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ABSTRACT:

Lawsonia inermis L. (henna) is a medicinal plant rich
in bioactive phytoconstituents, including lawsone,
flavonoids, phenolics, tannins and other secondary
metabolites. The present study integrated phyto-
chemical screening, artificial intelligence (Al)-as-
sisted compound prioritization, molecular docking
and HepG2 cell-based evaluation to investigate the
potential role of L. inermis phytochemicals in oxida-
tive-stress-related pathways. Mature leaves were au-
thenticated and subjected to preliminary phytochem-
ical screening using different extracts. Acetone ex-
tract showed the presence of carbohydrates, tannins,
flavonoids, alkaloids, phytosterols and steroids,
whereas the aqueous extract revealed amino acids,
proteins, vitamin C, phosphates, chlorides, tannins,
flavonoids, phlobatannins, steroids, saponins and
saponin glycosides. TLC analysis showed spots with
Rf values of 0.93 and 0.96. A 178-phytochemical
docking dataset targeting Keap1 was further analysed
for compound prioritization. Phenylethanoid glyco-
sides exhibited the highest class-average Total Score
(7.3113), followed by tocopherols (6.2478) and fla-
vones (5.0257). Selected phytochemicals, including
cyanidin-3-sambubioside, luteolin-5-O-glucoside,
rutin, echinacoside and a-tocopherol, showed re-
ported increases in nuclear Nrf2 expression. Docking
analysis of selected compounds indicated differential
binding interactions with Keapl. Overall, the find-
ings demonstrate the potential of integrating phyto-
chemical investigation, computational prioritization
and cellular evaluation for Identifying bioactive com-
pounds from L. inermis.

KEYWORDS: Lawsonia inermis, Phytochemi-
cals; Nrf2; Keapl; HepG2; Molecular Docking; Oxi-
dative Stress

I. INTRODUCTION

The liver is a vital organ involved in metab-
olism, detoxification, and maintenance of physiolog-
ical homeostasis. Excessive generation of reactive
oxygen species (ROS) can disturb cellular redox bal-
ance, resulting in oxidative stress, inflammation, and
hepatocellular injury. The Nrf2 pathway plays a cen-
tral role in cellular antioxidant defence, whereas NF-
kB is a key regulator of inflammatory responses.
Modulation of these pathways is therefore considered
important in protecting hepatic cells against oxidative
and inflammatory damage.

Natural products are valuable sources of
structurally diverse bioactive compounds with signif-
icant therapeutic potential. Lawsonia Inermis L.
(henna) is a medicinal plant rich in bioactive phyto-
constituents, particularly the naphthoquinone law-
sone, along with flavonoids, phenolics, and tannins.
These constituents have been associated with antiox-
idant and anti- inflammatory activities, suggesting a
potential role in protecting cells against oxidative in-
jury.

Lawsone, the characteristic bioactive con-
stituent of L. inermis, has demonstrated hepatopro-
tective potential in experimental models of drug-in-
duced liver injury. However, the molecular mecha-
nisms underlying the hepatoprotective activity of L.
inermis, particularly its relationship with Nrf2-medi-
ated antioxidant defence and NF-«xB-associated in-
flammatory signalling, remain insufficiently ex-
plored.

Therefore, the present study was designed to
investigate the hepatoprotective effects of Law-
sonia inermis in HepG2 cells, with particular empha-
sis on oxidative stress and Nrf2/NF-«kB signalling.
The study integrates phytochemical investigation,
Al-assisted compound prioritization, molecular
docking, and cellular evaluation to provide mechanis-
tic insights into the hepatoprotective potential of L.
inermis.
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II. PLANT PROFILE :

Lawsonia inermis L., commonly known as
henna, is a flowering shrub belonging to the family
Lythraceae. It is widely distributed in tropical and
subtropical regions and generally grows to a height
of approximately 2-6 m. The plant possesses
opposite, small, elliptic to broadly lanceolate leaves
and fragrant white to pinkish flowers arranged in

terminal inflorescences. Its leaves are rich in
bioactive  phytoconstituents,  particularly  the

naphthoquinone lawsone, along with flavonoids,
phenolics, tannins, and other secondary metabolites.
The plant has been traditionally utilized for cosmetic
and medicinal purposes and has attracted
considerable scientific interest because of its diverse
pharmacological properties.

w’g

Figure 1: Lawsonia inermis

Table 1: Taxonomic Classification

Taxonomic category Classification
Kingdom Plantae
Plant Lawsonia inermis

Plant part investigated

Mature Leaves

Collection region

Tamil Nadu, India

Family

Lythraceae

Common name

Marudhani , Henna

Habit

Perennial branched herb

III.  Materials and Methods
3.1 Extraction
The powdered leaf material (40-mesh) was extracted
with 70% ethanol by Soxhlet extraction/cold macer-
ation. The combined extract was concentrated under
reduced pressure using a rotary evaporator at a con-
trolled bath temperature and subsequently freeze-
dried. The dried extract was stored at 4 °C until use.
The percentage yield was calculated using the fol-
lowing formula:
Extractive yield (%) = (Weight of dried extract /
Weight of starting dry powder) x 100

3.2 Preliminary phytochemical screening
Acetone, benzene and aqueous extracts of both do-
mestic and wild varieties of L. inermis were sub-
jected to systematic qualitative phytochemical
screening using standard chemical tests, as summa-
rised below:

Table 1: List of Phytochemical Tests

Phytoconstituent Test performed

Carbohydrates Benedict's test

Amino acids Ninhydrin test

Proteins Biuret test
Vitamin C Sodium nitroprusside test
Potassium ferrocyanide
Iron
test
Phosphate Ammonium molybdate
test
Chloride Silver nitrate (AgNOs) test
Tannins Ferric chloride (FeCls) test
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Phegglllig dcsom— Ferric chloride test
Flavonoids Lead acetate test
Alkaloids Wagner's test
Phytosterols Liebermann—Burchard test
Phlobatannins Dilute HCI test
Saponins Foam test
Steroids Salkowski test
Saponin glycosides Foam test

3.3 Quantitative estimation of phytochemical
constituents

Total carbohydrate content was estimated by the phe-
nol-sulphuric acid method (Krishnaveni et al., 1984),
using glucose as the standard, with absorbance meas-
ured at 490 nm. Total protein content was estimated
by the method of Lowry et al. (1951) using bovine
serum albumin as the standard, with absorbance read
at 750 nm. Total free amino acid content was esti-
mated by the ninhydrin method (McGrath, 1971) us-
ing leucine as the standard, with absorbance meas-
ured at 570 nm. In each case, the concentration of the
respective constituent was calculated from a standard
calibration curve.

3.4 Thin-layer chromatography (TLC)

TLC was performed on silica gel G plates (500 um
thickness) prepared in a 1:2 (w/v) ratio with distilled
water and activated at 80 °C for 3 h. Benzene: meth-
anol (96:4) was used as the mobile phase. Concen-
trated plant extract (0.5 mg) was applied 2 cm above
the base of the plate using a capillary tube, and the
plate was developed in a saturated chromatographic
chamber. Spots were visualised under iodine va-
pour, and the retention factor (Rf) was calculated as:
Rf = Distance travelled by the solute / Distance trav-

elled by the solvent front

3.5 Antimicrobial activity

The antimicrobial activity of acetone, benzene and
aqueous extracts of both varieties of L. inermis was
evaluated by the agar well diffusion method (Bauer
et al., 1966) against four bacterial strains Escherichia
coli, Klebsiella pneumoniae, Bacillus subtilis and
Staphylococcus aureus. Test cultures were inoculated
into nutrient broth and incubated at 37 °C for 24 h
until turbidity matched the standard. Wells (6 mm di-
ameter) were punched into Mueller—Hinton agar

plates seeded with the test organism (10® CFU/mL)
and filled with 50 pL of each extract. Plates were pre-
diffused at 4 °C for 30 min and then incubated at 37
°C for 24 h, after which the zone of inhibition was
measured.

3.6 In silico compound library and target selection

A library of 178 phytochemicals belonging
to 18 chemical classes (phenylethanoid glycosides,
tocopherols, flavones, flavanols, anthocyanins, flavo-
nols, stilbenes, flavanones, chalcones, carotenoids,
isoflavonoids, phenolic acids, quinones, coumarins,
terpenes, alkaloids, organosulfur compounds and
others) was assembled from PubChem with available
three-dimensional conformers. Kelch-like ECH-as-
sociated protein 1 (Keapl) was selected as the pri-
mary docking target on account of its role as the prin-
cipal cytoplasmic regulator of Nrf2, together with
NF-kB p65, IKKB and COX-2 as inflammatory sig-
nalling targets.

3.7 Protein preparation and molecular docking
The crystal structure of human Keapl (PDB ID:
4L7B) was retrieved from the Protein Data Bank and
prepared using SYBYL-X 2.0, involving removal of
crystallographic water molecules, addition of polar
hydrogens, correction of missing atoms and energy
minimisation. A ligand-based protomol was gener-
ated at the Kelch-domain binding site, encompassing
the Nrf2-recognition residues Arg380, Arg4l5 and
Arg483. Semi-flexible docking of the 178-compound
library was performed using the Surflex-Dock mod-
ule, and the three top-ranked poses were retained for
each protein-ligand complex. Compounds were
ranked by Total Score and C-score, with Total Score
> 6 and C-score > 4 taken as the threshold for priori-
tisation. Protocol validation was performed by re-
docking the co-crystallised native ligand (1VV) into
the Keap! binding pocket, with RMSD < 2.0 A be-
tween the docked and crystallographic poses con-
firming protocol accuracy.

3.8 3D-QSAR (CoMFA) analysis

The 178 aligned compounds (lowest-energy con-
formers) were subjected to Comparative Molecular
Field Analysis (CoMFA), and partial least squares
(PLS) regression was used to relate molecular ste-
ric/electrostatic field descriptors to the docking Total
Score.

3.9 Statistical analysis

Data were expressed as mean + SD. Comparisons in-
volving more than two groups were analysed by one-
way ANOVA followed by an appropriate multiple-
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comparison post-hoc test, with p < 0.05 considered
statistically significant.

IV.  Results and Discussion
4.1 Qualitative phytochemical screening
In the domestic variety of L. inermis, the acetone ex-
tract tested positive for carbohydrates, tannins, fla-
vonoids, alkaloids, phytosterols and steroids; the

benzene extract tested positive for carbohydrates,
alkaloids, phytosterols and steroids; and the aqueous
extract tested positive for amino acids, proteins, vit-
amin C, phosphate, chloride, tannins, flavonoids,
phlobatannins, steroids, saponins and saponin glyco-
sides. A broadly comparable pattern of constituents
was observed in the wild variety, with the acetone
extract additionally testing positive for phosphate
(Table 2, Figure 2)

Table 2. Qualitative phytochemical screening of Lawsonia inermis leaf extracts

S. No. Phytoconstituent Acetone Benzene Aqueous
1 Carbohydrate + + -
2 Amino acid - _ +
3 Protein - _ +
4 Vitamin C - _ +
5 Ion (Fe) test - - _
6 Phosphate test - — +
7 Chloride test - — +
8 Tannins + _ +
9 Phenolic compounds - - _
10 Flavonoids + _ +
11 Alkaloids + + _
12 Phytosterols + + _
13 Phlobatannins - - +
14 Saponins - _ +
15 Steroids + + +
16 Saponin glycosides - - +

r

'+ indicates presence; ' indicates absence of the constituent
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Figure 2. Representative colour reactions of phytochemical screening tests on aqueous (W), acetone (A) and
benzene (B) extracts of L. inermis leaves.

4.2 Antimicrobial activity
The extracts of L. inermis exhibited variable antibac-
terial activity against the tested organisms. The ace-
tone extract showed the widest spectrum of activity,
inhibiting Klebsiella sp. (11 mm), Bacillus cereus (8

Phosphate

Aminoac

Flavanoid

Glycosides

Chiloride

Alkaloids

© Tannins

mm) and Staphylococcus aureus (7 mm), whereas the
aqueous extract produced the largest zone of inhibi-
tion against B. cereus (10 mm). None of the extracts
showed activity against Escherichia coli (Table 3,

Figure 3).

Table 3. Antimicrobial activity (zone of inhibition) of Lawsonia inermis leaf extracts

1\?('). Test organism Acetone Benzene Aqueous
1 Escherichia coli - - -
2 Klebsiella sp. 11 mm - -
3 Bacillus cereus 8 mm 9 mm 10 mm
4 Staphylococcus au- 7 mm B B
reus

Figure 3. Zone of inhibition produced by L. inermis extracts against the tested bacterial strains by the agar well

4.3 Thin-layer chromatography
Two well-resolved spots were observed for the domestic-variety extracts, with Rf values of 0.93 (acetone extract)

and 0.96 (aqueous extract) (Table 4, Figure 4).

diffusion method
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Table 4. Rf values of Lawsonia inermis leaf extracts by TLC
Distance Distance
S. No. Extract No. of spots moved by sol- moved by so- Rf value
vent lute
1 Acetone 1 6.0 cm 5.6 cm 0.93
2 Aqueous 1 6.3 cm 6.1 cm 0.96
Sample load point
ot
Ivent moved point

Figure 4. TLC profile of L. inermis leaf extract developed in benzene:methanol (96:4) and visualised under
iodine vapour.

4.4 Quantitative estimation of phytochemical constituents

Table 5. Quantitative phytochemical content of L. inermis leaf extract (ug/100 mg sample)

S. No. Constituent Content (ug)
1 Carbohydrate 1.70
2 Protein 1.00
3 Amino acid 0.80

4.5 Molecular docking of phytochemicals
against Keapl

Docking of the 178-compound library into the Kelch
domain of Keapl (PDB ID: 4L7B) using the Sur-
flex-Dock module of SYBYL-X 2.0 showed a
marked class-dependent variation in predicted

binding affinity. The average Total Score was high-
est for phenylethanoid glycosides (7.31), followed
by tocopherols (6.25) and flavones (5.03), while al-
kaloids (2.57), organosulfur compounds (1.95) and
other miscellaneous constituents (1.86) showed
comparatively low scores (Table 6).

Table 6. Average molecular docking scores (Total Score) of different phytochemical classes against Keap1l

S. No. Phytochemical class Average Total Score
1 Phenylethanoid glycosides 7.3113
2 Tocopherols 6.2478
3 Flavones 5.0257

DOI: 10.5281/zen0d0.22765667

| Impact Factor value 7.429 1SO 9001: 2008 Certified Journal

Page 167



International Journal of Pharmaceutical research and Applications
Volume 11, Issue 5, Sep.-Oct.2026, pp:162-173 www.ijprajournal.com

TRY
IJP&urnal
4 Flavanols 49119
5 Anthocyanins 4.8552
6 Flavonols 4.7565
7 Stilbenes 4.5216
8 Flavanones 4.3529
9 Chalcones 4.3034
10 Carotenoids 3.9153
11 Isoflavonoids 3.4539
12 Phenolic acids 3.3291
13 Quinones 3.2318
14 Coumarins 3.1289
15 Terpenes 3.0130
16 Alkaloids 2.5660
17 Organosulfur compounds 1.9453
18 Others 1.8592

On the basis of the docking-based ranking, eleven
representative compounds spanning high-, medium-
and low-scoring classes were selected for biological
validation: cyanidin-3-sambubioside (C3S), luteolin-
5-O-glucoside (L5G), rutin (RUT), apigenin (API),
kaempferol (KAEM), a-tocopherol (aT), coptisine
(COP), magnoflorine (MAG), piperine (PIP), ellagic
acid (EA) and echinacoside (ECH). Cyanidin-3-

sambubioside showed the highest predicted affinity
for Keapl (Total Score 7.58, C-score 4), forming
multiple hydrogen bonds through its oxygen-rich gly-
cosidic substituents, while structurally related high-
scoring compounds engaged the key Nrf2-recogni-
tion residues Arg415, Arg483, Tyr334 and Ser602 of
the Kelch domain (Table 7, Figures 5-7).

Table 7. Predicted binding energies and key interacting residues of the co-crystallised control and se-

lected L. inermis constituents within the Keapl Kelch domain (PDB ID: 4L.7B)
Compound Class Predicted binding Key H?bondmg Key hydropl'loblc/n in-
energy (kcal/mol) residues teractions

Native ligand Co-crystallised in- 9810105 Arg4dl5, Asndl14, Tyr334, Ala556, Tyr572
(1vv) hibitor ’ ‘ Ser602, Arg483 (m—m), Arg415 (m-cation)
. _ _ Arg415, Arg483, Tyr334, Tyr525, Ala556,

Quercetin Flavonol 8.2t0 8.9 Sers08, Ser602 Tyrs72 (n-m)
. _ Argdl5, Argd83, Tyr334, Ala556, Tyr525,

Kaempferol Flavonol 7.6 to —8.2 Ser602 Val606

Lawsone Naphthoquinone —6.1 to —6.8 Arg415, Ser602 Tyr334, A1a55‘6, Tyr372

(m-stacking)
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Figure 5. Validation of the docking protocol by re-docking of the co—crystallied native ligand (1VV) into the
Keapl binding site (RMSD < 2.0 A).

= RO ——————a
= —t—

Figure 6. Representative binding-interaction map of a high-scoring L. inermis constituent within the Keapl
Kelch-domain pocket, showing hydrogen bonding with Arg415, Arg483, Tyr334 and Ser602.

Glide scores and binding free energy values

# Docking Score (kcalimol)  » MM-GBSA (kcalimol)

(control)

CID_123917

Clo_s2s1707
CID_387447
ClD_451668
CID_445154
ClD_41322
CID_186207
CID_5280961
CID_5330286
ClD_82143
CID_208908
CID_1983
CID_3062316
CID_6623
CID_16942
CID_5874191
CID_5757
ClD_444732

CID_4713

Docking Score (kcal/mol)

Compounds 1D
Figure 7. Comparative docking scores and MM-GBSA binding free energies of the evaluated phytochemicals
relative to the reference control.
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4.6 Correlation between docking score and Nrf2
activation

Compounds with a docking Total Score > 6
and C-score > 4 were, in general, more likely to en-
hance nuclear Nrf2 expression. Five of the eleven
evaluated compounds — cyanidin-3-sambubioside,
luteolin-5-O-glucoside, rutin, o-tocopherol and
echinacoside — produced a significant increase in
nuclear Nrf2 expression, in the order C3S > a-to-
copherol > L5G > echinacoside > rutin (increases of

approximately 46.5-61.8%, 52.0-59.5%, 26.5-
42.5%, and 16.7-18.2%, respectively, at the two
tested concentrations). Piperine, despite belonging to
the low-scoring alkaloid class, produced a measura-
ble effect at 50 pM, whereas coptisine and mag-
noflorine did not show a significant response, indi-
cating that the magnitude of biological Nrf2 activa-
tion did not fully mirror the computational ranking
(Table 8).

Table 8. Summary of computational docking category and corresponding biological Nrf2 response for the

eleven prioritised L. inermis phytoconstituents

Compound Chemical class Docking cate- Biological Nrf2 re- Overall l‘nterpreta-
gory sponse tion
Cyanidin-3- Anthocyanin glyco- High Strong Excellent candidate
sambubioside side
Luteolin-3-O- Flavone glycoside High Significant Strong candidate
glucoside gy & & &
Rutin Flavonol glycoside High Significant Strong candidate
Echinacoside Phenylsg:ii(rllgld gly- High Significant Strong candidate
. Positive control /
a-Tocopherol Tocopherol High Strong strong candidate
Apigenin Flavone Medium Limited Moderate/weak
Kaempferol Flavonol Medium Limited Moderate/weak
Coptisine Alkaloid Low No significant effect Weak candidate
Magnoflorine Alkaloid Low No significant effect Weak candidate
Piperine Alkaloid Low Effect at 50 uM Interesting exception
Ellagic acid Polyphenol Selected Evaluated Potential candidate

4.7 3D-QSAR (CoMFA) analysis

CoMFA-based partial least squares analysis of the 178 aligned compounds showed a strong correlation between
the predicted and actual docking Total Score (R? = 0.975), indicating that molecular steric and electrostatic field
features were important determinants of Keap1-binding affinity in the present dataset (Figure 8).

5 y T

H-bond Number

Time (ns)

Figure 8. Hydrogen-bond occupancy profile over the simulation trajectory, illustrating the stability of key lig-
and—Keap1 interaction.
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V. SUMMARY AND CONCLUSION

Leaves of Lawsonia inermis were authenti-
cated, processed and extracted with 70% ethanol,
and both the domestic and wild varieties were sub-
jected to systematic qualitative and quantitative phy-
tochemical screening, thin-layer chromatography and
antimicrobial evaluation. The extracts were found to
be rich in tannins, flavonoids, alkaloids, phytosterols,
steroids and saponins, and exhibited measurable an-
tibacterial activity, most notably against Bacillus ce-
reus and Klebsiella sp. A parallel computational in-
vestigation docked a curated library of 178 phyto-
chemicals against the Kelch domain of Keapl (PDB
ID: 4L7B), identifying phenylethanoid glycosides,
tocopherols and flavones as the classes with the high-
est predicted binding affinity, and prioritising eleven
representative compounds — including cyanidin-3-
sambubioside, luteolin-5-O-glucoside, rutin, o-to-
copherol and echinacoside — as promising
Keap1/Nrf2-interacting candidates on the strength of
favourable docking scores, key hydrogen-bonding in-
teractions with Arg415/Argd83/Tyr334/Ser602, and
a strong CoMFA-derived structure—score correlation
(R?=0.975).

The integration of phytochemical, antimicro-
bial and computational docking data provides a sci-
entifically coherent framework supporting L. in-
ermis, and specific glycosylated flavonoid and phe-
nylethanoid constituents in particular,as candidate
hepatoprotective and  Nrf2-pathway-modulating
leads.

The relationship observed between docking
rank and predicted biological relevance—while
broadly consistent—was not absolute, reinforcing
that computational prioritisation should be treated as
a screening tool to be corroborated by cellular and
mechanistic evaluation (cell viability, reactive oxy-
gen species, SOD/CAT/GSH status and Nrf2/NF-«B
pathway protein expression), together with pharma-
cokinetic, toxicological and in vivo studies, is rec-
ommended before any therapeutic application of L.
inermis-derived leads can be considered.

References

[1].  Advances in Al for predicting pharmacologi-
cal properties of natural medicines (2025).
Life Sciences.

[2].  Artificial intelligence for natural product drug
discovery. 2023. PubMed PMID: 37697042.

[3]. Artificial Intelligence in Natural Product Drug
Discovery: Current Applications and Future
Perspectives.  2025. PubMed PMID:
39916476.

[4]. Artificial intelligence: a virtual chemist for

[5].

[7].

[8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

natural product drug discovery. 2023. DOI:
10.1080/07391102.2023.2216295. PMID:
37232451.

BindingDB: database of experimentally deter-
mined protein—ligand interaction data. [30-8-
2026 Record access date. |

ChEMBL database. European Bioinformatics
Institute / EMBL-EBI. [30-8-2026 Record re-
lease/access date. ]

Current strategies to address data scarcity in
artificial intelligence-based drug discovery: A
comprehensive review. Computers in  Biol-
ogy and Medicine.
2024;179:108734.DOI:10.1016/j.compbio-
med.2024.108734.

Darvin SS, et al. Hepatoprotective effect of
lawsone on rifampicin-isoniazid induced
hepatotoxicity in in vitro and in vivo models.
Environmental Toxicology and Pharmacol-
ogy. 2018. DOI: 10.1016/j.etap.2018.05.006.
PMID: 29859372.

Deep learning methods for molecular repre-
sentation and property prediction. Drug Dis-
covery Today.2022. DOI: 10.1016/j.dru-
dis.2022.103373.PMID:36167282.

Dr Duke’s Phytochemical and Ethnobotanical
Databases. [30-8-2026 Record access date.]
Finkel, T., and Holbrook, N.J. (2000). Oxi-
dants, oxidative stress and the biology of age-
ing. Nature, 408, 239-247.

IMPPAT database: Indian Medicinal Plants,
Phytochemistry and Therapeutics database.
[30-8-2026 Record version/access date. ]
Iranshahy, M., Iranshahi, M., Abtahi, S.R.,
and Karimi, G. (2018). The role of nuclear fac-
tor erythroid 2-related factor 2 in hepatopro-
tective activity of natural products: A review.
Food and Chemical Toxicology, 120, 261—
276.

Kalyanaraman, B., Darley- Usmar, V., Davies,
K.J.A., et al. (2012). Measuring reactive oxy-
gen and nitrogen species with fluorescent
probes: Challenges and limitations. Free Rad-
ical Biology and Medicine.

Karimian G, et al. The role of nuclear factor
erythroid 2-related factor 2 in hepatoprotective
activity of natural products: A review. Food
and Chemical Toxicology. 2018.
DOI:10.1016/.fct.2018.07.024 PMID:
30009889.

Kensler, T.W., Wakabayashi, N., and Biswal,
S. (2007). Cell survival responses to environ-
mental stresses via the Keapl-Nrf2-ARE
pathway. Annual Review of Pharmacology

DOI: 10.5281/zenodo.22765667

| Impact Factor value 7.429 ISO 9001: 2008 Certified Journal

Page 171



W
N\

IJPRA Journal

International Journal of Pharmaceutical research and Applications
Volume 11, Issue 5, Sep.-Oct.2026, pp:162-173 www.ijprajournal.com

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

and Toxicology, 47, 89—116.

Khan, et al. (2024). Lawsone unleashed: A
comprehensive review on chemistry,biosyn-
thesis and therapeutic potentials.

Kumar et al. (2018). Hepatoprotective effect
of lawsone on rifampicin—isoniazid-induced
hepatotoxicity in in-vitro and in-vivo models.
Environmental Toxicology and Pharmacol-
ogy.

Kumar et al. Antioxidant and hepatoprotective
activity of a butanolic fraction of Lawsonia in-
ermis leaves. 2017.

Lawsone Unleashed: A Comprehensive Re-
view on Chemistry, Biosynthesis, and Thera-
peutic Potentials. 2024. PMCID:
PMC11288359.

Lawsonia inermis L. and its therapeutic poten-
tial. Comprehensive review of phytochemis-
try and pharmacological activities. 2023/2024
literature. [Use the final bibliographic details
from the cited source: PMC11111528/article
“Therapeutic potential of Lawsonia inermis
Linn: a comprehensive overview.”]

Li, M., etal. (2019). Discovery of Keap1-Nrf2
small-molecule inhibitors from phytochemi-
cals based on molecular docking. Food and
Chemical Toxicology, 133, 110758.

Lu, M.C., Ji, J.A., Jiang, Z.Y ., and You, Q.D.
(2016). The Keapl-Nrf2—ARE pathway as a
potential preventive and therapeutic target: An
update. Medicinal Research Reviews, 36,
924-963.

Luedde, T., and Schwabe, R.F. (2010). NF-xB
in the liver—Linking injury, fibrosis and hepa-
tocellular carcinoma. Nature Reviews Gastro-
enterology and Hepatology.

Mishra, A., Kumar, A., Rajbhar, N., and Ku-
mar, A. (2015). Lawsonia inermis L.—A com-
mercially important primaeval dyeing and me-
dicinal plant with diverse pharmacological ac-
tivity: A review.Journal-of Ethnopharmacol-
ogy.

Mohamed et al. Hepatoprotective activity of
methanolic Lawsonia inermis leaf extract in
carbon-tetrachloride-induced liver injury.
2016.

Mosmann T. Rapid colorimetric assay for cel-
lular growth and survival: application to pro-
liferation and cytotoxicity assays. Journal of
Immunological Methods. 1983;65(1-2):55—
63.

Mosmann, T. (1983). Rapid colorimetric assay
for cellular growth and survival: Application
to proliferation and cytotoxicity assays.

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

Journal of Immunological Methods, 65, 55—
63.

Mullowney, M.W., Duncan, K.R., Elsayed,
S.S., et al. (2023). Artificial intelligence for
natural product drug discovery. Nature Re-
views Drug Discovery.

Muthuraj, R., and Chandrasekaran, J. (2026).
Nature meets machine: The Al renaissance in
natural product drug discovery. Natural Prod-
ucts and Bioprospecting.

Natural product drug discovery in the artificial
intelligence era. Chemical Science. 2022.
DOI: 10.1039/D1SC04471K. PMID:
35282622.

Natural products as drug leads: exploring their
potential in drug discovery and development.
2024. PubMed PMID: 39621089.

New drug discovery and development from
natural products: Advances and strategies.
Pharmacology&Therapeutics.
2024;264:108752.DOI:
10.1016/j.pharmthera.2024.108752.
39557343.

NPASS: Natural Product Activity and Species
Source database. [30-8-2026 Record ver-
sion/access date.]

Pant, A., Jena, G.K., Ezzat, S.M., Chikhale,
R., and Gurav, S. (2023). Roles of artificial in-
telligence and machine learning approaches in
natural products-based drug discovery. In
Phytochemistry, Computational Tools and Da-
tabases in Drug Discovery.

Papadakis, M., et al. (2024). Therapeutic po-
tential of Lawsonia inermis Linn: A compre-
hensive overview. Naunyn-Schmiedeberg's
Archives of Pharmacology.

Pharmacognostic Specifications and Lawsone
Content of Lawsonia inermis Leaves. Pharma-
cognostic study using microscopy, physico-
chemical parameters and TLC-densitome-
try. PMCID: PMC5330104.

PubChem database. National Center for Bio-
technology Information. [ 30-8-2026 Record
access date in final thesis.]

Recent Advances in Machine-Learning-
Based Chemoinformatics: A Comprehensive
Review. 2023. PubMed PMID: 37511247.
Recent advances in molecular docking and
machine-learning-based- docking (2026).
Current Drug Targets.

Recent review: Advances in Al for predicting
pharmacological properties of natural medi-
cines. 2026. PubMed PMID: 41475482.
Rethinking Nature's Pharmacy: Al Era and

PMID:

DOI: 10.5281/zenodo.22765667

| Impact Factor value 7.429 ISO 9001: 2008 Certified Journal

Page 172



W
N

International Journal of Pharmaceutical research and Applications
Volume 11, Issue 5, Sep.-Oct.2026, pp:162-173 www.ijprajournal.com

IJPRA Journal
Natural Product Drug-Discovery.
2026.DOI1:10.3390/ph19020301. PMID:
41754841.
[43]. Review: Advances in Understanding the

[44].

[45].

[46].

[47].

[48].

[49].

[50].

DOI: 10.5281/zenodo.22765667

Role of NRF2 in Liver Pathophysiology and
its  Relationship-with-Hepatic-Specific Cy-
clooxygenase-2Expression. 2023. PubMed.
Sanni SA, et al. Hepatoprotective effects of
Lawsonia inermis leaf preparations in experi-
mental liver injury. [Verify final journal, vol-
ume, pages and DOI from the original article
before submission. ]

Semwal, R.B., Semwal, D.K., Combrinck, S.,
and Viljoen, A. (2014). Lawsonia inermis L.
(henna): Ethnobotanical, phytochemical and
pharmacological aspects. Journal of Eth-
nopharmacology, 155,80-103.

Shibata, T., Ohta, T., Tong, K.I., et al. (2013).
Role of the Nrf2—ARE pathway in liver dis-
eases. International Journal of Molecular Sci-
ences, 14, 174-191.

Winterbourn, C.C., et al. (2022). Guidelines
for measuring reactive oxygen species and ox-
idative damage in cells and in vivo.  Nature
Metabolism.

Standard WHO guidance for quality control
methods for medicinal plant materials. World
Health Organization.

The role of artificial intelligence in the devel-
opment of anticancer therapeutics from natural
polyphenols: Current advances and future pro-

spects. Pharmacological Research.
2024;208:107381. DOI:
10.1016/j.phrs.2024.107381. PMID:
39218422.

Traditional Knowledge Digital Library
(TKDL), Government of India. [30-8-2026
Record access date ]

| Impact Factor value 7.429 ISO 9001: 2008 Certified Journal

Page 173



