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ARTICLE INFO ABSTRACT
Keywords: Introduction: The effect of the ethanol extracts of Curcuma longa Linn (yellow turmeric) and Curcuma zedoaria
Manganese neurotoxicity Rosc (white turmeric) on cardiac oxidative stress in rats exposed to manganese was evaluated in this study.

Oxidative stress
Yellow and white turmeric
Molecular docking

Methods: We divided 60 Wistar rats into 12 groups (n = 5) with some administered different concentrations of
yellow or white turmeric extract. The animals except the control groups were exposed to manganese on days 1,3,
and 7. All the animals were sacrificed on the 8th day and the hearts were harvested for biochemical assays.
Ferric-reducing antioxidant power (FRAP) and the levels of cardiac superoxide dismutase, reduced glutathione,
nitric oxide, and lipid peroxidation in rats were determined. Additionally, in silico studies were performed to
further compare the cardioprotective potential of the two species of turmeric.

Results: The results showed that rats treated with manganese alone had decreased levels of FRAP, superoxide
dismutase, and glutathione but increased levels of nitric oxide and lipid peroxidation were observed. The Mn-
induced oxidative stress was ameliorated in animals co-treated with yellow or white turmeric. The yellow
turmeric showed better activity than white turmeric. In the in-silico evaluation, phytocompounds from yellow
turmeric had higher binding energy against Nuclear factor erythroid 2-related factor 2 (NRF2) protein than the
ones from white turmeric. Bioactive compounds from white turmeric did not violate any of Lipinski’s rules of five
or three, despite having lower binding energy.

Conclusion: These findings suggest that ethanol extract of yellow and white turmeric may have the potential to
ameliorate manganese-induced cardiac oxidative stress.

1. Introduction the transformation of superoxide into hydrogen peroxide (H202) which
takes place in the matrix compartment of the heart mitochondria [1].

Manganese (Mn) is an essential element required for the growth, Humans generally are readily exposed to Mn from the soil, air, and
development, and general maintenance of health. In the heart, Mn is an waterways due to erosion, and from artificial and industrial sources.
important cofactor for superoxide dismutase; an enzyme responsible for Furthermore, human exposure to Mn arises primarily from daily dietary
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RO5, Rule of five; TBARS, Thiobarbituric acid reactive substances; FRAP, Ferric reducing antioxidant power; NO, nitric oxide; LPO, lipid peroxidation; MMGBSA,
Molecular mechanics with generalized Born and Surface area solvation.; HTVS, High throughput virtual screening; SSA, sulfosalicylic acid; CL, Curcuma longa; CZ,
Curcuma zedoaria; ADMET, Absorption, Distribution, Metabolism, Excretion, and Toxicity; NRF2, Nuclear Factor Erythroid 2-Related Factor 2; SOD, Superoxide
dismutase; VSMC, Vascular Smooth Muscle Cells.
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intakes such as legumes, rice, and nuts [2]. Regardless of its essentiality,
high-dose Mn accumulation can result in Manganism or Manganese
toxicity (a toxic condition resulting from chronic exposure to manga-
nese) and is reported to cause depression of cardiac myocytes and an
increase in coronary vascular resistance [3]. Patients with manganism
exhibit a variety of symptoms, including a decrease in blood pressure
and heart rate [4].

Mn-induced cardiovascular dysfunction develops because of its
accumulation in the mitochondrial matrix. Mn may disrupt mitochon-
drial function by inhibiting energy transduction, inducing mitochon-
drial DNA mutation, and enhancing the production of free radicals [5].
Mn accumulation in the mitochondria inhibits the electron transport
chain complexes altering oxidative phosphorylation and ATP produc-
tion [6]. The impaired energy production affects mitochondrial pene-
trability transition, causing the swelling of organelle, and the disruption
of the outer membrane, leading to the release of various apoptogenic
factors into the cytosol, thereby promoting apoptosis [6]. Degradation of
high-energy phosphate is also accompanied by extreme generation of
reactive oxygen species (ROS), which induces membrane poly-
unsaturated fatty acids oxidation, producing a line-up of lipid peroxi-
dation products. Additionally, the production of ROS is accompanied by
inflammatory responses and the release of inflammatory mediators
which is associated with cardiovascular diseases [6]. The clinical man-
ifestations of Mn intoxication are characterized by extrapyramidal
dysfunction and neuropsychiatric symptoms [7]. Whereas Mn neuro-
toxicity is well recognized and documented, the effect of Mn on the
cardiovascular system has received less attention. Oxidative stress,
characterized by the generation of reactive oxygen species (ROS) is a
linking point of several other mechanisms of manganese toxicity [8].

Turmeric commonly referred to as “Jianghuang” in China has long
been used in traditional Chinese medicine (TCM) [9]. It is used in the
preparation of different Chinese herbal products. For instance, it is the
main component of Xierriga-4 decoction which is a well-known herbal
medicine for the treatment of urinary diseases and pain [10]. Curcuma
longa and Curcuma zedoaria are known as yellow turmeric and white
turmeric, respectively, and both widely utilized in TCM. They hold
significant therapeutic values owing to their diverse pharmacological
properties. These Curcuma species have been traditionally employed in
TCM and reported to possess anti-inflammatory and cardioprotective
effects [11,12]. Extract from turmeric has been revealed to possess
antioxidant, anti-inflammatory, and cardioprotective properties [13].
However, there is limited data available on the cardio-protective po-
tentials of turmeric in manganese-induced cardiotoxicity. Therefore,
this study aimed to evaluate the effect of Curcuma longa Linn and Cur-
cuma zedoaria Rosc ethanol extracts (CL and CZ) on manganese-induced
cardiac oxidative stress in rats. Furthermore, to assess the agonistic
impact of CL and CZ’s compounds against the Nuclear Factor Erythroid
2-Related Factor 2 (Nrf2), this work used molecular docking, a crucial
technique in structural molecular biology and computer-assisted drug
development. In ascertaining the binding process and affinity of small
molecules to a protein, molecular docking predicts the small molecule’s
lowest energy conformation at the protein’s binding site [14]. Among
the methods used are receptor grid construction, molecular docking,
ADME-Tox Screening, MM/GBSA, target retrieval from a PDB database,
and ligand library building and preparation from an online database. To
find prospective therapeutic candidates and comprehend the cellular
mechanisms behind protein-ligand interactions, a computational tool
was utilized for the study.

2. Materials and methods
2.1. Chemicals
Thiobarbituric acid (TBA), trichloroacetic acid (TCA), adenosine

triphosphate (ATP), 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), ethyl-
enediaminetetraacetic acid (EDTA), epinephrine, 2,3,5-triphenyl-1,3,4-
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triaza-2-azoniacyclopenta-1,4-diene chloride (TPTZ), reduced nicotin-
amide adenine dinucleotide (NADH), Griess reagent, and 4-aminosali-
cylic acid (PAS) were obtained from Sigma-Aldrich (St-Louis, MO,
USA). Ethanol, formalin, hydrogen peroxide, and dimethyl sulphoxide
(DMSO) were obtained from Scharlau (Scharlab S.L, Spain). All other
chemicals and reagents used for this work were of analytical grade and
were obtained from other standard commercial suppliers in Nigeria. The
assay kit for total protein concentration determination was a product of
Randox Laboratory Ltd (Antrim, UK).

2.2. Preparation of extracts

Fresh rhizomes of Curcuma longa and Curcuma zedoaria were ob-
tained from Ibule and Owena, Ondo State, Nigeria, and duly authenti-
cated at the Department of Crop Soil and Pest Management, the Federal
University of Technology, Akure, Nigeria. The extraction of the active
ingredients from the rhizomes of Curcuma longa and Curcuma zedoaria
rhizomes was carried out using the Soxhlet apparatus. The rhizomes
were washed, sliced, and spread on separate trays with a layer of
thickness of approximately 0.15 cm. The rhizomes were air-dried in the
shade at an ambient laboratory temperature of about 25 °C for 14 days
[15]. Dried rhizomes were pulverized with an electric blender. Soxhlet
extraction was performed as follows: 40 g of the turmeric powder was
weighed and embedded in a thimble and put in the Soxhlet apparatus
which was gradually filled with ethanol as the extraction solvent. Upon
completion of the extraction, the ethanol was separated from the extract
using a rotary evaporator.

2.3. Experimental animals

Male Wistar rats weighing 180 + 20 g, used for the experiment, were
housed in the Animal House of the Department of Biochemistry, Federal
University of Technology, Akure, Nigeria. The rats were housed in
plastic cages in a well-ventilated room and supplied with rat chow and
water ad-lib. The animal management and experimental design followed
the general guidelines of the National Institutes of Health for the Care
and Use of Laboratory Animals in scientific investigations and were
approved by the University’s Research Ethical Committee, Center for
Research and Development (CERAD), Federal University of Technology,
Akure, Nigeria.

2.4. Experimental design
The animals were divided into 12 groups with 5 animals per group
and treated as follows:

Group I (Control). Saline

Group II. Mn (MN)

Group III.
CL)

Mn + 200 mg/kg body weight (bw) Curcuma longa (MN +

Group IV. Mn + 400 mg/kg bwCurcuma longa (MN +CL)

Group V. Mn + 200 mg/kg body weight (bw) Curcuma zedoaria (MN
+CZ)

Group VI. Mn + 400 mg/kg bwCurcuma zedoaria (MN +CZ)
Group VII. Mn + 200 mg/kg bw PAS (MN + PAS)
Group VIII. 200 mg/kg bwCurcuma longa (CL 200)

Group IX. 400 mg/kg bwCurcuma longa (CL 400)
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Group X. 200 mg/kg bwCurcuma zedoaria (CZ 200)

Group XI. 400 mg/kg bwCurcuma zedoaria (CZ 400)

Group XII. 200 mg/kg bw PAS (PAS)

The animals received three intraperitoneal doses of 100 mg/kg
MnCl; (days 1, 3, and 7). Animals in the turmeric-administered groups
received turmeric orally for 8 consecutive days. Thereafter, on day 9, the
animals were sacrificed by cervical dislocation, and the heart was har-
vested and processed for biochemical estimations.

2.5. Relative heart weight

All rats were weighed immediately before being sacrificed and the
hearts were weighed after excision. The two values were used to
determine the relative heart weight.

2.6. Biochemical assays

Animals were sacrificed by cervical dislocation. Hearts were
removed and washed in ice-cold 1.15 % (v/v) potassium chloride solu-
tion, blotted with filter paper, and weighed. They were then homoge-
nized in 10% phosphate-buffered saline PBS (pH 7.4) (1:10 w/v) using a
Teflon homogenizer. The resulting homogenate was centrifuged at
10,000 x g at 4 °C for 30 min to obtain the supernatant which was used
for biochemical analyses.

2.6.1. Total protein concentration

Determined by the Biuret method (Weichselbaumin, 1995). We used
an assay kit supplied by Randox Laboratories Ltd (Antrim, UK). The
assay was conducted following the manufacturer’s instructions.

2.6.2. Determination of reduced glutathione (GSH) level

The method of Beutler [16] was followed in estimating the level of
reduced glutathione (GSH). Heart homogenate (50 pl) was added to 450
ul of distilled water and mixed with 750 pl of 4 % sulfosalicylic acid
(SSA). The mixture was allowed to stand for 5 min and then filtered. We
added 1 ml of filtrate to 4 ml of 0.1 M phosphate buffer (pH 7.4). Finally,
0.5 ml of Ellman’s reagent was added. The absorbance was read at 412
nm against a reagent blank. GSH was proportional to the absorbance at
that wavelength and the estimate was obtained from a GSH standard
curve.

2.6.3. Determination of lipid peroxidation level

The extent of lipid peroxidation was evaluated by measuring the
formation of thiobarbituric acid reactive substances (TBARS) according
to the method of Varshney and Kale (1990). Heart homogenate (0.2 ml)
was mixed with 0.8 ml of Tris-KCl buffer to which 0.25 ml of 30 % TCA
was added. Then, 0.25 ml of 0.75 % TBA was added, and the mixture
was placed in a water bath for 45 min at 80 °C. This was then cooled in
ice and centrifuged at 3000 g for 10 min. The clear supernatant was
collected, and absorbance was measured against a reference blank of
distilled water at 532 nm. Lipid peroxidation in units/mg protein was
computed with a molar extinction coefficient of 1.56 x 10°.

2.6.4. Ferric reducing antioxidant power

The ferric-reducing antioxidant power was determined as described
by Patil [17]. 250 pL plasma sample was mixed with 250 uL 200 mM
sodium phosphate buffer (pH 6.6) and 250 pL. 1 % potassium ferricya-
nide. The mixture was incubated at 50 °C for 20 min. and then 250 uL 10
% trichloroacetic acid was added. This mixture was centrifuged at 650
rpm for 10 min. We mixed 50 uL of the supernatant with an equal vol-
ume of water and 1 mL 0.1 % ferric chloride. The absorbance was
measured at 700 nm in the spectrophotometer. Then, the ferric-reducing
antioxidant property was subsequently calculated as an ascorbic acid
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2.6.5. Determination of nitric oxide level

Nitrite and nitrate estimations in biological material are commonly
used as a marker for nitric oxide (NO) production. The nitrite level was
estimated in heart homogenates using the Griess reaction [18]. Briefly,
the homogenate was centrifuged at 1580 g for 15 min at 4 °C and the
supernatant thus obtained was deproteinized by mixing with an equal
amount of 4% sulfosalicylic acid. Further, 350 ul of this reaction mixture
was mixed with 350 pl of Griess reagent and incubated for 10 min. The
absorbance of the samples was measured at 540 nm using a spectro-
photometer. Nitrite concentrations were calculated using a calibration
curve prepared from sodium nitrite and expressed as pmol/mg of protein
in tissue homogenate.

2.6.6. Determination of superoxide dismutase (SOD) enzyme activity

The activity of SOD in the homogenates was determined by the
method of Kakkar [19]. The tissue homogenate (1 mL) of the various
groups was diluted in 9 ml of distilled water to make 1 in 10 dilutions.
An aliquot of the diluted sample was added to 2.5 ml of 0.05 M car-
bonate buffer (pH 10.2) to equilibrate in the spectrophotometer and the
reaction was initiated by the addition of 0.3 ml of freshly prepared 0.3
mM adrenaline was quickly mixed by inversion. The reference cuvette
contained 2.5 ml of buffer, 0.3 ml of the substrate (adrenaline), and 0.2
ml of water. The increase in absorbance at 480 nm was monitored every
30 s for 150 s.

2.7. In-silico analysis

2.7.1. Molecular docking

All computational experiments, such as High throughput virtual
screening (HTVS), molecular docking, MMGBSA, and visualization,
were done with Maestro Schrodinger version 12.8 software.

2.7.2. Protein preparation

The three-dimensional crystal structure of Nrf2 was modeled using
PDB ID: 5CGJ [20]. The target protein (Nrf2) was given bond in-
structions and had hydrogen atoms added. Using the Protein Prepara-
tion Wizard of Schrodinger Suite 2021, water molecules within 5 of the
ligands were removed from the protein-ligand complex’s structure [21].
In addition, side chains and loops missing from the prime tool were
repaired. By producing tautomeric states at a neutral pH and employing
the OPLS4 force field to limit minimization, Nrf2 was further enhanced.
It was decided to use the ready Nrf2 for molecular docking.

2.7.3. Receptor grid generation

The binding direction and size of the active site are determined by
receptor grid generation for protein-ligand docking. The scoring co-
ordinates of the Nrf2 binding pocket were determined using Schrodinger
Maestro 12.8's receptor grid generation module [21] based on the
co-crystallized ligand. The x, y, and z grids’ coordinates are 40.07,
—20.39, and —4.89, respectively.

2.7.4. Ligand preparation

Their bioactive compounds from Curcuma longa and Curcuma
zedoaria (yellow and white turmeric) were acquired from published
literature, and the 2D structures of the bioactive compounds from Cur-
cuma longa and Curcuma zedoaria and the reference compound were
retrieved from the NCBI PubChem database (https://pubchem.ncbi.nlm.
nih.gov). The ligands were prepared using the LigPrep function of the
Schrodinger suite in the OPLS4 forcefield. When the Epik module was
used to create the compounds’ ionization states, just one stereoisomer
per ligand was created at a pH of 7.0 & 2.0. The Nrf2 Co-ligand (3s)-1-
(4-[(2,3,5,6-Tetramethylphenyl) sulfonyl] amino naphthalen-1-Y1]
pyrrolidine-3-Carboxylic Acid) was also discovered and downloaded
from PubChem. It was then synthesized identically to the other ligands
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and used as a reference drug.

2.8. Statistical analysis

Results were analyzed using appropriate analysis of variance
(ANOVA) followed by Duncan’s multiple range test applied where
appropriate. In all the tests, P < 0.05 was taken as the criterion for
statistical significance. The statistical software used to analyze the data
was GraphPad Prism 6.01 (GraphPad Software Inc, CA, USA).

2.9. Ethical approval

The study was conducted following the ethical guidelines set forth by
the University’s Research Ethical Committee, Center for Research and
Development (CERAD), Federal University of Technology, Akure,
Nigeria. The study was assigned the animal protocol number FUTA/
ETH/20/28.

3. Results

3.1. Effects of turmeric rhizome extract on reduced glutathione (GSH)
level in the heart of manganese-toxified rats

The effects of the extracts of Curcuma longa Linn and Curcuma
zedoaria Rosc on reduced glutathione (GSH) levels in the hearts of rats
exposed to manganese toxicity are shown in Fig. 1. The GSH concen-
tration decreased significantly in the heart of the Mn-toxified group
compared to the control group. Induced animals treated with selected
plant extracts increase the concentration of GSH in the heart. This in-
crease was significant in the MN + CZ 400 group. CL significantly
increased GSH levels in normal rats.

3.2. Extracts of turmeric rhizomes ameliorate Mn-induced lipid
peroxidation in the heart of rats

The effect of the extract of Curcuma longa (CL) and Curcuma zedoaria
(CZ) on lipid peroxidation (LPO) in the hearts of rats exposed to man-
ganese is shown in Fig. 2. The MDA level increased significantly in the
Mn-toxified group compared to the control group. Treatment of animals
with turmeric extracts significantly decreased the level of MDA pro-
duced in the heart. This reduction is most significant in the MN + CL 200
group. The result also showed that different doses of CL and CZ did not
adversely affect MDA levels in normal animals used in this study.
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3.3. Effects of turmeric rhizome extract on the cardiac ferric-reducing
antioxidant power of manganese-toxified rats

The effects of the extracts of Curcuma longa Linn and Curcuma
zedoaria Rosc on the ferric-reducing antioxidant power in the hearts of
rats exposed to manganese toxicity are shown in Fig. 3. The ferric-
reducing antioxidant power decreased significantly in the heart of Mn-
administered rats compared to the control group. Treatment of ani-
mals with the extracts significantly increased the ferric-reducing anti-
oxidant power in the heart. Again, the increase was most significant in
the MN + CL 200 group.

3.4. Effects of turmeric rhizome extract on the nitric oxide level in the
heart of manganese-toxified rats

The effect of the extract of Curcuma longa Linn and Curcuma zedoaria
Rosc on the nitric oxide (NO) level in the hearts of rats exposed to
manganese toxicity is shown in Fig. 4. The NO level increased signifi-
cantly in the heart of Mn-toxified rats compared to the control group.
Treatment of induced animals with plant extracts significantly decreases
the level of NO in the heart. The reduction was most significant in the
MN + CZ 200 and MN + CL 200 groups.

3.5. Effects of turmeric extracts on cardiac superoxide dismutase (SOD)
activity of manganese-administered rats

The effects of the extracts of Curcuma longa and Curcuma zedoaria on
the activity of superoxide dismutase in the hearts of rats exposed to
manganese toxicity are shown in Fig. 5. The cardiac SOD activity
decreased significantly in the heart of Mn-toxified rats compared to the
control group. Treatment with turmeric extracts significantly increased
the activity of SOD in the heart. This increase is most significant in the
MN + CL 200 group.

4. Discussion
4.1. In vivo studies

Botanicals have been the source of hope for rural dwellers since time
immemorial. The use of turmeric in traditional Chinese medicine has
been reported in the literature [22]. Jianghuang is one of the primary
ingredients utilized in the composition of some renowned Chinese pat-
ent medications, such as Wuzi Yanzong Wan (herbal formula), Shujin
Huoxue, Shugan Jianpi (pills). Folkloric use of turmeric has been

GSH

GSH/mg Protein

Groups

Fig. 1. Effects of turmeric rhizome extract on reduced glutathione (GSH) level in the heart of manganese-administered rats (results are expressed as mean + SD (n =

5). HHHH

p < 0.0001 vs control; ****p < 0.0001 vs Manganese, CL: Curcuma longa, CZ: Curcuma zedoaria, PAS: p-aminosalicylic acid).
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Fig. 2. Effects of turmeric rhizome extract on lipid peroxidation level in the heart of manganese-administered rats (results are expressed as mean + SD (n =

5). ####p

< 0.0001 vs control; ****p < 0.0001 vs Manganese, CL: Curcuma longa, CZ: Curcuma zedoaria, PAS: p-aminosalicylic acid).
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Fig. 3. Effects of turmeric rhizome extract on the Ferric reducing antioxidant power in the heart of manganese-administered rats (results are expressed as mean + SD

(n = 5). #*##p < 0.0001 vs control; ****p < 0.0001 vs Manganese, CL: Curcuma longa, CZ: Curcuma zedoaria, PAS: p-aminosalicylic acid).

reported in the literature. Different species of turmeric have also been
investigated for various health benefits. Some of these benefits range
from neuroprotective and nephroprotective to hepatoprotective effects
[23,24,25,26]. Zeng and co [27] also published on the efficacy and
safety of curcumin and CL extract in the treatment of arthritis by
reducing severe inflammation and pain levels. However, the car-
dioprotective effect of CL and CZ is yet to be extensively investigated in
Mn-toxified rats. This study investigated the cardioprotective potential
of two species of turmeric. Five different biochemical parameters were
assessed. These include LPO, SOD, GSH, FRAP, and NO levels. Lipid
peroxidation was proposed as one of the molecular mechanisms by
which heavy metals induce toxicity [28]. Malondialdehyde (MDA) is
one of the hallmarks of lipid peroxidation. An increase in the level of free
radicals in a system leads to increased lipid peroxidation which is usu-
ally indicated by the increased MDA level in the system. MDA is a
well-known marker of oxidative stress [29].

Various studies have reported that Mn toxicity increases MDA levels
[30]. Specifically, Mn toxicity was recently confirmed by increased MDA

levels in the chicken liver [30]. We observed the same trend in this
present study as in Fig. 1. The MDA level increased significantly in the
MN group. This may be partly due to its action on aconitase, which
participates in cellular iron regulation and mitochondrial energy pro-
duction [31]. MDA was significantly reduced with the treatment of CL
and CZ. The MN + 200 CL group showed the most significant restoration
of the MDA level to normal. This is possible because of the flavonoid
content of the turmeric plants. An earlier study reported that different
varieties of turmeric plants are rich in flavonoids [32]. Another study
further corroborated that turmeric flavonoids are mainly curcumin and
its derivatives [33]. Alizadeh and Kheirouri reported in their studies that
curcumin was able to reduce MDA levels [30]. Curcumin is an important
flavonoid that may be used as an adjunct therapy in individuals with
oxidative stress.

SOD is an antioxidant enzyme that is commonly assessed to check the
level of antioxidant activity in a tissue or organ (Chen et al., 2017).
Several studies investigated the activities of SOD to check the effect of
their treatment on different subjects [34]. We investigated the levels of
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Fig. 4. Effects of turmeric rhizome extract on the Nitric oxide level in the heart of manganese-toxified rats (results are expressed as mean =+ SD (n = 5). **##p <
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< 0.0001 vs control; ****p < 0.0001 vs Manganese, CL: Curcuma longa, CZ: Curcuma zedoaria, PAS: p-aminosalicylic acid).

SOD activity in the heart of rats, and we found that SOD was signifi-
cantly reduced in the MN group (see Fig. 5). This is due to the oxidative
stress induced by manganese in the research animals. Turmeric extracts
were able to restore the SOD activity in the Mn-toxified rats. This is
possible because of their curcumin content’s ability to upregulate Nu-
clear Factor E2-related factor-2 (Nrf2). Levonen and colleagues found a
similar result when they worked on the transduction of vascular smooth
muscle cells (VSMCs) with Nrf2-expressing adenovirus increased the
expression of several antioxidant enzymes [35]. Generally, curcumin
activates Nrf2 by its the Michael reaction of its electrophilic moieties
with the thiol residues of Keap1. Nrf2 in turn induces the transcription of
SOD and other antioxidant enzymes [36].

Another important antioxidant enzyme is reduced GSH. It is
commonly reported that GSH activity is reduced in Mn-toxified subjects
[36]. We found the same trend in our study. This is because of the
presence of oxidative stress and inadequate antioxidant defense mech-
anisms in rats induced with Mn [36]. The trend was reversed in the CZ
and CL-treated groups, suggesting that the plant contains important
phytochemicals that may serve as a powerful antioxidant by upregu-
lating Nrf2 activity [35]. FRAP assay is used to investigate the
oxidant-reducing potential of a sample. It is based on the ability of the

antioxidants in a sample to donate electrons to the ferric complex
leading to the conversion of Fe>*to Fe?"-TPTZ complex thereby termi-
nating the radical chain reaction (7). The higher FRAP value of the MN +
CL 200 group indicates that yellow turmeric has robust antioxidant
potential. This result agrees with the reports described by Tekin and
colleagues [37].

Another biochemical parameter that is usually checked in the case of
toxicity is the NO level in the system. Increased NO levels are indicative
of oxidative stress in a system. In our study, we discovered that the NO
level was significantly increased by the administration of Mn. This
agrees with a recent study [26]. However, this condition was signifi-
cantly reversed by turmeric extracts. This may be due to the curcumin
content of these plant extracts. It is well established that curcumin has
scavenging potential on NO [30]. Overall, looking at the biochemical
parameters investigated in this present study, turmeric extracts offer a
better ameliorative potential for the treatment of Mn-induced car-
diotoxicities than PAS [13].

4.2. In-silico studies

In silico, in vitro, and in vivo studies all play important roles in
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understanding the biological effects of molecules [38,39]. The in silico
study predicted favorable binding affinity of the compounds with target
protein residues with high docking scores against Nuclear factor
erythroid 2-related factor 2 (NRF2) protein (Figs. 6-9) while comparing
white and yellow turmeric. Numerous studies have demonstrated that in
silico studies can complement and enhance traditional in vivo studies
[40]. In silico methods provide a valuable platform for predicting and
understanding biological phenomena, guiding experimental design, and
reducing the time and cost associated with experimental research.
Furthermore, the integration of in silico and in vivo approaches allows
researchers to leverage the strengths of both methods, leading to a more
comprehensive understanding of biological processes and accelerating
the drug discovery and development pipeline.

In this work, the systemic comparative evaluation of the car-
dioprotective potential of yellow and white turmeric in Mn-induced
cardiac oxidative stress was determined.

NRF2 is a transcription factor that controls the expression of anti-
oxidant enzymes in response to oxidative stress. Computational tools
were also used to assess the plant’s species [41]. Superoxide dismutase,
catalase, and glutathione peroxidase are a few antioxidant enzymes that
are activated by NRF2 and function to defend cells from oxidative
damage by neutralizing free radicals [42,43]. Phase II enzymes and
other enzymes involved in the detoxification of hazardous chemicals are
regulated in expression by NRF2. According to studies, activating NRF2
can boost the production of antioxidant enzymes and shield cells from
oxidative damage. NRF2 activators are being investigated by some re-
searchers as a potential treatment approach for disorders including
cancer and neurological diseases that are aggravated by oxidative stress
[44]. To completely comprehend the function of NRF2 in these illnesses
and to establish the efficacy and safety of NRF2 activators as a therapy
option, additional study is nonetheless required. Lee and colleagues [35]
also affirmed that the transcription factor called NRF2 (nuclear factor
erythroid 2-related factor 2) controls the expression of antioxidant en-
zymes in response to oxidative stress [35].

Several antioxidant enzymes, including glutathione peroxidase,
catalase, and superoxide dismutase (SOD), are activated by NRF2 via
transcription. SOD is an enzyme that speeds up the process of turning
superoxide into oxygen and hydrogen peroxide [36]. Superoxide is a
very reactive form of oxygen that can harm tissues and cells. SOD aids in
the protection of cells against oxidative stress by neutralizing superox-
ide. An enzyme called CAT helps hydrogen peroxide break down into
water and oxygen [37]. By neutralizing hydrogen peroxide, CAT, like
SOD, assists in preventing oxidative stress on cells. GPx is an enzyme
that uses reduced glutathione to catalyze the reduction of organic hy-
droperoxides and hydrogen peroxide. GPx neutralizes reactive oxygen
species such as hydrogen peroxide to protect cells from oxidative stress
[45]. An enzyme called GRx is involved in the body’s detoxification of
toxic chemicals [46]. Glutathione disulfide (GSSG) is converted to
reduced glutathione by GRx because of its involvement (GSH). Ac-
cording to studies, NRF2 activation can boost the production of SOD,
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CAT, GPx, and GRx as well as shield cells from oxidative stress. NRF2
activators are being investigated by some researchers as a potential
treatment approach for disorders including cancer and neurological
diseases that are aggravated by oxidative stress [47]. To completely
comprehend the role of NRF2 in these illnesses and to assess the efficacy
and safety of NRF2 activators as a therapy option, additional study is
necessary [48].

4.3. Molecular docking and MM/GBSA

Molecular docking is a computational technique used in drug dis-
covery and design to predict the preferred orientation and binding af-
finity of a small molecule (ligand) within a target macromolecule
(usually a protein) [49]. The goal is to understand and optimize the
interactions between the drug candidate and its target, providing in-
sights into the potential efficacy of the compound. The binding of li-
gands from CL and CZ to the active site of NRF2, following molecular
docking simulations, instigates a cascade of molecular and cellular
events, influencing the transcriptional activity of NRF2 and ultimately
impacting cellular fate. To further connect our understanding, Molecu-
lar Mechanics/Generalized Born Surface Area (MM/GBSA) analysis
comes into play [50], offering a deeper exploration of the thermody-
namics underlying these ligands binding and its implications on NRF2
activation. The thermodynamic parameters obtained from MM/GBSA
directly correlate with cellular consequences. Favorable binding en-
ergies align with increased transcriptional activation of NRF2 target
genes [51]. The upregulation of antioxidant enzymes and detoxification
pathways, crucial facets of NRF2-mediated responses, can be rational-
ized by the thermodynamic stability conferred by ligand binding.

The MM-GBSA module, which is integrated with the Schrodinger
suite’s prime program, was used to compute the AGbind for Nrf2-lead
ligand complexes. Following the docking analysis, the AGbind was
used to calculate the free binding energy for the screened compounds
using advanced mechanics [52]. MM-GBSA technique is a reliable
post-docking method for estimating the binding position of docked
complexes, according to several researchers [53]. Stachyurin, 1-o-Caf-
feoylglucose, trans-o-Coumaric acid 2-glucoside, 1-Arabinose, Iso-
rhamnetin, and the reference ligand had —11.87, —9.962, —9.356,
—7.287, —6.965, and —6.642 (Kcal/mol) docking scores and —82.64,
—48.33, —57.59, —30.94, —33.35 and —76.92 (AGbind) MM-GBSA
scores respectively for yellow turmeric (Fig. 6), and Curcuminoid,
(-)-Isoborneol, Borneol, Curcuminoid, Spathulenol for white turmeric
had docking scores ranging from —6.179 to —3.809 and —49.16 to
—37.18 according to the MM-GBSA output (Fig. 8) [54].

According to these results, yellow turmeric has some of the best
bioactive compounds with high binding affinities with the pocket of
Nrf2 agonists; stachyurin had the best MM/GBSA and docking score of
all the screened compounds, suggesting that it may have drug-like
properties for detoxifying manganese toxicity. Although the active
ingredient in yellow turmeric, stachiyurin, violated three of Lipinski’s
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Fig. 6. Docking score (kcal/mol) and MM/GBSA score (AGpjnq, kcal/mol) of the top five ligands obtained from yellow turmeric against Nrf2 compared to the co-
crystalized ligand ((3s)-1-(4-{[(2,3,5,6-Tetramethylphenyl) sulfonyl] amino} naphthalene-1-Yl) pyrrolidine-3-Carboxylic Acid) in black color (6). Stachyurin in
blue (1), 1-o-Caffeoylglucose in green (2), trans-o-Coumaric acid 2-glucoside in yellow (3), l-Arabinose in ash-grey (4), and Isorhamnetin in orange (5) which implies

the binding energy.
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Fig. 7. Molecular interaction between the active site of the protein target (Nrf2) and the ligands obtained from yellow turmeric 1-6. Stachyurin (1), 1-o-Caffeoyl-
glucose (2), trans-o-Coumaric acid 2-glucoside (3), L-Arabinose (4), Isorhamnetin (5), and the co-crystalized ligand (3s)-1-(4-{[(2,3,5,6-Tetramethylphenyl) sulfonyl]

amino} naphthalene-1-Y1) pyrrolidine-3-Carboxylic Acid (6) respectively.
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Fig. 8. Docking score (kcal/mol) and MM/GBSA score (AGying, kcal/mol) of the protein target (Nrf2) and the ligands obtained from white turmeric 1-6. Curcuminoid
004 (1), (-)-Isoborneol (2), Borneol (3), Curcuminoid 005 (4), Spathulenol (5), and the co-crystalized ligand (3s)-1-(4-{[(2,3,5,6-Tetramethylphenyl) sulfonyl]

amino} naphthalene-1-Y1) pyrrolidine-3-Carboxylic Acid (6) respectively.

five rules, making it poisonous and perhaps unsuitable as a drug-like
substance. With a high binding affinity (—11.87 kcal/mol) for the Nrf2
active site and an MM/GBSA score of —82.64 kcal/mol, stachyurin, if
structurally modified (molecular weight of 936.657), has a high

likelihood of becoming a standard drug. This study also suggests that
further research and structural modification on stachyurin could make it
a suitable compound and serve as an Nrf2 agonist. While the reference
ligand  ((3s)-1-(4-[(2,3,5,6-Tetramethylphenyl) sulfonyl] amino



T.T. Fasooto et al.

Pharmacological Research - Modern Chinese Medicine 10 (2024) 100399

& @ L
o 3 B —
> @ = =) M/ 55
/ / -
/ £ 2 5 \ &
\ 5 “ H
i \ =D
. ©w .
i \J; ‘n@\ P
2
3
5 x) b4
2 m A
555 \
) | [
=/ b D = =
/ L’KV £ N
B ; :
D A SR\ °
J Charged {negative) Folar === [Distance —e Fi-cation
o Charged (positive) o Unspecified residue == H-bond —  Zaltbridge
GEAycire ‘Water = Haogen bond Solvent exposure
Hydrophiobic Hydration site —  Metal coordination
o Metal ¥ Hydration site (displaced) oo F-R stacking

Fig. 9. Molecular interaction between the active site of the protein target (Nrf2) and the ligands obtained from white Tumeric 1-6. Curcuminoid (1), (-)-Isoborneol
(2), Borneol (3), Curcuminoid (4), Spathulenol (5), and the co-crystalized ligand (3s)-1-(4-{[(2,3,5,6-Tetramethylphenyl) sulfonyl] amino} naphthalene-1-YI) pyr-
rolidine-3-Carboxylic Acid (6) respectively.

naphthalene-1-Y1) pyrrolidine-3-Carboxylic Acid) performed well with a
docking score of —6.642, white turmeric had curcuminoid as its lid
molecule. Despite having a lower MM/GBSA score than the co-
crystallized one, the compound passed the ADMET test and complied
with all of Lipinski’s rules of five and three (Table 1).

Table 1

4.4. Molecular interaction

The interaction between two molecules during the docking process
typically a ligand and a receptor is referred to as the molecular inter-
action in a docking procedure. These interactions are crucial for drug
research and design because they aid in predicting the affinity and

This shows the result of the ADMET test conducted using Qikprop which includes but is not limited to Rule of five (Ro5), Rule of three (Ro3), PSA, and molecular weight
for both the white and yellow turmeric simultaneously. Entry 1 represents the white turmeric while (CZ) Entry 2 represents the yellow turmeric (CL).

mol MW

Entry 1 PISA donorHB QPlogHERG QPPCaco QPlogBB QPPMDCK QPlogKp QPlogKhsa PSA Ro5 Ro3
Curcuminoid 004 394.383 227.361 0 —6.129 36.432 —2.831 13.787 —4.49 0.249 138.267 0 0
(-)-Isoborneol 154.252 0 1 —2.207 4466.361 0.238 2493.866 —2.096 —0.106 19.195 0 0
Borneol 154.252 0 1 —2.207 4466.361 0.238 2493.866 —2.096 —0.106 19.195 0 0
Curcuminoid 005 394.383 238.253 0 —6.155 32.75 —2.933 12.288 —4.445 0.754 131.38 0 1
Spathulenol 220.354 30.943 1 —2.925 4925.407 0.253 2772.03 —1.904 0.657 20.521 0 0
Entry 2 mol PISA donorHB  QPlogHERG QPPCaco QPlogBB QPPMDCK QPlogKp QPlogKhsa PSA Ro5 Ro3
MW
Stachyurin 936.657 165.423 16 —5.466 0.001 —8.187 0 —12.964 —1.259 475.813 3 2
1-o-Caffeoylglucose 342.302 140.296 6 —5.064 16.19 —2.991 5.738 —5.385 —1.061 166.557 1 1
trans-o-Coumaric acid 2- 326.302 158.527 5 —2.708 7.718 —2.414 3.277 —4.883 -1.11 147.301 0 1
glucoside
L-Arabinose 150.131 0 4 —2.087 202.53 —0.951 88.054 —4.419 —0.766 95.271 0 0
Isorhamnetin 316.267 231.278 3 —5.118 87.927 —1.751 35.733 —4.212 -0.178 123.39 0 0
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specificity of the ligand-receptor interaction [55]. Hydrogen bonds, van
der Waals contacts, and electrostatic interactions are just a few of the
several kinds of molecular interactions that can take place during
docking. Because they influence the binding affinity and specificity of
the ligand-receptor interaction, these interactions are crucial. When the
electrons of a hydrogen atom are shared with another atom, a sort of
interaction known as hydrogen bonding takes place.

This interaction is significant because it frequently serves as a pre-
dictor of the affinity and specificity of ligand-receptor interaction and
because it can create a solid link between two molecules. Due to the
alterations in their electron clouds, two molecules experience attractive
Van der Waals interactions. These interactions are crucial because they
can create a weaker but still powerful binding between two molecules
and because they can be utilized to forecast the affinity and specificity of
ligand-receptor interaction. When positive or negative charges are pre-
sent, electrostatic interactions between molecules result in forces. These
interactions are significant because they can influence the specificity
and binding affinity of ligand-receptor interaction and because they can
be utilized to anticipate these properties. In general, the molecular in-
teractions in the docking process are significant because they aid in the
prediction of the affinity and specificity of ligand-receptor interaction,
both of which are essential in the design and development of drugs [56].

The ligand-Nrf2 complexes result in inter and intramolecular in-
teractions such as hydrogen bonding, pi-pi stacking, pi-cation, and salt
bridges [57]. The best five bioactive molecules of yellow and white
turmeric (Figs. 7 and 9) were Stachyurin, 1-o-Caffeoylglucose,
trans-o-Coumaric acid 2-glucoside, 1-Arabinose, and Isorhamnetin,
which had maximum binding energy ranging from —11.87 to —6.965
kcal/mol and Curcuminoid, (-)-Isoborneol, Borneol, Curcuminoid, Spa-
thulenol with docking score ranging from —6.179 to —3.809. Hydrogen
bonds are formed between amino acids SER 508, SER 363, ASN 414,
ARG 415; LEU 557, VAL 463, SER 363, ARG 415, ASN 414, ASN 382;
SER 363, SER 602, LEU 365, VAL 604, ILE 416, VAL 463; ALA 510, ILE
416; SER 363, ILE 416 were found to have interacted with the active site
of the protein target of the yellow turmeric plant. While Pi-cation and
H-Bond at position GLN 530, TYR 525, SER 602, ARG 415; H-bond at
position ILE 416; ILE 416, 355; H-bond at position SER 363, SER 506,
ARG 415 and Pi-Pi stacking at position PHE 478; and H-bond at position
SER 602 respectively.

4.5. ADMETox property

The term "ADMET" refers to a drug’s features of absorption, distri-
bution, metabolism, excretion, and toxicity. Due to their ability to affect
a drug’s safety, efficacy, and overall therapeutic potential, these char-
acteristics are crucial factors to consider during the development and
assessment of novel medications. To evaluate a drug’s ADMET qualities,
a variety of instruments and methods can be utilized. A few of these are:
A compound’s polar surface area (PSA), which is the sum of all the polar
atoms (atoms having a partial positive or negative charge) on the surface
of the compound, is measured [58]. Because polar substances tend to be
more soluble in polar solvents and more permeable through biological
membranes, PSA is frequently employed as a predictor of the solubility
and permeability of a chemical [59].

Overall, PSA should be considered when assessing a compound’s
characteristics since it affects the compound’s solubility, permeability,
and overall biological activity. A computational tool called Qplog BB
(QSAR Model for Blood-Brain Barrier Permeation) employs machine
learning techniques to forecast whether a medicine will cross the blood-
brain barrier [60]. A computer approach called PISA (Protein Inhibitor
Stability Algorithm) may be used to forecast the likelihood of drug-drug
interactions by forecasting the stability of protein-ligand interactions.
The "rule of five" suggests that a medication is more likely to be absorbed
orally if it satisfies a set of requirements, such as having a molecular
weight below 500, a log P (octanol-water partition coefficient) below 5,
and having less than 10 hydrogen bond donors and acceptors. Qplog
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HERG is an algorithmic tool that employs machine learning to foretell if
a medicine would block the HERG potassium channel, which can cause
cardiac toxicity [61].

A computational method called QPPCaco (Quantitative Prediction of
Permeability and Absorption in the Caco-2 Cell Line) employs machine
learning algorithms to forecast a drug’s permeability and absorption in
the Caco-2 cell line, a popular model for intestinal drug absorption. The
ADMET qualities of medicine may be predicted, evaluated, and identi-
fied using these tools and methods, as well as any possible risks or lia-
bilities that may need to be taken into consideration throughout the drug
development process. To predict a compound’s permeability and ab-
sorption in the Madin-Darby Canine Kidney (MDCK) cell line, a widely
used model for intestinal drug absorption, the computational tool
QPPMDCK (Quantitative Prediction of Permeability and Absorption in
the Madin-Darby Canine Kidney Cell Line) uses machine learning al-
gorithms [62]. The computational tool QplogKp (QSAR Model for
Plasma Protein Binding) employs machine learning methods to predict a
compound’s affinity for plasma proteins, which may affect the com-
pound’s distribution and clearance in the body [63].

A hydrogen atom that is covalently attached to a highly electro-
negative atom (such as oxygen or nitrogen) and may be given up to
establish a hydrogen bond with another molecule is known as a donor
hydrogen bond (HB). Because they may impact a molecule’s stability,
shape, and function, hydrogen bonds play a crucial role in biology.
Medicine is more likely to be orally accessible if it satisfies the "rule of
three" parameters, which include having a molecular weight under 500,
a log P (octanol-water partition coefficient) below 3, and less than 10
hydrogen bond donors and acceptors. The rationale for this recom-
mendation is that medications having these characteristics are more
likely to pass past the intestinal wall and enter the bloodstream.

4.6. Ramachandran plot

In silico methods, specifically molecular docking, play a crucial role
in predicting ligand binding affinities to cardiac proteins. However, to
comprehensively understand the structure-function relationship of these
proteins, the inclusion of a Ramachandran plot analysis becomes
imperative. The conformations of polypeptide chains in proteins are
graphically represented by Ramachandran plots, also called Ram-
achandran diagrams. For examining and predicting the protein struc-
tures of amino acid residues, it is a valuable tool. In a Ramachandran
plot as shown in Fig. 10, the x-axis represents the phi angle (¢) and the y-
axis represents the psi angle (y). The phi angle is the angle between the
C—N bond and the C—C bond in the peptide backbone, while the psi
angle is the angle between the N—Co bond and the Ca-C bond. The most
frequent conformations of the polypeptide chain are shown by the area
of the plot with the highest density of dots. Outside of this area, con-
formations are less frequent and can be regarded as forbidden or
abnormal. The most stable protein conformations may be found using
Ramachandran plots, as well as any conformations that might be un-
stable or prone to structural alterations [64]. They are a useful tool for
comprehending the structure and function of proteins and are often
employed in the field of protein research. Lastly, it provides a visual
representation of the backbone dihedral angles (phi and psi) of the
amino acid residues of the protein of study, highlighting regions of
energetically favorable and unfavorable conformations. The inclusion of
Ramachandran plot analysis is crucial for ensuring the reliability of the
protein structures utilized in the molecular docking simulations per-
formed in this study.

From the results generated in this study, the in silico study showed
that CL has high binding affinity for Nrf2 which is an important
component in antioxidant defenses and may serve as a potent car-
dioprotective agent. CZ on the other hand showed improved physico-
chemical properties and drug-likeness better than what was seen in CL.
This finding complements the results generated from the in vivo study as
the plant was able to demonstrate cardio-protective effects against
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cardio oxidative stress by modulating the effects of manganese toxicity
on the heart [40].

Similarly to what we identified, stachyurin was identified in a
traditional Chinese herbal preparation called Liu Wei Di Huang Wan,
which is commonly used to treat kidney and liver diseases [65]. The
other compounds listed are also found in traditional Chinese herbal
preparations, such as: - 1-o0-Caffeoyl Glucose is found in Gegen Qinlian
Decoction, which is used to treat digestive disorders and -
trans-o-Coumaric acid 2-glucoside is found in Sho-Saiko-To [66]. This
compound is used to treat liver diseases and inflammation. Also, a va-
riety of literature have identified these compounds in Chinese herbal
preparations, including: - 1-Arabinose which is found in Danggui Buxue
Tang, and used to treat various gynecological conditions [67]. Iso-
rhamnetin is found in Yin Chen Hao Tang, which is used to treat liver
disease [68]. Curcuminoid compounds which are one of the most
prevalent in both species are found in Jian-Pi-Yi-Qi Tang, a traditional
Chinese herbal preparation that is used to treat indigestion, gastritis, and
other gastrointestinal disorders [69,70]. Isoborneol and borneol are
both found in Xiao Chai Hu Tang, which is used to treat liver disease,
inflammation, and fevers [71]. Lastly, spathulenol is found in Yu Ping
Feng San, which is used to strengthen the immune system [72]. These
reports point to the rich history of Chinese herbal medicine and the in
silico identification of these phytochemicals in this study.

5. Limitations and strengths of the study

This study has some limitations that should be acknowledged to
ensure a comprehensive understanding of the research findings. The
limitations are as follows:

i. Small Sample Size: The study used a small sample size (n = 5) for
each experimental group. A larger sample size would enhance the
statistical power and generalizability of the findings. The small
sample size may limit the robustness of the conclusions drawn
from the study.

ii. Animal Model Limitations: The study used rats as an animal
model to investigate the effects of turmeric rhizome extracts on
manganese toxicity. While animal models provide valuable in-
sights, extrapolating these findings to humans requires caution
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due to potential species differences in metabolism and response

to interventions.

Single Dose Levels: The study evaluated the effects of specific

doses of turmeric extracts, and it may not capture potential dose-

dependent responses. A broader range of doses should be
considered to establish dose-response relationships and identify
optimal therapeutic concentrations.

iv. Short Duration of Treatment: The duration of treatment in the
study might not be sufficient to observe long-term effects or po-
tential adverse outcomes. Chronic exposure to turmeric extracts
and monitoring over an extended period could provide a more
comprehensive understanding of their effects.

. Limited Biochemical Parameters: While the study assessed

several biochemical parameters related to oxidative stress, it may

benefit from exploring additional markers to obtain a more
comprehensive understanding of the mechanisms involved in the
cardioprotective effects of turmeric extracts.

Limited Clinical Relevance: While the study provides valuable

insights into the potential cardioprotective effects of turmeric

extracts, the translation of these findings to clinical applications
in humans requires additional research and clinical trials.

iii.

Vi.

On the other hand, the strength of this study lies in its multi-faceted
approach, combining in-vivo experiments with in-silico analyses and
providing a thorough examination of the cardioprotective effects of
turmeric rhizome extracts. The strengths of the study are enumerated
below:

i. Comprehensive Biochemical Assessment: The study evaluates
multiple biochemical parameters related to oxidative stress and
antioxidant defense mechanisms. By assessing GSH levels, LPO,
antioxidant power, NO levels, and SOD activity, the research
provides a comprehensive understanding of the impact of
turmeric rhizome extracts on manganese-induced cardiotoxicity.
Dose-Dependent Effects: The study examines the effects of
different doses of turmeric extracts on the biochemical parame-
ters. This dose-dependent analysis allows for a nuanced under-
standing of how varying concentrations of CL and CZ contribute
to the observed changes in GSH, LPO, antioxidant power, NO, and
SOD activity.

ii.
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iii. Comparative Analysis: The comparison between CL and CZ adds
depth to the research, enabling insights into potential variations
in the cardioprotective effects of different turmeric species. This
comparative analysis contributes to the broader understanding of
turmeric’s therapeutic potential.

In-silico Studies: The incorporation of in-silico studies, including
molecular docking and MM/GBSA analysis, enhances the
research by providing a molecular and structural-level perspec-
tive on the interactions between turmeric compounds and the
Nrf2 protein. This computational approach supports and com-
plements the in vivo findings.

v. Future Implications: The study opens avenues for future research
by suggesting that further investigation and structural modifica-
tions of specific turmeric compounds, such as stachyurin, could
lead to the development of potent drugs for mitigating
manganese-induced cardiotoxicity.

ADMET Analysis: The inclusion of ADMET analysis using
computational tools adds value by assessing the pharmacokinetic
and toxicity properties of the turmeric compounds. This infor-
mation is crucial for understanding the potential translational
applications of these compounds.

iv.

Vi.

6. Conclusion

In conclusion, this study demonstrated that the selected turmeric
(Curcuma longa and Curcuma zedoaria) exhibits cardio-protective effects
against cardio oxidative stress by modulating the effects of manganese
toxicity on the heart, and the mechanism of action by which they exert
this effect could be due to their antioxidant and anti-inflammatory
properties. To identify promising new phytochemicals to activate nu-
clear factor erythroid 2-related factor 2 (Nrf2), a target protein involved
in controlling antioxidant enzymes, bioactive compounds of Curcuma
longa and Curcuma zedoaria were screened in this study using a combi-
nation of ADMET and structure-based virtual screening followed by
binding energy estimation. The lead compounds in CL showed higher
free binding energy and a higher binding affinity for the protein
compared to CZ and competed well against the co-crystallize ligand. The
outcome of the molecular docking revealed that lead compounds pro-
duced H-bond interactions with ARG 415 and SER 602 that were iden-
tical to those of the co-crystallized ligand. The lead compounds’ drug-
likeness was also predicted, and CZ was shown to be less toxic
compared to CL as they broke Lipinski’s rule of five and Jorgensen’s rule
of three. The suggested group of ligands demonstrated effective Nrf2
agonistic activity in the in-silico study, and therefore, they can be used in
future research to expand the findings to experimental verification.
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