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Introduction: Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized 
by insulin resistance and pancreatic β-cell dysfunction, while current pharmacological therapies 
often show limited efficacy and adverse side effects. Nephrolepis cordifolia is a traditional 
medicine used to treat metabolic and inflammatory diseases. This study aimed to investigate 
the antidiabetic potential of N. cordifolia through an integrative approach of in silico, in vitro, 
and in vivo to elucidate the molecular mechanisms against T2DM. 
Methods: This study began with an in vitro assay to evaluate the ability of N. cordifolia to inhibit 
glucose release through amylolysis kinetics. In vivo experiments involved alloxan-induced 
diabetes in Wistar rats, which were administered extract doses of 200, 400, and 600 mg/kg to 
assess blood glucose levels and pancreatic histology. Meanwhile, in silico analysis identified 
genes expressed through GEO2R and performed molecular docking to explore potential 
antidiabetic mechanisms.
Results: The ethyl acetate fraction of N. cordifolia effectively lowered glucose levels, showing 
the highest glucose dialysis retardation index (GDRI) value (82.56). In vivo tests demonstrated 
that the ethanol extract significantly reduced blood glucose levels (P < 0.05) and improved 
pancreatic histology at a dose of 600 mg/kg. Gene analysis revealed involvement in the diabetic 
cardiomyopathy pathway, with ellagic acid as the most active compound, exhibiting strong and 
stable binding to mitochondrial targets, including NDUFA9 and NDUFS4.
Conclusion: N. cordifolia has potential as a natural product therapy candidate for the 
management of T2DM through specific molecular mechanisms.

A R T I C L E  I N F O

Keywords:
Hypoglycemic agents
Ethyl acetate
Ellagic acid
Molecular docking 
GEO2R gene expression

Article History:
Received: 25 Aug. 2025 
Revised: 3 Nov. 2025
Accepted: 23 Nov. 2025
epublished: 1 Apr. 2026

Article Type:
Original Article

A B S T R A C T

Introduction
Type 2 diabetes mellitus (T2DM) is a metabolic and 
prevalent disease that poses a serious threat to public 
health. According to 2023 data from the International 
Diabetes Federation (IDF), more than 537 million 

adults had diabetes, and approximately 90% suffered 
from T2DM (1). This disease is characterized by insulin 
resistance and pancreatic beta-cell dysfunction, leading 
to chronic hyperglycemia. In Indonesia, the prevalence 
of T2DM has increased significantly due to lifestyle 
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changes, urbanization, and unhealthy diets (2). Although 
various pharmacological therapies are available, many 
patients experience complications such as nephropathy, 
retinopathy, and cardiovascular disease (3). This situation 
indicates that conventional therapies are not fully effective 
in controlling the disease (4). Therefore, a new method is 
needed that focuses not only on lowering blood glucose 
levels but also on the underlying molecular and genetic 
mechanisms. The method could open up opportunities for 
the development of more targeted and curative therapies, 
rather than solely symptomatic ones.

Several studies have identified the involvement of 
multiple genes in the pathogenesis of T2DM, including 
those that regulate insulin sensitivity, glucose metabolism, 
and inflammation (5). Although numerous genetic 
studies, such as genome-wide association studies 
(GWAS), have been conducted, the results still cannot 
fully explain the genetic variations that contribute to 
individual susceptibility (6). Existing literature focuses 
on the expression of specific genes without considering 
the involvement of more complex biological pathways 
and interactions between genes. In addition, molecular-
based therapeutic methods are still limited due to a 
lack of understanding of differential gene expression 
in physiological and pathological conditions (7). 
Traditional medicinal plants, particularly Nephrolepis 
cordifolia, have been utilized for centuries in alternative 
medicine. However, the molecular potential and its 
associated genetic expression in plants have not been 
widely studied. This presents an important scientific gap 
that warrants exploration, particularly in the context of 
T2DM. Therefore, scientific studies that integrate genetic 
exploration with biological assays, both in vitro and in vivo, 
are necessary to thoroughly investigate the therapeutic 
potential and mechanisms of action of these plants. One 
plant with potential for treating DM is N. cordifolia.

According to previous studies, the ethanol extract of N. 
cordifolia has hepatoprotective properties, reducing liver 
biomarkers such as alkaline phosphatase (ALP), serum 
glutamic-pyruvic transaminase (SGPT), serum glutamic-
oxaloacetic transaminase (SGOT), and bilirubin. It can 
also reduce cholesterol, triglycerides (TG), low-density 
lipoprotein cholesterol (LDL-C), total cholesterol (TC), 
and very low-density lipoprotein cholesterol (VLDL-C), 
while increasing catalase (CAT), superoxide dismutase 
(SOD), and glutathione (GSH) (8). Ethanol extract also 
exhibits good antibacterial and antioxidant properties, 
which are reinforced by active compounds detected 
by GC-MS, followed by docking to identify active 
compounds, namely methyl ester, Hexadecanoic acid, and 
5-Phenyl-2,4-pyrimidinediamine (9). Studies on other 
species indicate that the water and methanol extracts of 
Nephrolepis auriculata possess antidiabetic properties, 
attributed to their flavonoid and phenolic contents (10). 
The ethyl acetate fraction of N. unduranta can lower 
blood sugar levels by inhibiting the hydrolysis of sugar 

into glucose and increasing SOD and CAT levels (11). 
These results were supported by in vitro tests on the 
enzymes α-amylase and α-glucosidase (12). Although 
several studies have reported the pharmacological 
benefits of N. cordifolia, including hepatoprotective, 
antioxidant, and antibacterial properties, the molecular 
mechanisms underlying its potential antidiabetic effects 
remain insufficiently elucidated. Previous investigations 
on related species have primarily focused on enzymatic 
or biochemical assays without integrating gene expression 
profiling or computational target prediction. This lack 
of integrative analysis represents a critical research gap, 
as the relationship between the plant’s phytochemical 
constituents and their influence on genetic and 
physiological regulation in T2DM has not been clearly 
established. Therefore, this study aims to explore the 
biological activity of N. cordifolia in the management 
of T2DM through differential gene expression analysis 
and evaluation of its activity in vitro and in vivo. The 
procedures focus on identifying genes involved in the 
molecular pathways of T2DM pathogenesis and how 
active compounds from N. cordifolia extract can modulate 
these genes. By integrating in silico, in vitro, and in vivo 
approaches, this research is expected to bridge the 
mechanistic gap and provide comprehensive insights that 
support the discovery of curative and preventive medicinal 
plant-based interventions targeting specific genetic and 
molecular pathways relevant to the disease.

Materials and Methods
Equipment and materials
The materials used in this study included N. cordifolia 
tubers, Wistar rats weighing 100–150 grams, Eppendorf 
tubes (Onemed), vortex tubes (Jeio Tech), micropipettes 
(Socorex), pH meter (ACT), dialysis tubing (Carolina), 
Wistar rats, and a UV-Vis spectrophotometer (Perkin 
Elmer). Others included 96% ethanol, technical n-hexane, 
ethyl acetate, n-butanol, Whatman No. 1 filter paper, 
aluminum foil (Klinpak), distilled water, NaOH, HCl, 
glucose (Merck), phosphate buffer saline (PBS), starch 
(Merck), α-amylase enzyme (Sigma Chemical Co.), 
acarbose (OGB Dexa Medica), glucose oxidase peroxidase 
diagnostic kit (Glory®  Diagnostics), and dimethyl 
sulfoxide (Merck). 

Sample preparation
Nephrolepis cordifolia plant samples were obtained from 
Pemurus Baru Village, Banjarmasin (3°20′42.911″S 
114°36′42.944″E) and determined in the basic laboratory 
of Lambung Mengkurat University with authentication 
number IX-24-007 and herbarium number: 173/TS-
09/2024 then powdered and extracted using a maceration 
method with 96% ethanol for 3 × 24 hours. The 
extraction was carried out 3 times (one maceration and 
2 remacerations) with stirring every 8 hours, then filtered 
and evaporated in a water bath at 55 °C to obtain a viscous 
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extract. Liquid-liquid fractionation was performed using 
graded solvents, starting with non-polar (n-hexane), 
semi-polar (ethyl acetate), and then polar (n-butanol), 
which used the partition method with a separating funnel. 
Each solvent was added gradually and shaken to separate 
the layers according to their polarity. This process was 
repeated until a clear fraction was obtained. All fractions 
formed (n-hexane, ethyl acetate, and n-butanol) were then 
evaporated again in a water bath at 55 °C until constant 
weight was achieved. 

In vitro amylose kinetics test
A 4% starch solution was prepared by dissolving 4 grams 
of potato starch in 90 mL of 0.05 M PBS (pH 6.5). The 
solution was stirred at 65 °C for 30 minutes, and then it 
was diluted to reach a final volume of 100 mL. A total 
of 25 milliliters of the 4% starch solution was taken and 
added to 100 mg of α-amylase enzyme (0.4%) and 250 mg 
of N. cordifolia extract and fraction (1%). The mixture was 
then dialyzed using a dialysis tube in 200 mL of distilled 
water at 37 °C (pH 7.0) using a hotplate and stirrer. 
Positive control, used 250 mg acarbose (1%), and a control 
without the addition of extract or fraction samples. The 
absorbance of the solution was measured using a UV-Vis 
spectrophotometer. Furthermore, the absorbance value of 
the dialysate was converted to obtain the glucose content 
value (mg/dL) using the following formula: 

Sample absorbanceGlucose (mg/dL) =  × Standard concentration (mg/dL)
Standard absorbance

Glucose content in the dialysate was determined at 
30-, 60-, 120-, and 180-minutes using glucose dialysis 
retardation index (GDRI), calculated according to the 
following formula (13):

Glucose content in the sample (mg/dL)GDRI (%) = 100 - ×100
Glucose content in control (mg/dL)

GDRI is to assess the ability of a compound, extract, 
or food ingredient to slow down the diffusion of glucose 
through a semipermeable membrane, which is used as an 
indicator of the potential inhibition of glucose absorption 
in the digestive tract.

In vivo test
The purpose of this study was to determine the ability of 
the extract to reduce blood glucose levels and to compare 
its efficacy with that of the positive control (metformin) 
and negative control groups. Additionally, this test aimed 
to determine the most effective dose of the extract that 
produces a significant hypoglycemic effect.

In this study, 30 test animals were divided into 6 groups, 
namely normal, negative control, positive control, and 
extract with the doses of 200, 400, and 600 mg/kg BW. The 
normal group received no treatment, the negative control 
group received 120 mg/kg of alloxan and 0.5% Na-CMC, 
the positive control group received 500 mg of alloxan and 

metformin, and the test group received 500 mg of alloxan 
and 3 different extract concentrations (200, 400, and 600 
mg/kg). Each group consisted of 5 rats. All animals, except 
those in the normal group, were fasted for 16 hours and 
then injected intraperitoneally with alloxan (120 mg/kg 
body weight). The 20 test animals were monitored for 3 
days after injection, followed by treatment according to 
the test group for 21 days. Blood samples were drawn 
from the test animals on day 21, and blood glucose levels 
were measured. Regarding the number of experimental 
animals, the researcher used an experimental design, 
using the Federer method of sample size calculation ((t−1)
(r−1) ≥ 15). Data were analyzed using one-way ANOVA 
with a significance level of P < 0.05, followed by the Tukey 
post hoc test.

Differential gene expression in silico
The geodata used in this study were GSE164416, GSE25724, 
GSE20966, GSE76894, GSE7014, and GSE29221. The 
data were analyzed using GEO2R, an interactive web tool 
that allowed users to compare 2 or more sample groups. 
From this data, upregulated genes were selected, and 
duplicates were removed. The obtained data were then 
networked using STRING (https://string-db.org/). Data 
visualization and further analysis were performed using 
Cytoscape 3.10.3 software with the CytoCluster method. 
This analysis included closeness centrality (CC). From 
gene expression data, pathway analysis was performed 
using Enrichr (https://maayanlab.cloud/Enrichr/). In 
the gene expression analysis stage, data normalization 
was performed using the log2 transformation method 
to stabilize variance between samples, and P value 
correction was performed using the Benjamini–Hochberg 
false discovery rate (FDR < 0.05) method to minimize 
false positives. Differential gene selection criteria were 
determined based on threshold values.

Docking and pharmacophore analysis
This study used 62 previously obtained compounds (14). 
These compounds were subjected to pharmacophore 
analysis based on the similarity of glimepiride to several 
criteria, such as hydrogen donor (X: 4.261; Y: -2.6193; Z: 
0; r: 1), hydrogen acceptor (X: 2; Y: -4.3981), hydrogen 
acceptor (X: 2.8941; Y: -2.6193; Z: 0), hydrophobic (X: 
2.8756; Y: -6.9239; Z: 0), and hydrophobic (X: 4.8479; Y: 
-6.4672; Z: 0). Subsequently, drug likeness was analysed 
based on Lapinski’s rules using SwissADME (http://www.
swissadme.ch/). 

Preparation of target proteins and docking procedure
Protein crystal structures downloaded from the RSCB 
PDB database were imported into Yasara. For molecular 
docking purposes, all water molecules were removed, and 
the protein chain corresponding to the target was selected. 
https://open.playmolecule.org/ was used to predict 
potential cavities or binding sites. Since the target protein 
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lacked a native ligand, the target proteins in this study were 
NDUFS1 (PDB ID: 8J9I, chain A), NDUFA9 (8J9I, chain 
L), UQCRC2 (3TGU, chain B), UQCRFS1 (8IUJ, chain 
MA), and NDUFS4 (8J9I, chain ZA). After obtaining the 
coordinates of the binding site and the compound to be 
tested, the next step was docking (15) using AutoDock 
Vina. In this process, the parameters measured included 
the energy values involved and the dissociation constant. 
Regarding the validation of the molecular docking results, 
we did not perform re-docking analysis using RMSD 
because the target proteins in this study (NDUFS1, 
NDUFA9, UQCRC2, UQCRFS1, and NDUFS4) did 
not have native ligands in their crystal structures. 
Therefore, validation was performed alternatively through 
pharmacophore fit analysis and comparison of binding 
energy values with a standard drug (glimepiride).

Results
Sample preparation
The results of the N. cordifolia plant determination 
were obtained using test number 214a/LB.LABDASAR/
XI/2024. Based on the extraction, 41.64 grams of thick 
extract with a yield of 20.82% were obtained, comprising 
2.09 grams of the n-hexane fraction (5.02%), 2.88 grams 
of the ethyl acetate fraction (6.94%), and 2.43 grams of 
the n-butanol fraction (5.88%). Subsequently, the samples 
were used for in vitro and in vivo tests. 

In vitro amylolysis kinetics test results
In vitro test results showed that ethanol extract and N. 
cordifolia fractions could inhibit the amylolysis process, 
as indicated by a decrease in dissolved glucose levels over 
the observation period of up to 180 minutes (Table 1). 
Moreover, the ethyl acetate fraction showed the highest 
activity in inhibiting glucose release in the dialysate, at 
10.22 ± 0.21 mg/dL, with the highest GDRI value closest 
to that of acarbose, the positive control, at 82.56 at 30 
minutes. This indicated that this fraction likely contained 
polar active compounds such as flavonoids or tannins. 
The n-butanol fraction also had a significant inhibitory 
effect, although not as strong as the ethyl acetate fraction, 
with a dialysate concentration of 20.49 ± 0.53 mg/dL and 

Table 1. Effect of samples on starch digestibility and glucose dialysis retardation index (GDRI) values  

Time (min) Negative control 
(mg/dL) Acarbose (mg/dL) Ethanol extract 

(mg/dL)
n-Hexane fraction 

(mg/dL)
Ethyl acetate fraction 

(mg/dL)
n-Butanol fraction 

(mg/dL)

30 16.23±0.38 2.601 ± 0.225x 
(83.98)

7.29 ± 0.44x/y 
(55.12)

9.64 ± 0.42x/y 

(40.61) 2.99 ± 0.17y (81.56) 4.69 ± 0.22x/y (71.09)

60 26.22±0.36 4.911 ± 0.259x 
(81.26)

13.32 ± 0.18 x/y 
(49.17)

20.8 ± 0.39x/y 
(20.81) 5.48 ± 0.17x/y (79.08) 9.16 ± 0.36x/y (65.03)

120 33.81±0.17 7.452 ± 0.514x 
(77.95)

25.30 ± 0.26x/y 

(25.17)
30.4  ± 0.23x/y 

(10.01) 8.22 ± 0.23x/y (75.68) 14.33 ± 0.57x/y (57.61)

180 37.80±0.23 9.319 ± 0.262x 
(75.35)

30.42 ± 0.29x/y 
(19.53)

36.7 ± 0.12x/y 
(2.98) 10.22 ± 0.21x/y (72.94) 20.49 ± 0.53x/y (45.81)

x: significantly different from the control; y: significantly different from the positive control; x/y: significantly different from the control and positive 
control. Values are considered statistically significant if P < 0.05. The significance level was analyzed using ANOVA, followed by the Tukey test.

Figure 1. Effects of ethanol extract of Nephrolepis cordifolia in alloxan-
induced Wistar rats. a: significantly different from the control; a/b: 
significantly different from the control and negative control; a/b/c: 
significantly different from the control, negative control, and positive 
control. Values are considered statistically significant if P < 0.05. The 
significance level was analyzed using ANOVA, followed by the Tukey test.

a GDRI value of 71.09 at 30 minutes, indicating that semi-
polar compounds contributed to the antidiabetic activity. 
Furthermore, the n-hexane fraction, although more 
nonpolar, still exhibited an inhibitory effect, suggesting 
the presence of lipophilic compounds. This result 
supported the notion that N. cordifolia starch digestion-
inhibitory activity was influenced by the diversity of 
bioactive compounds in each fraction, thereby offering 
potential use as a natural agent for blood glucose control. 

In vivo test results
In an in vivo test using an alloxan-induced rat model, 
oral administration of ethanol extract of N. cordifolia 
significantly reduced blood glucose levels compared to 
the negative control, particularly at the dose of 600 mg/
kg, which reached 96.93 mg/dL, as shown in Figure 1. 
This antihyperglycemic effect suggested that the active 
compounds in the extract probably acted enzymatically 
in the gastrointestinal tract and influenced metabolic 
mechanisms such as pancreatic β-cell regeneration and 
increased insulin sensitivity, as shown in Figure 2. Doses 
of 200 and 400 mg/kg did not show a significant reduction, 
but remained lower than the negative control, indicating 
a gradual effect with increasing doses. The decrease in 
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glucose levels at the dose of 600 mg approached the value 
obtained from the positive control (acarbose), indicating 
that the extract had promising therapeutic potential.

Observations in the normal group revealed endocrine 
cells dispersed in the islets of Langerhans, characterized 
by intact cells with a bluish-purple color and reddish 
cytoplasm. These results indicated that there was no 
cell damage in the pancreas of rats in the normal group. 
Microscopic observations of pancreatic tissue cells in the 
negative control group revealed significant cell death, 
while in the positive control group, cell death decreased. 

Observations in the 200 mg/kg extract group showed 
pancreatic beta cell death, but this was already decreasing 
compared to the negative control group. Meanwhile, 
observations in the 400 mg/kg extract group showed 
less pancreatic beta cell damage compared to both the 
negative and 200 mg/kg extract groups. In the 600 mg/
kg extract group, improvements in pancreatic beta cells 
were observed, with fewer dying compared to the negative 
group. Based on histopathological features of pancreatic 
tissue, test animals in the extract group experienced 
recovery from pancreatic damage caused by diabetes. This 

recovery was proportional to the increase in the dose of N. 
cordifolia extract. 

Differential gene expression in silico
Based on the geodata, the normal and T2DM groups were 
as follows: GSE164416 (normal: 18; T2DM: 39), GSE25724 
(6; 7), GSE20966 (10; 10), GSE76894 (84; 19), GSE7014 
(6; 20), and GSE29221 (12; 12). The upregulated genes in 
GSE164416 were 1531, GSE25724 (3189), GSE20966 (20), 
GSE76894 (2080), GSE7014 (5342), and GSE29221 (269). 
Subsequently, duplicate data were removed, resulting 
in 7,884 data points. Based on the analysis of Figure 3 
(volcano plot), significant differences in gene expression 
were visible between normal individuals and those with 
T2DM. Data from 6 GSE sets (GSE164416, GSE25724, 
GSE20966, GSE76894, GSE7014, and GSE29221) showed 
that most genes involved in T2DM were upregulated, 
indicating specific biological activation in response to 
chronic hyperglycemia. These upregulated genes likely 
played a role in the inflammation, oxidative stress, and 
metabolic dysfunction characteristic of T2DM. 

The obtained data were then networked using STRING 
and further analyzed using Cytoscape. This process 
resulted in 10 main clusters: cluster 1 (Node: 61; Density; 
0.787; Quality: 0.0001), cluster 2 (66; 0.486; 0.340; 0.072), 
cluster 3 (123; 0.501; 0.315; 0.087), cluster 3 (115; 0.476; 
0.312; 0.121), cluster 4 (106; 0.500; 0.317; 0.149), cluster 5 
(14; 0.923; 0.279; 0.194), cluster 6 (22; 0.519; 0.314; 0.444), 
cluster 7 (12; 0.515; 0.112; 0.512), cluster 8 (11; 0.673; 
0.224; 0.840), cluster 9 (18; 0.601; 0.241; 0.944), and cluster 
10 (25; 0.673; 0.278; 0.9). From these 10 clusters, cluster 
1 was selected because it had the smallest quality value. 
Based on the network analysis, the node value was 61, the 
edge value was 144, and the average number of neighbors 
was 47,246. According to the cytocluster analysis, 4 groups 
were obtained with degree values of 57-58, 50-56, 43-49, 
and 10-32. This was consistent with closeness centrality 
(CC) values of 0.9421–0.9677, 0.8571–0.9375, 0.7792–
0.8450, and 0.5357–0.6818. Furthermore, these values 
were comparable to radiality values of 0.9988–0.9999, 
0.9971–0.9988, 0.9951–0.9968, and 0.9850–0.9919. 

Figure 4 provides information on the central role of 
differentially expressed genes (DEGs) in the molecular 
interaction network based on CC values. The higher 
the CC value, the more significant the gene’s role in the 
interaction network. The dominant green circle indicated 
genes with a very high central role (CC: 0.9421–0.9677). 
In Figure 5, the red V-shaped pathway is shown to have 
a direct involvement with the T2DM metabolic pathway, 
as indicated by the KEGG database. Pathways with a 
V-shape indicated direct involvement in the pathogenesis 
of diabetes. Therefore, these genes were prime candidates 
for further study in the development of T2DM therapies 
or biomarkers.

Based on pathway analysis, 10 pathways with a P value less 
than 0.05 were identified as being associated with T2DM. 

Figure 2. Histology of pancreatic tissue of Wistar rats induced by alloxan, 
with various treatments of ethanol extract of Nephrolepis cordifolia. A: 
normal group; B: negative control; C: positive control; D, E, and F: 200, 
400, and 600 mg/kg extract groups. Red arrows: cell death; Black arrows: 
normal beta cells. 
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The biological pathway began with impaired oxidative 
phosphorylation due to mitochondrial dysfunction 
and increased oxidative stress in pancreatic β-cells. 
Thermogenesis was decreased due to insulin resistance, 
resulting in fat accumulation and reduced insulin 
sensitivity. The complications of diabetic cardiomyopathy 
(Figure 6) could arise from chronic hyperglycemia, which 
triggered oxidative stress, fibrosis, and heart cell death, 
making this pathway a primary target for docking analysis. 
The NAFLD pathway was characterized by impaired 
lipid and glucose metabolism, which exacerbated insulin 
resistance and contributed to liver complications. In 
cholesterol metabolism, dysregulation increased the risk 
of atherosclerosis through impaired HDL function and 
increased LDL. The ferroptosis pathway, which comprises 
iron-dependent cell death, also contributed to the damage 
of pancreatic β-cells. Cellular senescence accelerated cell 
damage and chronic inflammation, impairing insulin 
function. Necroptosis, a proinflammatory form of cell 
death, exacerbated pancreatic and kidney damage. 
Disruption of the cGMP-PKG pathway led to vascular 

dysfunction and metabolic disturbances. The disruption 
of calcium signaling reduced insulin exocytosis, with 
broad implications for metabolism and cardiac function.

Docking results
This analysis aimed to identify potential inhibitors that 
could modulate mitochondrial protein activity, particularly 
those contributing to impaired glucose metabolism. 
Based on previous studies, 62 compounds were identified, 
which were then screened for pharmacophore similarity 
to glimepiride, yielding 5 compounds: ellagic acid, 
hydrolyzed fumonisin B1, oleamide, stearamide, and 
armillaramide. The next step was drug-likeness screening 
based on Lapinkiy’s rule. Armillaramide was excluded due 
to its MW >500 and MLOGP >4.15, resulting in 555.5217 
and 4.98, respectively, as presented in Table 2.

The docking analysis results showed that ellagic acid 
had the highest affinity for the 5 target genes in the 
pathogenesis of T2DM, including NDUFS1, NDUFA9, 
UQCRC2, UQCRFS1, and NDUFS4 (Figure 7). For 
the NDUFA9 gene, ellagic acid performed the best 

Figure 3. Volcano plot between T2D and normal conditions from GEO Browser database. *Red indicates upregulated T2D, blue indicates downregulated. 
A: GSE164416; B: GSE25724; C: GSE20966; D: GSE76894; E: GSE7014; F: GSE29221.
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Figure 4. Up-regulated DEG (differentially expressed genes) interaction network in general. Green circle with closeness centrality (CC) values: 0.9421-
0.9677; brown octagon with CC values: 0.8571-0.9375; yellow hexagon with CC values: 0.7792-0.8450; blue rectangle with CC values: 0.5357-0.6818.

Figure 5. General up-regulated DEG (differentially expressed genes) interaction network associated with the Kegg pathway for type 2 diabetes mellitus 
(T2DM). Green circle with closeness centrality (CC) values: 0.9421 - 0.9677; brown octagon with CC values: 0.8571-0.9375; yellow hexagon with CC 
values: 0.7792-0.8450; blue rectangle with CC values: 0.5357-0.6818; red V: Kegg pathway for T2DM.

with a binding energy (BE) of -9.882 kcal/mol and a 
dissociation constant (DC) of 57.068 μM, indicating a 
robust and stable bond. Interactions with key residues 
such as ARG148, ARG161, and TYR180 strengthened its 
potential inhibitory activity on mitochondrial complex 
I. Furthermore, ellagic acid exhibited a high affinity for 
NDUFS4 (BE -9.056 kcal/mol; DC 230.072 μM), with 

the involvement of positively charged residues, such as 
ARG68, ARG70, ARG83, and ARG115, supporting strong 
electrostatic and polar interactions. 

For other targets, such as NDUFS1 and UQCRC2, 
ellagic acid continued to exhibit a competitive affinity 
with BEs of -8.874 and -8.75 kcal/mol, respectively, and 
DCs below 400,000 μM, which was much lower than that 
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of other compounds. This indicated that the interactions 
formed were stable, primarily through aromatic and 
polar residues such as HIS194 and ILE193, as well as 
hydrogen bonds with ASN137 and ILE193 (NDUFS1), 
and electrostatic interactions with LYS104, and hydrogen 
bonds with SER384 (UQCRC2). The weakest bond of 
ellagic acid with UQCRFS1 had a BE value of -7.545 
and DC 2947417, but this value was better than the 
other 3 ligands. Hydrolyzed fumonisin B1, Oleamide, 
and Stearamide showed less negative binding energy 
and tremendous DC values, reaching tens to hundreds 
of millions of pM, indicating weak and unstable bonds. 

This indicated that the 3 compounds were less effective 
as inhibitors of mitochondrial proteins involved in 
glucose metabolism, as shown in Table 3. Although the 
docking results indicate that ellagic acid exhibits a fairly 
low binding energy value, suggesting a strong affinity for 
the receptor, its strength is still weaker compared to the 
standard drug, glimepiride. This can be seen from the 
comparison of binding energy values, which show that the 
more negative the energy value, the stronger the binding 
affinity. Based on the data, the binding energy of ellagic 
acid to several protein targets was recorded as higher 
than glimepiride, namely on NDUFS1 (-8.874 vs -8.929), 

Table 2. Physical and chemical properties of selected compounds from Nephrolepis cordifolia that met pharmacophore selection and Lipinski’s rule

Name Calc. MW H aceptor H donor TPSA MLog 

Ellagic acid 302.0059 8 4 141.34  0.951

Hydrolyzed fumonisin B1 405.3446 7 2 99.05 -1.735

Oleamide 281.2716 2 2 44.08  4.57

Stearamide 283.2874 2 2 44.08 4.67

MW: Molecular weight; TPSA: Topological polar surface area.

Figure 6. Genes from DEGs (differentially expressed genes) obtained from 6 geobrowsers and involved in diabetic cardiomyopathy.
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NDUFA9 (-9.882 vs -9.969), UQCRC2 (-8.75 vs -9.225), 
UQCRFS1 (-7.545 vs -7.776), and NDUFS4 (-9.056 vs 
-9.258). These findings indicate that although ellagic acid 
has good interaction potential, glimepiride still shows a 
stronger affinity for all tested receptors.

Discussion
The in vivo tests demonstrated a reduction in pancreatic 
beta cell death induced by alloxan at a dose of 600 mg/
kg body weight, as well as a positive control (metformin). 
This was due to the effect of metformin on reducing 
peripheral blood glucose (16). Furthermore, metformin 
has been shown to reduce pancreatic beta cell death (17). 
Other studies have demonstrated protective effects on 
various organs, including the heart and cardiovascular 

Figure 7. Interaction between protein and ellagic acid. Left: 3 dimensions; 
right: 2 dimensions. A: NDUFS1; B: NDUFA9; C: UQCRC2; D: UQCRFS1; 
E: NDUFS4.

system (18). In vitro studies of kinetic amylosis from 
aqueous extracts of Lagenaria siceraria showed 0.32 ± 0.01, 
Cynodon dactylon 0.34 ± 0.01, and Stevia rebaudiana 0.31 
± 0.01(19). Ripe Musa sapientum was 0.41 ± 0.01(19), M. 
koenigii was 0.37 ± 0.01, and C. roseus was 0.40 ± 0.01 (20). 
In the alloxan-induced in vivo test, the chlorophorome 
fraction of Nelsonia canescens 300 mg/kg could reduce 
glucose levels to 119.00±2.70 mg/dL (21), methanol extract 
of Tephrosia pumila at a dose of 400 mg/kg was able to 
reduce blood sugar levels to 143.5±2.717 mg/dL (22), at a 
dose of 500 mg/kg, methanol extract of Thymus schimperi 
was able to reduce it to 195.5±13.1 mg/dL (23). With 
streptozotocin induction, a Thai herbal formula at a dose 
of 250 mg/kg body weight was found to reduce HbA1c and 
blood glucose levels (24). Lepisanthes rubiginosa (Roxb.) 
Leenh leaf and pericarp extract, administered at a dose 
of 500 mg/kg body weight, effectively decreased blood 
glucose levels by restoring pancreatic histopathology (25). 
T2DM could be divided into several phenotypes based on 
the level of insulin resistance, impaired beta-cell function, 
and response to therapy (5). Furthermore, accompanying 
complications were classified into acute complications, 
including hyperosmolar as well as hyperglycemia, and 
chronic complications, such as microvascular and 
macrovascular damage (26). At the molecular level, 
impaired insulin signaling pathways, oxidative stress, and 
chronic inflammation contributed to disease progression 
(27). Elevated levels of proinflammatory cytokines such 
as TNF-α and IL-6, as well as mitochondrial dysfunction, 
also contributed to insulin resistance and cell damage 
(28). Therefore, classifying T2DM based on its biological 
characteristics opened up opportunities for more specific 
therapies, including pharmacogenomic methods or plant-
based therapies with targeted molecular mechanisms (29).

Differential gene expression could be categorized 
based on the direction of expression changes, namely 
upregulation (increased expression) and downregulation 
(decreased expression) (30). These changes indicated a 
cell’s response to environmental stress, chemical stimuli, or 
specific pathological conditions. In modern genetic studies, 
identifying DEGs was often the initial step in determining 
disease biomarkers, understanding drug mechanisms 
of action, or evaluating the effects of therapeutic agents 
(31). Furthermore, the manifestations of differential gene 
expression varied widely, depending on tissue type and 
disease stage. In patients with T2DM, there was decreased 
expression of insulin receptor substrate (IRS) genes, as 
well as increased expression of inflammatory genes such 
as NF-κB (32). Other categories of differential expression 
included cellular signaling pathways, such as the PI3K-
Akt and AMPK pathways, which contributed to energy 
metabolism and insulin response, respectively (33). 
Comprehensive differential gene expression analysis also 
allowed data integration with bioinformatics to map gene 
network interactions, providing a comprehensive picture 
of the molecular mechanisms.
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Table 3. Docking results for the top five target proteins involved in the diabetic cardiomyopathy pathway

Protein 
target

Docking parameters and 
interaction types 

Compound

Glimepiride (standard) Ellagic acid Hydrolyzed fumonisin B1 Oleamide Stearamide

NDUFS1 
(PDB: 8J9I)

Binding energy [kcal/mol] -8.929 -8.874 -6.601 -5.644 -5.914
Dissociation constant [pM] 272997 312803 14501163 72927808 46236028
Hydrogen bond PHE133 ASN137; ILE193 ASN190; ILE193; CYS89; CYS192; HIS194 HIS174 HIS174; ASP220; PRO221

Hydrophobic HIS194; PRO221; PHE133; HIS174; 
HIS194; ILE134 ILE134; HIS194 PHE133; ILE130; ILE134; ILE193; PRO176; 

HIS174; HIS194
PHE133; ILE130; ILE134; ILE193; HIS174; 

HIS194
PRO221; ILE130; ILE134; 
ILE193; HIS174; HIS194

Electrostatic HIS194 - - - -

NDUFA9 
(PDB: 8J9I)

Binding energy [kcal/mol] -9.969 -9.882 -7.092 -6.972 -6.593

Dissociation constant [pM] 49274 57068 6331332 7752758 14698294

Hydrogen bond TYR180 ARG148; ASN151; ARG161; 
TYR180; THR147 ASN151; TYR180; ASN125 ASN125 -

Hydrophobic LEU220; PHE215; ARG161; PHE163 ARG148; ILE202 ARG148; PRO182; ILE202; LEU220 ARG148; ARG161; PRO182; LEU220; ILE202; 
TYR180; PHE215

ARG148; ARG161; PRO182; 
ILE202; LEU220; PHE215

Electrostatic ARG148; ARG161 ARG148; ARG161 - - -

UQCRC2 
(PDB: 3TGU)

Binding energy [kcal/mol] -9.225 -8.75 -7.246 -6.406 -6.197

Dissociation constant [pM] 172975 385624 4882155 20153002 28677334
Hydrogen bond ASN380; GLU103; ASN315 SER384 GLU103; SER317; ASN315; LYS52 GLU103 1

Hydrophobic LEU388; LYS104; LEU387; LYS52 LYS104; LEU388; LYS104 LYS104; LEU388; TYR316 LYS52; LYS104; VAL264; LEU388 LYS104; VAL264; LEU388; 
LEU387

Electrostatic GLU103; GLU381 LYS104 - - -

UQCRFS1 
(PDB: 8IUJI)

Binding energy [kcal/mol] -7.776 -7.545 -6.23 -5.381 -5.193

Dissociation constant [pM] 2504639 2947417 27123732 113677552 156127904

Hydrogen bond ARG161; ALA162; VAL163 ASP174; ARG221 MET165; ARG221; PRO164; VAL163; 
MET160; GLU175 ASP174; ARG221; MET160; VAL163 ASP174; ARG221; MET160

Hydrophobic ARG161; MET165; PRO164 ARG161; MET165 PRO164 ARG161; ALA162; PRO164; MET165 ARG161; ALA162; MET165
Electrostatic GLU175; ARG161 ARG221 - - -

NDUFS4 
(8J9I)

Binding energy [kcal/mol] -9.258 -9.056 -5.381 -5.185 -5.29
Dissociation constant [pM] 184719 230072 113677552 158250320 132549648

Hydrogen bond ARG68; VAL71; ARG83; SER88; 
ARG70

ARG68; VAL71; ARG83; 
SER88; ARG70 ARG68; ARG115; VAL71; HIS90; VAL71 ARG70; LYS119 ARG70; ARG116

Hydrophobic ARG70; LYS119 ARG70; LYS119; ARG83 ARG70; ARG83; ARG115; ARG116; LYS119; 
VAL71; HIS90

ARG70; VAL71; ARG83; ARG116; LYS119; 
HIS90

ARG70; ARG115; ARG116; 
LYS119; VAL71; HIS90

Electrostatic ARG68; HIS90 ARG68; ARG70; ARG83; 
ARG115 - - -

Binding energy: Between the ligand and the receptor; Dissociation constant shows the strength of the ligand’s affinity for the receptor in the form of a concentration value.
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The integration of gene expression analysis and 
pharmacological effects provides a more comprehensive 
understanding of the molecular mechanisms underlying 
the antidiabetic activity of N. cordifolia. The gene 
expression analysis revealing the involvement of the 
diabetic cardiomyopathy pathway strengthens the evidence 
that active compounds such as ellagic acid, together with 
hydrolyzed fumonisin B1, oleamide, and stearamide, play 
crucial roles in ameliorating mitochondrial dysfunction 
and oxidative stress—two major contributing factors in 
T2DM (34). This finding is consistent with the in vivo 
results, which demonstrated pancreatic histological 
improvement and a reduction in blood glucose levels in 
treated rats, indicating that modulation of genes associated 
with mitochondrial function directly contributes to 
β-cell recovery and enhanced insulin sensitivity. Thus, 
the relationship between gene expression changes and 
physiological outcomes confirms that the pharmacological 
effects of N. cordifolia are not merely symptomatic but 
are rooted in specific molecular mechanisms targeting 
cellular energy regulation and glucose metabolism (35).

At the molecular level, T2DM is a complex metabolic 
disorder characterized by insulin resistance, β-cell 
dysfunction, chronic inflammation, and oxidative stress, 
which are primarily induced by impaired mitochondrial 
oxidative phosphorylation, particularly within Complex 
I (5). The disruption of OXPHOS and inflammatory 
signaling contributes significantly to the pathogenesis 
of T2DM, highlighting the intricate interactions among 
inflammation, oxidative stress, and insulin resistance 
(27). In the present study, the gene expression profile 
revealed the involvement of NDUFA9 and NDUFS4 as 
key subunits of Complex I, which play critical roles in 
energy production and the regulation of reactive oxygen 
species (ROS) levels (36).

Furthermore, although the in silico results indicate that 
ellagic acid is the most potent compound with the highest 
affinity toward mitochondrial protein targets, the overall 
antidiabetic activity of N. cordifolia is likely the result of 
synergistic interactions among multiple phytochemicals 
within the extract. Other compounds, including 
hydrolyzed fumonisin B1, oleamide, and stearamide, 
may act complementarily to enhance metabolic pathway 
modulation, stabilize protein–ligand interactions, and 
reduce oxidative stress associated with insulin resistance. 
These synergistic phytoconstituent effects enable multi-
target mechanisms that contribute to overall metabolic 
homeostasis rather than relying solely on single 
enzymatic inhibition. Therefore, the combination of 
active compounds in N. cordifolia may provide a broader 
and more sustainable therapeutic effect, reinforcing its 
potential role as an adjuvant therapy candidate for T2DM. 
However, limitations of this study lie in the lack of further 
validation of gene expression and the toxicity of this plant 
extract. Therefore, future studies should focus on in vitro 
and in vivo validation of gene expression data, as well as 

comprehensive toxicity and pharmacokinetic evaluations 
to ensure the safety and efficacy of the proposed 
compound.

Conclusion
In conclusion, N. cordifolia, particularly the ethyl acetate 
fraction, exhibits significant antidiabetic activity in vitro, 
and ethanol extract in vivo can repair alloxan-induced 
pancreatic beta cell damage in rats. This activity is 
supported by differential gene expression analysis and 
molecular docking, which identify ellagic acid as a strong 
candidate for inhibiting mitochondrial proteins involved 
in the diabetic cardiomyopathy pathway in T2DM. 
However, limitations of this study lie in the lack of further 
validation of gene expression and the toxicity of this plant 
extract. 
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