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In cases of chronic diabetes, hyperglycemia triggers the activation of various molecular
pathways. To control hyperglycemia in diabetic patients, anti-diabetic agents should precisely
target these specific molecular pathways or elaborate on protein targets within the molecular
cascade. However, it's important to note that anti-diabetic medications often come with
significant side effects, including the risk of hypoglycemic coma and potential liver and kidney
complications. Therefore, the inclusion of medicinal plants with anti-hypoglycemic properties
continues to be crucial for diabetes management.

Neolignan, a biosynthesis product of the shikimate pathway in plants, has previously shown in
vitro anti-diabetic activity. This study was designed to identify neolignan's multiple molecular
targets and its molecular cascade for inhibiting diabetes. The researchers mined online databases
for genes related to diabetes and hyperglycemia, as well as genes affected by neolignan. The
Venn diagram result of these genes was further utilized to figure out a network of protein-
protein interaction and gene clustering.

In summary, the study identified proteins targeted by neolignan, which include IGFR-1, EGFR,
the inflammatory cytokine TNF-a, the chaperone protein Hsp90, as well as various downstream
signaling molecules such as MAPKS, SCR, PI3K, and JAK1. These proteins work in concert
during neolignan treatment to support its anti-diabetic activity. This research provides an initial

glimpse into the molecular mechanisms of neolignan in diabetes treatment.
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Introduction

Globally, diabetes mellitus increased fourfold over the past

three decades and currently ranks as the ninth most common cause of
mortality." The prevalence is rapidly increasing and is now recognized
as a major contributor to cardiovascular disease.? Two main categories
of diabetes are distinguished: type 1 diabetes mellitus (TLDM), which
results from the complete absence of insulin secretion, and type 2
diabetes (T2D). Type 2 diabetes is the most prevalent, constituting
over 90% of all diabetes cases, and it has reached the status of a global
pandemic.! The widespread occurrence of diabetes mellitus and its
associated complications presents a significant and pervasive global
health hazard.™® Maintaining strict glycemic control can effectively
deter the initiation and progression of complications associated with
diabetes.*
Type 2 diabetes mellitus (T2DM) stands as the most widespread
metabolic condition, marked by persistent high blood sugar levels and
a limited reaction of peripheral tissues to insulin in the bloodstream,
which leads to insulin resistance.® Elevated levels of sugar in the
blood, referred to as hyperglycemia, play a central role in the
development of complications associated with diabetes.
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In cases of long-term diabetes, hyperglycemia sets off the activation of
various biochemical pathways, which include the hexosamine
biosynthetic pathway, protein kinase C, the sorbitol-aldose reductase
pathway, and mitogen-activated protein kinases (MAPKs).%7
Furthermore, hyperglycemia results in an increased expression of
growth factors and cytokines such as vascular endothelial growth
factor (VEGF), transforming growth factor-p (TGF-pB), insulin-like
growth factor (IGF), platelet-derived growth factor, and tumor
necrosis factor-a (TNF-).%° Reactive oxygen species (ROS) have a
critical role in orchestrating these processes and activating intracellular
signaling and transcription pathways, with nuclear factor kappa B
(NF-kB) and MAPKs playing significant roles.”® Thus, some anti-
hyperglycemic agents work by inhibiting the activity of a-glucosidase
enzymes located in the small intestine. It converts oligosaccharides
and disaccharides into monosaccharides, a crucial step for the
absorption of nutrients in the gastrointestinal system.** Therefore, to
control hyperglycemia in diabetes patients, the anti-diabetic agent
should precisely address those molecular pathways of diabetes, or
elaborate protein targets in the molecular cascade.

Treatment approaches for diabetes have advanced in recent decades.
Nevertheless, anti-diabetic medications come with significant side
effects, including the risk of experiencing a coma as a result of low
blood sugar levels and potential liver and kidney complications.*? The
World Health Organization (WHO) advises incorporating medicinal
plants into food for managing DM.** In developing countries, at
least four billion people utilize medicinal plants to address metabolic
conditions like DM.'***® Different medicinal plants or plant extracts
that include chemical components such as flavonoids, alkaloids,
phenolic compounds, terpenoids, saponins, and phytosterols have
shown effectiveness in treating complications associated with diabetes.
This efficacy can be linked to their ability to improve chronic high
blood sugar levels, reduce oxidative stress, and influence various
metabolic processes that play a role in the development of diabetic
complications.** Hence, the inclusion of medicinal plants with anti-
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hypoglycemic properties continues to be crucial for diabetes
management. Scientific studies have demonstrated their effectiveness
in reducing blood sugar levels, as evidenced by both pre-clinical and
clinical research.”*® One of the natural compounds exhibiting anti-
diabetics activity is neolignan which exists in various plants.?
Neolignan from Viburnum macrocephalum inhibited a-glucosidase,
comparable with acarbose, a commercial anti-diabetic agent.”
Neolignan-containing plant extract, Piper crocatum, inhibited in vitro
o-glucosidase and o-amylase enzyme.?’ The impeded activity of a-
glucosidase disrupts the absorption of carbohydrates in the intestine,
with a rapid onset of action but relatively low effectiveness.?
Neolignans linked to 2-styryl-1,3-dioxane at 8-9' containing Torreya
yunnanensis inhibited in vitro phosphodiesterase 9A (PDE9A) activity
which plays a crucial role in insulin secretion.”? Thus, neolignan-
containing extract of the leaves of Eugenia sonderiana has shown
remarkable effectiveness in both in vitro and in vivo for decreasing
blood glucose levels and enhancing diabetic conditions through the
inhibition of amylase and glucosidase activity, as evidenced in studies
involving diabetic mice.”®* Thus, neolignan's ability to impair
hyperglycemia may elaborate other molecular mechanisms. Therefore,
the comprehensive molecular pathway mechanisms of neolignan for
impeding the progression of diabetes are interesting to investigate.
This study offered a comprehensive molecular mechanism based on
bioinformatics analysis. We extracted genes related to diabetes from
Pubmed (www.ncbi.nlm.nih.gov), OMIM (www.omim.org), and
GeneCard (www.genecard.org). Thus, this study utilized both
STITCH and STRING to obtain the direct and indirect protein
interfered with by neolignan. A protein-protein interaction (PPI)
network was constructed from the affected genes from Venn diagram.
This study found that 96 of 100 genes interfered with by neolignan are
diabetes-related genes in which epithelial Growth Factor Receptor
(EGFR) and Insulin Growth Factor Receptor (IGF-1R) are recognized
as the top interfered genes by neolignan. Thus, the protein-protein
interaction (PPI) network was constructed to determine neighborhood
information, shortest path, distance, and modularity of interacting
proteins. The PPl network was validated by high-throughput
experiments, including in vitro, in vivo, and in silico methods®*. Thus,
this study ranked the most influence genes with MCC (Maximal
Clique Centrality), an algorithm to form an interlinked cluster, and
DMNC (Density Maximal Neighborhood Centrality) quantifies
centrality by considering the distance from a node to its neighboring
nodes.”*

Furthermore, the use of protein-ligand docking, and simulation
techniques has significantly applied to identify the identification of
new medications for diabetes. There were previous molecular docking
studies employed AutoDock 4.2 with Lamarckian Genetic Algorithm
(Lamarckian GA), and Molecular Operating Environment (MOE)
software to determine RMSD value, binding energy, and S-score as
the parameters. 2% A study by Arief et al. (2021) conducted
molecular docking of peptides from M. charantia against SGLT1,
DPP IV, and GLUT2.”® While other studies applied a-amylase, B-
glucosidase, and pancreatic lipase.”® This study used AutoDock 4.2 to
explore neolignan's ability to bind to diabetic-related proteins. We
found that neolignan bound to both EGFR and IGF-1R with the lowest
energy binding of -6.64 and -6.84 kcal/mol mostly through Van der
Waals interaction. Instead of those two targets having similar protein
downstream targets such as PI3K and AKT, other genes related to
hyperglycemia and reactive oxygen species; HIF1A. Another
neolignan downstream target is MAPKSs, a protein kinase in glucose
homeostasis, which is also targeted by metformin, a commercial anti-
diabetic.*** Moreover, neolignan targets TNF-q, a proinflammatory
cytokine playing an important role in developing insulin resistance if it
is overexpressed in myocytes and adipocytes. Since it is targeted by
metformin and piolglitazone,®® neolignan may be a promising agent
for diabetes therapy. In summary, our study has revealed a range of
molecular pathways that involve diverse targets, including growth
factor and insulin growth factor receptor, cytokine, and hypoxia, all of
which play a role in influencing anti-diabetics activity.
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Materials and Methods

Data Minning and Collection

Proteins and genes that are involved in diabetes, hyperglycemia, and
insulin resistance were mined from an online database, Pubmed
(www.ncbi.nlm.nih.gov), OMIM (www.omim.org), and GeneCard
(www.genecard.org). Afterward, proteins and genes targeted directly
and indirectly from  Neolignan  were screened  from
www.stitch.embl.de. The genes affected by Neolignan in diabetes,
hyperglycemia, and insulin resistance were determined using a Venn
diagram (www.interactivenn.net).

Protein-protein Interaction (PPI) Network and Gene Clustering
Construction

Using www.string-db.org we got protein-protein interaction (PPI)
network. The PPl network was analyzed using Cytoscape 3.9.1
(https://cytoscape.org/) and STRING-DB v11.5 (https://string-db.org/)
software, generating the top 15 genes using the MCC and Degree
algorithm from the Cyto-Hubba plugin. The bioinformatics analysis
employed a computer with Intel(R) Core (TM) i3-1005G1, CPU@
1.20GHz, RAM 4GB.

Molecular Docking

The IGF-1R and EGFR proteins were sourced from rcsh.org. Using
BIOVIA Discovery Studio 2021, the ligand was extracted from IGF-
1R (PDB ID: 20J9) and EGFR (PDB ID: 7U9A), while
AutodockTools 1.5.7 (www.scripps.edu) was employed for control
docking.® Unlike the ligand, which underwent Gasteiger charges, the
protein was protonated and assigned Kollman charges. The central
coordinates of the grid box for IGF-1R were x = 5.708, y = -7.753, and
z = 20.645. Correspondingly, for EGFR, these coordinates were x =
52.045,y =0.217, and z = 23.279. Grid point spacing for the grid box
was set at 0.375 with a 40 x 40 x 40 number of grid points. Docking
was performed using AutoDock-GPU The Lamarckian Genetic
Algorithm (LGA) was run for 1000 iterations.®® The cumulative free
energy of binding included various components such as final van der
Waals forces, hydrogen bonding, intermolecular energy, electrostatic
interactions, desolvation, final total internal energy, the energies of the
unconstrained system, and torsional freedom. A docking configuration
was considered valid if the Root Mean Square Deviation (RMSD)
between initial and post-docking poses did not exceed 2.0%.
Visualization of docking poses was executed using BIOVIA
Discovery Studio 2021. For the new ligand (neolignan), preparation
and docking were conducted following the same parameters as control
dockings, utilizing PubChem (https://pubchem.ncbi.nlm.nih.gov/).
The molecular docking was conducted in computer with computer
with AMD Ryzen 3 3300, RAM DDR4 16 GB, and Nvidia GTX 1650.

Results and Discussion

Neolignan is a phenolic compound derived from plants through the
shikimate acid biosynthesis pathway, displaying diverse chemical
structures and a range of biological activities (Figure 1a). There are
22,287 genes involved in diabetes, hyperglycemia, and insulin
resistance, as well as 100 genes associated with neolignan. Based on
Venn diagram analysis, there are 96 neolignan-related genes
connected to diabetes, hyperglycemia, and insulin resistance (Figure
1b). Through protein interaction (PPI) networks, genes BCATL1,
CETP, IMPDH1, IMPDH2, and SLC27A1 are identified separately
from the pool of 96 genes (Figure 1c). Using the Cytoscape
application, gene interactions are measured in terms of degree using
MCC and DMNC algorithms, resulting in the top 15 ranks for each
algorithm (Figure 2). The MCC data, comprising the top 10 ranks, are
extracted and discussed in Table 1.

The study was further carried out by conducting molecular docking
between Neolignan and the top 10 genes, resulting in the identification
of Insulin-Like Growth Factor 1 Receptor (IGF-1R) and Epidermal
Growth Factor Receptor-1 (EGFR1). Neolignan interacts with IGF-1R
with a binding energy of -6.84 kcal/mol through 7 hydrophobic
interactions at Leu975, Val983, Alal001, Lys1003, Met1049,
Met1112, Met1126, as well as Van der Waals interactions at Gly978,
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Ser979, Phe980, Gly981, Thr1004, Phel017, Val1033, Glul050,
Leul051, Metl1052, Aspll123, Thr1127. Another interaction of
neolignan with EGFR1 results in slightly weaker binding energy of -
6.64 kcal/mol through hydrophobic interactions at Leu718, Ala743,
Lys745, Leu788, Leu844, and Van der Waals interactions at Val726,
lle744, Glu762, Met766, 11e789, Thr790, GIn791, Leu792, Met793,
Pro794, Gly796, Thr854, Asp855 (Table 2). In conclusion, the genes
capable of interacting with Neolignan are IGF-1R and EGFR1. The
results of the molecular interactions of neolignan docking onto the
active sites of IGF-1R and EGFR1 can be visualized in both 2D and
3D forms in Figure 3.

Neolignan binds to IGF-1R and EGFR1, which both of them predict to
activate Insulin Receptor Substrate 1 (IRS1) in the cytoplasm domain
by phosphorylation (Figure 4). The activated IRS1 then
phosphorylates PI3K, a downstream protein of IRS1, which then
activates Akt, leading to the metabolic function of insulin. 37 Activated
Akt is responsible for translocating GLUT4 transporter from
cytoplasm to plasma membrane, resulting in glucose intake to the cell
and lowering glucose blood level.*” However, a study by Cong and
colleagues showed that Akt not only can promote the translocation of
GLUT4 but is also likely to have a substantial physiological role in
insulin-triggered  glucose uptake.** Moreover, neolignan also
demonstrates to modulate SRC which is responsible for the cell
survival effect downstream.* In kidney cells, SRC has been implicated
in diabetic kidney fibrosis, by activating activator protein-1 (AP-1),
then resulting in the accumulation of extracellular matrix (ECM),
which is accountable for the development of renal diabetic fibrosis in
fibroblast cells.***° Moreover, SRC plays a role in p-pancreas cell
survival.*

Interestingly, several studies have reported that inflammatory
cytokines have played a pivotal role in diabetes pathogenesis, one of
them is TNF-o. which elevates glucose uptake by activating Janus
Kinase 1/2 (JAK1/2).* Neolignan exhibits TNF-a and JAKI1/2
activation, resulting in the activation of the Signal transducer and
activators of transcription (STAT5) translocation to the nucleus to
activate gene target transcription, for instance, Insulin Growth Factor
(IGF) (Figure 4).* The activation of JAK2, resulting from TNF-a
binding to its receptor exhibited the release of Hsp90 from B-pancreas
cell.® Modulating inflammatory processes in a general sense,
especially regulating inflammatory cytokines, like neolignan, could
offer potential benefits in both preventing and treating diabetes®.
Additionally, it could open up new avenues for therapeutic targets
aimed at preventing and managing complications associated with
diabetes.”’

7(11):5188-5194
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Diabetes

Neolignan

Figure 1: Neolignan’s top target genes and proteins related to
diabetes. a. Neolignan’s structure, b. Venn diagram of
neolignan and diabetes interfered genes, c. Protein-protein

interaction (PPI) network of the intersecting genes.

STATSB
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N

MAPK14

Figure 2:The clustefing of the top 15 genes related to diabetes
according to MCC (a) and DMNC algorithm (b) in CytoHubba.

Table 1: Top 10 proteins network interaction ranked by MCC algorithm

Biological function related to diabetes

No Gene symbol Gene/Protein name

1 EGFR1 Epidermal Growth Factor
Receptor-1

2 HSP90AAL Heat Shock Protein HSP 90-
Alpha

3 HIF1A Hypoxia-Inducible Factor 1-
Alpha

4 IGF-1R Insulin-Like Growth Factor 1
Receptor

5 JAK1 Janus Kinase-1

© 2023 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License

Initiate various cell signaling and transcription factors, leading to the
onset of multiple cellular and tissue reactions that play a role in the
advancement of Diabetic Kidney Disease.*

An autoreactive peptide segment known as P277 is generated from
HSP60 or HSP65 and discharged alongside insulin from pancreatic -
cell *+*°

In a shortage of iron or oxygen, the HIF-1a protein builds up. It then
binds with HIF-1B to form a dimer, which attaches to hypoxia
response elements (HRESs). This action enables the regulation of gene
expression.“®

The tyrosine kinase type receptor for Insulin-like Growth Factor-1
(IGF-1). This binding harmonizes protein, carbohydrate, and fat
metabolism. In skeletal muscle, it elicits an insulin-sensitizing effect
and lowers blood glucose.*

JAK1 serves as a substrate for the creation of PTPN2, a protein that
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6 TNF Tumor Necrosis Factor

7 PISKCA Phosphatidylinositol 3-
Kinase

8 MAPK8 Mitogen-activated protein
kinase 8

9 SRC Proto-Oncogene  Tyrosine-
Protein Kinase SRC

10 JAK2 Janus Kinase 2

ISSN 2616-0684 (Print)
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plays a role in controlling the apoptosis (cell death) of pancreatic -
cells when exposed to inflammatory cytokines. */

Regulate Insulin action, and as a pro-inflammatory mediator which is
involved in the advancement of insulin resistance and the
development of type Il diabetes mellitus.*

Downstream effectors of Insulin Receptor Substrate-1 (IRS-1), which
lead Akt activation in signaling pathway. *’

Activated by

phosphorylation and dimerization of STAT1, followed by its

cytokines  binding  receptor, then induces

translocation to the nucleus, are key steps in the process of regulating
the transcription of numerous genes. 44

In Src, the activation of Kkinase activity is encouraged by
phosphorylation at Tyr416, whereas phosphorylation at Tyr527 leads
to deactivation. Src contributes to the development of diabetic
nephropathy (DN) through various mechanisms, such as influencing
mesangial cell proliferation, inducing apoptosis in renal tubular cells,
and triggering the activation of other pro-fibrotic signaling pathways
like EGFR and MAPK .- 4*%05!

Within pancreatic -cells, the binding of IFN-y to its receptor initiates
the phosphorylation and dimerization of STAT1 through the action of

JAK1/2, subsequently leading to its translocation into the cell nucleus.
37,52

Table 2: Molecular Docking Results of Neolignan with IGF-1R and EGFR

Target Protein ~ Binding Energy Hydrophobic residues

Van der Waals residues

IGF-1R Elg%azl/mol) Leu975, Val983, Alal001, Gly978, Ser979, Phe980, Gly981, Thr1004, Phel017,
Lys1003, Metl049, Met1112, Val1033, Glu1050, Leul051, Met1052, Asp1123, Thr1127
Met1'26

EGFR -6.64 Leu718, Ala743, Lys745, Leu788, Val726, lle744, Glu762, Met766. 11e789, Thr790, GIn791,

Leu844

Leu792, Met793, Pro794, Gly796, Thr854, Asp855

High levels of glucose within cells, along with situations involving
low oxygen (hypoxia) and the presence of reactive oxygen species
(ROS), lead to the activation of the Hypoxia-Inducible Factor 1-Alpha
(HIF1a) protein.®® Hypoxia-inducible factors (HIFs) are involved in
the development of B cell dysfunction and diabetes, and their stability
is compromised by hyperglycemia, leading to impaired responses to
hypoxia.** In diabetes, both insulin resistance and deficiency are
linked to the destabilization of the HIF protein, resulting in the
inability to protect cells from hypoxia.>* The excessive generation of
reactive oxygen species (ROS) in the mitochondria is a key factor in
the onset of complications associated with diabetes.® Furthermore,
recent research has highlighted the additional detrimental role of
hypoxia in diabetes. A prior study has shown that the overproduction
of ROS is a consequence of impaired responses to hypoxia, primarily
due to the inhibition of hypoxia-inducible factor-1 (HIF-1) caused by
high blood sugar levels (hyperglycemia).®® Thus, a deficiency in HIF-
la has been linked to a decline in the function and survival of B cells,
it is probable that the glucose-induced reduction in enhancing the
stability of the HIF-1a protein could lead to a faster decline in B cell
function and hasten the development of diabetes.> Neolignan affects
HIF-lo. which may reverse impaired hypoxia responses under
hyperglycemia  conditions, resulting in normalized diabetic
conditions.”® Moreover, neolignan thus interferes with Heatshock
protein 90 (Hsp90), a molecular chaperone, which has previously been

demonstrated to be essential for maintaining the stability and proper
functioning of HIF-1a. When direct physical interaction between HIF-
la and Hsp90 is disrupted, HIF-1a undergoes efficient ubiquitination.
445 This ultimately results in its degradation through the proteasome
pathway, independent of oxygen levels.*®

In summary, the study identified proteins targeted by neolignan, which
include IGFR-1, EGFR, inflammatory cytokine TNF-a, chaperone
protein Hsp90, as well as various downstream signaling molecules
such as MAPKS8, SCR, PI3K, and JAK1. These proteins work
orchestrated during neolignan treatment to support its anti-diabetic
activity. This research provides an initial glimpse into the molecular
mechanisms of neolignan in diabetes treatment.

Conclusion

Based on bioinformatics analysis, neolignan affects a range of
proteins, including EGFR, the inflammatory cytokine TNF-a, the
chaperone protein Hsp90, and several downstream signaling molecules
such as MAPKS8, SCR, PI3K, and JAK1. These proteins collaborate in
a coordinated manner during neolignan treatment to enhance its
effectiveness in combating diabetes. This funding provides
fundamental data to investigate in vitro and in vivo activities of
neolignan as a prospective novel anti-diabetic agent.

5191

© 2023 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License



Trop J Nat Prod Res, November 2023; 7(11):5188-5194

Conflict of Interest

The authors declare no conflict of interest.

Authors’ Declaration

The authors hereby declare that the work presented in this article is
original and that any liability for claims relating to the content of this

article will be borne by them.

ISSN 2616-0684 (Print)
ISSN 2616-0692 (Electronic)

Acknowledgements

This study was funded by project numbers 0423.10/LL5-
INT/AL.04/2023 and No. 041a Penel./LPPM-USD/V1/2023 from the
Directorate of Research, Technology, and Community Services under
the Directorate General of Higher Education, Research, and
Technology within the Indonesian Ministry of Education, Culture,
Research, and Technology.

a THR ASP
A:1127 A:1123
MET
SER A:1126
A:979 =
A:1049
Ly
A:978 MET
A1112
PHE
A:980
THR VAL
A:1004 LYs A
A:1003 o
Gl
VAL
A:981 .
NS
é ALA MET GLU
A:1001 A:1052 A:1050
LEU
A:975
LEU
A:1051
(o3
ASP
IR A:855
A:854
ILE
: GLU
&4y A762
LEU
VAL :
e G729 4219
A:789
LYS  THR
A:745 A:790
LEU
A:788 e
A:766  ALA
A:743 PRO
‘ MET. 3
A793 Ly
A-84 GLY
GLN - A:796
A:791 LEU
A:792

Figure 3. The binding poses of neolignan at IGF-1R binding pocket in 2D view (a), and 3D view (b); and at EGFR binding pocket in
2D view (c), and 3D view (d). Yellow, red, and white indicated carbon, oxygen, and hydrogen atoms. The green, pink, orange, and
purple represent Van der Walls, alkyl/pi-alkyl, pi-sulfur, and pi-sigma.

EGF

d\'/l L EGFR
\-Iw

SRC 22 N'—

IGFR-1

\Cell survwal
Ubiquitination H'F1A

Figure 4: Molecular cascade of neolignan in diabetic disease.

B TNF e
— {_)\) Glucose INLE
CNL ‘ transport aadl
e Cytokine
GLUT4 receptor
transporter
©_/‘ GLUT4 (: S
,::{ i
=
el |
/ HSP90AA1
ROS ¢ (@
P'3K (HIF1A ) e
©ONL -
/' - 3 M 3
Hypcma
HIF1A i}ﬂ(
NL;
- T O

5192

© 2023 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License



Trop J Nat Prod Res, November 2023; 7(11):5188-5194

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zheng Y, Ley SH, Hu FB. Global aetiology and
epidemiology of type 2 diabetes mellitus and its
complications. Nat. Rev. Endocrinol. 2018; 14(2): 88-98.
Zhao C, Chen J, Shao J, Shen J, Li K, Gu W, Li S, Fan J.
Neolignan Constituents with Potential Beneficial Effects in
Prevention of Type 2 Diabetes from Viburnum fordiae
Hance Fruits. Journal of agricultural and food chemistry.
2018; 66(40): 10421-10430.

Abdul M, Khan B, Hashim MJ, King JK, Govender RD,
Mustafa H, Al Kaabi J. Epidemiology of type 2 diabetes—
global burden of disease and forecasted trends. Epidemiol.
Glob. Health 2020; 10(1): 107-111.

Wang S, Ding L, Ji H, Xu Z, Liu Q, Zheng Y. The Role of
p38 MAPK in the Development of Diabetic
Cardiomyopathy. Int. J. Mol. Sci. 2016; 17(7): 1037-1051.
Yaribeygi H, Sathyapalan T, Atkin SL, Sahebkar A.
Molecular mechanisms linking oxidative stress and diabetes
mellitus. Oxidative medicine and cellular longevity. 2020;
2020: 1-13.

F. F. Jubaidi, S. Zainalabidin, 1. S. Taib, Z. Abdul Hamid,
N. N. Mohamad Anuar, J. Jalil, N. A. Mohd Nor, S. B.
Budin. The Role of PKC-MAPK Signalling Pathways in the
Development of Hyperglycemia-Induced Cardiovascular
Complications. Int. J. Mol. Sci. 2022; 23(15): 8582.

M. Dunlop. Aldose reductase and the role of the polyol
pathway in diabetic nephropathy. Kidney Int. Suppl. 2000;
58: §3-12.

J. Shi, J. Fan, Q. Su, Z. Yang. Cytokines and Abnormal
Glucose and Lipid Metabolism. Front. Endocrinol.
(Lausanne). 2019; 10(1): 703

L. Wang, H. L. Wang, T. T. Liu, H. Y. Lan. Regulation of
plant responses to salt stress. Int. J. Mol. Sci. 2021; 22(9):
46009.

C. lacobini, M. Vitale, J. Haxhi, C. Pesce, G. Pugliese, S.
Menini. Mutual regulation between redox and hypoxia-
inducible factors in cardiovascular and renal complications
of diabetes. Antioxidants 2022; 11(11): 2183.

Singh R, Kaur N, Kishore L, Gupta GK. Management of
diabetic complications: a chemical constituents based
approach. Journal of Ethnopharmacology. 2013; 150(1):51-
70.

Chaudhury, C. Duvoor, V. S. Reddy Dendi, S. Kraleti, A.
Chada, R. Ravilla, A. Marco, N. S. Shekhawat, M. T.
Montales, K. Kuriakose, et al., Clinical review of
antidiabetic drugs: implications for type 2 diabetes mellitus
management. Front. Endocrinol. (Lausanne). 2017; 8:6.

G. Roglic. WHO Global report on diabetes: A summary.
Int. J. Noncommunicable Dis. 2016; 1(1):3.

J. da Rocha Fernandes, K. Ogurtsova, U. Linnenkamp, L.
Guariguata, T. Seuring, P. Zhang, D. Cavan, L. E.
Makaroff. IDF Diabetes Atlas estimates of 2014 global
health expenditures on diabetes. Diabetes Res. Clin. Pract.
2016; 117:48-54.

M. Ekor. The growing use of herbal medicines: Issues
relating to adverse reactions and challenges in monitoring
safety. Front. Neurol. 2014; 4(1):1777.

C. G. Yedjou, J. Grigsby, A. Mbemi, D. Nelson, B. Mildort,
L. Latinwo, P. B. Tchounwou. The management of diabetes
mellitus using medicinal plants and vitamins. Int. J. Mol.
Sci. 2023; 24(10):9085.

M. L. Willcox, C. Elugbaju, M. Al-Anbaki, M. Lown, B.
Graz. Effectiveness of medicinal plants for glycaemic
control in type 2 diabetes: an overview of meta-analyses of
clinical trials. Front. Pharmacol. 2021; 12(1):777561.

H. Choudhury, M. Pandey, C. K. Hua, C. S. Mun, J. K.
Jing, L. Kong, L. Y. Ern, N. A. Ashraf, S. W. Kit, T. S.
Yee, Picika, M.R., Gorain, B., Kesharwari., An update on
natural compounds in the remedy of diabetes mellitus: A
systematic review. J. Tradit. Complement. Med. 2018;
8(3):361.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

ISSN 2616-0684 (Print)
ISSN 2616-0692 (Electronic)

C. Zhao, J. Chen, J. Shao, J. Shen, X. Xu, K. Li, W. Gu, M.
Zhao. Isolation of neolignan and phenolic glycosides from
the branches of Viburnum macrocephalum f. keteleeri and
their  a-glucosidase inhibitory  activity. J.  Fan,
Holzforschung 2018; 72(12):1017.

Y. S. Hartini, D. Setyaningsih. a-amylase and a-glucosidase
inhibitory effects of four piper species and GC-MS analysis
of Piper crocatum. Biodiversitas 2023; 24(2): 1313-1319

M. D. Goncalves, A. Farooki. Management of
phosphatidylinositol-3-kinase inhibitor-associated
hyperglycemia. Integr. Cancer Ther. 2022; 21.

Cheng ZB, Lu X, Bao JM, Han QH, Dong Z, Tang GH,
Gan LS, Luo HB, Yin S. (2)-Torreyunlignans A-D, Rare
8—9' Linked Neolignan Enantiomers as Phosphodiesterase-
9A Inhibitors from Torreya yunnanensis. J. Nat. Prod. 2014;
77(12): 2651-2657.

Bastos RG, Rodrigues SdO, Marques LA, Oliveira CM,
Salles BCC, Zanatta AC, Rocha FD, Vilegas W, Pagnossa
JP, Paula FBdA, Silva GA, Batiha GE, Sarah SS, Aggad,
Alotaibi BS, Yousef FM, Silva MA. Eugenia sonderiana O.
Berg leaves: Phytochemical characterization, evaluation of
in vitro and in vivo antidiabetic effects, and structure-
activity correlation. Biomedicine & Pharmacotherapy.
2023; 165: 115126.

Peng X, Wang J, Peng W, Wu FX, Pan Y. Protein-protein
interactions:  detection, reliability, assessment and
applications. Briefings in Bioinformatics. 2017; 18(5): 798-
819.

Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY.
cytoHubba: identifying hub objects and sub-networks from
complex interactome. BMC Syst Biol. 2014; 8(4): 1-7.

Lin CY, Chin CH, Wu HH, Chen SH, Ho CW, Ko MT.
Hubba: hub objects analyzer - a framework of interactome
hubs identification for network biology. 2008; 36(2): 438-
443.

Tan DC, Kassim NK, Ismail IS, Hamid M, Bustamam
MSA. Identification of Antidiabetic Metabolites from
Paederia foetida L. Twigs by Gas Chromatography-Mass
Spectrometry-Based Metabolomics and Molecular Docking
Study. BioMed Research International. 2019; 2019.

Arif R, Ahmad S, Mustafa G, Mahrosh HS, Ali M, ul-
Qamar MT, Dar HR. Molecular Docking and Simulation
Studies of Antidiabetic Agents Devised from Hypoglycemic
Polypeptide-P of Momordica charantia. BioMed Res. Int.
2021; 2021.

Swilam N, Nawwar MAM, Radwam RA, Mostafa ES.
Antidiabetic Activity and In Silico Molecular Docking of
Polyphenols from Ammannia baccifera L. subsp.
Aegyptiaca (Willd.) Koehne Waste: Structure Elucidation
of Undescribed Acylated Flavonol Diglucoside. Plants.
2022; 11(452): 1-27.

Schultze SM, Hemmings BA, Niessen M, Tschopp O.
PISK/AKT, MAPK, AMPK signalling: protein kinases in
glucose homeostasis. Expert Reviews in Molecular
Medicine. 2012; 14(el): 1-21.

He X, Gao F, Hou J, Li T, Tan J, Wang C, Liu X, Wang M,
Liu H, Chen Y, Yu Z, Yang M. Metformin inhibits MAPK
signaling and rescues pancreatic aquaporin 7 expression to
induce insulin secretion in type 2 diabetes mellitus. J. Biol.
Chem. 2021; 297(2): 1-11.

Mantravadi S, George M, Brensinger C, Du M, Baker JF,
Ogdie A. Impact of tumor necrosis factor inhibitors and
methotrexate on diabetes mellitus among patients with
inflammatory arthritis. BMC Rheumatology. 2020; 4(39):
1-10.

Saxena M, Ali D, Modi DR, Almarzoug MH, Hussain SA,
Manohrdas S. Association of TNF-a gene expression and
release in response to anti-diabetic drugs from human
adipocytes in vitro. Diabetes, Metabolic Syndrome and
Obesity. 2020; 13: 2633-2640.

5193

© 2023 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Trop J Nat Prod Res, November 2023; 7(11):5188-5194

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew
RK, Goodsell DS, & Olson AJ.  AutoDock4 and
AutoDockTools4: Automated docking with selective
receptor flexibility. J. Comput. Chem. 2009; 30(16): 2785-
2791

Santos-Martins D, Solis-Vasquez LAF, Tillack MF, Sanner
A, Koch S, Forli. Accelerating AutoDock4 with GPUs and
gradient-based local search. J. Chem. Theory Comput.
2021; 17(2): 1060.

Zhong H, Wang Z, Wang X, Liu H, Li D, Liu H, Yao X,
Hou T. Importance of a crystalline water network in
docking-based virtual screening: a case study of BRD4.
Phys. Chem. Chem. Phys. 2019; 21(45): 25276.

Thirone ACP, JeBailey L, Bilan PJ, Klip A. Opposite effect
of JAK2 on insulin-dependent activation of mitogen-
activated protein kinases and Akt in muscle cells: possible
target to ameliorate insulin resistance. Diabetes. 2006;
55(4): 942

Cong LN, Chen H, Li Y, Zhou L, McGibbon MA, Taylor
SI, Quon MJ. Physiological role of Akt in insulin-
stimulated translocation of GLUT4 in transfected rat
adipose cells. Mol. Endocrinol. 1997; 11(13): 1881.

Yan 'Y, Ma L, Zhou X, Ponnusamy M, Tang J, Zhuang MA,
Tolbert E, Bayliss G, Bai J, Zhuang S. Src inhibition blocks
renal interstitial fibroblast activation and ameliorates renal
fibrosis. Kidney Int. 2016; 89(1): 68-81.

Zheng T, Wang HY, Chen Y, Chen X, Wu ZL, Hu QY, Sun
H. Src activation aggravates podocyte injury in diabetic
nephropathy via suppression of FUNDC1-mediated
mitophagy. Front Pharmacol. 2022; 13: 897046.
Rivero-Gonzélez A, Martin-Izquierdo E, Marin-Delgado C,
Rodriguez-Mufioz A, Navarro-Gonzalez JF. Cytokines in
diabetes and diabetic complications. Cytokine Eff. Funct.
Tissues 2017; 119.

Kasprzak A. Insulin-like growth factor 1 (IGF-1) signaling
in glucose metabolism in colorectal cancer. Int. J. Mol. Sci.
2021; 22(12): 6434.

K. Rehman, M.S.H. Akash. Mechanisms of inflammatory
responses and development of insulin resistance: how are
they interlinked?. J. Biomedical Science. 2016; 23:87

Sheng L, Bayliss G, Zhuang S. Epidermal growth factor
receptor: A potential therapeutic target for diabetic kidney
disease. Front. Pharmacol. 2021; 11(1): 598910

Ding X, Meng C, Dong H, Zhang S, Zhou H, Tan W,
Huang L, He A, Li J, Huang J, LI W, Zou F, Zou M.C,,

46.

47.

48.

49.

50.

51.

52.

53.

54.

ISSN 2616-0684 (Print)
ISSN 2616-0692 (Electronic)

Extracellular Hsp90a, which participates in vascular
inflammation, is a novel serum predictor of atherosclerosis
in type 2 diabetes. BMJ Open Diabetes Res. Care 2022;
10(1): e002579.

Cerychova R, Pavlinkova G. HIF-1o is required for the
development of the sympathetic nervous system. Front.
Endocrinol. (Lausanne). 2018; 116(27): 13414.

Gurzov EN, Stanley WJ, Pappas EG, Thomas HE, Gough
DJ. The JAK/STAT pathway in obesity and diabetes. FEBS
J. 2016; 283(16): 3002.

Bengal E, Aviram S, Hayek T. p38 MAPK in glucose
metabolism of skeletal muscle: beneficial or harmful?. Int.
J. Mol. Sci. 2020; 21(18): 6480.

Osawa H, Yamada K, Tabara Y, Ochi M, Onuma H,
Nishida W, Shimizu I, Kawamoto R, Fujii Y, Miki T,
Ohashi J, Makino H., The G/G genotype of a single
nucleotide polymorphism at-1066 of c-Jun N-terminal
kinase 1 gene (MAPKS8) does not affect type 2 diabetes
susceptibility despite the specific binding of AP2a. Clin.
Endocrinol. (Oxf). 2008; 69(1): 36-44.

Dorotea D, Jiang S, Pak ES, Son JB, Choi HG, Ahn SM, Ha
H. Pan-Src kinase inhibitor treatment attenuates diabetic
kidney injury via inhibition of Fyn kinase-mediated
endoplasmic reticulum stress. Exp. Mol. Med. 2022; 54(8):
1086.

Jaeschke A, Rincon M, Doran B, Reilly J, Neuberg D,
Greiner DL, Shultz LD, Rossini AA, Flavell RA, Davis RJ.
Disruption of the Jnk2 (Mapk9) gene reduces destructive
insulitis and diabetes in a mouse model of type | diabetes.
Proc. Natl. Acad. Sci. U. S. A. 2005; 102(19): 6931.

Zhang Y, Lin C, Chen R, Luo L, Huang J, Liu H, Chen W,
Xu J, Yu H, Ding Y. Polyunsaturated fatty acid intake and
incidence of type 2 diabetes in adults: a dose response meta-
analysis of cohort studies. Diabetol. Metab. Syndr. 2022;
14(1): 34.

Garcia-Pastor C, Benito-Martinez S, Moreno-Manzano V,
Fernandez-Martinez AB, Lucio-Cazafia FJ. Mechanism and
Consequences of The Impaired Hif-lo. Response to
Hypoxia in Human Proximal Tubular HK-2 Cells Exposed
to High Glucose. Sci. Rep. 2019; 9(1): 15868.

Gunton JE. Hypoxia-inducible factors and diabetes. J. Clin.
Invest. 2020; 130(10): 5063.

5194

© 2023 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License



