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Abstract
Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood glucose levels due to insufficient insulin 
production or decreased insulin sensitivity. Despite advances in antidiabetic pharmacotherapy, the limitations and adverse effects 
of current treatments highlight the need for natural products as alternative therapies. The present investigation was carried out to 
evaluate the anti-diabetic activity of the methanol extract (PIME) and ethyl acetate fraction (PIEAF) of roots of Plumbago indica 
using in vitro, in vivo and in silico models. The in vitro study was done by α-glucosidase and α- amylase inhibition assays. The effect of 
PIME and PIEAF on serum parameters and histopathological changes was assessed in streptozotocin/nicotinamide-induced type 2 
diabetes mellitus in rats. The in vitro studies showed that PIEAF and PIME inhibited α-glucosidase and α- amylase enzymes in a dose 
dependent manner. In vivo studies indicated that administration of PIME and PIEAF led to the reduction in serum glucose, choles-
terol, triglycerides, hepatic enzyme levels and significantly improved renal function and oxidative stress markers. Taking Plumbagin 
as the marker compound in P. indica, the HPLC analysis of PIME was carried out and it showed that the plumbagin content was 
0.26%. In silico studies revealed that plumbagin inhibited α-glucosidase activity through optimal orientation and strong molecular 
affinity. P. indica roots showed strong promising potential as a treatment for diabetes, probably due to its antioxidant properties and 
higher content of plumbagin than other species of Plumbago.
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Introduction

Diabetes mellitus is a metabolic disorder causing elevat-
ed blood sugar levels due to reduced insulin production 
and sensitivity (Mukhtar et al. 2020). Type 2 diabetes 
mellitus (T2DM) is the most predominant type, ac-
counting for around 90% of diabetes cases worldwide 

(Galicia-Garcia et al. 2020). T2DM is strongly linked 
to obesity rates, particularly among individuals aged 45 
and older (Hillier and Pedula 2001). However, there is an 
alarming increase in T2DM cases among children and 
teenagers due to the rising prevalence of obesity and sed-
entary lifestyles (Amschler 2002). Diabetes mellitus has 
been considered as a silent killer disease since its evolu-
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tion (Joseph and Vadasseril 2023). Pancreatic β-cells are 
responsible for glucose homeostasis and the cells can be 
degenerated in diabetic patients with a loss of the abili-
ty to control the high glucose level, resulting in diabetic 
complications (Khin et al. 2023). A decrease in secretion 
of insulin from the pancreas, an increase in blood glu-
cose level and unutilized blood glucose by tissues leads 
to symptoms of diabetes, such as polyphagia, polyuria 
and polydipsia (Adu-Sarkodie 2017). Recent research 
has shown that the prevalence of diabetes is increasing 
rapidly in many developing and developed countries 
(Khan et al. 2019). Currently, DM is controlled either 
by administration of exogenous insulin, hypoglycemic 
agents or by insulin secretagogues (Satin et al. 2021). 
However, these approaches are associated with various 
side effects and toxicity. Some hypoglycemic synthetic 
agents are even known to produce life-threatening hy-
poglycemia (Mishra et al. 2021; Tasnim et al. 2024). The 
drawback of current medications arises from the lack of 
efficacy, high risk and high cost of the treatment. Due to 
adverse effects of various synthetic antidiabetic agents, 
there is an increasing interest in the prediction of anti-
diabetic potential of herbal plants. Therefore, the plant-
based therapy for diabetes using traditional medicines 
is growing widely which are in high demand for safe, 
economical and readily available treatments (Ansari et 
al. 2023; Mishra et al. 2024).

P. indica Linn. is a medicinal plant belonging to 
Plumbaginaceae family, used in Thai traditional med-
icine for gastric stimulation, flatulence, hemorrhoids 
and improving appetite. Moreover, in eastern Africa and 
India, it is used as gastric stimulant, abortifacient and 
oral contraceptive (Ibrahim et al. 2018). The roots of 
this plant serve as a major source of plumbagin, a nat-
urally occurring yellow pigment with a wide range of 
pharmacological properties (Lenora et al. 2012). There 
is substantial evidence indicating that Plumbagin have a 
significant role in the treatment of inflammation, breast 
cancer, brain tumors, lung cancer, hepatocellular car-
cinoma, cardiovascular diseases and other conditions 
(Sharma et al. 2024). As the principal and bioactive com-
ponent present in the roots of this plant is plumbagin, 
therefore its initial extraction and subsequent testing by 
HPLC was done in this study to verify the presence of 
the intended bioactive compound.

P. indica is rich in naphthoquinones, flavonoids and 
terpenoids which have shown their potential in diabetes 
management (Priyanjani et al. 2021). It has been reported 
that this plant possesses antioxidant activity and reduces 
chronic inflammation which are linked to diabetes and its 
complications (Ittiyavirah et al. 2012; Eldhose et al. 2013). 
Moreover, other species of genus Plumbago eg. P. zeylanica 
and P. auriculata have been reported to exhibit antidiabet-
ic activity (Zia et al. 2024).

As there is no scientific report available on hypoglyce-
mic activity of P. indica, therefore, this study was carried 
out to evaluate the antidiabetic potential of this plant.

Materials and methods
Drugs and chemicals

Streptozotocin (STZ) at a purity of 98% and nicotinamide 
at a purity of 99.5% were procured from Sisco Research 
Laboratories Pvt. Ltd India. Nitro blue tetrazolium (NBT), 
reduced glutathione (GSH) and 5, 5’-dithio-bis [2-nitro-
benzoic acid] (DTNB) were obtained from Loba Chemie, 
Mumbai, India. All remaining reagents utilized in the ex-
periment were of analytical grade.

Plant material

Plumbago indica roots were procured from Jagdeesh 
Herbals, Kerala and its authentication was done by De-
partment of Botanical and Environmental Sciences, Guru 
Nanak Dev University, Amritsar and voucher specimen 
no. (3979) has been kept at the Department Herbarium.

Preparation of plant extracts and their 
active fractions

The plant material, after cleaning and authentication, was 
grounded into a coarse powder using a mechanical grind-
er. The dried plant material (1000 g) was first defatted 
with hexene and successively extracted with chloroform 
and methanol in a Soxhlet apparatus for 48 hours. Further 
fractions were obtained from the most potent extract us-
ing ethyl acetate and n-butanol. Each extract and fractions 
were concentrated using a rotary evaporator after filtration 
and their weight was measured to calculate the percentage 
yield from the air-dried plant material. The concentrated 
extracts/fractions were stored in a refrigerator to prevent 
microbial contamination (Rajput et al. 2023).

Preliminary phytochemical screening

Preliminary testing for the presence of secondary metab-
olites was performed for the most bioactive extract using 
standard protocols for various classes of phytoconstitu-
ents such as alkaloids, terpenoids, flavonoids, glycosides 
and tannins (Afzal et al. 2022).

In Vitro studies
Antioxidant assay

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) free 
radical scavenging assay

To assess the hydrogen-donating capacity of natural com-
pounds or plant extracts, DPPH assay was used. The pro-
cess of converting the DPPH radical to a stable molecule 
allows for the measurement of the capacity to scavenge free 
radicals. The IC50 value for the DPPH scavenging activi-
ty was calculated. Different concentrations of extracts and 
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fractions (25, 50, 100, 200 and 400 μg/ml) were prepared in 
methanol, added to test tubes and mixed with methanolic 
DPPH solution. After incubation, absorbance was mea-
sured at 517 nm against a blank with lower absorbance in-
dicating higher scavenging capacity (Rajput et al. 2023). The 
equation for calculating scavenging activity is as follows:

Inhibition potential = (Ac – As) / Ac × 100,

where Ac is the absorbance of control and As is the absor-
bance of sample.

Ferric reducing antioxidant power assay 
(FRAP)
The FRAP assay was conducted using various concentra-
tions of extracts and fractions ranging from 25–400 μg/ml. 
This assay assessed the ability of the extracts/fractions to 
convert potassium ferricyanide (Fe3+) into potassium fer-
rocyanide (Fe2+). This Fe2+ then reacts with ferric chloride, 
forming a ferric- ferrous complex measurable via spectro-
photometry. Each concentration (1ml) was mixed with 
2.5 ml of 1% potassium ferricyanide and 2.5 ml of phos-
phate buffer (200 mM, pH 6.6) and the mixture was in-
cubated at 50 °C for 20 minutes. Eventually, 2.5ml of 10% 
TCA (trichloroacetic acid) was added and centrifuged at 
3000 rpm for 10 minutes. Later, 2.5 ml of supernatant was 
mixed with 2.5ml of double distilled water and 0.5 ml of 
Ferric chloride (0.1%) was added and the absorbance was 
measured at 765 nm (Koffi et al. 2022). Ascorbic acid was 
used as the standard drug. Inhibition potential was calcu-
lated using the following formula:

Ferricyanide reduction Potential = Absorbance of ascor-
bic acid- Absorbance of sample/ Absorbance of ascorbic 

acid ×100.

Antidiabetic assay

Alpha-glucosidase inhibition assay

For the α-glucosidase inhibition assay, a microtiter 96-
well plate was utilized. In this assay, wells of the plate were 
filled with a solution containing 50 μl of phosphate buffer 
(pH 6.8), 10 μl of α-glucosidase enzyme solution (1U/ml) 
and the extracts and fractions (25, 50, 100, 150, 200 and 
250 μg/ml) were added and pre-incubated for 5 minutes 
at 37 °C (Wang and Zhao 2019). After the pre-incubation 
period, 20 μl of a 2 mmol/l solution of p-nitrophenol-α-D- 
glucopyranoside (pNPG) substrate from HiMedia was 
added. The mixture was then incubated at 37 °C for 30 
minutes. Afterwards, 50 μl of sodium carbonate solution 
(100 mmol/l) was added to stop the reaction. Acarbose 
served as the reference compound. The conversion of 
pNPG into yellow-colored p-nitrophenol was determined 
by measuring the absorbance at 405nm using a spectro-
photometer. The assay was conducted in triplicate along 
with appropriate blanks.

Alpha-amylase inhibition assay

The α-amylase enzyme inhibition assay was conducted us-
ing a microliter 96-well plate. A solution comprising 20% 
methanol, 25 μL of phosphate buffer (pH 6.9) and porcine 
α- amylase, was dispensed into each well of the plate, after 
which extracts and fractions (25–250 μg/ml) were added. 
The reaction mixture was incubated at 25 °C for 10 min-
utes. The enzymatic reaction was halted by adding 50 μL 
of 96 mM 3, 5-dinitrosalicylic acid (DNS) color reagent. 
The IC50 values of the samples were determined and re-
ported as the mean ± standard deviation of three indepen-
dent experiments (Wang and Zhao 2019).

List of abbreviations

PIME: Plumbago indica Methanol Extract; PICE: Plum-
bago indica Chloroform Extract; IEAF: Plumbago indica 
Ethyl Acetate Fraction; PIBF: Plumbago indica n-Butanol 
Fraction; STZ: Streptozotocin; NBT: Nitro blue tetra-
zolium; DTNB: Dithio-bis 2-Nitrobenzoic acid; DPPH: 
2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric reducing 
antioxidant power assay; DNS: Dinitro salicylic acid; 
IAEC: Institutional Animal Ethics Committee; CCSEA: 
Committee for Control and Supervision of Experiments 
on Animals; NA: Nicotinamide; CMC: Carboxymethyl-
cellulose; SGOT: Serum glutamic oxaloacetic transam-
inase; SGPT: Serum glutamate pyruvate transaminase; 
ALP: Alkaline phosphate; HDL: High-Density lipopro-
teins; TBARS: Thiobarbituric acid reactive substances; 
SAG: Superoxide anion generation; GSH: Glutathione.

In vivo study
Animals

Wistar rats (200-250 gram) were procured from Guru 
Nanak Dev University, Amritsar, Punjab, India. They were 
housed in the animal house with free access of water and 
laboratory pellet diet. The rats were exposed to normal cy-
cle of light and dark. The animals were allowed to acclima-
tize to the environment for 7 days before the commence-
ment of experiments. The experimental protocol no. (226/
CPCSEA/2023/22) of Guru Nanak Dev University, Amrit-
sar was duly approved by the Institutional Animal Ethics 
Committee (IAEC) and animals were taken care of as per 
the guidelines of Committee for Control and Supervision 
of Experiments on Animals (CCSEA).

Acute toxicity study
The acute toxicity test for the most potent extract i.e meth-
anol extract of P. indica (PIME) was conducted in accor-
dance with the Organisation for Economic Co-operation 
and Development (OECD) 423 guidelines (OECD 2001). 
Before administering the dose, the animals were fasted 
overnight, with access to water only. The following morn-
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ing, methanol extract was given orally at a dose of 2000 mg/
kg. After dosing, the animals were allowed to resume nor-
mal access to food and water. Observations for signs of 
toxicity and behavioral changes were made every 24 hours 
over the course of 14 days to assess any potential mortality.

Induction of diabetes mellitus
Diabetes was induced in the rats through intraperitoneal 
injection of streptozotocin (STZ) and nicotinamide (NA) 
at doses of 50 and 110 mg/kg body weight respectively 
(Sadasivam and Manickam 1996). STZ was dissolved in 
freshly prepared citrate buffer at pH 4.5 and administered 
to overnight fasted rats, 15 minutes following intraperito-
neal administration of nicotinamide at a dose of 110 mg/
kg body weight. To prevent acute hypoglycemic conditions 
resulting from the release of a high concentration of in-
sulin during beta islet destruction, rats were immediately 
provided with 10% dextrose in their drinking water for 24 
hours post-STZ injection. Subsequently, rats were allowed 
access to regular food and drinking water. After one-week, 
fasting blood glucose levels were measured using a digital 
glucometer (BG-03 Gluco One Glucometer, Dr. Morep-
en) and animals showing blood glucose levels exceeding 
200 mg/dl were selected for further experimentation.

The experimental animals received daily treatment 
with methanol extract of P. indica (PIME) at the doses of 
100, 200 and 400mg/kg and ethyl acetate fraction of roots 
of P. indica (PIEAF) at the doses of 10, 20 and 40 mg/kg 
for 21 days, with 5mg/kg Gliclazide serving as the stan-
dard drug. After that blood samples were collected from 
fasted and anesthetized rats via retro-orbital sinus vein 
puncture and serum was obtained through centrifugation. 
Subsequently, all rats were euthanized and their kidneys 
and pancreas were harvested for analysis of biochemical, 
hematological and histopathological parameters.

Experimental design
Animals were divided into 9 groups (with n=6 in each 
group). Animals were treated with streptozotocin (STZ) 
and nicotinamide (NA) to induce diabetes. Diabetic rats 
were treated with Methanol extract of P. indica and its ethyl 
acetate fraction (PIME and PIEAF) in different doses oral-
ly which were prepared in 0.5% carboxymethylcellulose 
(CMC). STZ was dissolved in freshly prepared citrate buffer 
solution (pH=4.5) and gliclazide was used as standard drug. 
The experimental groups for animal studies were as follows:

•	 Normal control (n=6): rats received 0.5 ml of 0.5% 
CMC daily for 3 weeks.

•	 Diabetic control (n=6): rats received STZ (50 mg/kg) 
and NA (110 mg/kg) once and after the induction of 
diabetes, vehicle was administered daily for 3 weeks.

•	 Standard drug (n=6): diabetic rats of this group re-
ceived gliclazide (5 mg/kg/day) for 3 weeks. Diabetic 
rats were administered daily with PIME suspended 
in CMC for 3 weeks at doses of 100, 200 and 400 mg/
kg and PIEAF at doses of 10, 20 and 40 mg/kg.

After completion of the treatment period, rats were 
placed in an individual metabolic cage for 24h and kept 
fasting for 12h. The rats were anesthetized with sodium 
pentobarbital and blood was collected using retro-orbital 
puncture and then they were sacrificed. Both the kidneys 
and pancreas were harvested immediately and rinsed with 
KCl buffer solution (pH- 7.4). Serum was isolated from 
the collected blood by centrifugation at 5000×g using 
REMI C- 24 PLUS centrifuge for biochemical estimations. 
The harvested kidney and small part of pancreas were 
preserved in 10% formalin solution for histopathological 
investigations. Rest part of pancreas was homogenized 
(10% w/v) in potassium chloride solution with the help of 
a Teflon homogenizer, then centrifuged at 5000×g for 20 
minutes to isolate the supernatant for estimation of oxida-
tive stress biomarkers (Singh et al. 2020).

Evaluation of serum glucose, liver enzymes 
and lipid profiles
Glucose, serum glutamic oxaloacetic transaminase 
(SGOT), serum glutamate pyruvate transaminase (SGPT), 
alkaline phosphate (ALP), cholesterol, triglycerides, low 
density lipoproteins (LDL) and high-density lipoproteins 
(HDL) in serum were assessed using commercially avail-
able kits (Erba Diagnostics India) (Singh et al. 2022).

Renal functions parameters
The estimation of creatinine, urea and uric acid in serum 
was carried out using commercially available estimation 
kits (Erba Diagnostics India).

Estimation of oxidative stress parameters 
in pancreatic tissue
Oxidative stress markers were assessed in tissue homog-
enates of pancreas from each experimental group. The 
level of lipid peroxidation, a crucial indicator of oxidative 
damage, was quantified by measuring thiobarbituric acid 
reactive substances (TBARS). Superoxide anion genera-
tion (SAG) in the tissues was evaluated by assessing the 
reduction in nitro blue tetrazolium. Additionally, the con-
centration of reduced glutathione (GSH) in the tissue was 
determined spectrophotometrically (Ahmed et al. 2015). 
These analyses provided insights into the oxidative stress 
status and antioxidant capacity of the pancreatic tissues in 
each experimental group.

Hematoxylin and Eosin Staining
Preserved kidneys and pancreas were initially submerged 
in a 10% formalin solution before undergoing a series of 
preparatory steps. These included dehydration through 
successive ethanol concentration, followed by immersion 
in xylene and subsequent fixation in paraffin wax. The re-
sulting tissue sections, with a thickness of four microme-
ters, were then mounted onto glass slides using commer-
cial Bakers mounting fluid. To ensure proper adhesion, 
the slides were gently heated to melt the paraffin wax and 
then rinsed with xylene. Subsequent washing steps in-



Pharmacia 72: 1–17 5

volved washing with absolute alcohol and hydration with 
water. Finally, the sections were stained with hematoxylin 
and eosin (Rowley et al. 2019). The prepared slides were 
examined under a microscope for any gross histopatho-
logical changes.

High performance liquid chromatography 
(HPLC) of PIME
The methanol extract was analyzed on Agilent technology 
HPLC system, provided with a photodiode array (PDA) 
detector using C-18 (150 mm × 4.6 mm, i.d. 5 µm) col-
umn. The mobile phase consisting of methanol and water 
in the proportion of 3:1 v/v was used. The column was 
equilibrated with mobile phase, pumped at the flow rate 
of 0.8ml/min and the injection volume was 5 mL. For 
calibration curve, plumbagin was prepared as standard at 
different concentrations 1–20 µg/ml in ethanol as solvent. 
Both the standard and extract were performed in tripli-
cate and the detection was monitored at the wavelength 
of 265 nm. Identification and quantification of plumbagin 
were performed based on retention time and peak area 
was analyzed using EZChrome Elite chromatography data 
system software (CDS) (Tiwari et al. 2021).

Molecular docking studies

Previously developed and validated homology model of 
α-glucosidase on isomaltase (Saccharomyces cerevisiae) 
template (PDB: 3A4A) was utilized to analyze plum-
bagin interactions within the most favorable binding 
site in α-glucosidase (Singh et al. 2024). Structure of 
plumbagin was drawn on ChemDraw Ultra (2013) and 
its energy was minimized by using MM2 (molecular me-
chanics) force field in Chem3D Ultra software. The pre-
pared structure of plumbagin was protonated in aqueous 
solution using ligand preparation module in LeadIt and 
docked into defined binding site using FlexX docking 
module in LeadIt (Singh et al. 2022). All FlexX solutions 
yielded were scored using Consensus scoring function 
(CScore) and ranked accordingly. The top best pose with 
the highest score was selected for investigation of inter-
actions, HYDE assessment and calculation of free energy 
of binding (ΔG). 2D and 3D enzyme-hybrid interactions 
were visualized using Discovery Studio Visualizer (Singh 
et al. 2023). Briefly, the prepared homology model on 
the isomaltase (Saccharomyces cerevisiae) template us-
ing SWISS-MODEL pipeline was verified by overlapping 
with the template crystallographic structure and visual-
izing binding site residues (including His111, Asp214, 
Glu276, His348, and Asp349) of the co-crystalized ligand 
alpha-D-glucopyranose. Binding site residues were de-
void of any deviations. The model was further validat-
ed using PROCHECK, which showed 89.5% residues in 
most favorable regions in the generated Ramachandran 
plot (Suppl. material 1). The accuracy of the docking 
protocol was established by docking the co-crystalized 
parent template protein ligand isomaltose in the bind-

ing site, which generated ligand confirmation with a root 
mean square deviation (RMSD) value of 0.5614, indicat-
ing the reliability of the docking protocol.

Statistical analysis

All the results were calculated as mean ± S.E.M. Statistical 
evaluation was performed using Graph Pad Prism soft-
ware version 9.5.1 by using one-way ANOVA. P < 0.05 
was considered as significant.

Results
Preliminary phytochemical screening

The extracts prepared from the roots of P. indica were sub-
jected to preliminary phytochemical screening in order to 
check the presence of particular class of components pres-
ent. Methanol extract showed the presence of alkaloids, 
flavonoids, tannins and cardiac glycosides.

In vitro antioxidant studies

The antioxidant ability of methanol, chloroform extracts 
and the separated fractions ethyl acetate fraction (PIEAF) 
and n-butanol fraction (PIBF) of active methanol extract 
of P. indica roots were assessed using in vitro assays such 
as DPPH and ferricyanide ion reduction assay.

DPPH method
The inhibitory potential of the extracts and fractions from 
P. indica root was evaluated in DPPH assay for its radical 
scavenging activity was compared to ascorbic acid as stan-
dard. Ethyl acetate fraction of P. indica (PIEAF) showed 
the highest antioxidant potential with an IC50 value of 
121.86 µg/mL, followed by the methanol extract of P. indica 
(PIME) with an IC50 of 148.25 µg/mL compared to ascor-
bic acid (IC50 53.10 μg/mL) as shown in Fig. 1. The results 
revealed that free radical scavenging activity of the PIME 
and PIEAF increased with an increase in the concentration.

Ferric-reducing antioxidant power assay
The ferric reducing antioxidant power (FRAP) assay was 
carried out at different concentrations of all extracts and 
fractions of P. indica. PIEAF and PIME with IC50 value 
of 122.75 µg/mL and 134.56 µg/mL respectively, exhib-
ited the highest reducing power, while PICE (IC50 value 
302.24 µg/mL) and PIBF (IC50 241.01 µg/mL) showed 
relatively weaker activities as shown in Fig. 2.

From these observations, it was concluded that among 
all the extracts and fractions, methanol extract and its 
fraction showed maximum antioxidant activity in DPPH 
and FRAP assays. Pharmacological reports have shown 
that many plants with antioxidant activity may help man-
age diabetes by mitigating oxidative stress, a key factor in 
the disease’s progression, therefore further invitro antidia-
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Figure 2. Percentage inhibition of hydroxyl radical scavenging activity of extacts and fractions of P.indica: A. PIME (Methanol 
extract of P. indica); B. PICE (Chloroform extract of P. indica); C. PIEAF(ethyl acetate fraction of P. indica); D. PIBF(butanol fraction 
of P. indica) at different concentrations (25–400 μg/ml), compared with ascorbic acid as antioxidant standard.

Figure 1. Percentage inhibition of DPPH free radical activity of extracts and fractions of P.indica: A. PIME (Methanol extract of P. 
indica); B. PICE (Chloroform extract of P. indica); C. PIEAF(ethyl acetate fraction of P. indica); D. PIBF (butanol fraction of P. indica) 
at different concentrations (25–400 μg/ml), compared with standard antioxidant ascorbic acid.
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betic assays were done on extracts and fractions prepared 
from this plant to test its antihyperglycemic effect.

In vitro anti-diabetic studies

Alpha-glucosidase inhibition assay

P. indica extracts and fractions were tested for α-glucosi-
dase inhibitory activity at doses ranging from 25 to 250 µg/
mL. The standard drug used was acarbose (IC50 = 70.92 
µg/mL). The results showed that the PIEAF exhibited the 
highest inhibitory effect (IC50=99.89 µg/mL), followed 
by the PIME (IC50=109.82 µg/mL). The butanol fraction 
(PIBF) and chloroform extract (PICE) showed minimum 
inhibition with IC50 = 170.34 µg/mL and IC50 = 214.71 µg/
mL) as represented in Fig. 3. PIEAF and PIME showed bet-
ter α- glucosidase enzyme inhibition than PICE and PIBF.

Alpha-amylase inhibition assay
Alpha-amylase inhibitory activity of P. indica extracts 
and fractions was done at doses ranging from 25 to 250 
µg/mL, using acarbose as the standard reference (IC50 = 
75.29 µg/mL). The PIEAF showed the highest inhibition 
(IC50 = 106.09 µg/mL), followed by the PIME (IC50 = 
112.85 µg/mL). The PICE and PIBF exhibited moderate 
inhibitory activity (IC50 = 197.59 µg/mL and 213.56 µg/
mL) as shown in Fig. 4.

The results from the above assays indicated that the meth-
anol extract of roots of this plant and its ethyl acetate fraction 

possess notable hypoglycemic activity whereas its chloro-
form extract and butanol fraction was found to be less effec-
tive. Based on these aforementioned results, the bioactive ex-
tract and its fraction namely PIME and PIEAF were further 
subjected to in vivo testing using streptozotocin (STZ) and 
nicotinamide (NA) model of Type 2 diabetes in rats. 

Acute toxicity studies

In acute toxicity studies, rats showed no signs of toxicity 
in the methanol extract of P. indica at a dose of 2000 mg/
kg within the first 24 hours. Based on the OECD guide-
lines 423, a dose equal to one-tenth (200mg/kg) of this 
safe amount was chosen for experimental use, while low-
er (half, 100mg/kg) and higher (double, 400mg/kg) doses 
were used to evaluate any dose- dependent effects.

In-vivo evaluation of antidiabetic activity

The antidiabetic activity of methanol extract and its ethyl 
acetate fraction was investigated using STZ/NA induced 
diabetes in rats and various renal, hepatic and oxidative 
stress parameters were assessed in rats.

Serum glucose, liver enzymes and lipid profiles
The effects of PIME and PIEAF treatment on various bio-
chemical parameters was assessed in STZ/NA induced dia-
betic rats. The diabetic control group had significantly high-
er levels of glucose, triglycerides, cholesterol, LDL, SGOT, 

Figure 3. α-Glucosidase enzyme inhibition potential of extracts and fractions of P.indica: A. PIME (Methanol extract of P. indica); 
B. PICE (Chloroform extract of P. indica); C. PIEAF (ethyl acetate fraction of P. indica); D. PIBF (butanol fraction of P. indica) at 
different concentrations (25–250 μg/ml), compared with acarbose as standard.
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Figure 4. α- Amylase enzyme inhibition potential of extacts and fractions of P. indica: A. PIME; B. PICE; C. PIEAF; D. PIBF at 
different concentrations (25–250 µg/ml), compared with acarbose as standard.

SGPT and ALP, while also having lower HDL levels, com-
pared to the normal control group. The treatment with PIME 
(100, 200 and 400 mg/kg) and PIEAF (10, 20 and 40 mg/kg) 
resulted in a significant reduction in glucose, triglycerides, 
cholesterol, LDL, SGOT, SGPT and ALP levels, in addition 
to a significant improvement in HDL levels, when compared 
to the diabetic control group as shown in Fig. 5A–H.

Among the doses evaluated, the higher dose of PIEAF 
(40 mg/kg) had the maximum effect on returning bio-
chemical parameters to normal levels, suggesting its sig-
nificant antihyperglycemic activity.

Renal functions and oxidative stress param-
eters
The effects of PIME and PIEAF on renal function and ox-
idative stress indicators in STZ/NA- induced diabetic rats 
was observed in this study. The diabetic control group had 
considerably higher levels of creatinine, urea, uric acid, 
TBARS (Thio barbituric Acid Reactive Substances) and 
SAG (Superoxide Anion Generation) as well as a signif-
icant decrease in GSH(Glutathione) as compared to the 
normal control group. When compared to the diabetic 
control, PIME (200 and 400 mg/kg) and PIEAF (20 and 
40 mg/kg) significantly reduced the high levels of creati-
nine, urea, uric acid, TBARS and SAG while raising GSH 
levels in a dose-dependent manner Fig. 6A–G. Among the 
groups, the higher dose of PIEAF (40 mg/kg) exhibited 
significant improvement, demonstrating nephroprotec-
tive and antioxidant properties in diabetic rats.

Histopathological evaluation of tissues

Histopathological study of pancreatic tissue on STZ/
NA-induced diabetic rats showed that the effects of PIME 
and PIEAF on islet cell morphology were dose-dependent. 
The control group exhibited pancreatic tissue with normal-
ly situated islets of Langerhans (Fig. 7A). The diabetic con-
trol group showed extensive degeneration and distortion of 
islet cells, indicating serious pancreatic damage (Fig. 7B). 
The standard Gliclazide 5mg/kg drug treatment showed 
protection of islet cells (Fig. 7C). The groups treated with 
methanol extract of P. indica at 100 and 200mg/kg showed 
mild protective effects, but significant improvement was 
observed at the dose of 400 mg/kg, restoring islet structure 
(Fig. 7D–F). PIEAF-treated groups at lower dose showed 
minimal protection, but at the dose of 40 mg/kg significant 
improvement in islet cell structure was observed Fig. 7G–I.

These findings suggest that PIME and PIEAF may have 
dose-dependent protective effects in islets of Langerhans 
of pancreatic tissue which has been degenerated and dis-
torted by diabetes and the maximum effect was observed 
at 40mg/kg dose of ethyl acetate fraction of P.indica.

After assessing the effect of different groups on pancre-
atic tissue, significant morphological differences were also 
observed in renal tissue of various groups. The normal 
control group had well-preserved glomeruli and intact 
tubules, indicating normal renal anatomy (Fig. 8A). The 
diabetic control group showed severe kidney injury, while 
the standard drug-treated group had typical glomerular 
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Figure 5. Effect of PIME and PIEAF on A. Glucose; B. Triglyceride; C. Cholesterol; D. HDL; E. LDL; F. SGOT; G. SGPT; H. ALP of 
diabetic rats. Data are expressed as mean ± SEM [ n = 6 in each group], ‘a’ shows the mean significant difference when compared to 
the normal control group (P < 0.05). ‘b’ shows the mean significant difference when compared to the diabetic control group (P < 0.05).

Figure 6. Effect of PIME and PIEAF on A. Creatinine; B. Urea; C. Uric acid; D. Bilirubin; E. TBARS (Thio barbituric acid reactive 
substances); F. SAG (Superoxide anion Generation); G. GSH (glutathione) in diabetic rats. Data are expressed as mean ± SEM [n = 6 
in each group], ‘a’ shows the mean significant difference when compared to the normal control group (P < 0.05). ‘b’ shows the mean 
significant difference when compared to the diabetic control group (P < 0.05).
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Figure 7. PIME and PIEAF A. Section showing pancreatic tissue with normally situated islets of Langerhans in normal group (H&E; 
100×); B. Section showing degenerated islets of Langerhans in diabetic control group (H&E; 100×); C. Photomicrograph showing 
protection of islets of Langerhans in standard group; D, E. Section showing initiation of mild protection of islets cells in PIME treat-
ed (100 and 200 mg/kg) group (H&E; 100×); F. Photomicrograph showing initiation of moderate protection of islets cells in PIME 
(400 mg/kg) group; G, H. Sections showing partly protected islets cells in PIEAF treated (10, 20 mg/kg) group; I. Section exhibited 
significant protection of islets cells (PIEAF 40 mg/kg) (H&E; 100×).

structure and tubular morphology (Fig. 8B, C). PIME 
treatment at the doses of 100, 200 and 400mg/kg resulted 
in mild to moderate glomerular and tubular restoration 
(Fig. 8D, E, F), while PIEAF treatment at 10 and 20 mg/
kg showed partial recovery of both glomeruli and tubules 
(Fig. 8G, H). The PIEAF treatment at the dose of 40 mg/
kg significantly improved renal structure, demonstrating a 
dose-dependent nephroprotective effect (Fig. 8I).

The histopathological studies on pancreatic and renal 
tissues of rats subjected to various test groups revealed 
that the PIME and PIEAF possess antidiabetic and ne-

phroprotective potential as both the methanol extract and 
its fraction have shown protective effect in kidney and 
pancreatic tissues.

After observing the hypoglycemic effect methanol ex-
tract of the plant P. indica, further HPLC analysis of bioac-
tive extract PIME was carried out to determine the content 
of major component Plumbagin in the bioactive extract. 
Plumbagin is the major bioactive compound found in the 
roots of the plant Plumbago indica and this natural naph-
thoquinone is responsible for many of the plant’s reported 
pharmacological activities.
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Figure 8. Histopathology of kidney tissue from different experimental groups A. Section showing normal glomerulus tubules in 
normal control group (H&E; 100×); B. Section showing degeneration of glomerulus and tubular necrosis in diabetic control group 
(H&E; 100×); C. Section showing the normal glomerulus in positive control (H&E; 100×) D, E. Sections showing mild glomerular 
and tubular changes in PIME treated (100, 200 mg/kg) group (H&E; 100×). F. Sections showing moderate protection in PIME treated 
(400 mg/kg) group; G, H. Sections showing partly protected glomerular and tubular tissue in PIEAF treated (100, 200 mg/kg) group; 
I. Section exhibited significant recovery of glomerular and tubular tissue (PIEAF 40 mg/kg) (H&E; 100×).

HPLC analysis of PIME

Methanol extract of P. indica roots was quantitatively de-
termined for plumbagin content by HPLC method and 
the content of plumbagin in the extract was found to be 
0.26%. The chromatograms of PIME and standard plum-
bagin are shown in Fig. 9. As plumbagin was found in 
high concentration in PIME, it can be considered respon-
sible for the antidiabetic potential of plant P. indica.

After confirmation of antidiabetic effect of P. indica roots 
in in vitro and in vivo studies, further in silico studies were 

done on bioactive component of the plant i.e. Plumbagin. In 
silico studies were designed to explore the binding affinity 
of the molecule with target protein which will help in vir-
tual screening of biological activity and understanding of 
molecular mechanisms of the target molecule, plumbagin.

Molecular docking studies

Molecular docking studies were performed to get insight 
into various molecular interactions of plumbagin with 
α-glucosidase responsible for its inhibition. A previously 
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Figure 9. Representative HPLC chromatogram A. Plumbagin as standard; B. Plumbago indica methanol extract.

developed and validated model was utilized in the analysis 
(Singh et al. 2024). The prepared and energy-minimized 
structure of plumbagin was docked into the defined bind-
ing site of α-glucosidase and the best pose with a docking 
score of -15.8913 was selected for discussion. Plumbagin 
docked in the most favorable binding site of the homolo-
gy model of α-glucosidase from Saccharomyces cerevisiae 
based on the template of isomaltase from Saccharomyces 
cerevisiae (PDB: 3A4A) as shown in Fig. 10.

The overall binding pattern of plumbagin with residues 
of the binding site suggests that the hybrid molecule is well 
positioned in the cavity and properly stabilized by various 
favorable electrostatic interactions. Major interactions 

with α-glucosidase include π-alkyl interaction, π- anion 
interaction, π-π T-shaped interaction and conventional 
hydrogen bond interaction. Plumbagin was found to be 
sandwiched between the Phe157, His239 and Asn241 on 
one side and Glu304, Ser308 and Arg312 on the other side. 
Both Phe157 and His239 showed π-alkyl interactions with 
the methyl substitution in plumbagin. The core nucleus of 
plumbagin showed π-π T-shaped interaction with His239 
and π-anion interaction with Glu304. Both ketone groups 
in the structure made conventional hydrogen bond in-
teractions with Asn241 (H-bond acceptor; with amine 
group: d = 2.03) and Arg312 (H-bond acceptor; with 
amine group: d = 2.19). Another conventional hydrogen 

Figure 10. A. Plumbagin complex with α-glucosidase (PDB: 3A4A); B. 3D view of interactions of plumbagin with residues of the 
binding site of α-glucosidase; C. 2D view of interactions of plumbagin with the residues of the binding site of α-glucosidase.
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bond interaction of the hydroxyl group was observed with 
Ser308 (H-bond acceptor; with amine group: d = 2.07), 
all three presenting strongholds of plumbagin in the bind-
ing site. Thus, the overall study suggests that plumbagin is 
well equipped with small, rigid and planar groups making 
it the most eligible scaffold that seems to be able to satisfy 
the necessary pharmacophoric requirements of α-glucosi-
dase inhibition hence making it a promising molecule in 
management of diabetes.

Discussion

The current study investigated the antidiabetic potential 
of Plumbago indica root extracts and its fractions using in 
vitro, in vivo and in silico assays. Initially, methanol and 
chloroform extract were prepared from P. indica roots. 
Then the methanol extract was fractionated into n-buta-
nol (PIBF) and ethyl acetate (PIEAF) fractions.

Various extracts and fractions prepared from the roots 
of P. indica were then investigated for antioxidant activity 
using in vitro assays. The reducing power and free radical 
scavenging ability of the extracts and fractions were evalu-
ated using the ferric-reducing antioxidant power (FRAP) 
assay and the DPPH free radical scavenging method (An-
dreadi et al. 2022; Melk et al. 2024). The results showed 
that IC50 values of PIEAF were found to be 121.86 µg/mL 
and 122.75 µg/mL in the DPPH and FRAP assays, respec-
tively, therefore PIEAF (ethyl acetate fraction of P. indi-
ca) demonstrated the highest level of antioxidant activity. 
However, among the extracts, PIME (methanol extract of 
P. indica) showed remarkable activity.

The secondary metabolites such as alkaloids, flavo-
noids, tannins and glycosides were found to be present in 
methanol extract after preliminary phytochemical screen-
ing. The antioxidant and antidiabetic potential of these 
secondary metabolites have been well established in var-
ious studies (Yaribeygi et al. 2020; Charlton et al. 2020). 
Recent studies have also shown that natural phenolic and 
flavonoid-rich extracts possess strong antioxidant capac-
ity, which plays a key role in attenuating oxidative stress, 
a major factor contributing to β-cell dysfunction and in-
sulin resistance in diabetes mellitus (Bungau et al. 2023; 
Bouslamti et al. 2023). Based on these reports, antioxidant 
potential of PIME and PIEAF can be attributed to the 
presence of phenolic compounds and flavonoids in them.

The in vitro α-glucosidase and α-amylase inhibition 
assays further demonstrated the antidiabetic potential of 
PIEAF and PIME. PIEAF showed IC50 values of 99.89 µg/
mL and 106.09 µg/mL against α-glucosidase and α-amy-
lase, respectively. These enzyme inhibitory activities are 
important because they delay carbohydrate digestion and 
glucose absorption, thereby reducing postprandial hyper-
glycemia. Similar inhibitory activities have been report-
ed for other medicinal plant extracts such as Hawthorn 
fruit and Gymnema sylvestre, which protect pancreatic 
β-cells while reducing carbohydrate breakdown. Haw-
thorn extract has been shown to inhibit pancreatic lipase, 
an enzyme involved in fat digestion, while Gymnema syl-

vestre can inhibit carbohydrate breakdown by inhibiting 
enzymes like alpha-amylase and alpha-glucosidase. Both 
plant extracts also possess antioxidant properties and help 
protect pancreatic β-cells from damage, although by dif-
ferent mechanisms, contributing to a potential antidia-
betic effect (Ibrahim et al. 2017; Lien et al. 2023). Similar 
dual antioxidant and enzyme-inhibitory mechanism was 
observed in our study which suggests that PIEAF could 
provide superior glycemic control through its α-amy-
lase and α-glucosidase inhibition compared to synthetic 
α-glucosidase inhibitors, which often cause gastrointesti-
nal side effects.

Based on these in vitro assays, most bioactive extract 
and its fraction (PIME and PIEAF) were selected for in 
vivo studies using streptozotocin (STZ)/nicotinamide 
(NA)-induced diabetic rat model. Acute toxicity studies 
showed no adverse effects and mortality up to 2000 mg/
kg of PIME, indicating a broad safety and confirming its 
appropriateness for long-term use in rats. In STZ-NA-in-
duced diabetic rats, the biochemical parameters of type 2 
diabetes were observed, which showed marked hypergly-
cemia, dyslipidemia, elevated liver enzymes and impaired 
renal function. After administration of PIME and PIEAF 
for 21 days, significant improvements were observed in 
fasting blood glucose levels, lipid profiles such as (tri-
glycerides, cholesterol, LDL and HDL) and liver enzymes 
(SGOT, SGPT and ALP). PIEAF at 40 mg/kg showed sig-
nificant amelioration of type 2 diabetes compared to all the 
tested doses, bringing a result of parameters near normal 
and outperforming the common antidiabetic medication 
gliclazide in certain tests. Such findings align with reports 
on other natural extracts, such as Allium consanguineum 
and Rumex crispus, which exhibited potent enzyme inhibi-
tion and glycemic regulation in diabetic models (Minh et 
al. 2019; Mahnashi et al. 2022). Compounds isolated from 
A. consanguineum showed potent inhibition of enzymes 
involved in carbohydrate metabolism and significantly 
reduced blood glucose levels in experimental models of 
diabetes. In a similar study, ethanolic extract of Solanum 
torvum fruits showed hypoglycemic, hypolipidemic and 
hepatoprotective activity in streptozotocin induced dia-
betic rats (Satyanarayana et al. 2022). The aforementioned 
studies also reported that the phytochemicals present in 
plants such as flavonoids, tannins can promote the regen-
eration of damaged pancreatic β-cells and normalize lipid 
profile and liver enzymes.

The protective effects of PIME and PIEAF on kidney 
function tests were also carried out in this study (Alanazi 
et al. 2020). Serum creatinine, urea and uric acid levels 
in diabetic control rats were markedly elevated, indicat-
ing renal impairment. These levels were markedly and 
dose-dependently decreased by PIME and PIEAF treat-
ment at the dose of 400 and 40mg/kg respectively. More-
over, the diabetic control rats had significantly lower levels 
of reduced glutathione (GSH), a crucial antioxidant and 
higher levels of oxidative stress markers in pancreatic 
tissue, such as TBARS and superoxide anion generation 
(SAG). These patterns were reversed by treatment with 
the PIEAF, especially at higher dose (40mg/kg), indicating 
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a potent antioxidative effect in vivo. The antioxidant ac-
tivity may decrease the oxidative stress in diabetic tissues 
and maintain pancreatic β-cell function. Similar nephro-
protective and antioxidant activities have been reported 
for Cenchrus purpureus and mushroom polysaccharides, 
which mitigate oxidative stress and preserve renal func-
tions (Arunachalam et al. 2022; Ojo et al. 2022). The phy-
tochemicals present in these plants can increase the ac-
tivity of antioxidant enzymes like SOD and CAT which 
results in reducing oxidative stress. This will further pre-
vent lipid peroxidation; help prevent damage to kidney 
cells and preserve overall renal function.

Additionally, the confirmation of the protective effects 
of PIME and PIEAF has been seen biochemically by histo-
pathological analysis. Significant islet cell damage, includ-
ing degeneration and distortion, was seen in the pancreatic 
tissue of diabetic rats. Both PIME and PIEAF treatment 
especially at higher doses 400mg/kg and 40mg/kg, demon-
strated islet structure preservation and regeneration, sug-
gesting protective effects on β-cells. Similarly, glomerular 
and tubular damage was observed in diabetic kidney sec-
tions in diabetic control group, however, PIEAF treatment 
(40 mg/kg) led to restoration of normal renal structure. 
These findings corroborate the biochemical information 
and the nephroprotective as well as antidiabetic activity of 
methanol extract and its ethyl acetate fraction of P. indica 
roots. Comparable β-cell protective and nephroprotective 
effects have been demonstrated by extracts of plants Crass-
ocephalum crepidioides and Ephedra alata, highlighting the 
relevance of natural antioxidants in preventing structural 
damage of pancreas and kidneys caused by diabetes (Bahar 
et al. 2017; Tiss et al. 2022). Therefore, it can be inferred 
that the antioxidant property of PIME and PIEAF played 
an important role in restoring the histological architecture 
of the pancreas and kidneys in diabetic rats in this study.

Oral hypoglycemic agents are widely used in the treat-
ment of T2DM but they can cause hypoglycemia, weight 
gain, fluid retention, heart failure, joint pain and pancre-
atitis. α-glucosidase inhibitors like acarbose may lead to 
abdominal pain, diarrhea, flatulence but P. indica can act 
as natural antioxidant and therefore be protective against 
oxidative damage caused by hyperglycemia and prevent 
the progression and development of diabetic complica-
tions (Dilworth et al. 2024).

After establishing the antidiabetic activity of P. indica 
roots, the content of the principal and bioactive compo-
nent of this plant, plumbagin in PIME was determined by 
HPLC. Plumbagin, which is a bioactive naphthoquinone 
was found to be present in PIME, at a concentration of 
0.26%. In a recent study, antioxidant and anti-inflam-
matory properties were exhibited by plumbagin. Since, 
increased oxidative stress and neuroinflammation are 
primarily associated with the onset of disorders includ-
ing cancer and diabetes, plumbagin appears to be a via-
ble therapeutic agent for the treatment or control of such 
chronic diseases due to its valuable inhibitory actions 
on oxidative stress and inflammation (Verma and Goyal 
2024). Therefore, in our study, Plumbagin can be taken as 

a probable contributor to the observed antidiabetic activ-
ity as established by its identification and quantification.

After the determination of marker compound in this 
plant, molecular docking studies were carried out to un-
derstand the mechanism of action of plumbagin in which 
a homology model of α-glucosidase was used. Plumbagin 
demonstrated a favorable docking score of -15.89 when 
it was docked into the active site of the enzyme. Phe157, 
His239, Asn241, Glu304, Ser308 and Arg312 were among 
the essential amino acid residues with which the molecule 
formed hydrogen bonds, π-π stacking, π-alkyl and π-an-
ion interactions. The results of the docking study revealed 
that plumbagin was stabilized within the enzyme bind-
ing site by these interactions, indicating that it inhibited 
α-glucosidase activity through optimal orientation and 
strong molecular affinity.

Overall, the results of this investigation showed that P. 
indica roots, especially its ethyl fraction, have strong an-
tioxidant and antidiabetic properties. These activities are 
probably mediated by reducing oxidative stress, protect-
ing pancreatic and renal tissues and inhibiting enzymes 
that break down carbohydrates. HPLC and molecular 
docking studies have also confirmed that plumbagin plays 
a major role in these positive effects. The findings provide 
the scientific support for the traditional use of P. indica in 
the treatment of diabetes. To fully explore its therapeutic 
potential, more research is necessary, including formula-
tion development and clinical evaluation.

Conclusion

In conclusion the present study highlights Plumbago in-
dica roots promising antidiabetic potential, which is vali-
dated by in vitro, in vivo and in silico results. Key enzymes 
involved in the digestion of carbohydrates and the regula-
tion of blood glucose, α-glucosidase and α-amylase, were 
significantly inhibited by the extract/fraction, especially 
PIEAF. The ability of the extract and fraction to scavenge 
free radicals was further demonstrated by the antioxidant 
assays, indicating their potential to reduce oxidative stress 
linked to diabetes. When P. indica extracts, particularly 
PIEAF 40mg/kg, were administered to streptozotocin/nic-
otinamide-induced diabetic rats in vivo, there was a signif-
icant decrease in blood glucose, cholesterol, triglycerides, 
LDL and hepatic enzymes, as well as an increase in HDL 
levels. Also, regenerative effects on renal and pancreatic 
tissues were demonstrated by histopathological analy-
sis, suggesting tissue recovery and regeneration. Further, 
Plumbagin, a known bioactive compound, was found in 
the extracts, according to quantitative analysis. The mo-
lecular docking studies indicated that plumbagin interacts 
favorably with α-glucosidase, suggesting a potential mech-
anism of action. Overall, the potential of P. indica roots as 
natural antidiabetic agents is highlighted by their notable 
pharmacological activities, which support its traditional 
use. Further studies should be carried out on bioactive 
compound to determine its therapeutic efficacy and safety.
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