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ABSTRACT
Introduction: Candida albicans biofilm formation is a significant contributor to antifungal resistance, necessitat-
ing new treatment strategies. Annona muricata Lin., a traditional herbal remedy, has shown promise in combat-
ing microbial infections. The purpose of this study was to assess the antibiofilm activity of the methanol extract 
of A. muricata leaves alone or with the addition of fluconazole against C. albicans. 
Methods: Phytochemicals from the methanol extract were analyzed by LC-MS, the XTT assay was used for met-
abolic activity, and morphological characteristics were examined using scanning electron microscopy (SEM). 
Molecular docking screening of identified compounds in A. muricata methanol leaves extract against a Sap3 
receptor (PDB: 2H6T) was also performed. 
Results: The LC-MS analysis detected 17 possible phytochemicals. The methanol extract showed a dose- 
dependent inhibition of biofilm formation, with maximum inhibition of ~60% observed at 240 μg/ml, and inhibition 
by fluconazole increased from 32% to 76% as the concentration increased from 15 to 240 μg/ml. The combination 
of A. muricata and fluconazole increased the inhibition significantly, from 74% to 78% at 15 μg/ml to 240 μg/mL, 
respectively. SEM of control and treated C. albicans biofilms showed an altered morphology and loss of cell integrity 
by the combination, corroborating the findings. Plant phytochemicals also possess high binding affinity (−9.7 to  
8.0 kcal/mol, respectively) for the Sap3 enzyme and may therefore have therapeutic potential against C. albicans.
Conclusion: Consequently, the findings indicate that compounds in the A. muricata methanol extract may func-
tion in concert with fluconazole at sub-inhibitory concentrations to suppress C. albicans biofilm formation. This 
finding paves the way for the formulation and development of antifungal treatment regimens that may limit the 
development of fluconazole resistance employing this plant part. 
Keywords: A. muricata, Candida albicans, Fluconazole, LC-MS, Synergism, XTT assay 
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albicans to form biofilms is a crucial component of its patho-
genicity since it can increase tolerance to the host immune 
system and traditional antifungal medication (2). Most severe 
and recurring infections caused by C. albicans are linked to 
the development of biofilms on natural or synthetic surfaces 
(3). C. albicans biofilm has been known to cause persistent 
infections of organs and tissues invasively via seeding dissem-
inated bloodstream infections, known as candidemia (4,5). 
Interestingly, secreted aspartyl proteinases (Saps) are among 
the hydrolytic enzymes that contribute significantly to the 
pathogenicity of the opportunistic pathogen C. albicans (6). 
It is believed that mucosal infections are associated with Sap 
1-3, while systemic infections are associated with Sap 4-6 (7). 

Herbal remedies have been utilized for millennia to cure 
a wide range of illnesses, both in Africa and elsewhere. 

Introduction
Seventy-five percent of human microbial infections are 

caused by the growth and persistence of biofilms, which  
are surface-attached microbial populations encased in a 
self-synthesized polymeric matrix (1). The ability of Candida 
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This  is mostly due to the perception that medicinal herbs 
are more accessible, more affordable, and more effec-
tive than Western medications (8). Annona muricata Lin. 
(Custard-apple, Annonaceae) is endemic to the West Indies 
and Central America, where it grows widely at elevations 
below 900 meters above sea level. It is also known by the 
names guanabana, paw-paw, soursop, and graviola. It grows 
in nations such as India, Angola, Puerto Rico, Brazil, Costa 
Rica, Colombia, and Venezuela that have tropical or subtropi-
cal climates (9). It has proven possible to isolate >200 bioac-
tive chemicals from the A. muricata. Terpenoids, phenolics, 
and alkaloids are the most identified secondary metabolites 
of A. muricata (9-11). In Africa, India, and tropical America, 
A. muricata is frequently used as a folk remedy for a variety of 
human illnesses, including diabetes, rheumatism, cancer, and 
parasitic infections (12). The antibacterial, antifungal, anti-
cancer, anticonvulsant, sedative, antiparasitic, and cardio-
depressant properties of A. muricata leaves are just a few 
of its many potential uses (13,14). According to Rustanti and 
Fatmawati, A. muricata leaves ethanol extract showed anti-
fungal activity, particularly against C. albicans (13). However, 
the literature presently has inadequate proof of the use of 
A. muricata leaf extract on biofilms of C. albicans. 

Thus, this work aims to examine the antifungal activity and 
synergistic potential of the methanol extract of A. muricata 
leaf when combined with an antifungal agent, fluconazole, 
against C. albicans biofilm. Also, the existence  of  putative 
chemical components of A. muricata leaf extract, as well 
as the possibility of an interaction between identified com-
pounds of A. muricata leaf and the Sap3 C. albicans, will be 
investigated to find new inhibitor candidates.

Experimental
Plant material collection

The A. muricata leaves were gathered in August 2020 
at Mabira Forest in Uganda’s Buikwe District, with Voucher 
specimen No. AMHa4567, the plant was authenticated 
and confirmed by a taxonomist at the Makerere University 
Herbarium, Department of Plant Science, Microbiology and 
Biotechnology, Makerere University, Uganda.

Extraction procedure
Briefly, properly washed, cleaned, and dried (21 days 

at room temperature), leaves were ground into fine pow-
der by using an electrical grinder. Powdered leaves (1000 g) 
were extracted successively (2.5 L × 3) by macerating with 
n-hexane, dichloromethane, ethyl acetate, methanol, and 
water at room temperature for 72 hours to obtain four 
respective extracts. The extracts were filtered through cot-
ton wool and then dried in a rotary evaporator set at 40°C. 
To remove any remaining moisture, the extracts were moved 
to sample bottles and put in a desiccator with anhydrous 
sodium sulfate. The dried extracts were then refrigerated at 
−20°C in t-stopped bottles for further analysis (15). According 
to the studies, polar solvents are better than non-polar sol-
vents, most likely because they offer a higher phytocom-
pound recovery yield (16,17). Therefore, the adoption of 

methanol extract for additional research was motivated by 
the increased extraction yield. 

LC-MS parameters for secondary phytochemical  
analysis

An ABSCIEX 4000 QTRAP hybrid triple quadrupole ion trap 
mass spectrometer was used to analyze the samples, and its 
front end was a Shimadzu HPLC stack. The software Analyst 
1.5 (AB SCIEX) was used for all data processing and collecting. 
A 20 μL sample was separated using a 10-minute gradient 
that started with 5% solvent A (H2O containing 0.1% ammo-
nium formate) and gradually progressed to 10% solvent B 
(MeOH with 0.1% ammonium formate). This separation 
was conducted on a C18 column (150 × 4.6 mm, Discovery, 
Supelco) at a flow rate of 0.5 mL/min. The solvent gradient 
was gradually increased to 30% B over the next 10 minutes, 
then to 50% B for an additional 10 minutes, and finally to 95% 
B over the subsequent 15 minutes. The total runtime for the 
experiment was 60 minutes, which allowed for column re-
equilibration. Analytes that were eluted were electrosprayed 
into the TurboV ion source at 500°C to evaporate any excess 
solvent. The system used a nebulizer gas pressure of 30 psi, a 
heater gas pressure of 30 psi, and a curtain gas pressure of 20 
psi. The ion spray voltage was adjusted to 5500V in positive 
ionization mode and −4500V in negative ionization mode. 
With fixed declustering and entrance potentials of 40 and 
10V, respectively, the eluting analytes were mass measured 
on the mass spectrometer in Q1 scan mode, covering a range 
of 100 Da to 2000 Da for a 3-second cycle period.

Multiple optimizations and scans were done to reduce 
the background noise and come up with the best baseline 
stabilizations for accurate compound identifications. 

The compounds were identified by comparing the out-
comes of ESI-MS/MS observations articulated as tR and 
fragmentation configurations with those disclosed by inves-
tigations obtained from various database systems, such 
as the National Library of Medicine, Mass Bank of Europe, 
and related literature reviews. MS spectra, TIC, and pos-
sible identified compounds with their corresponding struc-
tures were retrieved from the library as well as the PubChem 
Compounds database.

Docking Studies
Using the Lamarckian genetic algorithm (LGA) as the scor-

ing function, the PyRx virtual screening program was utilized 
to virtually screen ligands, including AutoDock and AutoDock 
Vina. Molecular docking analysis was used to determine the 
chemical compounds’ binding affinity with the examined 
2H6T protein’s active site amino acids. The SDF format of 
Sap3 (PDB ID: 2H6T) protein 3D structure was downloaded 
from the protein data bank (PDB). The AutoDock tool was 
used to import the proteins with access codes 2H6T. After 
the water molecules attached to the structures were elimi-
nated, hydrogen atoms were inserted. Similarly, LCMS-
identified compound structures were also downloaded from 
the PubChem database. The ligands were docked using the 
active site dimensions, which were defined as a grid size 
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based on the XYZ axis. A maximum exhaustiveness of 10 
was computed for every ligand. Prior to the docking process 
starting, AutoDock Vina applied charges to the structures of 
proteins and ligands (15,18). The 2D visualization of the ideal 
binding pose—which is the binding energy with the lowest 
value for each compound-protein combination—was stud-
ied using BIOVIA Discovery Studio software. Hence, there is 
a great chance that the ligands produced will be employed as 
medication candidates. 

Antibiofilm activity
Strains used

For this investigation, C. albicans SC5314 was revived and 
maintained on Yeast Malt extract (YM) (10 g/L glucose, 3 g/L 
yeast extract, 3 g/L malt extract, 5 g/L peptone, and 16 g/L 
agar) agar plates and preserved at 4°C for all studies conducted.

XTT assay of biofilms

On YM agar plates, C. albicans cells were cultured and 
subsequently incubated for 24 hours at 30°C. Following incu-
bation, 20 mL of yeast nitrogen base (YNB) glucose medium 
(10 g/L glucose, 6.7 g/L YNB) was filled with a loop full of 
cells, and the mixture was incubated for 24 hours at 30°C.

Using an Eppendorf centrifuge 5430R, cells were har-
vested and washed (3075 g × 3 for 5 minutes at 4°C) with 
phosphate-buffered saline (PBS) and resuspended in 10 mL 
of RPMI-1640 media (Sigma-Aldrich, UK) at a concentration 
of 1x10–6 cells/ml. Aliquots of 200 µL of the cell suspen-
sion, including A. muricata methanol extract (reconstituted 
in sterile water) (AM), fluconazole (FLU) and a combination 
of the extract and antifungal drug (AM + FLU) at final con-
centrations ranging from 15-240 µg/ml was dispensed into a 
96-well microtiter plate (Corning Incorporated, Costar®, U.S.) 
and incubated for 48 hours at 37°C to allow biofilm forma-
tion. Standardized cells with RPMI-1640 media were used as 
the negative control. To get rid of non-adherent cells, wells 
were twice cleaned with 200 µL PBS after 48 hours. Kuhn 
et al.’s (19) method of assessing the mitochondrial meta-
bolic activity of the biofilms was used for the reduction of 
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT) (Sigma Aldrich, UK) 
in order to assess the viability of the yeast.

In the cellular supernatant, XTT was converted to colored, 
diffusible, water-soluble formazan, whose optical density was 
easily measured at 492 nm. Three biological duplicates of 
each three technical duplicates were used for this experiment. 
%Inhibition was calculated according to the following formula:

100 100
 

é ùæ ö÷çê ú÷- ´ç ÷ê úç ÷çè øê úë û

Absorbance of sample
Absorbance of control

After calculating the average and standard deviations, the 
student’s t-test was performed to assess the significance of 
the data sets, with P < 0.05 being deemed significant. IC50 val-
ues were determined by performing non-linear fitting analy-
sis using GraphPad Prism 8.0.2 software. 

Scanning electron microscopy (SEM)
Biofilm was prepared as described above in a flat bot-

tom 6-well plate (Greiner Bio-One, Germany) in 2 mL of 
RPMI-1640 medium containing either FLU (15 µg/mL),  
AM (15 µg/mL) or a combination of FLU (7.5 µg/mL) and AM 
(7.5 µg/mL) on sterile polymer discs (Isopore 0.2 µm hydro-
philic polycarbonate membrane disc, Merck, Germany). The 
polymer discs were removed aseptically after incubation 
and left overnight in a primary fixative solution of 3% (v/v) 
glutardialdehyde (Merck, Germany) in phosphate buffer (pH 
7.0). The biofilms underwent two PBS washes before being 
fixed for two hours at room temperature using 1% (v/v) 
osmium tetroxide (Merck, Germany) as a secondary fixa-
tive. This was followed by a second wash phase. The bio-
films were air dried in a desiccator after being dehydrated 
in an ethanol series (50% for 20 minutes, 70% for 20 min-
utes, 95% for 20 minutes, and 100% for one hour – twice). 
Then, they were subsequently coated with gold using SEM 
coating equipment (EM ACE600, Leica, Austria) and exposed 
to critical point drying (Samdri®-795 Critical Point Dryer, 
Tousimis, United States of America) for 30 minutes. Biofilms 
were analyzed using a JSM-7800F field emission SEM (ZEISS, 
Germany).

Results and Discussion
LCMS profile of A. muricata methanol extract

A total of 17 phytochemicals were detected by LC/MS  
and 14 among them were identified (Table 1). These 
included alkaloids (asimilobine 2, swainsonine 3, xylopine 
7, (+)-4’-O-methylcoclaurine 10), flavonoids (isovitexin 4, 
vitexin 5, rutin 8, quercetin-3-O-D-glucuronide 9, kaempferol 
3-O-rutinoside 11, eriocitrin 15, apigenin 6,8-di-C-glucoside 
17) and acetogenins (annonisin 13, annomuricin A 14, mon-
tanacin B/C 16) (Fig. 1) from AM (Fig. 1). A potential identi-
fication of the chemicals was predicated on contrasting the 
fragmentation patterns and retention times (tR) obtained 
from ESI-MS/MS experiments with those documented in 
research gathered from various databases.

The first-order mass spectrum of compound 3 showed 
an intense protonated molecular ion [M+H]+ at m/z 174.3 
and also showed a single loss of one hydroxyl group as water 
[M+H-H2O]+ at m/z at 156.2, which was identified as swain-
sonine (20-22). A similar trend was observed for compound 
2, where a protonated molecular ion [M+H]+ was observed 
at  m/z  268.6. The fragments at m/z 250.6 and 236.5 were 
assigned to the loss of the hydroxyl group as water [M+H−
H2O]+ and methoxy group [M+H−OCH3]

+, respectively, and 
this led to the identification of compound 2 as asimilo-
bine and this was consistent with the results of Lima et al. 
and Mohanty et al. (23,24). Compound 7 was identified as 
xylopine based on the typical fragment ions at  m/z  279.4 
([M + H−OH]+) and 249.7 ([M−CH2O2]

+) (22,25,26). For com-
pound 10, the main fragment ion appeared at m/z 300.4 
[M+H]+ and another main fragment at m/z 283.9 [M−OH]+, 
which corresponded to the loss of the hydroxyl group. 
Moreover, other fragments at m/z 251.8, 178.3, and 121.1 
were observed, which led to the identification of compound 
10 as (+)-4’-O-Methylcoclaurine (27). 



Potential of A. muricata in combination with fluconazole against C. albicans4 

© 2025 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

The mass spectrum fragmentation of compound 11 
appeared at m/z 595.3 [M+H]+. The product ion spectrum 
of the compound 11 ion (m/z 595.3) showed fragment ion 
at m/z 577.4 [M+H−H2O]+ due to loss of water molecule. 
The fragments at m/z 449.4 and 287.4 indicated the loss of 
rhamnose and glucose sugar units, and therefore, compound 
11 was identified as kaempferol 3-O-rutinoside (28,29). 

Similarly, a deprotonated molecular ion [M-H]– was observed 
at m/z 609.7 for compound 8. The spectra showed the pres-
ence of the main fragments at m/z 463.2 [M-H-146]– and 
301.1 [M - H-146-162]–, indicating the loss of two sugar units 
consisting of rhamnose and a pyranose, and this led to the 
identification of compound 8 as rutin (30). Compound 17 
showed a pseudo molecular ion peak at m/z 593.4 [M−H]-. 

TABLE 1 - Compounds detected by HPLC-ESI-MS/MS (negative and positive mode) in the methanol extract of A. muricata leaf

Peak Compound name tR (min) m/z Ionization
mode

Molecular 
formula

References

1 Unidentified 3.585 161.0 [M-H]– – –

2 Asimilobine 4.749 268.6 [M+H]+ C8H15NO3 (24)

3 Swainsonine 9.286 174.3 [M+H]+ C17H17NO2 (20-22)

4 Isovitexin 12.663 431.0 [M-H]– C21H20O10 (32)

5 Vitexin 13.832 431.0 [M-H]– C21H20O10 (32)

6 Unidentified 16.112 407.0 [M-H]– – –

7 Xylopine 18.298 296.2 [M+H]+ C20H21NO4 (22,25,26)

8 Rutin 17.381 609.7 [M-H]– C27H30O16 (30)

9 Quercetin-3-O-D-glucuronide 17.429 477.1 [M+H]– C21H20O13 (33)

10 (+)-4’-O-Methylcoclaurine 16.889 300.4 [M-H]+ C18H21NO3 (27)

11 Kaempferol 3-O-rutinoside 19.900 595.3 [M+H]+ C27H30O15 (28,29)

12 Unidentified 22.840 517.4 [M+H]– – –

13 Annonisin 30.812 611.3 [M+H]+ C35H62O8 (36)

14 Annomuricin A 31.356 613.3 [M+H]+ C35H64O8 (38,39)

15 Eriocitrin 33.166 595.7 [M+H]– C27H32O15 (31,34)

16 Montanacin B 38.016 611.2 [M+H]+ C35H62O8 (37)

17 Apigenin 6,8-di-C-glucoside 38.177 593.4 [M+H]– C27H30O15 (31)

FIGURE 1 - Chemical structures 
of compounds identified from 
AM by LC-MS

https://www.sciencedirect.com/topics/chemistry/molecular-ion
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(36,37). Compound 14 gave a molecular ion peak at m/z 
613.35 [M+H]+, which corresponds to the molecular formula 
C35H64O8 (38). Similarly to compound 13 and 16, compound 
14 also had the same fragments at 577.4 [M+H-H2O]+, 559.2 
[M+H-2H2O]+, 541.5 [M+H-3H2O]+, 523.6 [M+H-4H2O]+ and 
505.6 [M+H-5H2O]+ due to successive losses of water (18 Da) 
which indicates the presence of five hydroxyl groups. These 
results were in agreement with the literature (38,39), and 
compound 14 was identified as annomuricin A.

Molecular docking
In order to produce docking scores that show the bio-

affinity of the docked molecules, the molecular docking algo-
rithm simulates ligand interactions in the target proteins’ 
or receptors’ active regions (40). C. albicans is reported to 
have Sap 1-10 genes. The Sap proteins are one of the classic 
pathogenic factors whose expression is controlled by numer-
ous parameters such as pH levels, temperature, location of 
infection, and physicochemical ambient conditions. Since 
Sap3 is implicated in mucosal infections, the development of 
inhibitors targeting Sap3 is a promising strategy for address-
ing infections caused by C. albicans (7). 

The molecular docking calculations presented in Table 2 
indicate that the enzyme Sap3 (2H6T) exhibited the utmost 
binding affinities with eriocitrin (-9.7 kcal/mol). The 2D visu-
alization (Fig. 2A) displayed that eriocitrin established strong 
hydrogen bonds with GLY 34, ASP 86, SER 36, and ASN 192 at 
the protein active site. However, it also used a distinct pi bond 

MS showed fragment ions at m/z 431.1 [M−H-162] and 269.0 
[M−H-162], corresponding to the presence of the hexose 
nature of C-glycoside flavone. Moreover, from the observed 
base peak fragment at m/z 269.0, it could be concluded that 
compound 17 was apigenin 6,8-di-C-glucoside (31). Similarly, 
compounds 4 and 5 were assigned as isovitexin and vitexin, 
respectively (32). 

Compound 9 gave a pseudo-molecular ion at m/z 477.1 
[M-H]–. The MS/MS spectrum featured characteristic ion of 
m/z 301.1 [M-H-178]–, derived from the loss of glucuronide, 
and this led to the identification of compound 9 as quer-
cetin 3-O-glucuronide (33). For compound 15, the LC-MS 
chromatogram yielded an intense peak at m/z 595.7 [M-H]–. 
Moreover, another main fragments at m/z 449.2 [M-H-146]– 
and 287.0 [M-H-162]– were observed, which implies the loss 
of deoxyhexose and hexose as rhamnose and a pyranose, and 
therefore, compound 15 was identified as eriocitrin (31,34).

For compounds 13 and 16, the LC-MS/MS chromato-
gram showed a molecular ion peak at m/z 611.2 [M+H]+, 
which corresponds to the molecular formula C35H62O8. Due 
to consecut﻿ive losses of water (18 Da), the mass fragments 
at m/z 575.4 [M+H-H2O]+, 557.4 [M+H-2H2O]+, 539.5 [M+H-
3H2O]+, and 521.7 [M+H-4H2O]+ show the existence of four 
hydroxyl groups. This was in agreement with Gu et al. (35), 
who reported that fragment ions, indicative of the multihy-
droxylated structures of the acetogenins, were generated 
from consecutive losses of H2O (three to five molecules). 
This, therefore, led to the identification of compounds 
13 and 16 as annonisin and montanacin B, respectively 

TABLE 2 - Phytochemicals of A. muricata leaf and their binding energies with Sap3 (2H6T) enzyme

S. No. Compound Name Macromolecule Binding energy 
(kcal/mol)

Closest residues of docked ligands at the active 
site of macromolecule

A. Eriocitrin 2H6T –9.7 GLY 34, ASP 86, SER 36, ASN 192, ASP 218

B. Apigenin 6,8-di-C-glucoside 2H6T –8.9 GLY 220, THR 222, TYR 225, ASP 86, GLY 85, TYR 225

C. Xylopine 2H6T –8.5 GLY 220, GLY 85, TYR 225, ASP 218, ILE 305

D. Isovitexin 2H6T –8.5 ASP 86, THR 222, VAL 12, ASP 218, ILE 305

E. Rutin 2H6T –8.4 ASP 218, GLY 85, GLY 34, THR 221, ILE 82

F. Vitexin 2H6T –8.1 ASN 35, ILE 82, GLU 83, GLY 34,

G. Asimilobine 2H6T –8.1 ASP 32, 86, 218, THR 221, 222, ILE 123, 305, TYR 84, 
225, GLY 34, 85, 220, SER 35

H. Kaempferol 3-O-rutinoside 2H6T –8.0 TYR 84, SER 35, GLU 83, GLY 34, 85, ILE 82, TYR 303

I. (+)-4’-O-Methylcoclaurine 2H6T –7.8 ILE 123, 305, TYR 84, 303, GLY 34, 85, 220, ASP 32, 
86, 218, VAL 30, THR 221, SER 13

J. Quercetin-3-O-D-glucuronide 2H6T –7.3 ILE 123, TYR 221, GLY 85, 220, ASP 218

K. Annonisin 2H6T –7.2 ILE 82, 123, SER 13, 35, VAL 12, 30, ASP 32, 218, THR 
221, GLY 34, 85, 220, TYR 84, 303, GLU 83

L. Annomuricin A 2H6T –6.8 ILE 123, 305, SER 13, VAL 12, 30, ASP 32, 86, 218, THR 
221, 222, GLY 34, 85, 220, TYR 84, 225, 303, GLU 83

M. Montanacin B 2H6T –6.7 ILE 123, 305, SER 13, VAL 12, 30, ASP 32, 86, 218, THR 
221, 222, GLY 34, 85, 220, TYR 84, 225, 303

N. Montanacin C 2H6T –6.4 ILE 82, 123, 305, VAL 12, 30, ASP 32, 86, 218, GLY 34, 
85, 220, TYR 84, 303, GLU 83

O. Swainsonine 2H6T –5.6 GLY 34, SER 35

https://www.sciencedirect.com/topics/chemistry/flavone


Potential of A. muricata in combination with fluconazole against C. albicans6 

© 2025 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

to engage with ASP 218 at the catalytic pocket of the enzyme. 
In addition, the 2H6T macromolecule interaction with api-
genin 6,8-di-C-glucoside showed the second-highest bind-
ing energy (−8.9 kcal/mol) through strong hydrogen bonds 
with GLY 220, THR 222, THR 300, and TYR 225 along with ASP 
86 (π bond), GLY 85 (π-π stacked), as well as a noncovalent 
(amide-π stacking) interaction with TYR 225 (Fig.  2B). The 

strength of binding between receptors and ligands is deter-
mined by the number of hydrogen bonds produced. Also, 
binding energy influences the efficiency of ligand binding to 
enzymes (7).

Another molecule, xylopine, also formed bonds with 
GLY 220 (H-bond), GLY 85 (π stacking), and TYR 225 (π-σ) 
with a binding energy of −8.5 kcal/mol (Fig. 2C). Whereas 

FIGURE 2 - 2D views of Sap3 
active site amino acid residues 
interactions with A. muricata 
identified phytochemicals
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isovitexin-2H6T showed same binding energy as xylopine, by 
interacting with GLU 193, THR 88, ASP 86, THR 222 and VAL 
12 amino acids through hydrogen bonds and with LEU 216 by 
π-alkyl interactions (Fig. 2D). Intriguingly, the 2D viewpoint 
in Fig. 2C-D confirmed that the ASP 218 and ILE 305 amino 
acids are the brush border enzymes involved in π-anion and 
π-alkyl bond formation with both compounds, respectively. 
A noteworthy interaction has also been seen between rutin-
2H6T molecular docking (binding energy of –8.4 kcal/mol). In 
such interactions, conventional hydrogen bonding consisted 
of ASP 37, ASP 218, SER 36, GLY 85, GLY 34, and THR 221, 
while alkyl bond formation occurred with ILE 82 amino acid 
(Fig. 2E). Vitexin interacted with 2H6T at active sites via ASN 
192, SER 36, 35, 81, ILE 82, GLU 83, 132, 193, LEU 194, 216, 
GLY 34, HIS 131, THR 130, ASP 37, and LYS 129 amino acids 
with binding energy of −8.1 kcal/mol (Fig. 2F) whereas asimi-
lobine interacted with same binding energy thru ASP 32, 86, 
218, THR 221, 222, ILE 123, 305, TYR 84, 225, GLY 34, 85, 220, 
SER 35, LEU 216 amino acids interaction (Fig. 2G). Kaempferol 
3-O-rutinoside interacted with 2H6T protein active sites 
through ASN192, THR 130, TYR 84, 128, SER 35, 36, 81, 
GLU 83, 132, 193 LYS 129, GLY 34, 85, ASP 37, HIS 131, LEU 
216, ILE 82, ARG 195, and TYR 303 amino acids with binding 
energy of –8.0 kcal/mol (Fig. 2H). Other possible identified 
compounds such as (+)-4’-O-methylcoclaurine, quercetin- 
3-O-D-glucuronide, annonisin, annomuricin A, montanacin 
B, and montanacin C showed binding energy < –8.0 kcal/mol 
(Table 2) by interacting with several amino acids as shown in  
Fig. 2I-N.

In addition, with a binding value of –5.6 kcal/mol, swain-
sonine likewise showed strong attraction for the 2H6T cata-
lytic site by interacting with GLU 193, THR 33, LEU 216, 194, 
GLY 34, 127, ASN 192, TYR 128, SER 35, 36 amino acid resi-
dues (Fig. 2O). All the ligands are docked inside the active 
site. As  previously  documented, the phytochemicals found 
in A. muricata exhibit potential antifungal activity against 

C. albicans (12,38,41,42). Thus, it is possible to infer that the 
inhibition of the Sap3 enzyme by the extract of A. muricata 
leaves (Fig. 3) is caused by the phytochemicals in the plant 
influencing the activity of the enzymes. 

Effects of AM and AM+FLU on C. albicans biofilm 
formation

To determine if the predicted interaction may indeed 
cause an effect on biofilm formation of C. albicans, an in vitro 
antibiofilm assay was performed. The methanolic extract of 
A. muricata leaves showed a dose-dependent effect over 
C. albicans biofilm formation, as shown in Fig. 3.

The maximum level of inhibition observed was ~60% at 
240 mg/mL. The biofilm inhibitory activities of a clinical anti-
fungal drug used for the treatment of invasive fungal infec-
tions, fluconazole, were also evaluated in this study as positive 
control and showed a similar dose-dependent response, with 
~70% inhibition observed at 120 mg/mL. Interestingly, at 
lower concentrations, the combined effect of the extract and 
fluconazole achieved synergistically increased levels of inhibi-
tion. At 15 mg/mL of the combination, biofilm formation was 
inhibited in excess of 70%. Our findings support Campos et al.’s 
2023 investigation, which found that an ethanolic extract from 
A. muricata leaves has antifungal properties against a multi-
drug-resistant strain of C. albicans (38,42). 

This synergism is also supported by the IC50 values 
(Suppl. Table 1). As expected, FLU (IC50 = 18.33 μg/mL) 
had a lower IC50 value than the AM (IC50 = 128.70 μg/mL). 
Importantly, the IC50 value of the combination (IC50 = 0.83 
μg/mL) is two orders of magnitude lower than fluconazole, 
demonstrating a pronounced synergistic activity. A low IC50 
value indicates that the drug is effective at lower concentra-
tions, resulting in reduced systemic toxicity when admin-
istered to patients (43). Identically, it has been seen that 
combined treatment is a proposed approach to overcome 

FIGURE 3 - Percent inhibition of 
C. albicans biofilms formation 
by A. muricata ethanol extract 
(AM), fluconazole (FLU), and the 
combination (AM + FLU, 1:1). All 
experiments were performed 
in biological and technical tripli-
cates. The quantitative data are 
presented as mean ± standard 
deviation (SD).
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the issues associated with single-agent therapy; numerous 
studies have shown that combination therapies are supe-
rior to single-agent therapy (44,45). Accordingly, flavonoids 
(such as quercetin, catechin, epigallocatechin gallate, etc.) 
are a promising synergistic agent when combined with flu-
conazole and are an effective antifungal agent against C. 
albicans biofilms (45-47). Therefore, the phytocomponents 
of A. muricata leaves may play a role in their promising anti-
fungal properties and possibly produce a synergistic effect 
with fluconazole.

Effect of AM and AM + FLU on the cell surface of 
C. albicans

Scanning electron micrographs of the control and treated 
(AM and AM+FLU) biofilms showed that untreated cells 
formed normal biofilms consisting of hyphae with smooth 
surfaces (Fig. 4A). As expected, the biofilms grown in the 
presence of FLU were less dense and hyphal formation was 
inhibited (Fig. 4B). Biofilms exposed to AM alone, were inhib-
ited compared to the controls, but still displayed hyphal for-
mation (Fig. 4C). In Fig. 4D, details of the biofilm exposed 
to the combination of fluconazole and extract can be seen. 
These biofilms were very sparse, and hyphal formation 
was inhibited. The release of cellular material can be seen. 
Studies have reported that A. muricata leaf extract causes 
modifications to the surface cells in biofilm cells by targeting 
the cell envelope of C. albicans. This effect may result from 

several identified compounds in the plant extract (38,42). 
We identified many of the same compounds reported previ-
ously (38), and there is a possibility that these compounds 
are responsible for generating a synergistic effect by interact-
ing with fluconazole when AM + FLU is given as a combined 
treatment.

Conclusion
LC-MS analysis of methanol extract demonstrated that 

A. muricata contains several chemical constituents, 14 of 
which were identified. As indicated by molecular docking, 
some of these may interact with the secreted protease 
Sap3, which is an important hydrolytic enzyme of C.  albi-
cans. Our findings regarding the antibiofilm activity of 
AM leaf extract corroborate recent studies conducted by 
Campos and co-workers (38,42), who demonstrated that 
the ethanolic extract of A. muricata leaf is a promising anti-
candidal agent and can reduce fungal infection (in vitro and 
in vivo). In addition, we established that the combination of 
A. muricata methanol extract and fluconazole shows syner-
gistic increased inhibition of biofilm formation, which may 
be advantageous in combating fluconazole resistance in 
C. albicans by lowering the effective dose required to inhibit 
biofilm formation. These results suggest that more research 
is necessary to fully understand the underlying mechanisms 
of action of AM + FLU and explore its potential as an anti-
candidal agent in vivo.

FIGURE 4 - Morphology of 
C.  albicans biofilms grown on 
sterile polymer discs for 48 
hours at 37°C. A. Control bio-
films, B. Biofilms grown in the 
presence of 15 µg/mL FLU, C. 
Biofilms grown in the presence 
of 15 µg/mL AM, D.  Detail of 
biofilm cells grown in the pre-
sence of both FLU (7.5 µg/mL) 
+ AM (7.5 µg/mL).
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ABSTRACT 
Introduction: Adequate hyperglycemic control is still a huge challenge with the clinically used therapeutics. New, 
more effective anti-diabetic agents are on the top list of drug discovery projects. 
Methods: This article deals with the in vitro anti-diabetic potential of 2, 3 dichloroIndolinone (C1) and 2, 6-dichlo-
roIndolinone (C2) on α-glucosidase and α-amylase followed by in silico analysis. 
Results: Both compounds, C-1 and C-2, caused significant inhibition of α-glucosidase at various test concentra-
tions with IC50 of 35.266 μM and 38. 379 μM, respectively. Similarly, compounds C-1 and C-2 elicited significant 
anti-α-amylase action with IC50 values of 42.449 μM and 46.708 μM, respectively. The molecular docking investi-
gation regarding the α-glucosidase and α-amylase binding site was implemented to attain better comprehension 
with respect to the pattern in which binding mechanics occur between the C1 and C2 molecules and the active 
sites, which illustrated a higher binding efficacy in appraisal with reference inhibitor and acarbose. The interac-
tions between the active compounds C1 and C2 with the active site residues were mainly polar bonds, hydro-
gen bonding, π−π, and π−H interactions, which contributed to a strong alignment with the enzyme backbone. 
Similarly, effective binding is frequently indicated by a strong and stable hydrogen-bonding pattern, which is sug-
gested by the minimal fluctuation in MM-PBSA values. 
Conclusion: In short, this study will contribute to providing these compounds with an improved anti-diabetic 
profile and decreased toxicity.
Keywords: 2, 3 and 2, 6-dichloroIndolinone, α-glucosidase/α-amylase inhibition, Molecular docking, Molecular 
simulation   
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by type II DM (T2DM), which is described by tissue inadequate 
insulin or insulin resistance synthesis by the pancreatic β cells 
and an improper compensatory insulin secretory response 
(2).  Diabetes is the tenth most common cause of death, 
accounting for over a million deaths annually. By 2030, the 
number of people with type 2 diabetes worldwide is expected 
to reach 7079 per 100,000, indicating a persistent increase in 
cases worldwide. Concerning evidence indicates that preva-
lence is on the rise in lower-income nations. There is a need 
for immediate clinical preventative and public health actions. 
(3). Type 2 diabetes, which develops in adult age, is defined 
by inadequate insulin production,  either alone or in combina-
tion with insulin resistance (4). There are some key similarities 
between heart disease [cardiovascular disease (CVD)] and DM. 
One significant and unique risk factor for CVD is diabetes. The 
most frequent and expensive blood vessel consequence of dia-
betes is heart disease [coronary heart disease (CHD)] (5). There 
are presently no effective medications to treat this health con-
dition, and the available therapies are successful for some 

Introduction
Diabetes mellitus (DM) is a prolonged metabolic state that 

can result from reduced insulin synthesis or decreased insulin’s 
ability to facilitate the absorption of glucose. Hyperglycemia 
or extremely high blood glucose, and glucose intolerance 
are characteristics of DM (1). The World Health Organization 
(WHO) describes DM as a life-long metabolic disorder marked 
by increased blood glucose levels that eventually cause harm 
to the kidneys, eyes, nerves, cardiovascular system, and vascu-
lar system. Over ninety percent of the cases of DM are caused 
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people but not all. Innovative anti-diabetic drugs are therefore 
greatly needed. Diabetes management requires an extensive 
review of current pharmacotherapies and phytotherapies, as 
well as nutraceutical-based therapies for effective manage-
ment of diabetes, along with their merits and limitations (6).

The first known oxindole derivative was discovered in the 
form of alkaloids from the bark of the tropical climber spe-
cies known as cat claw’s plant (Uncaria tomentosa), which 
is native to the dense rainforests of the Amazon region and 
other tropical regions of central and southern South America 
(7). Oxindoles are naturally occurring aromatic chemical 
compounds found in a variety of plant materials as well as 
in animal tissues and body fluids. A six-membered benzene 
ring and a five-membered ring containing nitrogen combine 
to form an oxindole (8). Several researchers have discovered, 
produced, generated, and analyzed oxindole derivatives for 
a range of biological effects and observed significant effects 
(9-12). Medicinal chemists are motivated to create new oxin-
dole derivatives because of the oxindole nucleus’s historical 
and current medicinal value. Oxindole-derived compounds 
are potent inhibitors of the α-glucosidase enzyme, which is a 
target enzyme in the treatment of DM (13). The breakdown 
and intestinal absorption of carbohydrates occur by impor-
tant enzymes α-amylase and α-glucosidase, respectively. The 
therapy of non-insulin-dependent DM (NIDDM) can benefit 
greatly from the inhibition of these enzymes, which inhibits 
the rise in blood glucose levels following the consumption 
of carbohydrates  (14). Similarly, 2, 3 and 2, 6-dichloroIndoli-
none have already shown potential drug-like properties cou-
pled with antioxidant potential (15). In the present article, 
we are presenting the in vitro α-glucosidase and α-amylase 
activities of oxindoles, 2, 3 dichloroIndolinone (C1) and 2, 
6-dichloroIndolinone (C2) (Figure 1) followed by molecular 
docking and molecular dynamic simulation.    

Materials and Methods
Chemicals

Chemicals used were α-glucosidase, α-amylase, acarbose, 
glucopyranoside, phosphate buffer, and piperidine, Na2CO3, 
starch and dinitro  salicylic acid  -solution, hydrochloric acid 
and distilled water.

α-Glucosidase Activity

In this test, Glucopyranoside is incorporated into the sol-
vent (phosphate buffer). Several doses of the synthesized 
compounds, including 62.5 µg/mL, 125 µg/mL, 250 µg/mL,  
500 µg/mL, and 1000 µg/mL, were used to create the sam-
ple solutions. Added 0.5 µg/mL of glucosidase in distilled 
water to the mixture described above. Subsequently, the 
resultant mixture was incubated at 37°C for 20 minutes (16). 
Hydrochloric acid was used to stop the reaction mixture 
after the incubation period. Using a spectrophotometer, the 
color intensity was determined at a wavelength of 540 nm. 
The percentage inhibition was computed using the following 
equation:

Inhibition (%) = (Control Abs − Test Abs/Control Abs) × 100

α-Amylase Activity

In this assay, previously published techniques were applied 
(16). α-amylase, phosphate buffer, and the sample solu-
tion were prepared by combining different amounts of the 
produced compounds (62.5 µg/mL, 125 µg/mL, 250 µg/mL,  
500 µg/mL, and 1000 µg/mL). After mixing this solution 
with the starch solution, the mixture was left to incubate for 
around 20 minutes at 37°C. Following incubation, the reac-
tant mixture was just maintained at 100°C in a water bath. 
At 656 nm, the color intensity was determined using a micro-
plate reader. The following formula was used to get the inhi-
bition percentage. 

Inhibition (%) = (Control Abs - Test Abs/Control Abs) x 100

Molecular Docking

The synergistic effect of characteristics of active com-
pounds C1 and C2 on α-glucosidase and α-amylase inhibitory 
actions was investigated using molecular docking studies 
(17). The protein data bank provided the α-glucosidase and 
α-amylase PDB IDs, which are 5NN5 and 4GQR, respectively.  

Molecular Dynamic Simulation

We calculated the parameters, including binding free 
energy, van der Waals energy, electrostatic energy, kinetic 
energy, and potential energy changes using molecular 
dynamics simulations. Furthermore, we investigated the 
interactions that these compounds had with the proteins, 
glucosidase, and amylase throughout a time span of 0 to 
250 ns. The binding free energy change values for the two 
compounds interacting with the proteins were also com-
puted (18). The docking analysis was performed to explicate 
the potency of these desirable molecules in vitro against the 
epidermal growth factor receptor (EGFR)  kinase  through 
their potential interaction mechanisms with their crystal 
frameworks  (PDB: 1b2y (19), PDB: 3A4A) (20) ). The dock-
ing investigation was implemented through Glide’s module®. 
The preliminary inhibitors (Acarbose) were relocked into the 
α-amylase crystal framework to verify the docking meth-
odology. Furthermore, the efficacious  performance of the 
targeted molecules was authenticated via the low values of 
RMSD (1.02 respectively), which were acquired through the FIGURE 1 - Structures of test compounds.
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root mean square deviation between the native and relocked 
poses of the co-crystallized inhibitor.

Statistical Analysis

The data is illustrated as mean ± SEM of three distinct 
measurements. Analyisis of variance (ANOVA) at *p < 0.05 
and the Bonferroni test showed static significance using 
GraphPad version 8. 

Results
Effects of Compounds on α-glucosidase Inhibition

Figure 2 shows the α-glucosidase inhibition of selected 
compounds (C1-C2) when studied at various concentra-
tions. In the assay, C1 produced marked inhibition that was 

increased with increasing drug concentrations, and the maxi-
mum effect (88%) was noted at 1000 μM. The IC50 value of C1 
was estimated as 35.266 μM. Similarly, C2 displayed signifi-
cant α-glucosidase inhibition when tested at various concen-
trations. The maximum inhibitory effect was 85% at a dose of 
1000 μM in specified conditions. The potency was expressed 
as an IC50 value of 38.379 μM. In comparison, acarbose had 
IC50 values of 34.216 μM.   

Effect of Compounds on α-amylase Inhibition

The α-amylase inhibitory potential of test compounds 
(C1-C2) when challenged at various concentrations are dis-
played in Figure 3. Compound 1 caused significant inhibition 
of α-amylase, and the overall effects were concentration 
dependant. The maximum inhibition of 90% was observed at 

FIGURE 2 - Showing α-glucosidase inhibiting effects of Compounds (C1 and C2). The mean ± SEM of three distinct measurements was pro-
vided as the result. ANOVA at *p < 0.05 and the Bonferroni test showed static significance. At the same tested strengths, there are slight 
variations in ***p < 0.001 results when compared to the positive control (Acarbose).

FIGURE 3 - Showing α-Amylase inhibiting effects of Compounds (C1 and C2). The Mean ± SEM of three distinct measurements was provided 
as the result. ANOVA at *p < 0.05 and the Bonferroni test showed static significance. At the same tested strengths, there are slight variations 
in ***p < 0.001 results when compared to the positive control (Acarbose).
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1000 μM, and the IC50 was 42.449 μM. Similarly, compound 2 
caused potential α-amylase inhibition at various doses from 
62.50-1000 μM. The maximum inhibition, 87%, was demon-
strated at 1000 μM. The overall effect of IC50 was 46.708 μM. 
The standard drug (Acarbose) had an IC50 value of 24.802 μM. 

Molecular Docking Analysis

The binding free energies for ΔE are listed in (Table 1). 
The initial inhibitors have been adequately installed into their 
binding sites in order to attain their crystal configurations. 

TABLE 1 - The binding affinity for compounds C1 and C2 with dock-
ing score (kcal/mol) against α-amylase

No. ΔG RMSD H. B EInt. Eele LE

α-glucosides

C1 −5.898 0.893 −10.228 −6.188 −13.702 −6.604

C2 −6.312 1.285 −8.658 −4.223 −21.775 −4.912

Acarbose −6.088 0.725 −15.129 −12.148 −31.340 −8.393

α-amylase

C1 −5.449 0.955 24.364 −19.256 −8.526 2.10

C2 −5.497 1.257 19.021 −18.133 −8.679 2.253

Acarbose −9.814 1.634 -34.746 −15.117 −55.322 2.885

Where ΔG: Free binding energy of the ligand; RMSD: root-mean-square de-
viation; H.B.: H-bonding energy between protein and ligand; EInt. Binding 
affinity of H-bond interaction with receptor; Eele: Electrostatic interaction 
over the receptor, Ki: inhibition constant. 

For the docking analysis, we selected the most perforable 
docking conformations of C1 and C2 compounds that were 
detected inside the active site of α-glucosidase enzyme (PDB: 
3A4A) with proper alignment. The active site includes the 
hydrophilic amino acids (ASP69, TYR72, GLU277, HIS351, 
ASP352, and ARG442), which interact with competitive 
inhibitor acarbose. We noticed that almost all investigated 
compounds interacted with significant residues in the bind-
ing pocket. We defined the inhibitory behavior in terms of 
binding energy BE that was evaluated with the receptor. 
Then, redocked compounds compared the results to the 
comparative reference inhibitor and obtained a root mean 
square deviation (RMSD), which is summarized in (Table 1). 
The C2 exhibited strong interactions with the enzyme, as 
indicated by their binding free energies of −6.312 Kcal/mol. 
Compared to the reference inhibitor, which had a binding 
free energy of −6.088 Kcal/mol and lower inhibitory activity, 
the C1 showed superior binding efficacies, −5.898 Kcal/mol. 
The docking analysis revealed that C2 had the highest bind-
ing affinity and formed a strong hydrogen bond with Gly353, 
Glu411, and ASP307, which are essential for enzyme activity. 
The second inhibitor, C1, had a similar binding mode to the 
reference inhibitor and established a strong hydrogen bond 
with GLn353, ARG213, and Gln182 (Figure 4).

The molecule docked prolifically into active sites in a 
mechanism similar to that of the original inhibitors. For amy-
lase, compounds C1 and C2 demonstrated promising binding 
affinities (ΔE = −5.44 to −5.5 kcal/mol), which substantiated 
their promising potencies. The interactions between the 

thirteen active compounds C1 and C2 with the active site res-
idues were mainly polar bonds, hydrogen bonding, π−π, and 
π−H interactions, which contributed to a strong alignment 
with the enzyme backbone Figure 5. The active molecules C1 
and C2 were attached deeply and comfortingly in the binding 
pocket by interacting with the hydrophilic Asp 198 hydropho-
bic binding pocket ALA197 and Ile 235. Compound C2 docked 
in the α-amylase binding pocket via hydrophobic interac-
tion with Ala198. It is inferred that the formation of strong 
interactions with important residues can pinpoint α-amylase 
in the binding pocket. Lastly, according to the 3D-molecular 
docking, the C2 prefers a parallel orientation between the 
central indoline ring and the important hydrophilic Asp 197 
into the binding pockets.

Molecular Dynamic Investigations of C1-C2

In order to comprehend enzymatic activity and create inhib-
itors, it is essential to investigate ligand-enzyme interactions, 
like the one that exists between the α-glucosidase protein and 
a ligand. Molecular Mechanics-Poisson-Boltzmann Surface 
Area (MM-PBSA) computations offer a thorough understand-
ing of the molecular binding processes. The dynamic nature 
of molecular interactions is captured through a rigorous 
approach of accounting for the flexibility of α-glucosidase 

FIGURE 4 - Showing 3D Docking poses of C1, and C2 against α- glu-
cosidase.

FIGURE 5 - Showing 3D Docking poses of C1, and C2 against α- amy-
lase.
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protein complexes during contact tests at 2 ns intervals. The 
energy changes in Figure 6, which illustrate fluctuations in the 
binding free energy at 12-ns intervals, provide important infor-
mation about the strength and stability of the binding through-
out time. The significance of structural variations on binding 
affinity is highlighted by comparing the energy changes of the 
two dichloroindolinone molecules. Positive interactions were 
indicated by the binding parameter values that are negative, 
which is encouraging for the possible effectiveness of these 
compounds as inhibitors. Effective binding is frequently indi-
cated by a strong and stable hydrogen-bonding pattern, which 
is suggested by the minimal fluctuation in MM-PBSA values.

It is unsuitable for illustrating the relationship between 
molecular docking computations and ligand-protein inter-
actions at the ns level since the ligand molecules are rather 
flexible in the calculations. The ligand-amylase protein inter-
action is performed at 250 ns using MM-PSBA calculations. 
In MM-PSBA calculations, all compounds of amylase protein 
complexes have flexibility when checking the interaction 
every 2 ns, and the energy change is reported in Figure 7. The 
resulting graph in Figure 7 depicts the binding free energy 
changes and variations in all ten (ns) intervals. The energy 

changes of the most active two 2, 3 and 2, 6-dichloroIndoli-
none molecules were compared, and the calculations were 
performed to validate the determination of bonding free 
energies using the molecular MMPBSA approach. Negative 
values for the relevant parameters indicate improved bind-
ing. The small fluctuations for MM-PBSA for both complexed 
with amylase over the entire time scale indicated a robust 
contact between Ligand and amino acid backbone, indicating 
a firm H-bonding pattern. 

Discussion
The study revealed significant in vitro α-glucosidase and 

α-amylase inhibition of oxindoles, 2, 3 dichloroIndolinone 
(C1) and 2, 6-dichloroIndolinone (C2), which were molecular 
docking and simulation studies. 

The development of a new, more effective molecule with 
lower toxicity is always a primary target in research (21). 
Dichloroindolinone are oxindole derivatives that are utilized 
for a wide range of biological effects (10,22,23). Enzymes 
belonging to the glucosidases are present on the brush 
boundary surface of intestinal microglia. They cause starch 
1,4-glycosidic bonds to break, releasing –D-glucose, which 
is absorbed. It consequently raises post-meal hyperglyce-
mia. Therefore, it is essential to use these enzyme inhibitors 
in the management of type II diabetes. A class of enzymes 
known as α-glucosidases hydrolyzes the 1, 4-glycosidic bond 
in starch to produce α-D-glucose, which enters the blood-
stream after absorption (24). As a result, it causes post-meal 
hyperglycemia. As a result, using these enzyme inhibitors is 
essential for managing T2DM. Proper absorption and diges-
tion of monosaccharides may help avoid diabetes, obesity, 
hyperlipoproteinemia, and hyperlipidemia (25). These inhibi-
tors may be used to treat malignancies, viral infections, and 
several other diseases, as well as to regulate the immune 
system (13). The early metabolism abnormality that arises in 
NIDDM, postprandial hyperglycemia, has been identified as 
a potential therapy for glucosidase (26). Our finding on the 
test compounds showed significant inhibition of the enzyme 
by both compounds and, therefore, could be potential candi-
dates as glucosidase inhibitors.     

The hydrolase enzyme α-amylase catalyzes the hydrolysis 
of internal -1, 4-glycosidic bonds in starch to create products 
like glucose and maltose. Since it is a calcium metalloen-
zyme, a metal cofactor is necessary for it to function (27). 
The class of enzymes known as amylases is responsible for 
hydrolyzing starch to produce low-molecular-weight dextrins 
and sugars, and they are crucial for the digestion of carbo-
hydrates. Maltose, maltotriose, and other - (1,6) and - (1,4) 
oligoglucans can be broken down into glucose by various 
α-glucosidases and are the primary components of the final 
hydrolysate. Controlling the activity of HPA, which is a human 
pancreatic enzyme that is essential for the digestion of starch, 
could effectively lower blood glucose levels after meals (28). 
When combined, α-glucosidase and α-amylase inhibition can 
significantly reduce the rise in blood glucose that occurs after 
meals and could be an essential strategy for controlling blood 
glucose levels in people with T2DM. The main treatment tar-
gets for type-2 DM are thus pancreatic α-amylase and gut 
glucoamylases. Amylase antagonists are already available on 

FIGURE 6 - The values of the test compounds C1 and C2 for the 
Gibbs free energy of ligand α-glucosidase protein.

FIGURE 7 - The values of the test compounds C1 and C2 for the 
Gibbs free energy of ligand α-amylase protein.
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the market for the treatment of diabetes. Amylase inhibitors 
can also be used to treat obesity (29). We observed strong 
inhibition of the α-amylase by the test compounds at various 
concentrations and therefore augmented the overall anti-
diabetic potential of these compounds as strong candidates 
for further studies. 

	 Molecular docking tests revealed that the best-
ranked conformation of the test compounds fit into the site of 
activity well, and its oxindole moiety interacted with impor-
tant locations in the binding pocket. The interaction between 
ligands and enzymes was studied in docking investigations to 
gain a greater understanding of the in vitro outcomes. The 
structure data for the selected enzymes was obtained by 
searching the Protein Data Bank. The PDB IDs for α- Amylase 
and α-Glucosidase were 4GQR and 5NN5, respectively (28, 
30). The process and enzyme preparation were completed 
with the aid of the Molecular Operating Environment (MOE) 
software. The enzymes were first removed from non-standard  
structures and inadequate bounded ligands in order to pre-
pare them for docking in PDB format. Binding energies were 
investigated, and docking method outcomes were evalu-
ated. It was demonstrated that the optimal ligand-enzyme 
interaction model produced increased negative values; the 
more negative values, the greater the probability of binding 
at that particular site. Various situations were used in order 
to see the key interaction between the ligands and enzymes, 
amino acid residues, binding pocket, and bond lengths were 
presented in different colors. The lowest score poses, and 
RMSD revealed increased stability in the binding pocket. The 
data was utilized to rank the docked poses and to select the 
most capable docked conformation of each compound. The 
hetero ring for Erlotinib and benzimidazole centered on the 
α-amylase pocket and interacted with HIS  305, ASP  300, 
AlA198, ASP  197, THR  163, LEU162, TYR  151, GLN  63, TRP  
59. In the MM-PBSA calculations, the ligand-glucosidase and 
amylase protein interaction is monitored every 2 ns. The 
negative values indicate improved binding (more favorable 
interactions). The small fluctuations observed for MM-PBSA 
over the entire time scale suggest a stable interaction. The 
robust contact between the ligand and the amino acid back-
bone indicates firm hydrogen bonding.

Conclusion
In a dose-dependent way, the 6-chlorooxindole-derived  

compounds C1 and C2 showed potential in vitro α-glucosidase 
and α-amylase inhibition. C1 and C2 demonstrated a high 
binding and inhibitory potential when docked with the 
enzyme α-Glucosidase (5NN5) and α-amylase (4GQR) enzyme. 
Strong alignment with the enzyme backbone was achieved 
by the active chemicals C1 and C2 interacting primarily with 
the active site residues through polar bonds, hydrogen bond-
ing, π−π, and π−H interactions. The minimal fluctuation in 
MM-PBSA values suggests a consistent and strong hydrogen-
bonding pattern, which is often a hallmark of effective binding. 
The present investigation reveals improved anti-diabetic fea-
tures for the 6-chlorooxindole derivatives. These focused com-
pounds could help develop more potent antihyperglycemic 
medications in the future, but need further detailed studies.
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ABSTRACT
Background: Withania somnifera is among the most widely prescribed medicinal plants in traditional Indian 
medicine. Hydroalcoholic extract of the roots of this plant was investigated for its effects on the overall health 
and lifespan of the model worm Caenorhabditis elegans.
Methods: The extract’s effect on worm lifespan and fertility was observed microscopically. Worm motility was quan-
tified through an automated worm tracker. The metabolic activity of the worms was captured using the Alamar Blue® 

assay. Differential gene expression in extract-treated worms was revealed through a whole transcriptome approach.
Results: Extract-exposed gnotobiotic worms, in the absence of any bacterial food, registered longer lifespan, 
higher fertility, better motility, and metabolic activity. Whole transcriptome analysis of the extract-treated worms 
revealed the differential expression of the genes associated with lifespan extension, eggshell assembly and integ-
rity, progeny formation, yolk lipoproteins, collagen synthesis, cuticle molting, etc. This extract seems to exert its 
beneficial effect on C. elegans partly by triggering the remodeling of the developmentally programmed apical 
extracellular matrix (aECM). Differential expression of certain important genes (cpg-2, cpg-3, sqt-1, dpy-4, dpy-13, 
and col-17) was confirmed through PCR assay too. Some of the differently expressed genes (gfat-2, unc-68, dpy-4, 
dpy-13, col-109, col-169, and rmd-1) in worms experiencing pro-health effect of the extract were found through 
co-occurrence analysis to have their homologous counterpart in humans.
Conclusions: Our results validate the suitability of W. somnifera extract as a nutraceutical for healthy aging.
Keywords: Caenorhabditis elegans, Fertility, Healthy aging, Healthspan, Longevity, Network analysis, Nutraceuti-
cal, Withania somnifera root, Worm transcriptome
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prescribed in indigenous medicine (1). In Ayurved, W. somnifera 
has been referred to as ‘Rasayan,’ which means a holistic therapy 
for suppressing the aging process, developing positive physical 
and mental health, boosting the immune system, and maintain-
ing youth. Ancient texts mention W. somnifera as ‘Avarada,’ the 
meaning of which is related to longevity or regeneration. The 
multitude of activities (2) claimed in this plant include immu-
nomodulatory, anti-inflammatory, neuroprotection, antican-
cer, anti-stress, and pro-fertility (3). Its regular consumption is 
believed to rejuvenate the reproductive organs and promote 
fertility, retard senescence, and relieve nervous exhaustion, 
sexual debility, muscular weakness, and geriatric problems. W. 
somnifera is expected to inhibit aging and catalyze the anabolic 
processes of the body (4). Among all parts of this plant, its root 
has received maximum attention in medicinal texts and prac-
tice. This is because its roots have the highest concentration of 
desired bioactive principles (5). Further, with respect to safety, 
only the root part of W. somnifera is recommended for thera-
peutic and internal administration (6). 

Introduction
For centuries, humans have longed for a long and healthy 

life. A variety of plant extracts and polyherbal formulations 
have been claimed to impart the same in different systems of 
traditional medicine. However, the widespread application of 
such plant products in modern times requires scientific valida-
tion of the claimed activities. One of the most popular plants in 
the Indian system of Ayurved is Withania somnifera (L.) Dunal, 
commonly known as Ashwagandha. This plant belongs to the 
Solanaceae family and has a long history of >3000 years of being 
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Mainstreaming the use of any herbal preparation for 
therapeutic as well as nutraceutical applications is depen-
dent on the demonstration of claimed biological activities 
in them through appropriate scientific assays (7). Owing to 
concerns of ethics and feasibility, assays with higher animals 
and human volunteers are often challenging. Lower ani-
mals like the nematode worm Caenorhabditis elegans offer 
a useful and relatively convenient and biologically relevant 
platform for assessment of biological activities in natural as 
well as synthetic preparations at the whole organism level. In 
recent years, wild-type and transgenic strains of C. elegans 
have been employed widely as model organisms for assays 
(8) relevant to neurology, lifespan, diabetes, wound heal-
ing (9), and microbial virulence (10). Aging is a complex and 
multifactorial phenomenon, and it is difficult to model it, and 
more so, the assessment of longevity or lifespan within a 
shorter time frame. Though C. elegans has a short lifespan (a 
few days), the fundamental biological mechanisms and sys-
tems in this worm are similar to the mammalian system (11). 
The mechanisms associated with the increase in longevity 
identified in this worm are shown to follow a pattern similar 
to those in humans (12,13). Though the lifespan-enhancing 
effect of W. somnifera root extract has been reported earlier, 
too (14), much remains to be elucidated with respect to the 
underlying molecular mechanisms. This study attempted to 
fill the said gap by investigating the effect of the hydroalco-
holic extract of W. somnifera root on the lifespan and over-
all healthspan of C. elegans through in vivo assays as well as 
gene expression analysis at the whole transcriptome level.

Methods
Plant extract

The hydroalcoholic extract (LongeFera™) of Withania som-
nifera root was procured from Phytoveda Pvt. Ltd., Mumbai. 
The roots of W. somnifera were collected from Madhya 
Pradesh, India. It was authenticated by a taxonomist at the 
Botanical Survey of India, Jodhpur, and the voucher specimen 
was deposited there with reference ID: BSI/AZRC/I.12012/
Tech/19-20/PI.Id/671. The root material was washed, dried, 
and then pulverized. The resulting powder was then extracted 
with ethanol: water (8:2 v/v) at 60°C. A powdered form of 
this extract was then used for assay purposes. The extract 
was analyzed as per United States Pharmacopeia (USP) (15) 
for various quality control parameters. The content of witha-
nosides and withanolides was determined using HPLC. Major 
phytocompounds identified in the extract are depicted in the 
supplementary chromatogram (Figure S1).  The total witha-
nolides content in the extract was found to be 2.69 ± 0.02%.

The extract powder was divided into two batches. One 
was suspended in water, and another in DMSO (Merck) for 
bioassay purposes. While the extract was fully soluble in 
DMSO, its insoluble fraction from the aqueous suspension 
was removed by centrifugation (7500 g at 25°C) for 10 min-
utes. The soluble fraction (supernatant) was filtered through 
a syringe filter (0.45 µm; Axiva), and the filtrate was stored 
in a sterile 15 mL glass vial (Borosil) under refrigeration. The 
solubility of the extract in water was 81.84%.

Test organism

Wild type N2 Bristol strain of C. elegans procured from 
the Caenorhabditis Genetics Center (Minneapolis, USA) was 
used as a model organism in this study. Lyophilized E.  coli 
OP50 procured from Biovirid (Netherlands) was used as food 
for C. elegans while maintaining the worm on NGM agar 
plates (Nematode Growing Medium). Worm synchronization 
was done as described in literature (16). Prior to the in vivo 
assays, worms were kept without food for two days to make 
them gnotobiotic.

Lifespan assay

Synchronized (L3-L4 stage) gnotobiotic worms were incu-
bated at 22 ± 1°C with different concentrations (5-1000 µg/
mL) of the plant extract in 24-well plates (HiMedia). Each 
well contained 1 mL total volume (995 µL M9 buffer + 5 µL 
extract). Control wells contained only M9 buffer with worms 
but no extract. Ten worms were added in each well, and 
these 24-well plates were monitored over a 12-day period 
(till all worms died in the control wells) under a microscope 
(4× objective) for live-dead counting. Appropriate vehicle 
control containing 0.5%v/v DMSO was also included in the 
experiment. 

Motility assay

Synchronized worms were incubated at 22±1°C with or 
without extract (600 ppm) in 24-well plates, wherein each 
well contained approximately 100 worms in 1 mL of M9 buf-
fer. While microscopic observation qualitatively confirmed 
more agile movement in worm population incubated with 
extract, quantification of the motility in control vs. experi-
mental wells was achieved employing an automated worm 
tracker machine, WMicrotracker  ARENA (Phylumtech, 
Argentina). Worm activity counts were recorded once every 
day till progenies appeared in the extract-containing wells 
(because the presence of progenies will contribute to higher 
activity counts).

Metabolic activity assay

Alamar Blue® assay (17,18) was used to quantify the 
viability or metabolic activity of the worms. Synchronized 
worms were incubated at 22 ± 1°C with or without extract 
(600 ppm) in 24-well plates, wherein each well contained 
approximately 100 worms in M9 buffer. One hundred µL 
of Alamar Blue® (Thermofisher) was added into each well, 
making the total volume 1 mL, before incubation started. To 
quantify the amount of dye reduced, after every 24 h, con-
tent from wells was transferred into a separate plastic vial 
(1.5 mL), followed by centrifugation (13,600 g at 25°C) for 10 
min. Then, the supernatant was read at 570 nm (Agilent Cary 
60 UV-vis). A total of three wells were set for the control as 
well as the experimental worm population, and content from 
one well from the control and experimental group each was 
used on a particular day. Appropriate abiotic controls (con-
taining the dye and other media components but no worms) 
were also included in the assay.
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Whole Transcriptome Analysis 

To unravel the molecular mechanisms through which 
W. somnifera conferred beneficial effects on the worms with 
respect to lifespan and fertility, the gene expression pattern 
of extract-treated worms was compared with that of the 
control worm population at the whole transcriptome scale. 
While harvesting the worms for RNA isolation on the seventh 
day of the experiment (when ~50% of worms in the control 
population were dead), progenies were separated from the 
experimental population by resting the tubes containing 
worms incubated with extract in static condition for a few 
minutes, allowing settling down of adult worms. Progenies 
were removed by collecting the upper layer of liquid. This 
removed liquid was microscopically observed to confirm the 
presence of largely progeny worms in it, and not the adult 
ones added at the starting day of the experiment. Following 
this, worms were washed thrice with sterile M9 buffer before 
proceeding further. The overall workflow of this whole tran-
scriptome analysis (WTA) aimed at capturing a holistic pic-
ture regarding modes of action of the test extract is given in 
Figure S2, along with full methodological details. 

All the raw sequence data were submitted to the Sequence 
Read Archive. The relevant accession number for the control 
and experimental worm population is SRX20790765 (https://
www.ncbi.nlm.nih.gov/sra/SRX20790765) and SRX20790719 
(https://www.ncbi.nlm.nih.gov/sra/SRX20790719) respectively. 

Polymerase Chain Reaction (RT-PCR) 

Differential expression of the potential hubs found using 
network analysis of DEG revealed from WTA was further con-
firmed using PCR. Primer designing for the shortlisted genes 
was carried out using Primer3 Plus. These primer sequences 
(Table 1; Figure S3) were checked for their binding exclusiv-
ity to the target gene sequence within the whole C. elegans 
genome. Following RNA extraction, cDNA synthesis was car-
ried out using the synthesis kit SuperScript™ VILO™ (Invitrogen 
Biosciences). PCR assay employed the gene-specific primers 
purchased from Sigma-Aldrich. FastStart Essential DNA Green 
Master mix (Roche, Germany) was used as the reaction mix. 
The real-time PCR assay was performed on a Quant Studio 5 
real-time PCR machine (Thermo Fisher Scientific, USA). The 
temperature profile followed is given in Table S2.

Statistics

All values reported are derived from three or more inde-
pendent experiments, wherein each experiment contained 
three replicates (unless specified otherwise). Statistical sig-
nificance was assessed using a t-test performed in Microsoft 
Excel® (Version 2016), and data with p ≤ 0.05 were consid-
ered to be significant.

Results and Discussion
Worms incubated with the root extract exhibited extended 
lifespans and higher fertility rates than the control population

We incubated worms with the water-soluble fraction of 
the root extract, or that dissolved in DMSO, and observed 
the worms over a period of 12 days (till almost all worms in 

TABLE 1 – Primer sequences for RT-PCR validation of the selected 
genes

Gene ID/ 
Name

Primers Amplicon 
size (bp)

WBGene 
00005016
(sqt-1)

FP: 
5’-GTTCCAGGACTTGACGGTGT 

-3’ 234
RP: 

5’-TCCGATCTTTCCGATTTGAC -3’

WBGene 
00001066
(dpy-4)

FP: 5’- 
ATCACCCTCCCAATGGTGTA -3’

172
RP: 5’- 

CGCATTGCTCGTTGTAGGTA -3’

WBGene 
00000606
(col-17)

FP: 5’- 
AACTGAGAGCCGTGAGAAGC -3’

156
RP: 5’- 

TGATCATTTGGAGCATCTGG -3’

WBGene 
00001074
(dpy-13)

FP: 5’- 
TGCTTAGCCATGGACATTGA -3’

227
RP: 5’- 

TGCAGGTAAGGGCTTCGTTA -3’

WBGene 
00011063
(cpg-3)

FP: 
5’-TCGGAATCCTCTCGAACATC 

-3’
172

RP: 
5’-GCTCCAATGCATTTTCCACT 

-3’

WBGene 
00015102
(cpg-2)

FP: 5’- 
CCATCCAAATGGAGTTTGCT -3’

223
RP: 5’- 

AGTGCAAGCAGTGAATGACG -3’

WBGene 
00014018
(Endogenous 
control)

FP: 5’- 
AGCGGAAAGATTTCAGACGA-3’

187
RP: 5’- 

CGATAAATGTGCTCCGGAAT-3’

control wells died) for live-dead count, morphology, agility, 
and whether any progenies were formed. While the compari-
son between control and experimental wells was made on 
a daily basis, two time points can particularly be considered 
important, i.e., the days on which the control population 
exhibited ~50% and ~100% death. With respect to these two 
endpoints, while the DMSO-dissolved extract could impart a 
longevity benefit to the worms at all tested concentrations 
≥100 µg/mL, the water-soluble fraction of the extract could 
do so at ≥250 µg/mL. Additionally, concentrations ≥ 500 µg/
mL of both DMSO-solubilized and water-solubilized extract 
supported worm fertility from day 4 onward, as evident from 
the appearance of progenies in the extract-containing wells 
and their absence in control wells (Videos S1–S2). Till day 
12, these progenies could be differentiated from the parent 
worms based on size. Thereafter, almost all the parent worms 
in control wells were dead, and the size of the surviving parent 
worms and their progenies in the experimental wells became 
similar to the extent that they could not be differentiated. 
The magnitude of survival benefit (i.e., the higher number of 
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https://www.ncbi.nlm.nih.gov/sra/SRX20790765
https://www.ncbi.nlm.nih.gov/sra/SRX20790719


Thakkar et al Drug Target Insights 2025; 19: 21

© 2025 The Authors. Published by AboutScience - www.aboutscience.eu

surviving worms in extract-containing wells than in control 
wells) conferred on the worms by DMSO-solubilized extract 
(Figure 1A) was somewhat higher than that of water-solubi-
lized extract (Figure 1B), except at 750 µg/mL. At the latter 
concentration, the water-solubilized fraction of the extract 
performed better (p = 0.0004) than the DMSO-solubilized 
extract, as per the final-day endpoint. We decided to perform 
further experiments with water-solubilized fraction only, as 
water-solubility of any therapeutic preparation is looked at 
favorably with respect to bioavailability (19).  

While the results described in Figure1A-1B demon-
strated the beneficial effect of test extract on worm lifes-
pan as well as fertility, to investigate its effect on worm 
longevity separately from fertility, we repeated this assay 
using FUdR (5-fluoro-20-deoxyuridine; HiMedia)- pre-
treated worms, wherein eggs were allowed to hatch on 
FUdR-containing plates pre-seeded with E. coli OP50, and 
then resulting L3-L4 stage worms were washed with M9 buf-
fer before being transferred to a fresh NGM agar plate for 
further use. FUdR can sterilize the adult nematode worms 
without affecting their development (20). However, FUdR-
pre-treated worms could not benefit from the pro-longev-
ity effect of the water-soluble fraction of the W. somnifera 
root extract except at 750 µg/mL on day 12 (Figure 1C), and 
here, too, the effect was much lesser than when FUdR was 
not used (Figure 1B). These results raise caution regarding 
the use of FUdR in lifespan assays with C. elegans, as this 
may lead to false-negative conclusions. Though the practice 
of using FUdR-treated worms is popular (in order to avoid 
the laborious separation of offspring from adults during the 
reproductive period) among the worm researchers studying 
longevity and aging, our results show that FUdR can prevent 
the detection of pro-longevity activity in a bioactive extract, 
even when the said activity is there. This corroborates 
with the earlier suggestion by Aitlhadj and Stürzenbaum 
(21) that the effect of FUdR is not neutral and owing to its 
mechanism of actions (inhibition of DNA and RNA synthesis, 
death of mitotic cells, and the inhibition of protein synthe-
sis), its inclusion in the assays may result in misinterpreta-
tion. Hence, it can be suggested that while investigating any 
natural product’s biological effect in the C. elegans model, 
it is more useful to do a wholistic assay assessing multiple 
parameters like lifespan, health, metabolic activity, fertility, 
etc., rather than doing an assay exclusively focusing on lon-
gevity using additional chemicals like FUdR which may prove 
to be a confounding factor. 

W. somnifera root extract positively affects worm motility 
and metabolic activity

Worms incubated in the presence of the test extract 
exhibited more active movement (Figure 2A), which can be 
considered another indicator of overall good health. This 
observation matches well with the high fertility of extract-
exposed worms described in the preceding section since the 
egg-laying active state and the defecation motor program are 
both linked to changes in forward and reverse locomotion 
(22,23). Automated monitoring of C. elegans’ movement is 
a useful and faster healthspan-based method to study aging 
(24). Besides positively impacting worm lifespan, fertility, 
and motility, the root extract also had a stimulatory effect on 

worm metabolic activity (Fig. 2B). Worms incubated in the 
presence of the extract were found to have higher reducing 
potential (captured in terms of their ability to reduce the dye 
Alamar blue), which can be taken as an indication of better 
health, as healthy living cells maintain a reducing state within 
their cytosol (25). 

Overall, the root extract imparted its beneficial effect on 
multiple health parameters of the worm, i.e., lifespan, fer-
tility, motility, and metabolic activity. Although many natu-
ral products have been reported to impart pro-longevity 
effects on different biological model organisms based on 
lifespan assays, which is a conventional method to moni-
tor aging, it should be noted that a compound or formu-
lation that extends lifespan may not necessarily maintain 
health (26). Lifespan extension makes sense only if it does 
not cost on the healthspan front (27). Increased egg lay-
ing in extract-exposed older adults reflects an increase in 
the number of eggs expelled per vulval opening, as well as 
longer active behavior states. Since the timing of expulsive 
behaviors (defecation and egg laying) is regulated by sen-
sory mechanisms that detect changes in internal pressure 
and/or stretch to maintain homeostasis (28), we believe 
that the test extract had a multifactorial impact on worm 
physiology at different levels. Feedback of successful egg 
laying in the presence of the extract might have signaled 
the germ line to continue the production of oocytes for 
fertilization. A potential trade-off between reproduc-
tive capacity and somatic maintenance in C. elegans has 
already been mentioned in earlier published literature. 
Higher levels of progeny production are a biomarker for 
studying aging and correlate positively with a longer lifes-
pan (29,30). Prolonged reproduction can have a beneficial 
impact on lifespan. 

Since the most promising effect of the root extract 
on the worm’s overall health (i.e., lifespan and fertility) 
was observed while using a water-soluble fraction of the 
extract, and the maximum beneficial effect was observed at 
600-750 µg/mL, we decided to investigate the gene expres-
sion pattern of worms exposed to the test extract at 600 
µg/mL at the whole transcriptome level. Since the biologi-
cal effect of both these concentrations (600 and 750 µg/
mL) was statistically similar (p>0.05), we went ahead with 
600 µg/mL. While all experiments presented in Figure 1-2 
were performed with gnotobiotic worms facing starva-
tion, we also compared the effect of this root extract on 
worms fed with their regular lab food, E. coli OP50. Since 
the worm’s response to the W. somnifera extract was not 
affected (data not shown) owing to the presence of the 
bacterial food, we performed the transcriptome study with 
gnotobiotic worms only to avoid any possible confounding 
role of bacteria. 

W. somnifera root extract exerts its beneficial effect on the 
nematode worm by triggering differential expression of 
multiple genes

A whole transcriptome level comparison of the gene 
expression profile of the extract-treated worms with their 
extract-non-exposed counterparts revealed all the DEG in 
the experimental worm population. Keeping the criteria of 
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log FC ≥1.5 and FDR (false discovery rate) ≤0.05, the differ-
entially expressed gene (DEG) count was 85. However, to 
have higher confidence in our data interpretation, we set 
more stringent dual criteria of log FC ≥ 2 and FDR ≤ 0.01 to 
shortlist the genes for further analysis. A total of 16 upreg-
ulated and 29 downregulated DEGs passing the said dual 
criteria are listed in Table 2. These 45 DEG comprise 0.83% 
of the total C. elegans genome (~5423 genes). Function-
wise categorization of these DEG is presented in Figure 3, 
and the corresponding heat map (Fig. S4) and volcano plot 
(Fig. S5) are provided in the supplementary file. A detailed 
discussion on important up/down-regulated genes and 
how their differential expression would have contributed to 
the observed results is provided in the supplementary file 
“Appendix A.” 

Since the transcriptome data has identified multiple 
genes associated with worm exoskeleton components and 
muscle structure as differently expressed in extract-fed 
worms, it is clear that the root extract used in the present 
study has caused restructuring of the exoskeleton in such a 
way that age-associated development of stiffness in worm 
skeleton is delayed, and the worm can age in a healthier 
fashion.  We had conducted transcriptome profiling from the 
worms after seven days of extract exposure, but the classic 
signs of old age and fertility loss usually observed in worms 
at this stage of the life cycle did not yet arise in the pres-
ence of the extract. Hence, W. somnifera root extract can be 
concluded to be capable of delaying aging and senescence. 
Under routine conditions, at day seven of adulthood, sarco-
penia is apparent in histologically examined worms, which 
leads to behavioral change in terms of reduced motor activity. 
Reduced motility stems from stiffening and thickening of the 
cuticle, which itself results from unregulated collagen biosyn-
thesis (31), and the root extract used in this study seems to 
have affected collagen synthesis in such a way that stiffen-
ing/ thickening of the cuticle was delayed in the extract-fed 
worms, and thereby maintaining them in an active motility 
state for a longer period. 

Identifying the most important DEG through network analysis

To identify the proteins with high network centrality, i.e., 
hub proteins from among the DEG, we generated a protein-
protein interaction (PPI) network of upregulated (Fig. 4A) 
and downregulated (Fig. 5A) genes separately. We arranged 
members of the PPI network of upregulated genes in 
decreasing order of node degree (Table S3), and those with a 
score of ≥5 were subjected to ranking by different cytoHubba 
methods. Then, we looked for genes that appeared among 
the top 5 ranked candidates by ≥6 cytoHubba methods, and 
five such shortlisted genes (Table 3) were further checked for 
interactions among themselves, followed by cluster analysis 
(Fig. 4B). The PPI network generated through STRING showed 
these five important genes to be distributed among three dif-
ferent local network clusters. Since cpg-3 appeared to be part 
of two different clusters, and both the cpg genes had multi-
ple edges connecting them together (node degree score was 
3 for both of them), we selected these two genes (cpg-2 and 
cpg-3) for further RT-PCR validation. PCR assay did confirm 
the upregulation of these two proteins in extract-exposed 
worms (Fig. 6A). 

We arranged members of the PPI network for the down-
regulated genes (Fig. 5A) in decreasing order of node degree 
(Table S4), and those with a score of ≥5 were subjected to 
ranking by different cytoHubba methods. Then, we looked for 
genes that appeared among the top-6 ranked candidates by 
≥6 cytoHubba methods, and six such shortlisted genes (Tabl 4) 
were further checked for interactions among themselves, fol-
lowed by cluster analysis (Fig. 5B). Four (sqt-1, dpy-4, dpy-13, 
and col-17) of these six genes belonged to a single cluster 
(each with a node degree score of 4) and were chosen for fur-
ther RT-PCR validation. PCR assay did confirm the downregu-
lation of these proteins in extract-exposed worms (Fig. 6B).

Identifying the most important DEG based on their homol-
ogy with the human genome

To have an empirical idea about the relevance of the results 
of this study performed in C. elegans, with respect to W. som-
nifera’s possible beneficial effect in humans, we conducted 
a co-occurrence analysis between all the 45 DEG in extract-
treated C. elegans and the human genome. This analysis 
resulted in the identification of 16 genes whose counterparts 
are present in humans (Fig. 7). The presence of multiple genes 
in the human genome with homology to those expressed dif-
ferently in extract-exposed worms indicates a good probability 
of similar effect on humans as observed in C. elegans in this 
study. Among the DEG, gfat-2 seemed to have the highest sim-
ilarity with its homolog in humans. The C. elegans gfat-2 (glu-
tamine-fructose 6-phosphate aminotransferase-2) is 88.3% 
similar to gfat-1 (glutamine-fructose 6-phosphate aminotrans-
ferase-1) in amino acid sequence, and the latter is considered 
as a longevity gene (32). gfat-1 is the key enzyme of the hexos-
amine pathway and has been mentioned as a regulator of pro-
tein quality control and longevity. Increased functionality of 
gfat-1 induces endoplasmic reticulum-associated protein deg-
radation and autophagy and correlatively extends lifespan and 
ameliorates a wide spectrum of proteinopathies. It can be said 
that W. somnifera root extract promotes health and extends 
the lifespan of C.  elegans through endogenous modulation 
of protein quality control. The upregulation of gfat-1 in our 
long-lived worms corroborates with the previously published 
observation that hexosamine pathway metabolites enhance 
protein quality control and extend life (33). In mammals, too, 
gfat is the rate-limiting enzyme of the hexosamine pathway. 
Discussion on important genes listed in Figure-7 other than 
gfat-2 has been done in preceding sections.

Conclusion
The present study has demonstrated the efficacy of W. 

somnifera root extract in extending the lifespan of the model 
worm C. elegans while simultaneously supporting healthy 
aging and allowing progeny formation in the absence of 
any bacterial food. The study found the hydroalcoholic 
root extract of W. somnifera (LongeFera™) to offer multi-
ple beneficial health effects to the model organism. Worm 
lifespan and healthspan (motility, metabolic activity, and 
fertility) were both positively influenced by the test extract. 
The whole transcriptome analysis of the extract-exposed 
worms revealed the multiple mechanisms through which 
the extract would have exerted its pro-health effect (Fig. 8).  
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TABLE 2 – List of DEG satisfying the dual criteria of log fold-change ≥2 and FDR≤0.01

Sr. No Gene ID Gene Product/function Up-/Down-
regulation

Log fold change

1 WBGene00006929 vit-5 Vitellogenin-5 ↑ 10.78

2 WBGene00012592 Y38E10A.14 Uncharacterized protein ↓ 9.02

3 WBGene00011501 rmd-1 Regulator of microtubule dynamics 
protein 1 ↑ 8.06

4 WBGene00013391 Y62H9A.3 Uncharacterized protein ↑ 7.92

5 WBGene00019146 H02F09.3 Uncharacterized protein ↓ 7.75

6 WBGene00017501 pud-3 PUD domain-containing protein ↑ 5.97

7 WBGene00012261 lpr-3 Lipocalin-Related protein ↓ 5.74

8 WBGene00021005 ule-1 Chitin-binding type-2 domain- 
containing protein ↑ 5.63

9 WBGene00012186 mlt-11 Uncharacterized protein ↓ 5.52

FIGURE 1 - Withania somnifera imparts longevity extension on C. elegans. All worms in control wells (i.e., worms not fed with extract) 
were dead by the 12th day. Concentrations ≥500 µg/mL of both DMSO-solubilized and water-solubilized extract supported worm fertility 
from day 4 onward. Bigger body size, higher motility, and progeny formation in the presence of the extract in experimental wells can be 
visualized in supplementary videos S1–S4.  DMSO (0.5%v/v) or FUdR (15 mM/mL of NGM agar) did not affect worm lifespan. Only selected 
concentrations are displayed in this figure to avoid graph overcrowding. (A) Worms fed with DMSO-solubilized W. somnifera extract at 100, 
250, 500, 600, 750 μg/mL scored 65.55%*** ± 10.13, 68.88%*** ± 7.81, 63.33%*** ± 5, 66.66%*** ± 8.66 and 46.66%*** ± 10 better survival 
on the 12th day compared to control. (B) Worms fed with water-solubilized W. somnifera at 100, 250, 500, 600, 750 μg/mL scored 10%*** ± 
5, 16.66%*** ± 5, 46.66%*** ± 5, 60%*** ± 0 and 63.33%*** ± 5 better survival on the 12th day compared to control. (C) FUdR pre-treated 
worms fed with water-solubilized W. somnifera extract did not display any extended lifespan except at 750 μg/mL (26.66%*** ± 5.16 better 
survival on the 12th day compared to control. *** p ≤ 0.001

FIGURE 2 - W. somnifera root ex-
tract has a positive effect on worm 
motility (A) and metabolic activity. 
(B) Worm activity plotted on the  
y-axis in Figure (A) is the quantifica-
tion of their movement as measu-
red by an automated worm tracker. 
Higher motility in extract-treated 
worms plotted here is in line with 
the visual observation under the 
microscope. OD570 in Figure (B) cor-
responds to the amount of dye re-
duced by the metabolic activity of 
the worm population. **p ≤ 0.01, 
***p ≤ 0.001; Extract concentration 
used was 600 µg/mL.
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Sr. No Gene ID Gene Product/function Up-/Down-
regulation

Log fold change

10 WBGene00006926 vit-2 Vitellogenin-2 ↑ 5.36

11 WBGene00009429 irg-5 CUB like domain-containing protein ↓ 5.35

12 WBGene00000683 col-109 Cuticle collagen N-terminal domain-
containing protein ↓ 5.04

13 WBGene00019148 H03E18.1 Uncharacterized protein ↓ 5.04

14 WBGene00017498 pud-4 PUD domain-containing protein ↑ 4.97

15 WBGene00000742 col-169 Cuticle collagen N-terminal domain-
containing protein ↓ 4.9

16 WBGene00022033 Y65B4BL.1 Uncharacterized protein ↓ 4.9

17 WBGene00006930 vit-6 Vitellogenin-6 ↑ 4.49

18 WBGene00000618 col-41 Cuticle collagen N-terminal domain-
containing protein ↓ 4.43

19 WBGene00018268 F41C3.2 Uncharacterized protein ↓ 4.4

20 WBGene00016636 perm-2 Permeable eggshell ↑ 4.35

21 WBGene00001074 dpy-13 Cuticle collagen dpy-13 ↓ 4.27

22 WBGene00009035 gfat-2 Glutamine-fructose-6-phosphate 
transaminase (isomerizing) ↑ 4.19

23 WBGene00017892 F28B4.3 Uncharacterized protein ↓ 4.16

24 WBGene00000606 col-17 Collagen ↓ 4.04

25 WBGene00012468 Y17G7B.17 Uncharacterized protein ↓ 3.98

26 WBGene00022816 fbn-1 Fibrillin homolog ↓ 3.81

27 WBGene00022103 cdh-12 Cadherin family ↓ 3.81

28 WBGene00001066 dpy-4 Cuticle collagen N-terminal domain-
containing protein ↓ 3.78

29 WBGene00015102 cpg-2 Chondroitin proteoglycan-2 ↑ 3.76

30 WBGene00010790 sodh-1 Alcohol dehydrogenase 1 ↑ 3.76

31 WBGene00006787 unc-52 Basement membrane proteoglycan; Ig-
like domain-containing protein ↓ 3.7

32 WBGene00005018 sqt-3 Cuticle collagen 1 ↓ 3.58

33 WBGene00011063 cpg-3 Chondroitin proteoglycan 3 ↑ 3.54

34 WBGene00007709 clec-87 C-type lectin domain-containing protein 
87 ↑ 3.52

35 WBGene00011321 fil-1 Fasting Induced Lipase ↑ 3.48

36 WBGene00007723 C25F9.2 DNA-directed DNA polymerase ↓ 3.37

37 WBGene00005016 sqt-1 Cuticle collagen sqt-1 ↓ 3.37

38 WBGene00010070 nep-17 Neprilysin metallopeptidase family ↓ 3.28

39 WBGene00006436 ttn-1 Titin homolog ↓ 3.09

40 WBGene00006801 unc-68 Uncharacterized protein ↓ 3.08

41 WBGene00002915 let-805 Uncharacterized protein ↓ 3.07

42 WBGene00004130 ketn-1 Uncharacterized protein ↓ 3.05

43 WBGene00000998 dig-1 Mesocentin ↓ 3

44 WBGene00006876 vab-10 GAR domain-containing protein ↓ 2.89

45 WBGene00220238 ZK185.9 Uncharacterized protein ↑ 2.74

Genes in this table are arranged in decreasing order of fold-change value.
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FIGURE 4 - (A) Protein-Protein Interaction (PPI) network of upregulated genes following the dual criteria of fold change ≥ log 2 and FDR ≤ 
0.01 in W. somnifera-exposed C. elegans. PPI enrichment p-value 1.0e-16. This network contains 15 nodes connected through 28 edges, 
with an average node degree of 3.73. Since the number of edges (28) in this PPI network is 28-fold higher than expected (01), this network 
can be believed to possess significantly more interactions among the member proteins than what can be anticipated for a random set of 
proteins of the same sample size and degree distribution. (https://string-db.org/cgi/network?taskId=badc9unayQGh&sessionId=bmZFhfl
iKMsM). (B) PPI network of top-ranked genes shortlisted using cytoHubba among upregulated genes in W. somnifera-exposed C. elegans. 
PPI enrichment p-value 3.24e-10. With an average node degree score of 2.4, this network possesses more edges (06) than expected (0) 
for any similar random set of proteins. The value of node degree score for cpg-2, cpg-3, and perm-2 is 3, and that for gfat-2 and vit-5, 2 
and 1, respectively. (https://string-db.org/cgi/network?taskId=bbPybwRHQ9La&sessionId=bmZFhfliKMsM)

FIGURE 3 - Function-wise categorization of the diffe-
rentially expressed genes in W. somnifera-exposed C. 
elegans. Genes contributing to more than one function 
are considered in any one category only. Values in pa-
rentheses are % of the total DEG.

https://string-db.org/cgi/network?taskId=badc9unayQGh&sessionId=bmZFhfliKMsM
https://string-db.org/cgi/network?taskId=badc9unayQGh&sessionId=bmZFhfliKMsM
https://string-db.org/cgi/network?taskId=bbPybwRHQ9La&sessionId=bmZFhfliKMsM
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FIGURE 5 - (A) Protein-Protein Interaction (PPI) network 
of downregulated genes following the dual criteria of fold 
change ≥ log 2 and FDR ≤ 0.01 in W.  somnifera-exposed 
C.  elegans. PPI enrichment p-value 1.0e-16. This network 
contains 29 nodes connected through 30 edges, with an 
average node degree of 2.07. Since the number of edges 
(30) in this PPI network is 30-fold higher than expected 
(01), this network can be believed to possess significantly 
more interactions among the member proteins than what 
can be anticipated for a random set of proteins of the same 
sample size and degree distribution.  (https://string-db.
org/cgi/network?taskId=bRhNGHhVNwKu&sessionId=bm
ZFhfliKMsM). (B) PPI network of top-ranked genes short-
listed using cytoHubba among downregulated genes in 
W. somnifera-exposed C. elegans. PPI enrichment p-value 
1.0e-16. With an average node degree score of 3.88, this 
network also possessed more edges (10) than expected (0) 
for any similar random set of proteins. The node degree 
score of all the genes shown in this network was 4, except 
col-169 (node degree: zero) (https://string-db.org/cgi/netw
ork?taskId=bSBgDIecdxCg&sessionId=bmZFhfliKMsM).

https://string-db.org/cgi/network?taskId=bSBgDIecdxCg&sessionId=bmZFhfliKMsM
https://string-db.org/cgi/network?taskId=bSBgDIecdxCg&sessionId=bmZFhfliKMsM
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FIGURE 6 - Confirmation of 
differential expression of se-
lected (A) upregulated and (B) 
downregulated genes in W. som-
nifera-exposed C. elegans throu-
gh RT-PCR.
*** p ≤ 0.001, ns: not significant; 
The gene employed as endoge-
nous control codes for an RNA-
binding protein

FIGURE 7 - Co-occurrence analysis of differentially expressed genes in extract-treated C. elegans with the human genome. The darker the 
shade of the square, the higher the homology between the genes being compared. Genes from left to right are arranged in descending 
order of homology. Functions of the genes shown here in humans are listed in Table S5.

FIGURE 8 - A schematic summary of multiple effects of W. somnifera on C. elegans The small alphabet in square brackets in this figure cor-
responds to the references cited in the supplementary file “Appendix A.”
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Among the major modes of action underlying the observed 
biological effect of this extract was upregulation of the 
yolk lipoprotein vitellogenins, remodeling of the apical 
extracellular matrix, modulation of eggshell permeability, 
alteration of collagen synthesis, cuticle development, and 
molting cycle. Many of the differentially expressed genes in 
the extract-fed worms have a homologous counterpart in 
humans. Considering various parameters like fold-change 
value, network centrality, cytoHubba ranking, contribution 
towards more than one function, and homology with the 
human genome, the most important among all DEG are gfat-
2, sqt-1, dpy-13, dpy-4, cpg-3, vit-5, and col-169. The results 
of this study validate the pro-health efficacy of W. som-
nifera claimed in traditional medicine systems like Ayurved 
and strengthen the candidature of this plant as a potential 
nutraceutical for healthy aging. Our results also raise cau-
tion against the use of anti-fertility agents like FUdR in worm 
assays, as that not only may prove a confounding factor in 
the interpretation of results but also precludes simultane-
ous assessment of lifespan, fertility, and other healthspan 
parameters in a single assay. To the best of our awareness, 
this is the first report describing molecular mechanisms 
associated with the beneficial effects of W. somnifera root 
extract on the model worm C. elegans. 
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Establishment and evaluation of a naked-eye 
diagnostic assay for tuberculosis utilizing reverse 
isothermal amplification-assisted CRISPR-Cas in 
resource-limited settings
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ABSTRACT
Introduction: The current scenario of tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) has 
presented an almost insurmountable challenge to hospitals with high patient numbers. Delayed diagnosis of TB 
is a major hurdle in preventing the employment of efficient therapeutics, leading to the development of drug 
resistance. Hence, an easily accessible diagnostic method, particularly for resource for resource-limited settings, 
is pertinent for the rapid identification of MTB-infected patients. In pursuit of developing such an assay, the 
present study offers a CLAP-TB (CRISPR-Cas coupled RT-LAMP Amplification Protocol for Tuberculosis) assay, 
which will allow us to diagnose TB rapidly and visually. 
Methods and results: Herein, the visual MTB detection consists of a method utilizing 232 different samples (spu-
tum, urine, serum) from 82 patients for reverse transcription loop-mediated isothermal amplification (RT-LAMP). 
Additionally, the assay also utilizes the integration of a CRISPR-Cas12-based system using different guide RNAs of 
IS6110 and an internal control POP7 (human RNase P) genes along with visual detection via lateral flow readout-
based dipsticks with the unaided eye (~134 min). Overall, the limit of detection for CLAP-TB assay was up to 1 ag 
of RNA, while the clinical sensitivity and specificity were 98.27% and 100%, respectively, on the pilot scale.
Conclusion: Together, our CLAP-TB assay offers proof of concept for a rapid, sensitive, and specific method with 
the minimum technical expertise required for TB diagnosis in developing and resource-limited settings. 
Keywords: CRISPR-Cas12, Lateral flow readout, Mycobacterium tuberculosis, RT-LAMP, Tuberculosis 

site of infection, mycobacteria can infect extrapulmonary 
sites, leading to extrapulmonary tuberculosis (EPTB) account-
ing for almost one-fourth of TB cases. 

Additionally, diagnosis of EPTB is more challenging as 
specimens of EPTB (such as cerebrospinal and pleural flu-
ids) are not readily available by non-invasive methods used 
to obtain sputum and are less sensitive (5,6). Among cur-
rent diagnostic assays, culture-based diagnostic methods are 
slow, time-consuming, and less sensitive, while PCR-based 
methods are relatively faster but costly (7-9). Therefore, the 
development of simple yet sensitive diagnostic methods is 
needed for the diagnosis of efficient epidemiological man-
agement of TB patients.

Loop-mediated isothermal amplification (LAMP) is a 
nucleic acid-based detection method that is efficiently 
used for human pathogens (viruses, bacteria, and malaria), 
including TB, but suffers the drawback of false positive and 
specificity issues. Additionally, LAMP-based methods fail 
to detect viable MTB cells even though numerous LAMP-
based methods are available in clinical diagnostics labs (10). 
CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats)/Cas system is a genome editing tool that is utilized 
in molecular diagnostic systems. CRISPR, with precision and 
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Introduction
Mycobacterium tuberculosis (MTB), which is the caus-

ative agent for tuberculosis (TB), affects around one-third of 
the world population and continues to wreak havoc across 
the globe, leading to unimaginable loss of human lives (1,2). 
The healthcare infrastructure of several countries, particu-
larly Asian countries, is overburdened. This evocative sce-
nario of TB is leading to deaths because of a lack of quick 
diagnosis and effective treatment. Some drugs viz. Rifampicin 
and Isoniazid are available in the regimen, but it takes around 
4-6 months for the proper treatment; thus, the emergence of 
drug resistance becomes another obstacle against efficient 
therapeutics (3,4). Although the lung is the most common 
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specificity at a single nucleotide level, can identify the target 
nucleic acid with the help of a guided nucleotide sequence 
(gRNA) (11,12). Cas enzyme leads to indiscriminate cleav-
age activity, and this property is utilized to develop nucleic 
acid endonuclease-targeted CRISPR trans reporter (DETECTR) 
system for targeting nucleic acid detection. 

In the current study, we have developed a CLAP-TB 
(CRISPR-Cas coupled RT-LAMP Amplification Protocol for 
Tuberculosis) assay, which will allow rapid (~134 min) and 
visual diagnosis of TB. The CLAP-TB assay involves a method 
for the detection of MTB from various clinical samples such 
as sputum, urine, and serum that can visually be detected 
with an unaided eye. CLAP-TB is based on the integration of 
RT-LAMP with the CRISPR-Cas technique (to take care of false 
positive and specificity issues) that allows the faster detec-
tion of Mycobacterium cells from patient samples with high 
accuracy within one hundred and thirty-four minutes. Taken 
together, we have developed a simple, rapid, sensitive, and 
specific assay to visually diagnose MTB from sputum as well 
as other body fluids. This would facilitate the onsite usage 
for enhanced testing throughout the country, particularly in 
places with limited resources, such as those present in tier 
II and tier III locations. Given the challenges associated with 
TB detection, such as the lack of successful therapeutics and 
delayed diagnosis, this assay would greatly facilitate visual TB 
detection based on lateral flow strips and help save valuable 
human lives.

Materials and methods

Clinical sample collection and decontamination

The patient samples and Healthy control samples were 
collected at All India Institute of Medical Sciences (AIIMS), 
Bhopal. The samples were collected in two categories and 
processed accordingly. (i) Specimens like sputum and urine 
were collected under sterile conditions to avoid contamina-
tion. (ii) In other patient groups, blood samples were col-
lected for serum required for the method development,  
evaluation, and validation. A total of 232 clinical samples 
were collected based on their Ziehl-Neelsen (ZN) staining, 
Acid-fast bacilli (AFB) culture, and GeneXpert reports, where 
161 were true positive patient samples (PS), and 71 were 
true negatives considered as negative controls (NS), which 
also included 20 healthy controls (serum and urine).

The clinical specimens received from the patients were 
first decontaminated by the NALC-NaOH method (modified 
Petroff’s method) (13), and the smear was prepared for the 
ZN staining from the direct and decontaminated specimens. 
In brief, about 5-6 mL contaminated specimen was mixed 
with an equal volume of 0.5% NALC – 4% NaOH mixture in a 
50 mL Oakridge capped round bottom processing tube; the 
mixture was vortexed and incubated at 37°C for 10 minutes. 
After incubation, the mixture was neutralized with phos-
phate buffer (pH 6.8) up to 50 mL total volume, followed 
by centrifugation at 8000× g for 10 minutes. The pellet was 
resuspended in 2 ml phosphate buffer (pH 6.8). From the 
decontaminated sample, 0.2 mL of suspension was used to 
isolate RNA. The samples were properly labeled and placed 
in a cryo box and further kept in a leak-proof box containing 

dry ice for subsequent transfer to the Biosafety laboratory of 
Amity University Haryana.

RNA isolation

RNA was isolated from MTB using the RNeasy Mini Kit 
(Qiagen, Germany) (14) in accordance with the manufacturer’s  
instructions and treated with DNase I. Separately, puri-
fied genomic DNA was also used as a negative control for 
validation of the proposed assay to ensure any non-specific 
amplification. The isolated RNA was visualized for size and 
integrity by agarose gel electrophoresis. The concentration 
of purified RNA was measured spectrophotometrically using 
NanoDropTM (ThermoFisher) and diluted in nuclease-free 
water to working concentrations.

Primers, lateral flow reporters, and guide RNAs 

Two different primers set for RT-LAMP were used in this 
study, one for the IS6110 gene transcript and one for the 
POP7 gene transcript (Table 1). The primers for all the genes 
were designed using the NEB primer designing tool. These 
regions were further modified to meet the requirements 
for RT-LAMP. Similarly, compatible gRNAs were designed to 
target the IS6110 and POP7 genes. The lateral flow reporter 
(/56-FAM/TTATTATT/3Bio/, IDT) used in this study was previ-
ously reported (14,15). 

RT-LAMP Reaction

The corresponding LAMP primer group consists of the 
six specific primers with their stock concentrations as: an 
upstream outer primer F3 (2 μM), a downstream outer primer 
B3 (2 μM), an upstream inner primer FIP (16 μM), a down-
stream inner primer BIP (16 μM), an upstream ring primer 
LF (8 μM) and a downstream ring primer LB (8 μM). The 10× 
primer mix of 50 µL was prepared by using the above-men-
tioned primers and then used for the RT-LAMP reaction. The 
RT-LAMP reaction was performed by using the New England 
BioLabs Protocol (Online). A total volume of 12.5 μL was used 
to set the RT-LAMP reaction. The reaction was prepared by 
using 6.25 μL of 2× Warmstart Colorimetric Master mixes as 
per the manufacturer guidelines comprising Bst Polymerase 
and reverse transcriptase enzyme in it, 1.25 μL of 10X Primer 
mix containing RT-LAMP primers and one μl of purified RNA 
with 2.5 μL of NFW. Reactions were performed separately for 
ISS6110 and POP7 genes at 65°C for 40 minutes in a water 
bath. In the NEB Warmstart master mix, one component is 
phenol red dye (indicator for pH change), which changes 
from pink to yellow as the pH changes. During the amplifica-
tion, protons (H+) ions are released as a byproduct of dNTPs 
hydrolysis. This lowers the pH and causes the color to change 
from pink to yellow.

CRISPR-Cas12 assay

Nucleoprotein complex 

The nucleoprotein complex (Cas12a-gRNA complex) 
is formed as Lb Cas12a, a site-specific DNA endonuclease 
guided by a single 41-44 nucleotide guide RNA (gRNA). This 
targeting requires a gRNA complementary to the target site 

http://www.neb.com/protocols/2014/10/09/typical-rt-lamp-protocol
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as well as a 5′ TTTN or TTN protospacer adjacent motif (PAM) 
on the DNA strand opposite the target sequence. The cleav-
age by LbCas12a occurs ~18 bases 3′ of the PAM and leaves 5′ 
overhanging ends. For the formation of nucleoprotein com-
plex, a final volume of 25 μl was prepared by using 16 μl of 
LbCas12a enzyme. In 1X NEB buffer 2.1, 3μl gRNA of IS6110 
and POP7 genes, 2.5 μl of 10X NEB buffer 2.1, and 3.5 μl of 
nuclease-free water (NFW) kept at 37°C for 30 minutes inside 
an incubator. The complex was used immediately or stored at 
4°C for further use. 

Trans-cleavage reaction

After the formation of the nucleoprotein complex 
(Cas12a-gRNA complex), 100μl of reaction was set up with 
10μl of 10X NEB buffer 2.1, 2 μl of RT-LAMP product, 50nM of 
lateral flow reporter, 18 μl of nucleoprotein complex, and 65 
μl of NFW. The reaction was incubated at 37°C for 60 minutes 
in an incubator.

Lateral flow readout

To check the trans cleavage reaction, we use the lateral 
strips from Milenia Hybrid (Cat no MGHD 1), which are coated 
with gold nanoparticles and anti-FAM antibodies. Around 15 
μL of the trans-cleavage reaction mixture was applied on the 
sample application area of the lateral flow strip, and the sam-
ple application area of the strip was placed into 60 μL of buffer 
in an upright position. The result was visualized after approxi-
mately 3 min. A single band (control band) close to the sample 
application area indicated a negative result, whereas a single 
band (test band) close to the top of the strip or the appear-
ance of both bands indicated a positive result. Reactions were 
performed separately for IS6110 and POP7 genes.

The lateral-flow readout chemistry is based on the cleav-
age of a FAM-biotin reporter by Cas12a enzyme (14,16). The 

reporter is labeled with FAM at one end and biotin at another 
end. The streptavidin, which specifically binds to biotin, is pres-
ent on the C-line (control), and the anti-rabbit antibody (FAM 
antibody) is present on the T-line (Test). When there is no col-
lateral cleavage, the dual-labeled reporter remains intact, and 
the biotin is bound by the streptavidin, while the FAM label 
is bound by the mobile anti-FAM antibodies conjugated to 
the gold nanoparticles. This results in a strong C-line and the 
absence of a T-line. When there is collateral cleavage, the bio-
tin-free FAM-labelled probe bound by the anti-FAM antibody 
moves and develops on the T-line, giving a positive test band.

Statistical analysis

The statistical analysis for the CLAP-TB assay was calcu-
lated according to the following equations: TPR (True posi-
tive rate) = True Positive/(True Positive + False Negative). TNR 
(true negative rate) = True Negative/(False Positive + True 
Negative). FNR (False negative rate = False Negative/(True 
Positive + False Negative). FPR (False Positive Rate = False 
Positive/(False Positive + True Negative). The sensitivity and 
specificity of the CLAP-TB assay were calculated as described 
elsewhere (14,17).

Results
CLAP-TB assay for IS6110 gene 

First, we sought to perform the RT-LAMP of MTB RNA 
for the gene IS6110. The amplification of MTB target IS6110 
gene RNA was visible from the naked eye by a color change 
from pink to yellow, contrary to the negative template control 
(NTC), which retained a pink color (Fig. 1a). This amplification 
was also validated by gel electrophoresis which showed a dis-
tinct banding pattern (Fig. 1b). Further, CRISPR-Cas reaction 
was deployed, and results were interpreted on lateral flow 

TABLE 1 - List of primers and guide RNA sequences used in the study 

Primers/gRNAs Sequences and modifications Length Genes

F3 5’-CCGCGGTCAGCACGATT-3’ 17 nt IS6110

B3 5’-CGACGCGGTCTTTAAAATCG-3’ 20 nt IS6110

FIP 5’-TTACGCACCGTCTCCGCGCTTTTAGTGGGCAGCGATCAGT-3’ 40 mer IS6110

BIP 5’-CCGGGACCACGACCGAAGATCGCAATTCGGCGTTGTC-3’ 37 mer IS6110

LF 5’-CTGAGCTGAAGCGCTTGC-3’ 19 nt IS6110

BF 5’-CTGAGCTGAAGCGCTTGC-3’ 18 nt IS6110

gRNA 5’-UAAUUUCUACUAAGUGUAGAUAGUGGGCAGCGAUCAGUGAG-3’ 41 mer IS6110

F3 5’-TTGATGAGCTGGAGCCA-3’ 17 nt RNase POP 7

B3 5’-CACCCTCAATGCAGAGTC-3’ 18 nt RNase POP 7

FIP 5’-GTGTGACCCTGAAGACTCGGTTTTAGCCACTGACTCGGATC-3’ 41 mer RNase POP 7

BIP 5’-CCTCCGTGATATGGCTCTTCGTTTTTTTCTTACATGGCTCTGGTC-3’ 45 mer RNase POP 7

LF 5’-ATGTGGATGGCTGAGTTGTT-3’ 20 nt RNase POP 7

BF 5’-CATGCTGAGTACTGGACCTC-3’ 20 nt RNase POP 7

gRNA 5’-UAAUUUCUACUAAGUGUAGAUAAUUACUUGGGUGUGACCCU-3’ 41 mer RNase POP 7
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strips. We found that test band intensity was negligible in NTC, 
contrary to the MTB RNA depicting a clear test band (Fig. 1c).

Sensitivity of CLAP-TB assay 

The limit of detection (LOD) for our CLAP-TB assay was 
determined using different dilutions of extracted RNA from 
pure cultures of MTB. LOD was considered the lowest dilu-
tion of RNA detected on the lateral flow strips by our CLAP-TB 
assay. We observed that on the lateral flow strip strips, the 
LOD for CLAP-TB was up to 1 ag of RNA (~1 copy) per reaction 
(Fig. 2). Next, we sought to compare the LOD of CLAP-TB with 
DNA as a template instead of RNA. We observed that LOD 
using DNA was only till 100 fg (Fig. 3a), contrary to 1 ag using 
RNA as a template (Fig. 3b). 

Specificity of CLAP-TB assay 

To evaluate the specificity of the CLAP-TB assay, we 
used four different strains viz. Mycobacterium marinum, 
Mycobacterium smegmatis, Candida auris, Escherichia coli 

other than MTB. The RT-LAMP reaction was performed at 
65°C for 40 minutes using RNA as a template isolated from 
M. marinum, M. smegmatis, C. auris, and E. coli. The ampli-
fication of MTB target IS6110 gene RNA was visible from the 
naked eye by a color change from pink to yellow contrary to 
the M. marinum, M. smegmatis, C. auris, E. coli, and negative 
template control (NTC), which retained pink color (Fig. 4a). 
This amplification was also validated by gel electrophore-
sis which showed a distinct banding pattern (Fig. 4b). Upon 
integration of CRISPR technology for the specific detection of 
MTB for the IS6110 gene, we observed that in M. marinum, 
M. smegmatis, C. auris, E. coli and NTC, the test band inten-
sity was negligible contrary to the MTB RNA IS6110 gene 
depicting clear test band (Fig. 4c).

Validation of CLAP-TB assay with different clinical samples 
(Sputum, Urine, Serum)

After standardizing the CLAP-TB assay on MTB culture RNA, 
we sought to check the suitability of the developed assay from 
different clinical samples of TB patients. The collected sputum 

FIGURE 1 - CLAP-TB assay with 
MTB RNA (a) RT-LAMP reac-
tion of IS6110 gene for MTB 
RNA and NTC visualized by co-
lor change from pink to yellow 
after 40 min at 65°C. (b) The 
agarose gel image of the am-
plified product was obtained 
from the RT-LAMP reaction. 
(c) The lateral flow readout 
results of the IS6110 gene for 
MTB and NTC after 3 min. NTC, 
non-template control.

FIGURE 2 - Sensitivity of CLAP-
TB assay (a) RT-LAMP reaction 
of IS6110 gene for MTB RNA 
with various dilutions in lanes 
1) 1000 fg, 2) 100 fg, 3) 10 fg,  
4) 100 ag, 5) 10 ag, 6) 1 ag, 
and 7) NTC visualized by color 
change from pink to yellow 
after 40 min at 65°C. (b). The 
agarose gel image of the am-
plified product was obtained 
from the RT-LAMP reaction. 
(c) Lateral flow readout results 
for the sensitivity of CLAP-TB 
assay.
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(Fig. 5), urine (Fig. 6), and serum (Fig. 7) samples were uti-
lized for the RT-LAMP reaction using IS6110 gene primers. The 
color changes were observed in all positive clinical samples 
(PS), confirming positive amplification. There was no change 
in RNA isolated from patient samples (NS) that were negative 
for TB or NTC. Further, results were interpreted on lateral flow 
strips, and it was found that test band intensity was negligible 
in NTC, contrary to the MTB RNA isolated from sputum, urine, 
and serum samples, which depicted clear test bands.

POP7 gene (RNase P) used as an internal control  
for CLAP-TB assay

We utilized the POP7 gene, which codes for RNase P and 
was used as an internal control for all positive and negative 

samples. POP7 gene primers were used to set the RT-LAMP 
reaction on RNA isolated from PS, NS, and NTC. As expected, 
the color change was noticed for both PS and NS except 
the NTC, which was also confirmed by gel electrophoresis. 
Further, results were interpreted on lateral flow strips, and 
it was found that test band intensity was negligible in NTC, 
contrary to the MTB RNA isolated from positive and negative 
samples, which depicted clear test bands (Fig. 8).

Statistical validation of CLAP-TB assay

Lastly, we performed the statistical validation of the 
CLAP-TB assay as described in the methods. Out of the 232 
different categories of clinical samples, 161 were true posi-
tive samples, and 71 were true negative samples, along with 

FIGURE 3 - Comparison of the 
sensitivity of CLAP-TB betwe-
en DNA and RNA templates. 
LAMP and RT-LAMP reaction 
of IS6110 gene for MTB with 
various dilutions of DNA (a) 
and RNA (b) in lanes 1) 1000 ng,  
2) 1000 pg, 3) 1000 fg, 4) 100 fg,  
5) 10 fg, 6) 1 ag, and 7) NTC 
visualized by color change 
from pink to yellow after 40 
min at 65°C. The agarose gel 
image of the amplified pro-
duct was obtained from LAMP 
(left panel) and RT-LAMP (right 
panel) reactions. Lateral flow 
readout results for sensitivity 
of CLAP-TB assay with DNA 
(left panel) and RNA (right 
panel).

FIGURE 4 - Specificity of CLAP-
TB assay (a) RT-LAMP reaction 
of IS6110 gene from RNA of 1) 
MTB (H37Rv), 2) M. marinum, 
3) M. smegmatis, 4) C. auris, 
5) E. coli and 6) NTC visualized 
by color change from pink to 
yellow after 40 min at 65°C. 
(b) The agarose gel image of 
the amplified product was 
obtained from the RT-LAMP 
reaction. (c) The lateral flow 
readout results of the IS6110 
gene for MTB, M. marinum, 
M. smegmatis, C. auris, E. coli, 
and NTC after 3 min.
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20 healthy control samples based on the ZN staining, AFB cul-
ture, and GeneXpert reports obtained from AIIMS, Bhopal. 
We confirmed that 157 PS (true positives) tested positive 
with our CLAP-TB assay, while four samples showed false 
negatives by CLAP-TB assay, and all the 71 NS (true nega-
tives) tested negative (Fig. 9; Table S1). Further, the TPR, FPR, 
FNR, and TNR were calculated and found to be 97.51%, 0%, 
2.49%, and 100%, respectively. Moreover, for the detection 
of these 232 clinical samples, the overall clinical sensitivity of 
the assay was 98.27%.

Discussion
Rapid and user-friendly detection methods for TB diagno-

sis are still a concern. The current diagnostic methods mainly 
involve AFB smear microscopy by ZN staining, culture-based  

methods, and molecular detection (18,19). ZN staining is 
not only less sensitive but fails to detect MTB from non-
tuberculous mycobacteria (NTM). Similarly, culture methods, 
although they are more sensitive than ZN staining, require 
long incubation times (2-8 weeks) apart from being non- 
specific. Advancements in molecular diagnostics are impeded 
due to high costs and the requirement for infrastructure, 
which limits their use in less developed nations. Thus, to 
achieve the TB elimination goal, rapid, sensitive, and user-
friendly diagnostics methods are urgently needed and could 
be deployed, particularly in resource-limiting regions.

In recent times, isothermal amplification techniques such 
as loop-mediated isothermal amplification (LAMP), recombi-
nase polymerase amplification (RPA), and recombinase-aided 
amplification (RAA) have emerged as a better alternative to 

FIGURE 5 - CLAP-TB assay 
with clinical sputum samples 
(a) Representative RT-LAMP 
reaction of IS6110 gene from 
MTB culture RNA as a positi-
ve control (PC), two negative 
samples (NS1 and NS2), four 
positive samples (PS1-4) and 
NTC visualized by color chan-
ge from pink to yellow after 
40 min at 65°C. (b) The agaro-
se gel image of the amplified 
product was obtained from 
the RT-LAMP reaction. (c) The 
lateral flow readout results of 
the IS6110 gene from MTB cul-
ture RNA as a positive control 
(PC), two negative samples 
(NS1 and NS2), four positive 
samples (PS1-4), and NTC.

FIGURE 6 - CLAP-TB assay 
with clinical urine samples 
(a) Representative RT-LAMP 
reaction of IS6110 gene from 
MTB culture RNA as a positi-
ve control (PC), two negative 
samples (NS1 and NS2), four 
positive samples (PS1-4) and 
NTC visualized by color change 
from pink to yellow after 40 
min at 65°C. (b) The agarose 
gel image of the amplified 
product was obtained from 
the RT-LAMP reaction. (c) The 
lateral flow readout results of 
the IS6110 gene from MTB cul-
ture RNA as a positive control 
(PC), two negative samples 
(NS1 and NS2), four positive 
samples (PS1-4), and NTC.
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FIGURE 7 - CLAP-TB assay 
with clinical serum samples 
(a) Representative RT-LAMP 
reaction of IS6110 gene from 
MTB culture RNA as the positi-
ve control (PC), three negative 
samples (NS1-3), two positive 
samples (PS1 and PS2) and 
NTC visualized by color change 
from pink to yellow after 40 
min at 65°C. (b) The agarose 
gel image of the amplified pro-
duct was obtained from the 
RT-LAMP reaction. (c) The late-
ral flow readout results of the 
IS6110 gene from MTB culture 
RNA as the positive control 
(PC), two negative samples 
(NS1-3), two positive samples 
(PS1 and PS2), and NTC.

FIGURE 8 - CLAP-TB assay for 
internal control POP7 gene 
(a) Representative RT-LAMP 
reaction of IS6110 gene from 
four positive samples (PS1-4), 
three negative samples (NS1-
3), and NTC visualized by color 
change from pink to yellow 
after 40 min at 65°C. (b) The 
agarose gel image of the am-
plified product was obtained 
from the RT-LAMP reaction. 
(c) The lateral flow readout re-
sults of the POP7 gene for four 
positive samples (PS1-4), th-
ree negative samples (NS1-3), 
and NTC.

TPR=TP/(TP+FN)=
157/157+4=97.51%

FNR=FN/(TP+FN) =
4/157+4 =2.49%

=FPR=FP/(FP+TN)=
0/0+71 =0%% 

00TP/(TP+FN) =%
= 0 /(FP+TN) =0/0+11 = 0 

TNR=TN/(TN+FP) =
71/71+0 = 100%

Clinical  
samples (PS) 

Negative 
samples (NS)

FIGURE 9 - Statistical analysis 
of the performance of the 
CLAP-TB assay. Statistical an
alysis of the IS6110 gene was 
performed on 232 clinical 
samples, comprising 161 posi-
tive (PS) and 71 negative (NS) 
samples. True positive rate 
(TPR) and false negative rate 
(FNR) are depicted for PS in 
the upper box, while false po-
sitive rate (FPR) and true ne-
gative rate (TNR) are depicted 
for NS in the lower box.



Visual diagnostic assay for tuberculosis38 

© 2025 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

PCR due to their simplicity and sensitivity (20,21). Likewise, 
recent research has demonstrated the considerable diag-
nostic potential of CRISPR technology in TB detection. 
However, in general, CRISPR-based diagnostic methods rely 
on two steps involving nucleic acid amplification followed by 
CRISPR-guided sequence detection that confers the speci-
ficity attributes (17,19,22-25). LAMP, coupled with CRISPR, 
has emerged as a promising tool for developing highly sensi-
tive, specific, and user-friendly diagnostic methods (26,27). 
However, the drawback of the LAMP technique is that it fails 
to detect viable MTB cells. Hence, the present study offers 
to overcome this limitation of prior technology and instead 
developed an RT-LAMP integrated CRISPR-based method for 
TB diagnosis, which is not only rapid and user-friendly but 
sensitive and specific, allowing rapid (~134 min) visual TB 
diagnosis. 

Around 25 copies of the IS6110 gene are present in the 
MTB H37Rv genome, and due to this abundance, priori-
ties in the detection of MTB (28). Moreover, it is reported 
to be absent in NTM, thus presenting a specific target (29). 
Therefore, we selected the IS6110 gene segment as the tar-
get for our CRISPR-Cas coupled RT-LAMP amplification pro-
tocol for TB detection (nominated as CLAP-TB assay). Firstly, 
the CLAP-TB assay was standardized on MTB RNA. Visual 
detection by color change was confirmed from an RT-LAMP 
system designed to provide fast and clear visual detection of 
amplification based on the production of protons and subse-
quent drop in pH that occurs from the extensive DNA poly-
merase activity in an RT-LAMP reaction, producing a change 
in solution color from pink to yellow. The reaction was per-
formed on RNA, followed by gel electrophoresis validation 
(Figs 1a and b). Then CRISPR-Cas was integrated, and posi-
tive results were interpreted by the banding pattern on the 
lateral flow dipsticks (Fig. 1c). In the present study, we used 
the Cas 12a enzyme. Additionally, there are different types 
of Cas9 and Cas 13 enzymes, but the Cas 9 enzyme does not 
have collateral cleavage activity and is mostly used in gene 
editing studies. On the other hand, although Cas 13 has col-
lateral cleavage activity but against single-stranded RNA, 
unlike DNA, Cas 12 hence suffers from RNA stability issues. 
Moreover, Cas 12 is widely used in different types of bacteria 
and virus infection (23,30).

Next, we explored the LOD of CLAP-TB assay and found 
to be 1 ag of RNA per reaction, which agreed with our later-
flow readout result (Fig. 2). Previous reports have shown that 
RT-LAMP is 10 to 100 times more sensitive than conventional 
PCR assays and other isothermal amplification techniques, 
e.g., CPA, PSR, or HAD (9). Additionally, the amplification effi-
ciency of RT-LAMP is high with a short reaction time (40 min). 
A considerable number of LAMP-based studies have been 
reported on TB diagnosis (31). However, we also compared 
the sensitivity of CLAP-TB assay using DNA as a template 
and intriguingly found that using RNA was more sensitive 
than DNA (Fig. 3). Furthermore, we observed that CLAP-TB 
assay could also distinguish between MTB and other strains 
used in the study including two ZN positive bacteria, one 
Gram-negative bacteria and one human pathogenic fungus 
where we could detect specific detection of MTB RNA only as 
apparent from RT-LAMP amplicon color change (Fig. 4a), gel 

electrophoresis (Fig. 4b) and lateral flow strips band pattern 
(Fig. 4c).

Based on these results, further, we sought to use the clini-
cal samples (PS/NS) to validate the CLAP-TB assay. For this, 
we utilized three different types of clinical samples, namely 
sputum, urine, and serum, where all the samples were iso-
lated from the same patient (Figs 5-7; Table S1). The CRISPR-
Cas further confirmed that the true positive clinical samples 
were tested positive while true negative samples were tested 
negative by our assay (Figs 5-7). There are reports which sug-
gest that TB can be diagnosed with samples other than spu-
tum, such as urine (32) and serum (33). CLAP-TB can diagnose 
TB from three different sample types, i.e., sputum, urine, and 
serum; hence, it opens new avenues for sample collection for 
the sake of easiness. For instance, urine collection doesn’t 
require any invasive method. Similarly, collecting blood is 
much easier than sputum collection. Furthermore, CLAP-TB 
assay detecting MTB from urine may help in the diagnosis of 
EPTB, which is not easy to detect. Additionally, the isolation 
of RNA from serum will also aid in overcoming the decon-
tamination step required in the case of sputum and urine.

For further confirmation, a cellular housekeeping gene 
(internal control) for humans, the POP7 gene, which encodes 
for human ribonuclease P and is readily used to detect the 
presence of cellular materials in patient samples (14,15,34) 
was utilized. Our CLAP assay confirmed that the color change 
was observed in both PS and NS contrary to NTC (Figs 8a and 
b). Similarly, the lateral flow readouts also depicted distin-
guishable banding patterns as compared to NTC (Fig. 8c). 
Lastly, the CLAP-TB assay overall showed good correlation 
with the laboratory results and depicted 98.27% clinical 
sensitivity and specificity, respectively (Fig. 9; Table S1). The 
CLAP-TB assay has been worked out with a water bath in 
the present study; hence, this process does not require an 
incubator or any heavy equipment. However, to ensure the 
applicability for the remote areas, the assay has also been 
standardized in the water kettle or thermos flask (supple-
mentary file; Fig S1 and S2). 

Conclusion
Although the proposed CLAP-TB assay may suffer from 

the drawback of testing only a limited number of clinical sam-
ples for this study, nevertheless, the study has demonstrated 
considerable proof-of-concept that warrants investigation 
on many clinical samples. Considering the WHO guidelines, 
where rapid, accurate, and affordable diagnostic assays for 
TB that do not require sophisticated infrastructure are being 
investigated in the future, the CLAP-TB assay could be a prom-
ising tool serving the purpose in this direction. Moreover, the 
proposed assay has provided an alternative method to not 
only detect pulmonary TB but extrapulmonary TB, which is 
difficult to diagnose.
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ABSTRACT
Introduction: Wound management presents significant challenges, requiring effective treatments. Herbal 
extracts have been traditionally used to support healing due to their anti-inflammatory, antimicrobial, and cell-
regenerative properties.
Methods: This study aimed to evaluate the therapeutic efficacy of Pau D’Arco (Tabebuia), Yarrow (Achillea millefo-
lium), Gotu Kola (Centella asiatica), Figwort (Scrophularia nodosa), and Broadleaf (Plantago major) extracts, both 
individually and combined, on wound healing in vitro and in vivo in equine models. In vitro tests using human 
macrophages and keratinocyte cell lines to assess cellular responses such as cytokine secretion and phagocytic 
activity under simulated inflammatory conditions. Additionally, pilot case studies on equines with open wounds 
provided practical insights into the extracts’ healing capabilities.
Results: MTT assay was used to assess cytotoxicity. The extracts did not significantly affect the viability of HaCaT 
or THP-1 cells. The herbal extracts reduced IL-8 levels and increased phagocytic activity in macrophages, indicat-
ing an ability to modulate inflammatory responses. In vivo, the extracts were well tolerated and associated with 
supported healing in equines. These effects were suggested to be attributed to the synergistic actions of the 
herbal components.
Conclusion: These findings suggest that the herbal extracts may be useful for supporting wound healing. Their 
natural anti-inflammatory and healing properties could provide an additional option alongside traditional wound 
management approaches.
Keywords: Anti-inflammatory agents, Herbal extracts, Natural compounds, Synergistic effects, Tissue regenera-
tion, Wound healing

Chronic wounds, in particular, present substantial challenges 
to healthcare, contributing to patient suffering and increased 
mortality rates (3,4).

During wound healing, the immune system activates pro-
cesses to restore tissue structure, progressing through four 
overlapping phases: hemostasis, inflammation, proliferation, 
and remodeling. Hemostasis rapidly interrupts bleeding (5), 
followed by an immune-driven inflammatory response where 
platelets start the coagulation cascade and attract neutro-
phils and macrophages by releasing growth factors (2,6).

Macrophages play an important role in wound healing, 
initially adopting a pro-inflammatory (M1) phenotype char-
acterized by antigen presentation, phagocytosis of debris, 
and the secretion of cytokines and growth factors. As healing 
advances, they transition to an anti-inflammatory (M2) phe-
notype, highlighting their role in the later remodeling phase. 
Disruptions in macrophage function can lead to improper 
healing, resulting in chronic wounds or excessive scarring. 

Introduction
Wound healing stands as a critical challenge in both human 

and veterinary medicine, underscoring the pressing demand 
for novel agents with potent wound-healing capabilities (1). 
As the largest organ of the body, the skin provides a barrier 
against infections, minimizes water loss, and it is also among 
the most frequently injured organs. In response to damage, 
the skin undergoes repair mechanisms aimed at restoring its 
integrity and functions. Skin wounds are classified as acute 
or chronic, based on their development and outcomes (2). 
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Understanding macrophages’ precise contributions and phe-
notypic variations in wound repair is essential for developing 
targeted therapies for wound healing disorders (7).

Subsequently, in the proliferative phase, tissue is rebuilt 
through granulation, new blood vessel formation, and skin 
surface repair (3,4). Finally, in the remodeling phase, scar tis-
sue forms and immune cells are cleared from the epidermis 
through apoptosis or reintegration into the dermis, complet-
ing the healing process (3,8). 

Wound management in veterinary practice requires an 
understanding of the healing process and the range of prod-
ucts available to support it. The field is growing quickly, with 
new products often based on research from human medi-
cine, where conditions such as pressure sores and diabetic 
ulcers are widely studied (9).

Historically, various botanicals have been used to support 
the healing process due to their anti-inflammatory, antimi-
crobial, and cell-regenerative properties. Notably, plants 
such as Pau d’Arco (Tabebuia), yarrow (Achillea millefolium), 
gotu kola (Centella asiatica), figwort (Scrophularia nodosa), 
and broadleaf (Plantago major) have been documented for 
their efficacy in traditional healing practices across differ-
ent cultures. These plants contain active compounds that 
have been demonstrated to affect cellular activities critical 
to wound repair, such as inflammation modulation and new 
tissue formation (10-12).

Pau d’arco, also known as red lapacho or taheebo bark, 
is derived from the inner bark of the Tabebuia impetiginosa 
and Tabebuia avellanedae (TA) trees. These trees belong to 
the Bignoniaceae family and are native to Central and South 
America. The inner bark of these trees has been used for 
medicinal purposes for thousands of years, with indications 
that may pre-date the Incas. It has been known to be used 
against diseases like cancer, syphilis, malaria, fevers, trypano-
somiasis, fungal infections, bacterial infections, and stomach 
disorders. Pau d’arco is highly valued for its immune-strength-
ening properties (11,13,14).

Achillea millefolium, commonly known as yarrow, is an 
herbaceous plant originally from Greece and a member 
of the Asteraceae family. It is one of the oldest botanicals 
known to be used in traditional medicine across various cul-
tures and traditionally used to treat a range of conditions, 
including spasmodic gastrointestinal and hepatobiliary dis-
orders, gynecological issues, inflammation, and wounds. 
Additionally, yarrow is known for its effectiveness in treating 
respiratory ailments such as pneumonia, the common cold, 
and coughs (10,15,16).

Centella asiatica, known as gotu kola, referred to as 
Centella asiatica (L.) Urb., is an herb used in traditional 
Chinese and Southeast Asian medicine to address various 
ailments. Extensive research, including animal and cellular 
studies, has been conducted on gotu kola and its bioactive 
compounds. The plant is known for containing several pen-
tacyclic triterpenoids, such as asiaticoside, brahmoside, and 
madecassic acid, in addition to other components like cen-
tellose, centelloside, and madecassoside (12). The extract 
of C. asiatica and its triterpenoid components have been 
found to have therapeutic benefits and provide relief for 

conditions such as acne, baldness, vitiligo, atopic dermatitis, 
and wounds, promoting tissue regeneration (17–20).

Scrophularia nodosa, commonly known as figwort, is a 
native medicinal plant found in moist and cultivated waste 
areas. It contains various compounds, including saponins, 
cardioactive glycosides, flavonoids, resin, sugars, and organic 
acids. Traditionally, figwort is used for its anti-inflammatory 
effects and to treat skin disorders. Additionally, it possesses 
diuretic and cardiac stimulant properties (21).

Plantago major, a perennial herb from the Plantaginaceae 
family and genus Plantago, is commonly referred to as common 
broadleaf. It’s known to be used especially in Europe, America, 
and Asia. In addition, Plantago major grows wildly and has 
been used since ancient times in most parts of Iran. This herb 
contains several active compounds such as flavonoids, polysac-
charides, terpenoids, lipids, iridoid glycosides, and caffeic acid 
derivates, and is used in traditional medicine for its anti-inflam-
matory properties and for the treatment of ulcers, diabetes, 
diarrhea, inflammation, and viral infections (22,23).

For this purpose, this study aims to evaluate the therapeu-
tic potential of extracts from these plants in promoting wound 
healing. The efficacy of five herbal extracts was investigated 
- Pau d’Arco (Tabebuia), yarrow (Achillea millefolium), gotu 
kola (Centella asiatica), figwort (Scrophularia nodosa), and 
broadleaf (Plantago major) - both individually and in combi-
nation, in models of wound irritation in vitro and their poten-
tial effects in vivo on wound closure on equine wound sites.

Methods 
Sample sourcing and preparation

The five herb samples (0.1 g each) were mixed with 1 mL 
of a 60:40 acetonitrile: methanol (ACN:MeOH) solution and 
vortexed for 1 minute. Batch samples (0.1 g each) were mixed 
with 0.2 mL of the same ACN:MeOH solvent mixture and vor-
texed for 1 minute. Subsequently, all samples were sonicated 
for 10 minutes and incubated overnight at 37°C to facilitate 
the extraction of bioactive compounds. After incubation, the 
samples were dried by evaporation. Subsequently, the sam-
ples were weighed and then reconstituted in dimethyl sulfox-
ide (DMSO) to ensure the solubility of each compound. Since 
DMSO is toxic at high concentrations, it needed to be diluted 
100-fold, resulting in a final concentration of 30 μg/mL on 
the cells from the initial 3000 μg/mL extract. The combina-
tion mixture was formulated through a patented technique 
that incorporates petroleum jelly, enabling the efficient 
release of bioactive compounds into the petroleum for  
in vivo applications.

Tissue cell conditions

HaCaT cells, a keratinocyte cell line at passage 90, and 
THP-1 monocyte cells at passage 14 were originally obtained 
from the American Type Culture Collection (ATCC). HaCaT 
cells were cultured in DMEM supplemented with 10% fetal 
calf serum, 1% penicillin G (100 U/mL), and streptomycin 
(100 μg/mL) solution, maintained at 37°C in a 5% CO2 envi-
ronment. THP-1 cells were cultured in RPMI, supplemented 
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similarly, and maintained under the same conditions. To 
induce differentiation into macrophages, THP-1 monocyte 
cells were treated with phorbol 12-myristate 13-acetate 
(PMA) at a concentration of 25 nM for 48 hours.

Cell irritation and treatment

Injury assays were performed using LPS at 100 ng/
mL. For the injury assays, THP-1 PMA-differentiated mac-
rophage cells were seeded at a density of 4×105 cells per 
well in 96-well plates. After 24 hours, they were subjected 
to LPS in RPMI supplemented with 1% penicillin/strepto-
mycin. Similarly, HaCaT cells were seeded at a density of 
4×105 cells per well in 96-well plates. After 24 hours, these 
cells were exposed to LPS (100 ng/mL) in RPMI supple-
mented with 1% penicillin/streptomycin. Following 3 hours 
of exposure, the cells were washed three times with PBS 
and subsequently treated with 30 μg/mL of extracts in their 
respective cell culture media for an additional 24 hours 
before analysis (24).

Cytotoxicity assessment

Cytotoxicity was assessed by MTT assay following a 24 
hour treatment with various drug concentrations. The cul-
ture medium was removed, and cells were exposed to 10% 
MTT in RPMI for 4 hours at 37°C in a humidified incubator 
with 5% CO2. After the incubation, both the MTT solution and 
culture medium were aspirated, and the formazan product 
was dissolved by adding 100 μL of DMSO per well. The dis-
solved product was quantitatively assessed at 540 nm. The 
results were expressed as percentage viability relative to the 
vehicle control (25).

ELISA analysis of secreted soluble mediators (IL-8 and IL-10)

A Ready-SET-Go human ELISA kit (Thermo Fisher) was 
used to measure the levels of interleukin-8 (IL-8) and inter-
leukin-10 (IL-10) in the medium after injury and treatment. 
All ELISA assays were performed according to the manufac-
turer’s instructions, and the results were expressed in pg/mL.  
Dexamethasone (30 µg/mL) (Thermo Fisher) was used as a 
control in the inflammation assay following LPS induction 
due to its well-established role as a potent anti-inflammatory 
agent. As a corticosteroid, it has been widely used to treat 
various inflammatory conditions and immune-mediated dis-
eases. Its inclusion as a positive control allowed for a com-
parison of the inflammatory effects of the test compounds 
against a reliable standard drug (26-28).

Phagocytic assessment of THP-1 (monocytes) cells

Macrophage phagocytic activity was evaluated using the 
Vybrant Phagocytosis Assay Kit (Thermo Fisher) following the 
manufacturer’s instructions. After the cells were cultured as 
described previously, they were exposed to LPS (100 ng/mL) 
for 4 hours. Subsequently, the culture medium was replaced, 
and the cells were treated with various batch products or 
herbs for 12 hours. Following this treatment, the culture 
medium was removed, and fluorescein-labelled Escherichia 
coli bioparticles were introduced. After a 120-minute 

incubation, the supernatant was extracted, and 100 μL of try-
pan blue was added to each well for 1 minute to halt extra-
cellular fluorescence. Excess trypan blue dye was removed 
by aspiration, and the plate was analyzed using a microplate 
reader with excitation at 480 nm and emission at 520 nm. 
The results were expressed as the percentage of phagocytosis 
relative to the untreated cells.

In vivo application

Pilot studies on the treatment of equine injuries were 
conducted by veterinary practitioners on horses that pre-
sented to the clinic with open wounds and were adapted to 
each individual case as required, since the cases involved dif-
ferent wound severities and conditions. The case studies are 
described in detail in the results section. The wound healing 
progression was visually monitored, and photographs were 
taken to document the process.

Statistical analysis

Data are presented as mean ± SEM (n = 4). Statistical 
analysis was performed using one-way ANOVA followed by 
Dunnett’s multiple comparisons test. Differences were con-
sidered significant at p < 0.05.

Results 
Cytotoxicity assessment

The MTT assay was used to determine whether the 
extracts, either alone or in combination, influenced cell 
viability and subsequently affected cellular responses. 
Individually, the extracts had no significant impact on cell 
viability on either cell type as seen in Figure 1, panel A 
(HaCaT) and THP-1 (Fig. 1, panel B). They were tested alone 
and combined in petroleum, where the bars represent the 
mean ± standard error of the mean of the different tested 
compounds.

ELISA analysis of secreted soluble mediators (IL-8 and IL-10)

To evaluate the effects of the extracts on keratinocytes, 
HaCaT cells were treated with each extract alone and in com-
bination, followed by quantification via ELISA of cytokine 
secretion quantification. Under uninjured conditions (Fig. 2, 
panel A), the herbal combination increased IL-8 expression 
compared to PBS, figwort, and broadleaf alone. Following 
LPS-induced injury (Fig. 2, panel B), IL-8 levels were signifi-
cantly reduced, suggesting an anti-inflammatory response 
from both the individual and combined herbal extracts. The 
levels of IL-10, an anti-inflammatory mediator, were signifi-
cantly higher when the cells were treated with yarrow and 
figwort (Fig. 2, panel C).

Similarly, to assess the impact on macrophages, THP-1 
cells were treated with the extracts, and cytokine secre-
tion levels were evaluated using ELISA. To simulate injury or 
inflammation like a wound environment, macrophages were 
stimulated with LPS. All herbs, whether used alone or com-
bined, significantly reduced the levels of IL-8 (Fig. 2, panel D), 
demonstrating an anti-inflammatory response comparable to 
the control, dexamethasone. 



Herbal Extracts in Wound Healing: Regenerative & Anti-Inflammatory Effects44 

© 2025 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

FIGURE 1 - Effect of individual and combined herbal extracts on the viability of HaCaT keratinocytes (A) and PMA-differentiated THP-1 ma-
crophages (B) after 24 hours of treatment. THP-1 monocyte cells were differentiated using 25 nM phorbol 12-myristate 13-acetate (PMA) 
for 48 hours prior to treatment. No significant effect on cell viability was observed. Results are expressed as percentage viability relative to 
the untreated control set at 100%, shown as mean ± standard error of the mean (SEM).

FIGURE 2 - Effect of herbal extracts alone and in combination, on cytokine secretion and phagocytic activity in HaCaT keratinocytes and 
PMA (25 nM, 48 h) differentiated THP-1 macrophages. (A) IL-8 levels in uninjured HaCaT cells; (B) IL-8 levels in HaCaT cells injured with 100 
ng/mL LPS; (C) IL-10 levels in LPS-injured HaCaT cells; (D) IL-8 levels in THP-1 macrophages injured with 100 ng/mL LPS; (E) IL-10 levels in 
LPS-injured THP-1 macrophages; (F) Phagocytic activity in LPS-injured THP-1 macrophages. Phagocytic activity is expressed as a percentage 
relative to PBS-treated controls. Cells were treated with 30 µg/mL extracts for 24 hours. Dexamethasone (DEX, 30 µg/mL) was used as an 
anti-inflammatory control. Pau D’Arco, Yarrow, Gotu Kola, Figwort, and Broadleaf and their combination in petroleum were tested. Results 
are expressed as mean ± standard error of the mean (SEM). # = p < 0.05 versus Combined;* = p < 0.05 versus PBS/ LPS.
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Phagocytic assessment of THP-1 (monocytes) cells

To explore how different extracts, both alone and in 
combination, affect the phagocytic activity of macrophages, 
THP-1 cells were treated with each extract, and their phago-
cytic activity was assessed using the Vybrant Phagocytosis 
Assay Kit (Fig. 2, panel F). To simulate injury or inflamma-
tion like that at a wound site, the macrophages were stimu-
lated with LPS. The results showed that the combined herbal 
extracts significantly enhanced phagocytic activity compared 
to the individual extracts.

In vivo case studies 

Case study 1: equine fetlock wound

A horse was presented with a deep, penetrating wound 
on its fetlock, the joint located between the cannon and long 
pastern bones, which serves as the horse’s ankle. This area is 
important for lower limb movement and is highly sensitive. 
Due to its extensive motion and less vascular skin, wounds 
in this region can be slow to heal and often require extensive 

care. The treatment involved daily cleaning and application 
of a combination of five herbs infused in petroleum jelly for 
twenty days (Fig. 3).

Case study 2: equine wound in left hock

A horse presented with a large wire cut on the front of its 
left hock, a wound that was unsuitable for stitching due to 
the location and nature of the injury (Fig. 4). The hock joint, 
essential for the performance and mobility of horses, includes 
multiple small bones, such as the calcaneus, which contrib-
ute to its complex, angular structure. Due to the horse’s high 
usage and critical role in the horse’s hind legs, healing this 
area presents unique challenges. These include the joint’s 
high mobility, limited available skin for repair, and poor 
blood supply, which complicate suture retention and overall 
wound closure. Over a five-month period, the horse under-
went treatment that included bandaging, sequential surgi-
cal debridement, various topical applications, and several 
laser therapy sessions. Although the wound initially healed 
well, it developed a persistent granulomatous area that did 

FIGURE 3 - Visual progression of the equine fetlock wound treatment using the combination of the five herbs in petroleum applied topically 
for 20 days. Panel A: Initial presentation of the wound on day 1. Panel B: Condition of the wound on day 4. Panel C: By day 9, the wound 
exhibited significant granulation. Panel D: On day 20, the wound showed good healing, with almost complete restoration of skin integrity.

FIGURE 4 - Visual progression of the treatment of equine left hock wound using the combination of the five herbs in petroleum applied 
topically for 40 days. Panel A: Initial presentation of the wound on day 1 of topical application. Panel B: Condition of the wound on day 6. 
Panel C: By day 20. Panel D: On day 40, the wound significantly decreased in size.
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not resolve. Consequently, the blend of five herbs infused in 
petroleum jelly was topically applied. Prior to application, the 
area around the wound was clipped, cleaned, and moistened 
with gauze for 40 days.

Case study 3: equine wire lesion

A horse presented with a cut on the front of the hock on 
its hind leg, caused by wire (Fig. 5). The treatment involved 
liberally applying ointment (5 herbs in jelly) twice daily—
once in the morning and again in the evening after cleaning 
and drying the wound with clean gauze. This regimen was 
followed for 18 days.

Case study 4: equine forearm cut 

A horse presented with a two-week-old cut Figure. 6 on 
the forearm (front leg, above the knee). The wound was 
purulent and appeared infected, and the surrounding leg was 
notably swollen. A treatment regimen was initiated using a 
blend of five herbs infused in petroleum jelly. The treatment 
protocol included preparing the wound area twice daily: 
the surrounding fur was clipped, the wound was cleaned, 
and the skin was moistened with gauze. Following prepara-
tion, the herbal ointment was applied liberally each morn-
ing and evening for 22 days. The herbal treatment produced 
a positive outcome. The wound’s size reduced significantly, 
the tissue healed properly, and the infection was resolved, 

demonstrating the efficacy of the herbal infusion in treating 
complex equine wounds.

Discussion
Severe tissue damage and wound infection are major 

contributors to delayed healing and poor wound closure. 
This study evaluated the therapeutic potential of Pau d’Arco, 
yarrow, gotu kola, figwort, and broadleaf in wound healing, 
using both in vitro and in vivo equine models. The results 
demonstrated that these herbal extracts modulate inflamma-
tory responses, enhance macrophage activity, and accelerate 
tissue repair, supporting their potential as complementary 
treatments for wound management.

In vitro, macrophage and keratinocyte assays confirmed 
that the herbal extracts were non-cytotoxic while signifi-
cantly influencing cytokine production. IL-8 levels decreased 
following LPS-induced inflammation in both cell models, 
indicating anti-inflammatory effects, while yarrow and fig-
wort increased IL-10 expression, further supporting their 
immunomodulatory role. Phagocytic activity assays revealed 
enhanced macrophage function, particularly when extracts 
were combined, suggesting a synergistic effect in immune 
modulation.

In vivo, equine wound models exhibited positive heal-
ing outcomes, including reduced infection rates, accelerated 
granulation, and enhanced tissue regeneration. However, 
these findings should be interpreted with caution, as there 

FIGURE 5 - Visual progression of the treatment of a wound caused by a wire using the combination of the five herbs in petroleum applied 
topically for 18 days. Panel A: Initial presentation of the wound on day 1 of topical application. Panel B: Condition of the wound on day 3. 
Panel C: By day 6. Panel D: On day 18, demonstrating the healed wound.

FIGURE 6 - Visual progression of the treatment of equine forearm cut using the combination of the five herbs in petroleum applied topically 
for 22 days. Panel A: Initial presentation of the wound on day 1 of topical application. Panel B: Condition of the wound on day 4. Panel C: By 
day 11. Panel D: On day 22, demonstrating the healed wound, no infection that has decreased in size.
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was no comparison to an untreated control group. While the 
observed improvements, combined with the in vitro findings, 
point toward a therapeutic benefit, spontaneous recovery 
cannot be ruled out. These results mainly demonstrate the 
tolerability of topical application of extracts in equine mod-
els, rather than confirming their efficacy. Further studies 
need to be made to assess the therapeutic potential of these 
formulations in a controlled manner. 

The wound-healing properties observed align with pre-
vious findings on individual components. Pau d’Arco and its 
active compounds, such as lapachol and β-lapachone, have 
been reported to suppress PGE2 and COX-2, key mediators 
of inflammation (14,29). Yarrow, widely recognized for its 
wound-healing effects, has been shown to regulate inflamma-
tory cytokines and promote fibroblast proliferation (30,31). 
Gotu kola and its triterpenoids have been linked to enhanced 
keratinocyte migration and improved skin repair (32), while 
figwort and broadleaf contribute to anti-inflammatory and 
antimicrobial responses (33,34).

These findings demonstrate the potential of multi-herbal 
formulations in wound management by modulating inflam-
mation, promoting immune function, and accelerating tis-
sue repair. Future research should focus on identifying the 
specific bioactive compounds responsible for these effects, 
elucidating their molecular mechanisms, and conducting 
expanded clinical trials to further validate their efficacy in 
veterinary medicine.

Conclusions
This study highlights the therapeutic potential of Pau 

d’Arco, yarrow, gotu kola, figwort, and plantain in wound 
healing by modulating inflammatory responses and promot-
ing tissue regeneration. The extracts effectively reduced 
pro-inflammatory markers such as IL-8 and, in some cases, 
enhanced IL-10 expression, demonstrating their immuno-
modulatory properties in vitro. Additionally, preliminary 
studies in equine wound models suggested favorable heal-
ing outcomes; however, these findings are not sufficient to 
establish causality and necessitate subsequent investigation. 

This research supports the integration of herbal formu-
lations as complementary therapies in veterinary wound 
management. Future research should focus on conduct-
ing expanded clinical trials to further validate their efficacy. 
Additionally, a deeper understanding of their pharmacologi-
cal properties could facilitate the development of natural, 
evidence-based treatments for both veterinary and human 
medicine.
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ABSTRACT 
Introduction: Keloid scars are a kind of skin disorder in which the scar grows beyond the boundaries of the origi-
nal wound. Baicalein, a flavonoid, may treat keloids by targeting fibrosis, inflammation, and possible viral factors.
Methods: In silico studies were conducted to evaluate the potential anti-keloid effects of baicalein by predicting 
its interactions with three key proteins of the transforming growth factor-β (TGF-β) family (PDB IDs: 1VJY, 3TZM, 
and 7DV6). POM analysis was also used to understand the conditions that could enhance baicalein’s efficacy.
Results: The results indicated that baicalein binds effectively to TGF-β family proteins via hydrogen bonds, showing 
strong affinities (1VJY: -9.9 kcal/mol, 3TZM and 7DV6: -9.3 kcal/mol), indicating its potential as a TGF-β receptor 
ligand. Osiris analysis gave a drug score of 75% for baicalein, while Molinspiration indicated good bioavailability with 
a cLogP of 2.84. Atomic charge distribution and pharmacophore site mapping through POM analysis indicate that 
baicalein exhibits an antiviral pharmacophoric moiety akin to known antiviral agents. This indicates that baicalein 
may act as a pro-drug, undergoing metabolic transformation to form a bis-bidentate ligand. Such ligands are crucial 
for forming bimetallic complexes that can function as efficient biocatalysts against various biological targets.
Conclusion: In-silico analysis suggests that baicalein may influence TGF-β receptors and exhibit anti-keloid activ-
ity. Additionally, POM analysis recommends that baicalein may serve as a lead compound with the potential to 
modulate TGF-β signalling and exhibit antiviral properties, indicating it as a dual-action agent against keloids and 
viral infections.
Keywords: O. indicum, baicalein, keloid, transforming growth factor-β, anti-inflammatory, anti-viral activity

and is less common in older individuals. It is more prevalent 
among people with darker skin tones, particularly those with 
a family history of keloid formation (2). Keloid scarring does 
not follow the typical pattern of evolution, stabilization, and 
involution observed in hypertrophic scars. It may develop 
soon after an injury or appear years later, sometimes arising 
from a previously stable and mature scar (2). 

Transforming growth factor-β (TGF-β) family of cytokines 
significantly promotes fibrosis by stimulating the production 
and remodelling of extracellular matrix (ECM) in fibroblasts 
and connective tissues. Additionally, TGF-β is crucial for 
enforcing immune tolerance and suppressing inflammation, 
as it restricts the functioning of the immune systems (adap-
tive and innate) (3). According to a study, TGF-β1 and TGF-
β2 cause skin scarring; however, TGF-β3 appears to have the 
opposite effect (4). On the other hand, elevated TGF-β1 and 
TGF-β2 expression may negatively impact the healing pro-
cess by promoting the development of scars (5). According to 
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Introduction
A keloid is an abnormal scar that forms in the dermis 

following skin injury. This condition, known as Keloid Disease 
(KD), is a benign but locally aggressive fibroproliferative dis-
order characterized by scar tissue that extends beyond the 
original wound boundaries into the surrounding healthy skin 
(1). KD typically manifests between the ages of 10 and 30 
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another study, proper modulation of TGF-β and TGF-β recep-
tor expression is crucial for optimal wound healing (5). 

It is commonly recognised that tissue repair involves 
TGF-β1, TGF-β receptor type I (TGF-βRI), and TGF-β recep-
tor type II (TGF-βRII) (6,7).  Chin et al. reported that keloid 
fibroblasts exhibit altered responses to TGF-β due to differ-
ences in receptor expression. Specifically, the study found 
that keloid fibroblasts express higher levels of TGF-βRI and 
TGF-βRII compared to normal human fibroblasts (8). In addi-
tion, Bock et al. investigated the expression levels of TGF-β1, 
TGF-β2, and TGF-β3, along with the mRNAs of TGF-βRI and 
TGF-βRII receptors. Their findings revealed that hypertrophic 
scars exhibited significantly lower TGF-βRI mRNA expression, 
whereas keloid scars showed reduced TGF-βRII mRNA expres-
sion. Consequently, the TGF-βRI/TGF-βRII ratio was elevated 
in keloid scars compared to hypertrophic scars (9).

In contrast, when TGF-βRI/TGF-βRII receptor expression 
levels were compared between keloid and normal human 
dermal fibroblasts, the findings indicated that keloid tissues 
were found to exhibit significantly elevated levels of these 
receptors (8,10). Several treatment approaches have been 
put forth to lessen the severity of keloid scarring. Various sig-
nalling pathways, such as mitogen-activated protein kinase 
(MAPK), sphingosine-1-phosphate (S1P), nuclear factor kappa 
B (NF-κB), insulin-like growth factor-I (IGF-I), TGF-β1, wing-
less-related integration site (Wnt), janus kinase (JAK)/signal 
transducer and activator of transcription (STAT), and integrin 
pathways have been investigated as potential mechanisms 
involved in keloid formation. However, despite extensive 
research, the underlying molecular mechanisms of this skin 
disorder remain poorly understood and inconclusive (11,12). 

It has been suggested that natural compounds with 
diverse bioactive properties such as asiaticoside, quercetin, 
madecassoside, oxymatrine, and curcuminoids extracted 
from plants including Salvia miltiorrhiza Bunge, Astragalus 
membranaceus Bunge, and Aneilema keisak Hassk, may have 
therapeutic potential in the treatment of keloid disorder (11). 

Oroxylum indicum (L.) Kurz (Bignoniaceae), also called the 
Indian trumpet flower, is widely found across various Asian 
countries, including Thailand, Vietnam, Malaysia, Indonesia, 
the Philippines, Japan, China, Taiwan, and India (13). The 
plant is renowned for its therapeutic properties (14). For mil-
lennia, it has been utilized in Asian ethnomedical systems 
as a traditional medicine to prevent and treat a wide range 
of illnesses, including jaundice, rheumatoid arthritis, peptic 
ulcers, cancers, respiratory conditions, diabetes, diarrhea, 
and dysentery, among others (15). Flavonoids, alkaloids, tan-
nins, glycosides, saponins, phenols, and quinones are only a 
few of the many secondary metabolites that contribute to the 
biological activity of the O. indicum plant. Chrysin, baicalein, 
oroxylin-A, baicalein-7-O-diglucoside, and baicalein-7-O-glu-
coside are all derived from this group. Among all the flavo-
noids found in O. indicum, baicalein is the most common 
and the most significantly active component (13). Baicalein 
strongly inhibits endoproteases and proprotein convertases, 
contributing to its broad spectrum of biological effects, 
including anti-inflammatory, anticancer, antihyperglycemic, 
neurogenic, anti-adipogenic, cardioprotective, antibacterial, 
and wound healing activities (13-16). It also inhibits collagen 

synthesis and cell proliferation (16) and exhibits anti-inflam-
matory properties (17). Moreover, it is believed that using 
baicalein can alleviate keloid scarring.

Therefore, the current study is aimed at performing in 
silico studies to predict baicalein as an anti-keloid scar mol-
ecule by targeting TGF-βRI and II receptors.

Methodology
Structure preparation

Protein Data Bank (PDB) IDs 1VJY (TGF-βRI), 3TZM 
(TGF-βRI), and 7DV6 (TGF-βRII) were used to download 
the crystalline structures and sequences of TGF-βRI and II 
receptors through the Research Collaboratory for Structural 
Bioinformatics (RCSB) protein repository (Online). Using 
BIOVIA Discover Studio 2021, hetero-atoms and water, as 
well as inhibitors, were carefully eliminated from the tar-
get receptor. The three-dimensional (3D) molecular struc-
tures of the ligands, baicalein and conventional medications 
(1,5-Naphthyridine; 4-(5-benzo(1,3)dioxol-5-yl-4-pyridin-2-yl-
1H-imidazol-2-yl)benzamide and 5-[(3S)-5,5-dimethyloxolan-
3-yl]-6-methoxy-3-(2-methoxypyridin-4-yl)pyrazolo[1,5-a]
pyrimidine), in the structured data format (SDF) (Fig. SI A-D) 
were obtained using PubChem databank (Table SI). BIOVIA 
Discover Studio 2021 was used to convert the ligands’ SDF to 
PDB file format. Open Babel 2.4.1 software, which was in line 
with PyRx, was used to convert all PDB file types into PDBQT 
file formats to generate atomic coordinates. The Open Babel 
was also utilized to minimize the energy of ligands following 
the insertion of H-atoms.

Ramachandran plot and hydropathy analysis

Ramachandran plot and hydropathy analysis were car-
ried out to assess the structural and physicochemical prop-
erties of the proteins (18-20). In brief, the Procheck server 
(Online) was used to verify the stereochemical character of 
the proteins obtained via the Protein Data Bank (PDB). The 
relevance and positioning of secondary structural elements, 
such as α-helices and β-sheets, were tested for relevance 
using Ramachandran plot analysis, which examines the ϕ (phi) 
and Ψ (psi) dihedral angles to determine the conformational 
stability of the polypeptide backbone. Protein modeling and 
structural evaluations were guided by these angular mea-
surements. The statistical distribution of amino acids within 
the secondary structures was also analyzed. Additionally, the 
amphiphilic nature of the receptor molecule was confirmed 
using a hydropathy plot generated by BIOVIA Discovery Studio 
Software 2021.

Molecular docking

PyRx, written in Python, is a virtual molecular screening 
tool that docks ligands to macromolecules to locate the com-
pounds of interest with the necessary biological significance. 
The application of this in silico technique in computer-aided 
drug design is well established (21). 

The ligand and macromolecule (target proteins 1VJY, 3TZM, 
and 7DV6) were uploaded to the PyRx tool to closely moni-
tor and assess any potential interaction between the ligand  

http://www.rcsb.org
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
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(a chemical compound) and target protein. The output included 
a list of models arranged in accordance with the anticipated 
binding energies in kilocalorie per mole (kcal/mol), whereas 
the input included a ligand, docking box, flexible receptor, and 
rigid receptor (21). All targeted TGF-β receptors and docking 
simulations were started with active sites as the CASTp server 
suggested (22). Discovery Studio was used to view several inter-
actions posed to assess theresidual interaction of ligands with 
the target enzyme.The Discovery Studio Visualizer was used to 
extract and align the docking model containing the lowest pos-
sible energy related to the receptor.

Absorption, distribution, metabolism, excretion properties 
(ADME) and drug-likeness prediction 

Swiss ADME (http://www.swissadme.ch/), a free online 
tool, examines ligands’ drug-likeness prediction and ADME 
properties (23). Drug-likeness was evaluated based on Lipinski’s 
rule of five, which states that a compound is more likely to be 
orally active if it meets the following criteria: no more than 
five hydrogen bond donors, no more than ten hydrogen bond 
acceptors, a molecular weight below 500 Da, a calculated LogP 
value (lipophilicity) ≤ 5, and a polar surface area (PSA) ≤ 140 Å². 
Compounds that violate two or more of these criteria are gener-
ally considered to have poor absorption and bioavailability (24).

Target prediction

Finding potential crossover reactions or physiological 
adverse effects from the intercommunication of tiny bio-
molecules requires pharmacological research (25). Canonical 
SMILES of baicalein were entered into the Swiss Target 
Prediction website (Online) for target prediction research, 
and the results were examined.

Toxicity prediction

Animal and human models are essential for predicting 
the toxicological profile of a molecule, which is essential 
for determining its acceptability before administration. The 
Protox II server (Online) was used to assess the molecule’s tox-
icity. To predict toxicity, the canonical SMILES of baicalein that 
were obtained from PubChem were utilised as input (26). 

POM analysis

The identification of the pharmacophore sites of drugs 
is performed with great precision, based on the geometric 
and electronic properties of the functionalised groups. The 
organigram of POM theory is shown in Fig. S1. This model 
was developed using a combination of three computational 
tools: 1) Petra: Calculation of atomic charges (27), 2) Osiris: 
for the prediction of potential side effects, bioavailability, and 
Drug-score (Online), 3) Molinspiration: for the evaluation of 
Lipinski’s five rules and 3D structure optimisation (Online). 

Results and discussion
Baicalein chemistry

Baicalein (C15H10O5) belongs to the flavone subclass of fla-
vonoids (Fig. S2 A). It is naturally found in the leaves of Thymus 

vulgaris L. and O. indicum as well as in the roots of Scutellaria 
baicalensis Georgi (28,29). Baicalein is a potent anti-
inflammatory that primarily works by binding to several che-
mokines, such as IL-8, monocyte chemotactic protein-2, and 
macrophage inflammatory protein-1β, thereby inhibiting their 
biological activity. Furthermore, baicalein has been shown to 
modulate the immune response by promoting the polarization 
of macrophages from the pro-inflammatory M1 phenotype to 
the anti-inflammatory M2 phenotype (30). These properties 
highlight baicalein’s potential in mitigating inflammatory pro-
cesses (31,32). Given that, inflammation plays a crucial role 
in keloid pathogenesis, baicalein’s anti-inflammatory activ-
ity may contribute to its therapeutic potential in managing  
keloid disease.

Interestingly, baicalein’s therapeutic use was constrained 
due to its low bioavailability and solubility. Therefore, it is 
essential to modify baicalein using biological and chemical 
approaches to generate analogues with improved solubil-
ity and absorption. Baicalein contains three hydroxyl groups 
(5-OH, 6-OH, and 7-OH) on ring A (Fig. S2A), with the C-6 and 
C-8 positions serving as active sites for nucleophilic substi-
tution reactions. The 5-OH group is a key structural feature 
linked to the cytotoxic activity of baicalein and its derivatives. 
Furthermore, nitrogenous and water-soluble amino acids can 
be used as substituents in structural modifications to enhance 
solubility (33). Researchers have successfully replicated the 
biosynthetic conversion of chrysin to baicalein in laboratory 
testing by employing a multistep synthetic strategy (34-36). 
After conducting a groundbreaking study, Chen et al. devel-
oped a novel and efficient method for synthesizing baicalein 
from 3,4,5-trimethoxyphenol. This approach offers a prom-
ising and more effective strategy for the large-scale produc-
tion of baicalein (14,34). In addition, Huang et al. synthesized 
baicalein, oroxylin A, and wogonin very effectively by employ-
ing inexpensive reagents and working in mild conditions (37).

Our results emphasized the significance of baicalein as the 
key active compound, highlighting its strong binding affinity 
to the active sites of TGF-βRI and TGF-βRI. Additionally, baica-
lein exhibited notable anti-inflammatory properties, thereby 
revealing potential mechanisms for its therapeutic applica-
tion in keloid disease. It also served as an essential tool for 
assessing the structural stability of the molecule and validat-
ing the amphiphilic nature of the receptor, respectively (18). 

Ramachandran plot and hydropathy analysis 

The Ramachandran plot illustrates the stable conforma-
tions of amino acid residues by identifying favourable and 
unfavourable regions, particularly highlighting low-energy 
configurations for the torsion angles ϕ and Ψ. Each point on 
the plot represents the ϕ and Ψ angles of an amino acid resi-
due in a three-dimensional protein structure (Fig. S3). Upon 
analysing the sequences of 1VJY, 3TZM, and 7DV6, it was 
found that 268, 265, and 275 non-glycine and non-proline 
residues were present, respectively, out of a total of 299, 
295, and 304 residues in the corresponding proteins.

The stereochemical characteristics are displayed in Table 
S-II for all likely values of ϕ and Ψ for the dihedral angle. 
This includes hydrophilic and hydrophobic regions in the 
amino acid chain, starting at the N-terminal and progressing 

http://www.swisstargetprediction.ch/
https://tox.charite.de/protox3/?site=compound_input
https://www.organic-chemistry.org/prog/peo/
https://www.molinspiration.com/
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towards the C-terminal, further supporting protein architec-
tures (Fig. S4).

Molecular docking assessment for targeting TGF-β receptors

Binding energies measured with PyRx software powered by 
Autodock Vina were -9.9 (1VJY-Baicalein), -9.3 (3TZM-Baicalein) 
and -9.3 kcal/mol (7DV6-Baicalein) with favourable root mean 
square deviation (RMSD) values compared with reference 
standards, 1,5-Naphthyridine (-10.3 kcal/mol), 4-(5-benzo(1,3)
dioxol-5-yl-4-pyridin-2-yl-1H-imidazol-2-yl)benzamide (-10.8 
kcal/mol) and 5-[(3S)-5,5-dimethyloxolan-3-yl]-6-methoxy-3-
(2-methoxypyridin-4-yl)pyrazolo[1,5-a]pyrimidine (-9.3 kcal/
mol), respectively (Table 1). The ASP 351 and GLU 245 residues 
are targeted by the baicalein interaction with 1VJY through 
hydrogen bonding at the protein’s active site. Additionally, they 
used several pi bonds to engage with LYS 232, VAL 219, ILE 211, 
ALA 350, 230, and LEU 260 at the enzyme’s catalytic pocket. 

Van der Waals interactions were observed with more amino 
acids, including LEU 278, 352, 340, TYR 249, PHE 262, LEU 278, 
VAL 231, 279, SER 280, and GLY 286 (Fig. 1A). 

Interestingly, it is noteworthy that the target macromol-
ecule 3TZM active binding pocket contains the amino acid 
GLU 245 via a traditional hydrogen bond with baicalein. 
Furthermore, GLY 286, LEU 352, VAL 231, 279, PHE 262, and 
TYR 249 interacted through van der Waals at the protein 
catalytic site, while VAL 219, LEU 260, and ALA 350 inter-
acted through various pi-bonds (Fig. 2A). The binding site of 
7DV6-baicalein, another receptor interaction, was made up 
of hydrogen-bonded HIS 328 and VAL 250 residues. Through 
various pi-bonds, baicalein targets VAL 258, LEU 305, 386, LYS 
277, ALA 275, and CYS 396. Via van der Waals, it targets ALA 
326, 329, ASN 332, GLY 251, THR 325, LEU 323, PHE 294, 327, 
and ASP 397. The sole amino acid interacting with the ligand 
through a carbon-hydrogen bond is GLY 331 (Fig. 3A).

TABLE 1 - Baicalein’s protein-ligand binding energy values with TGF-βRI and RII receptors

S.N. Target molecule Binding Energy (kcal/mol)

Baicalein 1,5-Naphthyridine 4-(5-benzo(1,3)dioxol-5-yl-4-
pyridin-2-yl-1H-imidazol-2-yl)

benzamide

5-[(3S)-5,5-dimethyloxolan-3-yl]-6-
methoxy-3-(2-methoxypyridin-4-yl)

pyrazolo[1,5-a]pyrimidine

1.  1VJY (TGF-βRI) −9.9 −10.3 --- ---

2.  3TZM (TGF-βRI) −9.3 --- −10.8 ---

3.  7DV6 (TGF-βRII) −9.3 --- --- −9.3

FIGURE 1 - A. 2D (left) and 3D 
(right) view of protein ligand 
interaction (1VJY-Baicalein). 
B. Hydrogen (Left) and Hydro-
phobicity (Right) surface view 
of receptor-ligand interaction 
(1VJY-Baicalein).

A

B
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The strength of the interaction between a ligand and 
its target protein is predicted by the hydrogen interactions 
between the two, which is why our study closely examined 
the donor and recipient regions of the hydrogen bonds 
between the two, as well as the distance between the inter-
acting atoms (Figs 1B-3B).

Swiss ADME and drug-likeness prediction

Table S-III displays the baicalein’s drug-likeness and ADME 
data. The scores showed that baicalein met the requirements 
of Lipinski’s rule of five, indicating that it’s a reliable medi-
cation that works well when taken orally. In summary, this 
molecule is said to have good permeability, oral bioavailabil-
ity, low toxicity, and favorable absorption characteristics. The 
bioavailability radar map summarized the drug-likeness of 
baicalein (Fig. S5). The pink area represents the molecule’s 
(baicalein) effective range for each attribute.

The gastrointestinal absorbency and brain penetrative 
effectiveness of baicalein are predicted by the boiled-egg 
plot between the water partition coefficient (WLOGP) and 
topological polar surface area (TPSA), as illustrated in Fig. S6. 
Baicalein is quickly absorbed into the gastrointestinal tract 
and cannot cross the blood-brain barrier (BBB) by interacting 
with the innermost yellow nucleus/yolk, as the plot (Fig. S6) 
demonstrates. The red dot indicates that baicalein is a non-
substrate of permeability glycoprotein.

Swiss target prediction

A pie chart was created to illustrate the leading 15 plau-
sible targets (Fig. S7). These predicted targets include 26.7% 
enzymes, 20% lyases and kinases, 13.3% cytochrome P450 
enzymes, and 6.7% each for oxidoreductases, primary active 
transporters, and erasers.

The prediction algorithms estimate potential target inter-
actions for the molecule, with likelihood scores ranging from 
1.0000 to 0.3299. These values suggest a high probability of 
the molecule binding to its intended targets. The target pre-
diction results displayed on the server page contributed to 
several significant findings (Table S-IV).

ProTox 3.0 toxicity prediction

The organ toxicity (hepatotoxicity), Tox21 Stress response 
pathways, Tox21 Nuclear receptor signalling pathways, and 
toxicity endpoints (immunotoxicity, carcinogenicity, muta-
genicity, and cytotoxicity) served as the foundation for the 
toxicity prediction. Table S-V provides a summary of the tox-
icity prediction results. According to class 5 projected toxicity, 
baicalein’s LD50 was 3919 mg/kg, with an average similarity 
of 81.74% and a prediction accuracy of 70.97% (Fig. S8).

One of the main causes of keloid scar development 
has been identified as aberrant regulation of the apoptotic 
pathway. Keloid fibroblasts’ inability to halt proliferation 

FIGURE 2 - A. 2D (left) and 3D 
(right) view of 3tzm-Baicalein 
interaction. B. Hydrogen (Left) 
and Hydrophobicity (Right) 
surface view of receptor-li-
gand interaction (3tzm-Baica-
lein).

A

B
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and collagen formation due to their resistance to apoptotic 
behaviour causes an imbalance in the deposition and break-
down of collagen. Although the basic molecular mechanism 
of keloid development is still unknown, it is widely accepted 
that the TGF-β1 pathway plays a significant role in keloid 
pathogenesis (2,11,38).

Interestingly, maintaining the integrity of an organism 
depends heavily on the TGF-β regulatory mechanism. TGF-β 
signaling controls metazoan embryo development, tissue 
homeostasis, and damage repair through its coordinating 
impacts on the proliferation of cells, phenotypic variabil-
ity, migration, metabolic flexibility, and immune monitoring 
of various cell types in communal environments (39). The 
pathogenesis of fibrosis and scars is caused by defects in 
TGF-β signalling, which disrupt immune tolerance, increase 
inflammation, and result in abnormal collagen synthesis and 
deposition, a higher proportion of collagen I/III, and the for-
mation of abnormally cross-linked collagen fiber bundles. 
These defects are especially prevalent in epithelial cells, tis-
sue fibroblasts, and immune cells (3,39,40). It is now thought 
that flavonoids are primarily responsible for lowering scar for-
mation by inhibiting the production of collagen and fibroblast 
proliferation. The suppression of TGF-β1 and -β2 and SMAD 
proteins may be the mechanism underlying these inhibitory 
actions (41).

According to multiple pharmacological studies, baicalein 
is closely linked to a number of the plant’s biological actions, 
including anti-inflammatory, antibacterial, antiviral, anti-
cardiovascular, and anti-neurodegenerative illnesses (13,42-
45). Interestingly, baicalein shows promise as a treatment 

for skin fibrogenesis. It inhibits the TGF-β/Smad2/3 signal-
ling pathway in fibroblasts in vitro and in vivo by down-
regulating the amounts of phosphorylated Smad2/3 in a 
dose-dependent manner. Baicalein effectively decreases the 
activation and multiplication of hypertrophic scar-derived 
fibroblast cells. It restrains the α-SMA expression through-
out the proliferative stage of scarring in a mouse model 
triggered by mechanical strain. This results in decreased 
collagen accumulation and attenuated scar development 
by impairing the contractile and migratory capabilities of 
fibroblasts produced from hypertrophic scars (40). Zhang 
et al. (40) suggested that without affecting the expression 
of Smad6/7, TGF-β1, or TGF-β receptor I/II, baicalein selec-
tively binds to the ATP-binding pocket of activin receptor-
like kinase 5 (ALK5), a TGF-β receptor I. Furthermore, it is 
well known that the TGF-β1 pathway is a major contributor 
to keloid scarring (1).

Any chemical entity’s intricate journey to its destination 
usually involves successfully navigating several obstacles and 
surviving a challenging biological process. Several factors and 
processes determine a chemical entity’s bioavailability, which 
can significantly affect its pharmacokinetic characteristics. 
Historically, there was a high attrition rate in the develop-
ment of new medications; ADME issues were linked to over 
40% of all therapy failures. Comprehensive studies of ADME 
techniques are routinely carried out at the early stage of 
drug development to lower the attrition rate, and the com-
bined evaluation of the biological properties and efficacy of 
active compounds has been standardized. Researchers are 
using computational methods to predict a drug’s future by 

FIGURE 3 - A. 2D (left) and 3D 
(right) view of 7dv6-Baicalein 
interaction. B. Hydrogen (Left) 
and Hydrophobicity (Right) 
surface view of receptor-ligand 
interaction (7dv6-Baicalein).

A

B



Mishra et al Drug Target Insights 2025; 19: 55

© 2025 The Authors. Published by AboutScience - www.aboutscience.eu

identifying the early dangers of toxicity. Before doing in vitro 
tests, in silico-based ADMET profiling techniques are com-
monly employed to give a general understanding (18).

Using molecular docking, baicalein was employed as a 
substance (ligand) to assess the compound’s possibilities as 
an anti-keloid molecule (Table 1). This was done by utilis-
ing the compound’s capacity to attach and downregulate 
the TGF-βs/Activin pathway. The 3D-interaction map of the 
best-ranking posture in our investigation demonstrated that 
baicalein docked nicely inside the catalytic area of all three 
receptors and formed favourable interactions. 

POM analysis

In collaboration with National Cancer Institute (NCI) and 
Tuberculosis Antimicrobial Acquisition and Coordinating 
Facility (TAACF) of the USA, Prof. Taibi Ben Hadda (Principal 
inventor) group has developed a bioinformatic platform 
(POM theory). This POM theory is able to make pharmaco-
logical investigations and drug design easier than in the past. 
Its crucial role is the determination of different types of phar-
macophore sites with high accuracy, on the basis of their 
atomic charges and 3D geometry (Fig. S1) (46,47).

For this reason, we were interested, for the first time, in 
looking at the role of baicalein in scar management, via a bio-
informatics POM approach.

Osiris calculations of compounds 

The outcomes of the pharmacokinetic profile and bio-
activity score assessment of the three flavonoids (apigenin, 
fisetin acid, cosmosin) and baicalein are shown in Table 
S-VI. We chose three flavonoids (apigenin, fisetin acid, and 
cosmosin) for one evident reason: the flavonoids are sub-
ject to opening the central ring in acidic media. This rear-
rangement of flavonoids always offers two pockets, ready to 
chelate with two metal atoms. This structure of bimetallic 
complexes plays a crucial role in producing bioactive spe-
cies. Hence, their structural similarities with baicalein sug-
gest a comparable potential for pharmacological relevance.

The results show that the drug score was promising 
(baicalein: 75%, apigenin: 47%, cosmosiin: 44%, and fise-
tin acid: 40%) (Table S-VI). The toxicity risks and molecular 
characteristics of all flavonoids were estimated. In contrast 
to baicalein, all examined structures were found to be non-
cancerogenic and safe. 

Molinspiration calculations of compounds 

The Molinspiration calculation of molecular properties 
of flavonoids is presented in Table S-VI. These bioavailability 
scores could be categorized as good (if the score cLog P < 3), 
moderately active (if the score was 4-5), or inactive (if the 
score was more than 6). Verification of every bioactivity met-
ric revealed that most flavonoid derivatives exhibited biologi-
cal activity against every enzyme (Table S-VI).

Atomic charge calculation of compounds

Based on the findings of the atomic charge calculations dis-
played in Fig. S9, it is evident that the most potent molecules 

possess an ant﻿iviral pharmacophore site (O δ−, O′ δ−, O″ δ−).  
As a result, most hits were associated with antiviral drugs. 
Consequently, it was determined to be a pharmacophore site 
for the chemical baicalein, having antiviral qualities.

Identification of antiviral pharmacophore sites

Baicalein exhibits moderate to good antiviral activity rat-
ings and can be characterized as subjects of opening/clos-
ing central rings based on the results of the theoretical and 
experimental POM calculations (Fig. 4).

The POM Theory is used to get more insight into the 
mode and mechanism of action of this (baicalein) natural 
product. It can be seen from Fig. 5 that baicalein is involved in 
the regeneration of metabolites that can coordinate with the 
biotargets (M = Cu, Ni, Zn, Pt, Pd, Mn, Mg, Ru, etc.) and mod-
ulate pathological processes. As a result, the regenerated 
metabolites may directly inhibit viral replication and the virus 
life cycle, and baicalein’s ability to target and block TNF-β 
receptors would prevent abnormal scar formation. However, 
it’s important to note that currently, there is no definitive evi-
dence that a specific virus directly causes keloids. This is why 
an experimental study on anti-keloid and antiviral effect of 
baicalein is important because it could potentially reveal a 
viral factor contributing to the development of keloids, which 
could lead to new preventative and treatment strategies for 
this disfiguring skin condition (48,49). 

Molecular docking is a computational technique used to 
predict the interaction between a small molecule (ligand) and 
a target macromolecule (typically a protein). In the context 
of baicalein, docking studies have gained attention due to 
its diverse pharmacological activities, including anticancer, 
antiviral, anti-inflammatory, and neuroprotective effects. 
Researchers can prioritize targets and analogues for experi-
mental validation by using docking scores, which offer a rela-
tive assessment of the binding affinity between baicalein and 
certain protein targets. Docking studies reveal the preferred 
orientation of baicalein within the active site of the tar-
get, providing insights into key molecular interactions (e.g., 
hydrogen bonding, π-π stacking). These insights are crucial 
for structure-based drug design and rational modification of 
baicalein derivatives to enhance efficacy (50-52). 

While molecular docking provides valuable preliminary 
insights into the potential interactions between baicalein and 
target proteins, it is imperative to recognize its limitations. 
Despite its utility, molecular docking has several inherent lim-
itations that must be considered when interpreting the dock-
ing score of baicalein. Docking scores should be interpreted 
with caution and validated through experimental studies to 
ensure accurate predictions of biological activity.

Conclusion
The study demonstrates the potential of baicalein as an 

effective anti-keloid scar agent by targeted interaction with 
the TGF-βRI and TGF-βRII receptors, essential for tissue heal-
ing and scar formation. Strong binding affinities were observed 
between baicalein and these target proteins via in silico dock-
ing experiments, suggesting its capability to modulate critical 
signalling pathways implicated in keloid pathogenesis. 
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FIGURE 4 - Proposed mecha-
nism of opening/closing the 
central ring leading to regene-
ration of the antiviral pharma-
cophore sites for compound 
baicalein.

FIGURE 5 - Plausible mechani-
sm of action of baicalein in the 
scar management and fibrotic 
disorders, showing its action 
as an anti-HIV drug.

Baicalein’s potential as a therapeutic agent is further rein-
forced by its favourable ADME profile and drug-like properties. 
However, further in vitro and in vivo studies are necessary to 
elucidate its precise mechanisms of action and validate its safety 
and efficacy for clinical application. This study lays a promising 
foundation for the development of baicalein-based therapies 
for keloid scars and other fibrotic disorders. Moreover, the study 
highlights the significance of natural compounds in addressing 
the limitations of traditional keloid treatments, which are often 
associated with severe side effects and inconsistent results. 

Notably, the current understanding of keloid formation 
remains incomplete, involving a complex interplay of genetics 

and the immune response. The role of viral triggers is a partic-
ularly intriguing and underexplored area, warranting further 
investigation to establish any causal relationship between 
viral infections and keloid development. 

Given this context, it becomes both urgent and necessary 
to explore the possible link between antiviral and anti-keloid 
activities. This could be achieved by investigating the coordina-
tion behaviour of baicalein with various transition metals (e.g., 
Cu, Ni, Zn, Pt, Pd, Mn, Mg, Ru) and evaluating their catalytic 
bioactivity and enzyme inhibition potential. Further research is 
needed to clarify its mechanisms and explore its role in antiviral-
based keloid prevention, particularly if a viral link is confirmed.
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Furthermore, while molecular docking scores serve as 
valuable tools in the early stages of drug discovery, providing 
insights into potential targets and interaction mechanisms, 
their predictive value is limited by both computational and 
biological constraints. Therefore, docking outcomes should 
be interpreted with caution and always corroborated with 
experimental validation.
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ABSTRACT
Introduction: Bushenhuoxue formula is a traditional Chinese medicine formula with relatively safe clinical effects, 
but its mechanism in recurrent spontaneous abortion (RSA) is still unclear. Our present study used Network phar-
macology an experimental validation to discuss how Bushenhuoxue formula improves prethrombotic state in RSA.
Materials and methods: The active ingredients of Bushenhuoxue formula (Drug) were acquired from our previ-
ous study. The putative targets of ZYP relevant to AS were obtained from TCMSP, Swiss Target Prediction, STITCH, 
DisGeNET, and Gene Cards databases. Protein-protein interactions (PPI) network, Gene Ontology (GO), and Kyoto 
Encyclopedia of Genes and Genomes  (KEGG) analysis were conducted using the Cytoscape software. Further-
more, in vivo experiments were carried out for target validation in BALB/c mice, collecting placental tissue from 
different groups, the cell apoptosis by TUNEL assay; the pathology by HE staining; relative mRNA expression by 
qRT-PCR assay; relative protein expression by IHC and WB assay. 
Results: Animal experiments, compared with the NC group, the AT-III, PROG, HCG, APC and t-PA concentrations 
were significantly depressed (P˂0.05, respectively), Apoptosis cell numbers were significantly up-regulated 
with PI3K/AKT/HIF-1α VEGF significantly depressing (P˂0.001, respectively). With Bushenhuoxue formula sup-
plement, AT-III, PROG, HCG, APC and t-PA concentrations were significantly improved in RSA model mice; and 
improved pathological changes and apoptosis cell number in placenta tissues (P˂0.05, respectively). However, 
with LY294002 supplement, the drug treatment effects were disappeared.
Conclusion: Bushenhuoxue formula improves prethrombotic state in RSA via stimulating PI3K/AKT/HIF-1α/VEGF 
pathway in vivo. 
Keywords: Bushenhuoxue Formula, RAS, PI3K, AKT, Network Pharmacology
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limited, involving factors such as immune factors, endocrine 
factors, genetic disorders, congenital uterine developmental 
abnormalities, infections and coagulation function anoma-
lies, with immune irregularities emerging as a prominent con-
tributor (2). The disruption of the immune equilibrium due 
to abnormal inflammatory responses at the maternal‐fetal 
interface is significant in fetal loss. Notably, macrophages, the 
principal immunoactive cells in the uterine milieu, play a cru-
cial role in regulating the uterine immune microenvironment 
and mediating inflammatory responses (3). Macrophages can 
polarize into M1 and M2 phenotypes based on microenviron-
mental cues, and skewed polarization at any stage may lead 
to spontaneous abortion (4,5).

In recent years, the rising incidence of RSA has mark-
edly impacted the well-being of women of reproductive age.  
The specific pathogenesis of RSA is not yet clear. Positive 

Introduction
Recurrent spontaneous abortion (RSA) refers to the 

occurrence of two or more consecutive natural miscarriages 
before the 20th week of pregnancy in women of reproductive 
age with no changes in sexual partners (1). Despite exten-
sive research, our knowledge of the etiology of RSA remains 
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antiphospholipid antibodies are currently known immune 
factors related to RSA, which can affect the body’s coagu-
lation state, thrombosis, cause fetal hypoxia and death, 
leading to RSA (6). The treatment of Western medicine for 
antiphospholipid antibody positive RSA mainly focuses on 
anti-thrombosis, immunosuppression, and other aspects. In 
clinical practice, drugs such as aspirin and progesterone are 
often used for treatment, but their effectiveness in treating 
antiphospholipid antibody positive RSA is limited, and there 
are still problems such as low success rates of delivery (7). At 
present, there is no clear evidence to indicate which treat-
ment plan is optimal for the treatment of anti-phospholipid 
antibody positive RSA. It is urgent to explore an efficient 
treatment plan for anti-phospholipid antibody positive RSA.

A previous study indicated that Bushenhuoxue for-
mula, might enhance the condition of miscarriage‐prone 
mice by regulating uterine and placental vasculature (8). 
Furthermore, the Bushenhuoxue formula has demonstrated 
potential in improving RSA to some extent (9). Nevertheless, 
the impact and underlying mechanisms of the Bushenhuoxue 
formula on the prothrombotic state of RSA require further 
elucidation. To address this gap in knowledge, the present 
study used network pharmacology theory and molecular 
docking technology to uncover the effective chemical con-
stituents of the Bushenhuoxue formula and clarify its mech-
anisms involved in improving RSA. Additionally, the present 
study established a positive anticardiolipin antibody (ACA) 
mouse model of RSA, delving into the therapeutic effects 
and associated mechanisms of the Bushenhuoxue formula 
on the prothrombotic state in ACA‐positive RSA mice.

Materials and methods
Network pharmacology approach

Overlapping targets between the Bushenhuoxue formula 
and RSA. The eight constituents of the Bushenhuoxue formula 
were input into the TCM Systems Pharmacology Database 
and Analysis Platform (TCMSP, Online). The set criteria were 
as follows: Oral bioavailability (OB), ≥30%; drug‐likeness (DL), 
≥0.18 and defaults for others to retrieve information for each 
constituent. Canonical SMILES data from the PubChem data-
base (Online) were used to predict corresponding targets 
of every constituent in the SwissTargetPrediction database 
(Online) with parameters ‘Homo sapiens’ and probability, ≥0 
to filter duplicate targets. The GeneCards database (Online) 
with a relevance score, ≥5 was used to identify disease‐
associated targets using the keyword ‘RSA’. The intersection 
of Bushenhuoxue formula constituent targets and RSA‐
related targets were identified to obtain potential targets of 
the Bushenhuoxue formula for RSA treatment.

Construction of the ‘constituent‐disease target’ net‐
work. The chemical constituents of the Bushenhuoxue for-
mula and the shared targets obtained in the previous step 
were imported into Cytoscape (version 3.9.0) (Online). The 
‘constituent‐disease target’ network was then established. 
The CytoNCA tool within the Cytoscape software was used 
to compute degree, betweenness centrality and closeness 
centrality for every constituent. Chemical constituents with 
strong interactions with disease‐related targets were identi-
fied based on centrality measurements.

Construction of the protein‐protein interaction (PPI) net‐
work. The previously obtained intersected targets were input 
into the STRING database (Online). The settings ‘multiple pro-
teins’, species ‘Homo sapiens’ were configured. The relevant 
data were then extracted and imported into Cytoscape. The 
CytoNCA tool was used to calculate degree, betweenness 
centrality and closeness centrality for every target and iden-
tify significant targets within the PPI network.

Gene ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway anal‐
ysis of shared targets. GO and KEGG enrichment analyses 
were conducted using the database for annotation, visualiza-
tion and integrated discovery (DAVID; Online). The GO enrich-
ment analysis encompassed three categories: i) Biological 
processes (BPs); ii) molecular functions (MFs); and iii) cellular 
components (CCs). The results of the analyses were visual-
ized using a bioinformatics platform (Online).

Laboratory animals. 36 BALB/c pregnant mice aged  
8 weeks, with an average weight of 25±2 g, were obtained 
from the Animal Core Facility of Nanjing Medical University 
with a male‐to‐female ratio of 2:1.

Bushenhuoxue formula and reagents. Bushenhuoxue 
formula is comprised of Tu Si Zi (Cuscutae semen), Sang Ji 
Sheng (Taxilli herba), Xu Duan (Dipsaci radix), Dang Shen 
(Codonopsis radix), Bai Zhu (Atractylodis macrocephalae rhi-
zoma), Dang Gui (Angelicae sinensis radix), Dan Shen (Salviae 
miltiorrhizae radix) and Chuan Xiong (Chuanxiong rhizoma) 
as granules prepared by Sichuan New Green Pharmaceutical 
Technology Development Co., Ltd., and was purchased from 
the West Branch of the First Affiliated Hospital of Anhui 
University of Chinese Medicine. Human β2‐GP I (p2‐glyco-
protein‐I) was obtained from Prospec-Tany TechnoGene, 
Ltd. PI3K, phosphorylated (p)‐PI3K), AKT, p-AKT, CD31, CD34, 
HIF‐1α, VEGF and GAPDH were purchased from Abcam. The 
anticardiolipin antibody (IgG) kit was sourced from Shanghai 
Lianshuo Biological Technology Co. Ltd (Online). LY294002 
was acquired from Sigma-Aldrich and Merck KGaA.

Modeling (10). Human β2‐GP‐1 was dissolved in sterile 
PBS to achieve a concentration of 100 μg/0.25 mL. On day 1,  
an injection of a solution containing human β2‐GP‐1 and 
Complete Freund’s Adjuvant (CFA) was administered in a 1:1 
ratio (50 μL). On day 8, incomplete Freund’s Adjuvant (IFA) 
instead of CFA was used for booster immunization (50 μL 
human β2‐GP‐1 solution mixed with IFA in a 1:1 ratio). On 
day 18, female and male mice were co-housed in a 2:1 ratio, 
and the observation of vaginal plugs was counted as day 0 of 
pregnancy. On day 15 of pregnancy, the pregnant mice were 
euthanized, their eyeballs were collected for blood sampling, 
and the embryo resorption rate was calculated. The placental 
tissue was fixed with 4% paraformaldehyde and then paraffin 
sections were prepared for standard pathology, TUNEL and 
immunohistochemical testing, while fresh placental tissue 
was stored at ‐80ºC for reverse transcription-quantitative PCR 
(RT‐qPCR) and western blotting. Blood samples were allowed 
to stand at room temperature for 10 min before centrifu-
gation at 3,000 x g for 10 min at 4°C; the supernatant was 
collected and stored at -20°C. Aseptic dissection was immedi-
ately performed to examine, weigh and photograph the uteri 
and ovaries. Finally, the tissues were isolated and rapidly 
placed in liquid nitrogen for storage at -80°C. 

https://old.tcmspe.com/tcmsp.php
https://www.tcmsp-e.com/#/database
https://www.swisstargetprediction.ch/
https://www.genecards.org/
https://stackoverflow.com/questions/69629843/the-cytoscape-v3-9-0-application-does-not-start
https://www.string‐db.org/; version 11.5
https://david.ncifcrf.gov/tools.jsp
http://www.bioinformatics.com.cn/
https://www.bioon.com.cn/company/index/236418498910
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The negative control (NC) group consisted of mice under-
going normal mating and giving birth. The model, model + 
Bushenhuoxue formula, and model + Bushenhuoxue formula + 
LY294002 groups were established using the aforementioned 
RSA modeling procedure. In the model + Bushenhuoxue for-
mula group, each pregnant mouse was orally administered 
Bushenhuoxue formula at a dose of 0.5 g (11). In the model 
+ Bushenhuoxue formula + LY294002 group, pregnant mice 
were administered the same dose of Bushenhuoxue formula 
orally and concurrently injected with 8.0 mg/kg LY294002 (12).

The present study was approved by the Ethics Committee 
of Anhui Province Integrated Traditional Chinese and Western 
Medicine Hospital (approval no. 2022102351). 

Hematoxylin and eosin (H&E) staining of placental tis‐
sues. On day 12 of pregnancy, fasting for 12 h was followed 
by intraperitoneal injection of 2% pentobarbital sodium (40 
mg/kg) the following day by anesthesia. After anesthesia, 
euthanasia was performed on pregnant mice using the cervi-
cal dislocation method, and placental tissues were collected 
and processed through fixation, dehydration, embedding, 
sectioning, deparaffinization, H&E staining and rinsing for 
1-20 min. Subsequent differentiation involved treating sec-
tions with 1% hydrochloric acid alcohol for 5-10 sec, followed 
by rinsing. Bluing was accomplished using ammonia water for 
5-10 sec and staining with 0.5% eosin solution for 3-5 min. 
After rinsing, the sections underwent dehydration, clearing, 
mounting and imaging using a light microscope.

Immunofluorescence (IF) staining for CD31, CD34, HIF‐1α 
and VEGF expression in placental tissues. Placental tissues 
from every group of pregnant mice were embedded in paraf-
fin, and subsequent deparaffinization was carried out through 
ethanol‐water cycles, alternating boiling and cooling in 5‐min 
intervals, repeated twice. Sections were subsequently washed 
three times with PBS for 5 min, blocked at room tempera-
ture for 30 min, exposed to primary antibodies (CD31, 1:500, 
ab28364, Abcam; CD34,1:500, ab8158, Abcam; HIF-1α, 1:500, 
ab16066, Abcam; VEGF, 1:500, ab115805, Abcam) overnight 
at 4°C, washed three times with PBS for 5 min, incubated with 
Alexa Fluor 594-conjugated goat anti-rabbit secondary anti-
body (ImmunoWay Biotechnology Company) at 37°C for 30 
min, subjected to DAPI staining for 10 min at room tempera-
ture, washed again three times with PBS for 5 min, and finally 
mounted. Images of placental tissues were captured using an 
Olympus fluorescence microscope (Olympus) and analyzed 
using ImageJ 1.51k software (National Institutes of Health). 

Calculation of embryo loss rate. The total embryo count, 
viable embryo count and miscarried embryo count were 
recorded to calculate the embryo loss rate. The embryo loss 

rate (ELR) was determined using the equation: ELR (%) =  
(number of miscarried embryos)/(number of miscarried 
embryos + number of viable embryos) x 100%.

Enzyme‐linked immunosorbent assay (ELISA). Frozen serum 
samples were thawed, and ELISA assays were conducted as per 
the provided kit instructions (AT-III ELISA kit, ml025687, Mlbio; 
PROG ELISA kit, ml057583, Mlbio; HCG ELISA kit, ml024543, 
Mlbio; E2 ELISA kit, ml002009, Mlbio; t-PA ELISA kit, ml037187, 
Mlbio; APC ELISA kit, APC ELISA kit, ml002190, Mlbio). Standard 
samples and serum were added to designated wells. After suc-
cessive steps involving incubation, washing, antibody addi-
tion and subsequent incubation, color development occurred. 
Optical density was measured at 450 nm using a microplate 
reader. Serum concentrations of PROG (progesterone), HCG 
(human chorionic gonadotropin), E2 (estradiol), AT‐III (anti-
thrombin III), t‐PA (tissue plasminogen activator) and APC (acti-
vated protein C) are derived from the standard curve.

Western blotting. Proteins were extracted from placental 
tissues using the BCA method to enable quantification. A 10% 
SDS‐PAGE gel was prepared, followed by electrophoresis and 
subsequent wet transfer to a membrane. The membrane was 
blocked with 5% skim milk for 2 h, after which it was incu-
bated with primary antibodies, including PI3K (1:1,000, catno. 
ab283852; Abcam), AKT (1:1,000, catno. ab8805, Abcam), 
p‐PI3K (1:1,000, catno. ab 278545, Abcam), p‐AKT (1:1,000 
catno. ab38449, Abcam), HIF‐1α (1:1,000, catno. ab308637, 
Abcam), VEGF (1:1,000, catno.ab 315238, Abcam), and GAPDH 
(1:1,000, catno. ab313650, Abcam) overnight at 4ºC. The next 
day, the membrane underwent washing with 1X TBS-0.1% 
Tween-20 (cat. no. 9997; Cell Signaling Technology, Inc.), fol-
lowed by incubation with secondary antibodies (1:2,000) for 
1 h with gentle agitation. This was succeeded by an additional 
2‐h incubation at room temperature. After thorough wash-
ing, visualization was achieved through exposure to enhanced 
chemiluminescence reagents. Band intensities were analyzed 
using ImageJ, with GAPDH used as the internal control.

RT-qPCR. Frozen placental tissue samples (20 mg) were 
pulverized using liquid nitrogen. Total RNA was extracted 
using the TRIzol reagent. Following RNA quantification (1 μg), 
cDNA synthesis was conducted using a RT kit. qPCR took place 
using the amplification kit and the following thermocycling 
conditions: 95°C pre‐denaturation for 30 sec, denaturation 
at 95°C for 5 sec and annealing at 60°C for 30 sec, totaling  
40 cycles. The relative expression level of the target gene was 
computed using the 2‐ΔΔCt method (13) with GAPDH serving 
as the reference gene. Primer sequences were provided by 
Beijing Lainuo BioTech Co., Ltd (Table 1).

TABLE 1 - Primer sequence

Gene Name F:(5’-3’) R:(5’-3’)

PI3K ACGACTACAAGAAGGAGCGAG CAGCCAATATCTTCAGGCCG

AKT GGACAACCGCCATCCAGACT GCCAGGGACACCTCCATCTC

HIF-1α GGATGAGTTCTGAACGTCGAAAAG ACATTGTGGGGAAGTGGCAA

VEGF ATGAACTTTCTGCTGTCTTGG TCACCG CCTCGGCTTGTCACA

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

GAPDH GGTGAAGGTCGGTGTGAACG GCTCCTGGAAGATGGTGATGG
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TUNEL staining. Paraffin‐embedded placental tissues 
were sectioned to 5-μm-thick slices on glass slides after fixa-
tion in 4% paraformaldehyde. TUNEL fluorescence detection 
was carried out according to the manufacturer’s instructions. 
After PBS buffer washing, cell nuclei were re-stained with 
DAPI. Slides were incubated at room temperature for 2 min 
before mounting. The sections were observed and imaged 
using a fluorescence microscope and TUNEL+ cells were 
counted.

Statistical analysis. SPSS (version 23.0; IBM Corp.) was 
used for statistical analysis. Normally distributed measure-
ment data were presented as mean ± standard deviation. 
Group comparisons were conducted through analysis of vari-
ance, and homogeneity of variance was determined using 
the LSD test for equal variances or the Games‐Howell test 
for unequal variances. P<0.05 was considered to indicate a 
statistically significant difference.

Results
Network pharmacology. The GSE26787 dataset encom-

passed gene data from five RSA placental tissues and five 
placental tissues from normal deliveries. Subsequent analy-
sis unveiled a total of 2,169 differentially expressed genes. 
Among these, 1,061 genes were underexpressed in RSA 
placental tissues, while 1,108 genes were overexpressed. A 
volcano plot was generated accordingly (Fig. 1A), and the 
top 20 genes with the most significant differential expres-
sion in both categories were selected for further inves-
tigation. To visually represent these findings, a heatmap 
was plotted (Fig. 1B). Through the GeneCards database 
analysis, it was identified that 2,169 targets were linked to 
RSA, while 195 targets were connected to the efficacious 
components of the Bushenhuoxue formula. Among these,  
20 targets were identified as shared between Bushenhuoxue 
formula constituents and the disease (Fig.2). Relative data 

including active ingredient, targeting gene loci and disease 
targeting gene loci were collected. A ‘Drug constituent‐
shared target’ network was built using Cytoscape  
(Fig. 3). The CytoNCA tool was used to compute the degree, 
betweenness centrality, and closeness centrality of the 
targets, thereby pinpointing the most pivotal components  
(Fig. 3). The interactions among the 20 shared targets 
were elucidated by STRING database analysis (https://
www.string-db.org/; version 11.5), and the outcomes were 
depicted via Cytoscape, resulting in the creation of a PPI 
network (Fig. 4). As revealed by the PPI network analysis, 
the PI3K target exhibited the greatest potential for thera-
peutic intervention. DAVID was used to conduct GO func-
tional enrichment analysis, and the significance threshold 
was set at P<0.05. The top 20 entries with the highest gene 
counts are shown in Fig. 5. For BP, the most prominent term 
was ‘regulation of response to wounding’. In terms of CC, 
a significant association was observed with ‘plasma mem-
brane raft’, while MF was primarily linked to ‘steroid bind-
ing’. KEGG pathway enrichment analysis was conducted 
using DAVID with a significance threshold of P<0.05. A total 
of 22 enriched pathways were identified and ranked by gene 
count (Fig. 6). The five most enriched pathways were ‘cellu-
lar senescence’, ‘chemical carcinogenesis ‐ receptor activa-
tion’, ‘p53 signaling pathway’, ‘HIF‐1 signaling pathway’and 
‘linoleic acid metabolism’.

Intergroup comparison of embryo loss rates. Compared 
with the NC group, the model group exhibited a significantly 
increased embryo loss rate (P<0.05). By contrast, the model 
+ Bushenhuoxue formula group demonstrated a significant 
reduction in embryo loss rate compared with the model 
group (P<0.05). However, when simultaneous LY294002 
intervention was introduced, the model + Bushenhuoxue 
formula + LY294002 group displayed a significant increase in 
embryo loss rate compared with the model + Bushenhuoxue 
formula group (P<0.05; Table 2).

FIGURE 1 - Differential gene expression analysis in RSA. (A) volcano plot and (B) heart map.
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FIGURE 2 - Intersection of Bushenhuoxue formula constituent 
targets and RSA‐related targets. RSA, recurrent spontaneous 
abortion. 

FIGURE 3 - Analysis of Bushenhuoxue formula constituent‐
target network.

FIGURE 4 - Protein-protein in-
teraction network analysis of 
shared target interactions.
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FIGURE 6 - Kyoto Encyclope-
dia of Genes and Genomes 
enrichment analysis of shared 
targets.

FIGURE 5 - Enrichment analysis of shared targets in Gene Ontology terms. (A) BP, (B) CC and (C) MF. BP, biological process; MF, molecular 
function; CC, cellular component. (Also available as supplementary figure A).
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Intergroup comparison of serum hormone levels and coagu‐
lation factor levels. In comparison with the NC group, the model 
group exhibited a significant decrease in the serum levels of 
AT‐III, t‐PA, P, APC and HCG (all P<0.05; Fig. 7). Conversely, the 
model + Bushenhuoxue formula group demonstrated signifi-
cantly elevated levels of serum AT‐III, t‐PA, P, APC and HCG com-
pared with the model group (all P<0.05; Fig. 7). Notably, with 
the administration of LY294002, the model + Bushenhuoxue 
formula + LY294002 group exhibited a significant rise in the 
serum levels of AT‐III, t‐PA, P, APC and HCG compared with the 
model + Bushenhuoxue formula group (all P<0.05; Fig. 7).

Comparison of pathological morphological changes in 
placental regions. The H&E staining results (Fig. 8A) revealed 

distinct variations in placental tissue morphology among 
different groups. In the NC group, the decidua, and the syn-
cytiotrophoblast and labyrinth layers exhibited normative 
structures. Compared with the NC group, the model group 
demonstrated partial shedding of the decidua, along with 
syncytiotrophoblast necrosis characterized by diminished 
numbers, focal necrosis in the labyrinth layer and notable 
infiltration of inflammatory cells. By contrast, the model +  
Bushenhuoxue formula group presented well‐defined struc-
tures across all placental layers, featuring only focal necro-
sis in the labyrinth layer and minimal inflammatory cell 
infiltration. Notably, other structures displayed no signifi-
cant pathological changes. However, concurrent adminis-
tration of LY294002 nullified the therapeutic effects of the 
Bushenhuoxue formula.

Comparison of changes in apoptosis of placental tis‐
sues. Evaluation of TUNEL staining outcomes disclosed that 
compared with the NC group, the model group exhibited 
a significant increase in TUNEL+ apoptotic cells (P<0.05;  
Fig. 8B). Introducing Bushenhuoxue formula intervention, the 
model + Bushenhuoxue formula group showcased a signifi-
cant reduction in the number of TUNEL+ apoptotic cells com-
pared with the model group (P<0.05; Fig. 8B). Nonetheless, 
the simultaneous application of LY294002 yielded a marked 
increase in the tally of TUNEL+ apoptotic cells in the model +  
Bushenhuoxue formula + LY294002 group compared with 
the model + Bushenhuoxue formula group (P<0.05; Fig. 8B).

TABLE 2 - Comparison of embryo loss rate in each group (Mean±SD, 
n = 9)

Group Total 
number of 
embryos

Number 
of aborted 
embryos

ELR(%)

NC 54 5 5.76±4.84

Model 86 23 25.95±8.54*

Model+Drug 81 12 10.57±6.19#

Model+Drug+LY294002 85 22 24.95±7.16@

*:P<0.05, compared with NC; #: P<0.05, compared with Model; @: P<0.05, 
compared with Model+Drug

FIGURE 7 - Intergroup comparison of serum hormone levels and coagulation factor levels.
*P<0.05, **P<0.01, ***P<0.001, compared with the NC group; #P<0.05, ##P<0.01, compared with the model group; @P<0.05, @@P< 0.01, 
compared with the model + Bushenhuoxue formula group. NC, negative control
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Comparison of CD31 and CD34 protein expression in pla‐
cental tissues. IHC analysis showed that compared with the NC 
group, the model group exhibited significantly reduced levels 
of CD31 and CD34 protein expression (P<0.05; Figs. 9A and 9B).  
On the other hand, subsequent Bushenhuoxue formula inter-
vention in the model + Bushenhuoxue formula group elicited 
significantly heightened levels of CD31 and CD34 protein 
expression contrary to the model group (P<0.05; Figs. 9A 
and 9B). The concurrent administration of LY294002 led to 
a significant reduction in CD31 and CD34 protein expression 
levels within the model + Bushenhuoxue formula + LY294002 
group compared with the model + Bushenhuoxue formula 
group (P<0.05; Figs. 9A and 9B).

Comparison of relevant gene expression in placental tis‐
sues. RT‐qPCR revealed that compared with the NC group, 
the model group exhibited a significant reduction in the gene 
expression levels of PI3K, AKT, HIF‐1α and VEGF (all P<0.001; 
Fig. 9C). Subsequent intervention with Bushenhuoxue formula 
in the model + Bushenhuoxue formula group prompted a sig-
nificant increase in the gene expression levels of PI3K, AKT, 
HIF‐1α and VEGF when compared with the model group (all 
P<0.001; Fig. 9C). Nevertheless, simultaneous administration of 
LY294002 resulted in a significant decrease in the gene expres-
sion levels of PI3K, AKT, HIF‐1α and VEGF within the model + 
Bushenhuoxue formula + LY294002 group compared with the 
model + Bushenhuoxue formula group (all P<0.001; Fig. 9C).

FIGURE 8 - Pathological changes in each group.
A. Comparison of pathological morphological changes in placental regions using H&E staining (magnification, x100; scar bar, 200μm; ma-
gnification, x400; scar bar, 200μm); B. Comparison of changes in apoptosis of placental tissues using TUNEL assay (magnification, x100; scar 
bar, 200μm; magnification, x400; scar bar, 200μm). ***P<0.001, compared with the NC group; ###P<0.001, compared with the model group; 
@@@P<0.001, compared with the model + Bushenhuoxue formula group. NC, negative control
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Comparison of relevant protein expression in placental tis‐
sues. Western blotting showed that compared with the NC 
group, the model group exhibited a significant decrease in the 
protein expression levels of p‐PI3K/PI3K, p‐AKT/AKT, HIF‐1α 
and VEGF (all P<0.001; Fig. 9D). Introducing the Bushenhuoxue 
formula in the model + Bushenhuoxue formula group led to 
a significant escalation in the protein expression levels of p‐
PI3K/PI3K, p‐AKT/AKT, HIF‐1α and VEGF compared with the 
model group (all P<0.001; Fig. 9D). Nonetheless, simultane-
ous administration of LY294002 yielded a significant decrease 
in the protein expression levels of p‐PI3K/PI3K, p‐AKT/AKT, 
HIF‐1α and VEGF within the model + Bushenhuoxue formula 
+ LY294002 group contrary to the model + Bushenhuoxue for-
mula group (all P<0.001; Fig. 9D).

Comparison of HIF‐1α and VEGF protein expression in pla‐
cental tissues. The IHC analysis showed that compared with 
the NC group, the model group demonstrated a significant 
reduction in HIF‐1α and VEGF protein expression (P<0.001; 
Fig. 9E and 9F). By contrast, the administration of the 
Bushenhuoxue formula in the model + Bushenhuoxue formula 
group led to significant elevations in HIF‐1α and VEGF protein 
expression compared with the model group (P<0.001; Fig. 9E 
and 9F). However, the concurrent administration of LY294002 
resulted in a significant reduction in HIF‐1α and VEGF pro-
tein expression levels in the model + Bushenhuoxue formula 
+ LY294002 group compared with the model + Bushenhuoxue 
formula group (P<0.001; Fig. 9E and 9F).

Discussion
RSA is a prevalent reproductive disorder affecting 

women of childbearing age, with the etiology of 50-60% 
of the cases remaining ambiguous. In light of its intricate 
pathogenesis and the significant challenges in treatment, 
RSA has emerged as a notable research domain in recent 
years (14, 15). From the implantation of a fertilized egg to 
childbirth, a delicate equilibrium between heightened coag-
ulability and augmented vulnerability to bleeding is meticu-
lously upheld. Disturbance to this equilibrium can wield 
profound impacts on crucial processes, including fertilized 
egg implantation, establishment of pathological placenta 
and even miscarriage (16). The intimate nexus between ACA 
and RSA has gathered increasing attention. Earlier investi-
gations predominantly ascribed the pathogenesis of ACA 
provoking vascular thrombosis and tissue infarction at the 
placental locale, resulting in harm to placental vascular 
epithelial cells. However, subsequent studies have shown 
that thrombosis alone may not be the sole causative factor 
(17, 18). Anti‐phospholipid antibodies can engage directly 
with trophoblast phospholipids, triggering apoptosis, fos-
tering coagulation cascades and inciting unbridled immune 
responses. These antibodies also hinder the differentia-
tion and maturation of trophoblasts, engendering compro-
mised syncytiotrophoblast fusion. This compromise in turn 
impairs HCG synthesis, curtails trophoblast invasiveness 
and derails uterine spiral artery remodeling, thus result-
ing in trophoblast impairment, apoptosis and thwarted 
embryo implantation (19). Our previous study showed that 
the Bushenhuoxue formula had effects to improve recurrent 

miscarriage (20). However, there were some tractions from 
Bushenhuoxue formula; the mechanism has been unclear, 
and based on the results it was decided to investigate the 
mechanism using network pharmacology and in vivo study 
for validation. In the present study, it was shown that the 
Bushenhuoxue formula had treatment effects through reg-
ulation of the PI3K/AKT pathway based on network phar-
macology analysis; the data were validated through animal 
experiments. 

The PI3K/AKT signaling pathway is a marked cellular 
mechanism governing the intricate orchestration of cell 
proliferation, apoptosis and the cell cycle (16). Activation 
of the PI3K/AKT pathway can enhance cell proliferation and 
suppress apoptosis. PI3K, positioned as a cardinal upstream 
molecule within the PI3K/AKT/HIF‐1α pathway, spurs 
p110α enzyme activity through its subunit PIK3CA, thereby 
inciting cell growth that operates autonomously from 
external growth factors (21). AKT, serving as a crucial down-
stream effector of PI3K, and its activated variant, p‐AKT, 
can phosphorylate an array of components closely inter-
linked with apoptosis, thus fostering cellular survival (22). 
As an ensuing cascade of the PI3K/AKT pathway (23, 24),  
the HIF‐1α/VEGF signaling pathway holds promise in angio-
genesis and the amelioration of hemostatic conditions 
(25, 26). In the current study, the methodology of net-
work pharmacology was harnessed to dissect the plausible 
mechanisms underlying the influence of Bushenhuoxue 
formula on the prothrombotic state associated with RSA. 
The results cogently suggested that the formula may enact 
its effects through the activation of the PI3K/AKT signaling 
pathway. To substantiate this proposition, animal experi-
ments were conducted, the findings of which affirmed 
that the formula efficaciously triggers the PI3K/AKT signal-
ing pathway, thereby subsequently engaging the down-
stream HIF‐1α/VEGF pathway. This sequence of activations 
ushers in elevated levels of serum AT‐III, t‐PA, P, APC and 
HCG, thereby furnishing robust protection against RSA. 
Furthermore, the formula was shown to mitigate tropho-
blast apoptosis, and escalate vascular density, as indicated 
by the increased CD34 and CD31 protein expression (27, 
28). However, it is noteworthy that the therapeutic efficacy 
of the Bushenhuoxue formula rendered void in the pres-
ence of LY294002, a PI3K inhibitor .

Conclusion
The combined findings stemming from network pharma-

cology analysis and animal experimentation coalesce to por-
tray that the Bushenhuoxue formula has the propensity to 
activate the PI3K/AKT signaling pathway. This activation cur-
tails trophoblast apoptosis induced by RSA, while the orches-
tration of the downstream HIF‐1α/VEGF pathway engenders 
a mitigation of the prothrombotic state and fosters vasculo-
genesis, thereby achieving robust fortification against RSA. 
There were some limitations in the present study; we just 
discussed the Bushenhuoxue formula’s treatment effects in 
vivo study, the clearly mechanism has been unclear. In future 
research, this limitation will be addressed by carrying out in 
vitro experiments.
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FIGURE 9 - Relative mRNA and Protein expression.
A. CD31 protein expression in placental tissues using immunohistochemistry (magnification, x100; scar bar, 100μm). ***P<0.001, compa-
red with the NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + Bushenhuoxue formula group. 
NC, negative control; B. CD34 protein expression in placental tissues using immunohistochemistry (magnification, x100; scar bar, 100μm). 
***P<0.001, compared with the NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + Bushenhuoxue 
formula group. NC, negative control; C. Comparison of relevant gene expression in placental tissues (magnification, x100). ***P<0.001, 
compared with the NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + Bushenhuoxue formula 
group. NC, negative control; D. Relative proteins expression in placenta tissues using western blotting. ***P<0.001, compared with the 
NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + Bushenhuoxue formula group. NC, negative 
control; E. HIF-1α protein expression in placental tissues using immunohistochemistry (magnification, x100; scar bar, 100μm). ***P<0.001, 
compared with the NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + Bushenhuoxue formula 
group. NC, negative control; F. VEGF protein expression in placental tissues using immunohistochemistry (magnification, x100; scar bar, 
100μm). ***P<0.001, compared with the NC group; ###P<0.001, compared with the model group; @@@P<0.001, compared with model + 
Bushenhuoxue formula group. NC, negative control.
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ABSTRACT 
Introduction: Diabetes mellitus (DM), particularly type 2 DM (T2DM), is a chronic metabolic disorder requiring 
novel therapeutic approaches as the available therapies are not meeting the current challenges. This study inves-
tigates the anti-diabetic potential of Vigna unguiculata using a network pharmacology approach, supported by  
in vitro and in silico analyses. 
Methods: The plant was collected from Khyber Pakhtunkhwa, Pakistan, and subjected to hydroalcoholic extrac-
tion and fractionation. In vitro assays included α-amylase, α-glucosidase, and aldose reductase. Target prediction 
using STITCH and SwissTargetPrediction identified 88 common genes linked to T2DM. Protein-protein interaction 
(PPI) network analysis highlighted key genes like EGFR, PTGS2, and TLR4 as central nodes in diabetes-related 
pathways. Molecular docking was used to study the binding affinities of compounds.  
Results: IC50 values were determined using IBM SPSS Statistics 21 software. The data underwent analysis using 
one-way ANOVA followed by Dunnett’s multiple comparison test. Significance value was determined at *p < 0.05,  
**p < 0.01 and ***p < 0.001. In-vitro assays demonstrated significant α-amylase, α-glucosidase, and aldose reduc-
tase inhibitory activities. Phytochemical screening identified several bioactive compounds. Functional annota-
tion and KEGG pathway analysis confirmed these genes’ roles in crucial metabolic pathways. Virtual screening 
revealed strong binding affinities of compounds like Stigmasterol, Luteoline, and Quercetin with GSK3B, PTGS2, 
and TLR4. The Molecular Dynamics (MD) simulation, binding free energy calculations (MM-PBSA and MM-GBSA), 
confirmed the results of Virtual screening. 
Conclusion: In short, these findings underscore V. unguiculata as a promising source for anti-diabetic agents, sup-
porting further clinical trials for T2DM management.
Keywords: Diabetes, In vitro, Molecular docking, MD simulation, Network pharmacology, Protein-protein interac-
tion (PPI) network, Vigna unguiculata  

eventual malfunction of pancreatic beta-cells (1). The impact 
of this prevalent form of diabetes is significant worldwide, 
accounting for around 90% of cases. This impact is felt deeply 
in terms of both individual health and healthcare systems 
(2,3). T2DM’s worldwide occurrence is on the rise due to fac-
tors like longer life expectancy, lack of physical activity, and 
shifts in eating habits, which makes it a significant issue in the 
epidemiology of non-communicable diseases (4). The mortal-
ity rates linked to T2DM are concerning, since it leads to car-
diovascular diseases, kidney failure, lower limb amputation, 
and diabetic retinopathy, as well as other complications (5). 
The mortality rate linked to T2DM is measured in scientific 
research using hazard ratios or relative risks when compared 
to non-diabetic groups. For example, people with T2DM have 
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Introduction
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high blood sugar levels caused by resistance to insulin and 
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double the likelihood of dying at any age compared to those 
without the condition.

Treatment for T2DM mainly focuses on controlling blood 
sugar levels using lifestyle changes, oral anti-diabetic medi-
cations, and insulin treatment (6). The methods mentioned 
typically do not fully tackle the multifaceted characteristics 
of the illness. Many traditional treatments focus on only 
one element of the disease’s intricate pathophysiology, 
potentially resulting in less than ideal results and failing to 
stop the advancement of the disease (7). With these restric-
tions in mind, there is an urgent requirement for a transition 
towards multi-target drug discovery. This method seeks to 
create medications that can concurrently impact numerous 
pathways associated with T2DM, providing a more compre-
hensive treatment option. These approaches are expected to 
enhance treatment effectiveness and patient outcomes by 
tackling the various mechanisms involved in the development 
and advancement of the disease. Therefore, T2DM continues 
to be a significant health challenge with substantial morbid-
ity and mortality. The insufficiency of current single-target 
treatments emphasizes the need for innovative treatment 
approaches, especially those involving multi-target interven-
tions, to more effectively handle and potentially reverse this 
intricate and widespread disease.

Conventional treatments primarily focus on managing 
blood glucose levels and mitigating symptoms, yet they often 
fail to address the underlying causes and multiple pathways 
involved in the disease’s progression. Recent advancements 
in network pharmacology have underscored the importance 
of targeting multiple biological pathways simultaneously to 
achieve more effective therapeutic outcomes. Network phar-
macology is a cutting-edge approach that integrates systems 
biology, multi-target drug actions, and bioinformatics to sys-
tematically explore the therapeutic potential of drugs, includ-
ing those derived from medicinal plants (8,9). This approach 
is especially relevant in the context of T2DM, where the 
interplay between insulin signaling, inflammation, and oxi-
dative stress contributes to the disease’s complexity. In this 
study, we explore the potential of V. unguiculata, a plant with 
a rich history in traditional medicine, as a source of multi-
target anti-diabetic agents. V. unguiculata (commonly known 
as cowpea or lobia) is a leguminous plant belonging to the 
Fabaceae family (10). Traditionally used in various medicinal 
practices, it has been suggested to possess anti-diabetic prop-
erties, potentially due to its bioactive compounds that may 
influence glucose metabolism and insulin sensitivity (11,12). 
However, the exact mechanism is currently unknown. 

Following that, this study provides compelling evidence 
for the anti-diabetic potential of V. unguiculata through an 
integrated approach that combines traditional knowledge 
with modern scientific techniques. The study highlights the 
importance of a multi-target therapeutic strategy, particu-
larly in managing complex diseases like T2DM, where multi-
ple biological processes are dysregulated. The V. unguiculata 
has been traditionally employed for the ailment of various 
diseases, including DM. However, the mechanism by which 
V. unguiculata exhibits anti-diabetic activity has not been 
explored. Based on the previously reported activities, the 
bioactive extract of the V. unguiculata has been evaluated 

against DM using in vitro studies, network pharmacology, 
molecular docking, MD simulation, and binding free ener-
gies with the intention to explore the potential anti-diabetic 
mechanism. In this study, the key approach was adopted to 
explore the pathways, which plays crucial role in the patho-
genesis of the DM, i.e., by inducing damage to the insulin 
producing cells and confer insulin resistance such as PTGS2, 
Glycogen Synthases Kinase 3 Beta (GSK3B) and Toll-like recep-
tor-4 (TLR-4)  signaling (13-15). The GSK3B has been focused 
recently on diabetes management due to its involvement in 
insulin resistance, insulin synthesis, and protection of the 
B-cells (Islet of Langerhans cells). Similarly, the role of TLR-4 
has also been implicated in the pathogenesis of various dis-
eases, including diabetes; enhanced TLR-4 activity paves the 
way for inflammation of various tissues, including the pan-
creas, and cross-talk with multiple signaling pathways such 
as MAPKs, NF-kB, and JAK/STAT signaling (16,17). Primarily, 
in this study, V. unguiculata plant bioactive compounds were 
employed against the multiple signaling pathways involved 
in Diabetes pathogenesis. By employing comprehensive 
computational approaches, it was assumed that bioactive 
compounds from the V. unguiculata interact with the mul-
tiple biological signaling pathways concerned with glucose 
metabolism, insulin resistance, and the inflammatory pro-
cess, which will eventually improve diabetes symptoms by 
regulating the blood glucose level (13-15). 

Currently, several classes of anti-diabetic drugs are in clin-
ical practice for the management of DM. However, the exist-
ing drugs are associated with various unwanted side effects 
such as weight gain, lactic acidosis, urinary tract infections, 
and the cases of DM are increasing globally. Thus, there is 
a need for the exploration of new drugs, which are not only 
effective but also associated with fewer side effects. Natural 
products offer a cheap source for new drug development, 
and they can be used to discover drugs that fight various dis-
eases, including DM (18,19). The use of V. unguiculata plant 
as an anti-diabetic has been reported traditionally; thus, 
based on the previous reported studies, it was anticipated 
that V. unguiculata would be effective against DM. 

Methodology
Plant material collection, identification, and extraction

In August 2022, a fresh whole plant (14kg) of V. unguicu-
lata was gathered from Village Rustam, district Mardan, 
Khyber Pakhtunkhwa, Pakistan. Dr. Mohib Shah from the 
Department of Botany, AWKUM, authenticated and identi-
fied the plant specimen by comparing it with existing speci-
mens at the Department of Botany, AWKUM, and the flora 
of Pakistan. The Department of Botany, AWKUM, assigned 
Voucher No. AWKUM.Bot.100.31.3.9 to the plant specimen. 
After cleaning, fresh plant material was dried in the shade 
at room temperature. The entire dried plant was crushed, 
resulting in 838 gm of powdered plant. The powdered 
plant was macerated using a hydroalcoholic solvent (90 %  
methanol and 10% distilled water) following the proce-
dure described by Mistriyani et al. (20). The procedure was 
repeated three times to achieve the highest extraction pos-
sible. The solvent was evaporated using a rotary evaporator 
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to concentrate the filtrate. The concentrated extract was 
then dried in an oven at approximately 40 °C. Ultimately, 
186g of oily, viscous extract was acquired and stored in a 
refrigerator at 2-8 °C.

Fractionation

Distilled water at a warm temperature was added to 
the hydro-methanolic extract. The mixture was then sepa-
rated using n-hexane in a separating funnel. The remaining 
methanol extract was then fractionated using ethyl acetate 
to yield n-hexane, ethyl acetate, and water fractions. This 
process was repeated multiple times to obtain the maximum 
fractions. The fractions were further concentrated using 
a vacuum rotary evaporator and then dried in an oven at 
approximately 40 °C. 

In-vitro anti-diabetic activity

The in vitro anti-diabetic activities of both the crude 
hydro-methanolic extract and the subsequent fractions were 
examined.

α-amylase inhibitory activity

The already established technique was used to con-
duct the alpha amylase inhibitory assay (21). In a 96-well 
microplate, 5 μL of the enzyme solution and 15 μl of sam-
ple, diluted in phosphate buffer at various concentrations, 
were added. The reaction was initiated with the addition of  
20 μl starch solution and then incubated for 10 minutes at 
37 °C, followed by further incubation at 37 °C for 30 minutes. 
HCl (10 μl of 1M) and iodine reagent (75 μL) were added to 
each well to stop the reaction. Acarbose at a concentration of  
64 μg/mL served as the positive control, and a blank was 
created using phosphate buffer (pH 6.9). The absorbance at  
580 nm was measured, and the percentage inhibitory activity 
was calculated using the provided equation:

% Inhibition = Abs of Control – Abs of sample /Abs of  
control x 100

α-glucosidase inhibitory activity

The already established method for measuring alpha-
glucosidase inhibitory activity was used (22). Test samples at 
different concentrations (20 μl), alpha-glucosidase (1 U/ml)  
(10 μl), and phosphate buffer (100 mM, pH = 6.8) (50 μl) 
were combined and allowed to preincubate for 15 minutes 
at 37°C in a 96-well microplate. Following the addition of 
P-nitrophenyl glucopyranoside (5 mM) as the substrate (20 μl), 
the mixture was incubated for 20 minutes at 37°C. The reac-
tion was stopped by adding 50 μl of 0.1 M sodium carbonate 
(Na2CO3). The absorbance of the liberated p-nitrophenol was 
determined at 405 nm using a microplate reader. Acarbose 
was utilized as a standard in different concentrations. Each 
experiment was conducted in triplicate, with a parallel setup 
that did not contain any test sample. The % inhibitory activity 
was calculated using the provided equation:

% Inhibition = Absorbance of Control – Absorbance of 
sample /Absorbance of control x 100

Aldose reductase inhibitory assay

The evaluation of aldose reductase inhibitory activity was 
conducted using a previously established method (23) with 
some modifications. Upon euthanasia, the eyes of normal 
Swiss albino mice were promptly extracted, and the lenses 
were subsequently cleansed with normal saline. The weights 
of the lenses were then re-determined. Once transparent 
lenses were obtained, a 10 % homogeneous solution was 
prepared in 0.1 M phosphate buffer saline (pH 7.4). This solu-
tion was then subjected to centrifugation at 5000 × g for 10 
minutes. The resulting supernatant was collected and stored 
on ice. The protein content of the lens homogenate was 
determined. A sample cuvette containing 0.7 mL of phos-
phate buffer, 0.1 mL of NADPH (25 × 10−5 M), 0.1 mL of lens 
supernatant, and 0.1 mL of DL-glyceraldehyde (5 × 10−4 M) 
was utilized to assess the aldose reductase inhibitory activ-
ity of the fractions, with a final volume of 1 mL. Absorbance 
measurements were taken in comparison to a reference 
cuvette devoid of DL-glyceraldehyde. The pH of the reaction 
mixture was adjusted to 6.2, and the enzymatic reaction was 
initiated upon mixing the substrate with the solution mixture. 
The absorbance was then monitored at 340 nm for three 
minutes at 30-second intervals. The extract was dissolved 
in phosphate buffer saline (PBS) to produce a stock solution 
containing all the fractions. Cuvettes treated with 0.1 mL of 
each fraction from various stock solutions, with final concen-
trations of 10, 25, 50, 100, 200, and 300 µg/mL, were used 
as reference and standard cuvettes to evaluate aldose reduc-
tase inhibitory activity. The process was initiated by adding 
0.1 mL of DL-glyceraldehyde. The percentage inhibitions of 
the aldose reductase assay for the extract were calculated 
assuming that the lens of a normal mouse exhibited 100 % 
activity. IC50 values were calculated for each sample.

Phytocompounds Screening

Active compounds of V. unguiculata were identified 
from existing literature and several databases of biologically 
active phytochemicals, including Indian Medicinal Plants, 
Phytochemistry, and Therapeutics (IMPPAT) (24), KNApSAcK 
(25). The keyword’ Vigna unguiculata’ was used for database 
searches, while a comprehensive literature review was con-
ducted using PubMed and Google Scholar. The bioavailability 
(F) and drug-likeness (DL) of all ingredients were assessed to 
determine their ADME (absorption, distribution, metabolism, 
and excretion) properties. Compounds were selected based 
on a DL value of at least 0.18 and an OB value of at least  
30%. The OB and DL values for all active compounds were 
calculated using SwissADME and ADMETlab. Additionally, 
chemical information such as CID number, structure, 
and molecular weight was collected from PubChem and  
ChemSpider.

Retrieval of potential targets of selected compounds  

Swiss Target Prediction (26) and the STITCH database (27) 
were used to predict the potential targets of selected com-
pounds. These compounds were uploaded to the STITCH 
database with the options set to ‘Homo sapiens’ and using 
screening criteria as combined scores 0.7 or higher. Further, 
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the SMILES notation of each compound was inputted into 
the Swiss Target Prediction web application to predict tar-
gets by employing the reverse pharmacophore mapping 
approach and predicted scores with a probability score of 
0.7. In network pharmacology, this prediction is very com-
monly employed for the generation of possible compound-
target interactions using available data. The validation of the 
predicted targets and subsequently comparing them with the 
known DM target is crucial. Hence, the reliability of the pre-
dicted targets was enhanced using publicly available curated 
databases, i.e., GeneCards and DisGeNET databases and the 
predicted targets of the STICTH database were compared.

Microarray data analysis

In order to validate the findings of the study, three microar-
ray datasets, including GSE22435, GSE43950, and GSE92724, 
were obtained from the NCBI GEO database (Online) (28). GEO 
is a high-throughput gene expression data repository, includ-
ing microarray and hybridization arrays. In this study, DEGs 
were analyzed using the Limma R package. Limma is widely 
known for its efficient tools for reading, normalizing, and ana-
lyzing gene expression data for DEGs, and hence, it is the first 
preferred choice for high-throughput and microarray data. 
Screening criteria to identify candidate genes were adjusted 
p-value less than 0.05 and absolute value of log (Fold Change) 
greater than 1.0 but less than −1.0. In the R program, we used 
the ggplot2 package to create a volcano plot to differentiate 
between statistically significant and nonsignificant genes. 

Pathway and Functional Enrichment Analysis 

The Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) was employed to carry out functional 
annotation and enrichment analysis (29). Key targets were 
examined using DAVID to predict functions across three cat-
egories: biological process (BP), molecular function (MF), and 
cellular component (CC). A threshold of an adjusted p-value 
≤ 0.05 was used, and the top 10 Gene Ontology (GO) enrich-
ments and the top 10 KEGG pathways with the highest counts 
were selected for further exploration.

Network Construction

 Network analysis was conducted to elucidate the mech-
anisms through which V. unguiculata affects T2DM. This 
analysis was facilitated by Cytoscape 3.8.0 (30), a software 
platform that provides tools for importing, visualizing, and 
analyzing biomolecular interaction networks. In the con-
structed network, the nodes are the target genes, and the 
edges are the interactions between the active compounds 
and the target genes. To define the network topology, the 
degree centrality of each compound, target gene, or path-
way was calculated using the Network Analyzer of Cytoscape. 
Targets that showed the maximum level of interconnected-
ness were termed ‘key targets’.

Protein–Protein Interaction Network Construction

PPIs are essential because they are highly flexible, tunable, 
and selective processes. The Search Tool for the Retrieval of 

Interacting Genes/Proteins (STRING) database (31) was then 
used to search for the functional relationship between the 
above identified key targets, which requires the combined 
score to be more than 0.9, while the high confidence score 
was applied to enhance the reliability of the data. A high 
threshold was selected to ensure that interactions include all 
the relevant potential interactions to enhance the reliability 
of the network interaction. 

These interactions involved the use of experimental data 
such as protein homology, or physical type of interaction, 
and co-expression data, with the intention to make a more 
biologically relevant network by employing these additional 
filters. The obtained PPI network was then subjected to the 
next step of filtration and analysis using the Cytohubba plu-
gin in Cytoscape to identify essential regulatory genes and 
potential targets.

Virtual screening 

The protein targets identified during the Protein-Protein 
Interaction Network were then further validated through 
molecular docking, which is a rapid computational technique. 
Information about the candidate target was obtained from 
the X-ray crystal structures offered under the RCSB Protein 
Data Bank  (32). Structural optimization of the complex was 
done by UCSF Chimera (33), while protein targets and prob-
able binding sites were predicted using the CASTp site map-
ping tool (34). Virtual screening of the reported compounds 
was performed using the AutoDock Vina in Ubuntu (35,36) 
in order to assess the binding of the core targets with the 
active compounds. The favorable docked conformations were 
considered in terms of binding energies. Docking scores, 
which reflect the strength and stability of the compound-
target interactions, were used as primary criteria for select-
ing promising compounds and their targets. The results of 
the AutoDock vina were validated using the PyRx software 
to cross-check the predictive score of the ligand and protein 
interaction. This approach ensures that the docking results 
are robust using multiple docking methods. Visualization of 
these interactions was achieved using Discovery Studio (37), 
highlighting the dynamics of compound-protein interactions 
in a visual format.

MD simulation 

After the virtual screening, the molecular dynamic 
simulation was performed to assess structural as well as 
dynamic stability of the ligand-protein complexes for 50 ns 
using GROMACS software 2024.1 (38). The TIP3P water box 
was used for solvation, and the CHARMM27, i.e., all-atom 
force field, was applied. The ligand topologies were gener-
ated using the SwissParam software. The system was mini-
mized for 50000 steps to remove the steric clashes using the 
steepest descent model. Following the energy minimization, 
the system was equilibrated in two steps, i.e., NVT and NPT 
ensembles by applying the periodic boundary condition in all 
directions (36). During the NVT and NPT ensembles, the tem-
perature was maintained at 300 K for 100 ps, while the NPT 
ensemble was maintained at 100 ps by keeping the pressure 
at 1 bar. The final MD run was performed for 100 ns, and the 

https://www.ncbi.nlm.nih.gov/geo/
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results were analyzed using various dynamical and structural 
properties (39). 

Binding free energy calculations 

To assess the binding free energy for all the complexes, 
MM-PBSA and MM-GBSA were performed (40). The binding 
free energy was calculated over the 100 ns simulation using 
MD trajectories, and the per-residue decomposition analy-
sis was performed for both approaches, i.e., MM-PBSA and 
MM-GBSA, to determine the individual residues’ contribution 
towards the binding energy of the complexes. The binding 
free energy calculation was performed for 1000 frames (3000-
4000), keeping the interval of 2. The various parameters that 
were assessed include EEL (Electrostatic energy), ESURF 
(Electrostatic surface potential energy), ENPOLAR (Polar sol-
vation energy), GGAS, Van der Waals, and total energy (40).

Statistical analysis

The experiments were performed three times, and the 
results are presented as mean ± standard error of the mean. 
The IC50 values were determined using IBM SPSS Statistics 
21 software. The data underwent analysis using one-way 
ANOVA, followed by post hoc Dunnett’s multiple comparison 
test using GraphPad Prism version 8.0.2. The criteria for the 
statistical significance were chosen as a p-value less than 0.05. 
Dunnett’s post hoc was chosen because it adjusts for multiple 
comparisons inherently and tries to ensure the family-wise 
error rate control during multiple group comparisons with a 
single control while requiring no additional corrections. The 
effect sizes were applied to all ANOVA calculations for the 
magnitude effects quantifications. The various tests applied 

include the Epsilon-squared, Eta-squared, Random-effect, 
and Omega-Squared calculations with confidence intervals 
of 95 % to give comprehensive insight into the magnitude of 
effect. 

Results
α-amylase inhibitory assay

The inhibitory efficacy of crude hydro-methanolic extract 
of V. unguiculata and its fractions against α-amylase enzyme 
was investigated using in vitro activity. Various concen-
trations, including 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, and 
0.03125 mg/mL, were used to test the samples and deter-
mine their IC50 values. The crude extract exhibited a signifi-
cantly lower IC50 value of 0.202 mg/mL compared to the 
aqueous (0.279 mg/mL), ethyl acetate (0.557 mg/mL), and 
n-hexane (1.294 mg/mL) fractions. In comparison, Acarbose, 
used as the standard, demonstrated the highest inhibition of 
the alpha amylase enzyme with an IC50 value of 0.043 mg/ml, 
as depicted in Figure 1.

α-glucosidase inhibitory assay

The inhibitory potential against α-glucosidase enzyme 
using in vitro activity was examined on the crude hydro-
methanolic extract of V. unguiculata and its fractions. Various 
concentrations, including 8, 4, 2, 1, 0.5, 0.25, 0.125, and 
0.0625 mg/mL, were used to test the samples, and their IC50 
values were determined. The crude extract displayed a sig-
nificantly lower IC50 value (0.111 mg/mL) compared to the 
ethyl acetate (0.135 mg/mL), aqueous (0.243 mg/mL), and 
n-hexane (0.629 mg/mL) fractions among all the tested sam-
ples. Acarbose, used as the standard, exhibited the highest 

FIGURE 1 - Representing alpha 
amylase inhibitory activity of 
(a) Crude extract, (b) Aqueous 
fraction, (c) Ethyl acetate frac-
tion, (d) n-Hexane fraction, and 
(e) standard drug, Acarbose.
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inhibition of alpha amylase enzyme with an IC50 value of 
0.034 mg/mL, as depicted in Figure 2.

Aldose reductase inhibitory assay

V. unguiculata crude hydro-methanolic extract and its 
fractions were examined for their ability to inhibit aldose 
reductase enzyme through an in vitro assay. Various 

FIGURE 2 - Representing α- 
glucosidase inhibitory activity  
of (a) Crude extract, (b) Ethyl 
acetate fraction, (c) Aqueous 
fraction, (d) n-Hexane frac-
tion, and (e) standard drug, 
Acarbose.

concentrations, including 300, 200, 100, 50, 25, and 10 µg/mL,  
were tested, and the IC50 values were determined. The 
crude extract displayed the lowest IC50 value (15.823 µg/mL)  
among all the samples tested, followed by ethyl acetate 
(25.806 µg /mL), aqueous (52.376 µg /mL), and n-hexane 
(106.857 µg /mL) fractions. Quercetin, used as the standard, 
exhibited the highest inhibition of alpha amylase enzyme 
with an IC50 value of 8.545 µg /ml, as indicated in Figure 3.

FIGURE 3 - Representing al-
dose reductase inhibitory 
activity of (a) Crude extract, 
(b) Ethyl acetate fraction, (c) 
Aqueous fraction, (d) n-hexa-
ne fraction, and (e) standard 
drug, Quercetin.
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Network Pharmacology 

Screening of potential compounds

The screening of potential compounds from V. unguicu-
lata identified several candidates with drug-like potential, 
as summarized in Table 1. The compounds belong to various 
classes, including flavonoids, phenolic acids, isoflavones, 
triterpenoids, phytosterols, and alkaloids, each exhibit-
ing different molecular weights, drug likeness (DL), and 
oral bioavailability (OB). Among the flavonoids, Quercetin, 
Kaempferol, Catechin, Luteolin, and Apigenin were identi-
fied, with molecular weights ranging from 270.24 to 302.23 
g/mol. These compounds showed moderate drug likeness 
scores, with Catechin having the highest DL of 0.64, and all 
of them exhibited an oral bioavailability of 0.55, indicat-
ing their potential for oral administration. Protocatechuic 
acid, a phenolic acid with a molecular weight of 154.12 g/
mol, displayed a lower drug likeness score of 0.23 but a 
slightly higher oral bioavailability of 0.56, suggesting that 
while its drug-like properties may be limited, it could still 
be bioavailable if administered orally. Isoflavones such as 
Genistein, Daidzein, and Glycitein were also included in 
the screening. These compounds have molecular weights 
between 254.24 and 284.26 g/mol and exhibit moderate 

drug likeness, with Genistein having a DL of 0.44. Like the 
flavonoids, they all have an oral bioavailability of 0.55. In the 
category of triterpenoids, Betulinic acid stands out with a 
significantly higher molecular weight of 456.7 g/mol, a drug 
likeness score of 0.25, and a notably higher oral bioavail-
ability of 0.85, suggesting its strong potential as an orally 
administered drug candidate. The phytosterols identified 
include Beta-sitosterol, Campesterol, and Stigmasterol, 
with molecular weights around 400 to 414 g/mol. These 
compounds showed varying drug likeness scores, with Beta-
sitosterol achieving the highest DL of 0.78, and all three 
exhibiting an oral bioavailability of 0.55. Finally, Vicine, an 
alkaloid with a molecular weight of 304.26 g/mol, demon-
strated the highest drug likeness score of 0.84 among the 
compounds screened, coupled with an oral bioavailability 
of 0.55, highlighting it as a particularly promising candidate 
for further drug development. Overall, the screening results 
indicate that several compounds from V. unguiculata pos-
sess favorable drug-like properties and oral bioavailability, 
making them viable candidates for further investigation in 
drug development efforts. Similarly, the comprehensive 
pharmacokinetic studies of the selected compounds, includ-
ing Stigmasterol, Quercetin, Luteoline, and Acarbose, are 
shown in the Supplementary Table 1. 

TABLE 1 - Summarizes the list of compounds obtained from V. unguiculata with drug-like potential  

Compound Compound Class Molecular Weight (MW) Drug Likeness (DL) Oral Bioavailability (OB)

Quercetin Flavonoid 302.23 0.52 0.55

Kaempferol Flavonoid 286.24 0.5 0.55

Catechin Flavonoid 290.27 0.64 0.55

Luteolin Flavonoid 286.24 0.38 0.55

Apigenin Flavonoid 270.24 0.39 0.55

Protocatechuic acid Phenolic Acid 154.12 0.23 0.56

Genistein Isoflavone 270.24 0.44 0.55

Daidzein Isoflavone 254.24 0.29 0.55

Glycitein Isoflavone 284.26 0.37 0.55

Betulinic acid Triterpenoid 456.7 0.25 0.85

Beta-sitosterol Phytosterol 414.7 0.78 0.55

Campesterol Phytosterol 400.7 0.59 0.55

Stigmasterol Phytosterol 412.7 0.62 0.55

Vicine Alkaloid 304.26 0.84 0.55

Acarbose Oligosaccharide 645.608 0.17

3.4.2. Microarray Data Analysis

Microarray gene expression data were analyzed using 
datasets obtained from the GEO database. Additionally, 
the GSE22435 dataset contained data from 7 affected indi-
viduals and 10 healthy controls (Fig. 4A and 4D). Differential 
expression analysis was conducted using the LIMMA pack-
age, resulting in the identification of a significant number of 
differentially expressed genes (DEGs) across these datasets. 

Specifically, the analysis of GSE22435 revealed 671 upregu-
lated and 198 downregulated genes, leading to a total of 870 
DEGs. In the GSE43950 dataset, 2,133 DEGs were identified 
(Fig. 4B and 4E), and the GSE92724 dataset yielded 1,160 DEGs 
(Fig. 4C and 4F). All identified DEGs met the stringent criteria 
of an adjusted p-value less than 0.05 and an absolute log fold 
change (|log(FC)|) of greater than or equal to 1. These find-
ings underscore the substantial alterations in gene expression  
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between affected individuals and controls, providing a robust 
basis for further biological interpretation and validation.

Target Identification

A comprehensive target identification process was carried 
out, resulting in the identification of 1,310 targets for 14 active 
compounds using the STITCH and SwissTarget Prediction 
databases. These targets were then cross-referenced with 
the DEGs identified through the microarray data analysis. 
This comparison revealed 88 common genes that are impli-
cated in both the disease context and the plant-derived com-
pounds (Fig. 5A). The compound-target network analysis 
demonstrated that these 88 genes were targeted by multiple 
compounds, indicating their potential as druggable targets.

Network Analysis
Following the identification of the 88 common genes, a 

protein-protein interaction (PPI) network was constructed 
(Fig. 5B). The network consisted of 88 nodes and 144 edges, 
illustrating the complex interactions among these genes. 
Further analysis identified the top 10 genes with the high-
est degree of connectivity within the network (Fig. 5C), 
which included EGFR (degree score of 43), SRC (41), PTGS2 
(39), MMP9 (33), BCL2 (33), TLR4 (29), GSK3B (26), PTPRC 
(24), KIT (22), and BCL2L1 (20). Due to their high connec-
tivity, these genes may play central roles in the disease 
mechanism and serve as critical targets for therapeutic 
interventions.

FIGURE 4 - Differential Gene 
Expression Analysis for GEO 
Datasets GSE22435, GSE43950, 
and GSE92724. (A), (B), and (C) 
show UMAP plots, boxplots of 
gene expression, and adjusted 
p-value distributions for each 
dataset. (D), (E), and (F) pre-
sent volcano plots highlighting 
upregulated (red) and downre-
gulated (blue) genes.
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Functional Annotation

Later, the functional annotation of these 88 common genes 
was performed using the DAVID software, which revealed 
their involvement in multiple diabetes-related pathways. 
The analysis identified significant clusters of genes associ-
ated with key biological processes (Fig. 6), including meta-
bolic pathways such as prostanoid and fatty acid biosynthesis. 
Specifically, genes were enriched in processes like long-chain 
fatty acid metabolic processes, organic acid biosynthetic pro-
cesses, and eicosanoid metabolic processes. Additionally, 
another cluster highlighted the role of these genes in retinoid 
metabolic processes and response to retinoic acid, empha-
sizing their involvement in important signaling pathways. 
Moreover, a smaller subset of genes was associated with oxi-
doreductase activity, particularly acting on CH-OH groups of 
donors and the incorporation of two atoms of oxygen, indicat-
ing their role in oxidation-reduction processes.

In terms of molecular function, the common genes were 
linked to activities such as ligand-activated transcription fac-
tor activity and nuclear receptor activity, which are crucial 
for regulating gene expression, particularly in response to 
retinoic acid. Other identified functions include protein auto-
phosphorylation, essential for signal transduction, and pro-
tein tyrosine kinase activity, which plays a vital role in various 
cellular signaling pathways. The GO analysis also revealed 
that these genes are integral components of critical cellular 
structures, such as the Schaffer collateral-CA1-CA1 synapse, 
highlighting their role in synaptic transmission and plasticity 
in the brain. Additionally, other genes were located in the 
tertiary granule lumen and the intrinsic component of the 
presynaptic membrane, emphasizing their involvement in 
neurotransmitter release and synaptic function.

Further KEGG pathway analysis was also performed  
(Fig. 7). One of the most prominent pathways identified is 
the Arachidonic acid metabolism, which is crucial for the syn-
thesis of bioactive lipid mediators that play significant roles 
in inflammation and cellular signaling. Another critical path-
way is the HIF-1 signaling pathway, which is essential for cel-
lular responses to hypoxia and is often implicated in cancer 
progression. The PPAR signaling pathway was also depicted, 
which plays an important role in regulating fatty acids and 
glucose homeostasis and is relevant to metabolic diseases. It 
also marks down pathways that relate to particular diseases, 
for example, non-small cell lung cancer or Bladder cancer; 
this means that these genes are involved directly in causing 
these types of cancer or in their advancement. Moreover, the 
information about the discovered VEGF signaling pathway, 
which plays an important role in the formation of new blood 
vessels and is widely used in cancer treatment. Other path-
ways under study include NF-kappa B signaling, via which 
most immune responses are controlled, Th17 cell differentia-
tion during autoimmune diseases, etc. The occurrence of the 
Adherens junction pathway was also observed for cell-cell 
adhesion, underlining the importance of these genes in sup-
porting the cell’s structure.

In general, the KEGG pathway analysis shows that the 
common genes are found in various signaling pathways 
and biological processes that are known to be important 
for maintaining cellular homeostasis and regulating meta-
bolic and disease processes. This type of analysis is help-
ful in understanding the possible functions of these genes 
from a human disease perspective and might inform future 
directions on treatments and cures. Apparently, the network 
representation strengthens the claims made with respect to 

FIGURE 5 - Network and Target 
Analysis of Common Genes. 
(A) Venn diagram showing the 
overlap between compound-
related targets (3,186) and 
disease-related targets (327), 
identifying 88 common genes. 
(B) Protein-protein interaction 
(PPI) network of the 88 com-
mon genes, illustrating the 
complex interactions among 
these targets. (C) Sub-network 
highlighting the top 10 genes 
based on degree of connecti-
vity
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FIGURE 6 - Gene Ontology 
Analysis of 88 common ge-
nes representing their in-
volvement in multiple bio-
logical processes, cellular 
components, and molecular 
functions.

the connectivity of these genes in the designated GO classes 
and proves the multifaceted nature of these genes in terms 
of their functions in various biological processes, molecular 
functions, and cellular components.

Compound-target pathway network

The compound-target pathway network analysis (Fig. 8)  
revealed that GSK3B, PTGS2, and TLR4 are the primary  
target proteins, displaying the highest connectivity within 
the network and interacting with the most bioactive com-
pounds. The high degree of connectivity values means that 
these proteins are core to the network and highlight them as 
potential targets for treatment. Furthermore, the investiga-
tion also pointed to the fact that many compounds, including 
those from V. unguiculata, interact with these proteins, mak-
ing them valuable targets for therapeutic agents. Notably, 
GSK3B, PTGS2, and TLR4 are known to be associated with 
type 2 diabetes; GSK3B was reported to be a key protein 
regulating insulin signaling and glucose homeostasis, PTGS2 
participates in inflammation aggravating insulin resistance, 

and TLR4 was reported to be involved in immune response 
and chronic inflammation in the development of T2D. These 
observations indicate that modulating the expression of 
GSK3B, PTGS2, and TLR4 using the active compounds isolated 
from V. unguiculata may be a potential therapeutic approach 
for type 2 diabetes.

Molecular docking analysis

The docking results provide insights into the binding 
affinities of various compounds with three target proteins: 
GSK3B, TLR4, and PTGS2, as shown in Table 2. These inter-
actions are critical for evaluating the efficacy of these com-
pounds as inhibitors or modulators of these proteins. The 
Virtual screening results showed Stigmasterol had the high-
est binding affinity with the 8AV1 (GSK3B), Luteolin exhibited 
the highest binding affinity with the 4PH9 (PTGS2), while 
Quercetin showed the highest binding energy with the 3FXI 
(TLR4). The ligand-protein complexes were further validated 
using MD simulation and binding free energy calculations. 
During the virtual screening of the compounds with the 4PH9, 
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FIGURE 7 - KEGG Pathway 
analysis demonstrating the 
involvement of selected genes 
in diabetes relevant pathways. 

FIGURE 8 - Compound-Target- 
Pathway network. The green 
octagon represents the com-
pound, the red circle repre-
sents the hub genes, and the 
blue square represents the 
pathways targeted by hub ge-
nes. 
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the center of the grid box includes x = 20.685, y = 31.547, and 
z  = 27.584, while the size of the grid box includes x = 80,  
y = 102, and z = 72. Similarly, the virtual screening of the com-
pounds with the 8AV1, the center of the grid box was kept 
as x = −3.818, y = 0.936, and z = −2.868, while the size of the 
grid box was kept as x = 60, y = 64, and z = 72. Furthermore, 
the virtual screening of the compounds with the 3FXI, the 
center of the grid box was kept as x = 4.536, y = −17.363, and 
z = 20.067, while the size of the grid box was kept as x = 60, 
y = 40, and z = 100. The molecular docking of Luteoline with 
the 4PH9 showed three hydrogen bonds (ASNA39, GLUA466, 
and GLYA136), two pi-alkyl bonds (LEUA153 and PROA154), 
two carbon-hydrogen bonds (CYSA47 and ARGA470), and 
one unfavorable acceptor-acceptor bond (TYRA131). The 
molecular docking of the Stigmasterol with the 8AV1 showed 
seven pi-alkyl bonds (ILEA37, TYRA109, LEUA163, ALAA58, 
VALA45, LYSA60, and LEUA153), and one carbon-hydrogen 
bonds (ASPA175). The molecular docking of Quercetin with 
3FXI showed one hydrogen bond (LYSA204), two pi-anion 
bonds (ASPA155 and ASPA183), one carbon-hydrogen bond 
(HISA153), and one unfavorable acceptor-acceptor bond 
(SERA183). The molecular docking of Acarbose was con-
ducted against the 8AV1, 3FXI, and 8AV1, and results showed 
that the binding energy of Acarbose with the 8AV1 is −6.9 
kcal/mol, with 3FXI is −6.7 kcal/mol, and with the 4PH9 is 
−8.9 kcal/mol. The Acarbose showed the highest binding 
energy against the inflammatory target, i.e., PTGS2; however, 
against the GSK3B and TLR-4, the Acarbose showed lower 
binding energy as compared to the other compounds Table 3. 
The compounds and protein interactions are shown in three-
dimensional and two-dimensional views using Discovery 
Studio visualizer_16 (Fig. 9).

MD simulation analysis  

During the entire 100 ns, it was found that all ligand-
protein complexes remained stable during the simulation, 

and no significant deviation in the structural conformation of 
the ligand-protein complex was noticed. The ligand-protein 
complex stability was measured using various key parameters 
such as RMSD, RMSF, RoG, etc., and it was noticed that within 
the first few ns, the system reached equilibrium and there-
after remained stable. The RMSD values were calculated to 
assess the convergence of the system to its equilibrium con-
formation. During the RMSD calculation, initially, the system 
showed deviation for a few ns due to thermodynamic shock, 
but thereafter, the RMSD showed no significant fluctuations 
for all the complexes, as shown in Figure 10. The RMSD anal-
ysis showed that the average RMSD of the 3FXI_Quercetin 
was 0.25828, the average RMSD of the 4PH9_Luteoline was 
0.45871, while the average RMSD of the 8AV1_Stigmasterol 
was 0.28030 nm. The RMSF analysis was conducted to study 
the behavior, i.e., flexibility of the individual amino acid of the 
protein following binding with the ligand. The RMSF analysis 
showed that complexes remain stable during the simulation, 
and no significant fluctuations were noticed, as shown in 
Figure 11. The RMSF analysis showed that the average RMSF 
of the 3FXI_Quercetin was 0.14277, the average RMSF of the 
4PH9_Luteoline was 0.10841, while the average RMSF of the 
8AV1_Stigmasterol was 0.11547 nm. The compactness of  
the protein structure following ligand binding was observed 
using the radius of gyration (RoG). The RoG analysis showed 
that the complexes remained stable during the entire simu-
lation, which further validated the results of the RMSD and 
RMSF. Minor fluctuations have been observed in the com-
plexes, which correlate with the small-scale motions and con-
formational changes associated with the ligand binding with 
proteins Figure 12. The RoG analysis showed that the average 
of the 3FXI_Quercetin complex was 3.1447, the average RMSF 
of the 4PH9_Luteoline was 2.4579, while the average RoG of 
the 8AV1_Stigmasterol was 2.1969 nm. The changes in the 
ligand-protein complex surface following exposure to the sol-
vent during the 100 ns simulation were studied using SASA. 

TABLE 2 - Docking results of various compounds with 8AV1 (GSK3B), 3FXI (TLR4), and 4PH9 (PTGS2) proteins. The table summarizes the 
binding affinities (in kcal/mol)

Compound Name Binding Affinity (kcal/mol) Binding Affinity (kcal/mol) Binding Affinity (kcal/mol)

Stigmasterol −8.854 −8.679 −7.244

Campesterol −8.833 −8.062 −7.084

Beta-sitosterol −8.739 −8.052 −7.149

Daidzein −8.198 −7.088 −6.667

Quercetin −8.146 −9.122 −7.237

Apigenin −8 −8.941 −7.066

Luteolin −7.982 −9.297 −6.885

Kaempferol −7.782 −8.619 −6.732

Genistein −7.685 −8.81 −6.865

Glycitein −7.645 −7.297 −6.864

Catechin −7.637 −8.098 −7.159

Vicine −6.17 −7.04 −6.479

Acarbose −6.9 −6.7 −8.9
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Initially, the SASA showed minor fluctuations, and thereafter 
the complexes achieved stability as shown in Figure 13. The 
hydrogen bonds analysis was conducted during the entire 
simulation to study the stability of ligand-protein complexes. 
The number of hydrogen bonds fluctuated for all complexes 
during the course of the simulation; however, the maximum 
number of hydrogen bonds was retained during the simula-
tion, as shown in Figure 14.

Binding Free Energy parameters 

The MM-PBSA and MM-GBSA analyses were performed 
for all the complexes to determine their stability in terms of 
binding energy. During the binding free energy calculations of 
the 8AV1_Stigmastrol using MM-PBSA revealed that the van 
der Waals energy, EEL, ENPOLAR, and GGAS remain negative 
and exhibited favorable binding energy. However, EPB energy 
and GSOLV energy of the system remain positive and indicate 
unfavorable binding free energy. However, the total energy of 
the system remains negative and indicates favorable binding 

energy, as shown in Table 3 and Supplementary Figure 1. 
Similarly, the MM-PBSA results were validated using the 
MM-GBSA analysis.

During the binding free energy calculations of the 8AV1_
Stigmastrol using MM-GBSA revealed that the van der Waals 
energy, EEL, ESURF, and GGAS remain negative and exhib-
ited favorable binding energy. However, the EGB energy and 
GSOLV energy of the system remain positive and indicate 
unfavorable binding free energy. However, the total energy 
of the system is negative and indicates favorable binding 
energy, as shown in Table 4 and Supplementary Figure 2. 

The MM-PBSA and MM-GBSA analyses were performed 
for all the complexes to determine their stability in terms of 
binding energy. During the binding free energy calculations 
of the 4PH9_Luteoline using MM-PBSA revealed that the van 
der Waals energy, EEL, ENPOLAR, and GGAS remain negative 
and exhibited favorable binding energy. However, EPB energy 
and GSOLV energy of the system remains positive and indicate 
unfavorable binding free energy. However, the total energy of 
the system remains negative and indicates favorable binding 

FIGURE 9 - Molecular docking 
analysis of key compounds 
with target proteins TLR4 
(3FX1), PTGS2 (4PH9), and 
GSK3B (8AV1). Based on the 
virtual screening, stigmaste-
rol showed binding affinity 
with the GSK3B, luteoline 
exhibited the highest binding 
energy with the PTGS2, and 
quercetin showed the highest 
binding energy with the TLR4. 
The interaction of the ligands 
with the target proteins was 
presented in two-dimensional 
and three-dimensional views 
using Discovery Studio Visua-
lizer.
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FIGURE 10 - The RMSD para
meter following the MD si-
mulation using the compound 
with the highest binding affi-
nity. The stigmasterol showed 
the highest binding affinity 
with the 8AV1, Luteolin with 
4PH9, and Quercetin with the 
3FXI. The RMSD analysis show-
ed that all complexes showed 
an acceptable value of RMSD, 
and no significant changes 
were observed.

FIGURE 11 - The RMSF 
analysis was performed for all 
the complexes following the 
simulation. The results show-
ed no major fluctuation in the 
RMSF value, and the results 
indicate that all complexes re-
main stable. 

energy, as shown in Table 5 and Supplementary Figure 3. 
Similarly, the MM-PBSA results were validated using the 
MM-GBSA analysis.

During the binding free energy calculations of the 4PH9_
Luteoline using MM-GBSA revealed that the van der Waals 
energy, EEL, ESURF, and GGAS remain negative and exhib-
ited favorable binding energy. However, the EGB energy and 
GSOLV energy of the system remains positive and indicate 
unfavorable binding free energy. However, the total energy 
of the system is negative and indicates favorable binding 
energy, as shown in Table 6 and Supplementary Figure 4. 

The MM-PBSA and MM-GBSA analyses were performed 
for all the complexes to determine their stability in terms of 
binding energy. During the binding free energy calculations 
of the 3FXI_Quercetin using MM-PBSA revealed that the van 

der Waals energy, EEL, ENPOLAR, and GGAS remain nega-
tive and exhibited favorable binding energy. However, EPB 
energy and GSOLV energy of the system remains positive and 
indicate unfavorable binding free energy. However, the total 
energy of the system remains negative and indicates favor-
able binding energy, as shown in Table 7 and Supplementary 
Figure 5. Similarly, the MM-PBSA results were validated using 
the MM-GBSA analysis.

During the binding free energy calculations of the 3FXI_
Quercetin using MM-GBSA revealed that the van der Waals 
energy, EEL, ESURF, and GGAS remain negative and exhib-
ited favorable binding energy. However, the EGB energy and 
GSOLV energy of the system remains positive and indicate 
unfavorable binding free energy. However, the total energy of 
the system is negative and indicates favorable binding energy, 
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FIGURE 12 - The RoG of all the 
complexes was determined 
following the simulation to 
assess the stability of the com-
plexes. The RoG results sho-
wed that 8AV1_Stigmasterol, 
and 4PH9_Luteolin complexes 
are lowered as compared to 
the 3FXI_Quercetin complex.

FIGURE 14 - The 3FXI_Querce-
tin showed the highest num-
ber of hydrogen, i.e., five, as 
compared to the 8AV1_Stig-
masterol and 4PH9_Luteolin 
complex.

FIGURE 13 - The 8AV1_Sti-
gamsterol result revealed the 
lowest SASA as compared to 
the 4PH9_Luteolin and 3FXI_
Quercetin complexes. 
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as shown in Table 8 and Supplementary Figure 6. The bind-
ing free energy calculations revealed that 8AV1_Stigmaterol 
showed the highest total binding free energies (MM-PBSA = 
-23.51, MM-GBSA = −31.52), followed by the 3FXI_Quercetin 
(MM-PBSA = −22.27, MM-GBSA = −30.56), and the lowest 
binding free energies were shown by the 4PH9_Luteoline 
(MM-PBSA = −10.38, MM-GBSA = −19.91).

The contribution of the individual residues was deter-
mined using per-residue decomposition analysis for all the 
complexes. The per-residue decomposition analysis showed 
that VAL45 and ILE37 were the highest energy contribut-
ing amino acids in the 8AV1_Stigmasterol complex using 
MM-PBSA and MM-GBSA, respectively, Supplementary 

Figure 7. Meanwhile, in 4PH9_Luteoline complex decompo-
sition analysis, it was revealed that CYS36 and PRO154 were 
the highest contributing amino acids using MM-PBSA and 
MM-GBSA parameters, respectively, Supplementary Figure 8.  
The per-residue decomposition analysis of the 3FXI_
Quercetin showed that GLU128 was the highest contributing 
residue using MM-PBSA and MM-GBSA analysis, as shown in 
the Supplementary Figure 9. 

Discussion
The use of natural remedies as additional treatments 

alongside conventional therapies for the treatment of 

TABLE 3 - The MM-PBSA result of the 8AV1_Stigamsterol complex 

Frames VDWAALS EEL EPB ENPOLAR GGAS GSOLV TOTAL

Average −39.97 −8.1 29.08 −4.52 −48.07 24.56 −23.51

SD 3.34 5.49 4.09 0.21 6.2 4.03 4.8

SEM 0.15 0.25 0.18 0.01 0.28 0.18 0.21

TABLE 4 - The MM-GBSA result of the 8AV1_Stigamsterol complex 

Frames VDWAALS EEL EGB ESURF GGAS GSOLV TOTAL

Average −39.97 −8.1 21.8 −5.26 −48.07 16.54 −31.52

SD 3.34 5.49 3.5 0.45 6.2 3.36 4.2

SEM 0.15 0.25 0.16 0.02 0.28 0.15 0.19

TABLE 5 - The MM-PBSA result of the 4PH9_Luteolin complex 

Frames VDWAALS EEL EPB ENPOLAR GGAS GSOLV TOTAL

Average −30.05 −20.24 43.36 −3.45 −50.29 39.91 −10.38

SD 2.24 3.66 4.34 0.07 3.99 4.32 2.78

SEM 0.1 0.16 0.19 0 0.18 0.19 0.12

TABLE 6 - The MM-GBSA result of the 4PH9_Luteolin complex 

Frames VDWAALS EEL EGB ESURF GGAS GSOLV TOTAL

Average −30.05 −20.24 35.12 −4.74 -50.29 30.38 −19.91

SD 2.24 3.66 3.43 0.17 3.99 3.34 2.03

SEM 0.1 0.16 0.15 0.01 0.18 0.15 0.09

TABLE 7 - The MM-PBSA result of the 3FXI_Quercetin complex

Frames VDWAALS EEL EPB ENPOLAR GGAS GSOLV TOTAL

Average −21.08 −46.49 48.11 −2.8 −67.58 45.31 −22.27

SD 2.85 5.84 4.45 0.06 4.95 4.45 2.8

SEM 0.13 0.26 0.2 0 0.22 0.2 0.13
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diabetes and its associated complications is increasing world-
wide, with many plants in different countries known to have 
effects in lowering blood sugar (41). Indian literature from 
the past has documented the anti-diabetic properties of 
more than 800 plants, while ethnopharmacological research 
has shown that over 1200 plants can be used for their anti-
diabetic effects (42). The primary reason for postprandial 
hyperglycemia is the action of α-amylase and α-glucosidase 
enzymes, which break down carbohydrates. The process of 
breaking down carbohydrates starts with α-amylase, which 
breaks the 1,4-glycosidic bonds in polysaccharides, convert-
ing them into disaccharides. Subsequently, α-glucosidase 
transforms the disaccharides into monosaccharides, resulting 
in elevated blood glucose levels after meals (43). Delaying the 
digestion of carbohydrates and reducing postprandial glucose 
levels, inhibitors of alpha-amylase and alpha-glucosidase aid 
in controlling high plasma glucose levels. Investigators typi-
cally seek out natural substances that can control elevated 
blood sugar levels by reducing the activity of alpha-glucosi-
dase and alpha-amylase, leading to decreased adverse effects 
such as diarrhea, nausea, and abdominal pain (44). 

During an in vitro study, researchers analyzed cowpea 
protein hydrolysates (PH) and ultrafiltered peptide fractions 
(UFPF) for their ability to inhibit enzymes like α-amylase, 
α-glucosidase, and dipeptidyl peptidase IV. The findings indi-
cated that both PH and UFPF demonstrated the most potent 
inhibitory activity against the enzymes under investigation 
(45). A different research study found that cowpea seed 
protein hydrolysates demonstrated greater effectiveness in 
inhibiting α-amylase (46). The efficacy of sorghum-cowpea 
composite biscuits in inhibiting starch hydrolysis enzymes 
like α-amylase and α-glucosidase was examined. This combi-
nation could potentially contribute to the reduction of post-
prandial hyperglycemia by targeting specific enzymes (47). 
Aldose reductase can be found in almost all mammalian cells, 
with significantly higher levels in organs such as the cornea, 
retina, lens, myelin sheath, kidney, and sciatic nerves. These 
organs are prone to diabetic complications (48). The accumu-
lation of polyol in lens fibers, due to the heightened activity 
of the polyol pathway, results in the influx of water and the 
generation of osmotic stress. Consequently, this leads to tis-
sue damage through osmotic swelling, changes in membrane 
permeability, and oxidative stress. The polyol pathway has 
garnered considerable focus in the clinical treatment of sec-
ondary diabetes complications because of these outcomes 
(49). The breakdown of glucose through the polyol pathway 
by enzymes leads to the production of sorbitol, which is a 
harmful substance for tissues as it increases osmotic pres-
sure and can cause tissue swelling. By inhibiting the activity 

of aldose reductase, which is mainly present in the lens’s 
epithelial cells, it is possible to prevent the development of 
cataracts (23). The literature does not contain any data on 
the in vitro anti-diabetic properties, such as the inhibition of 
α-amylase, α-glucosidase, and aldose reductase activities, 
of the entire V. unguiculata plant. Therefore, our current 
study aims to assess the ability of the whole V. unguicu-
lata plant to inhibit alpha amylase, alpha glucosidase, and 
aldose reductase enzymes. Among all the samples tested, 
the crude extract exhibited the most significant inhibitory 
activity against alpha amylase, alpha glucosidase, and aldose 
reductase with IC50 values of 0.202 mg/mL, 0.111 mg/mL and 
15.823 µg/mL, respectively.

Moreover, the current study also used a network phar-
macology approach to come up with a complex network con-
necting the compounds of V. unguiculata and the potential 
protein targets. Unlike most previous studies that focus on 
single-target drugs, our approach considers multiple tar-
gets and their interactions, including those with T2DM. For 
instance, previous works have defined involvement of pro-
teins such as GSK3B in insulin signaling and glucose metab-
olism, but this work affords elaborate information to how 
multiple compounds influence GSK3B, PTGS2, and TLR4 at 
the same time. This multiple-target approach is in harmony 
with modern practices in network pharmacology, where the 
impact of drug candidates on multiple interconnected biolog-
ical targets is researched. The GO and KEGG study provides 
insight into important signaling, including PTGS2, GSK3B, and 
TLR4, which are influenced by the V. unguiculata constituents 
and evidently support the potential multi-target anti-diabetic 
activity. However, the multi-target analysis conducted in this 
study increases the likelihood of off-target effects and paves 
the way for undesired biological responses. Furthermore, the 
non-specific interactions of the studied protein with mul-
tiple signaling protein may alter biological responses and 
produce adverse effects. This study focused on the computa-
tional predictions and in vitro analysis; however, to validate  
the safety and specificity of the compounds, in vivo and  
in vitro studies will be required. GSK3B is implicated in insu-
lin signaling and glucose homeostasis. Several studies have 
revealed that GSK3B knockdown promotes insulin signaling 
and corrects glucose intolerance in diabetic animal models. 
Inhibition of GSK3B is important for regulating hyperglyce-
mia and insulin resistance since it is targeted by these inhibi-
tors (50). Similarly, PTGS2, commonly known as COX-2, is an 
enzyme that plays a significant role in inflammation (51). 
Inflammatory processes play a crucial role in the evolution 
and progression of insulin resistance and consequent type 2 
diabetes. Select members of the COX-2 enzyme have been 

TABLE 8 - The MM-GBSA result of the 3FXI_Quercetin complex

Frames VDWAALS EEL EGB ESURF GGAS GSOLV TOTAL

Average −21.08 −46.49 40.85 −3.84 −67.58 37.02 −30.56

SD 2.85 5.84 4.6 0.12 4.95 4.61 2.3

SEM 0.13 0.26 0.21 0.01 0.22 0.21 0.1
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studied as an anti-inflammatory, which may have beneficial 
effects on other metabolic complications related to diabetes.

In contrast, TLR4 contributes to the immune system, and 
its overactivation is suggested to induce the inflammation 
that drives insulin resistance (52). It has been proposed that 
using specific inhibitors or antagonists of TLR4 may present 
a useful strategy for the modulation of chronic inflammation 
and the improvement of insulin resistance in type 2 diabetes. 
Multi-target therapy in this case entails the identification of 
a number of pathways or proteins that are related to the dis-
ease and treating all of them at once. This is thought to be a 
better approach to treating various intricate conditions like 
type 2 diabetes by combating various causes.

In the future, the findings of this study can provide a 
good foundation for subsequent research into the medi-
cal value of compounds of extracts from V. unguiculata. In 
vivo studies can also be undertaken to validate the findings 
made in silico and further examine the PK/PD characteristics 
of these compounds. We also supposed that the other tar-
get proteins may be required for further research, and they 
may discover the new multi-target drug for the better treat-
ment of T2DM, especially GSK3B, PTGS2, and TLR4. Further 
insights on how these compounds collectively function 
might be helpful in designing improved combination thera-
pies, which could be beneficial in patients. Hence, this work 
not only opens more evidence about network pharmacol-
ogy as a strategy for searching the targets and new drugs’ 
designs but also shows the application of plant extracts as a 
treatment for chronic diseases.

Conclusion 
In the present study, the V. unguiculata was evaluated 

for anti-diabetic potential using in vitro, network pharma-
cology, and computational approaches. The results of the in 
vitro analysis using V. unguiculata phytochemicals showed 
significant activity against the diabetes targets such as 
α-amylase, α-glucosidase, and aldose reductase enzymes 
concerned with glucose metabolism. Furthermore, the net-
work pharmacology studies showed 88 shared target genes 
associated with T2DM, and the possible drug targets, i.e., 
GSK3B, PTGS2, and TLR4 were deemed as hub genes in the 
PPI network. The in vitro and network pharmacology stud-
ies were followed by the computational studies using virtual 
screening, MD simulation, and binding free energies calcu-
lations. The virtual screening showed the phytochemicals, 
i.e., Quercetin, Luteolin, and Stigmasterol, with the highest 
binding energy against the diabetes targets. The MD simu-
lation studies were conducted following the virtual screen-
ing to assess the dynamic stability, and the results showed 
that the complexes remain stable. The binding free energy 
studies using MM-PBSA, and MM-GBSA exhibited negative 
and favorable binding energies, hence indicating the stabil-
ity of the complexes. In conclusion, the study showed that 
V. unguiculata phytochemicals exhibited significant activity 
against the diabetes targets using in vitro, network pharma-
cology, and comprehensive computational approaches; how-
ever, to employ the V. unguiculata phytochemicals clinically 
additional studies such as comprehensive in-vivo approaches 
will be required.  

Limitations of the study
The limitations of this study include the lack of in vivo 

validation despite the fact that the present study includes in 
vitro analysis, network pharmacology approaches, and com-
prehensive computational approaches. In order to validate 
the results of the study, the in vivo studies, including phar-
macokinetics, pharmacodynamics, and toxicities associated 
with the top hits, should be conducted. Furthermore, the 
study mainly focused on identifying the molecular targets 
and binding affinities; the stability of the compounds in the in 
vivo system, such as metabolism, protein binding, and solu-
bility, was not studied. Similarly, the computational studies 
offer key insight into the ligand’s interaction with the target 
protein; however, the computational studies are influenced 
by various factors such as the type of force field used and the 
input of the structure provided. Furthermore, the study also 
lacks in vitro and in vivo studies to assess the off-target effect 
and to explore the safety profile of the compounds; thus, to 
establish the specificity, selectivity, and safety of the studied 
compounds, comprehensive in vitro and in vivo studies will 
be required.  
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ABSTRACT
Introduction: This study aimed to detect the co-occurrence of carbapenem resistance genes along with amino-
glycoside-modifying enzyme (AME) genes in clinical Enterobacterales isolates to understand the distribution of 
multiple resistance genes among clinical isolates.
Methods: This prospective study was conducted for six months (November 2024 to April 2025) in the depart-
ment of microbiology of a tertiary care hospital. A total of 30 blood culture isolates were identified as resistant 
to both carbapenem and aminoglycoside antibiotics using the automated VITEK 2 compact system. The genes 
responsible for carbapenem resistance (blaNDM, blaOXA-48, blaKPC, blaIMP, and blaVIM) were detected by multiplex real-
time PCR, and the aminoglycoside-modifying enzyme genes [APH(3’)-Ia, APH(2”)-Ib, AAC(3)-IIc, AAC(6’)-Ib, and 
ANT(3”)-I] were detected by the conventional polymerase chain reaction method. All the clinical data, patient 
demographics, and molecular findings were entered in an MS Excel spreadsheet version 14.0.4734.1000 and 
analyzed using GraphPad/PRISM software version 10.5.0.
Results: Of the 30 Enterobacterales isolates, Klebsiella pneumoniae was the most common isolate (66.7%). 
Molecular detection revealed blaNDM in 40% isolates and blaOXA48 in 10% isolates. The majority of the AME genes 
were in combination. The most common combination of the AME gene was AAC(6’)-Ib+ AAC(3)-IIc+ ANT(3”)-I + 
APH(3’)-I detected in 4 (13.3%) isolates. The most common combination of carbapenem and aminoglycoside 
resistant genes was blaNDM + blaOXA48 + AAC(6’)-Ib+ AAC(3)-IIc+ ANT(3”)-I+ APH(3’)-I (13.3%). The blaOXA-48 gene had 
a statistically significant association with AAC(6’)-Ib, ANT(3”)-I, and APH(3’)-I (p <0.05). 
Conclusion: The Co-occurence of carbapenem resistance and aminoglycoside-modifying enzyme genes in clinical 
Enterobacterales isolates limits the therapeutic option.
Keywords: Carbapenem resistance, Aminoglycoside-modifying enzymes, mCIM, eCIM, Mortality, Co-occurrence

(CLSI) recommends the modified carbapenem inactivation 
method (mCIM), EDTA-modified version (eCIM), and Carba 
NP for the detection of carbapenemase enzyme production 
(7). Carbapenemase enzymes are produced by different car-
bapenemase encoding genes like: Ambler class B metallo-β-
lactamases (MBLs)- blaNDM, blaVIM, and blaIMP; Class A serine 
β-lactamases- blaKPC, and class D oxacillinase- blaOXA-48  (8). Ami-
noglycoside resistance occurs primarily due to the production 
of aminoglycoside-modifying enzyme genes such as amino-
glycoside acetyltransferase (AAC), aminoglycoside nucleotid-
yltransferase (ANT), and aminoglycoside phosphotransferase 
(APH), which is encoded by AAC, ANT, and APH genes, respec-
tively (9-11). These resistance genes are frequently present on 
mobile genetic elements (MGEs) (for example, transposons, 
plasmids, and integrons), which promote horizontal transfer 
in bacterial populations (12). Few studies have indicated that 
clinical isolates with carbapenem resistance genes (i.e., blaNDM 
and blaOXA) have plasmids that also harbor multiple resistance 
genes, leading to the limitation of effective treatment options 
(5,13). This study aimed to evaluate the coexistence of genes 
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Introduction
The increasing spread of multidrug-resistant Entero

bacterales is a major global public health concern (1,2). 
Carbapenem resistance is caused either by the production 
of carbapenemase enzymes or by mutation in porin chan-
nels, which has led to limited treatment options (3-5). The 
Centers for Disease Control and Prevention (CDC) defines 
carbapenem resistance as non-susceptibility to at least one 
or more carbapenem or production of the carbapenemase 
enzyme (6). The Clinical and Laboratory Standards Institute 
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conferring resistance to carbapenems and aminoglycosides in 
clinical isolates of Enterobacterales.

Materials and Methods 
This prospective study was conducted for a period of six 

months from November 2024 to April 2025 in the depart-
ment of microbiology of a tertiary care hospital.

Inclusion Criteria: All clinical isolates of Enterobacterales 
that were isolated from positive blood culture samples of 
patients admitted to the main intensive care units (ICUs).

Exclusion Criteria: All non-Enterobacterales isolated from 
positive blood culture samples, Enterobacterales obtained 
from samples other than blood, or obtained from patients 
admitted to ICUs other than the main ICU and wards.

Those Enterobacterales that were screened to be resistant 
to both carbapenem and aminoglycoside antibiotics pheno-
typically, as per CLSI 2024 guidelines, were included in the 
study (7). Based on the screening, 30 isolates were included, 
and DNA extraction of the isolates followed by molecular 
detection of carbapenem-resistant genes and aminogly-
coside-modifying enzyme genes was done. Demographic 
data, clinical parameters, and outcomes of the patients were 
recorded and analyzed. 

Sample collection and processing

Blood samples from patients diagnosed with septice-
mia were collected in aerobic blood culture bottles (BACT/
ALERT FA and FN Plus BC bottles) under aseptic conditions. 
The culture bottles were incubated inside the BACT/ALERT 
3D system (BioMérieux, France) until they flagged positive or 
upto a maximum of 5 days (14). The blood culture bottle that 
flagged positive was subcultured on MacConkey and blood 
agar plates. After incubating the plates overnight at 37°C, the 
isolated bacterial colony was subjected to identification and 
antibiotic susceptibility testing.

Identification and Antimicrobial Susceptibility Testing of 
Clinical Isolates

The identification and AST of the isolates were performed 
by an automated VITEK 2 compact system (BioMérieux, USA). 
All the isolates that were identified as Enterobacterales and 
were screened to be resistant to at least one carbapenem anti-
biotic (ertapenem, imipenem, or meropenem), as well as to 
any one of the aminoglycoside antibiotics (amikacin, gentami-
cin, tobramycin, and netilmicin), were included. The interpreta-
tion of AST was performed as per the Clinical and Laboratory 
Standards Institute (CLSI) 2024 M100 guidelines (7).

Phenotypic Detection of Carbapenem Resistance and 
Aminoglycoside Resistance

All the screened isolates resistant to both carbapenems 
and aminoglycosides were again phenotypically tested by 
the Kirby-Bauer disk diffusion method using imipenem 10 µg, 
ertapenem 10 µg, meropenem µg, amikacin 30 µg, gentamicin 
10 µg, tobramycin 10 µg, and netilmicin 10 µg disks (HiMedia, 
India). Escherichia coli (E. coli) American Type Culture 
Collection (ATCC) 25922 was used as the quality control strain. 

Phenotypic Detection of Carbapenemase Production

The modified carbapenem inactivation method (mCIM) 
tests were performed on all the isolates phenotypically resis-
tant to carbapenem antibiotics as per the CLSI 2024 guidelines 
to detect carbapenemase-producing Enterobacterales (CPE) 
(7). For each strain tested, two tubes were prepared, each 
containing 2ml of Trypticase Soy Broth (TSB). One tube was 
EDTA-free, and the other tube was supplemented with 20µl 
of 0.5M EDTA. A fresh isolated colony from the test organism 
was inoculated into each tube using an inoculating loop. 

A 10 µg meropenem disk (HiMedia, India) was dropped 
into each tube and incubated aerobically at 35°C for 2-4 hours. 
Following incubation, meropenem disks were removed from 
both the tubes and placed onto Mueller-Hinton Agar (MHA) 
plates that had been freshly inoculated with 0.5 McFarland 
suspension of carbapenem-sensitive Escherichia coli ATCC 
25922 indicator strain. Next, the plates were incubated for 
16-20 hours at 35 °C. The result of the mCIM test was inter-
preted as negative when the zone of inhibition was ≥19 mm, 
positive when it measured between 6 and 15mm, and also 
considered positive (intermediate) if small, pinpoint colo-
nies appeared within the 16-18 mm zone of inhibition. E. coli 
ATCC 25922 was used as the quality control strain (15,16).

Molecular Detection of Antibiotic Resistance Genes

All the study isolates (n = 30), which were phenotypically 
confirmed to be resistant to both carbapenem and amino-
glycoside antibiotics, were subsequently subjected to DNA 
extraction by a commercially available spin column, as per 
the manufacturer’s procedure  (TRUPCR bacterial nucleic 
acid extraction kit-3B BlackBio Biotech India Ltd., Bhopal, 
India) (17). The purity and concentration of the extracted 
DNA were evaluated by measuring 1 µL of the eluted DNA 
using a NanoDrop-Multiskan Sky spectrophotometer to mea-
sure the optical density at 260 nm and 280 nm with an absor-
bance ratio of ~1.8-2.0, which is considered a purity indicator 
of DNA samples (18).  

Genes encoding carbapenem resistance (blaNDM, blaOXA48, 
blaKPC, blaVIM, and blaIMP) were detected using TaqMan hydro-
lysis probe-based multiplex real-time polymerase chain reac-
tion (PCR) (QuantStudio 5, Applied Biosystems, Waltham, MA, 
USA) by commercially available TRUPCR UTI AST Panel kit (19). 
The kit has a two-tube PCR assay, in tube one, primers and 
probe for blaKPC, blaNDM, and blaVIM, and in the second tube, 
primers and probe of blaOXA-48 and blaIMP were added. The assay 
was performed by preparing a final volume of 25 µL reaction, 
consisting of 20 µL Master Mix and 5 µL of DNA template. 

The genes encoding aminoglycoside resistance genes 
[APH(3’)-Ia, APH(2”)-Ib, AAC(3)-IIc, AAC(6’)-Ib, and ANT(3”)-I] 
were detected by the conventional PCR method using previ-
ously published primers listed in supplementary Table I. The 
samples were amplified under different cycling conditions 
using a thermal cycler (Mastercycler Nexus Gradient PCR, 
Eppendorf, Germany) [supplementary Table II]. The thermal 
cycling protocol for AAC(6’)-Ib, ANT(3”)-I, and APH(3)-Ia was 
95°C for 5 mins, followed by 35 cycles of 1 min at 95°C, 45 sec 
at 55°C, 1 min at 72°C, and final extension for 5 mins at 72°C. 
The PCR cycling protocol for AAC(3)-IIc and APH(2”)-Ib was 
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95°C for 5 mins, followed by 35 cycles of 1 min at 95°C, 45 sec 
at 57°C, 1 min at 72°C, and final extension for 5 mins at 72°C. 
After amplification, 10 µL of the amplified  DNA product was 
separated on 2% tris-Acetate Ethylene diamine tetraacetic 
acid (TAE) agarose gel electrophoresis and stained with ethid-
ium bromide (final concentration: 0.5 µg/mL). After agarose 
gel electrophoresis, the amplified DNA band was visual-
ized using the gel documentation system E-Box CX5 (Vilber, 
France). The different amplified gel products were distin-
guished using the molecular weight marker in the gel. Each 
PCR run included Escherichia coli ATCC 25922 as a negative 
control to ensure the absence of non-specific amplification. 

Statistical Analysis 

All the data (patient demographics, clinical parameters, 
and outcome) were entered into an MS Excel spreadsheet 
version 14.0.4734.1000. Analysis of the data was performed 
using the GraphPad /PRISM software version 10.5.0. A p-value 
of <0.05 was considered statistically significant.

Ethical Clearance

Clinical samples were collected after getting approval 
from the Institute Ethics Committee (IEC) (Ethics approval 
number: KIIT/KIMS/ IEC/1857/2024), with a waiver of patient 
consent provided due to de-identification of collected data.

Results
During the study period, 94 clinical Enterobacterales 

isolates were obtained from positive blood culture samples. 

Of these, 30 isolates that were phenotypically confirmed to 
be resistant to both carbapenems and aminoglycosides were 
subjected to phenotypic and molecular detection of carbape-
nem and aminoglycoside resistance. Among these, Klebsiella 
pneumoniae was the most prevalent (66.7%, 20/30), followed 
by Escherichia coli (20%, 6/30), Proteus mirabilis (6.7%, 2/30), 
Enterobacter cloacae (3.3%, 1/30), and Providencia rettgeri 
(3.3%, 1/30). Most of the isolates were recovered from male 
patients (66.7%), and the most common age group was 51-60 
and 61-70 years (23.3% each). 

The carbapenemase production of all the 30 isolates 
was done by the modified carbapenem inactivation method 
(mCIM), and 27 (90%) tested positive, indicating that car-
bapenem resistance was primarily mediated by carbapen-
emase enzymes. 

Molecular Detection of Carbapenem-Resistant Genes

Detection of carbapenem-resistant genes (blaNDM, blaOXA48, 
blaIMP, blaVIM, and blaKPC) using the multiplex real-time PCR. 
Only blaNDM and blaOXA-48 genes were detected, and all other 
genes were undetected. The real-time PCR amplification 
plots of blaNDM and blaOXA48 are shown in Figure 1.

Molecular Detection of Aminoglycoside-Modifying  
Enzyme Genes

Five different aminoglycoside-modifying enzyme (AME) 
genes, APH(3’)-Ia, APH(2”)-Ib, AAC(3)-IIc, AAC(6’)-Ib, and 
ANT(3”)-I were detected in the 30 isolates using conventional 
PCR. Representative gel images are shown in Figures 2 (a), 
(b), and (c).

FIGURE 1 - Multiplex real-time 
PCR amplification plot of blaNDM 
and blaOXA48.
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FIGURE 2 - Agarose gel image 
representing various amplifi-
cations of AME genes (a) mul-
tiplex PCR of AAC(6’)-Ib and 
ANT(3”)-I, lane 6-10: AAC(3)-
IIc (b) APH(2”)-Ib (c) APH(3’)-I.

Detection of carbapenem resistance genes and aminoglyco-
side resistance genes

Among the carbapenem resistance genes, blaNDM was 
detected in 12 (40%) isolates, blaOXA-48 was found in 3 (10%) 
isolates, and blaNDM + blaOXA48 genes were detected in 13 
(43.3%) isolates. In two bacterial isolates blaNDM and blaOXA48 
genes were undetected.

Detection of AME genes revealed AAC(6’)-Ib and 
APH(3’)-I alone were found in 2 (6.7%) isolates each. The 
most common combination of aminoglycoside resistance 
genes was AAC(6’)-Ib+ AAC(3)-IIc+ ANT(3”)-I + APH(3’)-I 

detected in 4 (13.3%) isolates. No isolate harbored the 
ANT(3”)-I gene alone; it was present along with the other 
AME genes [Figure 3].

Co-occurrence of carbapenem resistance genes and amino-
glycoside-resistant genes

Multiple resistance genes were found in various isolates. 
The most common combination of genes was blaNDM+blaOXA48+ 
AAC(6’)-Ib+ AAC(3)-IIc+ ANT(3”)-I+ APH(3’)-I (13.3%, 4/30), 
followed by blaNDM+blaOXA48+ AAC(6’)-Ib+ ANT(3”)-I (10%, 
3/30) of the isolates [Table 1].

FIGURE 3 - Distribution of the 
carbapenem and aminoglyco-
side resistance genes.

TABLE 1 - Distribution of carbapenem resistance genes coexisting with aminoglycoside-modifying enzyme genes

Co-occurrence of genes mediating carbapenem and aminoglycoside resistance Total Isolates (N = 30)

Carbapenem resistance 
genes detected

Aminoglycoside-modifying enzyme genes detected Number of isolates Frequency (%)

blaNDM blaOXA48 AAC(6’)-Ib AAC(3)-IIc APH(2”)-Ib ANT(3”)-I APH(3’)-I

+ − + − − − − 1 3.3%

+ − − + − − − 3 10%

+ − − − + − − 1 3.3%

+ − − − − − + 1 3.3%

+ − + − − + − 1 3.3%

+ − + + − − − 2 6.7%

+ − + − − − + 1 3.3%

+ − + + − − + 2 6.7%

+ − + − − + + 1 3.3%

− + − − − − + 1 3.3%

− + + − − + − 1 3.3%

− + + + − − + 1 3.3%

+ + + − − + − 3 10%

+ + + − − + + 2 6.7%

+ + + − + − + 1 3.3%

+ + + + − − + 2 6.7%

+ + + + − + + 4 13.3%
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detected in 4 (13.3%) isolates. No isolate harbored the 
ANT(3”)-I gene alone; it was present along with the other 
AME genes [Figure 3].

Co-occurrence of carbapenem resistance genes and amino-
glycoside-resistant genes

Multiple resistance genes were found in various isolates. 
The most common combination of genes was blaNDM+blaOXA48+ 
AAC(6’)-Ib+ AAC(3)-IIc+ ANT(3”)-I+ APH(3’)-I (13.3%, 4/30), 
followed by blaNDM+blaOXA48+ AAC(6’)-Ib+ ANT(3”)-I (10%, 
3/30) of the isolates [Table 1].

FIGURE 3 - Distribution of the 
carbapenem and aminoglyco-
side resistance genes.

TABLE 1 - Distribution of carbapenem resistance genes coexisting with aminoglycoside-modifying enzyme genes

Co-occurrence of genes mediating carbapenem and aminoglycoside resistance Total Isolates (N = 30)

Carbapenem resistance 
genes detected

Aminoglycoside-modifying enzyme genes detected Number of isolates Frequency (%)

blaNDM blaOXA48 AAC(6’)-Ib AAC(3)-IIc APH(2”)-Ib ANT(3”)-I APH(3’)-I

+ − + − − − − 1 3.3%

+ − − + − − − 3 10%

+ − − − + − − 1 3.3%

+ − − − − − + 1 3.3%

+ − + − − + − 1 3.3%

+ − + + − − − 2 6.7%

+ − + − − − + 1 3.3%

+ − + + − − + 2 6.7%

+ − + − − + + 1 3.3%

− + − − − − + 1 3.3%

− + + − − + − 1 3.3%

− + + + − − + 1 3.3%

+ + + − − + − 3 10%

+ + + − − + + 2 6.7%

+ + + − + − + 1 3.3%

+ + + + − − + 2 6.7%

+ + + + − + + 4 13.3%

Association of blaNDM and blaOXA-48 genes with aminoglycoside- 
modifying enzyme genes in clinical isolates

The association between the 5 AME genes and 
carbapenem-resistant genes was assessed. No significant 

association was observed between blaNDM and any of the 
AME genes (p > 0.05). The blaOXA48 gene showed an associa-
tion with AAC(6’)-Ib (p = 0.044), ANT(3’’)-I (p = 0.007), and 
APH(3’)-I (p = 0.030) [Table 2].
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In-hospital mortality in patients infected with multiple 
resistance genes

The rate of in-hospital mortality among patients infected 
with Enterobacterales isolates harboring multiple resistance 
genes was 43.3%. These isolates carried both carbapenem 
resistance genes (blaNDM and blaOXA48) along with one or more 
aminoglycoside-modifying enzymes (AMEs) genes.

Discussion
In this study, we phenotypically detected carbapen-

emase production in 30 clinical Enterobacterales isolates 
by the modified carbapenem inactivation method (mCIM). 
Approximately 90% of these isolates were carbapenemase 
producers, indicating that enzyme production plays a signifi-
cant role in carbapenem resistance in Enterobacterales. This 
is consistent with the Verma et al. and Gallego et al. studies 
(16, 23). Furthermore, all mCIM-positive isolates were fur-
ther tested for the EDTA carbapenem inactivation method 
(eCIM), and all of them were metallo-β-lactamase producers.

We found that blaNDM was the most common carbape-
nem resistance gene, detected in 40% of the isolates, either 
individually or in combination with blaOXA48. The blaOXA48 gene 
was found in 10% of the isolates, while the co-occurrence 
of blaNDM and blaOXA48 was detected in 43.3% of the isolates. 
The high prevalence of these genes is consistent with reports 
from other parts of India and European countries, where 
blaNDM and blaOXA48 are the frequent carbapenem resistance 
genes found in clinical Enterobacterales isolates (24-28). 
Several other studies have also documented the co-carriage 
of blaOXA48 and blaNDM genes, which is in congruence with our 
findings (29-31). None of the isolates tested positive for the 
blaVIM, blaKPC, or blaIMP genes in our study. Few Indian studies 
have similarly identified blaNDM and blaOXA48 to be the most 
common genes detected, while blaKPC remains infrequently 
detected in Enterobacterales (24,25). 

Among the aminoglycoside-modifying enzyme (AME) 
genes, both AAC(6’)-Ib and APH(3’)-I were detected individu-
ally in 6.7 % of the isolates. However, the coexistence of mul-
tiple AME genes was more frequent. The most common AME 
gene combination was AAC(6’)-Ib + AAC(3)-IIc + ANT(3”)-I + 
APH(3’)-I gene, with a positivity rate of 13.3%. The preva-
lence of coexisting genes has also been reported by Nie Lu 
et al. (32). Bacteria can acquire antimicrobial resistance genes 
(ARGs) through gene mutations under constant antibiotic 

selection pressure. ARGs are found on mobile genetic ele-
ments (MGEs), including plasmids, transposable elements, 
and bacteriophages (33). The coexistence of multiple resis-
tance genes could be attributed to IncF plasmids, which are 
well-known carriers of extended-spectrum β-lactamases, 
carbapenemase, aminoglycoside-modifying enzymes, and 
plasmid-mediated quinolone resistance (PMQR) genes (34). 
A study conducted in Spain found that the plasmid conferring 
aminoglycoside resistance in Enterobacterales belongs to the 
IncF, IncFIA, or IncFIB incompatibility groups (35). Few other 
studies have also provided evidence suggesting that these 
plasmids play a crucial role in the dissemination of aminogly-
coside resistance genes in drug-resistant bacteria (22).

Importantly, the study demonstrated an increased co-
occurrence of carbapenem resistance genes and aminogly-
coside resistance genes. The most common co-occurring 
resistance genes were: blaNDM + blaOXA48 + AAC(6’)-Ib + AAC(3)-
IIc + ANT(3”)-I + APH(3’)-I, which were detected in 13.3% of  
the isolates, followed by blaNDM + blaOXA48 + AAC(6’)-Ib 
+ ANT(3”)-I, which were found in 10% of the isolates. 
Wangkheimayum J et al. reported a high prevalence of car-
bapenem and colistin resistance in aminoglycoside-resistant 
Enterobacterales. However, they reported that most of the 
CRE isolates did not carry any carbapenemase genes, indicat-
ing an alternative resistance mechanism (22). 

The present study investigated the association between all 
five aminoglycoside-modifying enzyme (AME) genes and car-
bapenem resistance genes. The blaOXA48 gene and three spe-
cific AME genes: AAC(6’)-Ib (p = 0.044), ANT(3”)-I (p = 0.007), 
and APH(3’)-I (p = 0.030) were found to have a statistically 
significant association. This finding could be due to the co-
localization of these resistance genes on conjugative plas-
mids, like IncF, IncL/M, or other broad-host-range plasmids, 
which facilitate their horizontal transmission (36,37). 

The overall in-hospital mortality was 43.3% among 
patients harboring multiple resistance genes (blaNDM, blaOXA48, 
and at least one AME gene). This is in agreement with Baek 
et al., who reported a 30-day mortality rate of approximately 
40.9% in CRE-infected patients harboring multiple carbape-
nem-resistant genes (38). A systematic review done by Falagas 
et  al. further indicated that CRE-attributable deaths ranged 
from 26% to 44% (39). There are very limited studies reporting 
the presence of AME genes attributable to death in patients.

The presence of carbapenem resistance genes along with 
one or more aminoglycoside-modifying enzyme genes is a 

TABLE 2 - Association of blaNDM and blaOXA48 genes with AME genes in clinical Enterobacterales isolates

Antibiotic resistance genes AAC(6’)-Ib AAC(3)-IIc APH(2”)-Ib ANT(3’’)-I APH(3’)-I

blaNDM positive (N = 25) 20 12 11 2 14

blaNDM negative (N = 5) 4 2 1 0 3

p-value >0.05 0.743 0.512 0.317 0.869

blaOXA48 positive (N = 16) 15 7 10 1 12

blaOXA48 negative (N = 14) 9 7 2 1 5

p-value 0.044 0.732 0.922 0.007 0.03
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growing concern, as it limits effective treatment options. This 
co-occurrence of multiple resistance genes could be due to 
a combination of mutation accumulation or by horizontal 
transfer of resistance genes via plasmids, transposons, and 
integrons, ultimately forming clusters of resistance genes 
known as “antimicrobial resistance islands” (33). 

The study has certain limitations; it was conducted in 
a single tertiary care center with a limited sample size, so 
the findings cannot be fully generalizable to other regions 
or healthcare settings. Hence, further multi-centric studies 
should be conducted to confirm our findings. The sequenc-
ing of the resistant genes was not done, which would have 
provided further confirmation and characterization of those 
genes. Furthermore, we documented the co-occurrence of 
carbapenem resistance genes and aminoglycoside-modifying 
enzyme genes; however, we did not analyze the clinical out-
come of the patients harboring multiple resistance genes. 

Conclusion
This study highlights the increasing epidemiological risk 

posed by multidrug-resistant organisms with multiple resis-
tance genes. It specifies the presence of blaNDM and blaOXA48 
in carbapenem-resistant Enterobacterales, along with circu-
lating aminoglycoside-modifying enzyme genes in the east-
ern region of India. The coexistence of these genes limits the 
available therapeutic options, making these infections diffi-
cult to manage with an alarming mortality rate.
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ABSTRACT
Introduction: Atypical hemolytic uremic syndrome (aHUS) is a potentially life-threatening condition associated 
with poor clinical outcomes if not treated adequately. Eculizumab has become the standard of care, whereas 
ravulizumab, a second-generation, high-affinity complement C5 inhibitor, demonstrates comparable efficacy 
in improving renal function, hematological markers, and dialysis rates. In addition, ravulizumab offers practical 
advantages, including a longer dosing interval and immediate, complete, and sustained inhibition of free C5,  
making it a valuable therapeutic option.
Methods: Given the limited real-world experience with ravulizumab, we present a case series of six treatment-
naïve aHUS patients who received ravulizumab as first-line therapy.
Results: These cases include one pregnancy-related aHUS, one postpartum case, one related to a urinary tract 
infection, one associated with hypertension, one with a pneumonia-related trigger, and one kidney transplant 
patient with a prior verotoxin-producing E. coli infection. Altogether, these cases illustrate the challenges in diag-
nosing aHUS. The choice to administer ravulizumab as first-line treatment was sometimes made in the presence 
of a clear clinical suspicion, even when not all minor criteria seemed to confirm the diagnosis. In most patients, 
renal function improved rapidly after ravulizumab administration, followed by recovery of hematological param-
eters, which were stable in the longer term. As improvements remained sustained over time, the possibility of 
discontinuing ravulizumab can be evaluated on a case-by-case basis.
Conclusion: These cases highlight the importance of early diagnosis, prompt intervention, and multidisciplinary 
care in managing aHUS. Ravulizumab as first-line therapy proved effective and well-tolerated, with sustained 
clinical improvements observed across diverse real-world scenarios.
Keywords: Atypical hemolytic uremic syndrome, Diagnosis, Ravulizumab, Thrombotic microangiopathy, Treatment 
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tract (3). The incidence of aHUS is around 0.23-0.42 cases per 
million (4). 

The complement system is an important part of innate 
immune defense, and aHUS results from an acute, uncon-
trolled activity of the alternative complement pathway, 
leading to endothelial cell dysfunction and formation of 
microvascular thrombi (5,6). Genetic abnormalities in the 
complement pathway may be in the form of rare variants in 
complement genes or autoantibodies against specific com-
plement factors (7). In particular, uncontrolled complement 
activation is caused by gain-of-function variants in comple-
ment activation factors (CFB and C3) or loss-of-function vari-
ants in complement regulatory proteins (CFH, CFHR3, MCP, 
and CFI) (8). Genetic or acquired dysregulation of the alter-
native complement pathway is seen in 40–60% of patients 
with aHUS, which indicates genetic predisposition in many 
patients (1,3). 

Introduction
Atypical hemolytic uremic syndrome (aHUS) is a rare 

form of thrombotic microangiopathy (TMA) that is charac-
terized by thrombocytopenia, microangiopathic hemolytic 
anemia, and renal impairment (1,2). In addition, extrarenal 
manifestations are recognized in up to 20% of cases, involv-
ing the central nervous system, lungs, peripheral vasculature, 
cardiovascular system, skeletal muscle, and gastrointestinal 

https://doi.org/10.33393/dti.2025.3616
https://creativecommons.org/licenses/by-nc/4.0/legalcode
https://orcid.org/0009-0004-5108-7385
https://orcid.org/0000-0002-5638-0837


Real-World Use of Ravulizumab in Treatment-Naïve aHUS Patients100 

© 2025 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

Although many variants are implicated in its pathogen-
esis, the development of aHUS is multifactorial. While an 
individual may carry a mutation, a trigger (or second-hit) is 
needed for aHUS to occur (1,2). Such triggers include preg-
nancy, viral infection, cancer, organ transplantation, and use 
of certain medications (9). In particular, pregnancy-associated 
aHUS accounts for about 10-20% of all diagnosed aHUS (10) 
and post-kidney transplant aHUS for about 10% (9).

It is important to recognize that aHUS remains a clinical 
diagnosis (11) and, if untreated, a potentially life-threatening 
condition associated with poor clinical outcomes, high 
morbidity and mortality, and irreversible renal failure (1,2). 
In fact, before the availability of effective therapy, one study 
reported that 56% of adults with aHUS progressed to end-
stage renal disease (ESRD) or death within 1 year (4). Plasma 
exchange was historically the therapy of choice, although in 
the last decade, due to a greater understanding of comple-
ment biology, a complement-inhibiting drug, eculizumab, 
has become the new standard of care (6,12). This human-
ized monoclonal antibody binds to the C5 protein in the com-
plement system, preventing the formation of the terminal 
complement complex C5b-9 and thereby effectively inhib-
iting cellular hemolysis and autoimmune reactions. The 
efficacy and safety of treating aHUS with eculizumab are well 
documented and have become the standard of care (13).

More recently, ravulizumab, a second-generation, specific, 
high-affinity complement C5 inhibitor, has been developed 
(14). Ravulizumab was approved by the FDA and EMA for 
aHUS in 2020. Both eculizumab and ravulizumab are well 
tolerated and have comparable efficacy in improving renal 
function, hematological markers, and rates of dialysis (15). 
However, ravulizumab appears to have several advantages 
over eculizumab, which include a longer dosing interval  
(8 weeks vs. 2 weeks) and immediate, complete, and sustained 
inhibition of free C5 (16). These advantages may be associated 
with improved quality of life (QoL) for patients and caregivers 
(6,17,18). However, it has been noted that comparison of ravu-
lizumab and eculizumab is limited by major differences in the 
characteristics of patients included in the three largest studies 
with these agents (19). In particular, patients enrolled in the 
ravulizumab trial were, on average, older and showed a low 
frequency of complement gene variants, which may not be 
fully representative of the overall aHUS population. Moreover, 
the endpoints differed between studies, further limiting the 
possibility of direct comparison (19,20).

Despite its promising benefits, ravulizumab is a relatively 
new agent, and there are few reports of clinical experience 
with the drug in real-world settings (21,22). Herein, we 
present a real-world case series of 6 treatment-naïve aHUS 
patients who were treated with ravulizumab. We also include 
data on its efficacy during the acute phase, which was not 
addressed in Phase III trials due to their study design.

Case presentations
The following six cases of patients with aHUS were col-

lected from participating centers. In all cases, ravulizumab 
was administered according to approved clinical practice. 
The therapeutic regimen included a weight-based intrave-
nous loading dose, followed by the first maintenance dose 

14 days later, and subsequent maintenance doses every 
8 weeks thereafter. All patients were vaccinated against 
Neisseria meningitidis at least two weeks prior to the first 
dose of ravulizumab, unless the urgency of treatment out-
weighed the risk of delaying therapy. Patients who initiated 
ravulizumab less than two weeks after meningococcal vac-
cination received appropriate antibiotic prophylaxis until two 
weeks after vaccination (23). 

At our centers, the choice between ravulizumab and 
eculizumab is patient-specific, guided by internal hospital 
protocols and in line with international recommendations 
(6,24).

Case #1

A 38-year-old woman, without chronic disease, was 
admitted to the Emergency Room at the 25th week of her 
second pregnancy. The patient complained of abdominal pain 
and intermittent fever for 3 days (max 40.3°C) that did not 
respond to paracetamol. Placental abruption was diagnosed 
due to the onset of profuse metrorrhagia, and the patient 
was submitted to an emergency C-section with delivery of 
a dead fetus. A Bakri balloon was inserted in the uterine  
cavity to achieve hemostasis. Following a sudden worsening 
of hemodynamic parameters, the patient was admitted to 
the Intensive Care Unit, needing blood transfusion and treat-
ment with noradrenaline.

Blood tests showed thrombocytopenia (50,000/mm3), 
Coombs-negative, normochromic normocytic anemia (Hb, 
hemoglobin, 7.5 g/dL), increased lactate dehydrogenase 
(LDH), indirect bilirubin of 1.12 mg/dL, reticulocytes of 7.71%, 
undetectable haptoglobin, white blood cells 5130/mm3 with 
neutrophilia (91%), and increased D-dimer (33,650 ng/mL).  
Other coagulation test abnormalities showed prolonged pro-
thrombin time and partial thromboplastin time, low fibrin-
ogen, increased serum creatinine (sCr; 1.48 mg/dL), and 
blood urea nitrogen (BUN; 36 mg/dL). A pregnancy-specific  
disseminated intravascular coagulation (DIC) score (i.e., 
fibrinogen concentration, prothrombin time, and platelet 
count) was used to diagnose DIC, and treatment with fresh 
frozen plasma, antithrombin III, and prothrombin complex 
was administered after multidisciplinary consultation. 

CT angiography excluded the presence of pulmonary 
embolism and showed pulmonary infiltrates associated with 
pleural effusion, while the kidneys were of regular size with 
reduced bilateral parenchymal and excretory function due 
to renal damage. Empirical antibiotic therapy with cefazo-
lin was given. Coagulation tests normalized rapidly, but sCr 
continued to increase, which was associated with oligu-
ria and metabolic acidosis. Continuous renal replacement 
therapy was started without heparin and citrate, due to 
contraindications.

Hemolytic anemia and thrombocytopenia persisted, 
whereas coagulation tests were in the normal range. A 
peripheral blood smear to evaluate bicytopenia showed 
schistocytes. Together, these results were indicative of a 
TMA. Plasma ADAMTS13 activity was normal, neurological 
symptoms were absent, the patient had no recent history of 
diarrhea, and E. coli was not detected in stool. Thus, TTP and 
typical HUS were ruled out. The absence of autoantibodies 
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excluded autoimmune disease, and the persistent hemolytic 
anemia, thrombocytopenia, and renal failure led to a suspi-
cion of aHUS. Ravulizumab was then started as per the pro-
tocol described above (first dose 2700 mg; after two weeks, 
3300 mg), in association with vaccination for pneumococcus.

The patient’s clinical conditions, hemodynamic param-
eters, and laboratory markers gradually improved, except for 
anuria and renal function, and the Nephrology Department 
was consulted since the patient needed to continue hemo-
dialysis. After 2 weeks, the patient was taken to the cardiac 
intensive care unit for the sudden onset of respiratory failure, 
chest pain, and rapid worsening of left ventricular ejection 
fraction (LVEF, 35% on echocardiogram). 

Pulmonary CT showed massive pulmonary infiltrates with 
pleural and pericardial effusion (Fig. 1), and sputum was 
positive for E. coli, E. gallinarum, and Influenza A virus. ECG 
and troponin levels excluded acute coronary syndrome. Non-
invasive ventilation and directed antimicrobial therapy were 
promptly started, and a session of continuous venovenous 
hemofiltration in combination with CytoSorb led to clinical 
improvement, with reduction of inflammatory markers, nor-
malization of cardiac and pulmonary function, and induction 
of diuresis. 

FIGURE 1 - Pulmonary CT scan in patient #1 showing pericardial and 
bilateral pleural effusion and multiple areas of ground-glass type 
parenchymal consolidation.

The patient was then transferred to the Nephrology unit, 
where she gradually suspended hemodialysis. After a few 
days, she was discharged with a diagnosis of chronic kidney 
disease (CKD) (eGFR 22 mL/min/1.73 m2) and an indication to 
receive ravulizumab every 8 weeks. At the 6-month follow-up 
visit, the patient was in good clinical condition, asymptomatic, 
maintaining the same stage of CKD, and with no other labora-
tory or radiological abnormalities. Blood parameters during 
treatment with ravulizumab are shown in Table 1. Genetic 
tests were negative for complement mutations known to be 
related to aHUS. A final dose of ravulizumab was planned for 
the patient, after 12 months of treatment, with close special-
ist outpatient follow-up.

Case #2

A 21-year-old woman with no history of pathology pre-
sented to the Emergency Room for profuse diarrhea, reduced 
diuresis, and the appearance of edema in the lower limbs. 
Four days earlier, she had delivered her first child with no 
complications. The patient presented with sensorium intact, 
BP 185/90 mmHg, no visible bleeding, and mild dyspnea at 
rest. Chest X-ray showed thickening of lung tissue in the right 
medio-basal segment with a thickened appearance of the 
ipsilateral hilar region. Echocardiography indicated volume 
overload with moderate hemodynamic repercussions (ejec-
tion fraction 50%), without evidence of severe ventricular 
dysfunction or structural abnormalities of cardiac valves. 
Abdominal ultrasound showed bilateral pleural effusion, 
which was larger on the right with a thin layer of peritoneal 
fluid. Renal color Doppler showed kidneys of normal size, with 
normal cortical thickness and echogenicity, no urinary tract 
dilation, good vascularization, and both renal arteries and 
veins well visualized. Laboratory tests revealed severe ane-
mia (hemoglobin 6.8 g/dL), thrombocytopenia (192,000/µL),  
and hemolysis with markedly increased LDH (1866 IU/L), 
low haptoglobin (0.07 g/L), and a negative Coombs test. 
ADAMTS13 activity was normal. Renal function was severely 
compromised, with serum creatinine of 11 mg/dL, urea of 
233 mg/dL, and anuria (~100 mL/24h). Inflammatory mark-
ers were elevated, with ferritin of 1734 ng/mL and CRP of 
108 mg/L. Immunological screening revealed weakly posi-
tive antinuclear antibodies (ANA) (1:160, granular pattern), 
negative antineutrophil cytoplasmic antibodies (ANCA) and 
extractable nuclear antigens (ENA), normal immunoglobu-
lin levels, normal complement fractions, and negative lupus 
anticoagulant (LAC) and antiphospholipid antibodies. Shiga 
toxin testing was negative. Lymphocyte subsets were normal, 
and the peripheral smear showed rare schistocytes. Due to 
severe renal impairment and fluid overload with reduced 
urine output, urgent dialysis was indicated after placement 
of a femoral central venous catheter. Blood transfusions were 
administered.

All data were consistent with a clinical diagnosis of 
aHUS, and therapy with ravulizumab was initiated as per 
the protocol described above (2700 mg first dose; 3300 mg  
maintenance dose). Improvement in hemoglobin was seen 
at around 3 days after starting ravulizumab (last trans-
fusion required for Hb <7.5 g/dL on 3 days after the first 
infusion, with progressive improvement). Diuresis resumed 
immediately, while renal function improved after about 5 
days, with a gradual reduction in sCr, resulting in suspension 
of dialysis. 

Upon discharge, one month later, sCr was 2.8 mg/dL, BUN 
57 mg/dL, Hb 11.9 mg/dL, platelets (PLT) 223,000, and hap-
toglobin and LDH were within normal limits, with efficient 
diuresis, proteinuria 240 mg/24 h, ANA negative, and com-
plement system within normal limits. Genetic testing after 
the second dose revealed the presence of a genetic variant 
[c.2383G>A (p.Gly795Arg)] in the CFH gene. Early diagnosis 
and prompt initiation of ravulizumab therapy led to optimal 
recovery of renal function and restoration of hematologi-
cal parameters. The treatment was well tolerated, and the 
8-week dosing interval allowed for maintenance of high QoL.
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Case #3

A 38-year-old woman presented to the Emergency 
Room with nausea, vomiting, diarrhea, severe hyperten-
sion (200/115 mmHg), and headache. She reported a recent 
course of therapy with amoxicillin/clavulanic acid for a uri-
nary tract infection (UTI) due to E. coli. Her medical history 
included a diagnosis of HELLP syndrome (Hemolysis, Elevated 
Liver enzymes, Low Platelet count) during pregnancy two 
years prior in 2021. Laboratory investigations at admission 
revealed neutrophilic leukocytosis, anemia (Hb 7.6 g/dL), 
thrombocytopenia (PLT 29,000/μL), and acute kidney injury 
(sCr 4 mg/dL). After admission, further testing revealed azo-
temia (110 mg/dL), hyperbilirubinemia (2.33 mg/dL), and 
markedly elevated LDH (2894 IU/L). Inflammatory markers 
and arterial blood gas were within normal limits.

The patient was transferred to the Internal Medicine and 
Vascular Unit with a suspected diagnosis of aHUS; stool cul-
tures and Shiga-like toxin were negative. Laboratory findings 
included a haptoglobin level of 2 mg/dL, and ADAMTS13 
activity was 91.3%. Urinalysis revealed proteinuria (300 
mg/dL), hematuria (0.20 mg/dL), and numerous red blood 
cells in sediment. She was administered a brief cycle of 
corticosteroids and underwent one session of plasma-
pheresis. Plasmapheresis was performed as an emergency 
measure due to the unavailability of complement inhibi-
tors. Corticosteroids were likely given to address thrombo-
cytopenia, although the exact rationale for these treatments 
cannot be confirmed, as the patient was initially admitted to  
another ward.

Given the clinical situation and the suspected diagnosis 
of aHUS, ravulizumab was administered (2700 mg) as per the 
protocol described above. Laboratory analysis performed on 
the day of treatment administration showed Hb 8.2 g/dL, 
PLT 34,000/μL, azotemia 150 mg/dL, sCr 5.78 mg/dL, pro-
teinuria 8.25 g/24h, and low C3 (81 mg/dL; reference range  
90-180 mg/dL). 

Due to acute kidney injury (AKI), the patient was trans-
ferred to the Nephrology department. The patient never 
required hemodialysis, but received three separate red cell 
concentrate transfusions on days 1, 3, and 8 after the first 
infusion of ravulizumab. Antihypertensive therapy with  
amlodipine and ramipril was initiated, resulting in optimal 
blood pressure. 

Following the first infusion of ravulizumab and consecu-
tive doses, significant improvements in blood parameters 
were observed (Table 2). Further investigations revealed 
that the patient carries a heterozygous missense variant 
[c.3356A>G (p.Asp1119Gly)] in the CFH gene, classified as 
pathogenic. Anti-FH antibodies were negative (11 AU/mL). 
Induction therapy with ravulizumab, followed by main-
tenance infusions, enabled the patient to obtain an age- 
appropriate lifestyle and resume normal work and family 
activities. 

Case #4

A 49-year-old woman presented to the Emergency 
Department with complaints of asthenia, nausea, and vom-
iting. Upon evaluation, she exhibited severe hypertension 

TABLE 1 - Laboratory findings in patient #1 during treatment with ravulizumab

Parameter 24 hours 48 hours 1 month 1.5 months 3 months 6 months

sCr (mg/dL) 3.25 3.7 4.33 2.67 2.7 2.71

eGFR (mL/min) 17 15 12 22 21 21

BUN (mg/dL) 95 118 149 153 105 108

Total bilirubin (mg/dL) 2.14 1.83 0.74 0.54 0.49 0.52

Direct bilirubin (mg/dL) 1.12 0.91 0.22 0.14 0.08 0.10

Indirect bilirubin (mg/dL) 1.02 0.92 0.52 0.40 0.41 0.42

LDH (IU/l) 3608 3324 500 525 271 270

Hb (g/dL) 8.1 7.7 11.7 12 11.9 11.2

WBC (x 103/µL) 29.99 30.71 7.61 7.27 5.6 4.96

Neutrophils (x103/µL) 26.2 26.69 5.17 4.88 3.23 3.13

PLT (x103/µL) 21 32 285 263 333 212

PT (sec) 13.6 14.1 16.8 13.6 13.5 13.9

PTT (sec) 22.3 22.4 24.1 23.6 26 24.7

Fibrinogen
(mg/dL)

409 394 111 265 257 281

Haptoglobin (mg/dL) N.A. N.A. 69.6 180 167 111

D-dimer (ng/mL) 2484 N.A. 1584 N.A. N.A. N.A.
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(200/100 mmHg), anemia (Hb 8.6 g/dL), thrombocytopenia 
(PLT 63,000/μL), and elevated sCr (3.88 mg/dL). Her medical 
history was significant for breast carcinoma and a surgically 
treated cerebral aneurysm following an episode of head-
ache in 2019. In 2022, she was diagnosed with acute iron-
deficiency anemia, likely secondary to menometrorrhagia, 
requiring blood transfusions. At that time, laboratory investi-
gations revealed sCr of 0.7 mg/dL, hemoglobin 5.9 g/dL, and 
blood pressure of 170/100 mmHg.

Given the patient’s present laboratory findings (Hb 7.7 g/dL,  
PLT 111,000/μL, LDH 626 IU/L) and persistent renal impair-
ment, she was transferred to the Internal Medicine Unit 
and subsequently to the Nephrology Unit. Peripheral blood 
smear revealed the absence of schistocytes and the pres-
ence of platelet aggregates. ADAMTS13 was mildly reduced 
(62%), the Coombs test was negative, and complement levels 
(C3, C4) were within normal range. A comprehensive auto-
immune, endocrine, and imaging work-up (including ANA, 
ANCA, anti-PLA2R, PET-CT, and bone scan) was unremarkable.

The patient underwent two blood transfusions for 
severe anemia. After excluding other causes of TMA, a first 
ravulizumab infusion was administered as per the protocol 
described above, with a planned dose of 2400 mg and a 
maintenance dose of 3000 mg. Following the placement of 
a central venous catheter, she initiated replacement hemo-
dialysis. Data on changes in blood parameters are shown in 
Table 3. A slow acute renal response was noted, whereas the 
hematologic response was considerably more rapid.

After 6 months, sCr had decreased to 2.9 mg/dL and 
remained stable at one year (2.59 mg/dL). Genetic analysis 
was negative. In this patient, ravulizumab improved symp-
toms and complications due to CKD, leading to less frequent 
follow-up and a better overall QoL, with no side effects.

Case #5

A 16-year-old girl weighing 29 kg with psychomotor retar-
dation, spasticity, and a congenital solitary kidney, presented 
to the Emergency Room after being transferred from another 
hospital for acute renal failure, suspected to be associated 
with aHUS. Two days earlier, she had visited the Emergency 
Room with symptoms of drowsiness and hyperglycemia. 
At previous discharge, the patient had acute renal failure  
(sCr 5.2 mg/dL) and fever (39°C). She had been treated with 
intravenous hydration. Despite medical intervention, renal 
function progressively deteriorated. Additional findings 
included anemia, thrombocytopenia, positive Coombs test, 
absence of visible bleeding, lower extremity edema, and mild 
dyspnea at rest. Laboratory tests upon admission showed Hb 
8.7 g/dL, PLTs 141,000 /μL, LDH 633 IU/L, sCr 5.98 mg/dL, 
BUN 199 mg/dL, anuria, normal aspartate aminotransferase 
(AST) / alanine aminotransferase (ALT) / gamma-glutamyl 
transferase (GGT), normal protein electrophoresis, total bili-
rubin 0.31 mg/dL, prothrombin time in normal range, nor-
mal activated partial thromboplastin time (aPTT), fibrinogen  
419 mg/dL, and C-reactive protein (CRP) 31 mg/L. 

Due to severe renal impairment and the state of overload 
with reduction in diuresis, urgent dialysis was started fol-
lowing placement of a central venous catheter. Blood trans-
fusions were administered. The next day, the patient had 
hemoptysis and hematemesis with vomiting, for which she 
underwent CT angiography and gastroscopy. CT angiography 
showed bilateral pleural effusion, with lamellar consolidation 
of the bilateral dorsal basal parenchyma. Areas of parenchy-
mal hyperdensity were observed with acinar involvement 
affecting both upper lobes. The right kidney was increased in 
volume, with reduced contrast enhancement and failure to 

TABLE 2 - Laboratory investigations following administration of ravulizumab in patient #3

Parameter Day 3 Day 5 Day 7 Day 10 Week 7 6 months

Hb (g/dL) 7.8 7.9 7.4 7.9 11.4 13.0

Platelets (μL) 91,000 149,000 176,000 222,000 356,000 349,000

sCr (mg/dL) 6.72 5.43 4.70 2.85 0.81 0.88

BUN (mg/dL) 175 149 113 76 47 29

LDH (IU/mL) 1542 1038 780 550 194 182

Haptoglobin (mg/dL) 1 3 3 3 68 104

TABLE 3 - Changes in blood parameters after the first and second dose of ravulizumab in patient #4

Parameter 48 h after 1st 
infusion

13 days after 
1st infusion 

20 days after 
1st infusion 

21 days after 
1st infusion

22 days after 
1st infusion 

24 h after 2nd 
infusion

72 h after 2nd 
infusion 

sCr (mg/dL) 6.18 5.25 4.83 N.A. 4,48 4.70 4.27

LDH (IU/L) 140 185 259 N.A. 423 405 441

Hb (g/dL) 10.3 9.2 7.9 9.6 N.A. 10.0 11.4

Platelets (µL) 223,000 158,000 291,000 309,000  N.A. 292,000 267,000

Notes Dialysis Transfusion
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excrete iodinated urine. Gastroscopy revealed bile material 
mixed with blood at the bottom of the stomach. The mucosa 
of the gastric fundus was hyperemic. No obvious lesions or 
hemorrhagic sources were identified.

Laboratory tests showed Hb 5.4 g/dL, PLTs 77,000/μL, sCr 
4.76 mg/dL, BUN 120 mg/dL, LDH 633 IU/L, coagulation time 
normal, ADAMTS13 58%, haptoglobin 1.47 g/L, Coombs test 
positive, autoimmune profile with 1:100 ANA positivity with 
fine granular pattern, anti-dsDNA negative, C3 fraction of 
complement reduced to 0.66 g/L, C4 fraction and immuno-
globulins normal, and ENA negative.

After hematological consultation, aHUS was suspected, 
and a peripheral blood smear indicated rare schistocytes (3-4 
per field). Flow cytometry showed a CD66b+ population of 
59%. CD33++ CD14+ monocytes were 10%. The lymphoid 
component was 15%. B lymphocytes did not show clonality. 
The patient underwent three consecutive rounds of dialysis 
and transfusion, and still presented anuria, mild dyspnea, 
and peripheral edema. 

A clinical diagnosis of aHUS was taken into greater con-
sideration, even if not all the data were in agreement, but 
given the patient’s instability and worsening of the clinical 
situation, it was decided to initiate a therapeutic protocol for 
aHUS. 

In the following days, the patient’s respiratory status 
worsened, and broad-spectrum antibiotic therapy was 
started. Chest CT showed that the bilateral pleural effusion 
had increased (max thickness 58 mm vs 37 mm). During 
bronchoscopy, bronchoscopic aspiration was performed for 
microbiological analysis, which was positive for Pseudomonas 
Aeruginosa and for Klebsiella pneumoniae. Blood cultures 
were positive for coagulase-negative Staphylococcus. 

Due to severe oxygen desaturation (SpO2 85%), mechani-
cal ventilation was initiated, as was renal replacement ther-
apy. After dialysis, the patient was transferred to the intensive 
care unit (ICU), where she remained under deep sedation 
and on mechanical ventilation for almost one month. Next, a 
CT scan was performed, which showed a small pleural collec-
tion pouched in the upper right lobe and signs of compensa-
tory hypertrophy in the right kidney. The respiratory situation 
improved.

Therapy with ravulizumab (900 mg starting dose as per 
the protocol described above) was included in the treatment 
plan and contributed to stabilizing the patient’s hematologi-
cal parameters and supporting recovery of renal function. 
Platelets showed an immediate increase, while hemoglo-
bin improved approximately three days later (last need for 

transfusion with Hb <7.5 g/dL at 2 days after the first infu-
sion). The day after the initial dose, diuresis resumed, and 
renal function started to recover after approximately 5 days, 
with a progressive decrease in sCr and suspension of dialysis. 
After the second infusion (2100 mg), she presented normal 
diuresis at approximately 100 mL/h without diuretic stimula-
tion, sCr 0.33 mg/dL, BUN 17 mg/dL, Hb 8.7 g/dL, and PLT 
269,000/μL (Table 4). The patient was discharged home from 
the ICU and currently attends the outpatient clinic for ongo-
ing maintenance therapy with ravulizumab. Genetic testing 
has been performed, but results are not yet available at the 
time of writing.

In this case, the clinical diagnosis was complicated 
because not all minor criteria for TMA were present. While 
on one hand, the patient presented with life-threatening 
renal insufficiency and thrombocytopenia, the Coombs test 
was positive, there was weak ANA positivity, and haptoglobin 
and bilirubin were normal. Although a negative Coombs test 
can confirm aHUS, a positive result should not exclude it. The 
differential diagnosis with TTP was supported by ADAMTS13 
activity >10% and normal PTT, while the normal coagulation 
profile excluded DIC.

Case #6

A 59-year-old woman on hemodialysis since 2018, initi-
ated due to acute renal failure following an infection with 
verotoxin-producing E. coli, was admitted with severe symp-
toms including comitial seizures, respiratory failure, and 
worsening renal function, necessitating intensive care. These 
clinical features led to a diagnosis of typical HUS. As a result 
of residual ESRD, the patient underwent kidney transplanta-
tion. In the postoperative period, the patient experienced 
hypotension and delayed functional recovery of the kidney, 
requiring hemodialysis. Subsequently, a gradual improve-
ment in diuresis was observed, with a sCr of 2.94 mg/dL upon 
discharge.

One month later, the patient was admitted for new 
onset of acute kidney injury (sCr 4.9 mg/dL), elevated uric 
acid (11.9 mg/dL), and anemia (hemoglobin 9 g/dL) with a 
normal platelet count. A graft ultrasound showed the trans-
planted kidney in the left iliac fossa to be of normal mor-
phology and size, with parenchymal thickness preserved. A 
cortical cyst of 18 mm in the lower-middle third was seen in 
the context in which small septa were evident. On Doppler 
completion, slightly increased intraparenchymal resistance 
values were seen. A renal biopsy was taken, which, together 

TABLE 4 - Clinical course following treatment with ravulizumab in patient #5

Time Details Notes

Pre-first infusion Hb 4.9 g/dL; PLTs 64,000/μL, sCr 4.88 mg/dL, BUN 119 mg/dL

Day 1 after 1st infusion Resumption of diuresis

Day 2 after 1st infusion Hb <7.5 g/dL Transfusion

Day 3 after 1st infusion Hb 11.2 g/dL; PLTs 256,000/μL

After 2nd infusion Hb 8.7 g/dL; PLTs 269,000/μL; sCr 0.33 mg/dL; BUN 17 mg/dL Diuresis ~100 mL/h without stimulation
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with the patient’s medical history, was suggestive of dam-
age to arterioles and small arteries secondary to TMA (likely 
reparative phase). Mild tubulo-interstitial scleroatrophy was 
noted. No features referable to acute rejection are observed. 
Laboratory testing showed no presence of schistocytes, 
increased LDH (200 IU/L), consumed haptoglobin levels, C3 in 
normal range, Coombs tests negative, hemoglobin 8.9 g/dL,  
and PLT 150,000/μL.

Given the clinical situation, the patient started therapy 
with ravulizumab (2700 mg; weight 62 kg) as per the protocol 
described above. The decision to initiate ravulizumab ther-
apy was based on its safety profile, its ability to provide rapid 
action during the acute phase, and the reassurance of pro-
longed coverage to prevent potential flare-ups. After 48 h from 
the first administration, the patient showed improvement 
in renal function with sCr decreasing to 3.6 mg/dL, hemo-
globin increasing to 11 g/dL, and PLT rising to 341,000/μL.  
After the second dose, recovery of normal haptoglobin levels 
was seen.

At 10 months of follow-up, renal function improved, with 
sCr at 2.9 mg/dL, and hemoglobin and PLT were stable. C3 
and haptoglobin were in the normal range. Genetic testing is 
in progress. Table 5 shows the improvement in hemodynamic 
and renal function after starting therapy with ravulizumab. 
The patient reported no side effects and only a minimal 
impact of therapy on social and work life.  

TABLE 5 - Laboratory investigations following infusion of ravuli-
zumab in patient #6

48 h after 1st infusion 10 months 

Hb (g/dL) 11.0 11.0

PLTs (uL) 341,000 341,000

sCr (mg/dL) 3.6 2.9

Discussion
Herein, we present six diverse cases of aHUS caused by 

a variety of triggers. Case #1 demonstrates the difficulty 
of diagnosing TMAs during pregnancy, especially given the 
physiological changes of coagulation that occurred. In this 
case, pregnancy, placental abruption, and infections were all 
triggering factors. aHUS should be suspected in the presence 
of hemolytic anemia, thrombocytopenia, and renal failure, 
and early initiation of anti-C5 treatment, such as ravulizumab 
in this case, is crucial to minimize complications. Despite 
prompt treatment, there was unusual cardiac involvement, 
which was also exacerbated by viral infection. These com-
bined conditions are rare, but can complicate each other 
and require a multidisciplinary approach. The response to 
ravulizumab was rapid in terms of hematologic parameters 
and blood count, while improvement in renal function was 
delayed in comparison. Dialysis and the underlying causes of 
renal damage (hemorrhagic shock, sepsis, TMA, and subse-
quent cardiogenic shock) hindered the drug’s effect on renal 
function. However, renal function gradually improved with 
discontinuation of dialysis, and stabilization at stage 4 CKD 
was likely attributable to the positive effects of ravulizumab. 

aHUS must always be considered in cases of persistent 
hemolysis and AKI in the postpartum period, as demon-
strated by case #2. Acute renal failure due to pregnancy-
associated aHUS often leads to subsequent chronic kidney 
failure (25,26). This highlights the need for early, specific, and 
aggressive treatment as advocated by a recent international 
working group (27). Moreover, a multidisciplinary approach 
to such cases can greatly aid in achieving a prompt diagnosis 
and initiating anticomplement therapy as soon as possible 
(28). This is also in consideration of the finding that many 
cases of pregnancy-associated aHUS have no identified trig-
ger other than pregnancy (29,30). 

In case #5, aHUS was considered even when not all minor 
criteria were present; in particular, a positive Coombs test 
should not exclude aHUS diagnosis. Following administration 
of ravulizumab, there was optimal recovery of diuresis, renal 
function, and hematological status, despite being in critical 
condition. Severe pneumonia was probably the trigger for 
the TMA. Even in the presence of a septic state, the use of 
ravulizumab should not be delayed for fear of worsening 
infectious complications.

The present cases also highlight the need for lifelong 
treatment, at least in some patients. In cases #3 and #6, 
the reduction in sCr was relatively rapid compared to cases 
#1 and #4, but in the latter cases, sCr levels continued to 
improve over time (1.9 mg/dL and 2.04 mg/dL, 12 and 19 
months after the initiation of ravulizumab, respectively). In 
patient #1, given the gradual improvement in sCr and that 
genetic analyses were subsequently negative, discontinu-
ation of ravulizumab is now being undertaken with careful 
monitoring. This emphasizes the possibility of discontinua-
tion of anticomplement therapy in patients in whom renal 
function has recovered and is stable. 

In this regard, Wijnsma et al. described the outcomes of 
restrictive treatment with eculizumab in 20 patients with 
aHUS (31). Eculizumab was tapered in all patients and dis-
continued in 17 cases with recurrence of aHUS in 5 patients. 
However, all patients were closely monitored, recurrence was 
detected early, and anticomplement therapy was restarted 
promptly with no clinical sequela or additional kidney dys-
function. Similarly, Ardissino et al. reported on their expe-
rience in discontinuation of eculizumab in 10 patients with 
aHUS (32). Of these, three patients had a relapse within 6 
weeks of cessation of anticomplement therapy, but imme-
diately restarted it with complete recovery. These results 
underline that it is possible to discontinue anticomplement 
therapy, at least in a proportion of carefully selected patients 
who achieved stable remission. Furthermore, with close 
monitoring, it is possible to detect relapses early with no 
clinical consequences. 

Nonetheless, other authors have reported less positive 
experiences when attempting to discontinue eculizumab 
in patients with aHUS. In the series by Macia et al., of 52 
patients discontinuing therapy, 16 had a subsequent mani-
festation of TMA; 12 patients had severe complications, 9 of 
whom restarted eculizumab (33). In an analysis of the avail-
able literature, Laurence concluded that discontinuation 
should be considered on a case-by-case basis with careful 
monitoring, after 6-12 months of treatment for aHUS and 
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with at least 3 months of normalization of renal function or 
stabilization of CKD (34). 

Current recommendations include the adoption of an 
individualized approach to the management of aHUS, and 
the decision to discontinue therapy should be personalized 
by evaluating the risk of relapse and the profile of the spe-
cific patient, and strict use of close monitoring. As a mini-
mum, patients with pregnancy-associated aHUS and high risk 
of relapse should be treated for at least 6-12 months. In all 
cases, the TMA must be resolved before discontinuation of 
anticomplement therapy is considered (24). 

In addition, the potential involvement of multiple organ 
systems/extrarenal manifestations and complexity of care 
necessitate specialized interventions and the adoption of a 
multidisciplinary approach at all stages of management (35). 
All clinicians must be aware of the complexities of differential 
diagnosis and the need for early initiation of anticomplement 
therapy, even when not all minor diagnostic criteria for aHUS 
are concomitantly present. In this regard, multidisciplinary 
support can be of significant clinical value, as shown by the 
cases presented herein. 

In conclusion, this real-world case series of treatment-
naïve patients with aHUS, presenting with a range of clinical 
scenarios and underlying triggers, showed that early use of 
ravulizumab as first-line therapy was consistently associated 
with rapid and sustained clinical improvements, along with 
good tolerability. These findings further reinforce its value 
as a therapeutic option in the management of aHUS and 
highlight the importance of timely diagnosis and a multidis-
ciplinary approach.
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and docking analyses
Angele Fanta1,3, Gaetan Bayiha Ba Njock 1, Amadou Dawe2, Fawai Yakai1, Jean Noël Nyemb 3, Herve Landry Ketsemen 4,  
Vincent Taira1, Albert Wangso1, Chantal Doudja1, Dieudonne Emmanuel Pegnyemb4, Benoit Loura3

1Department of Chemistry, Faculty of Science, University of Maroua, Maroua - Cameroon
2Department of Chemistry, Higher Teachers Training College, University of Maroua, Maroua - Cameroon
3�Department of Refining and Petrochemistry, National Advanced School of Mines and Petroleum Industries, University of Maroua,  
Kaélé - Cameroon

4Department of Organic Chemistry, Faculty of Science, University of Yaoundé I, Yaoundé - Cameroon

ABSTRACT
Introduction: Free radicals are key contributors to several diseases, including cancer, inflammation, pain, and 
neurodegenerative disorders such as Alzheimer’s disease. Due to the limitations and adverse effects of synthetic 
antioxidants, naturally occurring phytochemicals offer safer, more sustainable alternatives. This study investi-
gates the antioxidant potential of twigs of Combretum molle R. Br. ex G. Don through integrated experimental 
and computational approaches.
Methods: Compounds were isolated using chromatographic methods, and their structures established by 1D- 
and 2D-NMR, HR-ESI-MS, and comparison with reported data. Antioxidant activity was assessed through DPPH 
radical scavenging and FRAP assays, while molecular docking against xanthine oxidase (PDB: 1FIQ) explored pos-
sible mechanisms beyond direct radical scavenging.
Results: A new macrocyclic bisbibenzyl derivative, combrebisbibenzyl A (1), was identified along with corosolic 
acid (2), maslinic acid (3), a mixture of asiatic acid (4) and arjunolic acid (5), combregenin (6), and β-sitosterol 
glucoside (7). The MeOH extract and EtOAc fraction showed notable DPPH scavenging activity (IC₅₀ = 170.21 and 
197.41 μg/mL) and strong reducing power (65.04 ± 1.07 and 67.42 ± 0.82 mM Vit C/g). Among the isolated com-
pounds, combrebisbibenzyl A (1) displayed the strongest radical scavenging effect (IC₅₀ = 175.64 μg/mL) and high 
reducing capacity (57.46 ± 0.42 mM Vit C/g). Docking indicated favorable interactions for all compounds, with 
combrebisbibenzyl A (1) showing the highest affinity (–9.1 kcal/mol), outperforming salicylate (–7.7 kcal/mol).
Conclusion: These findings support the traditional use of C. molle and highlight combrebisbibenzyl A (1) as a 
promising natural antioxidant with multi-mechanistic potential.
Keywords: Antioxidant activity, Combretum molle, Combrebisbibenzyl A, Macrocyclic bis-bibenzyl, Molecular 
docking
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leprosy, fever, snake bites, wounds, worm infections, and con-
vulsions. It is also reported to possess hepatoprotective, anti-
malarial, antituberculosis, and anti-HIV properties (2-4).

Previous chemical investigations have reported the pres-
ence of alkaloids, triterpenes, steroids, tannins, bibenzyls, 
phenanthrenes, and saponins from some species of the genus 
Combretum (5-7). Several stilbenes, dihydrostilbenes, and their 
dimers isolated from Combretum species have demonstrated 
strong antioxidant potential (6-8). However, despite these 
reports, the isolation and investigation of macrocyclic bis-
bibenzyl derivatives from C. molle remain limited, representing 
a gap in understanding their structural diversity and bioactivity.

As a continuation of our investigation on plants of the 
Combretaceae family, a new macrocyclic bis-bibenzyl deriva-
tive, combrebisbibenzyl A (1), was isolated from the twigs of 
C. molle, together with six other known secondary metab-
olites. Given the reported antioxidant potential of C. molle 

Introduction
Combretum molle R. Br. ex G. Don, a plant belonging to the 

Combretaceae family, is widely distributed from tropical to 
subtropical areas of Africa and Asia (1). Commonly known as 
soft-leaved Combretum in French, C. molle has been reported 
in African folk medicinal practices to treat abdominal disorders, 
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extracts and some isolated compounds (3), and the docu-
mented activity of related bis-bibenzyl derivatives (4,6,7), we 
focused on elucidating the antioxidant activity of this newly 
isolated compound.

To explore potential mechanisms beyond direct radical 
scavenging, molecular docking studies were conducted tar-
geting xanthine oxidase (XO) inhibition. XO (EC 1.17.3.2) is 
a molybdenum-containing flavoprotein that catalyzes the 
terminal steps of purine catabolism, specifically the oxida-
tion of hypoxanthine to xanthine and subsequently to uric 
acid (9,10). Beyond its metabolic role, XO is a major source of 
reactive oxygen species (ROS), particularly superoxide anions 
and hydrogen peroxide, generated as byproducts during the 
enzymatic reaction with molecular oxygen (11,12). Excessive 
ROS production by XO contributes to pathological conditions 
such as ischemia-reperfusion injury, cardiovascular diseases, 
inflammation, and other oxidative stress-related disorders 
(11,13,14).

Salicylic acid (salicylate) has been extensively studied 
as a competitive XO inhibitor and is commonly used as a 
reference standard in enzymatic assays due to its well-
characterized binding mechanism and stabilizing effect on 
the enzyme (9,15). The crystal structure of bovine milk xan-
thine oxidase (PDB ID: 1fiq) complexed with salicylate was 
selected as the target protein because of its high-resolution 
structural data and the availability of a well-defined active 
site with a co-crystallized competitive inhibitor (9). This 
computational approach allows for the prediction of binding 
affinities and identification of molecular interactions that 
may contribute to the antioxidant properties of the isolated 
compounds.

Experimental
General experimental procedures

Bruker MicroTOF was used for Mass spectra analysis. 
NMR spectra obtained on Bruker Avance DPX-300FT and 
Bruker Avance III HD 500 NMR spectrometer. Isolation of 
pure compounds was performed using Column chromatog-
raphy (CC) on silica gel 60 (Merck, Darmstadt, Germany). 
Sephadex LH-20 (Merck, Darmstadt, Germany) was used for 
separation and purification. Thin-layer chromatography (TLC) 
was performed on Silica gel 60 F254 plates, and TLC spots 
were detected under UV-254-nm light. Bioactivity was deter-
mined using a 96-well microplate reader (SpectraMax 340PC, 
Molecular Devices, USA). Methanol, ethanol, n-hexane, 
ethyl acetate, ferrous chloride and copper (II) were obtained 
from E. Merck (Darmstadt, Germany). 2,2′-Diphenyl-1-
picrylhydrazyl (DPPH), 2,4,6-tri-(2-pyridyl)-s-triazine (TPTZ) 
from Calbiochem. Ascorbic acid, butylhydroxytoluene (BHT) 
from Sigma Aldrich (Mumbai, India).

Plant material

Combretum molle twigs were harvested around Maroua 
in Northern Cameroon in October 2023, and the identified 
was done by comparison with a voucher specimen available 
in the National Herbarium of Cameroon under the reference 
number 6518/SRF/CAM.

Extraction and compound isolation

Around 3 kg of the air-dried twigs of C. molle were 
crushed and extracted with 20 L of methanol for 72 H to yield 
167 g of crude extract. 150 g of this extract was dissolved in 
10 L of water and partitioned with 5 L of EtOAc to afford 62 g 
of EtOAc extract (62 g). 55 g of the resulted EtOAc extract  
was subjected to column chromatography (CC) using silica gel 
and eluted with a gradient n-hexane-EtOAc (100:0 to 0:100, 
v/v) and EtOAc-MeOH gradient (100:0 to 0:100, v/v) to afford 
156 fractions of 300 mL each, which were combined into 
7 major fractions (A- G) based on their TLC profiles. Fraction E  
(2 g) was subjected to repeated silica gel CC using a gradient 
elution of n-hexane-EtOAc (100:0 to 0:100, v/v) to yield com-
pound 1 (17.2 mg). Fraction F (8.6 g) was subjected to silica 
gel CC using a gradient elution of n-hexane-EtOAc (100:0 to 
0:100, v/v), followed by CC over Sephadex LH-20 eluting with 
CH2Cl2-CH3OH 50:50, v/v to afford compounds 2 (19.4 mg), 
3 (15.8 mg) and a mixture of 4 and 5 (23.8 mg). Compound 
7  (21.3 mg) precipitated from fraction G (1.5 g). The resi-
due of fraction G (1.12 g) was subjected to silica gel CC and 
eluted with a gradient of CH2Cl2-CH3OH to afford compound 
6 (21.3 mg).

Spectroscopic data of Combrebisbibenzyl A (1) 

C32H32O10, White powder; 1H NMR (500 MHz, CDCl3): δH 
7.73 (2H, s, H-6 and H-13′), 6.83 (2H, s, H-3 and H-14′), 6.44 
(2H, d, J = 2.5 Hz, H-12 and H-1′), 6.33 (2H, d, J = 2.5 Hz, H-10 
and H-5′), 5.62 (2H, s, 2, 13′-OH), 5.33 (2H, s, 13, 2′-OH), 3.91 
(6H, s, 1,2′− OCH3), 3.80 (6H, s, 11,6′− OCH3), 2.72 (4H, m, 
H-8 and H-8′) and 2.70 (4H, m, H-7 and H-7′). 13C NMR (125 
MHz, CDCl3): δC 158.7 (C-11 and C-6′), 153.1 (C-13 and C-2′), 
144.9 (C-1 and C-12′), 143.8 (C-2 and C-13′), 141.5 (C-14 and 
C-3′), 131.7 (C-5 and C-10′), 124.6 (C-4 and C-9′), 115.2 (C-9 
and C-4′), 114.3 (C-3 and C-14′), 109.9 (C-6 and C-11′), 101.2 
(C-10 and C-5′), 106.7 (C-12 and C-1′), 56.3 (1, 12′-OCH3), 
55.4 (11, 6′-OCH3), 31.0 (C-8 and C-8′) and 29.2 (C-7 and 
C-7′). HR-ESI-MS m/z 575.1930 [M-H]- (Calcd for C32H31O10 
575.1917). 

Antioxidant and molecular docking activities

DPPH radical scavenging activity

The DPPH radical scavenging activity was evaluated fol-
lowing a slightly modified version of the method reported by 
(16). In brief, 5 µL of each sample (at concentrations between 
62.5 and 500 µg) was added to 95 µL of a 0.3 mM ethano-
lic DPPH solution in a 96-well microplate (Costar). The mix-
ture was then incubated at 37°C for 30 minutes in the dark. 
After incubation, the absorbance was recorded at 515 nm 
using a microplate reader, with ethanol-treated wells serv-
ing as the control. Each sample was analyzed in triplicate. 
Butylhydroxytoluene (BHT) was employed as the positive 
control, while the ethanol-treated wells were used as the 
negative control. The percentage of DPPH radical scavenging 
activity was calculated using the following equation (17,18):

DPPH· scavenging effect (%) = 
( )− ×Ac As   100

Ac
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Where Ac = absorbance of control and As = absorbance 
of sample.

Ferric reducing power (FRAP) activity

In the presence of an oxidizing agent, the ferric-tripyridyl-
triazine complex ([Fe³⁺–TPTZ]) is reduced to its ferrous form 
([Fe²⁺–TPTZ]) (19). The ferrous ion–chelating capacity was 
determined according to the method described by Benzie 
(20), with slight modifications. In brief, 3 mL of freshly pre-
pared FRAP reagent was mixed with 100 µL of the sample 
solution (500 µg/mL in DMSO) and incubated at 37°C for 
10 minutes. The absorbance of the resulting mixture was 
measured at 593 nm using a UV–visible spectrophotometer. 
Ascorbic acid, a well-established natural antioxidant, served 
as the positive control. The FRAP reagent was prepared by 
combining 5 mL of TPTZ solution (10 mM in 40 mM HCl), 
50 mL of acetate buffer (0.3 M, pH 3.6), and 5 mL of freshly 
prepared FeCl₃ solution (20 mM). All assays were performed 
in triplicate, and results were expressed as millimoles of 
Vitamin C equivalents per gram of sample (mM Vit C/g).

Molecular Docking Analysis

Preparation of Ligands

The three-dimensional structures of all isolated com-
pounds were constructed using Chem3D Pro 15.0 software 
(PerkinElmer, USA). The molecular structures were drawn 
based on their elucidated NMR and mass spectrometric 
data, and all ligands were energy-minimized using the MM2 
force field to obtain stable conformations prior to docking 
calculations. The optimized structures were saved in Protein 
Data Bank (.pdb) format for subsequent molecular docking 
studies.

Preparation of Target Protein

The crystal structure of bovine milk xanthine oxidase 
complexed with salicylate (PDB ID: 1FIQ) was obtained from 
the Protein Data Bank (Online) (9). This particular structure 
was chosen as it represents the oxidase form with a well-
defined active site geometry and contains salicylate as a 
competitive inhibitor, serving as an appropriate reference 
for comparative analysis. Protein preparation was carried out 
using AutoDockTools (ADT) version 1.5.6 (21). Prior to dock-
ing, all water molecules, ions, and the co-crystallized salicy-
late ligand were removed. Polar hydrogens were added, and 
Gasteiger and Kollman partial charges were assigned to all 
atoms. The protonation states of ionizable residues were 
adjusted to reflect physiological pH (7.4), followed by energy 
minimization to eliminate steric conflicts.

Molecular Docking Procedure

Molecular docking simulations were conducted using 
AutoDock Vina version 1.2.7 (22), which utilizes an advanced 
scoring function to evaluate intermolecular interactions, 
including hydrogen bonds, hydrophobic contacts, van der 
Waals forces, and electrostatic interactions. The docking 
grid was centered on the molybdenum-containing active site 

originally occupied by salicylate, with coordinates set at x = 
24.642, y = 15.264, z = 108.210 and grid dimensions of 40 × 
40 × 40 Å. This configuration encompassed both the salicylate 
binding pocket and the surrounding molybdopterin active 
site, allowing comprehensive exploration of potential ligand 
binding modes. To validate the docking protocol, salicylate 
was re-docked into the active site, confirming the reliability 
of the procedure. For each compound, 50 independent dock-
ing runs were performed to ensure thorough sampling of 
conformational space. Binding poses were ranked according 
to their predicted binding energies (kcal/mol), and the con-
formation with the lowest energy was selected for detailed 
interaction analysis.

Analysis of Molecular Interactions

Intermolecular interactions between the docked ligands 
and xanthine oxidase were analyzed and visualized using 
Discovery Studio Visualizer 2021 (Dassault Systèmes BIOVIA, 
USA). The analysis encompassed hydrogen bonds, hydro-
phobic interactions, π–π stacking, π–alkyl interactions, salt 
bridges, and other non-covalent contacts. Hydrogen bonds 
were defined as interactions with donor–acceptor distances 
≤3.5 Å and angles ≥120°. Binding affinities were reported as 
binding energies (kcal/mol), with more negative values indi-
cating stronger interactions. All observed interactions were 

FIGURE 1 - Xanthine oxidase RCSB: 1FIQ, in complex with salicylate 
(co-crystallized ligand shown in green) and its cofactors (shown in 
yellow ).

http://www.rcsb.org
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compared with those of the reference inhibitor salicylate to 
evaluate the relative binding potential of the test compounds.

Statistical analysis

Results expressed as mean ± SD (n = 3). The analysis 
was done by one-way ANOVA followed by a Newman-Keuls 
Multiple Comparison post-test using the Graph Pad Prism 6.0 
software (Microsoft, USA). Differences at p < 0.05 were con-
sidered statistically significant.

Results and discussion
Compounds identification

Air-dried twigs of C. molle (3 kg) were extracted by mac-
eration in methanol (20 L), yielding 167 g of crude extract. 
This extract was suspended in water and subsequently parti-
tioned with ethyl acetate. From the resulting EtOAc fraction, 
62 g was subjected to sequential column chromatography on 
silica gel and Sephadex LH-20, using gradients of n-hexane/
EtOAc followed by EtOAc/MeOH, which led to the isolation 
of seven compounds (1–7). Compound 1, designated com-
brebisbibenzyl A, was characterized as a new macrocyclic 
bisbibenzyl. The remaining six compounds were identified 
as corosolic acid (2), maslinic acid (3), a mixture of asiatic 
acid (4) and arjunolic acid (5) (23), combregenin (6) (24), and 
β-sitosterol glucoside (7) (25,26) (Fig. 2). The structures of all 
isolated compounds were determined through spectroscopic 
techniques and by comparison with previously reported data.

FIGURE 2 - Chemical structures of compounds 1-7 isolated from the 
twigs of Combretum molle.

Compound 1 was isolated as a white amorphous powder, 
and its molecular formula was determined to be C32H32O10 
based on its HR-ESI-MS data (Fig. S1), showing [M-H]⁻ at 
m/z 575.1930 (calcd 575.1917 for C32H31O10), which corre-
sponds to seventeen degrees of unsaturation. The struc-
ture of compound 1 closely resembles a previously reported 

combrebisbibenzyl  (27), with the primary distinction being 
that combrebisbibenzyl contains additional methoxy substit-
uents compared to compound 1. The ¹H NMR spectrum (Fig. 
S2) exhibited characteristic signals of two benzylic methylene 
groups, presenting as four aliphatic protons in multiplet pat-
terns at δH 2.70 (2H) and 2.72 (2H) (28). Aromatic proton sig-
nals were observed at δH 6.33 (1H, d, J = 2.5 Hz) and 6.44 
(1H, d, J = 2.5 Hz), indicative of a meta-coupled AB pattern on 
the B ring, along with δH 6.83 (1H, s) and 7.73 (1H, s) corre-
sponding to para-substituted protons on the A ring (29). Two 
methoxy groups were detected at δH 3.80 (3H, s) and 3.91 
(3H, s), and phenolic hydroxyl protons appeared at δH 5.33 
(1H, s) and 5.62 (1H, s).¹³C NMR and APT analyses (Figs S3 and 
S4) revealed 16 distinct carbon signals, including two aliphatic 
methylenes at δC 29.2 (C-7) and 31.0 (C-8), four methines at 
δC 114.3 (C-3), 109.9 (C-6), 101.2 (C-10), and 106.7 (C-12), and 
eight quaternary carbons, six of which were oxygenated, at δC 
144.9 (C-1), 143.8 (C-2), 124.6 (C-4), 131.7 (C-5), 115.2 (C-9), 
158.7 (C-11), 153.1 (C-13), and 141.5 (C-14). The two methoxy 
carbons resonated at δC 55.4 (11-OCH3) and 56.3 (1-OCH3). 
The relative positions of methoxy and hydroxyl groups were 
elucidated through HMBC correlations (Fig. S5). Cross-peaks 
between the hydroxyl proton at δH 5.62 (2-OH) and carbons 
C-1 (δC 144.9) and C-3 (δC 114.3), as well as between the 
methoxy protons at δH 3.91 (1-OMe) and C-1, confirmed their 
locations on the A ring. On the B ring, correlations of δH 5.33 
(13-OH) with C-13 (δC 153.1) and δH 3.80 (11-OMe) with C-11 
(δC 158.7) established the positions of the respective substit-
uents. Additional HMBC correlations of aromatic protons fur-
ther supported these assignments: H-3 (δH 6.83) correlated 
with C-1, C-2, C-4, and C-7, while H-6 (δH 7.73) showed cor-
relations with C-1, C-2, C-4, and C-5 on the A ring. On the B 
ring, H-10 (δH 6.33) correlated with C-8, C-9, C-11, and C-12, 
and H-12 (δH 6.44) with C-10, C-11, and C-13. The HMBC cor-
relations of H-7 (δH 2.70) with C-3, C-4, C-5, and C-8, and H-8  
(δH 2.72) with C-7, C-9, and C-14, confirmed the linkage 
between the two benzene rings and established the dihydro-
stilbene skeleton (30). Accordingly, the dihydrobibenzyl moi-
ety (1a) was deduced (Fig. 3), similar to combrebisbibenzyl. 
The seventeen degrees of unsaturation correspond to four 
aromatic rings and one additional unsaturation attributed to 
a symmetric macrocyclic junction between the two mono-
meric units of 1a (31).

FIGURE 3 - Substructure 1a.
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Long-range HMBC correlations (27,31,32) (Fig. S6) between  
the proton signals H-6/H-11’ (δH 7.73) and the quaternary 
carbon atoms C-4’/C-9 (δC 115.2) revealed the symmetric 
linkages between the two bibenzyl units at C-5–O–C-3’ and 
C-14–O–C-10’. Based on these spectral data, the structure of 
compound 1 was identified as a novel bisbenzyl derivative, for 
which the name combrebisbibenzyl A has been proposed.

Antioxidant and molecular docking results 

To establish a comprehensive antioxidant profile, we  
employed complementary approaches including the 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) and Ferric Reducing 
Antioxidant Power (FRAP) assays, evaluating direct free-
radical scavenging and metal-reduction capacities, respec-
tively, combined with molecular docking against Xanthine 
oxidase (XO) to explore potential inhibition of enzymatic 
ROS production. The DPPH assay is widely used to evaluate 
antiradical activity through the ability of extracts or com-
pounds to reduce the DPPH radical to its non-radical form 
(DPPH–H) and thus estimate their free-radical neutralizing 
potential in human-related systems (33). The FRAP assay, 
meanwhile, measures the capacity of antioxidants to donate 
electrons and reduce Fe³⁺ to Fe²⁺, reflecting reducing power 
which complements radical-scavenging behavior, especially 
given that free radicals are often generated via redox-active 
metal catalysis (33). A positive correlation between DPPH 
and FRAP results has been well-documented, indicating that 
compounds able to donate hydrogen atoms (DPPH) also tend 
to act as efficient electron donors (FRAP) and thus share a 
common mechanistic basis (33,34). Inclusion of the XO assay 
further extends the evaluation from non-enzymatic antioxi-
dant mechanisms to enzymatic ROS generation: XO catalyzes 
the oxidation of hypoxanthine/xanthine to uric acid with 
concomitant generation of superoxide radicals and hydro-
gen peroxide, so inhibition of XO represents a way to curb 
ROS at their source (35). Furthermore, compounds exhibiting 
strong radical-scavenging and reducing capacities often dem-
onstrate XO inhibitory activity, suggesting a mechanistic link 
between non-enzymatic antioxidant potential and enzymatic 
ROS suppression (36,37). Thus, the combined use of DPPH, 
FRAP and XO-inhibition (or molecular docking thereof) pro-
vides a multi-faceted understanding of antioxidant mecha-
nisms—covering hydrogen-atom transfer, electron-transfer/ 
reduction power, and suppression of ROS-generating 
enzymes—and justifies our selection of these assays for the 
present study.

DPPH radical scavenging assay

In this study, the DPPH assay (Table 1) showed that the 
MeOH extract exhibited the highest free radical scavenging 
activity, with an IC₅₀ value of 170.21 ± 1.12 µg/mL. This high 
activity can be attributed to its ability to extract phytochemi-
cal constituents, such as phenolic compounds and flavo-
noids, which are known to contribute to antioxidant effects. 
Statistically, there was no significant difference (p < 0.05) 
between the DPPH scavenging activity of the MeOH extract 
and the standard antioxidant BHT (IC₅₀ = 170.86 ± 0.95 µg/mL).  
In contrast, the EtOAc extract showed weaker activity (IC₅₀ = 

197.41 ± 2.47 µg/mL), likely due to its lower content of phe-
nolic compounds.

Among the isolated compounds, combrebisbibenzyl A 
(1) exhibited the highest scavenging activity (IC₅₀ = 175.64 ±  
1.36 µg/mL), followed by compound 7 (IC₅₀ = 190.56 ± 1.42 
µg/mL) and compound 6 (IC₅₀ = 200.25 ± 1.51 µg/mL). The 
superior activity of compound 1 is likely related to the pres-
ence of phenolic hydroxyl groups in its structure, consistent 
with previous reports (12,14,27,38).

Ferric reducing power (FRAP) assay

The antioxidant reducing power of the samples was 
expressed as mmol vitamin C equivalents per gram of dry 
extract (mME Vit C/g). The calibration equation obtained 
from the vitamin C standard curve was y = –0.001x + 2.605 
(R² = 0.9976), where y represents the absorbance measured 
at 593 nm and x denotes the concentration of vitamin C (µg/
mL). The high correlation coefficient (R² = 0.9976) indicates 
excellent linearity and confirms the reliability of the calibra-
tion curve for quantifying the ferric-reducing antioxidant 
power (FRAP) of the test samples (20). The FRAP values of 
extracts and isolated compounds were calculated by interpo-
lating their absorbance readings into this standard equation. 
This method is widely accepted for comparing the reduc-
ing potential of various antioxidant samples based on their 
equivalence to a standard electron donor such as vitamin C 
(39).

As shown in Table 1, the ethyl acetate (67.42 mME Vit 
C/g) and methanol (65.04 mME Vit C/g) extracts exhibited 
the highest metal-reducing capacities, suggesting that these 
extracts possess strong electron-donating abilities. Such 
activity may be attributed to the synergistic effects of pheno-
lic and other redox-active phytochemicals capable of trans-
ferring electrons to reduce Fe³⁺ ions. Compounds 1 (57.46 
mME Vit C/g) and 6 (59.79 mME Vit C/g) also demonstrated 
significant ferric-reducing potential compared to compound 
7 (50.43 mME Vit C/g). The relatively higher reducing power 
of compounds 1 and 6 could be associated with the presence 
of free hydroxyl groups in their molecular structures, which 
facilitate electron transfer during redox reactions (20,39).

TABLE 1 - Variation of antioxidant activities of extracts and isolated 
compounds according to DPPH and FRAP test

Sample DPPH FRAP

% inhibition IC50 (µg/mL) mMEVitC/g

1 67.42 ± 0.48c 175.64 ± 2.87d 57.46 ± 0.42d

6 48.78 ± 0.58e 200.25 ± 3.44a 59.79 ± 0.65c

7 62.29 ± 0.32d 190.56 ± 2.61b 50.43 ± 0.72e

AcOEt Ex 63.42 ± 0.62d 197.41 ± 2.47c 67.42 ± 0.82a

MeOH Ex 70.77 ± 0.55b 170.21 ± 4.22e 65.04 ± 1.07b

BHT 74.12 ± 0.92a 170.86 ± 2.19e -

AcOEt Ex: Ethyl Acetate Extract, MeOH Ex: Methanol Extract, BHT: Buthylhy-
droxytoluene. Values are expressed as Mean ± ET of 3 replicates per extracts 
and isolates. Means with different letters ( a, b, c, d, e) in the same column 
are significant at P < 0.05 
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Molecular Docking Analysis 

Molecular docking was performed to complement the 
experimental antioxidant assays by investigating a potential 
mechanism involving xanthine oxidase inhibition, while DPPH 
and FRAP measure direct antioxidant capacity, XO inhibition 
provides an indirect pathway by reducing the enzymatic gen-
eration of superoxide radicals. All tested compounds from 
Combretum molle exhibited favorable binding affinities to the 
XO active site, ranging from –8.0 to –9.1 kcal/mol (Table 2). 
Notably, the novel macrocyclic bisbibenzyl derivative combrebi-
sbibenzyl A (compound 1) demonstrated the highest binding 
affinity (–9.1 kcal/mol), considerably superior to the reference 
inhibitor salicylate (–7.7 kcal/mol). A detailed comparative 
analysis reveals clear differences in binding modes between 
salicylate and compound 1. While salicylate primarily interacts 
with ARG880 and PHE914 within the molybdopterin active site, 
compound 1 establishes a more extensive interaction network, 
engaging TYR592, LEU744, PHE798, and GLN1194 (Fig. 4). Its 
phenolic hydroxyl groups are optimally positioned for multiple 
hydrogen bonds. This broader and more deeply embedded 
interaction profile provides a plausible molecular basis for the 
superior binding affinity of compound 1. Previous structure–
activity relationship (SAR) studies of phenolic and polyphenolic 
inhibitors of XO underscore the importance of hydroxylation 
pattern (e.g., C5, C7 positions) and hydrogen‑bonding with key 
residues in the enzyme for high inhibitory potency (40,41).

The consistent binding pattern across all compounds 
suggests competitive inhibition, as they occupy overlapping 
regions within the enzyme’s active site. TYR592 emerges as a 
critical residue, forming hydrogen bonds with multiple com-
pounds (1, 3, 5, 6, 7) in our series, supporting its mechanistic 
importance in XO inhibition. Importantly, the computational 
results correlate with experimental antioxidant activities: 
compounds 1 and 7, both showing the strongest DPPH radi-
cal scavenging (IC₅₀ = 175.64 and 190.56 µg/mL, respectively) 
and FRAP values (57.46 and 50.43 mmol Vit C‑equivalents/g, 
respectively), also exhibit the highest XO binding affinities 
(–9.1 and –8.0 kcal/mol, respectively). This dual performance 
supports that combrebisbibenzyl A may exert antioxidant 
effects via multiple mechanisms: direct radical scavenging, 
metal‑ion reduction, and suppression of enzymatic ROS gen-
eration. The macrocyclic structure of compound 1 appears to 
provide optimal geometry for engaging multiple key residues 
in XO’s active site, while its phenolic hydroxyl groups facili-
tate crucial hydrogen bonding interactions in line with docu-
mented SAR of XO inhibitors (42,43).

Given this evidence, compound 1’s high binding affin-
ity supports its observed superior antioxidant activity and 
suggests that XO inhibition may play a significant role in its  
in vitro antioxidant profile. The comprehensive interaction 
network, favorable binding energy, and correlation with phe-
nolic structural features position combrebisbibenzyl A as a 
promising multi‑target antioxidant agent with scientific supe-
riority over the reference compound salicylate.

Conclusion
This study reports the isolation of one novel macrocyclic 

bisbibenzyl derivative, combrebisbibenzyl A (1), along with 

TABLE 2 - Molecular docking results and binding interactions of iso-
lated compounds with xanthine oxidase (PDB ID: 1fiq)

Compounds Binding Energy 
(kcal/mol)

Key Interacting Residues and 
Interaction Types

SAL −7.7 Salt Bridge - C chain: ARG880

Conventional Hydrogen Bond - 
C chain: ARG880, THR1010

Pi-Pi Stacked and Pi-Pi Shaped- 
C chain: PHE914, PHE1009

Pi-Alkyl - C chain: ALA1079

1 −9.1 Conventional Hydrogen Bond - 
C chain: TYR592, LEU744

Carbon and Pi-Donor 
Hydrogen Bond - C chain: 
GLN1194, GLU1196

Pi-Sigma - C chain: LEU744

Pi-Pi Shaped- C chain: PHE798

Pi-Alkyl - C chain: TYR592, 
PHE798

2 −8.8 Conventional Hydrogen Bond - 
C chain: GLN1201

3 −8.2 Conventional Hydrogen Bond - 
C chain: TYR592, GLY1197

4 −8.0 Conventional Hydrogen Bond - 
C chain: PRO1230

Unfavorable Donor-Donor - C 
chain: GLN1194

Pi-Sigma - C chain: PHE1232

5 −8.0 Conventional Hydrogen Bond 
- C chain: GLN585, TYR592, 
MET794

Carbon Hydrogen Bond - C 
chain: MET1038

6 −8.2 Conventional Hydrogen Bond - 
C chain: TYR592, MET1038

7 −8.0 Conventional Hydrogen Bond - 
C chain: GLN585, TYR592

Alkyl - C chain: LEU744, 
VAL1200

six known triterpenoids from the twigs of Combretum molle. 
Experimental evaluation of antioxidant activity demon-
strated that the EtOAc and MeOH extracts, as well as com-
pounds 1, 6, and 7, possess significant radical scavenging 
and metal-reducing capacities. Notably, combrebisbibenzyl 
A (1) exhibited the strongest activity, highlighting its poten-
tial as a bioactive natural antioxidant. These findings pro-
vide empirical evidence supporting the traditional use of 
C. molle in managing oxidative stress-related conditions, 
including infections and degenerative diseases. Molecular 
docking studies further suggest that combrebisbibenzyl 
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A may act as an effective xanthine oxidase inhibitor, with 
strong binding interactions involving key active site resi-
dues (TYR592, GLN1194, LEU744, ARG880). The comple-
mentary experimental and computational results indicate 
that the antioxidant potential of C. molle constituents may 
arise from both direct radical scavenging and inhibition of 
enzymatic reactive oxygen species generation. Overall, the 
data position C. molle extracts and isolated compounds as 
promising candidates for the development of natural anti-
oxidant agents with potential applications in nutraceuticals, 
functional foods, and therapeutic interventions targeting 
oxidative stress-related disorders. Future research should 
focus on the detailed identification of specific bioactive phy-
tochemicals, optimization of their bioavailability, and in vivo 
evaluation to advance their potential for drug development 
or dietary supplementation.
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