria to rank the targets. It was found that TNF (degree=176), STAT3
(degree=141), and GSK3B (degree=102) exhibited high degree values (Figure 2B), suggesting that these targets may
be key for the treatment of type 2 diabetes.

Drug Component-Gene Interaction Network
A total of 23 compounds and their corresponding intersecting gene targets were imported into Cytoscape 3.9.0 for gene
interaction network analysis (Figure 2C). Schisandrol A was selected as a key compound based on the number of targets

A
I
-
[ i
Lmn I
. 128
[ 126
. 2
— 20
. 18
[mme '
(s i
[ 106
- 103
T (
Laxm 02
R
(&
D
- = BP
25 . CC
- MF
220
=}
51
175]
-
£15
36 nodes and 73 dedges 5 nodes and 28 dedges _E
Q
=10
=
E m
Neuroactive ligand-receptor interaction 5
Calcium signaling pathway
PI3K-Akt signaling pathway Environmental Information Processing
cAMP signaling pathway

Rapl signaling pathway
Prolactin signaling pathway Organismal Systems
Serotonergic synapse:
Pathways in cancer

EGFR tyrosine kinase inhibitor resistance

Proteoglycans in cancer

AGE-RAGE signaling pathway in diabetic complications
Prostate cancer

Endocrine resistance

Hepatitis B Human Diseases

Human cytomegalovirus infection

Lipid and atherosclerosis

Kaposi sarcoma-associated herpesvirus infection

Acute myeloid leukemia

Chemical carcinogencsis - receptor activation
Fluid shear stress and atherosclerosis

0 10 20 30 40 50 60 70 80

Gene Count

Biological process Cellular component Molecular function

Figure 2 (A) Network pharmacology predicts SMS therapeutic pathway for type 2 diabetes. Acquisition of intersection targets. (B) PPl interaction network diagram. (C)
Drug composition - Gene target Network. (D) GO enrichment map. (E) KEGG enrichment map.
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Table 3 Drug Component-Gene Interaction Network

CAS Label | Identification Number of Targets
62956-48-3 R20 Gomisin G 119
7432-28-2 R23 SchisandrolA 114
61281-38-7 R22 Schisandrin A or isomer | 113
123-99-9 R17 Azelaic Acid 6l
331-39-5 R16 Caffeic acid 50
54-12-6 R14 TryptopHan 49
80418-25-3 RIS notoginsenoside R2 40
51415-02-2 R3 Chikusetsusaponin [Va 38
63223-86-9 R2 Ginsenoside Rhl 36
80930-74-1 R4 Zingibroside RI 32
98474-75-0 R7 Pseudoginsenoside Rt3 27
11019-45-7 R10 Ginsenoside Rg3 24
53963-43-2 RI Ginsenoside Fl 23
52286-74-5 R9 Ginsenoside Rg2 22
22427-39-0 R12 Ginsenoside Rgl 21
62025-49-4 RII Ginsenoside F2 21
52286-58-5 RI13 Ginsenoside Rf 20
189513-26-6 | R6 Ginsenoside F5 20
62025-50-7 R8 Ginsenoside F3 16
74964-14-0 R5 Ginsenoside Rg5 13
69363-14-0 R21 Schisanhenol 3
61281-37-6 RI9 Schisandrin B or isomer | 2
69176-52-9 R18 Gomisin N 2

associated with the intersecting genes, along with its characteristics and significance in drug development. Ginsenoside
Rg3, Ginsenoside Rg5, Ginsenoside F2, Ginsenoside F3, and Schisandrin B (or its isomer) were identified as core
components for subsequent molecular docking analysis (Table 3). The purpose of this investigation was to look into how
these substances affected the PI3K/AKT pathway.

Results of GO and KEGG Enrichment Analysis

To further explore the specific mechanism of action of the active ingredients in SMS for treating type 2 diabetes, we
conducted GO (Figure 2D) and KEGG (Figure 2E) enrichment analyses on cross genes. KEGG enrichment analysis
focuses on identifying biological signaling pathways associated with drug targets, providing a more intuitive under-
standing of the pathways through which the drug exerts its efficacy. Analysis of the enrichment results, presented as
horizontal bar graphs, revealed that SMS drug targets were strongly associated with classical neural activity and cancer
pathways, as well as with significant enrichment in the PI3K/AKT pathway, calcium ion signaling pathway, and cAMP
signaling pathway. These findings provide a basis for further investigation into the mechanism of action of SMS,
suggesting that SMS may modulate its function by regulating factors within the PI3K/AKT pathway, thereby playing
a pharmacological role in treating T2DM. GO enrichment analysis revealed that the active components of SMS are
primarily associated with biological processes (BP) such as tyrosine phosphorylation and the activation of the G protein-
coupled receptor signaling pathway mediated by phospholipase C. Regarding molecular function, the main activities
influenced by Shengmai SAN include transmembrane receptor protein tyrosine kinase activity and 3°, 5’-cyclic GMP
phosphodiesterase activity. Cell composition (CC) analysis indicated that the drug components may interact with receptor
complexes and membrane rafts on the cell membrane to exert their pharmacological effects. These findings are reflected
in the PI3K/AKT signaling pathway transduction process, further suggesting that Shengmai SAN may exert its
pharmacological effects through modulation of the PI3K/AKT pathway.
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Table 4 Molecular Docking Results and Visualization

Name

Receptor Protein

Small Ligand Molecules

Binding energy kj/mol

PI3K
GSK3B
GSK3B
GSK3B
AKT
GSK3B
AKT

IE8Y
3SAY
3SAY
3SAY
8R5K
3SAY
4EJN

Ginsenoside F3
Ginsenoside Rg5
Ginsenoside Rg3
Ginsenoside F3
Ginsenoside Rg3
Schizandrin
Ginsenoside Rg3

-9.1
-9.9
—10.1
-9.8
-89
-7.5
-84

Molecular Docking and Visualization Results
We selected receptor proteins related to the PI3K/AKT pathway, including PI3K (1E8Y, 2RED), AKT1 (4EJN, 8R5K),
and GSK3B (314B, 4J71, 3SAY), and used AutoDock Vina software to conduct molecular docking with the core
components identified from the screening. The docking results with lower binding affinities, as shown in Table 4,
were visualized using PyMOL 2.5.0 to highlight the specific binding sites and hydrogen bond lengths (Figure 3A-D).
Based on the molecular docking results, we preliminarily conclude that certain components of SMS can easily and stably

bind to proteins within the PI3K/AKT pathway, thereby influencing its activity.

Experimental Verification
The Effect of SMS on the General Condition of T2DM Rats

The results showed that, compared to the blank group, rats in the model group exhibited significant weight loss
(Figure 4A) along with increased food (Figure 4B) and water intake (Figure 4C), consistent with the typical “three

Rgs 3say GSK3B

Rgs 3say GSK3B

Figure 3 Molecular docking and visualization. (A) Docking results of ginsenoside F2 and 4EJN protein. (B) Docking results of ginsenoside F3 and |E8Y protein. (C) Docking
results of ginsenoside Rg3 and 3say protein. (D) Docking results of ginsenoside Rg5 and 3say protein.
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Figure 4 Effects of SMS on the General Condition of Type 2 Diabetes Mellitus (T2DM) Rats. (A-C) Changes in average body weight (A), food intake (B), and water intake
(C) of rats in each group following drug treatment.

more and one less” symptoms of T2DM. Following SMS administration, the symptoms were significantly improved in
both the MET and SMS-treated groups, with the most notable improvement observed in the SMS high-dose group.

Effect of SMS on Lipid Metabolism

Compared to the normal control group, the serum total TC levels in the model group were increased (***P < 0.001),
while the TG and LDL-C levels were significantly elevated (****P < 0.0001), and HDL-C levels were significantly
reduced (****P < 0.0001). These results indicate that the model group rats exhibited signs of lipid metabolism disorder.
Compared to the model group, TC levels in the SMS treatment groups were reduced (***P < 0.001); TG and LDL-C
levels were significantly lowered (****P < 0.0001), while HDL-C levels were significantly increased (****P < 0.0001).
The improvement was most pronounced in the SMS high-dose administration group (Figure 5A-D). These findings
suggest that SMS can reduce blood lipids and improve lipid metabolism disorders in rats.

Effects of SMS on Serum Inflammatory Factors and Oxidative Stress in Rats

The model group had considerably higher blood levels of MDA, tumor necrosis TNF-o and IL-6 compared to the normal
control group (****P < 0.0001), but lower serum levels of SOD (****P < 0.0001). This indicates the presence of oxidative
stress and inflammation in the model group. In comparison to the model group, the levels of MDA, TNF-a and IL-6 in the
SMS treatment group were significantly decreased (¥***P <(0.0001), while SOD levels were significantly increased (****P

<0.0001). The SMS high-dose group exhibited greater improvement than the MET group (Figure 6A-D). These data imply
that SMS can help with oxidative stress and inflammation.

The Effect of SMS on Blood Glucose Regulation

Compared to the normal control group, the model group showed significantly elevated blood glucose, glucose tolerance,
insulin resistance (IR), and insulin levels (****P < 0.0001), confirming that blood glucose regulation was disrupted and
the model was successfully established. Compared to the model group, the SMS administration group exhibited
significant reductions in blood glucose, glucose tolerance, IR, and insulin levels (****P < 0.0001), with the SMS high-
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Figure 5 Effects of SMS on Lipid Metabolism. (A-D) After the action of the drug, the changes in the blood lipid level of each group of rats. (A) The expression results of TC.
(B) The expression results of TG. (C) The expression results of LDL-C. (D) The expression results of HDL-C.***P < 0.001 and ****P<0.000| vs Control group; ***P <
0.001 and ****P<0.0001 vs Model group.
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dose group showing greater improvement than the MET group (Figure 7A-D). These results suggest that SMS can help
regulate blood glucose disorders in the treatment of T2DM.

Effects of SMS on Pancreatic Histopathology in Type T2DM Rats

Staining results indicated that the volume of pancreatic islet tissue was larger in the normal control group. The interstitial
tissue appeared loose, and the cytoplasm was well-defined. No signs of cell atrophy, vacuolation, or other abnormalities
were observed, indicating normal islet tissue morphology. In contrast to the normal control group, islet cells in the model
group exhibited denaturation, necrosis, fibrous tissue hyperplasia, significant alterations in fibroblast morphology, and
a marked decline in function. Compared to the model group, cells in the high-dose administration group showed slight
deformation and necrosis without evidence of exocrine gland invasion. Morphological and functional improvements in
the islets were observed, suggesting that high-dose SMS provides a better protective effect on pancreatic tissue
(Figure 8A-F).

Effects of SMS on mRNA Expression of PI3K/AKT Pathway-Related Genes in the Liver of T2DM Rats

Compared to the normal control group, the relative mRNA expressions of PI3K, AKT, and GYS2 in the liver of the
model group were significantly decreased (****P < 0.0001). In comparison to the model group, the relative mRNA
expressions of PI3K, AKT, and GYS2 in the SMS and metformin groups were significantly upregulated (****P <
0.0001). The results shown suggest that SMS can slightly raise the expression levels of PI3K, AKT, and GYS2 mRNA in
the liver of rats. The model group showed considerably higher levels of GSK3B mRNA expression in the liver compared
to the normal control group (****P < 0.0001). In comparison to the model group, the relative expression level of GSK3B
mRNA in the liver of the SMS and metformin groups was significantly decreased (****P < 0.0001). The results shown
suggest that SMS can reduce the expression level of GSK3B mRNA in the liver of rats to a certain extent (Figure 9A-D).

Effects of SMS on PI3K/AKT Pathway-Related Protein Expression in the Liver of T2DM Rats
P-PI3K, P-AKT, and GYS2 protein expressions were markedly lower in the model group’s liver tissue than in the normal
control group (*P < 0.05). In contrast to the model group, the protein expressions of P-PI3K, P-AKT, and GYS2 in the
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Figure 8 Effects of SMS on Pancreatic Morphology in Diabetic Rats. (A) Control. (B) Model. (C) MET. (D) S-L. (E) S-M. (F) S-H. (%400, Measuring scale: 50 um).(1) stands
for cellular degeneration; (1) stands for fibrous hyperplasia.
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Figure 9 Effects of SMS on mRNA Expression of PI3K/AKT Pathway-Related Genes in the Liver of Type 2 Diabetes Mellitus (T2DM) Rats. (A) Relative mRNA level of PI3K.
(B) Relative mRNA level of AKT. (C) Relative mRNA level of GYS2. (D) Relative mRNA level of GSK3B. **#tP<0.0001 vs Control group; **P < 0.01, ***P < 0.001 and
#k¥%p<0.0001 vs Model group.

high-dose SMS group were significantly increased (*P < 0.05). Compared to the normal control group, glycogen synthase
kinase 3 beta (GSK3B) protein expression in the liver tissue of the model group was significantly increased (*P < 0.05).
In comparison to the model group, GSK3B protein expression in the high-dose SMS group was significantly decreased
(*P < 0.05). Following PI3K phosphorylation, phosphatidylinositol (PIP3) is generated, promoting AKT activation and
resulting in P-AKT production. P-AKT inhibits GSK3B activity by activating it to produce P-GSK3B, thereby reducing
GSK3B’s inhibition of GYS2 and promoting glycogen synthesis. Thus, non-phosphorylated PI3K, AKT, and GSK3B did
not significantly vary in the model group from the normal control group. Also, there was not a big difference between the
model group and the group that received SMS in the amounts of non-phosphorylated PI3K, AKT, and GSK3B
(Figure 10A-G).

Discussion
The chronic metabolic condition known as T2DM is mostly brought on by insulin resistance and decreased insulin

production.?® Impaired insulin secretion is linked to dysfunction of pancreatic p cells. The liver, as the primary site of
glucose and lipid metabolism, plays a key role in metabolic disorders caused by impaired IR and insulin secretion, which
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significantly impact overall glucose and lipid metabolism. These conditions show up as decreased insulin sensitivity in

target tissues, like liver receptors, which impairs peripheral tissues’ ability to absorb glucose and causes abnormalities in
the liver’s glucose production. Increased insulin resistance and blood glucose levels can also contribute to other
conditions, including obesity, fatty liver, polycystic ovary syndrome, and atherosclerosis.”” SMS is a traditional herbal
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formula known for its simple yet balanced composition, which promotes qi, fluid regulation, yin nourishment, and
antiperspiration effects. Reports indicate that SMS, combined with Liuwei Dihuang Decoction, can enhance blood sugar
control, showing more pronounced therapeutic effects compared to conventional Western medicine.”®*’ The ingredients
in SMS are believed to improve insulin sensitivity, and exert antioxidant and anti-inflammatory effects, contributing to its
potential therapeutic benefits for T2DM. However, the exact mechanism of its action remains unclear.>® Through the
potential stimulation of the PI3K/AKT pathway, this study discovered that SMS reduces the pathological states of
oxidative stress, inflammation, liver IR, and abnormalities of glucose and lipid metabolism in T2DM rats.

Lipid metabolism disorder is a key characteristic of T2DM. LDL-C, HDL-C, and TG are major components of body
fat. Excessive TG levels can lead to fatty liver, obesity, and pancreatitis. HDL-C encourages reverse cholesterol transport
from the periphery to the liver, whereas LDL-C helps transport and deposit cholesterol from the liver to peripheral
tissues. IR disrupts liver tissue structure, impairs the normal functions of LDL-C and HDL-C, and reduces triglyceride
clearance, leading to elevated TG levels.’' Hypertriglyceridemia is frequently associated with adipocyte hypertrophy and
hyperplasia. Enlarged adipocytes secrete TNF-a and IL-6, which promote insulin resistance. Elevated TNF-a levels can
exacerbate liver IR, stimulate liver TG synthesis and accumulation, aggravate fat deposition, and enhance the expression
of inflammatory factors. Additionally, TNF-a, in synergy with other endotoxins, can worsen lipid peroxidation, cause
mitochondrial dysfunction in adipocytes, trigger oxidative stress, and overload fatty acid B-oxidation. This ultimately
leads to further liver fat deposition and increases in serum TC, TG, and LDL-C levels.*” In this study, SMS significantly
reduced serum TC, TG, and LDL-C levels, increased HDL-C levels, and improved dyslipidemia in T2DM rats.

One important factor in the emergence of IR is low-grade inflammation. Pro-inflammatory cytokines, including TNF-
a and IL-6, are secreted when inflammatory signaling pathways are activated, disrupting insulin signaling trans-
activation.>® The first and most important endogenous mediator in the inflammatory process is TNF-a.** T2DM can
cause abnormal lipid accumulation in the liver and increased production of pro-inflammatory cytokines, such as IL-6 and
TNF-a. TNF-a also promotes the secretion of additional inflammatory factors, including IL-6 and IL-17, intensifying the
inflammatory cascade, leading to pathological damage, and accelerating the progression of IR.*> Moreover, TNF-a is
linked to the onset of diabetic complications and exacerbates systemic inflammation in diabetic patients.*® In this study,
SMS significantly reduced IL-6 and TNF-a levels in the rat liver, suggesting that SMS can alleviate the inflammatory
response, improving pathological damage and potentially reducing diabetic complications.

Numerous antioxidant compounds have been found in studies to help stop, slow, or even treat the progression of
T2DM.?’ Studies have demonstrated that modulating oxidative stress-related molecules can enhance islet cell function,
promote glucose metabolism, and mitigate liver tissue damage.>® Oxidative stress triggered by high sugar and fat intake
is a major factor in the apoptosis of islet beta cells.*” Oxidative stress can induce IR, which is closely linked to the onset
and progression of T2DM.*>*! MDA is the final product of lipid peroxidation, and its levels reflect the extent of lipid
peroxidation. SOD is a key free radical scavenger; lower levels indicate reduced antioxidant capacity, while higher levels
suggest stronger antioxidant defenses. After SMS administration, MDA levels decreased, and SOD activity increased in
T2DM rats, suggesting that SMS can counteract oxidative stress and has a protective effect on the body in T2DM.

The PI3K/AKT/GSK3B pathway is a well-established insulin signaling pathway. Disruption of this pathway impairs
the liver’s ability to uptake and utilize glucose, leading to increased gluconeogenesis, reduced glycogen synthesis,
enhanced glycogen release, and elevated blood glucose levels. Fujie Yan et al*? found that MAE activation of the PI3K/
AKT pathway significantly reduced high glucose/Pa-induced IR in HepG2 cells.

The PI3K/AKT pathway controls the metabolism of glucose on several levels.***** Activated AKT plays a key role in
insulin signaling by phosphorylating various metabolically important targets, such as GSK3B and GYS2. GYS2 is
primarily expressed in the liver,*> where its active state facilitates the conversion of blood glucose into glycogen.
Pathological studies*® indicate that GYS2 deficiency can cause glycogen storage disease type 0 (GSD-0), characterized
by impaired glucose tolerance. During liver glycogen metabolism, GYS2 is inhibited by GSK3B, and GSK3B activation
can inactivate GYS2.*7*® When GSK3B is not inhibited by phosphorylation, it suppresses GYS2, preventing glycogen
synthesis. This leads to reduced glycogen storage in the liver and muscles, contributing to elevated blood glucose levels.
Following the administration of SMS in type 2 diabetic rats, the p85 subunit of PI3K binds to phosphorylated insulin
receptor substrate (IRS) through its SH2 domain, facilitating the activation of PI3K and leading to the production of
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phosphorylated PI3K (P-PI3K) at Tyr607. Additionally, p85 inhibits the autonomous activity of p110, preventing its
overactivation. The p110 subunit of PI3K catalyzes the phosphorylation of phosphatidylinositol-4,5-diphosphate (PIP2)
to generate phosphatidylinositol-3,4,5-triphosphate (PIP3), which serves as a crucial signal for the activation of down-
stream signaling molecules, including AKT. Upon activation, phosphorylated AKT (P-AKT) at Ser473 phosphorylates
GSK3B at Ser389, thereby inhibiting its activity. In addition to reducing glycogen decomposition, the inhibition of
glycogen synthase 2 (GYS2) is relieved, enhancing its function and promoting glycogen synthesis (Figure 11).4%-°

This study investigates the mechanism of action of SMS active ingredients in treating T2DM using network
pharmacology. The results indicate that seven components may affect the pharmacodynamics of T2DM by activating
the PI3K/AKT, Ca2+, and cAMP signaling pathways. Among these, the PI3K/AKT pathway is strongly associated with
key physiological processes, including cell proliferation, apoptosis, and autophagy. T2DM rat model was established by
administering a high-sugar, high-fat diet combined with STZ intraperitoneal injection. Network pharmacological analysis
suggests that SMS active components may modulate T2DM treatment by targeting the PI3K/AKT pathway. Western blot
analysis revealed that following SMS administration, the expression of P-PI3K, P-AKT, GYS2, and P-GSK3B proteins
significantly changed compared to the model group, supporting the hypothesis that SMS components treat T2DM by
activating the PI3K/AKT pathway. In the model group, insulin receptor damage prevented PI3K activation, thereby
inhibiting the generation of PIP3 and activation of AKT. This led to elevated GSK3B levels, reduced GYS2 levels,
increased glycogenolysis, impaired glucose uptake, and elevated blood glucose. Following SMS treatment, insulin
receptor sensitivity was enhanced. PIP3 generated by PI3K activated AKT, inhibited GSK3B phosphorylation, reduced
GSK3B levels, increased GYS2 content, and enhanced glycogen synthesis and glucose uptake, leading to decreased
blood glucose and contributing to T2DM treatment.

Multi-target synergism is its potential advantage. SMS demonstrates distinct advantages in regulating key physiolo-
gical processes in T2DM, including glucose and lipid metabolism, oxidative stress, and inflammatory responses.
However, this study has limitations such as limited sample size, single-pathway studies that may ignore other possible
therapeutic mechanisms, and lack of long-term clinical validation. Therefore, the future needs to further evaluate the
efficacy, safety and potential clinical applications of SMS through large-scale clinical studies and more in-depth

mechanism exploration. The above has been incorporated into the final paragraph of the discussion.
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Conclusion

In this study, T2DM rat model was established using a high-fat, high-sugar diet combined with an intraperitoneal
injection of STZ, followed by intragastric administration of SMS. SMS treatment improved body weight and reduced
excessive water intake in T2DM rats. It decreased serum levels of TC, TG, LDL-C, MDA, TNF-a, and IL-6, while
increasing SOD and HDL-C levels. It reduced insulin resistance, corrected glucose tolerance, and successfully regulated
insulin and fasting blood glucose. Glycogen synthesis enhancement and PI3K/AKT pathway activation may be the
underlying mechanisms.
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