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Preface to ”Natural Products for Chronic Diseases: A
Ray of Hope”

Developed over centuries to encode biological processes, nature’s products are the predecessors

of medicine. Out of the desire to cure diseases, conventional remedies gave a substantial territory

to modern chemical techniques much more competent and capable in the development of new

drugs. The designated chemotypes of natural components (β-lactam antibiotics obtained from

Penicillium sp. and quinoline/iso-quinoline alkaloids obtained from tree bark are prototypical

examples of therapeutically appreciated active substances) have proven their ability to act on

the broad spectrum of pathogens that continue to significantly impact the health of the human

population, the latter being a huge economic burden worldwide. Products of natural origin,

considered to be the core of pharmaceutical armaments, are ready for access compared to synthetic

products; moreover, low concern in maintaining an archetype of discovery, including fermentation,

isolation, structural determination, and biological testing of new pharmacologically active natural

compounds, must be taken into account. Most studies in the field have been performed to

determine the pharmacokinetics and pharmacognostic potential of natural products, and fortunately,

researchers have successfully isolated many new compounds. Such substances have been shown

to have antibacterial, antiviral, antifungal, antimalarial, antitumor, anti-inflammatory, antioxidant,

immunosuppressive, cardiovascular activity, etc. However, the mode of action of many compounds,

through which they interfere with human pathogenesis, has not been clarified so far, and this

knowledge is essential in knowing and establishing the possibility of transforming chemical

molecules into drugs.

Due to these circumstances, the following principles have been pursued in preparing the

manuscripts for this Special Issue:

1. Capacity of medicinal substances, which have been examined in vitro and in vivo, against

pathogenic microbes;

2. Mode of action of these medicinal compounds and the basic mechanisms by which natural

products function or act;

3. Natural products derived with efficient bioactivities;

4. Biomolecules derived from natural products used in experimental or clinical studies;

5. The new role of natural products in drug targeting.

We are most grateful to the numerous contributors (List of contributors) who undertook the

painstaking job of a literature survey, experimental work, writing, and condensing of material. We

are also thankful to the all reviewers and editors who have taken part in the anonymous peer review

process which is one the most important part of the scientific publications. We also pay gratitude to

the assistant editor Lisa Xu for her step by step guidance and through out support for making this

Special Issue successful.

Syed Shams ul Hassan, Mohamed M. Abdel-Daim, Tapan Behl, and Simona Gabriela Bungau

Editors
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Natural Products for Chronic Diseases: A Ray of Hope
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5 School of Health Sciences and Technology, University of Petroleum and Energy Studies,
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6 Department of Pharmacy, Faculty of Medicine and Pharmacy, University of Oradea, 410028 Oradea, Romania
7 Doctoral School of Biomedical Sciences, University of Oradea, 410087 Oradea, Romania
* Correspondence: shams1327@yahoo.com

This Special Issue includes many high advanced quality papers that focus on natural
products with their potent pharmacological potential targeting various areas of diseases.
The papers in this Special Issue present new insights into natural products with potent
anticancer, anti-inflammatory, antioxidant, anti-bacterial, analgesic, anti-diabetic, and
enzyme inhibitory activities.

Secondary metabolites from nature, predominantly plants, are still a research hotspot
because of their promising novel scaffolds against chronic diseases. Plant-derived bioac-
tive compounds were proved to have promising anticancer activities. Recently, many
researchers have driven their research interest toward plants to evaluate the use of plant-
derived bioactive compounds against different kinds of cancer. Hassan and his team [1]
evaluated one guaiane-type sesquiterpene dimer vieloplain F from Xylopia Vielana species
against melanoma by targeting B-Raf kinase. The results indicated that vieloplain F has
good anticancer activity against melanoma by displaying a higher binding energy of
−11.8 kcal/mol against B-Raf protein compared to the FDA-approved drug vemurafenib.
Further MD simulations and MM-GBSA showed that vieloplain F had the most remark-
able binding propensity to active site residues. In addition, the absorption, distribution,
metabolism, excretion, and toxicity (ADMET) profile of the FDA-approved medicine vemu-
rafenib was hepatotoxic, cytochrome-inhibiting, and non-cardiotoxic compared to vielo-
plain F, which at this moment has been selected for further investigation due to its potential
effects against melanoma. Majid et al. [2] isolated a new triterpenoid nummularic acid
(NA) from Ipomoea batatas and evaluated its anticancer activity against prostate cancer
(PCa). The results showed that significant (p < 0.05 and p < 0.01) time and dose-dependent
reductions in the proliferation of PCa cells, reduced migration, invasion, and an increased
apoptotic cell population were recorded after NA treatment (3–50 µM). Further profound
mechanistic studies revealed that NA treatment considerably increased the cleavage of
caspases and downstream PARP, upregulated BAX and P53, and downregulated BCL-2
and NF-κB, inducing apoptosis in PCa cells. Khan et al. [3] evaluated the effects of DL-
propargylglycine (PAG, inhibitor of CSE), aminooxy acetic acid (AOAA, inhibitor of CBS),
and L-aspartic acid (L-Asp, inhibitor of 3-MPST) against breast cancer (BC) by determining
the role of endogenous H2S in the growth of BC by performing in vitro and in vivo experi-
ments. The results showed that the combined dose (PAG + AOAA + L-Asp) group showed
exclusive inhibitory effects against BC cells’ viability, proliferation, migration, and invasion
compared to the control group. Further, treated cells exhibited increased apoptosis and a
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reduced level of phospho (p)-extracellular signal-regulated protein kinases such as p-AKT,
p-PI3K, and p-mTOR. Moreover, the combined group exhibited potent inhibitory effects on
the growth of BC xenograft tumors in nude mice without apparent toxicity.

Natural products have a broad pharmacological spectrum because of their complex
scaffolds. Huneif et al. [4] isolated two compounds from wild strawberries and evalu-
ated their anti-diabetic and antioxidant activity. The results showed that both compounds
have good anti-diabetic activity against α-glucosidase, α-amylase, and antioxidant activity
against DPPH free radicals. Al-Joufi et al. [5] evaluated the anti-diabetic, antioxidant, and
anti-microbial potential of the Anabasis articulata plant. The results showed that different
extracts (methanolic and n-hexane) displayed remarkable anti-diabetic activity against α-
glucosidase, α-amylase, antioxidant activity against DPPH free radicals and anti-microbial
activity against Shigella dysentery (S. dynasties), Escherichia coli (E. coli), and Salmonella typhi
(S. typhi). Ahmed et al. [6] evaluated the vegetable plant Pleurospermum candollei by
investigating its phytochemical profile and biological activities such as antioxidant, anti-
bacterial, thrombolytic and enzyme inhibitory characteristics (tyrosinase, α-amylase, and
α-glucosidase). The results displayed that methanolic and n-hexane extracts showed re-
markable pharmacological activities in terms of antioxidant, anti-bacterial, thrombolytic and
enzyme inhibitory characteristics. In addition, pure compounds also displayed good dock-
ing results against targeted proteins. Mahmood et al. [7] evaluated the anti-inflammatory,
analgesic and antioxidant capacity of New (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-
phenylbutanals. The results revealed that two compounds have potent anti-inflammatory
activity in vitro against COX 1

2 and 5-LOX, antioxidant activity against DPPH free radicals
and in vivo analgesic activity. Faheem et al. [8] investigated the effects of natural com-
pounds, berbamine, bergapten, and carveol on paclitaxel-associated neuroinflammatory
pain. The results revealed that all the compounds attenuated thermal hypersensitivity and
increased the threshold for pain sensation. The compounds also increased the protective
glutathione (GSH) and glutathione S-transferase (GST) levels in the sciatic nerve and spinal
cord while lowering inducible nitric oxide synthase (iNOS) and lipid peroxidase (LPO).
Furthermore, the compounds also inhibited cyclooxygenase-2 (COX-2), tumor necrosis
factor-alpha (TNF-α), and nuclear factor kappa B (NF-κb) overexpression.

Glensk et al. [9] isolated bioactive compounds echimidine and its C-7 isomers from
Echium plantagineum L. and evaluated their hepatotoxic effect on rat hepatocytes. The
results revealed that the compounds at 3 to 300 µg/mL caused the concentration-dependent
inhibition of hepatocyte viability, with mean IC50 values ranging from 9.26 to 14.14 µg/mL.
This study revealed that under standard HPLC acidic conditions, echimidine co-elutes
with its isomers, echihumiline and to a lesser degree with hydroxy myoscorpine, obscur-
ing the actual alkaloidal composition, which may have implications for human toxicity.
Khan et al. [10] evaluated the effects of shrimp peptide hydrolysate on intestinal micro-
biota restoration and immune modulation in cyclophosphamide-treated mice. The results
showed that shrimp peptide hydrolysate significantly restored goblet cells and intestinal
mucosa integrity, modulated the immune system, and increased the relative expression of
mRNA and the tight-junction associated proteins occludin, Zo-1, claudin-1, and mucin-2).

Marine drugs possess an undoubtedly diverse range of sources as they are distributed
over 70% of the earth’s surface, possess a wide range of variations in structure and present a
promising target in the discovery of newer and better treatment approaches. In the past seven
decades, many structurally diverse drug products and their secondary metabolites have been
isolated from marine sources which have successfully presented an exceptional potential in
the treatment of various diseases ranging from acute to chronic conditions. Hence, Bhatia
et al. [11] highlighted the significant role of marine-derived drugs in the management of
chronic diseases such as diabetes, cancer, cardiovascular and neurodegenerative disorders.

Principally, the Special Issue “Natural Products for Chronic Diseases: A Ray of Hope”
provides a current perspective of the natural products from the marine and terrestrial area
and the rapidly developing research area, as evident from the resistance to the available
drugs and wide variety of chronic diseases. Considering the challenges in this exciting
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field of natural products drug discovery, this issue not only complements our knowledge
on bioactive compounds but also may uncover some novel ideas and motivation for the
further investigation of various prospective biologically active compounds impacting
medical practice.

Funding: This research received no external funding.
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9. Gleńsk, M.; Dudek, M.K.; Kinkade, P.; Santos, E.C.S.; Glinski, V.B.; Ferreira, D.; Seweryn, E.; Kaźmierski, S.; Calixto, J.B.; Glinski,
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Abstract: Compounds derived from plants have several anticancer properties. In the current study,
one guaiane-type sesquiterpene dimer, vieloplain F, isolated from Xylopia vielana species, was tested
against B-Raf kinase protein (PDB: 3OG7), a potent target for melanoma. A comprehensive in silico
analysis was conducted in this research to understand the pharmacological properties of a compound
encompassing absorption, distribution, metabolism, excretion, and toxicity (ADMET), bioactivity
score predictions, and molecular docking. During ADMET estimations, the FDA-approved medicine
vemurafenib was hepatotoxic, cytochrome-inhibiting, and non-cardiotoxic compared to the vieloplain
F. The bioactivity scores of vieloplain F were active for nuclear receptor ligand and enzyme inhibitor.
During molecular docking experiments, the compound vieloplain F has displayed a higher binding
potential with −11.8 kcal/mol energy than control vemurafenib −10.2 kcal/mol. It was shown that
intermolecular interaction with the B-Raf complex and the enzyme’s active gorge through hydrogen
bonding and hydrophobic contacts was very accurate for the compound vieloplain F, which was then
examined for MD simulations. In addition, simulations using MM-GBSA showed that vieloplain
F had the greatest propensity to bind to active site residues. The vieloplain F has predominantly
represented a more robust profile compared to control vemurafenib, and these results opened the
road for vieloplain F for its utilization as a plausible anti-melanoma agent and anticancer drug in the
next era.

Keywords: guaiane dimer; melanoma; molecular docking; ADMET; MM-GBSA

1. Introduction

Melanoma is the most aggressive and deadly form of skin cancer [1–4]. It is the
seventh leading cancer in women and fifth in men in the USA [5,6]. It is predicted that
the five-year survival rate for patients with stage IV or advanced melanomas is less than
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15%. This cancer can grow and spread for an indefinite period due to mutations in the
cells [7]. The primary treatments are BRAF, C-Kit, and NRAS inhibitors. BRAF inhibitors,
such as vemurafenib, are the most effective FDA-approved treatments for BRAF positive
melanoma. However, the negative side of the drug vemurafenib is that patients started
getting resistance after six months of therapy, making therapy no longer effective [8]. More
effective treatments are urgently needed as the prevalence of melanoma rises in the United
States and other developed nations.

There has been an increase in scientific interest in medicinal plants [9], In the last
several decades, plants with their intriguing secondary metabolites have been explored
for their strong anticancer properties [10,11]. The family Annonaceae includes the genus
Xylopis. Recently, it has been described for its extraordinary broad range of pharmacologi-
cal spectrum encompassing rheumatism, analgesia, bactericidal, fungicidal, antioxidant
antitumor and anti-inflammatory properties. Xylopia vielana is the only species identified in
China [12–16]. Natural products have been shown to influence BRAF kinases; however, it is
unclear whether or not they communicate with the gene product or even the transposable
elements that regulate the gene. [5].

The manufacturing of a new medicine is a lengthy and complex procedure. Selecting a
suitable lead molecule is one of the crucial steps during drug development [17]. However,
unexpected toxicity and adverse drug reactions, on the other hand, caused around 40%
of the drug candidates to fail [18]. Computer-assisted in silico approaches have become
increasingly important in the initial phases of drug development as they are more cost-
effectively [17,19]. This method decreases the number of animals killed and reduce failures
in the ultimate stage [19]. Often, unexpected toxicity is detected late in drug development.
An in silico technique for predicting toxicological parameters is an alternative to animal
testing [20]. The guaiane dimers from Xylopia vielana due to their complex unique structures
are already proved to provide great effects during in silico studies against CoX-2 [12].
During the in silico studies such as ADMET, the initial profile of the compounds has
been created. If any of the compounds provide any severe toxicity or create drug-drug
interaction with some metabolizing cytochromes, the time should not be wasted on that
kind of compounds.

New dimers were discovered in our recent study on the Xylopia vielana to aid in
the quest for powerful anticancer medicines [13,15]. The in vitro anticancer potential
of these guaiane dimers has been reported, which shows that some of these guaiane
dimers, especially vieloplain F have displayed potent anticancer activity with IC50 values
of 9.5 µM. However, its profound mechanistic studies and pharmacological profile were
incomplete. Vieloplain F’s pharmacological characteristics were studied in this study,
with an emphasis on drug-likeness, bioactivities, administration, distribution, metabolic
activity, excretion, and toxicity. The guaiane dimer blockage of BRAF kinases was further
studied using molecular docking, MD modeling, and MM-GBSA calculations to identify its
carcinogenic mechanism.

2. Results
2.1. Chemical Structures of Vieloplain F and Vemurafenib

The chemical structure of a guaiane dimer vieloplain F was drawn on ChemBio-
Draw (v13.0) and the control drug vemurafenib was downloaded from PubChem and was
redrawn on ChemBioDraw (Figure 1).

Figure 1. Chemical structures of (a) vieloplain F; (b) vemurafenib.
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2.2. Estimation of Activity Spectra for Substances (PASS)

Over 4000 biological activities are predicted by PASS Online (Way2Drug, Moscow,
Russia), including pharmacological effects, modes of action, toxic and unfavorable conse-
quences, linkages with metabolic enzymes and transporter, and impact on expression of
genes. Table 1 shows the best outcomes from all of the predicted activities for vieloplain
F. The biological activity as antineoplastic had the most significant predicted activity (Pa)
for vieloplain F, with Pa > 0.8. The probable activity (Pa) values were higher than Pa > 0.5,
and the probable inactivity (Pi) scores were extremely near to 0, demonstrating that the
compound is highly expected to demonstrate these activities.

Table 1. Best predicted bioactivities of compounds by PASS online.

Biological Activities Pa Pi

Anti-neoplastic 0.862 0.006

Anti-leukemic 0.592 0.009

Testosterone 17beta-dehydrogenase (NADP+) inhibitor 0.589 0.094

2.3. Toxicological and Pharmacokinetic Assets

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) estimations
were primarily directed at all the guaiane dimers (vieloplains A–G). Many novel com-
pounds have been exemplified during initially ADMET screening due to violations, includ-
ing inhibiting different cytochromes, skin permeation, and P-gp inhibition. Only vieloplain
F was selected for further studies because of no violations.

2.3.1. Pharmacokinetic Characteristics

The physico-chemical characteristics of both compounds are discussed in Table 2. Ac-
cording to Table 2, the lipophilicity, insolubility, size, insaturation, polarity, and flexibility of
vemurafenib and vieloplain F were studied and classified into six sections with appropriate
ranges for oral bioavailability (Figure 2a). The oral bioavailability graph of the vieloplain F
is shown in Figure 2a and vemurafenib in Figure S1 (Supplementary Materials), which is
based on the six sections stated in the physicochemical characteristics section. The results
of the compound vieloplain F was within these limits, demonstrating that vieloplain F has
a favorable physiochemical profile, which is one of the factors that must be monitored in
pharmaceuticals and clinical studies.

Table 2. Predicted physicochemical parameters and lipophilicity properties of vieloplain F and
vemurafenib.

Properties Parameters Vieloplain F Vemurafenib

Physicochemical Properties

MW a (g/mol) 446.62 489.92

Rotatable bonds 0 7

HBA b 3 6

HBD c 0 2

Fraction Csp3 0.63 0.13

TPSA d 51.21 100.30

Lipophilicity
Log Po/w

iLOGP 3.93 3.04

XLOGP3 4.02 4.97

MLOGP 6.35 3.41

Consensus 5.07 4.89
a Molecular weight, b H-bond acceptor, c H-bond donor, d Topological polar surface area.
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Figure 2. (a) Bioavailability radar chart for vieloplain F. The pink zone represents the physicochem-
ical space for oral bioavailability, and the red line represents the oral bioavailability properties.
(b) Predicted BOILED-Egg plot from swiss ADME online web tool for all the compounds.

HIA and CNS absorption are important parameters checked for every biomolecule
before its entry for drug formulation in the pharmaceutical or clinical trials field [21]. The
blood–brain barrier penetration is essential as if the compounds that act on the central ner-
vous system (CNS) must cross through the blood–brain barrier, and the inactive compounds
on the CNS should not intersect to avoid adverse effects on the CNS [22]. As mentioned in
Table 3, the compound vieloplain F displayed a high gastrointestinal absorption (HIA) with
no BBB permeability, indicating that vieloplain F shows low occurrence for adverse CNS
effects. The compound vieloplain F HIA absorption ratio was elevated than vemurafenib.

Table 3. Predicted pharmacokinetics parameters of vieloplain F and vemurafenib.

Properties Parameters Vieloplain F Vemurafenib

Absorption

Water solubility −5.971 −4.656

GI a 100 98.45

Log Kp (skin permeation) cm/s −6.17 −5.76

Distribution

BBB b −0.37 −1.686

CNS permeation (Log PS) −1.027 −2.976

VD
c (human) −0.013 −0.461

Metabolism
CYP2D6

CYP1A2 inhibitor No No

CYP2C9 inhibitor No Yes

CYP2C19 inhibitor No Yes

CYP3A4 inhibitor No Yes

CYP2D6 inhibitor No No

Excretion
Total Clearance (log mL/min/kg) 0.053 0.136

Renal OCT2 substrate No No
a Gastrointestinal, b Blood-brain barrier, c Volume of distribution.

Figure 2b shows the BOILED-EGG curve [23]. The BBB penetration and GI absorption
(HIA) of the substances may be predicted by this method. There are two areas: one for the
GI absorption zone (HIA) and the other for BBB penetration (yolk). Neither GI absorption
nor BBB penetration is indicated if any component is found in the gray zone. Because
neither vieloplain F nor the control medication vemurafenib showed that they are P-gp
substrates, they are not sensitive to the efflux mechanism of P-gp, which is used by many
cancers’ cell lines to develop resistance to drugs. Vemurafenib, the reference medicine, was
shown in gray, whereas vieloplain F was shown in white, as can be seen in Figure 2b.

8



Molecules 2022, 27, 917

The skin permeation Log Kp of vieloplain F, compared to vemurafenib, was lower
(Table 3), as mentioned by [24]. The greater the negative value of Kp, the less permeant the
molecule is to the skin. It also forecasts the five main cytochromes (CYP) isoform, which
is an additional benefit. These enzymatic isoforms play a crucial role in the excretion of
pharmaceuticals, and they handle the metabolism of about 75% of the medicines available
on the market. There are major drug-drug interactions caused by inhibiting any of these
isoforms [21,24]. Compared to the control vemurafenib, the vieloplain F did not block any
cytochrome isoform, as shown in Table 3, and was rapidly metabolized. Drug-medication
interactions may occur when three cytochrome isoforms are inhibited by the control drug
vemurafenib: CYP2C19, CYP2C9, and CYP3A4. Dosing rates for achieving steady-state
concentrations depend on drug clearance, which is determined by adding up the excretion
rates from the liver and kidney. Moreover, vieloplain F’s clearance value was insufficient.
Organic cation transporter 2 (OCT2) intermediates may have an influence on the unfavor-
able interactions that occur when OCT2 inhibitors and substrates are used together. It has
been hypothesized that the compound vieloplain F would act as a non-substrate for OCT2.

2.3.2. Toxicity Assessment

It is critical to evaluate the toxicological profile of a medicine before it reaches the
clinical trials stage or the production phase of the pharmaceutical business before it is
approved [25]. A variety of toxicities were assessed for each molecule, including those
affecting human health and those affecting the environment. (Table 4). Using the Ames
test, a compound’s mutagenic potential may be assessed. Both substances were classified
as non-Ames dangerous, meaning that they are uncertain to be carcinogenic, according
to the results. In humans, the maximum tolerated dose (MTD) serves as an indicator of
a chemical’s toxicity level. In comparison to vieloplain F, the MTD for vemurafenib was
significantly greater. It is possible that inhibition of the potassium channels encoded by
the hERG would cause a catastrophic ventricular arrhythmia. Several studies have shown
that both vieloplain F and vemurafenib can inhibit hERG II, but not hERG I. However,
vemurafenib was expected to be hepatotoxic, which would likely result in drug-induced
liver damage. Vieloplain F was also predicted to be non-hepatotoxic. Skin hypersensitivity
is a possible adverse effect of dermally given products, and none of the chemicals tested
has been shown to cause skin sensitization in humans.

Table 4. Predicted toxicity profile of vieloplain F and vemurafenib.

Parameters Vieloplain F Vemurafenib

Ames Toxicity No No

Max. Tolerated Dose (human) (log mg/kg/day) 0.013 0.601

hERG I Inhibitor No No

hERG II Inhibitor Yes Yes

Oral Toxicity (LD50) (mg/kg) 1640 2316

Oral Toxicity classification * IV V

Hepatotoxicity No Yes

Skin Sensitization No No

Bioaccumulation Factor Log10 (BCF) 2.489 0.674

Daphnia magna LC50 − Log10 (mol/L) 7.127 6.969

Fathead Minnow LC50·Log10 (mmol/L) −4.972 −4.154

Tetrahymena pyriformis IGC50 − Log10 (mol/L) 1.998 2.203
* Class I: fatal if swallowed (LD50 ≤ 5); class II: fatal if swallowed (5 < LD50 ≤ 50); class III: toxic if swallowed
(50 < LD50 ≤ 300); class IV: harmful if swallowed (300 < LD50 ≤ 2000); class V: may be harmful if swallowed
(2000 < LD50 ≤ 5000); and class VI: non-toxic (LD50 > 5000).
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In addition, for the prediction of lethal dose (LD50), the compound vieloplain F
received a score greater than 300 mg/kg and was classified as class 4; therefore, it is
considered “harmful if swallowed” (300 < LD50 ≤ 2000), while the control vemurafenib has
a score of over 2000, and classified as class 5; therefore, it is considered “may be harmful if
swallowed” (2000 < LD50 ≤ 5000), see Table 4. Vieloplain F and vemurafenib, according to
their toxicological qualities, are not considered being at risk for protein toxicity, and the
substances are classified as classes 4 and 5.

GUSAR, an online web server (Way2Drug, Moscow, Russia), and the environmen-
tal toxicity of each molecule were all considered. GUSAR predicted the environmental
toxicity, where 96-h fathead minnow 50% lethal concentration, 48-h Daphnia magna 50%
lethal concentration, and Tetrahymena pyriformis 50% growth inhibition concentration and
bioconcentration factors were evaluated. The results are depicted in Table 4. The chemicals
vieloplain F and vemurafenib fit into the application area of models in all circumstances
when it comes to environmental toxicity prediction using GUSAR. Because of its superior
safety profile when compared to vemurafenib, guaiane dimer vieloplain F was shown to
have a lower risk of liver damage.

2.4. Drug-Likeness Prediction

The drug-likeness explains the compound’s potential as a drug molecule candidate.
As shown in Table 2 and Table S1, the compound vieloplain F met the requirements of
drug-likeness and passed their filters, such as the Veber filter (rotatable bonds ≤ 10 with
TPSA ≤ 140) [26]. Furthermore, the compound vieloplain F was also checked for Lipinski’s
rule of five (MW ≤ 500, MLOGP ≤ 4.15, N or O ≤ 10, NH or OH ≤ 5 and Log Po/w ≤ 5),
except for one violation of Lipinski’s rule of five with Log Po/w greater than 5 (Table 2) [27].
In addition, both vieloplain F and vemurafenib displayed a good bioavailability score of
0.55, within the range of F > 10% in rats which further proves the Veber and Lipinski’s
rule of five predictions [28]. Importantly, neither vieloplain F nor vemurafenib elicited an
indication for the pan assay interference substances (PAINS), demonstrating that neither
medication contains any fragments that might cause false positive biological tests. The
molecules that must be synthesized in the laboratory are critical if they are to be produced in
large quantities. The structure’s intensity is graded into three categories: moderate (scores
1–4), medium (scores 4–7), and difficult (scores 8–10) [24]. The combination vieloplain F has
received a score of 6.46 (Table S1, Supplementary Materials), which shows that vieloplain
F, according to its complicated structure, is difficult to synthesize in the laboratory, but
vemurafenib is easier to produce. In conclusion, these in silico studies for modeling
the physicochemical and pharmacokinetic properties of vieloplain F revealed that the
pattern of vieloplain F was better than that of vemurafenib in terms of CYP inhibition,
hepatotoxicity, and pharmacokinetic properties. Vieloplain F was also found to have
superior pharmacokinetic properties.

2.5. Prediction of the Bioactivity Score

Using the Molinspiration Chemoinformatics tools, the projected bioactivity scores of
the substances vieloplain F and vemurafenib were calculated. These results are shown in
Table 5. According to the bioactivity score, vieloplain F is moderately active in the presence
of a G-protein-coupled receptor (GPCR) ligand, an intracellular signaling regulator, a kinase
inhibitor, as well as protease inhibitors, while vemurafenib is moderately active. According
to studies by [29] the nuclear receptor has a dual function in inflammation and immunity.
Vieloplain F is a more dynamic and high-scoring molecule than the control vemurafenib,
according to the research. Enzyme inhibition levels show both substances were active.
Vieloplain F’s activity score profile shows it is physiologically active and has a physiologic
impact. There has been no inactivity, as predicted by the bioactivity score.
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Table 5. Bioactivity score of the compounds vieloplain F and vemurafenib according to the Molinspi-
ration software.

Compounds GPCR Ligand Ion Channel
Modulator

Kinase
Inhibitor

Nuclear
Receptor
Ligand

Protease
Inhibitor

Enzyme
Inhibitor

Vemurafenib 0.45 0.25 0.64 0.02 0.12 0.34

Vieloplain F −0.12 −0.18 −0.54 0.17 −0.04 0.06

2.6. Prediction of Cardiac Toxicity

The FDA requires that every biomolecule be tested for hERG safety before it may be
used as a therapeutic candidate. The hERG blockage has been connected to deadly cardiac
arrhythmias. Using pred-hERG results to predict cardiac toxicity, the likelihood map for
vieloplain F and vemurafenib as a control is shown here (Figure 3). Attributions to hERG
blockage, both positive and negative, are shown in the figure. Increasing the number of
contour lines and the intensity of the green color shows that an atom or fragment has
made a more positive contribution to the hERG blockage. With a 50% confidence level,
the pred-hERG projected that Vieloplain F would be non-cardiotoxic, whereas the control
vemurafenib was projected as having a 60% confidence level that it may be cardiotoxic.
The findings have revealed that our isolated molecule, vieloplain F, is less hazardous to the
heart than the control drug, vemurafenib, for cardiovascular toxicity.

Figure 3. Cardiac toxicity of drugs derived from pred-hERG in a map format: (a) vieloplain F;
(b) vemurafenib.

2.7. Biomolecular Macromolecules: Epoxidation and Reactivity Prediction

The prediction of epoxidation and reactivity to biological macromolecules of vieloplain
F and control vemurafenib is depicted in Figure 4. The possible sites of epoxidation of the
compound vieloplain F have been shown in Figure 4b. Here, the double bond between
atoms 18–19 and 31–7 was more prone to epoxidation, where the probability score was 0.19.
In Figure 4c,e, cyanide and GSH’s reactivity showed no probability scores for any atoms.
In Figure 4d, reactivity to DNA is shown for atoms 11, 26, and 28 with the probability
scores of 0.050, 0.029, and 0.030. In Figure 4f, reactivity to protein was only shown for one
atom 29 with a probability score of 0.047. The possible sites of epoxidation of the control
vemurafenib are shown in Figure 4h. Here, the epoxidation was predicted on one double
bond between atoms 19–20 with a probability score of 0.031. The epoxidation was also
predicted on atoms between 20–22 and 24–26 with the probability score of 0.031 and 0.035.
In Figure 4i, cyanide reactivity showed no probability scores for any atoms. In Figure 4j,
reactivity to DNA is shown for nine atoms, among which the highest probability score
was predicted for atoms 6 and 32 with the score of 0.21. The reactivity to DNA for the rest
atoms 1–3, 9, 15, 20, and 24 shown probability scores with 0.11, 0.066, 0.081, 0.038, 0.029,
0.075, and 0.028. In Figure 4k, reactivity to GSH was shown for atoms 3, 6, 9, 20, and 32
with the probability score of 0.031, 0.056, 0.053, 0.050, and 0.045. In Figure 4l, reactivity
to protein was shown for the atoms 1, 3, 6, 9, 15, and 20 with probability scores of 0.14,
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0.057, 0.050, 0.17, 0.078, and 0.034, in which the highest score was predicted for atom 9. The
results declared that the guaiane dimer vieloplain F has better reactivity results than control
vemurafenib, which also has better reactivity results, and prove that natural compounds
have better epoxidation and reactivity profiles.

Figure 4. Prediction of epoxidation and reactivity to biological macromolecules by XenoSite. (a) The
input structure of vieloplain F; (b) prediction of epoxidation; prediction of reactivity to: (c) cyanide;
(d) DNA; (e) glutathione (GSH); (f) protein; (g) the input structure of vemurafenib; (h) prediction of
epoxidation; prediction of reactivity to: (i) cyanide; (j) DNA; (k) glutathione (GSH); (l) protein.

2.8. Prediction of Endocrine Disruption Potential

The multi-color-coded table obtained from the online web tool of Endocrine Disrup-
tome is given in Figure 5. There were fourteen nuclear receptors with eighteen targets.
For the compound vieloplain F, according to the results (Figure 5a), fifteen targets showed
low probability as they were coded in green (sensitivity > 0.75). Two targets, estrogen
receptor alpha antagonist and progesterone receptor, were coded in yellow, indicating
that vieloplain F had a medium probability of binding (0.50 < sensitivity < 0.75), and one
target, glucocorticoid receptor antagonist, was coded in red, indicating a high probabil-
ity of binding (sensitivity < 0.25). The control vemurafenib showed the most negligible
results compared to vieloplain F Figure 5b. Initially, only 11 targets were coded green
(sensitivity > 0.75) and showed a low probability. Three targets were encompassed in the
yellow zone, such as estrogen receptor alpha antagonist, estrogen receptor beta antagonist,
and peroxisome proliferator-activated receptor gamma, indicating that vemurafenib had a
medium probability of binding (0.50 < sensitivity < 0.75). Four targets were encompassed
in orange color (0.25 < sensitivity < 0.50)—glucocorticoid receptor, glucocorticoid receptor
antagonist, liver X receptor alpha, and retinoid X receptor alpha—indicating a medium
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probability of binding. The control did not show any high probability of binding to the
nuclear receptor. The results have revealed that vieloplain F has a strong profile as it has
only one target encoded in red color, but still, the docking score of that target is −10.0,
which is a high score for binding. According to docking rules, more negative scores mean
more affinity towards binding. As mentioned in Figure 5b, the control vemurafenib has
very high orange zone scores up to −12.0, indicating a higher possibility for bindings.
From all the results, it has been clear that the control vemurafenib has shown more human
nuclear receptors binding affinity than vieloplain F.

Figure 5. Endocrine disruption potential of compounds as obtained from Endocrine Disruptome.
(a) Vieloplain F, (b) vemurafenib. Red color describes the high probability of binding, Orange
and Yellow describes the medium probability of binding while the Green color describes the low
probability binding.

2.9. Prediction of Cell Line Cytotoxicity

In silico prediction of cell line cytotoxicity for cancer cells is shown in Table 6. Both
the compounds vieloplain F and control vemurafenib showed the highest scores for the
melanoma cell line (Sk-Mel-28). In this set of predictions, probable activity (Pa) was higher
than probable inactivity (Pi), and we only selected Pa > 0.5 because the differences were
significant; these results can be recorded as probable cytotoxic activities for both the com-
pounds. Vieloplain F was recorded with the highest score of (Pa) 0.722 against melanoma.

Table 6. In silico prediction of cell line cytotoxicity by CLC-pred.

Compound Cell Line Cell Line Full Name Tissue Tumor Type Pa Pi

Vemurafenib

SK-MEL-28 Melanoma Skin Melanoma 0.618 0.010

A2058 Melanoma Skin Melanoma 0.581 0.004

M14 Melanoma Skin Melanoma 0.546 0.012

PA-1 Ovarian carcinoma Ovarium Carcinoma 0.520 0.005

Vieloplain F
SK-MEL-2 Melanoma Skin Melanoma 0.722 0.006

K562 Erythroleukemia Hematopoietic and
lymphoid tissue Leukemia 0.598 0.015
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2.10. Docking of the Compounds with B-Raf Kinase Structure (PDB: 3OG7)
2.10.1. Structural Analysis of B-Raf Kinase

B-Raf kinase is a class of transferase that consists of two domains having 289 amino
acids. The overall statistical VADAR analysis showed protein architecture, containing 39%
helices, 22% β sheets, and 38% coils. Moreover, Ramachandran plots indicated that 99.6%
of residues were present in the allowed region, which shows the precision of phi (ϕ) and
psi (ψ) angles among the coordinates of B-Raf kinase (Figure S2, Supplementary Materials).

2.10.2. Binding Energy Evaluation of the Compounds

To predict the best conformational position within the active region of the target pro-
tein, vieloplain F and vemurafenib were docked and analyzed based on docking energy
value (kcal/mol). Moreover, generated docked complexes were examined based on the
hydrogen/hydrophobic interaction pattern. Docking results justified that the compound
vieloplain F showed good energy values (−11.8 kcal/mol) as compared to standard vemu-
rafenib (−10.2 kcal/mol) against target protein (Table 7). The comparative analysis showed
that guaiane dimer vieloplain F may have good therapeutic potential against B-Raf kinase
protein and can be considered an emerging candidate against melanoma.

Table 7. Chemical structures, amino acid residues, and docked results of the vieloplain F and
vemurafenib with B-Raf kinase (PDB: 3OG7).

Compound Name Chemical Structure Binding Energy
(kcal/mol)

Amino Acid Residues
Involved in the Bonding

Vieloplain F
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2.10.3. Protein–Ligand Complex Analysis  
The compounds vieloplain F and vemurafenib were bound against the target protein 

in different conformations. In vieloplain F docking results, a single hydrogen bond was 
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Asp143, Lys127, Asn129,
Ser88, Phe132, Ser87, Cys84,

Trp83, Ala33, Ile15, Ile79,
Lys35, Phe20.

2.10.3. Protein–Ligand Complex Analysis

The compounds vieloplain F and vemurafenib were bound against the target protein
in different conformations. In vieloplain F docking results, a single hydrogen bond was
observed at SER164. The benzene oxygen atom forms a hydrogen bond, with SER164
having a bond length of 2.29 Å. The comparative results showed that common residues
were observed in docking studies, strengthening our docking results (Figure 6a). In ve-
murafenib docking results, hydrogen bonds were observed at CYS84, CYS532, LYS483,
GLY596, ASP594, and PHE595. The residual comparison showed that our compound binds
within the target protein’s active site as with standard drug vemurafenib with different
conformations (Figure 6b).
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Figure 6. (a) 2D interactions of the compound vieloplain F with B-Raf (PDB: 3OG7); (b) 2D interactions
of the control vemurafenib with B-Raf (PDB: 3OG7).

2.11. Molecular Dynamics and Simulation

MDS was performed for the vemurafenib-B-Raf kinase structure complex and vieloplain-
F- B-Raf kinase structure complex up to 100 ns. The parameters explored for analyses
include RMSD, RMSF, protein–ligand contact, RoG, and binding free energy.

2.11.1. RMSD Analysis

The RMSD study was done to find the simulation results stabilities. The RMSD graph
of protein (left Y-axis) can give the understanding of its structural conformation during
the simulation while ligand RMSD (right Y-axis) denotes the stability of ligand toward
the specific protein and its binding site pocket. In the case of vemurafenib-B-Raf kinase
complex, initially, RMSD showed robust stabilization and remained stable throughout the
simulation period up to 100 ns. The vieloplain-F–B-Raf kinase complex showed that both
vieloplain-F and B-Raf Kinase attained stability at 20 ns and remained constant throughout
the simulation (Figure 7A). At first, the vieloplain-F–B-Raf kinase complex RMSD showed
fluctuations of 0.2 nm up to 20 ns and then remained stable through the simulation period
up to 100 ns (Figure 7B). Both complexes revealed a good level of interaction throughout
the simulation, with less deviation in structure.

Figure 7. Root mean square deviation (RMSD) of the (a) vemurafenib–B-Raf kinase; (b) vieloplain-F–
B-Raf kinase.
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2.11.2. RMSF Assay

The RMSF defines the deviation of the particle in the macromolecule. It specifies the
protein structure flexibility and rigidity. The residues with higher peaks belong to loop
areas or N- and C-terminal zones, as typically N and C fluctuate the most, recorded by MD
trajectories (Figure 8). The stability of ligand binding to the protein is shown by low RMSF
values of binding site residues. The percentages of Helix and Strand in vemurafenib–B-Raf
kinase were determined to be 30.30% and 15.44%, respectively, and the overall secondary
structure elements (SSE) were found to be 45.76%. In the case of vieloplain-F–B-Raf kinase,
the percentages of Helix and Strand were 30.19% and 15.24%, respectively, and the total
SSEs were 45.44 %. Protein SSEs are more rigid than the unstructured part of the protein,
showing slight fluctuations in Figure 9.

Figure 8. Root mean square fluctuation (RMSF) of protein complexes (a) vemurafenib–B-Raf kinase,
(b) vieloplain-F–B-Raf kinase.

Figure 9. Protein secondary structure element distribution by residue index throughout the protein
structures complexed with ligand (a) vemurafenib–B-Raf kinase, (b) vieloplain-F–B-Raf kinase. The
red color represents α-helices, and the blue represents β-strands.

2.11.3. Protein–Ligand Interaction

The interaction of the target protein with the ligand was monitored during the sim-
ulation. These interactions were categorized into four types: (i) hydrogen bonds, (ii)
hydrophobic, (iii) ionic, and (iv) water bridges.

This study found that the most significant ligand–protein interactions were hydrogen
bonds, water bridges, and hydrophobic interactions. The vemurafenib–B-Raf Kinase
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complex showed the most important hydrophobic interactions with ALA_481, LEU_514,
TRP_531, and PHE_583, whereas GLN_530, CYS_532, ASP_594, PHE_595, and GLY_596
were chief in terms of H-bonds (Figure 10A). In vieloplain-F–B-Raf kinase, the hydrophobic
contacts PHE_583, TYR_538, TRP_531, LEU_514, ARG_462, and PHE_468 were the most
vital, while SER_465 and LYS_483 were dynamic interactions for H-bonds (Figure 10b).

Figure 10. Protein–ligand contact histogram: (a) vemurafenib–B-Raf kinase, (b) vieloplain-F–B-Raf
kinase.

2.11.4. RoG Analysis

The folding and compactness of the protein are often arbitrated with the assistance of
RoG. It is a crucial method of showing the influence of ligand on the three-dimensional
conformational structural changes after the interaction with ligand. RoG with high valve
depicts the molecule loose packing and folding nature of the protein after the interaction
with the ligands. Both the complexes were in their native structures as there was not
much variation observed throughout the 100 ns in the RoG graph (Figure 11). However,
there were a few minor variations in RoG due to conformational changes in the secondary
structure of protein during the MDS process. The RoG graph of the complexes shows that
the ligand remains tightly bound to the protein’s active site.

Figure 11. The radius of gyration was calculated for (a) vemurafenib–B-Raf kinase, (b) vieloplain-F–
B-Raf kinase.

2.12. MM-GBSA Calculations

The average binding free energy (∆G) of the vemurafenib- B-Raf kinase and vieloplain-
F-B-Raf Kinase was calculated at 0 and 100 ns by the MM-GBSA approach (Figure 12).
The average values of ∆G for ligands vemurafenib were −138.8836 kcal/mol (0 ns) and
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−115.1949 kcal/mol (100 ns). The average dG for vieloplain-F were −144.2660 kcal/mol
(0 ns) and −158.7822 kcal/mol. It was found that both compounds showed minimum VDW
and hydrogen bonding energies that meant all these drugs are maximum potential to bind
with active site residues.

Figure 12. MM-GBSA calculated before and after the simulation.

3. Discussion

This work examines the utility of selecting vieloplain F as a possible biomolecule thera-
peutically active against melanoma by using publicly available techniques to investigate its
bioactivity, ADMET, drug-likeness, molecular docking, and simulations. In silico interpre-
tations of pharmacological spectra illustrated a new road to the most promising directions
while also assisting in the initial phases of research by filtering out the biomolecules with a
potentially low pharmacological profile [30]. According to the PASS prediction, vieloplain
F could be considered an anti-neoplastic and anti-leukemic agent as sesquiterpene-type
guaiane dimers are already reported for their attractive potencies against cancer [12,15]
and reversal of resistance towards cancer [16]. Furthermore, the compound vieloplain
F was also predicted as a testosterone 17-beta-dehydrogenase (NADP+) inhibitor, which
means that vieloplain f could also be investigated for its participation against androgen
and estrogen metabolism. The compounds also predicted high scores for NADP+ and
evidenced by our studies that this compound has good effects against melanoma and it can
be considered for its studies against different kind of skin diseases.

ADMET is crucial for every biomolecule before its biotransformation into a drug [21].
According to the ADMET profile of vieloplain F, the absorption and distribution of the
compound were moderate. The compound is highly soluble in GIT and has no solubility
for BBB, showing that this compound cannot create any adverse effects related to CNS.
The inactive compounds on the CNS should not intersect to avoid adverse effects on the
CNS [22]. The compound vieloplain F has a high ratio of GIT absorption as compared to
control vemurafenib.

Furthermore, vieloplain F revealed that it is not a P-gp (P-glycoprotein) substrate;
therefore, vieloplain F is not susceptible to the efflux mechanism of P-gp, which many
cancer cell lines utilize as a drug resistance mechanism. CYP enzymes play a crucial role in
drug excretion, and these isoforms are metabolizing almost 75% of market available drugs.
Inhibition of any of these isoforms results in causing some significant pharmacokinetics-
based drug-drug interactions [12,24]. Vieloplain F did not inhibit any of the CYP enzymes,
but the control vemurafenib inhibited 3 CYP enzymes which meant that it can create drug-
drug interactions for those CYP enzyme-targeted drugs. One of the significant drawbacks
of vemurafenib was its causing hepatotoxicity [31] and cardiotoxicity [32]. The compound
vieloplain F did not show any hepatotoxicity and is revealed to be cardioprotective. Block-
ing the hERG K+ channel can cause QT prolongation and potentially fatal arrhythmia [33].
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As a result, vieloplain F was projected to be a non-inhibitor of hERG with no cardiac
adverse effects. Finally, the toxicity profile acquired from pkCSM was adequate.

Acute toxicity was defined as the harmful effects of a single exposure to a drug
over a short period [34]. In general, mice and rats were used to measure acute toxicity.
The compound vieloplain F was predicted as non-toxic and categorized in class 4 with
harmful indications if swallowed, suggesting the possible safe application. Furthermore,
the compound vieloplain F did not exhibit any environmental toxicity violations.

CYP can act on aromatic or double bonds, probably leading to epoxy metabolites.
Identifying a molecule’s epoxidation site will help guide improvement to avoid epoxidation
for safer drugs [35]. Besides, reactive metabolites can cause idiosyncratic adverse drug
reactions and drug-induced liver injury [36]. Predicting epoxy and reactive metabolites
can thus help predict potential adverse effects. The present study shows that vieloplain
F has been doubtful to result in epoxides and reactive metabolites compared to control
vemurafenib.

An endocrine disruptor is a substance that operates on nuclear receptors to disrupt
the endocrine or hormonal systems [37]. Compounds are docked into eighteen integrated
and well-validated crystal structures of fourteen different human nuclear receptors using
Endocrine Disruptome’s free web tool. As a result, achieving endocrine disruption potency
for multiple targets at once is quite convenient. This eventually leads to rapid, well-
informed judgments for in vitro and in vivo testing [38]. Vieloplain F was predicted to be
non-endocrine disruptive, ensuring that it may be used safely. Among both compounds,
including vieloplain F and vemurafenib, the highest profile for safety was achieved by
vieloplain F.

To discover new anticancer drugs, sophisticated laboratory models are needed to
predict their clinical behavior. This is mainly done from cell lines originating from hu-
man tumors [39]. In silico prediction will make the way more comfortable by offering
useful predictions for making an informed decision before going into the In vitro exper-
iments. The inhibitory effect of Xylopia vielana on cancer cell lines has been previously
reported [13,15,16].

Vieloplain F has been studied as an anticancer agent in our recent study and has demon-
strated potent activity against prostate cancer cell lines with an IC50 value of 9.5 µM [15].
However, particular attention to the deep mechanism has not yet been drawn. The present
study demonstrated a specific targeted approach that can be useful in further anticancer
drug development of B-Raf kinase.

B-Raf is a member of the Raf-kinase family of growth signal transduction protein
kinases. This protein plays a role in regulating the MAP kinase/ERKs signaling pathway,
affecting cell division, differentiation, and secretion. B-Raf kinase inhibitors are also consid-
ered one of the main treatments for malignant melanomas. Currently, only one B-Raf kinase
inhibitor, vemurafenib, is approved by the FDA and is used in late-stage melanoma [39],
but the main drawback of this drug is that patients start showing symptoms after receiving
this therapy resistance towards this drug [8]. Therefore, research is underway to develop
novel B-Raf kinase inhibitor compounds with maximum potency and minimum side effects.
There is still scope to develop B-Raf kinase inhibitors with improved therapeutic efficacy
and reduced side effects. As evident from our study, vieloplain F showed encouraging
results in terms of B-Raf kinase inhibition compared to vemurafenib in the sense of molecu-
lar docking and simulation studies. Therefore, in these ways, special attention should be
placed on investigating the therapeutic importance of this process.

Thus, the present study revealed the potential significant applications of vieloplain F
and could be helpful against various diseases. The study relied on computational tools that
reported pharmacological properties and bioactivities predictions. Besides, in this study,
we reported the potentials of vieloplain F with comparison studies on vemurafenib, and in
previous studies, the in vitro and in vivo potential of vieloplain F was displayed. Moreover,
clinical studies are necessary to confirm the findings of the present work. Nonetheless, the
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results of this work will provide future guidance for the design and development of new
lead compounds against Melanoma.

4. Materials and Methods
4.1. Isolation of Guaiane Dimer Vieloplain F

Isolation procedures for guaiane dimer, vieloplain F, and its structure elucidations
based on spectroscopic methods (1D, 2DNMR, X-ray, and ESI-MS) along with a comparison
of the relevant literature data reported for guaiane dimer, vieloplain F, were described in
detail in our recent paper [15].

4.2. Prediction of Activity Spectra for Substances (PASS)

Prediction of activity spectra for substances (PASS) gives information about the bioac-
tive compounds’ plausible pharmacological activities. The free internet platform Pass
online (http://www.pharmaexpert.ru/passonline, accessed on 10 August 2021) was used
to make the PASS prediction. Only actions with Pa > Pi were considered feasible for a
given compound. Pa > 0.7 indicated a high probability of experimental pharmacological
effect, while Pa 0.5 to 0.7 indicated a moderate probability of experimental pharmacological
action. If Pa was less than 0.5, the chances of pharmacological activity were negligible [40].

4.3. ADMET Analysis

ADMET (absorption, distribution, metabolism, excretion, and toxicity) are the essential
measurement tools for any compound before being elected as a drug candidate. The online
web tool swiss ADME (http://www.swissadme.ch/index.php, accessed on 10 August 2021)
was used to obtain ADME properties of the vieloplain F [24], and the pharmacokinetic
scores were predicted using the online web application pkCSM (http://biosig.unimelb.
edu.au/pkcsm/prediction, accessed on 10 August 2021).

4.4. Prediction of Acute Rat Toxicity and Environmental Toxicity

The publicly accessible structure–activity relationship (GUSAR) software (http://
www.way2drug.com/gusar/acutoxpredict.html, accessed on 10 August 2021) was used
to predict median lethal dosage (LD50) values for rats with oral administration [41]. The
quantitative predictions of ecotoxicity were also assessed by GUSAR software (http://
www.way2drug.com/gusar/environmental.html, accessed on 10 August 2021).

4.5. Prediction of Drug-Likeness

Swiss ADME (http://www.swissadme.ch, accessed on 10 August 2021) and Molin-
spiration Chemoinformatics tools (https://www.molinspiration.com/cgi-bin/properties,
accessed on 10 August 2021) were used to predict drug-likeness. Lipinski’s rule of five was
considered a standard for accessing the drug-likeness [27].

4.6. Bioactivity Score Prediction

The bioactivity profile of a selected compound can be portrayed by the scoring system
of G protein-coupled receptor (GPCR) ligand, ion channel modulator, nuclear receptor
legend, a kinase inhibitor, protease inhibitor, and an enzyme inhibitor. These properties
were determined by Molinspiration Chemoinformatics tools (https://www.molinspiration.
com/cgi-bin/properties, accessed on 10 August 2021). According to studies by Roy, if the
value was equal to or greater than 0.00 (≥0), the compound was more active, while if the
values were between −0.50 and 0.00, it was moderately active; nevertheless, if the values
were less than −0.50 (<−5.0), it was thought to be inactive [42].

4.7. Prediction of Cardiac Toxicity

The blockage of the hERG K+ channels has been linked to fatal cardiac arrhythmias.
The pred-hERG 4.2 (http://predherg.labmol.com.br, accessed on 10 August 2021) web
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server, a web tool for early detection of putative hERG blockers and non-blockers, was
used to predict cardiac toxicity [38].

4.8. Prediction of Epoxidation and Reactivity to Biological Macromolecules

Epoxides are metabolites produced by an enzyme cytochrome P450 operating aromatic
or double bonds. Drug-metabolizing enzymes can bioactivate the drug into reactive metabo-
lites, creating adducts when they bind to specific targets in DNA or proteins. The freely
available web Xenosite (https://swami.wustl.edu/xenosite/submit, accessed on 10 August
2021) was used to predict epoxidation and reactivity to biological macromolecules [43].

4.9. Prediction of Endocrine Disruption Potential

Endocrine Disruptome is an unrestricted prediction tool for determining the po-
tential for endocrine disruption via nuclear receptor binding. Fourteen human nuclear
receptors and their eighteen validated structures that regulate reproduction, behavior,
development, metabolism, and the immune system were utilized for molecular dock-
ing with the compounds in the freely accessible web platform Endocrine Disruptome
(http://endocrinedisruptome.ki.si, accessed on 10 August 2021) [20].

4.10. Prediction of Cell Line Cytotoxicity

CLC-Pred (Cell Line Cytotoxicity Predictor) is a web-based program that predicts the
cytotoxicity of chemical compounds in non-transformed and cancer cell lines depending
on their structural formula. Prediction of cell line cytotoxicity of vieloplain F was made
through CLC-Pred (http://www.way2drug.com/Cell-line/, accessed on 10 August 2021).
The predicted output activity was represented in the probable activity (Pa) and probable
inactivity (Pi) score. The scoring system was categorized into three portions according
to activity. Pa > 0.5 was considered as the highest activity, Pa > 0.3 was considered as
moderate activity, and Pa < 0.3 was considered as the lowest activity. [44].

4.11. Preparation, Analysis, Retrieval, and Visualization of Protein and Ligand Structures

ChemBioDraw (PerkinElmer Informatics, Waltham, MA, USA, v13.0) [45] was used to
draw the compounds into .mol format. The control drug vemurafenib was downloaded
from PubChem in .sdf file. The three-dimensional (3D) structures of B-Raf Kinase was
accessed from Protein Data Bank (PDB) (www.rcsb.org, accessed on 10 August 2021)
with PDBIDs 3OG7. The selected protein structure was minimized using Chiron portal
(https://dokhlab.med.psu.edu/chiron/processManager.php, accessed on 10 August 2021)
and visualized through UCSF Chimera 1.10.1 tool [46]. The Ramachandran plots of B-Raf
kinase were accessed from the Discovery Studio 4.1 Client tool. The protein architecture
and statistical percentage values of receptor proteins helices, beta-sheets, coils, and turn
were predicted from online server VADAR 1.8 (http://vadar.wishartlab.com/, accessed on
10 August 2021) [47].

4.12. Molecular Docking

Docking studies of vieloplain F and vemurafenib were performed against B-Raf
Kinase. To prepare the B-Raf Kinase structure, the unnecessary ligands and water molecules
were removed to enhance docking results’ efficacy. The ligands were sketched in the
ACD/ChemSketch 2.1.2 tool (Advanced Chemistry Development, Toronto, Canada) and
further minimized by UCSF Chimera 1.10.1. A docking experiment was used on all
synthesized compounds against B-Raf Kinase using the PyRx docking tool 1.7 (https://
pyrx.sourceforge.io/, accessed on 10 August 2021) [48]. To perform the docking experiment,
grid box parametric dimension values were adjusted as X = −1.3845, Y = −12.9405, and
Z = −18.9916, respectively. The default exhaustiveness = 8 value was used to obtain the
finest binding conformational pose of protein-ligand docked complexes. All compounds
were docked separately against the crystal structure of B-Raf kinase. The docked complexes
were evaluated on lowest binding energy (kcal/mol) values, hydrogen and hydrophobic
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bond interaction pattern analysis using Discovery Studio (4.1) (Dassault Systemes BIOVIA,
San Diego, CA, USA), and UCSF Chimera 1.10.1. The three-dimensional (3D) graphical
depictions of all the docked complexes were accomplished by Discovery Studio (2.1.0)
(Dassault Systemes BIOVIA, San Diego, CA, USA) and the UCSF Chimera 1.10.1 tool.

4.13. Molecular Dynamics Simulations

The MDS analysis was performed to find the interaction of ligand–protein stability.
MD simulation studies also analyze the structure of the macromolecules transition to
the functional significance of the complex. Simulation typically records atom movement
concerning the time based on Newton’s standard motion equation to predict the binding of
the ligand in the biological environment. The MD simulation of the selected complex was
undergone for 100 ns using Desmond v:3.6 New York, NY, USA module from Schrodinger
suite [12]. The interaction of the complex obtained from MD was the initial structure of
respective MD simulations followed by an established protocol where protein atoms were
10 Å away from the box. The ligand-receptor complex minimization and optimization were
done through Wizard of Maestro (Schrödinger, New York, NY, USA). The systems were set
up by applying the System Builder tool, a solvent standard TIP3P with an orthorhombic box
was selected. The OPLS 2005 was used for simulation analysis. The Physiologic conditions
of the model were minimized by adding 0.15 M NaC [49]. The models were rested before
the start of the simulation. Lastly, simulations were run at 300 K temperature at 1 atm
pressure, with an NPT ensemble was applied for all MDSs.

Moreover, the MDS trajectories were recorded after every 100 ps interval. The root
means square deviation (RMSD) of both the protein and ligand were recorded to find the
stabilities of simulation. The RMSF and RoG values were also calculated. MDSs were
repeated thrice for each complex using the same parameters.

4.14. MMGBSA Calculations

The ligand-receptor complexes were minimized using the prime tool in maestro. After
minimization, the molecular mechanics generalized born surface area (MMGBSA) was
used to evaluate the binding free energies (∆G) of complexes at both before (0 ns) and after
(100 ns) simulation. All over the computation of binding free energies, an OPLS_2005 force
field was utilized [50].

5. Conclusions

Natural products of herbal origin are well known to exhibit diverse biological activities
compared to synthetic products. Here, in this study, one potent guaiane dimer, vieloplain F,
was isolated from Xylopia vielana species and tested against B-Raf kinase to find a potent
drug molecule against melanoma. The compound showed potent inhibitory activity against
the B-Raf kinase protein receptor. The preliminary computational studies such as ADMET,
bioactivities, and molecular docking studies proved that this guaiane dimer has a high
binding affinity towards the targeted B-Raf kinase protein receptor. In addition, it revealed
that our isolated natural compound is safer than the FDA-approved drug vemurafenib in
cardiac and hepatotoxicity profile and has high binding energies towards targeted protein
then vemurafenib. Overall, the present study acts as evidence to prove that this guaiane
dimer isolated from the Xylopia vielana has the capacity to inhibit the B-Raf kinase protein
receptor, which also opens the road for all the guaiane dimers that all these compounds
should be screened for B-Raf kinase protein. The in silico studies can provide a platform for
a potential compound against any specific disease but still, before any biomolecule needs to
be selected, further studies must pass through deep in vivo and in vitro studies to confirm
their results. The isolation methods, the quantity of the pure compound, and the complex
structures of the natural products create a big question for future researchers to resolve this
problem and do the wetlab assays independently.
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In this study, the complete pharmacological profile encompassing PASS, bioactivity
scores, ADMET, molecular docking, and molecular simulations will act as a foundation for
other guaiane dimers to be investigated in the future for different types of cancers.

Supplementary Materials: The following are available online: Figure S1: Bioavailability radar chart
for vemurafenib, Figure S2: Ramachandran graph of target protein, Table S1: Drug-likeness profile of
Vieloplain F and Vemurafenib.
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Abstract: The current study explored the effects of natural compounds, berbamine, bergapten,
and carveol on paclitaxel-associated neuroinflammatory pain. Berbamine, an alkaloid obtained
from Berberis amurensisRuprhas been previously researched for anticancer and anti-inflammatory
potential. Bergapten is 5-methoxsalenpsoralen previously investigated in cancer, vitiligo, and
psoriasis. Carveol obtained from caraway is a component of essential oil. The neuropathic pain
model was induced by administering 2 mg/kg of paclitaxel (PTX) every other day for a week.
After the final PTX injection, a behavioral analysis was conducted, and subsequently, tissue was
collected for molecular analysis. Berbamine, bergapten, and carveol treatment attenuated thermal
hypersensitivity, improved latency of falling, normalized the changes in body weight, and increased
the threshold for pain sensation. The drugs increased the protective glutathione (GSH) and glu-
tathione S-transferase (GST) levels in the sciatic nerve and spinal cord while lowering inducible
nitric oxide synthase (iNOS) and lipid peroxidase (LPO). Hematoxylin and eosin (H and E) and
immunohistochemistry (IHC) examinations confirmed that the medication reversed the abnormal
alterations. The aforementioned natural substances inhibited cyclooxygenase-2 (COX-2), tumor
necrosis factor-alpha (TNF-α), and nuclear factor kappa B (NF-κb) overexpression, as evidenced by
enzyme-linked immunosorbant assay (ELISA) and Western blot and hence provide neuroprotection
in chronic constriction damage.

Keywords: berbamine; bergapten; carveol; paclitaxel; ELISA; Western blot

1. Introduction

Paclitaxel is well-known for its anti-tumor properties [1]. Chemotherapy is one of the
most effective techniques for fighting cancer and enhancing the quality of life, resulting
in fewer deaths throughout the globe. With appropriate use of chemotherapy, researchers
predict a 35 percent increase in cancer survivors by 2022 [2]. One of the most prevalent
dose-limiting side effects associated with the use of anticancer medicines is peripheral
neuropathy [3].

Taxanes are a family of significant chemotherapeutic drugs that have been thera-
peutically used for decades to treat a variety of malignancies. Paclitaxel is a taxane-class
medication that has been authorized by the FDA to treat lung cancer, breast cancer,
prostate cancer, and ovarian cancer [4]. Its use has been linked to the development
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of dose-dependent neurotoxicity. The termination of treatment is due to the develop-
ment of cold allodynia, mechanical hypersensitivity, and burning, shooting, and tingling
sensations [5].

According to the research, the mechanism of PTX-induced neurotoxicity is thought to
be initiated by the overexpression of inflammatory mediators in the spinal cord and the
sciatic nerve. This overexpression leads to the disruption of transport in ion channels and
improper intracellular signaling, which ultimately results in paclitaxel-induced peripheral
neuropathy (PIPN) [6]. Recently published data show that because PTX can easily pass
through the blood–brain barrier, it predominantly accumulates in the dorsal root ganglia
(DRG). This, along with an alteration in the mitochondrial morphology and inflammation,
leads to the development of PIPN, which causes cold allodynia as well as mechanical and
thermal pain sensation [7,8].

The present study aims to look at the therapeutic potential of natural substances
including berbamine, bargepten, and carveol in the treatment of paclitaxel-induced neuro-
pathic pain. Herbal ingredients have been studied extensively for their ability to reduce
paclitaxel-induced pain. Natural treatments such as curcumin [9], resveratrol [10], gallic
acid [11], puerarin [12], and naringin [13] have been shown to reduce paclitaxel-induced dis-
comfort. Chemically, berbamine (BBM) is a bisbenzylisoquinoline alkaloid obtained from
the Chinese medicinal plant Berberis amurensis Rupr. It has anti-cancer, anti-inflammatory,
and multidrug resistance properties, as well as a synergistic effect when combined with
other medications [14].

Psoralen is a group of natural substances derived from the Ammi majus plant that
are collectively known as Furocoumarin. Furocoumarin is a methoxsalen-based Furo-
coumarin. Bergapten (BRG) is a 5-methoxsalenpsoralen compound that has previously
been studied in cancer, vitiligo, and psoriasis [15]. Carveol (CAR) is derived from the
Caraway plant. It is a vital component of essential oil and is grown all over the globe.
Caraway also contains pinene, thujene, phellandrene, camphene, limonene, and carvone
as components [16].

To investigate the potential in PTX-induced PIPN, the above-mentioned three natural
moieties (BBM, BRG, and CAR) listed were chosen. The available literature supports their
potential for anticancer [14,15] and neuroprotective properties [17].

Hence, these compounds were examined in the current study for their therapeutic
potential in PTX-induced peripheral and chronic inflammatory pain. The results reveal
that treatment with natural compounds (BBM, BRG, and CAR) attenuated PTX-induced
chronic inflammatory pain by downregulating NF-κB. The downregulation of NF-κB, a
transcription factors which further attenuates inflammatory cytokines (COX-2 and TNF-α),
is the proposed mechanistic pathway of the aforementioned natural compounds to has-
ten PTX-induced neuropathic pain. In addition, the treatment improved the antioxidant
enzymes (GSH and GST) and diminished LPO and iNOS, which are the reasons of prevent-
ing oxidative stress and free radical generation to stop the PTX-induced progression of
neurodegeneration and neuroinflammation.

2. Material and Methods
2.1. Chemicals

Proteinase K, PBS tablets, hydrogen peroxide (H2O2), formaldehyde, GSH, DTNB,
CDNB, Mouse monoclonal anti-p-NF-κB, TNF-α, COX-2, Avidin-biotin complex kit, DAB,
trichloroacetic acid (TCA), horseradish peroxidase-conjugated secondary antibodies, mount-
ing media, COX-2, p-NF-κB, TNF-α ELISA and protein assay kit, skim milk and Bolt Mini
Gels, X-ray film were used. The inducer paclitaxel was procured from the oncology phar-
macy of Shifa International Hospital Islamabad, Islamabad, Pakistan. All the rest of the
three compounds were procured from Sigma-Aldrich (Saint Louis, MO, USA).
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2.2. Animals

Adult Sprague Dawley rats weighing 240–250 g (aged 10–12 weeks) were procured
from Riphah International University’s animal house (Islamabad, Pakistan) kept under in a
controlled environment temperature (25–30 ◦C) and humidity. The experimental protocols
for handling and dosing of animal were as per protocols set bythe Riphah Institute of
Pharmaceutical Sciences (Ref. No. REC/RIPS/2019/28) (Islamabad, Pakistan).

The animals were randomly divided into five groups, each group with six rats as follows:

Group I: Control group, treated with saline 10 mL/kg

Group II: Disease group, treated with PTX 2 mg/kg IP on days 1, 3, 5, and 7 (induc-
tion phase)

Group III: Treated group, administered with PTX 2 mg/kg IP on days1, 3, 5, and 7 (induc-
tion phase) and then treated with compound (berbamine) for two weeks (7 to 21 days)

Group IV: Treated group, administered with PTX 2 mg/kg IP on days 1, 3, 5, and 7 (induc-
tion phase) and then treated with compound (bergapten) for two weeks (7 to 21 days)

Group V: Treated group, administered with PTX 2 mg/kg IP on days 1, 3, 5, and 7 (induc-
tion phase) and then treated with compound (carveol) for two weeks (7 to 21 days)

2.3. Paclitaxel-Induced Neuropathic Pain

Adult male Sprague Dawley rats were injected with paclitaxel to produce paclitaxel-
induced peripheral neuropathic pain. The available pharmaceutical grade of paclitaxel was
6 mg/mL, which was further diluted (1:1 cremophor/ethanol) to 1 mg/mL and injected
intraperitoneally (i.p) at a dose of 2 mg/kg every other day (1, 3, 5, 7) for a total of four
injections and a final total dose of 8 mg/kg. On days 7, 14, and 21 (days after PTX’s last
injection), behavioral tests including temperature sensation, latency of falling, body weight,
and mechanical pain threshold were performed. After behavioral tests on day 21, the sciatic
nerve (SN) and spinal cord (SC) were removed for molecular investigation [18].

2.4. Thermal Pain Sensation

Acclimatized animal’s paw sensitivity to heat was determined on a hot plate (54 ± 1 ◦C)
with a cut-off time of time of 60 s. Thermal pain sensation was determined on days 7, 14,
and 21, 30 min after treatment with the compound [19,20].

2.4.1. Latency of Falling

The latency of falling was recorded through the rotarod apparatus. Animals were first
trained for 3 consecutive days to be able to remain on the rod for 60 s with 5 min cut-off
time before starting the experiment. The animals were at a fixed rate (5–20 rpm). After
recording the baseline reading (day 0), the latency of falling was recorded. Latency of
falling was also determined on days 7, 14, and 21after treatment with compound [21].

2.4.2. Body Weight Analysis

The animals were first weighed at baseline before starting the experiments. The
weight of each animal was recorded after therapy on days 7, 14, and 21, and the results
were interpreted [22].

2.4.3. Pain Threshold (Mechanical Hypersensitivity)

A Conventional von-Frey filament apparatus was used to analyze the pressure-
induced-pain threshold [23]. After its perpendicularly application to the subplanter region,
the response of the animal was noticed on days 7, 14, and 21after treatment.

2.5. Oxidative Stress Markers

The samples (SN and SC) after homogenization in a phosphate buffer containing
phenylmethylsulfonyl fluoride as a protease inhibitor were centrifuged at 4000× g for
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10 min at 4 ◦C, and the supernatant was collected and processed for determination of
GSH [24] and GST [25], lipid peroxidation [26], and nitric oxide (NO) [27].

2.6. Hematoxylin and Eosin Staining

De-paraffinization was performed through xylene (100%), ethanol (95 and 70%), and
distilled water. There was washing with PBS and treatment with hematoxylin for 10 min.
Each slide was dipped in 1% HCl, immersed in eosin for 5–10 min, washed, dried, and
fixed in xylene. The images were acquired with the assistance of an Olympus (Model:
CX31, Tokyo, Japan) microscope, and an automated self-quantification process was carried
out with the assistance of ImageJ software (USA, version 1.46) [28].

2.7. Immuno-Histopathological Evaluation

Paraffinized slides were washed with xylene, ethanol, distilled water, and then in PBS.
Proteinase K was applied for antigen retrieval. Endogenous peroxidases were blocked by
hydrogen peroxide. Normal goat serum (5%), primary antibody secondary antibody, and
ABC were then applied. Finally, the slides were exposed to a 0.1% DAB (diaminobenzidine
peroxidase) solution and dehydrated by dipping in xylene/ethanol and dried in open air.
The images were obtained through an Olympus (Model: CX31, Tokyo, Japan) microscope
and an automated self-quantification method was applied utilizing ImageJ software (USA,
version 1.46) [29].

2.8. ELISA

TNF-α, COX-2, and NF-κB were determined by using ELISA kits as explained by [30].
In the tissue, the designated antibodies’ expression was determined by using an ELISA
microplate reader.

2.9. Western Blot Assay

Equal amounts of protein (15–30 µg) underwent electrophoresis using 4–12% bolt Mini
Gels 5% (w/v).Following the wet transfer, the PVDF membrane was blocked with skim
milk to reduce nonspecific binding and incubated with primary antibodies at 4 ◦C for 12 to
16 h. After a reaction with a horse radish peroxidase (HRP)-conjugated secondary antibody,
proteins were detected using enhanced chemiluminescence detection. The X-ray films were
scanned, and the optical densities of the bands were analyzed through densitometry using
the computer-based Sigma Gel program, version 1.0 (USA) [31].

2.10. Statistical Analysis

Data are presented as the mean± SEM. H and E staining behavioral data and oxidative
stress data were analyzed using one-way ANOVA, followed by post hoc Tukey’s test using
GraphPad Prism version 6.0 (San Diego, CA, USA). The p-value was calculated through
GraphPad Instat software version 3.1 (San Diego, CA, USA). ImageJ software was used
to analyze the morphological data. One-way ANOVA followed by post hoc Tukey’s test
was performed for ELISA and Western blot. Symbols # or * represent significant difference
values p < 0.05, ## or ** represent p < 0.01, and ### or *** represent p < 0.001 values.

3. Results
3.1. Effect on Thermal Pain Sensation

Berbamine elevated heat latency (HL) at 5 and 15 mg/kg on days 14 and 21, respec-
tively, as compared to PTX. Bergapten at 50 and 100 mg/kg enhanced HL on days 14 and
21, respectively, vs. PTX. Carveol at 10 and 20 mL/kg increased HL on days 14 and 21,
respectively, vs. PTX. PTX at 2 mg/kg decreased HL on days 7, 14, and 21 vs. control,
presented in Figure 1.
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Figure 1. Line graph representing the effect of berbamine (1, 5, and 15 mg/kg), bargepten (25, 50, and
100 mg/kg), and carveol (5, 10, and 20 mL/kg) on thermal hyperalgesia on 7th, 14th, and 21st days.
The data are expressed as the mean ± SEM, n = 6. One-way ANOVA with posthoc Tukey’s test.
** p < 0.01 and *** p < 0.001 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a
significant difference vs. saline.

3.2. Effect on the Latency of Falling

Latency of falling (LF) or motor coordination was determined by the rotarod apparatus.
Berbamine at 5 and 15 mg/kg augmented LF on days 14 and 21, respectively, vs. PTX.
Bergapten at 100 mg/kg enhanced LF on days 14 and 21 vs. PTX. Carveol at 10 and
20 mL/kg raised LF on days 14 and 21, respectively, vs. PTX. PTX at 2 mg/kg decreased LF
on days 7, 14, and 21 vs. that in the control group, presented in Figure 2.
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Figure 2. Line graph representing the effect of berbamine (1, 5, and 15 mg/kg), bargepten (25, 50, 

and 100 mg/kg), and carveol (5, 10, and 20 mL/kg) on latency of falling on 7th, 14th, and 21st days. 
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< 0.01 and *** p < 0.001 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a significant 

difference vs. saline. 

3.3. Effect on Changes in Body Weight 

Changes in body weight were also determined by utilizing weighing balance. Ber-

bamine increased body weight at 5 and 15 mg/kg on days 14 and 21, respectively, vs. PTX. 

Bergapten increased body weight at 50 mg/kg on day 21 vs. PTX. Bergapten increased 

Figure 2. Line graph representing the effect of berbamine (1, 5, and 15 mg/kg), bargepten (25, 50, and
100 mg/kg), and carveol (5, 10, and 20 mL/kg) on latency of falling on 7th, 14th, and 21st days.
The data are expressed as the mean ± SEM, n = 6. One-way ANOVA with posthoc Tukey’s test.
** p < 0.01 and *** p < 0.001 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a
significant difference vs. saline.

3.3. Effect on Changes in Body Weight

Changes in body weight were also determined by utilizing weighing balance. Berbamine
increased body weight at 5 and 15 mg/kg on days 14 and 21, respectively, vs. PTX.
Bergapten increased body weight at 50 mg/kg on day 21 vs. PTX. Bergapten increased
body weight at 100 mg/kg on days 14 and 21 vs. PTX. Carveol increased body weight at
10 and 20 mL/kg on days 14 and 21 vs. PTX. PTX at 2 mg/kg decreased the latency of
falling on days 7, 14, and 21 vs. that in the control, presented in Figure 3.
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Figure 3. Line graph representing the effects of berbamine (1, 5, and 15 mg/kg), bargepten (25,
50, and 100 mg/kg), and carveol (5, 10, and 20 mL/kg) on body weight on 7th, 14th, and 21st days.
The data are expressed as the mean ± SEM, n = 6. One-way ANOVA with post hoc Tukey’s test.
* p < 0.05 and ** p < 0.01 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a
significant difference vs. saline.

3.4. Effect on vonFrey-Induced Pain

Berbamine increased the paw withdrawal threshold (PWT) at 5 mg/kg on day 21 vs.
PTX. At 15 mg/kg, berbamine improved PWT on day 14 vs. PTX. Berbamine at 15 mg/kg,
augment PWT on day 21 vs. PTX. Bergapten at 50 mg/kg increased PWT on day 21 vs.
PTX. Bergapten at 100 mg/kg elevated PWT on day 14 vs. PTX. Bergapten at 100 mg/kg,
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augmented PWT on day 21 vs. PTX. Carveol at 10 mL/kg raised paw PWT on days 14 and
21 vs. PTX. Carveol at 20 mL/kg increased PWT on days 14 and 21 vs. PTX. PTX at 2 mg/kg
decreased PWT on days 7, 14, and 21 with p < 0.001 vs. that in the control, presented in
Figure 4.
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Figure 4. Bar graph representing the effects of berbamine (1, 5, and 15 mg/kg), bargepten (25, 50, and
100 mg/kg), and carveol (5, 10, and 20 mL/kg) on mechanical hypersensitivity on 7th, 14th, and
21st days. The data are expressed as the mean ± SEM, n = 6. One-way ANOVA with post hoc Tukey’s
test. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate a significant difference vs. PTX, and ## p < 0.01 and
### p < 0.001 indicate a significant difference vs. saline.
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3.5. Effect on Oxidative Stress Enzyme

Berbamine, bergapten, and carveol were tested for their ability to inhibit oxidative-
stress-causing enzymes. In the PTX-induced neuropathic pain group, PTX dramatically
loweredthe levels of GSH and GST. In the SN and SC, berbamine dramatically boosted
the protective markers GSH and GST. In both SN and SC, bergapten enhanced GSH and
GST levels. Carveol reduced free radical production by increasing GSH and GST in the
SN and SC, as seen in Tables 1 and 2. Berbamine, bergapten, and carveol were studied
for their effects on iNOS and LPO. Destructive oxidative agents such as iNOS and LPO
were observed to be elevated in the PTX group. In the SN and SC, berbamine significantly
reduced iNOS and LPO. In the SN and SC, bergapten dramatically reduced iNOS and LPO.
Carveol decreased iNOS and LPO in the SN and downregulated iNOS and LPO in the SC,
as seen in Tables 1 and 2.

Table 1. Effects of berbamine (BBM), bargepten (BRG), and carveol (CAR) on the expression of GSH,
GST, iNOS, and LPO in the sciatic nerve. The data expressed as the mean ± SEM, n = 6. One-way
ANOVA with posthoc Tukey’stest.

Group
GSH

(µmol/mg of Protein)

GST
(µmol CDNB

Conjugate/min/mg
of Protein)

iNOS
(µmol/mg of Protein)

LPO
(nmol/TBARS/mg

of Protein)

Saline (10 mL/kg) 48.22 ± 2.1 43.88 ± 1.5 34.22 ± 3.1 62.43 ± 1.8

PTX (2 mg/kg) 7.22 ± 1.7 ### 10.53 ± 2.6 ### 105.32 ± 3.2 ### 286.66 ± 2.2 ###

PTX+BBM (15 mg/kg) 30.29 ± 2.2 ** 36.10 ± 3.4 ** 66.21 ± 1.6 * 112.36 ± 2.8 *

PTX+BRG (100 mg/kg) 24.24 ± 2.2 ** 29.14 ± 2.4 ** 78.11 ± 2.2 * 128.10 ± 1.8 *

PTX+CAR (20 mL/kg) 28.14 ± 1.2 ** 33.50 ± 1.4 ** 56.11 ± 2.6 * 132.16 ± 3.8 *

* p < 0.05 and ** p < 0.01 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a significant difference
vs. saline.

Table 2. Effects of berbamine (BBM), bargepten (BRG), and carveol (CAR) on the expression of
GSH, GST, iNOS, and LPO in the spinal cord. The data are expressed as the mean ± SEM, n = 6.
One-wayANOVA with posthoc Tukey’s test.

Group
GSH

(µmol/mg of Protein)

GST
(µmol CDNB

Conjugate/min/mg
of Protein)

iNOS
(µmol/mg of Protein)

LPO
(nmol/TBARS/mg

of Protein)

Saline (10 mL/kg) 43.22 ± 1.8 35.71 ± 2.1 41.35 ± 1.2 62.33 ± 1.3

PTX (2 mg/kg) 9.41 ± 1.5 ### 7.53 ± 3.4 ### 98.32 ± 2.3 ### 195.68 ± 1.6 ###

PTX+BBM (15 mg/kg) 33.21 ± 1.4 ** 26.14 ± 3.2 ** 52.41 ± 2.5 ** 76.66 ± 1.0 **

PTX+BRG (100 mg/kg) 25.21 ± 2.6 ** 26.12 ± 3.2 ** 73.41 ± 1.5 ** 113.22 ± 1.8 ***

PTX+CAR (20 mL/kg) 29.14 ± 0.6 ** 22.22 ± 1.2 ** 63.11 ± 1.5 ** 103.36 ± 2.0 ***

** p < 0.01 and *** p < 0.001 indicate a significant difference vs. PTX, and ### p < 0.001 indicates a significant
difference vs. saline.

3.6. H and E Staining Examination

H and E staining demonstrated an organized cellular architecture, no infiltration,
and intact intracellular spaces with no evidence of edema in the saline group. In the PTX
group, compared to the saline group, PTX-induced pathological abnormalities, damage
of the SN and SC with different types of injuries in the form of enlarged intracellular
spaces, infiltration, and edema of a disorderly pattern were seen. As demonstrated in
Figure 5, treatment with berbamine, bergapten, and carveol dramatically restored the
PTX-induced damage and pathological development in the SN and SC compared to those
in the PTX group.
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Figure 5. Representation of hematoxylin and eosin staining and the effects of berbamine, bargepten,
and carveol on PTX-induced alteration in the sciatic nerve and spinal cord. The data are expressed
as the mean ± SEM, n = 6. One-way ANOVA with posthoc Tukey’s test. *** p < 0.001 indicates
a significant difference vs. PTX, and ### p < 0.001 indicates a significant difference vs. saline.
Morphological data were analyzed by ImageJ software. Bar 50 µm, magnification 40×.

3.7. IHC Analysis

The findings of IHC staining are presented in Figures 6 and 7. COX-2, TNF-α, and
p-NF-κb were notably seen raised in the PTX group compared to those in the saline group
in the SN and SC. Berbamine attenuated COX-2, TNF-α, and p-NF-κb significantly in
the SN. Bergapten vanished COX-2, TNF-α, and p-NF-κb significantly in the SN. Carveol
suppressed COX-2, TNF-α, and NF-κb significantly in the SN, presented in Figure 6A,B.
Berbamine attenuated COX-2, TNF-α, and p-NF-κb significantly in the SC. Bergapten
downregulated COX-2, TNF-α, and p-NF-κb significantly in the SC. Carveol reduced
COX-2, TNF-α, and p-NF-κb significantly in the SC, presented in Figure 7A,B.

3.8. Effects on Inflammatory Marker (ELISA)

As shown in Figure 8, we studied the effects of berbamine, bergapten, and carveol on
the expression of COX-2, TNF-α, and p-NF-κb. All three mediators were found raised in
the PTX group vs. saline in the SN and SC.Berbamine at 1 mg/kg minimized expression of
COX-2 in the SN and SC. At 5 mg/kg, it suppressed COX-2 expression in the SN and SC, at
15 mg/kg, it reduced COX-2 expression in the SN and SC. Bergapten at 25 mg/kg decreased
COX-2 in the SN. At 50 mg/kg it downregulated COX-2 in the SN, and at 50 mg/kg it
reduced COX-2 in the SC. Bergapten at 100 mg/kg minimized COX-2 SN and SC. Carveol
at 10 mL/kg declined COX-2 SN and SC. At 20 mL/kg, it subsided COX-2 in the SN and
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SC, as shown in Figure 8A. Berbamine at 1 mg/kg decreased TNF-α in the SN and SC. At
5 mg/kg, it downregulated TNF-α in the SN and SC, and at 15 mg/kg, it diminished TNF-α
in the SN and SC. Bergapten at 25 mg/kg decreased TNF-α in the SN and SC. At 50 mg/kg,
it downregulated TNF-α in the SN and SC. Bergapten at 100 mg/kg dropped TNF-α in the
SN and SC. Carveol at 10 mL/kg decreased the expression of TNF-α in the sciatic nerve. At
20 mL/kg it downregulated TNF-α in the SN and SC as shown in Figure 8B. Berbamine at
1 mg/kg decreased p-NF-κb in the SN and SC. At 5 mg/kg it downregulated NF-κb in the
SN and SC, and at 15 mg/kg it reduced NF-κbin the SN and SC. Bergapten at 25 mg/kg
decreased p-NF-κb in the sciatic nerve. At 50 mg/kg it downregulated NF-κb in the SN
and with p < 0.05 in the SC. Bergapten at 100 mg/kg decreased the expression of NF-κb in
the SN and SC. Carveol at 10 mL/kg decreased NF-κb in the SN and SC. At 20 mg/kg it
downregulated NF-κb in the SN and SC as shown in Figure 8C.
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Figure 6. (A) Representation of immunohistochemistry results for COX-2, TNF-α, and p-NF-κbin the
sciatic nerve of the rat. (B) Histograms showed comparatively higher expression of COX-2, TNF-α,
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and p-NF-κbin the PTX group. The data are expressed as the mean ± SEM, n = 6. One-way ANOVA
with posthoc Tukey’s test. * p < 0.05 and ** p < 0.01 indicate a significant difference vs. PTX, and
### p < 0.001 indicates a significant difference vs. saline. Morphological data were analyzed by ImageJ
software. Bar 50 µm, magnification 40×.
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Figure 7. (A) Representation of immunohistochemistry results for COX-2, TNF-α, and p-NF-κbin the
spinal cord of rat. Bar 50 µm, magnification 40x (n = 6/group). (B) Histograms showed comparatively
higher expression of COX-2, TNF-α, and p-NF-κb in the PTX group. The data are expressed as the
mean ± SEM, n = 6. One-way ANOVA with posthoc Tukey’s test. * p < 0.05 and ** p < 0.01 indicate
a significant difference vs. PTX, and ### p < 0.001 indicates a significant difference vs. saline.
Morphological data were analyzed by ImageJ software. Bar 50 µm, magnification 40×.
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   Figure 8. Representation of the effect of berbamine (A), bergapten (B), and carveol (C) on the
expression of COX-2, TNF-α, and NF-κb in the sciatic nerve and spinal cord, quantified by using
enzyme-linked immunosorbent assays. The data are expressed as the mean ± SEM, n = 6. One-way
ANOVA with posthoc Tukey’s test. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate a significant
difference vs. PTX, and ## p < 0.01 indicates a significant difference vs. saline.

3.9. Western Blot Findings

The inflammatory markers were subsequently studied using Western blot analysis in
both the sciatic nerve and the spinal cord, and the findings are shown in Figures 9 and 10.
All inflammatory indicators were considerably elevated in the collected samples com-
pared to saline, according to the findings. COX-2, TNF-, and NF-b were all inhibited by
berbamine. COX-2, TNF-, and p-NF-b were all inhibited by bergapten. In comparison
to the PTX group, carveol reduced COX-2, TNF-, and NF-b in the sciatic nerve sample.
Berbamine inhibited COX-2, TNF-, and NF-b. Bergapten attenuated COX-2, TNF-α, and
NF-κb. Carveol decreased the expression of COX-2, TNF-α, and NF-κb in the spinal cord
sample vs. PTX.
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Figure 9. Representation of the effects of berbamine, bargepten, and carveol on the expression of
COX-2, TNF-α, and NF-κb, quantified by using a Western blot sciatic nerve and spinal cord. The
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data are expressed as the mean ± SEM, n = 6. One-way ANOVA with posthoc Tukey’s test.
* p < 0.05, ** p < 0.01, and *** p < 0.001 indicate a significant difference vs. PTX, and ### p < 0.001
indicate a significant difference vs. saline. Morphological data were analyzed by ImageJ software.
Bar 50 µm, magnification 40×.
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Figure 10. The scheme of the study. The baseline reading was collected on day0. The induction phase
was started with administration of 2 mg/kg of PTX on day 1 and was continued on alternative days
until day 7. After one week, the behavioral studies were conducted to confirm the development of
neuropathy. At the same time, treatment was started and was continued until day 21.

4. Discussion

One of the most severe and disabling adverse medication reactions in more than
75% of cancer regimens is paclitaxel-induced peripheral neuropathy (PIPN) [32]. There
are several ways to cause paclitaxel-induced peripheral neuropathy in rats, including a
preventive technique (neuropathy is produced while the drug is present) and a pre-existing
neuropathy method (neuropathy is established in the absence of drug). The potential of
three natural compounds (BBM, BAR, and CAR) in chemotherapy-induced discomfort was
secured using the pre-existing neuropathy method. To cause neuropathy, paclitaxel was
administered at a dosage of 2 mg/kg on days 1, 3, and 5. Treatment was not started until
neuropathy had developed and been verified by performing behavioral tests.

The pain threshold was supported by the following factors: body weight, mechanical
hypersensitivity, latency before falling, and thermal pain feeling. As the number of cancer
patients rises, there is an urgent need to create medications with a lower toxicity and higher
efficacy profile in order to improve patient quality of life and reverse PIPN. Berberine [33],
icariin [34], and melatonin [35] are only a few of the medications that have been studied
for this purpose. Many natural products are renowned for their wide range of therapeutic
potential, and researchers have worked hard to develop such substances as important
nutrients to treat a variety of illnesses [36,37]. Moreover, as pain is the protective mechanism
alarming us about the proper measure to be taken for the initiated problem, so people
utilize different approaches to relieving pain associated with chronic illness [38]

In order to discover compounds for effective reversal of PIPN, we selected three
natural compounds, BBM, BRG, and CAR. They were chosen to see how they may affect
PIPN caused by PTX. The selection of these compounds was based on the fact that they
are anti-inflammatory and neuroprotective [14,15,17] in nature and can be investigated in
paclitaxel-associated chronic inflammation.

Several markers were investigated, including nuclear factor-2 and poly ADP-ribose
polymerase, both of which are implicated in anticancer-induced neuropathic pain [39]. NF-kB,
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nitric oxide, COX-2, IL-1, IL-6, and TNF-α have also been shown to be overexpressed
in PIPN [40]. Toll-like receptors (TLR-1, TLR-2, and TLR-4) and the transient receptor
potential family of ion channels (TRPV1 and TRPV4) have been discovered, demonstrating
their active role in chemotherapy-induced peripheral neuropathy [18,41,42]. It is generally
established that oxidative stress is linked to all neuropathies. The induction of oxidative
stress by paclitaxel is a well-known mechanism for the formation and maintenance of
PIPN [42]. Its use causes the depletion of GSH and GST, which are implicated in blocking
hazardous chemical metabolites in chemotherapy-induced pain [43–45]. In addition to
GSH and GST, other harmful variables such as LPO and iNOS [42] are shown to be raised
following PTX treatment and have a role in enhancing pain feeling. We tested the effects of
three natural substances on paclitaxel-induced peripheral neuropathy. Figure 10 depicts
the theme of the current research work’s strategy.

The sciatic nerve and spinal cord were collected for further analysis. The disruption in
latency of falling body weight and mechanical hypersensitivity are all key components of
paclitaxel-induced neuropathy [46–48]. The behavioral study that we conducted on our
drugs showed that berbamine, bergapten, and carveol were able to repair the behavioral
deficit that was caused by paclitaxel-induced peripheral neuropathic pain. These findings
are presented in Figures 1–4. The findings were determined to be in line with those of
previous research. Numerous studies have concentrated their attention on the neuronal
level of the sciatic nerve and spinal cord in paclitaxel-induced neuropathy and have
found morphological abnormalities at both levels [49]. In addition, we investigated the
morphology of two different tissues and came to the conclusion that PTX played a role
in the progression of the disease by mediating neuronal degeneration, disrupting the
development of myelin sheaths, and causing vacuolation. The fact that treatment with the
natural substances mentioned above restored the damage caused by PTX suggests that
these substances could be categorized as neuroprotective agents. This is demonstrated in
Figures 5–7. Molecular research is primarily responsible for determining the expression
of a wide variety of different types of inflammatory mediators and transcription factors.
These molecular methods include the enzyme linked immunosorbent assay as well as
the Western blot, both of which are utilized to evaluate the levels of endogenous marker
expression [50–52]. The upregulation of inflammatory markers such as COX-2, TNF-a,
and NF-kB, which are typically linked to chemotherapy-induced neuropathic pain, were
also investigated as part of our research. Experiments using ELISA and Western blot
demonstrated that PTX increased the expression of all of the pathogenic indicators that
were previously mentioned. In an animal model of paclitaxel-induced neuropathic pain,
treatment with the aforementioned treatments led to a reduction in the expression of COX-2,
TNF-a, and NF-kb, which in turn led to a reduction in the severity of the pain.

5. Conclusions

This research explored that berbamine, bergapten, and carveol reversed paclitaxel-
induced neuropathic pain by correcting behavioral deficits and increasing protective mark-
ers like GSH and GST, which are the key components involved in scavenging free radicals,
thus protecting the body from their harmful consequences. The natural compounds de-
creased damaging factors like LPO and iNOS and downregulated overexpressed inflamma-
tory mediators like COX-2, TNF-, and NF-kB, as evidenced by ELISA and Western blotting.
This potential of the natural compounds (berbamine, bergapten, and carveol) makes them
promising agents for neuroprotective effects. To broaden the list of medications useful in
the therapy of neuropathic pain, further research is needed to clarify the pharmacokinetics
and pharmacodynamics profile, as well as stability and dose form.
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Abstract: The purpose of this study was to find the biological propensities of the vegetable plant
Pleurospermum candollei by investigating its phytochemical profile and biological activities. Phyto-
chemical analysis was done by spectroscopic methods to investigate the amount of total polyphenols,
and biological evaluation was done by the different antioxidant, enzyme inhibitory (tyrosinase,
α-amylase, and α-glucosidase), thrombolytic, and antibacterial activities. The highest amount of
total phenolic and flavonoid contents was observed in methanolic extract (240.69 ± 2.94 mg GAE/g
and 167.59 ± 3.47 mg QE/g); the fractions showed comparatively less quantity (57.02 ± 1.31 to
144.02 ± 2.11 mg GAE/g, and 48.21 ± 0.75 to 96.58 ± 2.30 mg QE/g). The effect of these bioac-
tive contents was also related to biological activities. GCMS analysis led to the identification of
bioactive compounds with different biological effects from methanolic extract (antioxidant; 55.07%,
antimicrobial; 56.41%), while the identified compounds from the n-hexane fraction with antioxidant
properties constituted 67.86%, and those with antimicrobial effects constituted 82.95%; however, the
synergetic effect of polyphenols may also have contributed to the highest value of biological activities
of methanolic extract. Molecular docking was also performed to understand the relationship of
identified secondary metabolites with enzyme-inhibitory activities. The thrombolytic activity was
also significant (40.18± 1.80 to 57.15± 1.10 % clot lysis) in comparison with streptokinase (78.5 ± 1.53
to 82.34 ± 1.25% clot lysis). Methanolic extract also showed good activity against Gram-positive
strains of bacteria, and the highest activity was observed against Bacillus subtilis. The findings of this
study will improve our knowledge of phytochemistry, and biological activities of P. candollei, which
seems to be a ray of hope to design formulations of natural products for the improvement of health
and prevention of chronic diseases; however, further research may address the development of novel
drugs for use in pharmaceuticals.

Keywords: Pleurospermum candollei; natural compounds; antioxidant; antidiabetic; thrombolytic;
antibacterial; pharmaceuticals; molecular docking

1. Introduction

Recently, the research on food plants and their bioactive ingredients is increasing
due to the increased awareness by human consumers about the nutritional and functional
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properties of food ingredients, which have beneficial effects related to antioxidants and
other biological activities and play an extensive role in maintaining and improving the
human health [1,2]. The lower prevalence of metabolic disorders and other chronic diseases
in the people of rural areas may also be attributed to the high consumption of plant foods,
which are rich sources of bioactive compounds [3,4]. The plants with a high content of
bioactive phytochemicals are loved as medicines due to their anti-inflammatory, antibac-
terial, anticancer sedative, antidepressant, anxiolytic, anticonvulsant, antispasmodic, and
anti-HIV properties [5]. Laboratory-based work not only increases the knowledge of phy-
tochemical composition but also finds the relationship between disease and the bioactive
compounds [6], which leads to the development of formulations and functional foods with
improved health benefits and safety from the plants [7]. The thrombotic events are also
growing these days with a possible relation with the pandemic of COVID-19 and other
infections in addition to numerous factors [8,9]. These pieces of evidence inspired us to
select a plant for investigation that has shreds of evidence of use in traditional medicine but
has not been evaluated scientifically for biological propensities nor for its bioactive com-
pounds’ usefulness as a functional food to provide health-promoting effects and prevent
human disease.

Pleurospermum candollei Benth. ex C.B.Clarke. is commonly known as Braq Shan-
dun/Shoogroon/Shabdun in the Karakoram and Himalayan zones and belongs to the
family Umbelliferae/Apiaceae. It is a 30–40 cm-long herb consumed as a vegetable by
local tribes [10]. People of the Karakoram area use it for taste and nutritional benefits.
This specie has also been used for different ailments and is available for commercial sale
also in these regions. The whole plant is used to cure abdominal problems and stomach
disorders. It also decreases cholesterol and blood pressure and provides relief from heart
problems and gastric troubles [11,12]. One teaspoonful of dried plant powder is used with
milk once a day for a week to treat headache and fever and can also be used by cooking
with leafy vegetables for this purpose [13]. It is employed for the treatment of respiratory
disorders, and the evidence also shows its good effects in pain, unconsciousness, and cere-
bral disorders. Many other ailments are also getting cured by the people of the Himalayan
zone using this plant [14]. Stem powder of this plant has been used in joints problem and
back pain in the area of Gilgit-Baltistan. Male and female infertility have also been treated
using preparations from this plant [11]. It is also used to treat diarrhea in animals [15].
Ali et al., separated some compounds also to correlate the anti-inflammatory properties of
P. candollei [14].

The Apiaceae family and Pleurospermum genus have been reported as good sources
of natural antioxidants and used for their medicinal, pharmaceutical, nutraceutical, cos-
maceutical, and food value due to the presence of many bioactive phytochemicals and
their versatile biological activities [16,17]. P. candollei, despite the shreds of evidence of
traditional uses for health benefits, has not been thoroughly investigated for its phytochem-
ical potential and biological activities, therefore, its use as a source of antioxidants and
other bioactive compounds for nutraceuticals and pharmaceutical formulations as well
as functional foods, is still unknown. So the current study was designed to explore the
chemical profile via total bioactive contents and GCMS analysis; a comprehensive biological
screening was performed through antioxidant, enzyme-inhibitory (along with in silico
studies), antibacterial, and thrombolytic activities to disclose ingredients for nutraceuticals,
functional foods, and pharmaceutical possibilities. This study may also help to provide a
rationale for the use of P. candollei in traditional medicinal system.

2. Results and Discussion
2.1. Determination of Bioactive Phytochemicals
2.1.1. Quantification of Bioactive Contents (TPC and TFC)

Many researchers are interested in investigating herbs because of their phenolic phy-
tochemicals with unique carbon scaffolds. It substantiates the importance of measuring
total bioactive compounds (phenolic contents) to authenticate the use of various plants in
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formulating new nutraceuticals/pharmaceuticals and functional foods. It substantiates the
importance of measuring total bioactive compounds (phenolic contents) to authenticate the
use of various plants in formulating new nutraceuticals/pharmaceuticals and functional
foods [18].

So the bioactive contents of P. candollei were determined by quantitative methods of
total phenolic contents (TPC) and total flavonoid contents (TFC). Fractions of increasing
polarity were used in this experiment and the results are shown in Table 1. In the present
work, we used the solvents of increasing polarity (n-hexane, chloroform, and n-butanol) to
make fractions of different polarities from crude extract (methanolic extract). We used the
methanol (80%) to prepare the crude extract because phenolic and flavonoid compounds
can efficiently be extracted using a methanol solvent, as proved by the literature [19,20].
However, separation of the extract based on polarity results in the clustering of different
bioactive phytochemicals. It gives a better understanding of different behaviors of biological
effects in different extracts and facilitates the bio-guided isolation of compounds also for
use in pharmaceuticals and biomedicine [21]. According to the results of our study, the
quantity of phenolic and flavonoid contents was highest in PCME (240.69± 2.94 mg GAE/g
dried wt. and 167.59 ± 3.47 mg QE/g dried wt.), and their quantity decreased with the
polarity of the fraction. PCHF (non-polar fraction) had the least phenolic and flavonoid
contents (TPC = 57.02 ± 1.31 mg GAE/g dried wt., and TFC = 48.21 ± 0.75 mg QE/g
dried wt.), while PCBF had the highest contents (TPC = 144.02 ± 2.11 mg GAE/g dry wt.
and TFC = 96.58 ± 2.30 mg QE/g dried wt.). The pieces of evidence also support our
results by the findings that phenolic compounds more effectively recovered with solvents
of higher polarity [22,23]. Herein, it is clear from obtained data that the methanolic extract
and n-butanol fraction had higher bioactive contents in the form of TPC and TFC, and
the bioactive content’s potential of the least polar fraction was least but significant. To
the best of our knowledge, no previous research has been done on the tested species of
Pleurospermum to obtain data regarding its bioactive phytochemicals. Our findings were
also in agreement with a recent study in which Al-Dalahmeh et al., reported that the highly
polar fractions have higher levels of flavonoid and phenolic contents [24].

Table 1. Total phenolic and total flavonoid contents (TPC and TFC) of P. candollei (sample conc.
1 mg/mL).

Sample Codes TPC
(mg GAE/g Dried wt.)

TFC
(mg QE/g Dried wt.)

PCME 240.69 ± 2.94 167.59 ± 3.47
PCHF 57.02 ± 1.31 48.21 ± 0.75
PCCF 97.02 ± 1.83 88.32 ± 1.45
PCBF 144.02 ± 2.11 96.58 ± 2.30

Values were taken in triplicates and reported as mean ± SD. PCME: P. candollei methanolic extract; PCHF:
P. candollei n- hexane fraction; PCCF: P. candollei chloroform fraction; PCBF: P. candollei n-butanol fraction; TPC:
total phenolic content; TFC: total flavonoid content; GAE: gallic acid equivalent; QE: Quercetin equivalent.

2.1.2. Characterization of Bioactive Compounds by GCMS Analysis

GC-MS (gas chromatography-mass spectrometry) analysis is preferable for non-polar
as well as for volatile compounds, and methanolic extract contained polar and non-polar
compounds; moreover, the n-hexane fraction mainly contained volatile and non-polar
compounds [25]. So methanolic extract (PCME) and n-hexane fraction (PCHF) of P. candollei
were subjected to gas chromatography-mass spectrometry (GC-MS) in the search for non-
polar and volatile bioactive compounds (Figures 1 and 2, respectively). For the identification
of natural compounds of the plant, the NIST library was used and 22 natural compounds
were tentatively identified from PCME and presented in Table 2, whereas 51 natural
compounds were identified from PCHF and shown in Table 3, along with their retention
time in minutes, compound name, molecular formula, molecular weight, chemical class,
and the percent peak area. Major constituents of PCME extract were the terpenoids,
which constitute 82.61% of the non-polar components of the extract; hopanoids were the
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main subclass of the terpenoids; while the other compounds were steroids, alcohols, and
flavonoids. The PCHF fraction mainly contained the saturated and unsaturated fatty acids
(16.62%), and their esters (40.73%). Other classes of bioactive compounds were phenolic
compounds (15.69%), coumarins (7.9%), steroids (4.64%), ester of fatty alcohols (2.72%),
and terpenoids (1.55%), flavon (1.26%), and alkenes and alkynes (1.06%). Whereas the class
of compounds present in minor quantity (less than 1% each) was alcohols (0.52%), phenolic
acids (0.09%), and pyridine derivatives (0.49%). Similar results have been reported from
the essential oil of a closely related species Pleurospermum amabile, in which Wangchuk et al.
revealed many phenolics, terpenoids, and other bioactive compounds of pharmacological
interest [26]. Major pharmacological activities of identified phytochemicals from P. candollei
extract were given in Table 2. Those of the n-hexane fraction were presented in Table 3,
along with their reference from the literature.
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Table 2. Phytochemical profiling of methanolic extract (PCME) of P. candollei through GCMS analysis.

Sr.no. RT Tentative Identification
of Compounds

Molecular
Formula

Molecular
Weight

Chemical
Class Area % Reported Activities

from Literature

1 15.13 Hexadecanoic acid, methyl
ester C17H34O2 270.5 Fatty acid

ester 0.05 Antioxidant,
antimicrobial [27]

2 17.34 β-Amyrin C30H50O 426.70 Terpenoid 2.77

Antioxidant,
anti-inflammatory,
antibacterial, antiulcer,
antiarthritic,
antidiahreal [28]

3 17.42
2(1H)Naphthalenone,
3,5,6,7,8,8a-hexahydro-4,8a-
dimethyl-6-(1-methylethenyl)-

C15H22O 218.33 Terpenoid 0.45
Anticancer, antioxidant
ani-inflammatory,
analgesic, sedative [29]

4 18.46
4,6,6-Trimethyl-2-(3-
methylbuta-1,3-dienyl)-3-
oxatricyclo[5.1.0.0(2,4)]octane

C15H22O 218.33 Terpenoid 9.20 Antioxidant [27]

5 19.21 A-Neooleana-3(5),12-diene C30H48 408.7 Terpenoid 9.92
Anti-inflammatory,
antimicrobial [30],
antidiabetic [31]

6 19.31 3-Epimoretenol C30H50O 426.7 Terpenoid 3.37 Anti-inflammatory,
analgesic [32]

7 19.77 9,19-Cyclolanost-24-en-3-ol,
acetate, (3beta)- C32H52O2 468.8 Steroid ester 8.00 Antibacterial,

antioxidant [33]

8 20.27 Lanosterol C30H50O 426.7 Steroid 1.97

Antioxidant [34],
cytoprotective,
neuroprotective,
anti-inflammatory [35]

9 23.27

Phenanthrene, 7-ethenyl-
1,2,3,4,4a,4b,5,6,7,8,8a,9-
dodecahydro-1,1,4b,7-
tetramethyl-

C20H32 272.5 Terpenoid 0.58 Antioxidant,
antibacterial [36]

10 25.21 D:C-Friedours-7-en-3-one C30H48O 424.7 Terpenoid 1.93
Antioxidant,
anti-inflammatory,
antibacterial [37]

11 25.33
9,19-Cycloergost-24(28)-en-3-ol,
4,14-dimethyl-, acetate,
(3β,4α,5α)-

C32H52O2 468.75 Steroid ester 0.66 Anti-inflammatory,
antibacterial [32]

12 25.49 2′-Hydroxy-3,4,4′,6′-
tetramethoxychalcone C19H20O6 344.4 Flavonoid 1.93

Antioxidant,
antibacterial,
antidiabetic [38]

13 25.63 A′-Neogammacer-22(29)-en-3-
one C30H48O 424.7 Terpenoid 0.47 Antibacterial,

antioxidant [39]

14 26.22 Cedran-diol, 8S,14- C15H26O2 238.37 Terpenoid 9.22 Anti-inflammatory,
anticancer [40]-

15 26.64 Taraxasterol C30H50O 426.7 Terpenoid 19.00
Antidiabetic [31],
anti-inflammatory,
analgesic [41]

16 26.93 Hop-22(29)-en-3.beta.-ol C30H50O 426.7 Terpenoid 12.13 Antibacterial,
antioxidant [42]

17 27.18 Lupeol C30H50O 426.7 Terpenoid 10.40
Antimicrobial,
antioxidant, anticancer,
anti-inflammatory [43]

18 27.55 Urs-12-en-3-ol, acetate, (3beta)- C32H52O2 468.8 Ester 3.31
Antioxidant,
antimicrobial,
anticancer [44]

19 28.21 Friedelan-3-one C30H50O 426.7 Terpenoid 0.79
Antioxidant,
antidiabetic,
antimicrobial [45]

20 29.40 2,4,6-Cycloheptatrien-1-one,
3-hydroxy- C7H6O2 300.31 Alcohol 0.38 -

21 30.69 Lup-20(29)-en-3-ol, acetate,
(3β)- C32H52O2 468.8 Terpenoid 2.38

Anti-inflammatory,
analgesic,
antibacterial [32],
tyrosinase-inhibitory
effect [46]

22 31.12 Olean-18-en-28-oic acid, 3-oxo-,
methyl ester C31H48O3 468.7 Fatty acid

ester 1.09 Antimicrobial,
antioxidant [47]

RT; Retention time in minutes.
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Table 3. Phytochemical profiling of n-hexane (PCHF) fraction of P. candollei through GCMS analysis.

Sr.no. RT Tentative Identification
of Compounds

Molecular
Formula

Molecular
Weight

Chemical
Class Area % Reported Activities

from Literature

1 10.28 Methyl iso-eugenol 2 C11H14O2 178.22 Phenolic 0.55 Antibacterial, antioxidant. [48]

2 10.94 Benzene,
1,2,3-trimethoxy-5-(2-propenyl)- C12H16O3 208.25 Phenolic 0.06

Anti-inflammatory,
antioxidant [49] antifungal,
antimicrobial [50]

3 11.15 Bicyclo[6.3.0]undec-1(8)-en-3-ol,
2,2,5,5-tetramethyl- C15H26O 222.19 Terpenoid 0.17

Cytotoxic, antiplasmodial,
antiviral,
anti-inflammatory [51]

4 11.55 3-Hydroxy-4-methoxycinnamic
acid C10H10O4 194.18 Phenolic 0.28 Antioxidant,

anti-inflammatory [52]

5 11.80 9-Anthracenecarboxylic acid C15H10O2 222.24
Aromatic
carboxylic
acid

0.24 Antimicrobial, antifungal [53],
antibacterial, anticancer [54]

6 11.97 Diepi-.alpha.-cedrene epoxide C15H24O 220.35 Terpenoid 0.06 Cytotoxic, antibacterial [54]
7 12.08 Isoelemicin C12H16O3 208.25 Phenolic 3.35 Antimicrobial [55]
8 12.20 1,3-Benzodioxole,

4,5-dimethoxy-7-(2-propenyl)- C12H14O4 222.24 Phenolic 0.14 Antimicrobial, antioxidant,
anticancer [56]

9 12.43 Asarone C12H16O3 208.25 Phenolic 6.30

Hypoglycemic,
antimicrobial,
anti-Alzheimer’s disease,
anticonvulsive,
antiepileptic and
antioxidant properties [57,58]

10 12.87 Apiol C12H14O4 222.23 Phenolic 3.97 Antioxidant, antimicrobial [59]

11 13.07 2H-1-Benzopyran-2-one,
7-methoxy- C10H8O3 176.17 Coumarin 0.12

Antioxidant, analgesic,
anticoagulant,
anti-inflammatory,
antimicrobial [60].

12 13.14 Aspidinol C13H18O4 238.28 Phenolic 0.59 Antibacterial [61]
13 13.22 Tetradecanoic acid C14H28O2 228.37 Fatty acid 0.14 -
14 13.88 Phenol,2-[[(4-

methylphenyl)imino]methyl]- C14H13NO 211.26 Phenolic 0.15 _

15 13.97 2,4,6-Trimethoxyacetophenone C11H14O4 210.23 Phenolic 0.14
Antibacterial and
synergistic effect with
antibiotics [62]

16 14.06 1-Methoxy-3-(2-
hydroxyethyl)nonane C12H26O2 202.33 Alcohol 0.31 Antifungal, antioxidant [63]

17 14.34 9-Octadecyne C18H34 250.5 Alkyne 0.34 Larvicidal, antioxidant [64]
18 14.42 Tricyclo[7.2.0.0(2,6)]undecan-5-ol C15H26O 222.37 Terpenoid 0.18 -

19 14.79 7,10,13-Hexadecatrienoic acid,
methyl ester C17H28O2 264.40 Fatty acid

ester 0.17
Antioxidant,
anti-inflammatory,
antimicrobial [65]

20 15.03 3,4-dihydrocoumarin C9H8O2 148.16 Coumarin 0.12 Anticoagulant, antifungal,
anticancer, antibacterial [66]

21 15.08 Hexadecanoic acid, methyl ester C17H34O2 270.45 Fatty acid
ester 0.20 Antibacterial, antifungal [67]

22 15.48 11,14,17-Eicosatrienoic acid,
methyl ester C20H34O2 306.5 Fatty acid 1.52

Anti-microbial, anti-cancer,
anti-hair fall, CNS
depressant, analgesic,
anti-inflammatory,
antipyretic, anti-arthritic,
anti-coronary [68]

23 15.92 n-Hexadecanoic acid C16H32O2 256.42 Fatty acid 9.40 Antioxidant, antibacterial,
anti-inflammatory [69]

24 17.16 7H-Furo[3,2-g][1]benzopyran-7-
one C11H6O5 218.16 Coumarin 2.42 -

25 17.32 9,12-Octadecadienoic acid,
methyl ester C19H34O2 294.5 Fatty acid

ester 0.84
Antioxidant,
anti-inflammatory,
antimicrobial [65]

26 17.42 9,12,15-Octadecatrienoic acid,
methyl ester C19H32O2 278.4 Fatty acid

ester 0.92

Antimicrobial [70]
Antioxidant,
anti-inflammatory,
antimicrobial [65]

27 17.58 Phytol C20H40O 296.5 Terpenoid 1.14 Antioxidant, anticancer [71]

28 18.05 Z,Z-10,12-Hexadecadien-1-ol
acetate C18H32O2 280.4

Ester of
fatty
alcohol

2.55 Antimicrobial [72]

29 18.15 9,12-Octadecadienoic acid (Z,Z) C18H32O2 280.4 Fatty acid 3.55
Antibacterial, antifungal,
anti-inflammatory,
antineoplastic [73]

30 18.69 2-Chloroethyl linoleate C20H35ClO2 342.9 Fatty acid
ester 39.69 Cytotoxic, antioxidant,

antimicrobial [74]
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Table 3. Cont.

Sr.no. RT Tentative Identification
of Compounds

Molecular
Formula

Molecular
Weight

Chemical
Class Area % Reported Activities

from Literature

31 19.31 Flavone C15H10O2 222.24 Flavonoid 1.26
Antibacterial, antiviral,
antifungal, antioxidant,
anti-inflammatory [75]

32 19.59 Pimpinellin C13H10O5 246.21 Furocoumarin 2.57 Strong antibacterial [76]

34 22.05 Phenol, 2,2’-methylenebis[6-(1,1-
dimethylethyl)-4-methyl- C23H32O2 340.49 Phenolic 0.16 α-amylase inhibitor [77]

35 22.52 1,3,14,16-Nonadecatetraene C19H32 260.45 Alkene 0.23 -
36 22.77 (R)-(-)-14-Methyl-8-hexadecyn-1-ol C17H32O 252.4 Alcohol 0.21 -
37 22.92 1,5,9,13-Tetradecatetraene C14H22 190.32 Alkene 0.14 -
38 23.04 9-Tricosene, (Z)- C23H46 322.6 Alkene 0.35 -

39 23.55 4-(3-Methyl-2-oxobutoxy)-7H-
furo[3,2-g][1]benzopyran-7-one C16H14O5 286.28 Coumarin 1.20 Antibacterial [76]

40 24.57 7H-Furo(3,2-g)(1)benzopyran-7-
one, 4,9-dihydroxy- C11H6O5 218.16 Coumarin 1.47 Antibacterial, antiacetyl,

and butyrylcholinesterase [76]
41 24.84 6-Acetylchrysene C19H14 242.3 Phenanthrene 1.27 -

42 25.76 13-Tetradecen-1-ol acetate C16H30O2 254.41 Ester fatty
alcohol 0.17 Antibacterial, antioxidant [78]

43 27.22 3,4-Dimethoxycinnamic acid C11H12O4 208.21 Cinnamic
acid 0.09 Neuroprotactive,

antioxidant, anticancer [79]

44 28.40
N-hydroxy-N’-[2-
(trifluoromethyl)phenyl]pyridine-
3-carboximidamide

C13H10F3N3O 281.23 Pyridine
derivative 0.49

Antioxidant,
anti-inflammatory,
antimicrobial [80]

45 28.69 Stigmastan-6,22-dien,
3,5-dedihydro- C29H46 394.7 Steroid 0.18 Antifungal [81]

46 29.66 Stigmastane-3,6-dione C29H48O2 428.7 Steroid 0.23 -
47 30.53 Stigmasta-5,22-dien-3-ol, acetate C31H50O2 454.7 Steroid 1.16 Antimicrobial, antioxidant [82]
48 30.88 Ergosta-4,6,22-trien-3.beta.-ol C28H44O 396.6 Steroid 0.29 -
49 31.51 Clionasterol acetate C31H52O2 456.7 Steroid 2.51 -

50 31.75 3β-acetoxy-pregna-5,16-dien-20-
one C23H32O3 298.5 Steroid 0.27 Anti-inflammatory,

antibacterial [83]
51 32.14 Vitamin E C29H50O2 430.7 Chromanol

derivative 0.46 Antioxidant, anticancer,
anti-inflammatory [84].

RT; retention time in minutes.

2.2. Biological Activities
2.2.1. Antioxidant Activities

The antioxidant quality of a herbal drug or any plant represents its value as a food/drug
supplement, which may prevent the oxidative damage of biological molecules in the hu-
man body [85]. As phenolic contents have strong antioxidant properties [86], so they are
important components of natural products, nutraceuticals, pharmaceuticals, and functional
foods [87], and the formulations rich in phenolic compounds reduce the risk of disease
by decreasing oxidative stress [88] through a mechanism where the hydroxy group on the
aromatic ring acts as an electron donor and is directly involved in the quenching of free
radicals [89].

Data of our experiment revealed a good quantity of phenolic and flavonoid contents
(Table 1), so we investigated the antioxidant potential of P. candollei from its methano-
lic extract and different fractions. Results of DPPH and ABTS assays showed (Figure 3
and Table 4) that the methanolic extract and polar fractions have more radical quench-
ing effects compared to a non-polar fraction. The antioxidant values of the PCME were
highest (165.06 ± 3.03 and 253.09 ± 2.11 mg TE/g dry weight for DPPH and ABTS assays
respectively), while the antioxidant property of n-butanol fraction (PCBF) was found to
be 101.95 ± 1.04 and 181.29 ± 1.91 mg TE/ g dry weight for DPPH and ABTS assays,
respectively. The n-hexane fraction (PCHF) had the lowest value (DPPH = 58.09± 1.54, and
ABTS = 113.41 ± 1.06). The higher values of antioxidant activities of methanolic extract
also correlated with the antioxidant compounds (1, 2, 4, 8, 9, 10, 11, 16, 17, 19, 23, 25, 26, 27,
30, 31, 42, 43, 44, 47, 51, from Table 2), which constituted 67.86% of non-polar compounds
of the total extract (Table 2); however, the highest phenolic contents also contributed to
the higher antioxidant activities of PCME [90]. Moreover, the radical scavenging effect of
PCHF was also significant, which may be due to the presence of many compounds (1, 2,
4, 5, 8, 9, 10, 11, 17, 19, 22, 26, 27, 29, 30, 42, 43, 44, 47, and 51, from Table 3) possessing
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antioxidant activities, as proven by many pieces of researches (Table 3). Those bioactive
natural compounds (with antioxidant properties) contributed to 63.46% of the total PCHF
fraction. So it depicted the significant antioxidant results in the PCHF fraction. Our findings
were also consistent with the results of a previous study in which radical scavenging effects
decreased in fractions of lesser polarity [91], this might be due to the synergistic effect of
phenolic compounds in more polar fractions and they were collectively present in PCME.

Molecules 2022, 27, 4113 9 of 26 
 

 

natural compounds (with antioxidant properties) contributed to 63.46% of the total PCHF 

fraction. So it depicted the significant antioxidant results in the PCHF fraction. Our find-

ings were also consistent with the results of a previous study in which radical scavenging 

effects decreased in fractions of lesser polarity [91], this might be due to the synergistic 

effect of phenolic compounds in more polar fractions and they were collectively present 

in PCME. 

Table 4. IC50 values of antioxidant activities of methanolic extract and different fractions of P. can-

dollei (sample conc. 1 mg/mL). 

Sample Codes 

Radical Scavenging Assay Reducing Power Assay 
Reducing/Metal-Chelating As-

say 

DPPH 

(IC50 mg/mL) 

ABTS 

((IC50 mg/mL) 

CUPRAC 

(EC50 mg/mL) 

FRAP 

((EC50 mg/mL) 

TAC 

(EC50 mM/mL) 

MCE 

(IC50 mg/mL) 

PCME 3.64 ± 0.73 a 2.49 ± 0.84 a 1.20 ± 0.45 a 1.67 ± 0.68 a 0.45 ± 0.06 a 2.16 ± 0.48 a 

PCHF 10.34 ± 1.41 d 5.31 ± 1.04 d 2.67 ± 0.80 d 4.20 ± 1.06 d 0.24 ± 0.02 d 7.00 ± 0.86 d 

PCCF 9.23 ± 1.95 c 4.14 ± 1.21 c 1.93 ± 0.79 c 3.17 ± 1.10 c 0.29 ± 0.08 c 4.38 ± 0.62 c 

PCBF 5.90 ± 1.06 b 3.32 ± 0.95 b 1.59 ± 0.16 b 2.36 ± 0.75 b 0.30 ± 0.04 b 3.28 ± 0.35 b 

Values were taken in triplicates (n = 3) and reported as mean ±SD PCME: P. candollei methanolic 

extract, PCHF: P. candollei n-hexane fraction, PCCF: P. candollei chloroform fraction, PCBF: P. can-

dollei n-butanol fraction, DPPH: 2,2-diphenyl-1-picrylhydrazyl assay, ABTS: 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) assay, CUPRAC: cupric reducing antioxidant capacity, FRAP: 

Ferric reducing antioxidant power, TAC: Phosphomolybdenum assay, MCE: metal-chelating effect. 
a, b, c, d Letters in one column indicate significant differences in the activities of tested extract and 

fractions (p < 0.05). 

 

Figure 3. Antioxidant activities (mg and mM equivalents of standard antioxidants/g extract or frac-

tion) of P. candollei. 

The antioxidant effect was also determined by using reducing power assays like CU-

PRAC and FRAP. Again, the PCME showed the highest antioxidant activity (for CU-

PRAC; 508.32 ± 4.05, FRAP; and 361.59 ± 3.52 mg TE/g dry weight, respectively), while the 

activity decreased with polarity and the following pattern in the results was observed as 
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Table 4. IC50 values of antioxidant activities of methanolic extract and different fractions of P. candollei
(sample conc. 1 mg/mL).

Sample Codes Radical Scavenging Assay Reducing Power Assay Reducing/Metal-Chelating Assay

DPPH
(IC50 mg/mL)

ABTS
(IC50 mg/mL)

CUPRAC
(EC50 mg/mL)

FRAP
(EC50 mg/mL)

TAC
(EC50 mM/mL)

MCE
(IC50 mg/mL)

PCME 3.64 ± 0.73 a 2.49 ± 0.84 a 1.20 ± 0.45 a 1.67 ± 0.68 a 0.45 ± 0.06 a 2.16 ± 0.48 a

PCHF 10.34 ± 1.41 d 5.31 ± 1.04 d 2.67 ± 0.80 d 4.20 ± 1.06 d 0.24 ± 0.02 d 7.00 ± 0.86 d

PCCF 9.23 ± 1.95 c 4.14 ± 1.21 c 1.93 ± 0.79 c 3.17 ± 1.10 c 0.29 ± 0.08 c 4.38 ± 0.62 c

PCBF 5.90 ± 1.06 b 3.32 ± 0.95 b 1.59 ± 0.16 b 2.36 ± 0.75 b 0.30 ± 0.04 b 3.28 ± 0.35 b

Values were taken in triplicates (n = 3) and reported as mean ± SD PCME: P. candollei methanolic extract, PCHF:
P. candollei n-hexane fraction, PCCF: P. candollei chloroform fraction, PCBF: P. candollei n-butanol fraction, DPPH:
2,2-diphenyl-1-picrylhydrazyl assay, ABTS: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay, CUPRAC:
cupric reducing antioxidant capacity, FRAP: Ferric reducing antioxidant power, TAC: Phosphomolybdenum assay,
MCE: metal-chelating effect. a, b, c, d Letters in one column indicate significant differences in the activities of tested
extract and fractions (p < 0.05).

The antioxidant effect was also determined by using reducing power assays like
CUPRAC and FRAP. Again, the PCME showed the highest antioxidant activity (for
CUPRAC; 508.32 ± 4.05, FRAP; and 361.59 ± 3.52 mg TE/g dry weight, respectively),
while the activity decreased with polarity and the following pattern in the results was
observed as PCBF > PCCF > PCHF. Similarly, the antioxidant activity by the FRAP method
was also strongest in PCME and weakest in PCHF extract. The high reducing power may
also be attributed to the presence of a higher quantity of antioxidant polyphenols and

54



Molecules 2022, 27, 4113

other bioactive compounds in more polar fractions [90] of P. candollei. However, the identi-
fied antioxidant compounds presented in Table 3 might be contributing to the significant
reducing power of PCHF, while the highest antioxidant activity of PCME may be due
to the synergetic effects of polyphenols in addition to the identified bioactive secondary
metabolites presented in Table 2.

Total antioxidant capacity was measured by phosphomolybdenum assay and it was
found that PCME has the highest antioxidant capacity (2.83 ± 0.56 mmol TE/g dry extract).
However, fractions also showed significant TAC; n-butanol (PCBF), chloroform (PCCF),
and n-hexane (PCHF), when compared to each other; they were: 1.85 ± 0.45, 1.80 ± 0.08,
and 1.50 ± 0.25 respectively. Although, the results of PCHF showed lesser total antiox-
idant capacity, they were not far behind the other fractions in this regard. In addition,
evidence is also present in favor of mid to non-polar volatile organic compounds, which
have also shown therapeutic benefits of antioxidants relevant to traditional medicine and
pharmaceuticals [92]. The findings of our study are further supported by the high number
of polyphenolic compounds (Table 1) and antioxidant compounds identified by GCMS
(Tables 2 and 3).

Chelation therapy is gaining importance with the increase in pollution with heavy
metals. Herbal drugs have phytochemicals to detoxify those metallic ions [93]. Although
iron is essential for life it may produce free radicals, leading to oxidative damage, and its
chelation prevents oxidation [94]. The metal-chelating antioxidant effect of the PCME was
highest (95.63 ± 2.18 mg EDTAE/g dry weight), and the metal-chelating effect of fractions
was found as PCHF = 30.22 ± 0.51, PCCF = 81.22 ± 1.01, and PCBF = 84.22 ± 1.01 mg
EDTAE/g of dry weight of the fraction. The metal-chelating activity of polar fractions
might be due to the presence of polyphenolic compounds [95]. The behavior of the PCHF
fraction as a metal-chelating agent may be due to the presence of terpenoids [96] and other
bioactive compounds (identified by GCMS and shown in Table 3), and there may be a
synergetic antioxidant effect among the polyphenols (Table 1) and terpenoids, along with
other bioactive natural compounds (Table 2), identified from GCMS in this study. Human
health can be maintained by exploring herbs and developing formulations rich in phenolic
phytochemicals, showing antioxidant properties [97,98], and P. candollei revealed bioactive
phytochemicals and antioxidant activities in the current investigation, which provide a
rational for the health benefits of this plant.

2.2.2. In Vitro Enzyme Inhibition Activities

Enzyme inhibition may be an important technique in therapeutics, as various enzymes
have a vital role in the physiology of human organs, and they are also involved in the
etiology of different diseases. The bioactivity of tested enzymes in this study was linked
with different diseases. Enzymes like α-amylase and α-glucosidase are associated with
type 2 diabetes, and tyrosinase is involved in skin hyperpigmentation [99]. We presented
the results of inhibition studies for these enzymes in Table 5.

Table 5. Enzyme-inhibitory activities of methanolic extract and different fractions of P. candollei
(sample conc. 1 mg/mL).

Sample Codes Tyrosinase (mg
KAE/g Dried wt.)

α-Amylase (mmol
ACAE/g Dried wt.)

α-Glucosidase (mmol
ACAE/g Dried wt.)

PCME 112.29 ± 2.79 0.93 ± 0.07 1.88 ± 0.15
PCHF 52.61 ± 1.26 0.53 ± 0.08 0.46 ± 0.01
PCCF 82.91 ± 1.79 0.69 ± 0.06 0.78 ± 0.04
PCBF 90.15 ± 2.10 0.81 ± 0.05 0.95 ± 0.09

Values were taken in triplicates and reported as mean ± SD. PCME, P. candollei methanolic extract; PCHF,
P. candollei -hexane fraction; PCCF, P. candollei chloroform fraction; PCBF, P. candollei n-butanol fraction; KAE, kojic
acid equivalent; ACAE, acarbose equivalent.

Plant-derived antioxidants and tyrosinase inhibitors have gained prime importance in
the cosmaceutical industry and natural products, as they have functional ingredients pro-
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tecting skin from pigmentation, aging, and other skin disorders [100]. Various side effects of
chemically synthetic skin remedies, like hydroquinone, made herbal skin remedies of prime
importance [101]. In the current study, we already reported the good antioxidant potential
of P. candollei that is reflectde in the tyrosinase inhibitory effect also. The highest tyrosinase
inhibitory activity was revealed in methanolic extract (112.29 ± 2.79 mg KAE/g of dry
weight), and tyrosinase inhibition of fractions was observed in the range of 52.61 ± 1.26
to 90.15 ± 2.10 mg KAE/g of dry weight (Table 5). A correlation between phenolic com-
pounds, antioxidant effects, and tyrosinase inhibition was found in an Indian study [102],
which also substantiates the findings of our current work. Herein, we observed that the
PCME has the highest tyrosinase inhibition followed by the PCBF, PCCF, and PCHF, respec-
tively, which may be due to the presence of different antioxidant and anti-inflammatory
compounds present in high quantities (Table 2) in PCME and the synergetic effect of
phenolic and flavonoid groups of compounds with varying biological potential [103].
Lup-20(29)-en-3-ol, acetate, (3β)- has been reported for tyrosinase inhibition [46], and we
identified this compound in significant quantity (2.38%) as presented in Table 2, which fur-
ther strengthened our findings of tyrosinase inhibition by PCME. Moreover, the n-hexane
fraction substantially suppressed the activity of the tyrosinase enzyme due, to the identified
antioxidant phytochemicals (Table 3), and evidence from the literature also favors the
effect of antioxidants as melanin inhibitors [104]. A correlation was also found between
DPPH antioxidation and the tyrosinase-inhibitory effect of plants. In addition to the radical
scavenging mechanism, the identified compounds with anti-inflammatory (Tables 2 and 3)
effects may also be the contributors to skin-whitening effects that are much desired in
Asian countries [105]. So, our data favor the P. candollei as a potential source to provide the
bioactive and antioxidant ingredients for cosmeceuticals or the pharmaceutical industry.

Currently, modernization, aging, and lifestyle changes are the main factors, which
increase oxidative stress and lead to the development of metabolic disorders like type 2
diabetes mellitus (characterized by hyperglycemia) [106], ultimately resulting in impaired
quality of life [107]. The digestive enzymes (α-amylase and α-glucosidase) are responsible
for converting the ingested carbohydrates into glucose and lead to the systemic hyper-
glycemia. So, inhibitors of these enzymes are the antihyperglycemic agents available among
the best treatment options for hyperglycemia, which control carbohydrate digestion in the
intestine. However, these drugs are associated with many unwanted effects. So, there is
a need for a more selective and safer agent for the induction of satisfactory therapeutic
effects [108]. In an attempt to find that effect, we evaluated the fractions of P. candollei
against α-glucosidase and α-amylase activity. Herein, the PCME showed good results for
the inhibition of α-amylase and α-glucosidase (0.93 ± 0.13 mmol ACAE/g) as shown in
Table 5. Among the studied fractions, PCBF had the highest activity of α-amylase inhibi-
tion (0.81 ± 0.05 mmol ACAE/g), while the other two fractions have lesser but significant
activities (PCCF = 0.69 ± 0.06 and PCHF = 0.53 ± 0.08 mmol ACAE/g) compared with
PCBF. For α-glucosidase-inhibitory activity, again the PCME was more effective with an
inhibition value of 1.88 ± 0.15 mmol ACAE/g, respectively, while the results of other frac-
tions showed that PCBF was more effective (0.95 ± 0.09 mmol ACAE/g), and a decrease
in activity was observed with the decrease in polarity of fraction (PCCF = 0.78 ± 0.04 >
0.46 ± 0.01 mmol ACAE/g). Our finding was consistent with the reported evidence in
literature in which an intimate positive correlation was found between TPC and TFC
and in vitro antioxidant activity and various enzyme inhibition assays [109]. Moreover,
some compounds were identified with antioxidant and anti-inflammatory effects by GCMS
analysis of PCME and PCHF, which also contribute to the antidiabetic activity of the
plant [110]. Evidence from the literature proved that many plant extracts and fractions
show antidiabetic effects, and some plants may show antidiabetic activity even more so
than the standard drug (acarbose) [111]. Although PCME showed moderate inhibition and
fractions of P. candollei possess mild inhibition of digestive enzymes (α-glucosidase and
α-amylase) as compared to equivalents of acarbose, however, our results correlate with the
study on similar specie P. benthamii [112]. Higher antidiabetic activity of PCME was also
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attributed to the identified compounds A-Neooleana-3(5),12-diene, 2’-Hydroxy-3,4,4’,6’-
tetra methoxy chalcone, Friedelan-3-one, and Taraxasterol, which had been reported for
antidiabetic property, and collectively they constituted 31.64% of non-polar compounds of
the PCME extract (Table 2, with references). These shreds of evidence widened the scope
of our work on this plant species for inhibiting the activity of tested enzymes to tackle
hyperglycemia and provide health benefits.

Overall, we found significant results from enzyme-inhibition assays, which establish
the effectiveness and health benefits of the methanolic extract and different fractions of
P. candollei as a potential candidate for the natural products, nutraceuticals, and pharma-
ceutical industry, and it may be due to the presence of a good quantity of compounds
with antioxidant and anti-inflammatory property (identified molecules), and their synergic
effects may also be contributing to different biological activities.

2.2.3. Thrombolytic Activity

The current pandemic of COVID-19 has caused a drastic effect on the healthcare sys-
tem and global economy, and the vaccination of COVID-19, although reducing the death
rate, may cause thrombosis (which is also a complication of many other infections) [9,113].
Thrombosis has gained attention as a deadly complication of respiratory viral infections also
(like influenza and coronavirus) [8]. Thrombosis may lead to myocardial infarction, acute
ischemic stroke, venous thromboembolism, and other cardiovascular complications [114].
Experts often recommended thromboproprophylactic medications to combat thrombotic
disorders of various etiologies [115], and remarkable attempts have been done in the discov-
ery and development of safer remedies from natural constituents, so various plant sources
have been investigated for antiplatelet, anticoagulant, antithrombotic, and thrombolytic
effects [116]. That is why we also investigated the clot-dissolving property of our plant.

According to the results of our study, PCME was found to have maximum thrombolytic
activity in a range of 55.38 ± 1.51 to 59.85 ± 1.51% of clot lysis, which was declared
good when compared with streptokinase activity (78.5 ± 1.53 to 82.34 ± 1.25% clot lysis).
The following order of thrombolytic activity was observed in the fractions of P. candollei,
PCBF > PCCF > PCHF. However, results from all fractions seemed to be significant as
shown in Table 6, and the results were in agreement with previous findings reported in
the literature, in which the researchers found that more polar extract showed the highest
thrombolytic activity in comparison with less polar fractions [117]. It was also proven
by various studies that flavonoids, tannins, alkaloids, and saponins from polar organic
extracts may be responsible for the thrombolytic activity of plant extracts, and developing
pharmaceutical formulations or consumption of such plants as food can prevent coronary
events and stroke due to thrombolytic properties [118]. So, our plant may be a potential
source for developing a formulation to reduce pill burden for the patients with high
thrombotic risk if further investigated by in-vivo studies.

Table 6. Thrombolytic activity (% clot lysis) of fractions of P. candollei from different blood samples
(subject A–E).

Sample Codes Subject A Subject B Subject C Subject D Subject E

PCME 55.38 ± 1.51 58.16 ± 1.9 55.45 ± 1.18 58.65 ± 1.25 59.85 ± 1.51
PCHF 40.18 ± 1.80 43.1 ± 1.69 42.51 ± 0.98 43.8 ± 0.82 42.63 ± 1.35
PCCF 41.54 ± 0.95 48.15 ± 1.41 47.15 ± 1.11 50.14 ± 1.61 47.85 ± 1.80
PCBF 52.15 ± 0.68 57.25 ± 0.94 55.10 ± 1.12 56.95 ± 1.70 57.15 ± 1.10
Streptokinase 78.5 ± 1.53 80.14 ± 0.91 81.43 ± 1.39 82.34 ± 1.25 79.12 ± 2.3

Values were taken in triplicates and reported as mean ± SD. PCME; P. candollei methanolic extract, PCHF;
P. candollei n-hexane fraction, PCCF; P. candollei chloroform fraction, PCBF; P. candollei n-butanol fraction.

2.2.4. Antibacterial Activity

Traditional antibiotics become less effective against pathogenic bacteria due to the
potential of these pathogens to develop drug resistance with extensive use of antibacterial
drugs, which leads to global health threats. So, there is a need to develop new antibacterials
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to combat the growth of evolving bacteria [119]. Plants are the factories of nature to
synthesize the secondary metabolites of varying functions, including the defense against
microbial infection and parasitic infestation [120]. Plant-derived molecules may prove to be
effective as antibacterial agents or may act synergistically to enhance the efficacy of older
antibiotics, consequently restoring their clinical use [121], and the triterpenoids identified
by GCMS may also be contributing in the antibacterial activity of methanolic extract [122].
In search of antibacterial effects, we found a significant activity of different fractions as
shown in Table 7. The significant activity of PCME and PCHF can be correlated with
the presence of various metabolites identified by GCMS, having antibacterial, antifungal,
antiviral, and antioxidant activities (reported in the literature) as shown in Tables 2 and 3.
It was found that 56.41% of phytochemicals were identified from PCME with antimicrobial
properties and in PCHF these compounds were 82.95%, as presented in Tables 2 and 3.
Our findings were close to the observation of an analysis of P. amabile, which describes the
activity of essential oil, against Bacillus subtilis, and also identified some bioactive molecules
by GCMS of oil. However, they also found that polar extracts were more active compared
with non-polar extract [26], which correlates with our finding that PCME shows slightly
greater activity, which may be due to the synergistic effect of phenolic compounds in the
PCME, in addition to the identified antibacterial and antimicrobial natural compounds of
the studied plant.

Table 7. Antibacterial activity of methanolic extract and different fractions of P. candollei.

Strain Name
Zone of Inhibition (mm) of
Standard (Co-Amoxiclav)
(Concentration = 1 mg/mL)

Concentration
(mg/mL)

Zone of
Inhibition of
PCME Extract
(mm)

Zone of
Inhibition of
PCHF Fraction
(mm)

Zone of
Inhibition of
PCCF Extract
(mm)

Zone of
Inhibition of
PCBF Extract
(mm)

Bacillus
subtilis 23

10 7 - - 7
20 13 10 12 12
40 18 16 16.5 18

Micrococcus
luteus 20

10 7 6 6 6
20 13 10 11 13
40 17 16 17 17

Staphylococcus
epidermidis 24

10 5 - - -
20 10 8 8 10
40 12 10 13 15

Bacillus
pumilus 22

10 6 - - -
20 11 7 9 9
40 15 12 14 14.5

Staphylococcus
aureus 23

10 7 - 6 6
20 13 10 11 12
40 15.5 12 12.5 14

Escherichia
coli 25

10 - - - -
20 8 - 7 7.5
40 10 6 8 9

Bordetella
bronchiseptica 26

10 - - - -
20 8 - 6 8
40 9 10 11 11.5

Pseudomonas
aeruginosa 18

10 - - - -
20 - - - -
40 7 - - 6

PCME, P. candollei methanolic extract; PCHF, P. candollei n-hexane fraction; PCCF, P. candollei chloroform fraction;
PCBF, P. candollei n-butanol fraction.

Although PCHF showed a higher percentage of identified antibacterial and antimicro-
bial compounds (82.95%), its activity was weaker than polar fractions due to less quantity
of polyphenols (Table 1), which may potentiate the antibacterial activity if present. Later, in
2014, some phenolic compounds also isolated from P. amabile, which showed antibacterial
activity, further attributed the greater antimicrobial activity of more polar fraction due to the
presence of phenolic compounds [123,124], and phenolic compounds were already detected
in higher quantity from PCME, as shown in Table 1. The highest activity was observed
against Bacillus subtilis and the lowest against Pseudomonas aeruginosa, and the antibacterial
effect was also increased with the increase in the concentration of tested samples. The
first five strains of Table 7 are Gram-positive, which showed greater inhibition by PCME,
and polar fractions (PCBF and PCCF). However, the last three strains (Escherichia coli, Bor-
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detella bronchiseptica, and Pseudomonas aeruginosa) are Gram-negative, which showed the
least activities. Herein, the lesser zone of inhibition may be due to the high resistance of
Gram-negative bacteria due to the cell membrane made of lipopolysaccharide, which is
impermeable to the non-polar (lipophilic) metabolites. Peptidoglycan is the external layer
in Gram-positive strains of bacteria, which is permeable to lipophilic metabolites [125].
These findings were required to compare the antibacterial activity of the plant of study
with its bioactive phytochemicals and strong antioxidants potential; however, more investi-
gation and purification of phenolic components may lead to the development of natural
antibacterial agents for functional foods, nutraceuticals, and pharmaceuticals, to improve
the shelf life and to extend health benefits in those systems.

2.3. Molecular Docking Studies

Computational chemistry provided the opportunity to the researchers to investigate
the interactions between the residues of the receptor protein and ligands. The docking
technique is loaded with the tools that facilitate the understanding of interaction of a
presumed rigid active site with the ligand molecule and helps in drug discovery [126].
Molecular docking studies were performed for tyrosinase, α-amylase, and α-glucosidase
receptors. Binding affinities and binding interactions of compounds (identified from
GCMS) with major peak area were estimated for their interaction with the active sites of
tested enzymes.

2.3.1. Molecular Docking against Tyrosinase Enzyme

Ten identified compounds were selected from methanolic extract (Table 2) and docked
against the tyrosinase enzyme. All the docked compounds showed lower binding en-
ergies (−7.2 to −8.6 kcal/mol) with tyrosinase active site as compared to kojic acid
(−6.0 kcal/mol), which predict the higher binding affinity of these ligands as compared to
kojic acid (Table 8). Molecular docking of the tyrosinase receptor was also performed by
selecting six identified compounds from n-hexane fraction, and results were calculated as
binding energies in kcal/mol (Table 8).

Table 8. Binding energies of docked compounds against tyrosinase, α-amylase, and α-glucosidase.

Name of Compound Binding Energy of Ligand
with Tyrosinase (kcal/mol)

Binding Energy of Ligand
with α-Amylase (kcal/mol)

Binding Energy of Ligand
with α-Glucosidase (kcal/mol)

Taraxasterol −8.6 −9.5 −8.5
beta-Amyrin −8.3 −9.1 −8.8
Hopa-22(29)-ene-3alpha-ol −8.0 −8.9 −9.0
A-Neooleana-3(5),12-dien −7.9 −10.9 −8.7
Urs-12-en-3-ol, acetate,
(3beta)- −7.7 −8.8 −8.4

Lupeol −7.4 −8.8 −9.1
Lanosterol −7.3 −9.7 −8.7
Lup-20(29)-en-3-ol, (3beta)- −7.3 −8.7 −9.0
3-Epimoretenol −7.3 −8.9 −8.6
9,19-Cyclolanost-24-en-3-ol,
acetate, (3beta)- −7.2 −7.9 −8.5

Standad −6.0 1 −7.7 2 −7.0 2

1 Kojic acid and 2 acarbose.

The following compounds from n-hexane fraction show greater affinities (lower bind-
ing energy); 2-chloroethyl linoleate (−6.6 kcal/mol); 9, 12-octadecadienoic acid (Z, Z)
(−6.6 kcal/mol); and apiol (−6.1 kcal/mol) as compared to kojic acid (−6.0 kcal/mol). The
higher negative value of binding energy showed the greater affinity of the ligand with
tyrosinase active sites. For the further validation of the results, the ligands were docked
again with the tyrosinase by using Autodock-1.5.6, and the same results were obtained
in terms of the binding energy values. This study revealed that the good inhibition of
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tyrosinase by methanolic extract (as shown by experimental work) may be due to the
higher binding affinities of docked ligands compared with kojic acid. Binding interactions
of these compounds also revealed the binding forces with residues of tyrosinase active site.
Different bonding interactions were involved, including hydrogen bonding, van der Waals
interactions, and π bonding interactions, and some diagrammatic presentations are given
in Figure 4.
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(C) kojic acid, (D) taraxasterol, (E) a-neooleana-3(5), 12-dien, (F) hopa-22(29)-ene-3alpha-ol.

2.3.2. Molecular Docking against α-Amylase, and α-Glucosidase

The highest anti-diabetic activity was observed from experimental work on methanolic
extract of our plant. We docked the major identified compounds from GCMS, and it
revealed that all the compounds had a greater negative value of binding energy (−7.9 to
−10.9 kcal/mol), which depicted higher binding affinities than acarbose (−7.7 kcal/mol)
for α-amylase inhibition. Binding energies were presented in Table 8. The docking of
ligands from n-hexane fraction resulted in lower binding affinities (binding energy; −5.0 to
−6.1 kcal/mol) compared to acarbose (−7.7 kcal/mol) for α-amylase inhibition as shown
in Table 8. In the case of α-glucosidase, we observed the same pattern as in the case
of α-amylase that the selected ligands from methanolic extract (Table 2) showed greater
affinities (binding energy; −8.4 to −9.1 kcal/mol) than standard ligand acarbose (binding
energy; −7.0 kcal/mol), so the binding energies of docked ligands were lower than the
standard drug, which showed higher affinity of docked ligands with active sites of α-
glucosidase, and stronger antidiabetic activity was also shown by the methanolic extract in
our experimental work. Herein, the compounds selected from n-hexane extract showed
lesser binding affinities due to their higher binding energies (−5.1 to −5.9 kcal/mol)
compared to the standard drug acarbose (−7.0), as shown in Table 8, and similar results
were also found by experimental work. The results of molecular docking against the
digestive enzymes of hyperglycemic responsibility helped us to understand the mechanism
of mild to moderate results of antidiabetic activity from our experimental work for the
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inhibition of those enzymes. Figure 5 showed the binding interactions of α-amylase with
the selected ligands, identified from GCMS, while Figure 6 showed the interaction of
selected ligands with α-glucosidase enzyme.
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3. Materials and Methods
3.1. Plant Collection and Authentication

The aerial parts of P. candollei were collected in July 2021 from Astore, Gilgit Baltistan,
Pakistan. The plant was authenticated by the Herbarium of Hazara University Mansehra,
Pakistan, with collection number 516 and voucher number 1885.

3.2. Extraction and Fractionation

The plant was air-dried in shade and macerated in a hydroalcoholic solvent. The
solvent system contained aqueous methanol (80%). This solvent system was employed
as it has the property of efficient extraction of phenolic and flavonoid phytochemicals.
Powdered plant material (2.5 kg) was macerated in a volume of 8 L solvent. The extract was
decanted and marc squeezed. Then the obtained liquid was filtered and dried by a rotary
evaporator (Heidolph, Schwabach, Germany) at 42 ◦C temperature and at reduced pressure.
Finally, a semi-solid residue (408 g) was obtained with subsequent drying. Furthermore,
fractionation of the extract was done with the help of a separating funnel and using the
solvents of increasing polarity (n-hexane, chloroform, and n-butanol). Fractions were
further consolidated by employing a rotary evaporator and air-dried to obtain dry material
for further analysis [127].

3.3. Determination of Bioactive Phytochemicals
3.3.1. Quantification of Bioactive Contents (TPC and TFC)

The total phenol content (TPC) of fractions was estimated quantitatively by Folin-Ciocalteau
(FC reagent) method as already mentioned in the literature, with some changeovers [128].
Three readings were taken for the total phenolic contents and recorded as mg of gallic acid
equivalents/gram of dried weight of fraction (mg GAE/g wt.). The total flavonoid contents
(TFCs) of fractions were measured with the previously defined method with some adapta-
tions [129]. The experiment was performed in triplicates, and total flavonoid contents were
noted in mg of quercetin equivalents/g of the dried weight of fraction (mg QE/g wt.).

3.3.2. Characterization of Bioactive Compounds by GCMS Analysis

The PCME extract and PCHF fraction of P. candollei were subjected to GC-MS analysis
by following a procedure mentioned in the literature. The Percent peak area for each
compound was calculated from the whole area of peaks [130].

3.4. Biological Activities
3.4.1. Antioxidant Activities

The antioxidant potential of P. candollei was tested by six different methods, which
include DPPH, ABTS, FRAP, CUPRAC, and TAC (phosphomolybdenum assay) by pre-
viously described methods [131,132]. The results were expressed as equivalent to Trolox,
whereas the metal-chelating property was expressed as equivalent to ethylene diamine
tetraacetic acid (EDTA), and all the readings were taken in triplicates. Moreover, the IC50
and EC50 values were also calculated due to the good antioxidant results of the extract and
fractions (equivalent to the standard antioxidants).

3.4.2. In Vitro Enzyme Inhibition Activities

The enzyme-inhibitory potential of all fractions was tested against tyrosinase, α-
amylase, and α-glucosidase by using the methods reported in the literature [132]. Ty-
rosinase inhibition was measured as kojic acid equivalent, and inhibition of enzymes,
responsible for hyperglycemia (α-amylase and α-glucosidase) was observed by acarbose
equivalent potential of the extract, and its fractions and three readings were taken for
each assay.
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3.4.3. Thrombolytic Activity

For thrombolytic activity, the blood samples were obtained from healthy volunteers by
following the guidelines of the ethical committee of the Islamia University of Bahawalpur.
Five volunteers were included in the study who had not been using antidepressants, oral
contraceptives, or anticoagulants. Analysis was performed by taking 5.0 mL of water (ster-
ile) and dropped into the commercially available lyophilized streptokinase (SK) injection
(15,000,000 i.u.). Then it was used as a positive control for thrombolytic activity. After that,
100 µL of solution of the SK (30,000 I.U) was for thrombolysis. In the Eppendorf tubes (after
weighing the tubes), 500 µL of the venous blood (from a volunteer) was taken to form a clot.
The liquid (serum) was completely removed by aspiration without the disruption of the clot.
The weight of the clot was measured by using the formula, weight of thrombus = weight
of tube with thrombus, which is the weight of the empty tube. Finally, a 100 µL volume
of sample solution (1 mg/mL) was added to each tube, and 100 µL of streptokinase in
the control tube. Negative control was distilled water, which was added to each tube in a
volume of 100 µL. The test tubes were incubated at 37 ◦C for a period of 90 minutes and
weighed again after removing the fluid (to observe clot lysis). The difference in weight was
calculated before and after clot lysis by the given formula and expressed as a percent of
thrombolytic activity of fractions, and the experiment was performed in triplicates [133].

3.4.4. Antibacterial Activity

The antibacterial effect of the plant was determined by using five Gram-positive
(Bacillus subtilis ATCC1692, Micrococcus luteus ATCC 4925, Staphylococcus epidermidis ATCC
8724, Bacillus pumilus ATCC 13835, and Staphylococcus aureus ATCC 6538) and three Gram-
negative strains (Escherichia coli ATCC 25922, Bordetella bronchiseptica ATCC 7319, and
Pseudomonas aeruginosa ATCC 9027). These bacterial strains were procured from drug
testing laboratory (DTL) Bahawalpur. Disc diffusion technique was employed to check
the inhibition zones in mm. The procedure of the activity was described by previous
research [134]. In disc diffusion assay, the sample of the extract/fraction or the standard
(antibiotic) was diffused from a disk (loaded with sample or antibiotic) over the medium
(nutrient agar), thereby creating a concentration gradient. Discs were made up of filter
paper and were 5 mm in diameter. A known concentration of the sample (10, 20, and 40 mg
per mL in DMSO) was impregnated on each disc, and the discs were placed on nutrient
agar media (inoculated with test strains of bacteria). Co-amoxiclav in the concentration of
1 mg/mL was used as a standard antibacterial drug, and a disc without sample/standard
was placed as a negative control (loaded with DMSO). The petri dishes were incubated at
37 ◦C for 24 h to provide optimum conditions for the growth of bacteria. A clear/distinct
zone showing no bacterial growth is called “Zone of Inhibition”, and the diameter of this
zone was measured in mm to determine the antibacterial activity of the sample or standard.

3.5. Molecular Docking Studies

In computer-aided drug designing, molecular docking is a useful technique to under-
stand the mechanism of interaction of protein receptors with ligands. Structures of the
standard ligands (kojic acid for tyrosinase and acarbose for amylase and glucosidase) were
downloaded from the PubChem database in the form of SDF (structured data format) files.
Biomacromolecules (tyrosinase; 10.2210/pdb3NM8/pdb, amylase; 10.2210/pdb3VX1/pdb,
and glucosidase; 10.2210/pdb5ZCB/pdb) were obtained in protein data bank (PDB) format.
The preparation of ligands as PDB files was done for molecular retrieval and different
software tools were used, such as auto Dock vina software, Discovery Studio, PyRx, and
Babel. Discovery Studio (Discovery Studio 2021 client) was used to prepare the enzyme
molecules that were obtained from Protein Data Bank. Ligand molecules were identified
from GC-MS and selected based on major peak areas. Babel was used for preparing ligand
molecules. Vina embedded in PyRx was run by uploading prepared receptors and ligands.
These structures of ligands were placed in the area of the active site of the enzyme with
AutoDock vina. Outcomes of the interaction of enzyme-active site residues and ligand

63



Molecules 2022, 27, 4113

molecules were evaluated using the Discovery Studio Visualizer, and 2D interactions were
presented in Figures 4–6 [133,135].

4. Conclusions

The purpose of current work was to quantify and characterize the phytochemical
composition and biological activities from the methanolic extract and different extraction
fractions of P. candollei. Polyphenols and other bioactive phytochemicals were revealed
by TPC, TFC, and GCMS analysis, and the identified molecules had antioxidant potential,
antibacterial/antimicrobial potential, and other biological properties; moreover, biological
activities of the plant were also found to be in relation to the quantity and quality of
bioactive natural compounds. High values of antioxidant activities encourage the use of
this plant to develop natural products for various health benefits and make it a potential
source for use in natural products, pharmaceuticals, and nutraceuticals. Significant results
of inhibition against tyrosinase, α-amylase, and α-glucosidase; good thrombolytic property;
and antibacterial activity may also help to establish the nutritional and phyto-therapeutical
role of the plant. A molecular docking study was used to explain the relationship of
enzyme inhibition with the identified bioactive natural compounds. The findings of
this study will not only improve our understanding of phytochemistry and biological
effects of P. candollei, but also provide basic scientific knowledge to understand the health-
improving and bioactive properties for developing the nutraceutical possibilities and
natural products. However, future research may address the development of novel drugs
for use in pharmaceuticals.

Author Contributions: Conceptualization, M.A. (Maqsood Ahmed) and K.-u.-R.K.; methodology,
B.A.G.; software, B.A.G. and A.K.; validation, H.Y.A.; formal analysis, M.S.-u.R.; investigation, R.D.
and M.A. (Mariyam Anwar); resources, H.Y.A.; data curation, C.O.; writing—original draft prepara-
tion, M.A. (Maqsood Ahmed) and H.Y.A.; writing—review and editing, M.A. (Maqsood Ahmed) and
H.Y.A.; visualization, T.J.; supervision, K.-u.-R.K. and S.A.; project administration, K.-u.-R.K.; funding
acquisition, H.Y.A. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the King Saud University, Riyadh, Saudi Arabia for funding
this study through Project number RSP2022R504.

Institutional Review Board Statement: All the trials were carried out in accordance with the NIH
guidelines and were approved by the Department of Pharmaceutical chemistry’s concerned commit-
tee (1009/AS & RB/12/07/2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to Researchers Supporting Project number (RSP2022R504),
King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Paz, M.; Gúllon, P.; Barroso, M.F.; Carvalho, A.P.; Domingues, V.F.; Gomes, A.M.; Becker, H.; Longhinotti, E.; Delerue-Matos,

C. Brazilian fruit pulps as functional foods and additives: Evaluation of bioactive compounds. Food Chem. 2015, 172, 462–468.
[CrossRef] [PubMed]

2. Hassan, W.; Noreen, H.; Rehman, S.; Gul, S.; Amjad Kamal, M.; Paul Kamdem, J.; Zaman, B.; BT da Rocha, J. Oxidative stress and
antioxidant potential of one hundred medicinal plants. Curr. Top. Med. Chem. 2017, 17, 1336–1370. [CrossRef] [PubMed]

3. Uuh-Narváez, J.J.; González-Tamayo, M.A.; Segura-Campos, M.R. A study on nutritional and functional study properties of
Mayan plant foods as a new proposal for type 2 diabetes prevention. Food Chem. 2021, 341, 128247. [CrossRef] [PubMed]

4. Satil, F.; Selvi, S. Ethnobotanical features of Ziziphora L.(Lamiaceae) taxa in Turkey. Int. J. Nat. Life Sci. 2020, 4, 56–65.
5. Xie, Y.-G.; Zhao, X.-C.; ul Hassan, S.S.; Zhen, X.-Y.; Muhammad, I.; Yan, S.-K.; Yuan, X.; Li, H.-L.; Jin, H.-Z.J.P.L. One new

sesquiterpene and one new iridoid derivative from Valeriana amurensis. Phytochem. Lett. 2019, 32, 6–9. [CrossRef]

64



Molecules 2022, 27, 4113

6. ul Hassan, S.S.; Ishaq, M.; Zhang, W.D.; Jin, H.Z. An Overview of the Mechanisms of Marine Fungi-Derived Anti-Inflammatory
and Anti-Tumor Agents and their Novel Role in Drug Targeting. Curr. Pharm. Des. 2021, 27, 2605–2614. [CrossRef]

7. Jideani, A.I.; Silungwe, H.; Takalani, T.; Omolola, A.O.; Udeh, H.O.; Anyasi, T.A. Antioxidant-rich natural fruit and vegetable
products and human health. Int. J. Food Prop. 2021, 24, 41–67. [CrossRef]

8. Veizades, S.; Tso, A.; Nguyen, P.K. Infection, inflammation and thrombosis: A review of potential mechanisms mediating arterial
thrombosis associated with influenza and severe acute respiratory syndrome coronavirus 2. Biol. Chem. 2021, 403, 231–241.
[CrossRef]

9. Elegbede, J.; Lateef, A.; Azeez, M.; Asafa, T.; Yekeen, T.; Oladipo, I.; Aina, D.; Beukes, L.; Gueguim-Kana, E.J.W.; Valorization,
B. Biofabrication of gold nanoparticles using xylanases through valorization of corncob by Aspergillus niger and Trichoderma
longibrachiatum: Antimicrobial, antioxidant, anticoagulant and thrombolytic activities. Waste Biomass Valorization 2020, 11, 781–791.
[CrossRef]

10. Ghosh, S.K.; Sur, P.K. Sanjeevani and Bishalyakarani plants-myth or real! Int. J. Curr. Res. 2015, 7, 19964–19969. Available
online: https://scholar.google.com.hk/scholar?hl=zh-CN&as_sdt=0%2C5&q=Ghosh%2C+Swapan+Kr.+%22Pradip+Kr+Sur+
Current+Research%2C+7%2C%289%29%2C+19964-19969&btnG= (accessed on 25 May 2022).

11. Abbas, Q.; Hussain, A.; Khan, S.W.; Hussain, A.; Shinwari, S.; Hussain, A.; Ullah, A.; Zafar, M.; Ali, K. Floristic Diversity,
Ethnobotany and Traditional Recipes of Medicinal Plants of Maruk Nallah, Haramosh Valley, District Gilgit, Gilgit Baltistan:
Traditional recipes of Maruk Nallah, Haramosh Valley, District Gilgit. Proc. Pak. Acad. Sci. B Life Environ. Sci. 2019, 56, 97–112.

12. Abbas, Z.; Khan, S.M.; Abbasi, A.M.; Pieroni, A.; Ullah, Z.; Iqbal, M.; Ahmad, Z. Ethnobotany of the balti community, tormik
valley, karakorum range, Baltistan, Pakistan. J. Ethnobiol. Ethnomed. 2016, 12, 1–16. [CrossRef] [PubMed]

13. Shah, A.; Bharati, K.A.; Ahmad, J.; Sharma, M. New ethnomedicinal claims from Gujjar and Bakerwals tribes of Rajouri and
Poonch districts of Jammu and Kashmir, India. J. Ethnopharmacol. 2015, 166, 119–128. [CrossRef] [PubMed]

14. Ali, I.; Mu, Y.; Atif, M.; Hussain, H.; Li, J.; Li, D.; Shabbir, M.; Bankeu, J.J.K.; Cui, L.; Sajjad, S. Separation and anti-inflammatory
evaluation of phytochemical constituents from Pleurospermum candollei (Apiaceae) by high-speed countercurrent chromatography
with continuous sample load. J. Sep. Sci. 2021, 44, 2663–2673. [CrossRef]

15. Khan, K.U.; Shah, M.; Ahmad, H.; Ashraf, M.; Rahman, I.U.; Iqbal, Z.; Khan, S.M.; Majid, A. Investigation of traditional veterinary
phytomedicines used in Deosai Plateau, Pakistan. Glob. Vet. 2015, 15, 381–388. [CrossRef]

16. Thiviya, P.; Gamage, A.; Piumali, D.; Merah, O.; Madhujith, T. Apiaceae as an Important Source of Antioxidants and Their
Applications. Cosmetics 2021, 8, 111. [CrossRef]
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Abstract: In the current study, a series of new (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-
phenylbutanals (FM1-6) with their corresponding carboxylic acid analogues (FM7-12) has been
synthesized. Initially, the aldehydic derivatives were isolated in the diastereomeric form, and the
structures were confirmed with NMR, MS and elemental analysis. Based on the encouraging results
in in vitro COX 1/2, 5-LOX and antioxidant assays, we oxidized the compounds and obtained the
pure single (major) diastereomer for activities. Among all the compounds, FM4, FM10 and FM12
were the leading compounds based on their potent IC50 values. The IC50 values of compounds
FM4, FM10 and FM12 were 0.74, 0.69 and 0.18 µM, respectively, in COX-2 assay. Similarly, the IC50

values of these three compounds were also dominant in COX-1 assay. In 5-LOX assay, the majority
of our compounds were potent inhibitors of the enzyme. Based on the potency and safety profiles,
FM10 and FM12 were subjected to the in vivo experiments. The compounds FM10 and FM12 were
observed with encouraging results in in vivo analgesic and anti-inflammatory models. The molecular
docking studies of the selected compounds show binding interactions in the minimized pocked of
the target proteins. It is obvious from the overall results that FM10 and FM12 are potent analgesic
and anti-inflammatory agents.

Keywords: Michael products; anti-inflammatory; antioxidant; analgesic; carrageenan; COX-2; 5-LOX

1. Introduction

Pain and inflammation are closely associated to each other and occur due to complex
pathological conditions [1]. Inflammation is basically a response of the cell defense system
against tissue injuries or any external stimuli [2]. The onset of inflammation is associated
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with pain [3]. In the early ages of human development, plants had been used in the manage-
ment of inflammation and its associated pain [4]. With the development in science and new
research, acetylsalicylic acid was first commercialized as an anti-inflammatory drug [5,6].
After the discovery of aspirin, various drugs have been discovered for the management of
pain and inflammation, among which NSAIDs (Nonsteroidal Anti-inflammatory Drugs) are
the most important and well-known group [7,8]. The pharmacological effects of NSAIDs
are due to the inhibition of cyclooxygenase (COX) and lipoxygenase (LOX) enzymes, which
are responsible for the metabolism of Arachidonic acid (AA) in the cell membrane and
formation of inflammatory mediators such as prostaglandin by COX and leukotrienes by
LOX [9]. COX-1 and COX-2 are the two isoforms of cyclooxygenase enzymes that act on the
same substrates and catalyze the same reaction but are different in their inhibitor selectiv-
ity [10]. COX-1 is mostly involved for maintaining the integrity of the kidney and stomach,
while COX-2 produces prostaglandins which mediate pain and inflammation [11,12]. The
adverse renal and gastrointestinal effects of NSAIDs are due to COX-1 inhibition, while the
inhibition of COX-2 is responsible for the accounts for the therapeutic effects of NSAIDs [13].
In order to prevent such adverse effects of COX-1 inhibition, the scientists turned to design
selective COX-2 inhibitors to protect the gastrointestinal tract [14,15].

The oxidation process that takes place in human bodies destroys various cells and
tissue and, last, leads to severe illness [16]. It has been observed that the oxidation process
may lead to serious conditions such as cancer, various heart diseases and skin problems [17].
Currently, various approaches and techniques are used to eradicate the effect of free radi-
cals [18]. Some of the major sources of antioxidants are natural sources, which may also
be helpful in unseen disorders such as stress [19,20]. Day by day, new antioxidants from
natural and synthetic sources are improving for the sake of human benefit [21,22]. Most
natural products, especially fruits, have specific compounds showing strong antioxidants;
however, currently, some of the synthetic compounds also developed have a strong an-
tioxidant capacity [23,24]. Some researchers claims that nitrogenous compounds having a
carboxylic acid group show strong antioxidants activities [25].

The Michael reaction of addition nucleophilic moieties to nitro-olefins is a powerful
synthetic tool for making the carbon–carbon bond formation [26–28]. The reaction has been
explored from long ago, and there is time-to-time modification for new outcomes [29]. The
organocatalytic Michael addition has been studied from two decades [30]. However, to date,
there have been new avenues for the researchers. Modifications or the exploration of new
organocatalysts, extending substrate boundaries and sometimes exploring new chemical
or biological applications, still is interesting for researchers [31–34]. The literature shows
very limited biological studies on phenylbutanals or their derivatives. In the research early
ages, it has been reported as bactericidal [35]. The synthetic derivatives of phenylbutanals
have been previously reported with protease inhibitory potentials [36]. This study has been
designed to synthesize new Michael products (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-
phenylbutanals and their corresponding carboxylic acids for analgesic and anti-inflammatory
studies.

2. Results
2.1. Chemistry of the (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-phenylbutanal and Their
Carboxylic Acids

In the initial synthesis, we have synthesized and purified six nitro-butanal type deriva-
tives having aldehyde functionalities (FM1-6). These compounds were purified in the
diastereomeric form as the spots on the TLC were not separable. Both the minor and major
diastereomers can be seen in the same NMRs. For convenience, we have integrated the
whole 1H NMR (with both diastereomers) of compounds FM1-6. We also performed the
preliminary pharmacological activities on these diastereomeric compounds. In the second
step reaction, we oxidized the aldehydic derivatives to their corresponding carboxylic
acids (FM7-12), as shown in Scheme 1. The carboxylic acid derivatives (FM7-12) were
clearly separable, and only major diastereomers of these compounds were further used in
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in vitro and in vivo pharmacological assays. The spectra of compounds are provided in
the Supplementary Materials.
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Scheme 1. Synthesis of (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-phenylbutanals (FM1-FM6)
and its corresponding carboxylic acids (FM7-FM12).

The individual details of the compounds (FM1-12) are given below.

2.1.1. (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-phenylbutanal (FM1)

The compound FM1 was isolated as a yellowish oil with 83% isolated yield in 24 h
reaction time. The observed and calculated retardation factor value (Rf) was 0.32 in n-
hexane and ethyl acetate (4:1). The observed melting point was 149–151 ◦C. 1H NMR (In
deuterated chloroform with 400 MHz): 9.65 (s, 1H), 7.37–7.31 (m, 3H), 7.25–7.22 (m, 1H),
7.15–7.10 (m, 3H), 6.91 (d, J = 6.62 Hz, 2H), 4.93–4.86 (m, 1H), 4.68 (dd, J = 3.85, 13.12 Hz,
1H), 3.85 (dd, J = 3.86, 13.17 Hz, 1H), 3.04 (d, J = 12.78 Hz, 1H), 2.92–2.81 (m, 1H), 2.41
(d, J = 12.73 Hz, 1H), 1.22 (d, J = 6.92 Hz, 6H) and 1.06 (s, 3H). 13C NMR (In deuterated
chloroform with 100 MHz): 206.09, 204.93, 147.79, 135.41, 132.40, 130.34, 130.31, 129.51,
129.34, 129.03, 128.95, 128.92, 128.47, 128.40, 126.71, 126.61, 52.48, 51.98, 49.65, 48.88, 42.13,
40.47, 33.78, 24.05, 17.95 and 16.24. LC-MS: m/z = 340.42 [M + H]+; analysis calculated for
C21H25NO3. C, 74.31; H, 7.42; N, 4.13 and O, 14.14. Observed: C, 74.39; H, 7.40 and N, 4.10.
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2.1.2. (2S,3S)-3-(4-chlorophenyl)-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanal (FM2)

The compound FM2 was isolated as a clear, oily semisolid with 75% isolated yield in
30 h reaction time. The observed and calculated retardation factor value (Rf) was 0.35 in
n-hexane and ethyl acetate (4:1). The observed melting point was 173–175 ◦C. 1H NMR (In
deuterated chloroform with 400 MHz): 9.65 (s, 1H), 7.29–7.07 (m, 6H), 6.94 (d, J = 8.25 Hz,
2H), 4.94 (dd, J = 11.12, 13.27 Hz, 1H), 4.68 (dd, J = 3.65, 13.32 Hz, 1H), 3.84 (dd, J = 3.66,
11.13 Hz, 1H), 3.11 (d, J = 12.33 Hz, 1H), 2.93–2.81 (m, 1H), 2.75–2.64 (m, 1H), 1.27 (d,
J = 6.94 Hz, 6H) and 1.14 (s, 3H). 13C NMR (In deuterated chloroform with 100 MHz):
206.24, 205.51, 145.65, 145.00, 138.34, 136.98, 132.88, 132.54, 132.04, 131.11, 130.74, 129.86,
129.75, 129.34, 129.17, 129.12, 127.14, 126.85, 126.64, 53.51, 52.14, 49.35, 43.32, 41.31, 37.21,
33.24, 33.00, 24.24, 24.10, 20.17, 18.98, 17.23 and 15.35. LC-MS: m/z = 374.87 [M + H]+;
analysis calculated for C21H24ClNO3. C, 67.46; H, 6.47; Cl, 9.48; N, 3.75 and O, 12.84.
Observed: C, 67.53; H, 6.45 and N, 3.73.

2.1.3. (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-(p-tolyl)butanal (FM3)

The compound FM3 was isolated as a white powder with 88% isolated yield in 20 h
reaction time. The observed and calculated retardation factor value (Rf) was 0.38 in n-
hexane and ethyl acetate (4:1). The observed melting point was 135–137 ◦C. 1H NMR (in
deuterated chloroform with 400 MHz): 9.67 (s, 1H), 7.20–7.12 (m, 6H), 6.93 (d, J = 8.11 Hz,
2H), 4.92 (dd, J = 11.61, 12.93 Hz, 1H), 4.68 (dd, J = 3.81, 13.02 Hz, 1H), 3.84 (dd, J = 3.95,
11.53 Hz, 1H), 3.07 (d, J = 13.80 Hz, 1H), 2.95–2.84 (m, 1H), 2.77–2.63 (m, 1H), 2.35 (s, 3H),
1.24 (d, J = 6.92 Hz, 6H) and 1.07 (s, 3H). 13C NMR (In deuterated chloroform with 100 MHz):
206.17, 205.00, 147.69, 147.08, 138.14, 136.24, 132.98, 132.64, 132.24, 130.41, 130.34, 129.67,
129.62, 129.39, 129.21, 129.08, 126.68, 126.66, 126.59, 52.62, 52.15, 49.33, 48.56, 48.31, 42.02,
40.57, 36.35, 33.82, 33.80, 24.17, 24.07, 21.13, 17.77, 16.07 and 13.38. LC-MS: m/z = 354.45 [M
+ H]+; analysis calculated for C22H27NO3. C, 74.76; H, 7.70; N, 3.96 and O, 13.58. Observed:
C, 74.86; H, 7.68 and N, 3.93.

2.1.4. (2S,3S)-2-(4-isopropylbenzyl)-3-(4-methoxyphenyl)-2-methyl-4-nitrobutanal (FM4)

The compound FM4 was isolated as a white solid with 78% isolated yield in 24 h
reaction time. The observed and calculated retardation factor value (Rf) was 0.30 in n-
hexane and ethyl acetate (4:1). The observed melting point was 117–119 ◦C. 1H NMR (In
deuterated chloroform with 400 MHz): 9.64 (s, 1H), 7.34–7.15 (m, 6H), 6.91 (d, J = 8.21 Hz,
2H), 4.94 (dd, J = 11.04, 12.46 Hz, 1H), 4.72 (dd, J = 3.75, 12.52 Hz, 1H), 3.89 (dd, J = 3.75,
11.03 Hz, 1H), 3.85 (s, 3H), 3.10 (d, J = 11.14 Hz, 1H), 2.91–2.84 (m, 1H), 2.80–2.69 (m, 1H),
1.23 (d, J = 6.90 Hz, 6H) and 1.12 (s, 3H). 13C NMR (In deuterated chloroform with 100 MHz):
207.14, 206.04, 148.24, 147.54, 139.34, 136.52, 132.99, 132.75, 132.54, 131.87, 130.94, 129.85,
129.74, 129.64, 129.51, 129.38, 127.26, 126.99, 126.45, 58.52, 56.54, 50.34, 49.44, 48.47, 40.54,
40.14, 36.05, 33.52, 32.52, 25.52, 24.99, 21.51, 16.51, 16.15 and 11.41. LC-MS: m/z = 370.45 [M
+ H]+; analysis calculated for C22H27NO4. C, 71.52; H, 7.37; N, 3.79 and O, 17.32. Observed:
C, 71.63; H, 7.35 and N, 3.76.

2.1.5. (2S,3S)-2-(4-isopropylbenzyl)-3-(2-methoxyphenyl)-2-methyl-4-nitrobutanal (FM5)

The compound FM5 was isolated as a half white powder with 72% isolated yield in
28 h reaction time. The observed and calculated retardation factor value (Rf) was 0.34 in
n-hexane and ethyl acetate (4:1). The observed melting point was 129–131 ◦C. 1H NMR
(In deuterated chloroform with 400 MHz): 9.61 (s, 1H), 7.39–7.26 (m, 4H), 7.18–7.02 (m,
2H) 6.92 (d, J = 7.54 Hz, 2H), 4.91 (dd, J = 12.51, 13.40 Hz, 1H), 4.80 (dd, J = 3.94, 13.42 Hz,
1H), 3.96 (dd, J = 3.95, 12.53 Hz, 1H), 3.82 (s, 3H), 3.09 (d, J = 11.74 Hz, 1H), 2.90–2.81 (m,
1H), 2.75–2.63 (m, 1H), 1.22 (d, J = 6.91 Hz, 6H) and 1.09 (s, 3H). 13C NMR (In deuterated
chloroform with 100 MHz): 207.51, 206.31, 148.51, 147.30, 140.04, 138.50, 133.04, 132.92,
132.83, 132.64, 131.73, 130.54, 129.99, 129.90, 129.71, 129.58, 128.82, 127.52, 126.79, 57.30,
56.00, 52.74, 49.07, 48.37, 43.53, 41.43, 38.52, 32.89, 32.04, 24.16, 23.74, 20.43, 17.81, 16.63 and
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11.74. LC-MS: m/z = 370.45 [M + H]+; analysis calculated for C22H27NO4. C, 71.52; H, 7.37;
N, 3.79 and O, 17.32. Observed: C, 71.62; H, 7.35 and N, 3.77.

2.1.6. (2S,3S)-3-(furan-2-yl)-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanal (FM6)

The compound FM6 was isolated a as yellowish semisolid with 95% isolated yield in
20 h reaction time. The observed and calculated retardation factor value (Rf) was 0.35 in
n-hexane and ethyl acetate (4:1). The observed melting point was 161–163 ◦C. 1H NMR
(In deuterated chloroform with 400 MHz): 9.59 (s, 1H), 7.40 (dd, J = 4.59, 1.84 Hz, 1H),
7.14–7.10 (m, 2H), 7.01–6.93 (m, 2H), 6.34–6.32 (m, 1H), 6.24 (d, J = 2.65 Hz, 1H), 4.77 (dd,
J = 11.31, 12.87 Hz, 1H), 4.57 (dd, J = 3.54, 12.88 Hz, 1H), 3.96 (dd, J = 3.53, 11.26 Hz, 1H),
2.99–2.94 (m, 1H), 2.89–2.78 (m, 1H), 2.52 (d, J = 13.92 Hz, 1H), 1.21 (d, J = 6.91 Hz, 6H) and
1.13 (s, 3H). 13C NMR (In deuterated chloroform with 100 MHz): 205.14, 149.64, 147.87,
142.97, 130.40, 130.27, 126.65, 126.59, 110.54, 110.46, 75.32, 74.89, 52.09, 42.03, 41.52, 40.20,
33.73, 30.96, 23.94, 18.08 and 16.56. LC-MS: m/z = 330.39 [M + H]+; analysis calculated for
C19H23NO4. C, 69.28; H, 7.04; N, 4.25 and O, 19.43. Observed: C, 69.40; H, 7.02 and N, 4.22.

2.1.7. (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-phenylbutanoic Acid (FM7)

The compound FM7 was isolated as a yellowish solid with 94% isolated yield. The
observed and calculated retardation factor value (Rf) was 0.18 in n-hexane and ethyl acetate
(4:1). The observed melting point was 243–245 ◦C. 1H NMR (In deuterated chloroform with
400 MHz): 12.25 (s, 1H), 7.43–7.37 (m, 3H), 7.35–7.21 (m, 2H), 7.05 (d, J = 7.2 Hz, 2H), 6.95
(d, J = 6.7 Hz, 2H), 4.96 (dd, J = 4.6, 13.8 Hz, 1H), 4.74 (dd, J = 3.9, 13.8 Hz, 1H), 3.87 (dd,
J = 4.6, 3.9 Hz, 1H), 3.07 (d, J = 11.2 Hz, 1H), 2.94 (sept, J = 6.9 Hz, 1H), 2.54 (d, J = 11.2 Hz,
1H), 1.22 (d, J = 6.92 Hz, 6H) and 1.06 (s, 3H). 13C NMR (In deuterated chloroform with
100 MHz): 177.6, 145.4, 136.2, 132.1, 130.5, 130.0, 129.3, 129.2, 128.9, 128.4, 53.8, 48.4, 42.5,
35.1, 25.3, 15.1 and 14.9. LC-MS: m/z = 356.42 [M + H]+; analysis calculated for C21H25NO4.
C, 70.96; H, 7.09; N, 3.94 and O, 18.01. Observed: C, 71.07; H, 7.07 and N, 3.92.

2.1.8. (2S,3S)-3-(4-chlorophenyl)-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanal (FM8)

The compound FM8 was isolated as a half white solid with 95% isolated yield. The
observed and calculated retardation factor value (Rf) was 0.22 in n-hexane and ethyl acetate
(4:1). The observed melting point was 259–261 ◦C. 1H NMR (In deuterated chloroform with
400 MHz): 12.21 (s, 1H), 7.30 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 8.2, 2H), 7.04 (d, J = 6.7 Hz, 2H),
6.89 (d, J = 6.5 Hz, 2H), 4.94 (dd, J = 4.9, 13.4 Hz, 1H), 4.76 (dd, J = 5.9, 13.4 Hz, 1H), 3.83
(dd, J = 4.9, 5.9 Hz, 1H), 3.05 (d, J = 12.0 Hz, 1H), 2.95-2.87 (m, 1H), 2.57 (d, J = 11.9 Hz,
1H), 1.27 (d, J = 6.87 Hz, 6H) and 1.08 (s, 3H). 13C NMR (In deuterated chloroform with
100 MHz): 177.4, 146.1, 137.8, 134.3, 131.4, 130.8, 129.7, 128.2, 128.1, 53.4, 47.9, 41.7, 34.6,
23.7, 16.4 and 13.8. LC-MS: m/z = 390.87 [M + H]+; analysis calculated for C21H24ClNO4.
C, 64.69; H, 6.20; Cl, 9.09; N, 3.59 and O, 16.42. Observed: C, 64.78; H, 6.18 and N, 3.56.

2.1.9. (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-(p-tolyl)butanal (FM9)

The compound FM9 was isolated as a white solid with 90% isolated yield. The
observed and calculated retardation factor value (Rf) was 0.25 in n-hexane and ethyl acetate
(4:1). The observed melting point was 233–235 oC. 1H NMR (In deuterated chloroform with
400 MHz): 12.23 (s, 1H), 7.24 (d, J = 6.5 Hz, 2H), 7.11 (d, J = 6.5, 2H), 7.06 (d, J = 5.4 Hz, 2H),
6.81 (d, J = 5.5 Hz, 2H), 4.92 (dd, J = 3.7, 12.1 Hz, 1H), 4.77 (dd, J = 4.6, 12.1 Hz, 1H), 3.85
(dd, J = 3.7, 4.6 Hz, 1H), 3.08 (d, J = 11.3 Hz, 1H), 2.93–2.85 (m, 1H), 2.55 (d, J = 11.0 Hz, 1H),
2.31 (s, 3H), 1.24 (d, J = 6.96 Hz, 6H) and 1.05 (s, 3H). 13C NMR (In deuterated chloroform
with 100 MHz): 175.2, 144.6, 136.0, 135.4, 131.4, 131.8, 130.7, 130.4, 129.1, 128.7, 52.0, 44.8,
42.2, 32.7, 26.3, 24.1, 15.3 and 14.9. LC-MS: m/z = 370.45 [M + H]+; analysis calculated for
C22H27NO4. C, 71.52; H, 7.37; N, 3.79 and O, 17.32. Observed: C, 71.63; H, 7.35 and N, 3.76.
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2.1.10. (2S,3S)-2-(4-isopropylbenzyl)-3-(4-methoxyphenyl)-2-methyl-4-nitrobutanal (FM10)

The compound FM10 was isolated as a white solid with 93% isolated yield. The observed
and calculated retardation factor value (Rf) was 0.20 in n-hexane and ethyl acetate (4:1). The
observed melting point was 199–201 ◦C. 1H NMR (In deuterated chloroform with 400 MHz):
12.18 (s, 1H), 7.28 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.3, 2H), 7.09 (d, J = 5.7 Hz, 2H), 6.96 (d,
J = 5.8 Hz, 2H), 4.90 (dd, J = 5.2, 13.9 Hz, 1H), 4.82 (dd, J = 6.1, 13.9 Hz, 1H), 3.87 (s, 3H),
3.81 (dd, J = 5.0, 5.9 Hz, 1H), 3.07 (d, J = 11.3 Hz, 1H), 2.90 (sept, J = 6.7 Hz, 1H), 2.56 (d,
J = 12.4 Hz, 1H), 1.24 (d, J = 6.91 Hz, 6H) and 1.06 (s, 3H). 13C NMR (In deuterated chloroform
with 100 MHz): 175.3, 147.6, 140.1, 137.5, 132.6, 132.2, 129.2, 128.8, 128.6, 59.5, 51.0, 49.7, 40.0,
31.4, 21.0, 15.4 and 15.1. LC-MS: m/z = 386.45 [M + H]+; analysis calculated for C22H27NO5.
C, 68.55; H, 7.06; N, 3.63 and O, 20.75. Observed: C, 68.68; H, 7.04 and N, 3.61.

2.1.11. (2S,3S)-2-(4-isopropylbenzyl)-3-(2-methoxyphenyl)-2-methyl-4-nitrobutanal (FM11)

The compound FM11 was isolated as a white powder with 89% isolated yield. The
observed and calculated retardation factor value (Rf) was 0.19 in n-hexane and ethyl acetate
(4:1). The observed melting point was 211–213 ◦C. 1H NMR (In deuterated chloroform with
400 MHz): 12.15 (s, 1H), 7.37–7.28 (m, 3H), 7.16–7.04 (m, 3H), 6.87 (d, J = 7.1 Hz, 2H), 4.89
(dd, J = 3.8, 12.1 Hz, 1H), 4.87 (dd, J = 5.8, 11.9 Hz, 1H), 3.84 (dd, J = 3.8, 5.6 Hz, 1H), 3.77 (s,
3H), 3.00 (d, J = 11.0 Hz, 1H), 2.87-2.80 (m, 1H), 2.61 (d, J = 11.0 Hz, 1H), 1.26 (d, J = 6.93 Hz,
6H) and 1.08 (s, 3H). 13C NMR (In deuterated chloroform with 100 MHz): 178.2, 145.2,
143.5, 138.3, 133.4, 139.4, 129.0, 129.7, 128.6, 55.1, 50.6, 46.4, 42.4, 32.7, 24.2, 18.4 and 17.1.
LC-MS: m/z = 386.45 [M + H]+; analysis calculated for C22H27NO5. C, 68.55; H, 7.06; N,
3.63 and O, 20.75. Observed: C, 68.69; H, 7.04 and N, 3.60.

2.1.12. (2S,3S)-3-(furan-2-yl)-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanal (FM12)

The compound FM12 was isolated as a yellowish powder with 93% isolated yield. The
observed and calculated retardation factor value (Rf) was 0.23 in n-hexane and ethyl acetate
(4:1). The observed melting point was 251–253 ◦C. 1H NMR (In deuterated chloroform with
400 MHz): 12.26 (s, 1H), 7.45 (d, J = 1.9 Hz, 1H), 7.07 (d, J = 5.5 Hz, 1H), 6.91 (d, J = 5.5 Hz,
1H), 6.31 (dd, J = 1.9, 3.2 Hz, 1H), 6.22 (d, J = 3.2 Hz, 1H), 4.78 (dd, J = 11.1, 4.87 Hz, 1H), 4.61
(dd, J = 4.2, 12.6 Hz, 1H), 3.94 (dd, J = 3.9, 11.0 Hz, 1H), 2.98 (d, J = 12.9 Hz, 1H), 2.85–2.78
(m, 1H), 2.55 (d, J = 13.5 Hz, 1H), 1.21 (d, J = 6.6 Hz, 6H) and 1.17 (s, 3H). 13C NMR (In
deuterated chloroform with 100 MHz): 205.14, 149.64, 147.87, 142.97, 130.40, 130.27, 126.65,
126.59, 110.54, 110.46, 75.32, 74.89, 52.09, 42.03, 41.52, 40.20, 33.73, 30.96, 23.94, 18.08 and
16.56. LC-MS: m/z = 346.38 [M + H]+; analysis calculated for C19H23NO5. C, 66.07; H, 6.71;
N, 4.06 and O, 23.16. Observed: C, 66.21; H, 6.69 and N, 4.03.

2.2. Antioxidant Results

We tested the antioxidant activities of our compounds (FM1-12) using DPPH and ABTS
standard methods, and the potencies are summarized in Table 1. We compared our activities
with the standard gallic acid, which exhibited IC50 values of 09.02 and 03.23 µM against
DPPH and ABTS free radicals, respectively. From our results, it can be easily depicted that
the oxidized compounds (FM7-12) were comparatively potent antioxidants compared to
their aldehydic derivatives (FM1-6). In aldehydic derivatives, FM3 and FM4 were found to
be potent in both DPPH and ABTS assays. Similarly, in the oxidized form of compounds
(FM7-12), compounds FM10 and FM12 were found with potent IC50 values. The observed
IC50 values for compounds FM10 and FM12 were 08.36 and 15.30 µM in DPPH and 08.90 and
17.22 µM in ABTS assay, respectively. In comparison, the standard gallic acid exhibited IC50
values of 09.02 and 03.23 µM against DPPH and ABTS free radicals.
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Table 1. ABTS and DPPH free radicals scavenging results of compounds FM1-FM12.

Samples DPPH IC50 (µM) ABTS IC50 (µM)

FM1 54.35 62.91
FM2 55.36 42.03
FM3 15.08 11.47
FM4 21.08 25.78
FM5 183.73 190.57
FM6 49.70 37.67
FM7 22.54 24.65
FM8 23.50 17.51
FM9 17.02 18.20

FM10 08.36 08.90
FM11 53.32 46.32
FM12 15.30 17.22

Gallic acid 09.02 03.23

2.3. Cyclo and Lipoxygenase Results

The results of in vitro cyclooxygenase and lipoxygenase enzymes’ inhibitions obtained
from our synthesized compounds (FM1-FM12) are summarized in Table 2. Our compounds
were comparatively potent inhibitors of COX-2 enzymes compared to COX-1. In COX-2
results, we observed that the compound FM4 and its corresponding carboxylic acid (FM10)
were comparatively more potent, giving IC50 values of 0.74 and 0.69 µM, respectively. Both
of these compounds have the para-methoxy substitution patterns, which probably have
an effect in these specific enzymes’ inhibitions. Similarly, the compound with carboxylic
acid and furyl moieties (FM12) was the most potent, giving an IC50 value of 0.18 µM. On
the other hand, the observed results of COX-1 were in a different pattern from that of the
COX-2. In comparison, the standard celecoxib exhibited IC50 values of 0.042 and 10.87 µM
against the COX-2 and -1 enzymes. The calculated selectivity index (SI) was highest for
compounds FM4 (42.8), FM10 (62.7) and FM12 (277.1). Though the potency was slightly
lower than in standard drugs, however, the SI of our potent compound FM12 (SI 277.1)
was higher than that of standard celecoxib (SI 258.8). A comparatively high SI value shows
that the compound would be a good choice specifically in cases of gastric ulcers. The
lipoxygenase pathway was also assessed with the available enzyme, and the potencies of
our compounds were compared with the zileuton standard drug. Overall, all of our tested
compounds were potent inhibitors of 5-lipoxygenase, as can be depicted from the IC50
values in Table 2. In 5-LOX assay, five of our compounds were found to be most potent
giving IC50 values less than one. Compounds FM2, FM4, FM7, FM8 and FM12 gave IC50
values of 0.64, 0.98, 0.73, 0.87 and 0.43 µM, respectively. The standard zileuton IC50 value
was 0.50 µM against 5-LOX.

2.4. In Vivo Results

Based on the in vitro results, we selected three of our compounds FM4, FM10 and
FM12 for the in vivo studies. In the acute toxicity studies of selected compounds, we only
observed very mild seizures and disturbances in breath (temporary) at the highest dose
(2000 mg/kg) of compound FM4. So, based on this very mild toxicity effect, we excluded
the compound FM4 from in vivo experiments. The other two compounds FM10 and 12
were found safe even at the maximum dosage. In these two compounds, we observed no
behavioral changes in experimental albino mice. A dose of 2000 mg/kg of the compounds
was declared safe for animals use. The details of acute toxicity results are summarized in
Table 3. According to the organization for economic cooperation and development (OECD)
guidelines for the oral acute toxicity, an LD50 dose of the >300–2000 was categorized as
category 4, and hence the drug was established to be safe.
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Table 2. COX-2/1 and 5-LOX inhibitory potentials of the synthesized compounds (FM1-12).

Samples
IC50 (µM) ± SEM

SI
5LOX

IC50 (µM) ± SEMCOX-2 COX-1

FM1 1.21 ± 0.03 14.76 ± 1.19 12.2 1.81 ± 0.11
FM2 2.51 ± 0.24 38.04 ± 1.65 15.1 0.64 ± 0.01
FM3 3.53 ± 0.18 12.79 ± 1.08 3.6 9.69 ± 0.99
FM4 0.74 ± 0.03 31.70 ± 1.37 42.8 0.98 ± 0.12
FM5 8.15 ± 0.98 58.37 ± 2.08 7.2 16.33 ± 1.02
FM6 4.72 ± 0.08 54.78 ± 1.95 11.6 6.17 ± 0.23
FM7 1.09 ± 0.01 25.31 ± 1.22 23.2 0.73 ± 0.05
FM8 1.99 ± 0.04 61.22 ± 1.84 30.8 0.87 ± 0.08
FM9 8.31 ± 1.01 50.07 ± 1.33 6.0 2.36 ± 0.33

FM10 0.69 ± 0.05 43.29 ± 1.16 62.7 1.77 ± 0.14
FM11 4.25 ± 0.21 35.02 ± 2.13 8.2 11.01 ± 1.14
FM12 0.18 ± 0.01 49.89 ± 1.91 277.1 0.43 ± 0.02

Celecoxib 0.042 ± 0.001 10.87 ± 1.15 258.8 - - - - - -
Zileuton - - - - - - - - - - - - - - - - - - 0.50 ± 0.02

Table 3. Group of animals and drug quantities given for acute toxicity studies with various synthe-
sized compounds.

Groups Animals (Male/Female) Compounds (FM4, FM10, FM12) mg/kg Body Weight

1 5 25
2 5 50
3 5 100
4 5 200
5 5 300
6 5 400
7 5 500
8 5 1000
9 5 2000

2.5. Carrageenan-Induced Inflammation Results

Based on the acute toxicity studies, we extended compound FM10 and FM12 for
in vivo experiments. The carrageenan activity results on concentrations of 25, 50 and
75 mg/kg of the compounds and respective control groups are presented in Figure 1.
Overall, our compounds have shown excellent anti-inflammatory activities in this assay.
The observed and recorded activity of compound FM10 was 54.54% at the first hour and
remained in observations till the fourth hour. At the fourth hour, the activity was 64.92% at
a concentration of 75 mg/kg. The activity profile of our compound was compared with
the standard aspirin. The aspirin’s activity was 52.77% at the first hour and 61.43% at the
fourth hour of observations. Similarly, the compound FM12 activity was 51.71 and 59.55%
at the first and fourth hours, respectively.

2.6. Acetic Acid Induced Analgesic Results

A dose dependent analgesic activity profile was observed in the acetic acid induction
writhing assay of analgesia. The analgesic potential was indomitable using the acetic acid
induction writhing method, which displayed significant potential. Both tested samples
were active on the doses of 25, 50 and 75 mg/kg b.wt. The tested compounds FM10 and
FM12 at the highest doses (75 mg/kg) showed the highest activity when compared to
the standard drug (acetyl salicylic acid) (Figure 2c). The standard drug (10 mg/kg) mean
inhibition of writhes was 73.01%. FM10 exhibited a mean inhibition of 85.52% at a high
dose (75 mg/kg). Likewise, the compound FM12 also showed a good inhibition (79.10%)
at the same dose, which displayed the highest peripheral analgesic potential. The outcome
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also pointed out that compounds at a low dose, i.e., 25 as well as 50 mg/kg b.wt, also had
moderate to good peripheral analgesic potential, which is displayed in Figure 2a,b.
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Figure 1. Results of carrageenan assays of compounds FM10 and 12 at concentrations 25 (a), 50 (b) 
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Figure 2. Acetic acid induced test result at different doses of compounds FM10 and 12. (a) 25 mg/kg,
(b) 50 mg/kg and (c) 75 mg/kg.

2.7. Results of Formalin In Vivo Assay

The formalin (2%) intraplantar (i.p) induction to animals induces a classical biphasic
licking response. The time for licking in early phase was 0 to 5 min, which was noted as
57.21 ± 0.42s, and for the late phase (15 to 30 min) it was recorded as 78.07 ± 0.43 s in the
control tested group. The pre-treatment of tested compounds at different doses (i.e., 25, 50,
75 mg/kg i.p.) was checked. The compound FM10 displayed outstanding activity, was
significant next to the licking test in both stages, and had an obvious decrease of 87.59% and
76.41% inhibition in the early as well as late phase, as displayed in the Table 4. Likewise,
the morphine (5 mg/kg, i.p.) injection exhibited clear action in the decrease of both phases
of neurogenic pain (88.64% and 93.81%). So, our tested sample, especially compound FM10,
was close to the standard drug at phase I. Likewise, compound FM12 in phase I displayed
58.62, 72.78 and 83.54% inhibitions, whilst in phase II it showed 46.94, 60.86 and 72.02%
inhibition at various doses such as 25, 50 and 75 mg/kg, correspondingly. Morphine plus
naloxone displayed 10.29% potential in the early phase, and in the late phase it exhibited
14.79% activity. The indomethacin with naloxone displayed 10.29% activity in the early
phase and 14.79% in the late phase.
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Table 4. The effects of selected compounds on formalin test.

Samples
Names

Dose in
mg/kg Body

Weight

Time Spent (Licking)

0–5 (min.) Percent (%)
Inhibition 15–30 (min.) Percent (%)

Inhibition

Negative
control - 57.21 ± 0.42 - 78.07 ± 0.43 -

FM10
25 18.10 ± 0.59 68.37 *** 37.78 ± 0.73 51.61 ***
50 12.31 ± 0.47 78.49 *** 25.92 ± 0.98 66.80 ***
75 7.10 ± 0.92 87.59 *** 18.42 ± 0.56 76.41 ***

FM12
25 23.68 ± 0.68 58.62 *** 41.43 ± 0.92 46.94 ***
50 15.58 ± 0.48 72.78 *** 30.56 ± 0.65 60.86 ***
75 09.42 ± 0.57 83.54 *** 21.85 ± 0.87 72.02 ***

Morphine 5 6.50 ± 0.78 88.64 *** 4.83 ± 0.62 93.81 ***
Morphine +
Nalaxone 5 + 02 51.32 ± 0.33 10.29 ** 66.52 ± 0.40 14.79 ***

Indomethacin
+ Nalaxone 10 + 02 34.00 ± 0.20 40.57 *** 20.00 ± 0.74 74.38 ***

Data are shown as the mean ± S.E.M; values are significantly variant compared to the control group, and all the
data were analyzed via ANOVA followed by Dunnett’s test; n = 5, **: p < 0.01, ***: p < 0.001.

2.8. Hotplate Analgesic Results

The results of the analgesic potential of the compounds on the hotplate method are
summed up in Table 5. The FM10 was yet again found to display a significant increase
in latency time contrast to the standard control (morphine). Primarily, at 15 min, the
reaction time means of all three doses of FM10 were noted as 8.50 ± 0.64, 10.78 ± 0.32
and 13.52 ± 0.65 correspondingly at the doses of 25, 50 and 75 mg/kg b.wt. After sixty
(60) minutes, the mean reaction time of the three (3) doses was noted as 6.66 ± 0.33,
8.74 ± 0.46 and 10.36 ± 0.54 min, correspondingly. The initial time reaction at 15 min for
the morphine (standard drug) at 5 mg/kg was eminent as 12.88 ±0.26 min, and at 60 min it
was noted as 11.22 ± 0.45 min. Likewise, at 15 min, the mean reaction times for compound
FM12 were noted as 7.50 ± 0.64, 9.42 ± 0.74 and 12.44 ± 0.62 min at 25, 50 and 75 mg/kg.
Similarly, at 60 min, the reaction times for FM12 were calculated as 6.45 ± 0.74, 7.39 ± 0.67
and 9.36 ±0.54 min on the similar tested doses.

Table 5. Results of analgesic activity following hot plate model.

Samples Dose mg/kg
Reaction Time on Hot Plate in (min)

15 30 45 60

-ve control - 3.91 ± 0.52 4.95 ± 0.39 3.35 ± 0.59 1.73 ± 0.44

FM10
25 8.50 ± 0.64 *** 8.83 ± 0.64 *** 7.52 ± 0.76 *** 6.66 ± 0.33 ***
50 10.78 ± 0.32 *** 9.26 ± 0.43 *** 9.10 ± 0.57 *** 8.74 ± 0.46 ***
75 13.52 ± 0.65 *** 12.23 ± 0.44 *** 11.54 ± 0.64 *** 10.36 ± 0.54 ***

FM12
25 7.50 ± 0.64 *** 8.36 ± 0.49 *** 7.27 ± 0.48 *** 6.45 ± 0.74 ***
50 9.42 ± 0.74 *** 8.52 ± 0.45 *** 8.26 ± 0.47 *** 7.39 ± 0.67 ***
75 12.44 ± 0.62 *** 11.51 ± 0.62 *** 9.54 ± 0.75 *** 9.36 ± 0.54 ***

Morphine 5 12.88 ± 0.26 *** 12.31 ± 0.62 *** 11.86 ± 0.87 *** 11.22 ± 0.45 ***

The values are existing as the mean ± SEM (n = 5). The asterisks display significance level in comparison with
negative control: data were analyzed via Dunnett’s test; *** p < 0.001.

2.9. Molecular Docking Studies

In compound FM4, NO2 and OCH3 moieties form conventional H-bonds with Arg120,
Tyr355 and Arg513, while the aromatic ring of anisole forms a π–lone pair interaction with
Tyr355 and π–alkyl interaction with Val523 and Ala527. The aromatic part of Cumene
shows an amide π-stacked interaction with Gly526 and π–alkyl interaction with Val523
and Ala527, while aliphatic moiety shows a π–alkyl interaction with Phe381, Tyr385 and
Trp387 (Figure 3A). In compound FM12, NO2 and carboxylic acid part form four H-bonds
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with Arg120, Tyr355 and Val523. The aromatic cumene ring shows a π–sigma and π–alkyl
interaction with Ser353 and Val523, respectively, while furan moiety displays π–alkyl
interaction with Val349 and Leu531. The compound also exhibits a π–alkyl interaction
with His90, Tyr355 and Phe518 (Figure 3B). In compound FM-10, carboxylic acid moiety
forms two conventional hydrogen bonds with Arg120, while methoxy moiety attached
with an aromatic ring also shows a conventional hydrogen bond interaction with Tyr385.
One of the aromatic rings shows a π–sigma interaction with Ser353, and FM-12 also shows
π–alkyl interactions with His90, Leu352, Ser353, Tyr355, Phe518, Val349, Val523 and Ala527
(Figure 3C).
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Figure 3. Two-dimensional interaction plots of (A) FM4, (B) FM12 and (C) FM-10 in active site of
COX-2 (PDB ID = 1CX2).

Compound FM2 shows a halogen interaction with Ile406 and Asn407 via chlorine
moiety, while the aromatic ring of chlorobenzene shows a π–π T-shaped interaction with
His372. NO2 moiety form a conventional H-bond with His367, while FM2 also displays
π–alkyl interactions with Phe359, Leu368, His372, Ala410, Trp599 and His600 (Figure 4A).
In compound FM12, NO2 and carboxylic acid form H-bond interactions with Lys296 and
His432; furan and a six membered aromatic ring show π–π stacked and π–π T-shaped inter-
action with His432 and Trp599, respectively; while FM12 also shows π–π alkyl interactions
with Leu414, His432, Trp599 and His600 (Figure 4B).
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Figure 4. Two-dimensional interaction plots of (A) FM2 and (B) FM12 in active site of 5-LOX
(PDB ID = 6N2W).

In compound FM-6, the furan moiety shows a π–sulfur interaction with Met61 and
a π–alkyl interaction with Val218. NO2 moiety forms a metal acceptor bond with CU301,
while FM-6 also expresses a π–alkyl interaction with Pro201, His208 and Arg209 (Figure 5A).
In compound FM-7, the NO2 and carbonyl moiety of carboxylic acid form conventional
hydrogen bonds with Lys296 and His432, respectively. The benzene ring shows a π–π
stacked interaction with His432 and a π–alkyl interaction with Leu414 (Figure 5B). The
chlorine moiety of FM-8 forms a metal acceptor bond with Cu301, and the aromatic ring of
chlorobenzene forms a π–π T-shaped and π–π stacked interaction with His60 and His208,
respectively. The compound also shows a π–alkyl interaction with His42, Val218 and
Phe227 (Figure 5C).
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3. Discussion

The Michael addition is a powerful tool for synthesizing organic compounds having
diverse chemical features [26,32]. The reaction combines a Michael donor and acceptor
through C–C bond formation. A variety of Michael donors and acceptors has been studied to
synthesized valuable molecules [37]. Enolizable aldehydes, ketones, ketoesters, cyanos and
other nucleophilic substance are used as donor molecules. Similarly, nitroolefins, maleimides,
vinyl sulfone and other α,β-unsaturated molecules with electron withdrawing groups are
used as acceptors [38]. So, by changing any new Michael acceptor or donor, we can synthesize
the new compounds. In this research, we reacted 3-(4-isopropylphenyl)-2-methylpropanal
with different nitro-olefins to synthesize new compounds. Further, based on the literature,
we noticed that the aldehydes are not stable drugs [39]. Therefore, we further oxidized our
compounds by converting them into their corresponding carboxylic acids. The literature
survey showed that the carboxylic acid-type drugs are potent inhibitors of COX and LOX
pathways [9]. The first commercially available drug, aspirin, also has a carboxylic acid
functional group.

The cyclooxygenase and lipoxygenase pathways are mainly involved in the inflam-
mation and its associated pain [9,15]. The inhibitors of COX and LOX break up the
prostaglandins and leukotrienes production [40]. The prostaglandins and leukotrienes are
responsible for inflammation. Therefore, the dual inhibitions of COX and LOX pathways
stop inflammation. Among the cyclooxygenases (i.e., COX-1 and COX-2), the selector
inhibitors of COX-2 have the advantage of protecting stomach ulceration [41,42]. Therefore,
COX-2 selectivity is very important for anti-inflammatory drugs. During our in vitro exper-
iments, we observed that our compounds are selective inhibitors of COX-2. Specifically, by
considering our two potent compounds FM10 and FM12, we observed COX-2 selectivity
indexes of 62.7 and 277, respectively. In this experiment, the COX-2 selectivity of commer-
cially available standard drug celecoxib was 258.8. In the in vivo experiments, we observed
that the carboxylic acid derivatives are comparatively more stable. The unwanted effect
associated with aldehydic derivatives might be due to the unstable nature of aldehyde. The
aldehyde serves as a pro-drug. Based on our experimental findings, we can claim that we
have synthesized new (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-phenylbutanals.
Furthermore, we have modified all of our compounds into their respective carboxylic acids
for enhance analgesic and anti-inflammatory potentials.

4. Materials and Methods
4.1. Equipments

The JEOL ECX 400 NMR spectrometer was used. The NMR operated at 400 MHz for
proton NMR and 100 MHz for the carbon NMR. The LC-MS used was Agilent Technolo-
gies 1200 series (high performance liquid chromatography comprising of a G1315 diode
array detector) and ion trap LC-MS G2445D SL. The elemental analyses were conducted
with Elemental Vario EI III CHN analyzer. The melting points were determined with
Gallenkamp 434.

4.2. Synthesis of (2S,3S)-3-aryl-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanals (FM 1–6)

In a small reaction vessel was added 3-(4-isopropylphenyl)-2-methylpropanal
(2.0 mmol, 0.4 µL) in dichloromethane (1 M, 1 mL). To this solution was added further
catalytic amounts of O-tertbutyl-L-threonine (0.1 mmol, 17.5 mg) and potassium hydrox-
ide (0.1 mmol, 5.61 mg). The amino acid with KOH was stirred with the aldehyde for
2 to 3 min before adding the Michael acceptor to produce the nucleophilic enamine. After-
wards, the respective Michael acceptor (nitroolefinic compounds in 1.0 mmol) was further
added with continued mixing at room temperature. The limiting reagent of the reaction
(Michael acceptor) was checked by TLC analysis, and the reaction progress was attributed
with the consumption of limiting reagent. At complete conversion (20–30 h), the reaction
mixture was quenched with the aqueous portion (10 mL). The organic layer was diluted
with dichloromethane (10 mL). The organic layer was separated by a separating funnel.
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The procedure was repeated three times, and the dichloromethane layers (3 × 10 mL)
were combined. Afterwards, anhydrous sodium sulfate was added to it to absorb any
moisture. The sodium sulfate was then removed by filtration. The filtrate was washed
with dichloromethane to obtain the crude product. The product was concentrated and
purified by column chromatography. The structure of compound was confirmed with
spectral analysis [26].

4.3. Synthesis of (2S,3S)-3-aryl-2-(4-isopropylbenzyl)-2-methyl-4-nitrobutanoic Acids (FM 7–12)

Each of the compounds synthesized in the previous step in one equivalent ratio was
diluted in 10 mL DMF-anhydrous and to it was added potassium peroxy-mono-sulfate. The
reaction was mixed at 25 ◦C. When the reaction was completed (3 h), 1 M of hydrochloric
acid (HCl) was added to stop it. After workup of the reaction with hydrochloric acid,
sodium sulfate anhydrous was added and was filtered. Then, the filtrate was washed out
with organic solvent to obtain the crude product [9]. The final product was purified by
column chromatography, and the structure was confirmed.

4.4. DPPH Free Radical Scavenging Assay

The protocol of Brand-Williams et al. was used for the DPPH assay with some modifica-
tions [43]. DPPH (4 mg) was dissolved in methanol (100 mL) to obtain a mixture of 0.01 mM
1,1-diphenyl,2-picrylhydrazyl (DPPH). The stock solution of the various synthesized com-
pounds was prepared in methanol with 1 mg/mL concentration. This stock solution was
used to prepare different concentrations of test samples ranging within 1000–62.5 µg/mL.
The 0.1 mL of each concentration (1000–62.5 µg/mL) was combined with the DPPH (3 mL)
solution in methanol. The solution was kept at 23 ◦C for 15 min incubation, followed by
the absorbance measurement deliberated at 517 nm. Gallic acid was used as a standard
drug in this assay. The percentage DPPH radical scavenging potential was measured via
the formula [44]:

% radical scavenging potential =
CAbs. − SAbs.

CAbs.
× 100

where CAbs. is the absorbance of the control, and SAbs is the absorbance of test sam-
ples/standard.

4.5. ABTS Free Radical Scavenging Assay

The total antioxidant activity of test compound (HBH) was estimated using the 2,
2-azinobis [3-ethylbenzthiazoline]-6-sulfonic acid (ABTS). The 100 mL of ABTS solution
(7 mM) was added to 100 mL of potassium persulfate (K2S2O4, 2.45 mM) solution, mixed,
and kept in the dark for 12 h to generate free radicals. This activated, pre-generated ABTS
solution was mixed with different concentrations of the various synthesized compounds
(1000–62.5 µg/mL), followed by a suitable dilution with 50% methanol to produce an
absorbance of 0.7 at 745 nm. Gallic acid at 2 mg/2 mL of water was used as a standard drug.
Likewise, for the test sample, different concentrations (1000–62.5 µg/mL) of the standard
drug were made for absorbance measurements at the same wavelength. The 300 µL of each
test solution was added to 3 mL of ABTS solution to measure the absorbance at 745 nm
through a UV-visible spectrophotometer. A similar volume of each standard solution was
taken to determine the absorbance at the same wavelength. The ABTS percent scavenging
potential was calculated via the above formula [45].

4.6. Cyclooxygenase (COX-1/2) Assay

The COX-1 and 2 enzymes’ inhibitions assays on the synthesized compounds were
carried out as per the standard reported method [46]. Initially, the respective enzyme
solution was prepared in a concentration of 300 units/mL. The enzyme activation was
started with keeping 10 µL of enzyme solution in the cold for up to 10 min. To this enzyme
solution was added the substrate solution in HCl (0.1 M Trish buffer with pH of 8.0).
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The co-factor 50 µL solution contained TMPD (N,N,N,N-tetramethyl-p-phenylenediamine
dihydrochloride, 0.24 mM), hematin (1 mM) and glutathione (0.9 mM). Afterwards, the
solutions from synthesized compounds (20 µL in concentration ranging from 31.25 to
1000 µg/mL) and the respective enzyme solution (60 µL) were kept at room temperature
for five minutes. The reaction was initiated by adding arachidonic acid (20 µL, 30 mM). The
overall solution was incubated for five minutes. Afterwards, the absorbance was recorded
on a UV-visible instrument at 570 nm. From the absorbance value of every sample, the
percentage inhibition was calculated as per the standard method [47].

4.7. 5-Lipoxygenase (5-LOX) Assay

The lipoxygenase inhibition assay on the synthesized compounds was carried out
as per the standard reported method [48]. Solutions from synthesized compounds were
prepared in concentrations ranging from 31.25 to 1000 µg/mL. The 5-LOX enzyme solution
was also prepared at a strength of 10,000 units/mL. The linoleic acid (80 mM) was employed
as a substrate in lipoxygenase assay. The buffer (phosphate) was also prepared for the assay
having 50 mM strength and a pH of 6.3. The samples of synthesized compounds (250 µL),
phosphate buffer (250 µL) and mixture of the enzyme were mixed and incubated for five
minutes. Afterwards, the solution of the substrate (0.6 mM, 1000 µL) was mixed with
lipoxygenase enzyme mixture with shaking. The absorbance was recorded on a UV-visible
instrument at 234 nm. The zileuton was used a control drug in lipoxygenase assay. The
percent inhibition was calculated as per the standard method.

4.8. Molecular Docking Studies

The molecular docking studies were performed using the MOE software [49–51].
Docking studies on the COX-2, 5-LOX and DPPH were carried out to assess binding
orientation and ligand–enzyme interactions [9]. All the synthesized compounds were
docked into active sites of DPPH, COX-2 and 5-LOX. Protein Data Bank accession codes
5I38, 1CX2 and 6N2W were used to explore crystal structures of DPPH, COX-2 and 5-LOX in
complex with Kojic acid, SC-558 and NDGA, respectively. We evaluated docking reliability
by re-docking native ligands prior to determining the docking poses of novel compounds.
The computed RMSD values (<2.0 Å) were within acceptable ranges.

4.9. In Vivo Studies
4.9.1. Experimental Animals

Swiss albino mice of both sexes with an average weight of 30 to 35 g were obtained
from the respective section of NIH (National Institute of Health) Islamabad, Pakistan.
Written approval was obtained from the Departmental Ethical Committee (No. DREC/20).
The animals were reserved in an animal house with the approval of the ethical committee.
Throughout the experiments, standard ethical guidelines were followed [52].

4.9.2. Acute Toxicity

Before testing our selected compounds for in vivo experiments, we performed the
toxicity test as per the protocol [53]. Four groups of animals were labelled, with eight
animals in each group. The control group was given normal saline, while other groups
were given different concentrations of the selected compounds. As per the standard
protocols, the animals’ behaviors were observed for allergic reactions and mortalities.

4.9.3. Carrageenan-Induced Inflammation

After the acute toxicity studies, the carrageenan-induced inflammation assay was
performed on the compounds having a safety profile within limit. Forty (40) albino mice
of both sexes were alienated into five different groups, with eight mice in each group.
Group I was tagged as the negative control group and was administered dimethylsulfoxide
(10 mL/kg, 10% v/v) and phosphate buffer (150 µL). Group II was tagged as the stan-
dard/positive control group and received a dose of aspirin (100 mg/kg in 0.9% normal
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saline). The remaining groups (III, IV and V) were tagged as experimental groups and
received synthesized compounds (25, 50 and 100 mg/kg in DMSO) and Tween-80 in normal
saline. After half an hour, carrageenan suspension (0.05 mL, 1% w/v in saline) was injected
into the animals. After the injection of the irritant/carrageenan, the inflammation in the
paws was measured by a plethysmometer in intervals (1 to 5 h). The inflammation in the
paws of animals in different groups was compared with that of the vehicle, and the percent
anti-inflammatory activities were recorded as per the standard method [54].

4.9.4. Acetic Acid Induced Writhing Test

The acetic induced analgesic assay on the compounds FM10 and FM12 was performed
to determine the role of the peripheral pathway. The albino mice of both sexes were divided
into two groups. Compounds FM10 and FM12 were administered to both the groups
in doses of 25 and 50 mg/kg. After 1 h, acetic acid was injected intraperitoneally in the
strength of 10 mL/kg. The negative control was Tween 80 1% solution in the strength
of 10 mL/kg. The positive control was diclofenac sodium in the strength of 50 mg/kg
intraperitoneally. The activities in animals were determined from the number of stretchings
and writings [53].

4.9.5. Formalin-Induced Paw-Licking Test

In this assay, the mice were tagged, and compounds FM10 and FM12 were given in
concentrations of 25 and 50 mg/kg. Formalin (20 µL, 2.5%) was injected into the animals
after 30 min of the compounds. The early phase was initially five minutes, while the late
phase was 15-30 min. In both the phases, the mice were under observation for licking. As
per the protocols, naloxone (2 mg/kg), indomethacin (10 mg/kg) and morphine (5 mg/kg)
were used [28].

4.9.6. Hot Plate Test

The selected compounds (FM10 and FM12) were also tested for anti-nociceptive
potentials using a hot plate apparatus. Briefly, test compounds at concentrations of 25 and
50 mg/kg were administered 30 min before observation to the animals and were placed
on the surface of hot plate analgesia meter, which was maintained at a temperature of
55 ± 0.2 ◦C. The response latency, which is a measure of the time taken by animals after
the placement of animals on a plate and the licking of paws or jumping, were observed.
Morphine (5 mg/kg) was used as a positive. Observations were made after 30, 60 and
90 min of drugs administration [28].

5. Conclusions

From our current results, it can be concluded that (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-
nitro-3-phenylbutanals (FM1-6) and their corresponding carboxylic acids (FM7-12) are potential
compounds to treat analgesia and inflammation. All of our synthesized compounds (FM1-12)
are new and were synthesized for the first time. All the compounds are equally potent
against the tested in vitro COX-1, COX-2 and 5-LOX targets. The observed IC50 values of
our most potent compound FM12 were 0.18, 49.89 and 0.43 µM against COX-1, COX-2 and
5-LOX enzymes. In comparison, the standard celecoxib exhibited IC50 values of 0.042 and
10.87 µM (against COX-1 and 2 enzymes), while zileuton gave 0.50 µM against the 5-LOX
enzyme. The free radicals within the body can complicate inflammation and the associated
pain. Therefore, as a supplementary target, the compounds have also been tested for the
in vitro antioxidant assays. We observed that (2S,3S)-2-(4-isopropylbenzyl)-2-methyl-4-nitro-3-
phenylbutanoic acids (FM7-12) were comparatively safer in experimental animals. So, based
on these observations, we extended potential compounds FM10 and FM12 to in vivo studies
of analgesia and inflammation. The selected compounds showed a very excellent activity
profile in the tested in vivo experiments. We also performed the molecular docking studies
of the selected compounds with the target proteins of the respective enzymes. The binding
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energies showed that our designed compounds are suitable for the COX and LOX targets and
can inhibit both of them to treat analgesia and inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134068/s1. The supporting information contains a
section on chemicals and drugs. Moreover, the following representative spectra of the compounds
are provided. Figure S1: 1H NMR spectrum of compound FM1. Figure S2: 13C NMR spectrum of
compound FM1. Figure S3: 1H NMR spectrum of compound FM3. Figure S4: 13C NMR spectrum of
compound FM3. Figure S5: 1H NMR spectrum of compound FM6. Figure S6: 13C NMR spectrum of
compound FM6. Figure S7: 1H NMR spectrum of compound FM12.
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Abstract: Hydrogen sulfide (H2S), a gaseous signaling molecule, is associated with the development
of various malignancies via modulating various cellular signaling cascades. Published research
has established the fact that inhibition of endogenous H2S production or exposure of H2S donors is
an effective approach against cancer progression. However, the effect of pharmacological inhibition of
endogenous H2S-producing enzymes (cystathionine-γ-lyase (CSE), cystathionine-β-synthase (CBS),
and 3-mercaptopyruvate sulfurtransferase (3-MPST)) on the growth of breast cancer (BC) remains
unknown. In the present study, DL-propargylglycine (PAG, inhibitor of CSE), aminooxyacetic acid
(AOAA, inhibitor of CBS), and L-aspartic acid (L-Asp, inhibitor of 3-MPST) were used to determine
the role of endogenous H2S in the growth of BC by in vitro and in vivo experiments. An in silico
study was also performed to confirm the results. Corresponding to each enzyme in separate groups,
we treated BC cells (MCF-7 and MDA-MB-231) with 10 mM of PAG, AOAA, and L-Asp for 24 h.
Findings reveal that the combined dose (PAG + AOAA + L-Asp) group showed exclusive inhibitory
effects on BC cells’ viability, proliferation, migration, and invasion compared to the control group.
Further, treated cells exhibited increased apoptosis and a reduced level of phospho (p)-extracellular
signal-regulated protein kinases such as p-AKT, p-PI3K, and p-mTOR. Moreover, the combined group
exhibited potent inhibitory effects on the growth of BC xenograft tumors in nude mice, without
obvious toxicity. The molecular docking results were consistent with the wet lab experiments and
enhanced the reliability of the drugs. In conclusion, our results demonstrate that the inhibition of
endogenous H2S production can significantly inhibit the growth of human breast cancer cells via the
AKT/PI3K/mTOR pathway and suggest that endogenous H2S may act as a promising therapeutic
target in human BC cells. Our study also empowers the rationale to design novel H2S-based anti-
tumor drugs to cure BC.

Keywords: endogenous hydrogen sulfide; breast cancer; apoptosis; signaling pathway; tumor growth
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1. Introduction

Breast cancer (BC) is a prevalent and growing concern of malignancy in women
worldwide [1]. According to recent reports, approximately 2.3 million individuals are
diagnosed with BC each year, with an annual mortality rate of around 450,000 [2,3]. Leading
associated risk factors of BC include age, the aggravate prevalence of genetic mutations
in predisposition genes (BRCA1 and BRCA2), lifestyle base-modified (non-genetic) risk
factors, nulliparity, early menarche, first pregnancy in women older than 30 years of age,
older age onset of menopause, usage of oral contraceptives, and personal or familial history
of BC and other clinical complaints [4–6].

Hydrogen sulfide (H2S), together with nitric oxide (NO) and carbon monoxide (CO),
is involved in modulating multiple physiological and pathological processes. It has been
widely regarded as an endogenous gasotransmitter molecule [7]. Under normal phys-
iological conditions, three enzymes that are widely expressed in mammalian tissues
and cells—namely cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), and 3-
mercaptopyruvate sulfurtransferase (3-MST)—produce H2S [8]. H2S exhibits a pleiotropic
and often dose-dependent effect after being released in the form of acid-labile sulfur and
bound sulfane sulfur [9]. It has been well established that H2S is involved in mediating
essential cellular mechanisms and plays a crucial role in the regulation of many physio-
logical conditions, including energy production, neuroprotection, vasorelaxation, glucose
homeostasis, and angiogenesis [10–12]. In particular to the role of H2S in cancer, it has been
reported that endogenous H2S is involved in cancer development and progression [13,14].

In terms of cytoprotective biological response, H2S is considered to be a bidirectional
target in cancer research. On the one hand, studies have shown that exogenous exposure of
H2S donors prevents tumor development [15,16]. On the other hand, a number of studies
have shown that reducing H2S levels by downregulating the production of endogenous H2S
in cancer cells leads to a decline in cancer progression [17,18]. With these potent therapeutic
characteristics in cancer research, H2S has gained the attention of many researchers, and
drugs that can repress or trigger the synthesis or promote the release of H2S have attained
enormous value in preclinical and clinical settings.

To facilitate the future clinical translation research of H2S and the proposition of promis-
ing anticancer approaches for therapeutic manipulation of H2S, a variety of novel inhibitors
have been synthesized to suppress the activity of H2S-producing enzymes. Currently, three
pharmacologically well-characterized compounds —namely DL-propargylglycine (PAG),
L-aspartic acid (L-Asp), and aminooxyacetic acid (AOAA)—are considered to be competitive,
potent inhibitors of CSE, 3-MPST, and CBS, respectively. PAG (C5H7NO2) is a selective in-
hibitor compound which basically blocks the active site of the CSE enzyme, thereby preventing
it from binding to its original substrate. The solubility of this drug is significantly high in both
water and PBS [19,20]. L-Aspartic acid (L-Asp) (C4H14NO4) works in similar manner to PAG.
The solubility of the drug is relatively low—nearly half that of PAG in water [21]. Similarly,
in many studies, AOAA has also been reported to reduce H2S synthesis by inhibiting the
function of CBS in both acidic and in prodrug forms. AOAA has been reported to reduce
intracellular adenosine triphosphate levels and decrease glycolysis rate, which in doing so,
regulates cellular activities. Studies have claimed the selectivity of AOAA; however, it also
inhibits CSE. The effect of AOAA is concentration dependent. In addition, AOAA is highly
soluble in both water and PBS [20,22,23]. Given the encouraging results in inhibiting H2S
synthesis, it is worth investigating the electrostatics (i.e., protonation or deprotonation states)
of these drugs both in solution and physiological condition.

These inhibitors have been well studied in various experimental and clinical studies
as potential future anti-cancer therapies [23–25].

However, there is no study on the pharmacological inhibition of H2S in BC cells
using these inhibitors. Therefore, by using PAG, L-Asp, and AOAA as potent inhibitors
of H2S-producing enzymes, the present research focused on investigating the effect of
pharmacological inhibition of endogenous H2S on human BC cell proliferation, invasion,
and migration by using various in vitro and in vivo approaches.
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2. Material Method
2.1. Cell Culture

Human BC cell lines MCF-7 and MDA-MB-231 were purchased from Fenghbio Bio-
sciences (Changsha, Hunan, China). The cells were grown in DMEM media supplemented
with 10% fetal bovine serum, 100 ug/mL streptomycin, and 100 U/mL penicillin and were
maintained at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air.

2.2. Drugs Formulations/Treatment

To obtain a concentration of drugs (DL-propargylglycine (PAG, inhibitor of CSE),
aminooxyacetic acid (AOAA, inhibitor of CBS), and L-aspartic acid (L-Asp, inhibitor of 3-
MST)) that inhibited cellular H2S synthesis but was noncytotoxic to cell survival, cells were
treated with a gradient of concentrations (1, 2, 5, 10, and 20 mM) for 24 h. Followed by the
24 h treatment of individual drugs, optical density (OD) of the treated cells using a CCK-8
kit was measured. Drug concentrations and cell toxicity response were measured for all
treatments. Additionally, the combined dose effects of three inhibitors were investigated at
a concentration of 10 mM and a higher concentration of individual drugs (30 Mm) by using
a CCK-8 test. Phosphate buffer saline (PBS) was used to treat the control group cells.

2.3. Cell Viability Assay

The CCK-8 assay was used to detect cell viability according to the manufacturer’s
instructions. In brief, 10,000 MCF-7 and MDA-MB-231 cells were seeded in 96-well plates
and cultured in normal medium for 24 h after the treatment. At the check point, 10%
CCK-8 solution was added to each well of the 96-well plate before OD readings, as done in
previous studies [26].

2.4. Detection of H2S Level

To determine the inhibitory efficacy of drugs after the 24 h treatment, the enzyme-
linked immunosorbent assay kit (LanpaiBio, Shanghai, China) was used to detect H2S levels
in MCF-7 and MDA-MB-231 cells [27]. The cell culture supernatants were collected to test
the levels of H2S. Next, the standard controls were prepared accordingly, and samples were
treated with reagents and incubated for 0.5 h at 37 ◦C. Then, color-developing agents were
added to each well and incubated for 15 min at 37 ◦C. The OD of each well was measured
with a microplate reader at 450 nm. Using the equation derived from the standard controls
and the absorbance of the samples obtained from the microplate reader, the concentration
of H2S was determined. The experiments were repeated three times.

2.5. Cell Proliferation Assay

For assessment of cell proliferation, the Light EdU Apollo 567 in Vitro Imaging Kit
(RiboBio, Guangzhou, Guangdong, China) was used to determine the proliferation. In brief,
104 cells/well were seeded in a 96-well plate, incubated, and treated with corresponding
drugs for 24 h. After the treatment, the growth media was replaced with pure media
containing EdU A and incubated for 2 h. Then, cells were fixed with 4% paraformaldehyde
(PFA) and were washed with PBS. By adopting the kit protocol, the Apollo step was
conducted under dark conditions. After washing with PBS and methanol, cells were treated
with DNA staining (Hoechst reagent) under dark conditions at room temperature. Imaging
was performed using a fluorescent microscope, and the proliferation rate was calculated
using the following formula: Percentage cell proliferation = (EdU − positive cells/total
cells × 100).

2.6. Wound Healing Assay

The scratch wound-healing motility assay was performed to evaluate the migration
ability of treated BC cells. In a 6-well plate, after the cells reached 80–90% confluence, a sterile
pipette tip was scraped across the monolayer cells. The cells were then returned to the
incubator after the drug treatment until the indicated time. An Olympus CKK41 microscope
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was used to photograph the reprehensive sites, which were analyzed by ImageJ software to
measure the migration. The migration rate (MR) was estimated using the following formula:
MR (%) = [(A − B)/A] × 100, where A and B are the widths at 0 and 24 h, respectively.

2.7. Colony Formation Assay

To assess the effect of drug treatment on colony formation, we seeded the cell lines
(5 × 102) into 6-well plates and cultured them for 14 days at 37 ◦C. At the end of experiment,
methanol was used to fix the colonies, which were then stained at room temperature with
0.5% crystal violet. The colony number was then calculated by scanning the plate.

2.8. Migration and Invasion Assay

To determine the migration and invasion ability of treated cells, we firstly spread the
media and cell suspension (200 µL) in the upper chamber of a 24-well specialized plate.
The lower chamber contained 20% fetal bovine serum (600 µL), used as a chemoattractant.
After incubation for 24 h, cells were fixed with methanol for 20 min and then stained with
crystal violet dye solution for 40 min. Finally, images for transwell invasion were taken
using a Zeiss Axioskop 2 plus microscope (Carl Zeiss, Thornwood, NY, USA).

2.9. Cell Death Assay

For the detection of apoptosis/necrosis of 24 h treated BC cells, TDT-mediated dUTP-
biotin nick end labeling (TUNEL) assay was performed. In brief, 1 × 105 cells/well seeded in
a 96-well plate were treated and incubated for 24 h. Cells were washed with PBS once and
fixed with 4% PFA for 30 min at room temperature. After fixation, the cells were washed with
PBS and treated with 1% triton for 5 min. Then, Tunel solution 50 µL was added per well
and incubated for 80 min at 37 ◦C. After careful washing, cells were subjected to DAPI for
5 min and photographs were taken with a fluorescence microscope. Using ImageJ software,
cell death rate was counted by using the ratio of TUNEL-positive cells in total cells.

2.10. Western Blot Analysis

The protein level was determined using a western blot. The principal antibodies
(anti-B-cell lymphoma-extra-large (Bcl-xl), anti-B-cell lymphoma-2 (Bcl-2), anti-Bcl-xl/Bcl-
2-associated death promoter (Bad), anti-Bcl-2-associated X protein (Bax), anti-cleaved
poly adenosine diphosphate-ribose polymerase (PARP), anti-cleaved caspase-3, N and E
cadherin, and Vimentin antibodies) were procured from ProteinTech (Chicago, IL, USA).
Antibodies against PI3K/AKT/mTOR and their corresponding anti-phospho were obtained
from cell Signaling technology (CST, Danvers, MA, USA), as the secondary antibody
conjugated with horse. The internal control was chosen to be β-actin. An enhanced
chemilumescence setup (Thermo Fisher Scientific, Rockford, IL, USA), was used to acquire
the photographs. ImageJ software was used to calculate the band intensities.

2.11. Animal Study

The Henan University School of Medicine’s Committee on Medical Ethics and Welfare
for the experimental Animals (HUSOM-2019-168) gave its approval for the animal research.
With slight adjustments, the animal research was carried out as described earlier [28]. Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China) provided the BALB/C nude
mice (male, 4 weeks old). Nude mice’s right flanks were injected subcutaneously with
MCF-7 and MDA-MA231 cells (5 × 106 cells in 200 µL PBS). The mice were divided into
five groups at random (n = 6 each group). For 28 days, 10 mM PAG, L-Asp, AOAA, and
PAG + AOAA + L-Asp (combined group) were injected subcutaneously near the tumor.
PBS was injected subcutaneously into the control animals. Every day, the body weights and
tumor volumes were measured. Tumor volumes were calculated using the following for-
mula: volume = length×width2/2 [29]. At the end of the trial, the mice were anaesthetized
with 3% isoflurane and executed by cervical dislocation. The tumor growth inhibition rate
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(IR) was calculated as IR (%) = [(A − B)/A] × 100, where A and B represent the control
and treatment groups’ respective average tumor weights [16].

2.12. Tumor Tissue Staining

Tumor specimens were fixed in paraffin embedded in 10% neutral-buffered formalin, and
then tissues were segmented to thicknesses of 5 mm by adopting the hematoxylin and esosin
(HE) staining procedures [26]. Images were taken with a Zeiss Axioskop 2plus microscope.

2.13. Immunohistochemistry (IHC)

The tumor microvessel density (MVD) was determined by using the Cluster of Differ-
entiation 31 (CD31), a significant biomarker for vascular endothelial cells [30]. Tissues were
stained with the CD31 antibody (CST), and tumor vessels were detected and measured with
a Zeiss Axiokop 2plus microscope. In addition, tumor tissues were stained with anti-Ki67
antibody (CST), and Ki67 antibodies and positive cells were imaged using a Zeiss Axioskop
2 plus microscope. The proliferation index (PI) was calculated by dividing the number of
Ki67-positive cells by the total number of cells [31]. Similarly, to find the apoptotic index
(PI), tumor tissues were stained with the cleaved caspase-3 antibody. Cell death rate was
calculated by the ratio of cleaved caspse-3-positive cells to the total cells [32].

2.14. Statistics Analysis

The mean ± standard error of the mean (SEM) was used to express all experimental
data. The two-tailed Student’s t test was used to determine the difference between the
two groups. Using SPSS 17.0 software, the difference between different groups was exam-
ined using one-way analysis of variance, followed by Tukey’s test. Statistical significance
was defined as p < 0.05.

3. In silico Validation of Drugs/Inhibitors
3.1. Ligand and Receptor Protein Preparation

The structures of L-aspartic acid (L-Asp), DL-Propargylglycine (PAG), and aminooxy-
acetic acid (AOAA) in the Spatial Data File (SDF) were retrieved from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 20 December 2021)) with Pub-
Chem IDs 5960, 95575, and 286, respectively. Prior to PDBQT file generation, all the SDF
files were prepared with the addition of Gasteiger charges and polar hydrogens by em-
ploying a set of AutoDock tools (version 1.5.6) and were saved in PDBQT format using
the Open Babble tool integrated into PyRx software (version 0.8). The X-ray crystal struc-
tures of the target receptor proteins were retrieved from the Protein Data Bank (PDB)
(https://www.rcsb.org/ (accessed on 21 December 2021)) with PDB IDs 3COG, 3OLH,
and 4COO for Cystathionine gamma-lyase (CSE), 3-mercaptopyruvate sulfurtransferase
(3-MPST), and Cystathionine beta-synthase (CBS), respectively. Before molecular docking,
all the protein PDBs were preprocessed by removing the non-amino acid residues and water
molecules, adding polar hydrogen atoms, and optimising by adding Kollman charges,
utilizing the AutoDock tool [33,34].

3.2. Druggable Pockets and Molecular Docking Analysis

The druggable pockets of each selected protein receptor were identified through the
P2RANK server (https://prankweb.cz/ (accessed on 26 December 2021)), which uses
a template-independent machine learning-based method. The top-ranked predicted pock-
ets were chosen and considered for the molecular docking simulation study. The detailed
results of P2RANK are tabulated in Supplementary Table S1. The AutoDock Vina tool
was utilized to execute molecular docking simulations due to its rapid, stochastic opti-
mizations by operating multiple CPU cores, which allowed it to overcome the confines
of the maximum number of rotatable bonds, atoms, and grid map size [35–37]. Docking
grids of all macromolecule receptors were adjusted into squares of 24 Å with x, y, and z
coordinates of −21.7641, 33.6885, and −18.7002 for Cystathionine gamma-lyase; −35.004,
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−20.3346, and −41.463 for 3-mercaptopyruvate sulfurtransferase; and −9.2621, 22.9917,
and −18.5675 for Cystathionine beta-synthase, respectively, to define the ligand binding
sites. The interaction of the ligand–protein complexes was visualized using the BIOVIA
Discovery Studio Visualizer version 20.1.0 tool.

4. Results
4.1. Inhibition of Endogenous H2S Attenuates the Viability and Proliferation of Human BC Cells

As presented in Figure 1, treatment of 10 mM of PAG, AOAA, and L-Asp reduced
the cell viability in a dose-dependent manner, with a sharp decrease in H2S content in
corresponding treated human cell (MCF-7 and MDA-MB 231) groups (Figure 1a,b). It
was shown that there is a concentration-dependent decrease in the cell viability of cells
(Supplementary Figure S1). Furthermore, the combined dose treatment (10 mM L-Asp +
10 mM PAG + 10 mM AOAA) had a stronger effect compared to treatment with 30 mM PAG
and 30 mM L-Asp (Supplementary Figure S2). These preliminary findings on the drugs
and cell viability suggest that the 10 mM treatment is the optimum dose for measuring the
pharmacological effect on cells. Furthermore, this decrease in H2S content in treated cells
led to a significant decline in the cell proliferation and colony formation ability of BC cells
(Figure 1c–f). According to these results, the combined dose treatment and AOAA exhibit
a strong inhibitory effect compared to L-Asp and PAG. Taken all together, these findings
suggest that upon treatment with these drugs, either separately or in combination form,
they can suppress endogenous H2S production, which may reduce viability, proliferation,
and colony formation, indicating that H2S is involved in the growth and progression
of human BC.
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Figure 1. Effects of PAG, AOAA, and L-Asp on viability, H2S content, proliferation, and colony
formation in human BC cells. (a) The CC-K8 assay was used to determine the percentage of viable
cells. The cell viability of each group without PAG, AOAA, or L-Asp treatment was normalized as
100% and considered to be the control group. (b) The levels of H2S in BC cells were detected. (c) The
proliferation rate of each group was analyzed. (d) DNA replication activities of BC cells in each
group were examined by EdU assay (original magnification ×200). (e) The clonogenic capacity was
determined in BC cells. (f) The number of colonies was calculated. The experiments were performed
in triplicate. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control
group; 44 p < 0.01 compared with PAG group; FF p < 0.01 compared with AOAA group; ## p < 0.01
compared with L-Asp group.

4.2. Inhibition of Endogenous H2S Reduces the Migration and Invasion Rate of Human BC Cells

Followed by the 24 h treatment, it was observed that the migration and invasion of
MCF-7 and MDA-MB-231 cells were reduced in each of the PAG-, L-Asp-, and AOAA-
treated groups when compared to the control group. Furthermore, when we used the drugs
in combination, a greater inhibitory effect on MCF-7 and MDA-MB-231 cell migration and
invasion was recorded compared to the separately treated groups (Figure 2a,b). These
results demonstrate that pharmacological treatment with these drugs could significantly
inhibit the migration and invasion of human BC cells.
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Figure 2. Effects of PAG, AOAA, and L-Asp on the migration and invasion of human BC cells. (a) Cell
migration was measured by wound-healing assay (original magnification ×100). (b) The number of
the migrated cells was calculated. (c,d) Transwell assay was performed to assess the migration and
invasion of BC cells (original magnification×200). (e,f) The number of the migrated and invasive cells
was calculated. The experiments were performed in triplicate. Data are presented as mean ± SEM.
** p < 0.01 compared with the control group; 44 p < 0.01 compared with PAG group; FF p < 0.01
compared with AOAA group; ## p < 0.01 compared with L-Asp group.

4.3. Suppression of Endogenous H2S Induces Apoptosis in Human BC Cells

The results of the present study demonstrate that, compared to the control group,
treatment with PAG, L-Asp, or AOAA induce apoptosis in BC cells, as shown in Figure 3a,b.
Findings from the TUNEL assay reveal that the combination group has a strong apoptotic
index, followed by AOAA, L-Asp, and PAG. Regarding the mitochondrial apoptotic process,
which is commonly mediated by cleaved caspase-3 [38], PARP is considered to be a crucial
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target for exploring this cell death mechanism [39]. In our study, both cleaved caspase-3
and PARP had higher expression in the drug-treated cells compared to the control group.
Furthermore, they were higher in the PAG, L-Asp and AOAA separately treated groups
than in the control group. Moreover, the amount of these two proteins (cleaved caspase-3
and cleaved PARP) in the combination group was noted to be higher than in the separately
treated groups. Collectively, these results clearly indicate the apoptosis induction effect of
these drug treatments.

Molecules 2022, 27, x FOR PEER REVIEW  9  of  19 
 

4.3. Suppression of Endogenous H2S Induces Apoptosis in Human BC Cells 

The results of the present study demonstrate that, compared to the control group, treat‐
ment with PAG, L‐Asp, or AOAA induce apoptosis in BC cells, as shown in Figure 3a,b. Find‐
ings from the TUNEL assay reveal that the combination group has a strong apoptotic in‐
dex, followed by AOAA, L‐Asp, and PAG. Regarding the mitochondrial apoptotic pro‐
cess, which is commonly mediated by cleaved caspase‐3 [38], PARP is considered to be a 
crucial  target  for exploring  this cell death mechanism  [39].  In our  study, both cleaved 
caspase‐3 and PARP had higher expression in the drug‐treated cells compared to the con‐
trol  group.  Furthermore,  they were  higher  in  the PAG, L‐Asp  and AOAA  separately 
treated groups  than  in  the control group. Moreover,  the amount of  these  two proteins 
(cleaved caspase‐3 and cleaved PARP) in the combination group was noted to be higher 
than in the separately treated groups. Collectively, these results clearly indicate the apop‐
tosis induction effect of these drug treatments. 

 
Figure 3. Effects of PAG, AOAA, and L‐Asp on the cell death of human BC cells (a) The apoptotic 
level was measured by TUNEL staining (original magnification × 200). (b) Apoptotic index was cal‐
culated. (c) The expression  levels of Bax, Bcl‐2, Bad, Bcl‐xl, cleaved caspase‐3, and cleaved PARP 

Figure 3. Effects of PAG, AOAA, and L-Asp on the cell death of human BC cells (a) The apoptotic
level was measured by TUNEL staining (original magnification ×200). (b) Apoptotic index was
calculated. (c) The expression levels of Bax, Bcl-2, Bad, Bcl-xl, cleaved caspase-3, and cleaved PARP
were detected by Western blot. β-actin was used as a loading control. (d) Densitometric quantification
was performed, normalized to the level of β-actin. The experiments were performed in triplicate.
Data are presented as mean ± SEM. ** p < 0.01 compared with the control group; 44 p < 0.01
compared with PAG group; FF p < 0.01 compared with AOAA group; ## p < 0.01 compared with
L-Asp group.
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4.4. Suppression of Endogenous H2S Inhibits Epithelial–Mesenchymal Transition in Human
BC Cells

Epithelial mesenchymal transition (EMT) has been shown to be crucial in tumorigene-
sis, where the EMT program enhances metastasis. An aberrant expression of N-cadherin
and E-cadherin in many types of tumors is regarded as a hallmark of EMT and considered
to be a therapeutic target for inhibiting cancer cell migration [40,41]. Figure 4 shows the
EMT rates in BC cells. When PAG, L-Asp, and AOAA were applied for 24 h, there was
a significant increase in the expression of E-cadherin and a decrease in N-cadherin and
Vimentin compared to the control group. Furthermore, analysis indicates that the effect was
much stronger in the combined group, followed by the AOAA, L-Asp, and PAG groups
(Figure 4). These findings reveal that suppression of endogenous H2S could be a way
forward to decrease cancer metastasis in human BC cells.
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Figure 4. Effects of PAG, AOAA, and L-Asp on the metastasis of ability human BC cells. (a) The
expression levels of N-Cadherin, N-Cadherin, and Vimentin were detected by Western blot. β-actin
was used as a loading control. (b) Densitometric quantification was performed, normalized to the
level of β-actin. The experiments were performed in triplicate. Data are presented as mean ± SEM.
* p < 0.05, ** p < 0.01 compared with the control group; 4 p < 0.05, 44 p < 0.01 compared with PAG
group; F p < 0.05, FF p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group.

4.5. Suppression of Endogenous H2S Disrupts the PI3K/AKT/mTOR Pathway in Human BC Cells

The PI3K/AKT/mTOR signaling pathway is a key signal transduction pathway in-
volved in the many hallmarks of cancer, including survival, metabolism, motility, and
genome stability [42,43]. This pathway contributes to several cancer-promoting aspects of
the tumor environment, such as angiogenesis and inflammatory cell recruitment [44]. As
presented in Figure 5, phosphorylation of PI3K, AKT, and mTOR decreased in the sepa-
rately treated PAG, L-Asp, and AOAA groups compared to control, which may lead to both
decreased cellular proliferation and increased cell death and suppress tumor growth [45].
Overall, these results demonstrate that pharmacological inhibition of endogenous hy-
drogen sulfide production suppresses BC progression via weakening of AKT, PI3K, and
mTOR phosphorylation.
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Figure 5. Effects of PAG, AOAA, and L-Asp on the PI3K/AKT/mTOR signaling pathway in human
BC cells. (a) The expression levels of p-PI3K, p-AKT, and p-mTOR were detected by Western
blot. (b) Densitometric quantification was performed, normalized to the level of respective non-
phosphorylated candidate protein. The experiments were performed in triplicate. Data are presented
as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group; 4 p < 0.05, 44 p < 0.01
compared with PAG group; F p < 0.05, FF p < 0.01 compared with AOAA group; ## p < 0.01
compared with L-Asp group.

4.6. Suppression of Endogenous H2S Inhibits the Angiogenesis and Growth of Human BC
Xenograft Tumors

Nude mice tumor models have been successfully established using MCF-7 and MDA-
MB-231 cells [46,47]. The effect of endogenous H2S inhibition on BC xenograft tumor
growth was subsequently investigated. The tumor sizes and weights in the PAG, AOAA,
and L-Asp groups were significantly lower than in the control group (Figure 6a,b). In
addition, the tumor volume and weight were lower in the combination group than in the
PAG, AOAA, and L-Asp groups, but the tumor inhibitory rate was higher (Figure 6c,d). It
has been observed that HE, CD31, Ki67, and cleaved caspase-3 staining analyses on human
BC xenograft tumors also support the effect of drugs, with respect to in vivo results. MVD
and PI values were lower in the PAG, AOAA, and L-Asp groups while AI was higher
compared to the non-treated control group. Furthermore, in the combination group, the
MVD and PI were lower but the AI was higher compared to the PAG, AOAA, and L-Asp
groups (Figure 6e,f).
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Figure 6. Effects of PAG, AOAA, and L-Asp on the growth of human BC xenograft tumors in nude
mice. (a) The representative tumor samples from each group are shown. (b) The tumor volumes of
human BC xenograft tumors were measured (n = 6). (c) The tumors were weighed (n = 6). (d) The
inhibition rate of tumor growth was calculated (n = 6). (e) Representative photographs of HE, CD31,
Ki67, and cleaved caspase-3 staining in human BC xenograft tumors (original magnification ×400).
(f) The PI, MVD, and apoptotic index were calculated (n = 3). Data are presented as mean ± SEM.
* p < 0.05, ** p < 0.01 compared with the control group; 4 p < 0.05, 44 p < 0.01 compared with PAG
group; FF p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group.
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4.7. Molecular Docking Analysis

The implementation of computational studies plays a vital role in the early stages of
drug discovery and development [48]. In the present study, a molecular docking simulation
was carried out to identify the ligand–protein interaction. All the ligands were docked
with each of the selected receptor proteins (CSE, CBS, and MPST) to ascertain the optimal
conformational binding area by employing the AutoDock Vina tool. This tool provides the
minimum binding energy value in kcal/mol, where the lower the binding energy value,
the higher the bonding affinity. Also, the greater the number of bonds (i.e., hydrogen and
carbon), the stronger the binding interaction between ligand and protein (Table 1). The
results of the present study revealed that all the ligands were found in their respective
druggable pockets and supported our experimental work findings. Visualization of drug–
protein interactions after molecular docking are shown in Figure 7.
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Figure 7. Visualization of drug–protein interaction after molecular docking (a) Depiction of each
protein docking interaction pocket (magenta: drug molecule, green: drug pocket area in the corre-
sponding enzymes). Note: In the CBS-AOAA complex, the pocket cannot be seen because the drug
interaction area is in the cleft of the protein. (b) The 3D interaction sites of drugs with corresponding
enzymes. (c) The 2D interaction of the interacting amino acid residues of the proteins with each
drug molecule.
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Table 1. The binding energy value (in kcal/mol) of drugs (PAG, L-Asp, and AOAA) to their respective
enzymes (CSE, 3-MPST, and AOAA) in the drug docking exercise.

Drug PubChem ID Cystathionine
Gamma-Lyase

3-Mercaptopyruvate
Sulfurtransferase

Cystathionine
Beta-Synthase

L-aspartic acid 5960 −4.9 −5.3 −4.5

DL-Propargylglycine 95575 −5.4 −5.1 −4.8

Aminooxyacetic acid 286 −4 −4.6 −4.6

5. Discussion

H2S is known to be a third gaseous molecule that is predominantly involved in various
pathophysiological conditions [49–51]. Published research has given the utmost importance
to the physiological workings of H2S in cancer cells. Given the several novel findings on
H2S donors’ and inhibitors’ roles in cancer [16,52], the rapid development of various H2S-
based therapeutics reflects the excitement that this unique mediator has sparked, as well as
encouraging findings generated in preclinical and early clinical trials. Endogenous H2S can
promote cancer growth by inducing angiogenesis, regulating mitochondrial bioenergetics,
accelerating cell cycle progression, and inhibiting apoptosis. In the present study, we
inhibited endogenous H2S synthesis by inhibiting H2S-generating enzymes in human
breast cancer cells.

Breast cancer is one the most frequent malignancies diagnosed in women world-
wide [1,2]. There is no promising therapy available that can be used for the medication of
individuals presenting advanced stages of breast cancer [53]. Therefore, it is essential to
discover putative therapeutic drugs that can be used for the effective management and
prevention of breast cancer. In the present study, we investigated the anti-tumor effect of
the pharmacological inhibition of H2S synthesis by employing the respective inhibitors
for H2S-generating enzymes in breast cancer in vitro and in vivo, as well as their in silico
docking intensities.

It has been reported that exogenous treatment with PAG and AOAA (1–10 mM) for up
to 3 days results in a reduction of cancer cell viability in a dose-dependent manner [52,54].
Adapting to the rationale of published studies, we treated the human BCs (MDA-MB-231
and MCF-7) with 1–10 mM of CSE, MPST, and MPST inhibitors, both individually and
in combined solution form. Compared to the untreated cells, our findings demonstrated
a remarkable reduction in cancer cell viability and growth rate in treated cells. In the
follow-up experiments, we opted for a single concentration (10 mM) and checked the
following results. In treated cells, we observed a conspicuous effect on the growth rate,
invasion, and migration of BC cells compared to the control group. However, we found
that this effect varied in the four groups of treated cells. PAG is the least effective, while the
combined group has the strongest and most potent anti-tumor effect against the invasion
and migration of both selected types of BC cells. The results showed that pharmacological
inhibition of endogenous H2S synthesis could reduce the viability, growth, migration,
and invasion of both types of human BC cells, empowering the synthesis of H2S-based
chemopreventive drugs.

Moreover, the molecular docking simulation results also validated the findings of
the undertaken study. Results of the binding pockets of each drug molecule predicted
by P2RANK web servers were similar to those previously reported by studies on these
enzymes. In a previous study carried out by Sun et al. (2009), in addition to its structural
basis, they reported the inhibition mechanism of the CSE enzyme [55]. They documented
that CSE is a tetramer when it is in PLP (pyridoxal-5-phosphate)-bound states. Each
monomer of CSE contains two domains: (a) a larger PLP-binding domain ranging from 9
to 263 residues, and (b) a smaller domain covering 264–401 residues. The PAG bound to
the CSE enzyme occupies the space of the substrate’s side chain and covalently binds to
the Tyr114 residue, which is thought to block substrate accessibility, thereby inhibiting CSE
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activity. Additionally, during this inhibition, Asp187 and Lys212 facilitate this process to
accomplish the task [55]. Likewise, Meier et al. (2001) conducted a study to elucidate the
structure of the CBS enzyme and its mechanism of inhibition [56]. They reported the crucial
roles of Lys119, Gly256, Thr258, Gly259, and Thr260 residues in the active site of the enzyme.
They revealed that these amino acid residues have significant importance in the working
or inhibition process of the CBS enzyme [56]. Similarly, Yadav et al. (2013) extensively
studied the structure of the MPST enzyme and highlighted the roles of Tyr108, Arg188,
Arg197, and Thy253 amino acid residues in the functional behavior of this enzyme [57].
Overall, our drug–protein docking analysis explained the selectively and competitiveness
of these drugs in inhibiting enzyme physiology, enhancing the reliability of these drugs
to be used as future anti-cancer medicines. It was observed that PAG had the highest
binding affinity (−5.4 kcal/mol) towards the CSE protein, followed by L-Asp and AOAA.
Similarly, L-Asp was found to have the best binding interaction, with a binding energy of
−5.3 kcal/mol, compared to other inhibitors with MPST protein. Likewise, AOAA was
found to be good inhibitor of CBS protein and had a binding energy of −4.6 kcal/mol
(Table 1). Figure 7 depicts the types of bonds and interacting amino acid residues in
the ligand–protein interactions. The overall results of all the selected inhibitors’ binding
affinities with the three selected proteins are moderately convincing and support our
experimental work findings.

Furthermore, apoptosis plays a crucial role in the progression and dynamic balance
of complex organization in multicellular organizations [58]. At the cellular level, apopto-
sis occurs via both intrinsic and extrinsic pathways, wherein the former is mediated by
mitochondria and the latter is stimulated by death receptors. This results in numerous
morphological modifications, including genetic material condensation, nuclear fragmenta-
tion, and cell shrinkage [59]. Proapoptotic proteins (such as Bad and Bax) and members of
the Bcl-2 family (such as Bcl-xl and Bcl-2) are the primary mediators of intrinsic cell death.
However, caspases and PARP activation by certain stimuli also contribute to the occurrence
of apoptotic cascades in the cell [39,58]. Going through the published literature, it has been
shown that AOAA and PAG treatment causes cell death by promoting apoptotic cascades
in the A549 and 95D human non-small cell lung cancer cells [13,60].

In the present study, following treatment, we observed the ratios of Bad/Bax-xl and
Bax/Bcl-2 and the increased expression at the protein level of cleaved PARP and caspase-3
in the PAG, L-Asp, and AOAA groups. The combined treatment cells exhibited a stronger
effect on the ratios of Bad/Bax-xl and Bax/Bcl-2 and higher protein expression of cleaved
PARP and caspase-3 than the PAG, L-Asp, and AOAA groups. These results suggest that
inhibition of endogenous H2S synthesis induces apoptosis in human BC cells.

Similarly, following the 24 h treatment of PAG, L-Asp, and AOAA, significant downreg-
ulation of N-cadherin and Vimentin and increased expression of E-cadherin were observed
compared to the control group. We found a more potent effect in the combined group,
followed by the AOAA-treated group. Considering the inevitable roles of E and N cad-
herins in cancer metastasis [40,41], these findings reveal that suppression of endogenous
H2S could be a way forward for decreasing cancer metastasis in human BC cells.

The PI3K/AKT/mTOR pathway is essential in the regulation of cell growth, viability,
mortality, and protein synthesis [61]. Research reveals that activation of this pathway
contributes to tumor predisposition and increased risk of death [62]. It has also been
found that inhibition of PI3K/AKT/mTOR leads to a decrease in proliferation index and
shows potent efficacy in the treatment of BC [63]. Our findings show that PAG, L-Asp, and
AOAA exposure disrupt PI3K/AKT/mTOR and reduce its level compared to the control
group. Following the apoptosis result trends, we observed that the combined group has
a potent inhibitory effect on the downregulation of the PI3K/AKT/mTOR pathway. Taken
together, these results show that inhibition of endogenous H2S decreases the expression of
p-PI3K, p-mTOR, and p-AKT, indicating that they inhibit the proliferation, invasion, and
migration of human BC cancer cells via blocking the PI3K/AKT/mTOR pathway. In recent
research studies, MDA-MB-231 and MCF-7 cells have been successfully used to establish
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subcutaneous xenograft models [46,47]. Previously, the effect of endogenous H2S inhibition
by employing AOAA and PAG on xenograft tumor growth has been reported in human
chronic myeloid leukemia and astrocytoma. They observed dramatically decreased tumor
growth in the treated animals compared to control [64,65]. Our study showed that PAG,
AOAA, and L-Asp significantly inhibited BC xenograft tumor growth, and the combined
group showed stronger preventive effects on tumor growth.

Studies have established the fact that CD31 is a key biomarker for vascular endothelial
cells, and that tumor MVD may be reflected in CD31 stains [30]. Similarly, Ki67 and
cleaved caspase-3 are well known for detecting proliferation index and the apoptotic index,
respectively [31,32]. Supporting the trends, our IHC results of tumor tissue show that PAG,
L-Asp, and AOAA reduced CD31 and Ki67 levels but increased cleavage caspase-3 levels.
In addition, the combined group showed lower expression of CD31 and elevated levels of
cleavaged-caspase-3 than PAG, L-Asp, and AOAA groups.

6. Conclusions

In conclusion, the results of the present study suggest that reducing endogenous
H2S levels by pharmacologically inhibiting H2S-producing enzymes with their respective
synthesized inhibitors attenuates the growth of human BC cells in vitro and in vivo. H2S
inhibition leads to enhanced cell death and disrupts the PI3K/AKT/mTOR pathway, which
eventually reduces the progression of BC cells. The docking potentials of these drugs to
the active sites of their respective enzymes are consistent with the wet lab experiments,
enhancing the reliability of these drugs. These findings, especially those for the combined
dose with treatments of PAG, L-Asp, and AOAA, give a new insight towards suppressing
H2S levels in cells to control the progression of tumors. Given the pervasive nature of H2S
and the rapid development of various H2S-based therapeutics approaches, the present
study supports the findings from preclinical and early clinical trials and strongly endorses
the rationale of empowering H2S-based chemo-preventive drug synthesis against different
malignancies. It is worth exploring the development of innovative H2S-based therapeutic
and diagnostic approaches for pre-clinical findings, which hold the promise of increased
efficacy, lower toxicity, or both, to start trials in clinical settings.
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Abstract: Anabasis articulata is medicinally used to treat various diseases. In this study, A. articu-
lata was initially subjected to extraction, and the resultant extracts were then evaluated for their
antimicrobial, antioxidant, and antidiabetic potentials. After obtaining the methanolic extract, it was
subjected to a silica gel column for separation, and fractions were collected at equal intervals. Out of
the obtained fractions (most rich in bioactive compounds confirmed through HPLC), designated as
A, B, C, and D as well hexane fraction, were subjected to GC-MS analysis, and a number of valuable
bioactive compounds were identified from the chromatograms. The preliminary phytochemical tests
were positive for the extracts where fraction A exhibited the highest total phenolic and flavonoid
contents. The hexane fraction as antimicrobial agent was the most potent, followed by the crude
extract, fraction A, and fraction D. DPPH and ABTS assays were used to estimate the free radical
scavenging potential of the extracts. Fraction C was found to contain potent inhibitors of both the
tested radicals, followed by fraction D. The potential antidiabetic extracts were determined using
α-glucosidase and amylase as probe enzymes. The former was inhibited by crude extract, hexane,
and A, B, C and D fractions to the extent of 85.32 ± 0.20, 61.14 ± 0.49, 62.15 ± 0.84, 78.51 ± 0.45,
72.57 ± 0.92 and 70.61 ± 0.91%, respectively, at the highest tested concentration of 1000 µg/mL
with their IC50 values 32, 180, 200, 60, 120 and 140 µg/mL correspondingly, whereas α-amylase
was inhibited to the extent of 83.98 ± 0.21, 58.14 ± 0.75, 59.34 ± 0.89, 81.32 ± 0.09, 74.52 ± 0.13
and 72.51 ± 0.02% (IC50 values; 34, 220, 240, 58, 180, and 200 µg/mL, respectively). The observed
biological potentials might be due to high phenolic and flavonoid content as detected in the extracts.
The A. articulata might thus be considered an efficient therapeutic candidate and could further be
investigated for other biological potentials along with the isolation of pure responsible ingredients.

Keywords: diabetes; antibacterial activity; total phenolic contents; total flavonoid contents; DPPH;
ABTS; antidiabetic enzymes; HPLC-UV; GC-MS

1. Introduction

Humans have employed medicinal plants not only for therapeutic purposes but also
for other applications. Since the beginning of human life on earth, they have constantly
been utilized by humans for medicinal purposes, which is thus considered the beginning
of the exploration of plants for medicinal purposes. Medicinal plants are valuable sources
of biodiversity for humanity in providing multiple bioactive secondary metabolites such as
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sterols, saponins, tri-terpenes, alkaloids, polyphenols, flavonoids, tannins, and essential
oils [1]. The mentioned phytochemicals cause different physiological and therapeutic effects
when utilized by a human. These effects are broadly summed up as antioxidant, antimi-
crobial, anti-constitutive, anti-plasmodial, antidiabetic, spasmolytic, and neuroprotective
potentials [2–4].

Free radicals are chemical species with unpaired electrons that are capable of attacking
other chemical substances, especially those containing double bonds. The oxygen and
nitrogen-based free radicals are constantly produced in the human body, which can attack
biologically important substances, such as DNA and protein, causing a number of health
complications from aging to life-threatening cancer and diabetes mellites. Oxidative stress
is a general term used to describe such health complications, whereas antioxidants are
chemical substances capable of scavenging the responsible free radicals. Most antioxidants
contain a benzene ring, which can delocalize the free electrons associated with free radicals.
Most of the plant’s secondary metabolites fall into these categories, especially flavonoids
and phenolics [5].

Diabetes mellitus is one of the top 10 causative factors of human deaths globally.
In individuals with diabetes, there is either less/no production of insulin (type-1) or
resistance to the reception of insulin by its receptors (type-2) [6,7]. Type 2 is more prevalent
and generally appears as a result of a combination of resistance to insulin action along with
an inadequate insulin secretory response [6–8]. Although a number of therapies are used
to control this dreadful disease, a 100% efficient therapy is still not available. Scientists
around the globe are constantly exploring plants for their antidiabetic potentials, and few
of them have produced far-reaching results. Extensive research in this regard is still needed
as, according to the world health organization, 1.6 million deaths occurred due to diabetes
mellitus in 2016. For the treatment and management of this disorder, either insulin is taken
or other strategies collectively known as non-insulin treatment are followed. In the non-
insulin treatment category, the most popular approach used is to inhibit the carbohydrate
metabolic enzymes (α-amylase andα-glucosidase), thus resulting in the minimum release of
glucose molecules into the bloodstream [9,10]. Several synthetic inhibitors are commercially
available that are taken orally by patients, and although effective, they are associated
with more side effects as compared to natural products [11]. Importantly, the trend of
pharmacological screening for hypoglycemic and antidiabetic potential has increased
manyfold in the last few decades [11]. For ages, medicinal plants have been used as
anti-hyperglycemic agents in folk medicine [12–14].

Anabasis articulata (A. articulata; Figure 1) belongs to the genus Anabasis, and the family
Amaranthaceae is a medicinally valuable plant that is subjected to scientific exploration
very little and needs to be explored in line with modern approaches. It is a xerophyte
primarily found in deserts. In many parts of the world, it is used in folk medicine to treat
skin conditions such as eczema and other ailments, including diabetes, headache, and
fever [8].

As mentioned above, A. articulata has been reported to have medicinal properties by
very few researchers, and thus, the present study is an attempt to explore A. articulata for
its antimicrobial, antioxidant, and antidiabetic potential in connection to its phytochemical
composition, which was investigated using preliminary phytochemical tests, HPLC and
GC-MS analysis.
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Figure 1. The A. articulata plant.

2. Materials and Methods
2.1. Plant Material Collection

The leaves and stem (1 kg; equal proportions) of A. articulata were collected from
Mohmand Agency (34.5356◦ N, 71.2874◦ E, a deserted tribal area), Pakistan, in the year
2020–2021. The collected plant samples were identified by the Taxonomist, working
as an expert in Herbarium, University of Malakand, Pakistan. A voucher specimen
(BGH-UOM-190) was kept for record in the herbarium. After cleaning, the samples were
shade dried, grounded, and then subjected to the extraction process.

2.2. Chemicals and Reagents

All chemicals used in the study were of analytical grade except those used as solvents
in HPLC analysis. The reagents; 2,2-Diphenyle-1 picrylhydrazyl (DPPH), sodium carbonate,
Folin-Ciocalteu (F-C) reagent were obtained from Sigma-Aldrich CHEMIE GmbH, St. Louis,
MO, USA, whereas quercetin and 2,2′-Azino-Bis-3 ethyl benzothiazoline-6-sulfonic Acid
(ABTS) aluminum chloride, methanol, sodium hydroxide, ethanol, sodium nitrite, and
ascorbic acid were purchased from Sigma-Aldrich, Taufkirchen, Germany.

2.3. Extraction and Fractionation

Extraction and fractionation were carried out according to already reported proto-
cols [6,13]. About 200 g of the powdered sample was soaked in methanol, filtered through
the Whatman filter paper, and concentrated using a rotary evaporator (Rotavapor R-200,
Buchi, Flawil, Switzerland). About 20 g of crude extract was obtained and used in subse-
quent experiments. The extract was eluted through a silica gel column for fractionation as
per the following details: The extract was mixed with silica gel slurry and then allowed
to dry in the air. The sample loaded silica was then carefully loaded to a large silica gel
column with an internal diameter of 10 cm and packed height of 50 cm using a gradient
of increasing polarity from n-hexane to ethyl acetate as the mobile phase. The oil fraction
was extracted through n-hexane solvent. The effluents of columns were separated into
four purified fractions designated as A, B, C, and D. Fraction A was separated by silica gel
column chromatography in a solvent system of ethyl acetate and n-hexane (5:95), fraction B
was separated by silica gel column chromatography in a solvent system of ethyl acetate
and n-hexane (10:90), fraction C was separated in a solvent system of ethyl acetate and
n-hexane (20:80), while fraction D was separated by silica gel column chromatography in a
solvent system of ethyl acetate and n-hexane (30:70). The resultant extracts were stored at a
temperature of 4 ◦C in a refrigerator till their screening for in vitro biological activities.
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2.4. Preliminary Phytochemical Analysis

Reported protocols were followed for the identification of major phytochemicals in
the extracts [15].

2.5. Estimation of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

Shirazi et al.’s method was used for the estimation of TPC [16] in extract, whereas Kim
et al.’s method [17] was followed for TFC estimation. From the stock sample (5 mg/5 mL),
1 mL was added to 9 mL of distilled water, to which 1 mL F-C reagent was added and
incubated for 6 min, after which 10 mL of 7% sodium carbonate solution and 25 mL of
distilled water were added. The absorbance was measured at 760 nm after 90 min of
incubation time. The standard gallic acid solution’s curve was used for the estimation of
the TPC expressed as mg GAE (Gallic acid equivalent)/g of the dry sample.

In distilled water (500 µL), 100 µL of each sample, 150 µL of aluminum chloride, 100 µL
of 5% sodium nitrate, and 200 µL of 1M sodium hydroxide were added for assessment of
TFC. The absorbance of the mixture was recorded at 510 nm after being incubated for 5 min.
The TFC was calculated as mg QE (quercetin equivalents)/g of the dry sample.

2.6. HPLC-UV Characterization

Methanolic extract, hexane, and purified fraction were each added to a distilled
water:methanol (1:1) mixture, heated at 50 ◦C for 1 h, dually filtered, and poured into
HPLC vials [18]. The extract’s phytochemicals were separated using HPLC Agilent 1260
with an eclipsed C18 column (Santa Clara, CA, USA). The spectrums were recorded at
320 nm. Retention times of the available standards were employed to identify the unknown
compounds present in the analyzed samples. Quantification of antioxidants was measured
by formula (Equation (1)):

Cx =
Ax× Cs(µg/mL)×V(mL)

As× Sample (wt. in g)
(1)

where Cx = concentration of unknown sample, As = peak area of standard, Ax = peak area
of unknown sample, Cs = concentration of standard (0.09 µg/mL).

2.7. GC-MS Analysis

The extracts were further analyzed for volatile components using GC-MS (Agilent
Technological USA) analysis [19]. The mass spectra and retention time of the compounds
present in samples were compared with those of Willy and NIST libraries [20].

2.8. Antibacterial Screening

The antibacterial potential of methanolic crude extract, purified fractions (A, B, C, and
D), and oil fraction was assessed against Shigella dysentery (S. dynasties), Escherichia coli
(E. coli), and Salmonella Typhi (S. Typhi) using the agar disc diffusion method. The strains
were grown on nutrient broth, whereas the antibacterial spectrum of the extracts and
fractions was assessed by the agar disc diffusion method, as mentioned before. A control
(ampicillin) disc was also placed. The Clinical Laboratory Standards Institute guidelines
(CLSI 2012) were followed [3] while determining the zone of inhibition (ZI) encountered
by each extract and fractions against selected bacterial strains. The activity for each ex-
tract, purified fractions, and oil fraction was performed in triplicate and presented as the
mean values.

2.9. Antioxidant Activities
2.9.1. DPPH Assay

A slightly modified DPPH assay as used before by Brand William was followed [21].
The absorbance of 3 mL from stock DPPH (20 mg in 100 mL of methanol) was adjusted
to 0.75 at 517 nm. The DPPH stock solution was covered and kept in the dark overnight
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to generate free radicals. About 2 mL of each dilution (1000, 500, 250, 125, 62.5 µg/mL)
prepared from methanolic extract stock (5 mg/5 mL of methanol) were mixed with 2 mL
of pre-incubated DPPH stock solution and incubated for 15 min. Ascorbic acid was used
as a standard. The absorbance of the reaction mixtures was recorded at 517 nm and the %
inhibition was calculated as (Equation (2)):

%inhibition =
A− B

A
× 100 (2)

where A = absorbance of pure DPPH in oxidized form, B = absorbance of the sample, which
was measured after 15 min of reaction with DPPH.

2.9.2. ABTS Assay

A standard protocol for ABTS free radical scavenging potential of extracts was fol-
lowed [22]. ABTS (7 mM) and K2S2O8 (2.45 mM) were mixed (in methanol) and put
in the dark for 24 h for free radicals’ formation, which was then used as stock solution.
The absorbance of 3 mL from the stock ABTS was adjusted to 0.75 at 745 nm, which was
considered a control. About 300 µl of each of the serial dilutions of methanolic extract (1000,
500, 250, 125, 62.5 µg/mL) and 3 mL of stock ABTS were mixed and incubated for 15 min at
25 ◦C, and their absorbance was measured at 745 nm. Ascorbic acid was used as a control.
The scavenging activity was calculated by Equation (2).

2.10. In Vitro Antidiabetic Activities
2.10.1. Inhibition of α-Amylase

The extracts were assessed as inhibitors of α-amylase following a standard protocol
reported in the literature with some modifications [23]. In distilled water, an alpha-amylase
stock solution (10 mg/100 mL) was prepared. About 10 µL of alpha-amylase stock solution
was mixed with 30 µL of each sample dilution and 40 mL of starch solution, and these were
kept at 37 ◦C for 30 min. After incubation, 20 µL of HCl (1M) was added to the reaction
mixture, and its absorbance was measured at 580 nm. Acarbose was used as the reference
standard. Alpha-amylase % inhibition was calculated as (Equation (3)):

%α− amylase inhibition =
control absorbance− sample absorbance

control absorbance
× 100 (3)

2.10.2. Inhibition of α-Glucosidase

The reported protocol was followed to assess the α-glucosidase inhibitory potential of
the extracts [24]. To 100 µLα-glucosidase (0.5 units/mL), 50 µL of each sample dilutions and
600 µL of 0.1 M phosphate buffer (pH 6.9) were mixed. From the substrate (p-nitrophenyl-
α-D-glucopyranoside) prepared as a 5 Mm solution in 0.1 M phosphate buffer, 100 µL of the
substrate was added to the reaction mixture and kept for 15 min at 37 ◦C. The absorbance
was recorded at 405 nm. The reaction mixture without α-glucosidase was labeled as blank,
whereas the reaction mixture without the sample was taken as the control. The degree of
the enzyme’s activity inhibition was measured as:

%α− glucosidase inhibition =
control absorbance− sample absorbance

control absorbance
× 100 (4)

2.11. Statistical Analysis

All in vitro experiments were performed in three replicates. All results have been
presented as mean± SEM. The Student’s t-test and one-way ANOVA followed by Dunnett’s
post hoc multiple comparison test was used to evaluate the significance of the data obtained.
p ≤ 0.05 was considered significant.
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3. Results
3.1. Yield from Fractionation

Crude extract: 10 g, fraction A: 200 mg, B: 150 mg, C: 120 mg, and D: 100 mg were
obtained. About 80 mg of purified hexane fraction was obtained in semi-solid form. In the
subsequent studies, these components have been tested.

3.2. Qualitative Phytochemical Screening

Plants contain millions of compounds that are classified into roader groups of phy-
tochemicals. Such constituents are determined as preliminary evaluations to decide the
medicinal value of a plant. Table 1 represents the presence of different phytochemical
groups showing that this plant is worthy of being investigated for its medicinal profile,
being a rich source of phytochemicals.

Table 1. Phytochemical screening (qualitative) of A. articulata crude extract.

Phytochemical Reagent Observation Result

Alkaloids Dragendroff’s Reddish-orange precipitate +

Tannins Gelatin Dirty (brownish) green precipitates +

Flavonoids Ferric chloride The yellowish appearance that becomes clear after acid (HCL) addition +

Triterpenoids Liebermann Burchard Brown ring +

Glycosides Keller Killiani Reddish-brown layer +

3.3. TPC and TFC in Resultant Extracts

A standard Gallic acid curve was constructed by preparing the dilutions 20, 40, 60,
80 and 100 mg/mL to estimate the TPC in different tested samples of A. articulata using
a graphical regression method (Figure 2A). Comparatively higher TPC contents were
estimated in almost all extracts as compared to TFC. Results show that the highest TPC
(Figure 3) values were observed for crude extract and then oil and fraction A (72.1 ± 0.2,
69.0 ± 1.1 and 68.0 ± 0.4 mg GAE/g of dry sample, respectively).

Figure 2. Total phenolic (A) and total flavonoids (B) contents in different tested samples (crude
extract, purified fractions, and oil) of A. articulata. (A) TPC expressed as gallic acid equivalents
(mg GAE)/g dry plant sample; (B) TFC expressed as quercetin equivalents (mg QE)/g dry plant
sample. The data is represented as Mean ± SEM, n = 3. Values are significantly different as compared
to positive control * p < 0.05, ** p < 0.01, *** p < 0.001.
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To estimate the TFC in different tested samples of A. articulata, a regression curve
of standard quercetin was constructed by preparing the dilutions 20, 40, 60, 80 and
100 mg/mL. The estimated contents are graphically presented in Figure 2B. Fraction
A/crude extract followed by the oil fraction has shown the highest total flavonoid contents
(62.0 ± 0.1, 62.3 ± 1.2, and 55.1 ± 0.3 mg QE/g of dry sample, respectively).

Figure 3. Total phenolic and total flavonoid content in different tested samples (crude extract, purified
fractions, and oil) of A. articulata. TPC expressed as gallic acid equivalents (mg GAE)/g of dry plant
sample, and TFC expressed as quercetin equivalents (mg QE)/g of dry plant sample. The data are
represented as mean ± SEM, n = 3.

3.4. HPLC-UV Analysis

The HPLC chromatograms of the crude extract are presented in Figure 4A, purified
fractions in Figure 4B–E, and the n-hexane fraction in Figure 4F. The compounds identified
were: malic acid, gallic acid, chlorogenic acid, epigallocatechin gallate, Bis-HHDP-hex
(pedunculagin), morin, 3-0-caffcoylquinic acid, Ellagic acid, kaempferol-3-(p-coumaroyl-
diglucoside)-7-glucoside, catechin hydrate, rutin, syringic acid, quercetin-7-O-sophoroside,
kaempferol-3-(caffeoyl-diglucoside)-7-rhamnosyl, mannose, pyrogallol, caffeic acid, man-
delic acid, quercetin-3-(caffeoyldiglucoside)-7-glucoside, p-Coumaric acid, galactose, vi-
tamin C, 3-0-caffeoylquinic acid, apigenin-7-O-rutinoside, quercetin 3,7-di-O-glucoside,
rhamnose, 3,5-dicaffeoylquinic acid, mandelic acid, xylulose, quercetin 3,7-O-glucoside, glu-
cose, quercitin-3-0-glysides, quercitin-3-O-rutinoside, quercitin-3-O-glycosides, quercetin,
quercetin-3-(caffeoyldiglucoside)7-glucoside, quercitin-3-0-glycosides, in crude extract,
various fraction (A, B, C, D, and n-hexane fraction. Each peak in the given chromatograms
represents a phytoconstituent. For the identification of such constituent retention times
of each component were compared with that of external standards. The quantification of
each phenolic compound with their particular peak position and retention time (Rt) in
chromatogram is presented in Tables 2–7.
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Figure 4. HPLC chromatograms of crude extract (A), various purified fractions (B–E), and n-hexane
fraction (F) of A. articulata.

Table 2. Identified phytochemicals in crude extract of A. articulata through the HPLC-UV technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

2 Malic acid 320 53.130 40.323 1.186 Ref. Stand

4 Gallic acid 320 41.239 195.40 0.189 Ref. Stand

6 Chlorogenic acid 320 32.966 12.929 2.295 Ref. Stand

8 Epigallocatechin
gallate 320 44.782 7261.474 0.005 Ref. Stand

11 Bis-HHDP-
hex(pedunculagin) 320 171.562 - - [25]

12 Morin 320 103.604 2.00 46.622 Ref. Stand
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Table 2. Cont.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

14 3-0-caffcoylquinic acid 320 514.593 - - [25]

16 Ellagic acid 320 912.321 319.242 2.572 Ref. Stand

18

Kaempferol-3-(p-
coumaroyl-

diglucoside)-7-
glucoside

320 149.535 - - [25]

20 Catechin hydrate 320 810.747 78.00 9.355 Ref. Stand

22 Rutin 320 264.573 22.40 10.630 Ref. Stand

23 Syringic acid 320 254.546 - - [26]

24 Quercetin-7-O-
sophoroside 320 50.8907 - - [26]

25
Kaempferol-3-

(caffeoyl-diglucoside)-
7-rhamnosyl

320 261.997 - - [26]

26 Mannose 320 85.1536 - - [25]

28 Pyrogallol 320 101.640 1.014 90.213 Ref. Stand

29 Caffeic Acid 320 129.708 - - [25]

30 Mandelic acid 320 45.405 72.00 0.567 Ref. Stand

31
Quercetin-3-

(caffeoyldiglucoside)-
7-glucoside

320 107.633 - - [27]

32 p-Coumaric acid 320 52.304 - - [27]

42 Galactose 320 57.017 - [25]

Table 3. Identified phytochemical compounds in fraction A of A. articulata through the HPLC-UV
technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

4 Vitamin C 320 64.43 22.4 2.588 Ref. Stand

6 Chlorogenic acid 320 18.64 2.929 5.727 Ref. Stand

8 Epigallocatechin gallate 320 132.75 7261.474 0.0164 Ref. Stand

14 3-0-caffeoylquinic acid 320 45.345 - - [26]

18
Kaempferol-3-(p-

coumaroyl-diglucoside)-
7-glucoside

320 86.189 - - [26]

18 Apigenin-7-O-rutinoside 320 128.126 - - [26]

20 Catechin hydrate 320 134.971 78.00 1.557 Ref. Stand

22 Rutin 320 23.593 22.40 0.947 Ref. Stand

23 Syringic acid 320 176.298 - - [25]

23 Quercetin
3,7-di-O-glucoside 320 77.612 - - [25]

24 Quercetin-7-O-
sophoroside 320 58.34 - - [25]
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Table 3. Cont.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

25 Kaempferol-3-(caffeoyl-
diglucoside)-7-rhamnosyl 320 248.248 - - [26]

26 Rhamnose 320 103.713 - - [26]

27 3,5-dicaffeoylquinic acid 320 97.727 - - [26]

29 Caffeic acid 320 113.173 - - [27]

30 Mandellic acid 320 63.944 72.00 0.799 Ref. Stand

31
Quercetin-3-

(caffeoyldiglucoside)-
7-glucoside

320 223.444 - - [26]

42 Galactose 320 60.609 - - [27]

43 Xylulose 320 31.328 - - [27]

Table 4. Identified phytochemicals in purified fraction B of A. articulata through the HPLC-UV
technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

4 Gallic acid 320 36.4984 195.40 0.168 Ref. Stand

14 3-0-caffeoylquinic acid 320 160.818 - - [26]

20 Catechin hydrate 320 78.1380 78.00 0.902 Ref. Stand

22 Rutin 320 42.5292 22.40 1.709 Ref. Stand

23 Syringic acid 320 324.245 - - [26]

25 Kaempferol-3-(caffeoyl-
diglucoside)-7-rhamnosyl 320 58.9445 - - [26]

27 3,5-dicaffeoylquinic acid 320 88.6597 - - [26]

28 Pyrogallol 320 85.8767 1.014 76.221 Ref. Stand

31
Quercetin-3-

(caffeoyldiglucoside)-
7-glucoside

320 88.6597 - - [26]

32 p-Coumaric acid 320 56.5793 - - [26]

43 Xylulose 320 36.3262 - - [27]

Table 5. Identified phytochemicals in fraction C of A. articulata through the HPLC-UV technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

2 Malic acid 320 24.7858 40.323 0.554 Ref. Stand

11 Bis-HHDP-hex
(pedunculagin 320 47.4527 - - [25]

12 Morin 320 100.496 2.00 45.223 Ref. Stand

18 Apigenin-7-O-rutinoside 320 246.3633 - - [26]

22 Rutin 320 424.706 22.40 17.064 Ref. Stand

23 Quercetin 3,7-O-glucoside 320 201.7868 - - [26]
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Table 5. Cont.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

25 Kaempferol-3-(caffeoyl-
diglucoside)-7-rhamnosyl 320 30.1412 - - [26]

26 Rhamnose 320 32.8371 - - [27]

27 3,5-dicaffeoylquinic acid 320 120.040 - - [26]

28 Pyrogallol 320 66.255 1.014 58.806 Ref. Stand

30 Mandelic acid 320 29.289 72.00 0.366 Ref. Stand

31
Quercetin-3-

(caffeoyldiglucoside)-
7-glucoside

320 32.0566 - - [26]

37 Glucose 320 21.6425 - - [27]

41 Quercitin-3-0-glysides 320 78.9891 - - [26]

Table 6. Identified phytochemicals in purified fraction D of A. articulata through the HPLC-UV
technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

2 Malic acid 320 2514.20 40.323 56.116 Ref. Stand

34 Quercitin-3-O-rutinoside 320 41.0693 - - [26]

41 Quercitin-3-O-glycosides 320 30.249 - - [26]

42 Galactose 320 16.116 - - [27]

Table 7. Identified phytochemicals in n-hexane fraction of A. articulata through the HPLC-UV
technique.

Retention
Time (min)

Phytochemical
Compounds

HPLC-UV
λmax (nm)

Peak Area
of Sample

Peak Area
of Standard

Concentration
(µg/mL)

Identification
Reference

2 Malic acid 320 28.2673 40.323 0.631 Ref. Stand

6 Chlorogenic acid 320 14.9574 2.929 4.595 Ref. Stand

10 Quercetin 320 137.065 90.90 1.357 Ref. Stand

11 Bis-HHDP-hex
(pedunculagin) 320 44.509 - - [26]

12 Morin 320 231.396 2.00 104.128 Ref. Stand

18 Apigenin-7-O-rutinoside 320 89.384 - - [26]

22 Rutin 320 159.626 22.40 6.414 Ref. Stand

23 Syringic acid 320 76.785 - - [26]

25 Kaempferol-3-(caffeoyl-
diglucoside)-7-rhamnosyl 320 152.318 - - [26]

26 Rhamnose 320 100.004 - - [26]

31
Quercetin-3-

(caffeoyldiglucoside)
7-glucoside

320 51.863 - - [26]

41 Quercitin-3-0-glycosides 320 31.616 - - [26]

42 Galactose 320 100.903 - - [27]
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3.5. GC-MS Characterization of the Different Fractions
3.5.1. Purified Fraction A

The GC-MS chromatogram of fraction A is indicated in Figure 5A. Figure S1 repre-
sents the structural formulas of five phytochemical compounds identified from the given
chromatogram, whereas Figure S2 represents their mass fragmentation pattern and Table S1
represents different parameters of the major phytochemical compounds identified.

3.5.2. Purified Fraction B

The GC-MS chromatogram of fraction B is indicated in Figure 5B. The technique
confirmed the presence of 12 phytochemical compounds in fraction B, and their other
parameters are presented in Table S2. Figures S3 and S4 represent the structural formulas
of 12 phytochemical compounds and the pattern of their mass fragmentation, respectively.

3.5.3. Purified Fraction C

Figure 5C shows the GC-MS chromatogram of fraction C. Table S3 represents 13 phy-
tochemical compounds identified along with some basic parameters related to the analysis
performed. Figure S5 indicates the structural formulas of 13 phytochemical compounds,
and Figure S6 indicates their mass fragmentation pattern.

3.5.4. Purified Fraction D

The GC-MS chromatogram of fraction D is presented in Figure 5D, where the presence
of 13 phytochemical compounds was confirmed as presented in Table S4 along with
analysis-related parameters. Figure S7 represents the structural formulas of phytochemical
compounds, whereas Figure S8 represents the pattern of their mass fragmentation.

3.5.5. Oil Fraction

Figure 5E represents the GC-MS chromatogram of the purified oil fraction. Figure 5F
shows the structural formulas of major phytochemical compounds (a and b), and Table S5
shows their different parameters.

3.6. Antibacterial Activity

The results of the antibacterial potential of the samples have been tabulated in Table S6
and graphically represented in Figure 6. The results depicted that all the samples except for
B and C showed activity against the tested bacterial strains. The broad-spectrum antibiotic
ampicillin was used as a positive control. The n-hexane (oil) fraction showed the highest ZI
against all tested strains: S. dysentery, E. coli, and S. Typhi as 20, 24, and 16 mm respectively.
An appreciable degree of antibacterial bacterial potential suggests the plant’s possible usage
as a source for isolating antibacterial compounds.

3.7. Antioxidant Activity of Crude and Purified Fractions of A. articulata
3.7.1. DPPH Assay

Almost all extracts inhibited DPPH free radicals; however, among them, n-hexane
fraction, crude extract, and fraction B showed significant free radical inhibition with
IC50 values of 45, 90, and 62 µg/mL, respectively, as presented in Table S7 and Figure 7A.

3.7.2. ABTS Assay

The ABTS scavenging potential of extracts is presented in Table S7 and Figure 7B.
The results depict that fraction A and n-hexane extract possesses significant free radical
inhibition with the lowest IC50 values of 75 and 71 µg/mL, respectively, as compared to
the ascorbic acid used as the standard, which showed an IC50 value of 32 µg/mL.
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Figure 5. GC-MS chromatogram of A. articulata purified fractions (A–D), oil fraction (E), and major
phytochemical compounds (a,b) identified in the oil fraction (F).
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Figure 6. Antibacterial potential of crude extract, purified fractions (A, B, C, and D), and oil fraction
of A. articulata against (A) E. coli, (B) Shigella dysentery and (C) S. typhi. The data are represented as
mean ± SEM, n = 3. Values are significantly different as compared to positive control *** p < 0.001.

Figure 7. Antioxidant activity ((A) = DPPH; (B) = ABTS) of crude extract, purified fractions (A, B, C,
and D), and oil fraction of A. articulata. The data plotted is mean± SEM, n = 3. Values are significantly
different as compared to positive control * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.8. In Vitro Antidiabetic Activities of Purified Fraction and Extract
3.8.1. In Vitro α-Glucosidase Inhibition

Figure 8A and Table S8 represent the %α-glucosidase inhibition of crude extract, oil,
and the purified fractions. The crude extract showed the highest inhibition of the enzyme
with an IC50 of 32 µg/mL followed by fraction B, which produced an IC50 of 60 µg/mL.

3.8.2. In Vitro α Amylase Inhibition

As shown in Figure 8B and Table S8, the %α-amylase inhibition is appreciable, and
the highest inhibition was caused by crude extract with an IC50 of 34 µg/mL followed by
fraction B, which produced an IC50 of 58 µg/mL.

Figure 8. (A) %α-glucosidase inhibition potential and (B) %α-amylase inhibition potential of crude
extract, purified fractions (A, B, C, and D), and oil fraction of A. articulata at different concentrations.
The data are represented as mean ± SEM, n = 3. Values are significantly different as compared to
positive control * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Presently, insulin therapies are the treatment of choice to control hyperglycemia in
diabetes mellitus. Other strategies are the inhibition of alpha-amylase and glucosidase
through different inhibitors, as both enzymes are responsible for releasing glucose from
starch taken in food [28,29]. In this context, an attempt has been made in this study to iden-
tify the possible antidiabetic phytochemical that could inhibit the activity of carbohydrate
digesting enzymes (α-amylase and α-glucosidase). The study revealed that the plant could
be a potential candidate for isolating antidiabetic compounds.

With the increasing reports about the side effects of synthetic drugs, researchers have
focused on plants to isolate effective therapeutic precursors with low or no side effects.
Drug resistance is the other overwhelming problem in the modern era, and the search for
new antibiotics of plant origin is in progress. The plant crude extract and purified fractions
showed appreciable antibacterial activity, which is evident from the zones of inhibitions
against selected bacterial strains, as shown in Figure 5.

Oxidative stress caused by free radicals that are constantly produced during normal
metabolic processes is a serious health threat. Although these are constantly deactivated
by the human defense system, in the modern era, humans have started relying on pro-
cessed foods, which have given rise to the overproduction of free radicals. Research shows
that plants could neutralize the free radicals because of their constituent phenolics [30],
as benzene rings in such compounds can stabilize the singlet electron of the free radicals.
Collectively, such phytoconstituents are named antioxidant compounds, which play an
important role in human health by combating reactive oxygen species and, in turn, is the
main contributor to a number of human diseases, including insulin resistance, cardiovascu-
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lar diseases, atherosclerosis, and coronary heart disease. Butylated hydroxytoluene and
butylated hydroxy anisole are strong synthetic antioxidant agents, but they are carcino-
genic and toxic to humans. Therefore, plant-based phenolic compounds can be used as
antioxidants to scavenge or stabilize free radicals involved in oxidative stress generated
in human bodies as a result of oxidation of certain substances. It is found that the use
of synthetic antioxidants is injurious to human health, and individuals taking them are
at risk of cancer and other liver disorders. The antioxidants in plants have become a
hotspot for researchers in recent decades due to the mentioned fact of low or no side effects.
Studies have indicated that the use of natural antioxidants can reduce oxidative stress and
reduce the risk of major human diseases, including oxidative stress [3,6]. The n-hexane
fraction, crude extract, and fraction B were more potent against DPPH radicals, whereas
against ABTS, the n-hexane fraction and fraction A were more potent, indicating that these
extracts contained certain phytoconstituents capable of scavenging free radicals, which
could thus be further investigated for the isolation of responsible compounds. The DPPH
radicals in acholic medium undergo a reduction in the presence of hydrogen donating
antioxidants. Phytochemicals such as flavonoids and phenolics are good antioxidants and
play a vital role in scavenging the free radicals due to the presence of benzene rings in their
structures [6–13]. The observed antioxidant potential can be correlated with the estimated
TFC and TPC values, as these are the responsible scavengers in the extracts. The total
polyphenol and flavonoid content in the fractions increased in the following order: crude
extract, fraction A, and oil fraction. The crude extract has the highest TPC and TFC, i.e.,
(TPC = 72.1 mg GAE/g and TFC = 62 mg QE/g) followed by purified fraction A, which
has the highest TPC and TFC, i.e., 68 GAE/g and 62 mg QE/g, inferring the plant is a good
source of flavonoids and phenolics. As mentioned before, due to the presence of benzene
rings in the structure, flavonoids and phenolics have been found to be excellent scavengers
of the free radicals, which is why the tested radicals, ABTS and DPPH, were potently
scavenged by the extracts, i.e., the total phenolic and flavonoid contents in the extracts and
purified fractions were positively proportional to the antioxidant activities. The current
results were in line with the previously reported studies [6,14]. The study of Kim et al. [31]
showed plants that contained high TFC and TPC, and by virtue of these components, they
exhibit various biological potentials. Their conclusion was based on findings of extracts
from 40 plant species in Korea. As mentioned, phenolic and flavonoid compounds are
strong antioxidants that can deactivate free radicals by offering their hydrogen atoms and
electrons [32], which is the reason that plants with high TFC and TPC inhibit DPPH and
ABTS radicals more potently in laboratory-scale experiments. The positive correlation
between the total phenolic content and flavonoid content in the plant extracts and the
antioxidant activities have been observed by other researchers as well [32]. The plants in
the form of extracts could, therefore, offer strong activity against a wide range of oxidants
and thus would have great medicinal applications. It can be seen from Table S7 that the
crude extract and fractions exhibited significant activities against the DPPH and ABTS
tested radicals, which needs to be further investigated. Furthermore, for the crude extract,
the preliminary phytochemical tests (Table 1) were positive, indicating the presence of
broad phytochemical groups and, consequently, the wider range of their therapeutic action.

The HPLC analysis of crude and purified fractions of A. articulata showed the presence
of several possible compounds that might be responsible for antioxidant and antidiabetic
activities. The antidiabetic properties of A. articulata crude extracts and fractions (Figure 7
and Table S8) were determined based on the inhibitory effect against two carbohydrate
hydrolyzing enzymes, namely α-amylase and α-glucosidase. As mentioned before, starch is
converted into disaccharides and oligosaccharides by pancreatic α-amylase, while disaccha-
rides are broken down into glucose by intestinal α-glucosidase [3,6] and, thus, if inhibited,
will lessen the glucose burden in diabetic patients as their inhibition could retard the
breakdown of starch in the gastrointestinal tract and, therefore, would ameliorate hyper-
glycemia in human. The detected compounds are known to be antioxidant and antidiabetic
agents, as indicated in the previously reported studies [3,6,9,14]. The current results of the
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screening are in close accordance with the already reported study of Nazir et al., where
they confirmed the presence of quercetin, morin, and rutin in the methanolic extract of
Silybum marianum (L.) seeds [33] and in the methanolic extracts of the fruit of Elaeagnus
umbellata Thunb. [6]. The results of this study are in agreement with the findings of other
studies where strong antioxidant activities were observed along with strong α-glucosidase
and α-amylase inhibitions [3,6,9].

The medicinal plant has become a vital source of antioxidants in the last few decades.
Literature surveys have shown that the ingestion of natural antioxidants can reduce ox-
idative stress-related diseases. Various studies have shown that the presence of malic acid,
gallic acid, quercetin, morin, ellagic acid, rutin, chlorogenic acid, and epigallocatechin
gallate can be liable for the antioxidant capacity observed [14,34,35]. It is evident from the
literature that gallic acid, chlorogenic acid, epigallocatechin gallate, and morin have strong
antioxidants and antidiabetic potentials [36,37].

The GC-MS analysis of the purified fraction also confirmed the presence of certain valuable
phytochemical compounds: Acetdimethylamide, N-Nitrosomorpholine, 1,2-Benzenedicarboxylic
acid, Mono(2-ethylhexyl) phthalate, Bis(2-ethylhexyl) phthalate, N-Acetyl-l-methioninamide,
2-Propanamine, Phenol, 2,4-di-tert-butyl, Benzene, (1-dodecyltridecyl)-, Benzene, (1-hexyltetradecyl)-,
Benzene, (1-hexylheptyl)-, Isopropyl Palmitate, 10-Octadecenoic acid, methyl ester,
1-Docosene, Methyl ricinoleate, Oleic acid, tetradecyl ester, Diisooctyl phthalate, Asparagine,
entacosane, 13-phenyl Eicosane, 7-phenyl, Dodecane, 6-phenyl, Palmitic acid, methyl ester,
tert-Hexadecanethiol, Decyl oleate, octadecyl ester, Elaidic acid, isopropyl ester, Phenethyl
alcohol, á-methyl, Benzyl-3-hydroxypyrrolidine, Diethyl Phthalate, 2,6-Dimethyl-pyridine-
3,5-dicarboxylic acid, dihydrazide, Methoxycarbonyl-2-methoxyphenyl isothiocyanate, Phos-
phoric acid, dibutyl 3-trifluoromethyl-3-pentyl ester, 4-Acetylaminophthalic acid, dimethyl
ester, Benzene-1,3-dicarboxylic acid, 5-acetylamino-, (2-Phenyl-1,3-dioxolan-4-yl) methyl
(9E)-9-octadecenoate, 1-Heneicosyl formate, 18,19-Secoyohimban-19-oic acid, Cleavamine,
18á-carboxy-3,4à-dihydro-, 1-Piperidinecarboxaldehyde, and (1-Ethyl-propenyl)-dimethyl-
amine, which could possibly have their share in the observed biological potentials. The find-
ings of the present study could be correlated with the reported studies [19,38]. From the
rich phytochemical composition of the selected plant, we hypothesized that the different
levels of antidiabetic activity of the extract and different fractions of A. articulata are due to
the varying levels of various phytochemicals in each extract/fraction. The purified fraction
A followed by crude extract A. articulata exhibited higher levels of TPC and TFC, together
with antioxidant and antidiabetic activity as compared with the other extracts/fractions.
This indicates that phenolic compounds, including flavonoids, are key active compounds
found in these extracts, and the plant could thus be a good candidate for further studies to
isolate inhibitors of the tested radicals and enzymes.

5. Conclusions

From the current study results, it can be concluded that A. articulata in extract form
should be considered an effective source to relieve oxidative stress and health complications
associated with diabetes. This plant also has the potential to be used as an antimicrobial
agent as it effectively inhibited the growth of selected bacterial strains. The α-amylase
and α-glucosidase enzymes were inhibited by extracts to an appreciable extent suggesting
that this plant could be used as a potential candidate to isolate effective antidiabetic drugs.
The observed biological activities were at the expense of its rich phytochemical composition,
confirmed through HPLC-UV and GC-MS techniques in this study. Further studies are
needed to isolate pure compounds responsible for the observed biological potentials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27113526/s1, Figure S1. Major phytochemical compounds
identified in fraction A of A. articulata. Figure S2. Individual mass fragmentation patterns of each
compound: (A) Acetdimethylamide (B) N-Nitrosomorpholine (C) 1,2-Benzenedicarboxylic acid
(D) Mono(2-ethylhexyl) phthalate (E) Bis(2-ethylhexyl) phthalate. Figure S3. Major phytochemical
compounds identified in fraction B of A. articulata. Figure S4. Individual mass fragmentation
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patterns of each compound: (A) N-Acetyl-l-methioninamide (B) 2-Propanamine (C) Phenol, 2,4-di-tert-
butyl (D) Benzene, (1-dodecyltridecyl) (E) Benzene, (1-hexyltetradecyl) (F) Benzene, (1-hexylheptyl)
(G) Isopropyl Palmitate (H) 10-Octadecenoic acid, methyl ester (I) 1-Docosene (J) Methyl ricinoleate
(K) Oleic acid, tetradecyl ester (L) Diisooctyl phthalate. Figure S5. Major phytochemical compounds
identified in fraction C of A. articulata. Figure S6. Individual mass fragmentation patterns of each
compound: (A) Asparagine (B) entacosane, 13-phenyl (C) Eicosane, 7-phenyl (D) Dodecane, 6-phenyl
(E) Palmitic acid, methyl ester (F) Isopropyl Palmitate (G) tert-Hexadecanethiol (H) Methyl ricinoleate
(I) Decyl oleate (J) Oleic acid, octadecyl ester (K) Elaidic acid, isopropyl ester (L) Diisooctyl phthalate
(M) Mono(2-ethylhexyl) phthalate. Figure S7. Major phytochemical compounds identified in fraction
D of A. articulata. Figure S8. Individual mass fragmentation patterns of each compound: (A)
Phenethyl alcohol, á-methyl (B) Benzyl-3-hydroxypyrrolidine (C) Diethyl Phthalate (D) 2,6-Dimethyl-
pyridine-3,5-dicarboxylic acid, dihydrazide (E) Methoxycarbonyl-2-methoxyphenyl isothiocyanate (F)
Phosphoric acid, dibutyl 3-trifluoromethyl-3-pentyl ester (G) Oleic Acid (H) 4-Acetylaminophthalic
acid, dimethyl ester (I) Benzene-1,3-dicarboxylic acid (J) (2-Phenyl-1,3-dioxolan-4-yl) methyl (9E)-9-
octadecenoate (K) 1-Heneicosyl formate (L) 18,19-Secoyohimban-19-oic acid (M) Cleavamine, 18á-
carboxy-3,4à-dihydro-, methyl ester. Table S1. Major phytochemical compounds identified in fraction
A of A. articulata and their various parameters. Table S2. Major phytochemical compounds and their
parameters identified in fraction B of A. articulata. Table S3. List of major components and their
parameters identified in fraction C of A. articulata. Table S4. Major phytochemical compounds and
their parameters identified in fraction D of A. articulata. Table S5. Major phytochemical compounds
and their parameters identified in the oil fraction of A. articulata. Table S6. Antibacterial potential
of crude extract, oil, and purified fraction of A. articulata. Table S7. Antioxidant potential (DPPH
and ABTS) of A. articulata crude extract, hexane, and subsequent fractions. Table S8. α-glucosidase
and α-amylase inhibition of A. articulata crude extract and subsequent purified fractions at various
concentrations.
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WHO World Health Organization
UV Ultraviolet
HPLC High performance liquid chromatography
GC-MS Gas chromatography-mass spectroscopy
DPPH 2,2-Diphenyle-1 picrylhydrazyl
ABTS 2,2’-Azino-Bis-3 Ethylbenzothiazoline-6-Sulfonic Acid
TLC Thin layer chromatography
TPC Total phenolic content
TFC Total Flavonoid Content
GAE Gallic acid equivalent

128



Molecules 2022, 27, 3526

QE Quercetin equivalent
FID Flame ionization detector
NIST National Institute of Standards and Technology
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Abstract: Diabetes mellitus is a metabolic disorder and is a global challenge to the current medicinal
chemists and pharmacologists. This research has been designed to isolate and evaluate antidiabetic
bioactives from Fragaria indica. The crude extracts, semi-purified and pure bioactives have been used
in all in vitro assays. The in vitro α-glucosidase, α-amylase and DPPH free radical activities have
been performed on all plant samples. The initial activities showed that ethyl acetate (Fi.EtAc) was
the potent fraction in all the assays. This fraction was initially semi-purified to obtain Fi.EtAc 1–3.
Among the semi-purified fractions, Fi.EtAc 2 was dominant, exhibiting potent IC50 values in all the
in vitro assays. Based on the potency and availability of materials, Fi.EtAc 2 was subjected to further
purification to obtain compounds 1 (2,4-dichloro-6-hydroxy-3,5-dimethoxytoluene) and 2 (2-methyl-
6-(4-methylphenyl)-2-hepten-4-one). The two isolated compounds were characterized by mass and
NMR analyses. The compounds 1 and 2 showed excellent inhibitions against α-glucosidase (21.45 for
1 and 15.03 for 2 µg/mL), α-amylase (17.65 and 16.56 µg/mL) and DPPH free radicals (7.62 and
14.30 µg/mL). Our study provides baseline research for the antidiabetic bioactives exploration from
Fragaria indica. The bioactive compounds can be evaluated in animals-based antidiabetic activity
in future.

Keywords: Fragaria indica; α-glucosidase; α-amylase; antioxidant; bioactives; antidiabetic

1. Introduction

The use of plants or their derivatives to treat various ailments is a practice as old
as human civilization [1,2]. These plants not only produce primary metabolites for their
own existence but also release secondary metabolites to interact with other organisms.
The secondary metabolites are usually investigated for various bioactives [3,4]. Bioactives
are chemicals produced by a living being to treat various diseases or alter biological
functions [5]. Over a span of decades, there have been attempts to explore the use of plants
to treat various disorders, including diabetes [6,7].

Diabetes is a metabolic disorder characterized by an elevated level of blood glucose
with common symptoms of polyphagia, polydipsia and polyurea [8]. There are several
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biochemical pathways which can be targeted for the management of diabetes [6]. The
more trivial and vital enzymatic targets of diabetes are α-glucosidase, α-amylase, protein
tyrosine phosphatase. The free radicals play a vital role in implications of several disor-
ders [9–11]. In DM, the free radicals within the body increase due to auto-oxidation of
glucose, which further complicates the situation. The free radicals damage the β cells,
which are majorly responsible for the synthesis of insulin, and thus diminish the insulin
synthesis [12]. The human body has the capability to combat the free radicals due to
an auto-immune response [13]. However, at certain stages, when the free radicals are at
uncontrolled level, the auto-immune system fails to control it [14]. At this stage of high
free radicals within the body, the antioxidant treatment is necessary [15]. Reactive oxygen
species and pro-inflammatory cytokines and chemokines cause the activation of JNK and
NF-κB pathways that promote the development of diabetes [16]. There are 537 million
adults suffering from diabetes and the number is expected to reach 783 million by 2045.
The tremendous rise in diabetics confirms that it is a global challenge for policymakers and
researchers to take necessary steps to overcome this challenge.

As the previous molecules are losing effectiveness, the result is certain effects, such
as weight gain, heart problems, infections and weakened kidney. Despite significant
additions to the list antidiabetics, researchers have to do more in search of safe, effective
and efficient drug. Natural bioactives might be an effective therapeutic intervention, as
studies have shown that phytochemicals are efficient agents in controlling diabetes via
different mechanisms [17,18].

Fragaria indica Andrews, commonly known as wild strawberry, belongs to the family
Rosaceae. It has scientific synonym Duchesnea indica (Andrews) and Potentilla indica (An-
drews). It is naturalized in Africa, Europe and North America and distributed in Asian
countries such as Pakistan, Kashmir, Afghanistan, Bhutan, China, India, Indonesia, Japan,
Korea and Nepal [19]. The plant is known locally as the Zmaki toot, Khunmurch, and Blm-
ngye. It is used traditionally for sore throat, tuberculosis, [20,21] nutrient, anthelmintic, and
diabetic patients [22]. The plant has been explored for antioxidant, anti-inflammatory [23],
and immunomodulatory potential [24,25]. Until now, other species of Fragaria such as
Fragaria × ananassa and Fragaria nilgerrensis have been evaluated for their antidiabetic
potentials [26,27]. However, to the best of our literature survey, we noticed that the antidia-
betic potential of Fragaria indica is still unexplored. Keeping in view the global burden of
diabetes and weaknesses of the available synthetic antidiabetic molecules and unexplored
nature of F. indica, we plan the current work to investigate the antidiabetic and antioxidant
potentials of the F. indica crude extract, semi-purified extracts and pure bioactives.

2. Results
2.1. Isolation of Bioactive Compounds

In our designed study, we initially screened the crude extract and different solvent
fractions of F. indica for in vitro α-glucosidase, α-amylase and DPPH activities. Based
on the potency of ethyl acetate fraction (Fi.EtAc), we subjected the ethyl acetate fraction
to normal gravity column chromatography with slow elution of solvent system. The
solvent system was started with 100% n-hexane and was gradually increased in polarity
by adding small percentages of ethyl acetate. Initially, we obtained three semi-purified
phytocomponents Fi.EtAc 1, Fi.EtAc 2 and Fi.EtAc 3. The semi-purified phytochemicals
were further subjected to in vitro α-glucosidase, α-amylase and DPPH activities. The semi-
purified components were isolated based on TLC analysis. Among the three semi-purified
ethyl acetate fractions, Fi.EtAc 2 was the potent one based on its IC50 values obtained in
the in vitro assays. The Fi.EtAc 2 was further purified to obtain two bioactives 1 and 2 (as
shown in Figure 1).
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Figure 1. Isolated bioactive compounds from Fragaria indica.

2.2. Structure Confirmations of the Isolated Bioactives

The compound 1 is chemically 2,4-dichloro-6-hydroxy-3,5-dimethoxytoluene. The
molecular weight of compound 1 was confirmed as 236 [M − 1]+, and its fragmentation
pattern was 236 (68%, molecular ion peak), 221 (100%, the base peak), 206 (2%), 193 (25%),
178 (38%), 171 (5%), 158 (15%), 143 (14%), 127 (5%), 103 (11%), 87 (19%) and 67 (18%).
The 1H-NMR spectrum of compound 1 showed three distinct singlets, each of 3H. The
toluoyl methyl group (Ar-CH3) appeared at 2.314 chemical shift. The two methoxy groups
(CH3O-Ar-OCH3) appeared as two singlets at 3.870 and 3.877 chemical shift. The phenolic
hydrogen (HO-Ar) appeared as singlet of one proton at 6.041. The 13C-NMR of compound 1
showed signals at chemical shift values of 15.38, 55.03, 112.18, 115.70, 119.75, 133.11, 137.39
and 139.59 ppm.

Chemically, compound 2 is 2-methyl-6-(4-methylphenyl)-2-hepten-4-one. The molecu-
lar weight of compound 2 was confirmed as 216, and its fragmentation pattern was 216
(28%, molecular ion peak), 201 (10%), 132 (16%), 119 (46%), 83 (100%, base peak) and 55
(25%). The 1H-NMR spectrum also showed all the proton patterns of the compound 2.
The four aromatic protons appeared in two distinct doublets (each having two protons
integration) at 7.12 and 7.07 chemical shift values. The observed coupling constant values
(J) were 8.36 and 8.05 Hz, respectively for the two doublets. The hydrogen atom on the
alkene unit of the compound 2 appeared at 6.151 as a sharp singlet. One of the methy-
lene protons of compound 2 (-CH2-) gave a multiplet between chemical shift of 3.463 and
3.373. The second methylene proton (-CH2-) merged with methyne proton (-CH-) in the
multiplet range of 3.054 to 2.963. The aromatic methyl group (Ar-CH3) appeared as a
singlet of three protons at 2.238. The two methyl groups attached with the alkene unit gave
two distinct singlets at 2.082 and 1.994, with integration values of 3H for each one. The
methyl group attached at α-position to the aromatic ring gave a doublet at 1.28 with a J
value of 7.07 Hz. The 13C-NMR of compound 2 showed signals at chemical shift values
of 18.03, 19.45, 21.78, 26.21, 37.67, 45.83, 126.92, 130.60, 132.20, 137.16, 140.14, 156.05 and
201.24 ppm. The mass and NMR spectra of the isolated bioactive compounds are provided
in the Supplementary Materials.

2.3. In Vitro Activities on Crude Extracts of Fragaria indica
2.3.1. α-Glucosidase and α-Amylase

The α-glucosidase and α-amylase activities of the crude extracts and subfractions of
Fragaria indica are summarized in Table 1. The tested concentrations of the plant’s samples
and standard drug used were 1000, 500, 250, 125 and 62.5 µg/mL. At maximum concen-
trations, the crude extract (Fi.Cr), n-hexane (Fi.Hex), ethyl acetate (Fi.EtAc), chloroform
(Fi.Chf) and aqueous (Fi.Aq) fractions gave percent inhibitions of 64.44, 61.50, 71.69, 61.23
and 57.85%. The standard drug acarbose at the same concentration (1000 µg/mL) gave
a percent inhibition of 96.00%. Overall in our fractions, Fi.EtAc was the potent one in
inhibition of α-glucosidase enzyme with the observation of an IC50 value of 117.54 µg/mL.

133



Molecules 2022, 27, 3444

Table 1. α-Glucosidase and α-amylase results of Fragaria indica crude extracts.

Sample Concentration (µg/mL)
α-Glucosidase α-Amylase

Percent
Inhibition IC50 (µg/mL) Percent

Inhibition IC50 (µg/mL)

Fi.Cr

1000 64.44 ± 0.09 ***

232.10

66.90 ± 0.72 ***

218.19
500 56.87 ± 0.39 *** 57.12 ± 0.89 ***
250 51.83 ± 1.07 *** 52.64 ± 1.38 ***
125 44.23 ± 0.44 *** 45.40 ± 0.93 ***
62.5 36.29 ± 0.43 *** 35.22 ± 0.94 ***

Fi.Hex

1000 61.50 ± 2.26 ***

340.56

65.50 ± 2.26 ***

249.85
500 54.01 ± 0.42 *** 56.01 ± 0.42 ***
250 45.07 ± 0.62 *** 49.07 ± 0.62 ***
125 39.70 ± 0.35 *** 43.70 ± 0.35 ***
62.5 34.73 ± 0.66 *** 35.73 ± 0.66 ***

Fi.EtAc

1000 71.69 ± 0.77 ***

117.54

73.60 ± 1.63 ***

96.82
500 63.67 ± 0.61 *** 66.82 ± 0.85 ***
250 56.44 ± 0.51 *** 61.25 ± 1.40 ***
125 51.76 ± 0.58 *** 53.10 ± 0.60 ***
62.5 43.54 ± 0.50 *** 44.61 ± 0.43 ***

Fi.Chf

1000 61.23 ± 0.22 ***

296.86

63.48 ± 0.25 ***

259.11
500 55.45 ± 0.90 *** 56.47 ± 0.04 ***
250 46.90 ± 0.60 *** 48.47 ± 0.44 ***
125 41.00 ± 0.30 *** 42.44 ± 0.09 ***
62.5 37.90 ± 0.45 *** 37.43 ± 1.39 ***

Fi.Aq

1000 57.85 ± 0.56 ***

429.39

57.79 ± 0.62 ***

398.46
500 51.64 ± 0.75 *** 52.45 ± 0.49 ***
250 44.58 ± 0.77 *** 46.75 ± 0.58 ***
125 38.75 ± 0.63 *** 38.73 ± 0.64 ***
62.5 32.58 ± 0.70 *** 33.47 ± 0.56 ***

Acarbose

1000 96.00 ± 0.30

17.28

82.43 ± 0.52

12.84
500 90.61 ± 0.43 74.03 ± 0.64
250 84.03 ± 0.86 71.56 ± 0.49
125 77.58 ± 0.77 67.05 ± 0.49
62.5 71.48 ± 0.74 63.26 ± 0.93

All values are taken as mean ± SEM (n = 3). Two-way ANOVA followed by Bonferoni test were followed. Values
significantly different in comparison to standard drug, i.e., *** = p < 0.001.

Likewise, the α-amylase inhibitory potential was also in a similar pattern to that of
α-glucosidase, as shown in Table 1. The observed IC50 values for Fi.Cr, Fi.Hex, Fi.EtAc,
Fi.Chf and Fi.Aq fractions were 218.19, 249.85, 96.82, 259.11 and 398.46 µg/mL, respectively
in comparison to the standard acarbose (12.84 µg/mL). In α-glucosidase and α-amylase
activities, we observed that ethyl acetate fraction of Fragaria indica (Fi.EtAc) was the potent
inhibitor fraction.

2.3.2. DPPH Results

The antioxidant potentials of crude extracts and different solvent fractions of Fragaria
inidica were assessed by DPPH assay and the results are shown in Table 2. Based on Table 2,
we can clearly observe that overall, the plant contains potential antioxidant properties. At
1000 µg/mL, Fi.Cr, Fi.Hex, Fi.EtAc, Fi.Chf and Fi.Aq fractions gave 65.66, 63.44, 78.81,
67.85 and 60.54% inhibitions. Ascorbic acid gave 91.90% inhibition at the highest tested
concentration under the same set of experiments. In the DPPH assay, the Fi.EtAc was the
fraction with potent IC50 value of 59.55 µg/mL in comparison to the standard drug IC50
value, which was noted as 4.98 µg/mL. The other fractions showed IC50 values of 200.89
(Fi.Cr), 236.91 (Fi.Hex), 142.39 (Fi.Chf) and 349.35 µg/mL (Fi.Aq).
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Table 2. DPPH free radicals scavenging results of crude extracts of Fragaria indica.

Sample Concentration (µg/mL) Percent Inhibition IC50 (µg/mL)

Fi.Cr

1000 65.66 ± 0.78 ***

200.89
500 60.62 ± 0.74 ***
250 52.62 ± 0.74 ***
125 44.86 ± 0.60 ***
62.5 37.48 ± 0.64 ***

Fi.Hex

1000 63.44 ± 0.09 ***

236.91
500 57.87 ± 0.39 ***
250 51.83 ± 1.07 ***
125 43.23 ± 0.44 ***
62.5 36.29 ± 0.43 ***

Fi.EtAc

1000 76.81 ± 0.60 ***

59.55
500 70.74 ± 0.61 ***
250 64.68 ± 0.60 ***
125 58.63 ± 0.76 ***
62.5 49.79 ± 0.63 ***

Fi.Chf

1000 67.85 ± 0.56 ***

142.39
500 62.64 ± 0.75 ***
250 55.58 ± 0.77 ***
125 47.75 ± 0.63 ***
62.5 42.58 ± 0.70 ***

Fi.Aq

1000 60.54 ± 0.48 ***

349.35
500 52.30 ± 0.66 ***
250 45.58 ± 0.59 ***
125 41.52 ± 0.62 ***
62.5 35.45 ± 0.57 ***

Ascorbic acid

1000 91.90 ± 0.96

4.98
500 87.08 ± 0.47
250 82.40 ± 0.20
125 77.61 ± 0.43
62.5 75.45 ± 0.90

All values are taken as mean ± SEM (n = 3). Two-way ANOVA followed by Bonferoni test were followed. Values
significantly different in comparison to standard drug, i.e., *** = p < 0.001.

2.4. In Vitro Activities on Semi-Purified Ethyl Acetate Fractions of Fragaria indica
2.4.1. In Vitro α-Glucosidase and Amylase Results

The α-glucosidase and α-inhibitory potentials of semi-purified ethyl acetate fractions
(Fi.EtAc 1, Fi.EtAc 2 and Fi.EtAc 3) are shown in Table 3. As obvious from Table 3 results,
the activities profile enhanced with the semi-purification. Specifically, the semi-purified
ethyl acetate fraction Fi.EtAc 2 exhibited IC50 values in parallel comparison to the standard
drug. The fraction Fi.EtAc 2 exhibited IC50 values of 14.81 and 14.54 µg/mL against α-
glucosidase and α-amylase enzymes, respectively. The standard drug gave IC50 values
of 17.28 and 12.84 µg/mL against α-glucosidase and α-amylase enzymes, respectively.
Similarly, the potencies of other semi-purified fractions were also excellent. The fraction
Fi.EtAc 1 gave IC50 values of 63.85 and 38.60 µg/mL against α-glucosidase and α-amylase
enzymes, respectively. Similarly, the semi-purified fraction Fi.EtAc 3 gave IC50 values of
20.56 µg/mL (α-glucosidase) and 19.62 µg/mL (α-amylase).
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Table 3. α-Glucosidase and α-amylase results of semi-purified ethyl acetate fraction of Fragaria indica.

Sample Concentration (µg/mL)
α-Glucosidase α-Amylase

Percent
Inhibition IC50 (µg/mL) Percent

Inhibition IC50 (µg/mL)

Fi.EtAc 1

1000 81.81 ± 0.60 ***

63.85

82.45 ± 0.55 ns

38.60
500 76.74 ± 0.61 *** 76.53 ± 0.41 ns

250 67.68 ± 0.60 *** 71.42 ± 0.46 ns

125 61.63 ± 0.76 *** 65.68 ± 0.64 *
62.5 47.79 ± 0.63 *** 53.63 ± 0.64 ***

Fi.EtAc 2

1000 87.63 ± 0.64 ***

14.81

89.37 ± 0.54 ns

14.54
500 82.45 ± 0.55 *** 84.44 ± 0.50 ns

250 76.53 ± 0.41 *** 77.51 ± 0.72 ns

125 71.42 ± 0.46 *** 72.28 ± 0.61 ns

62.5 65.68 ± 0.64 *** 67.46 ± 0.62 ns

Fi.EtAc 3

1000 83.08 ± 1.04 ***

20.56

85.43 ± 1.26 ns

19.62
500 76.45 ± 0.90 *** 78.83 ± 0.66 ns

250 70.58 ± 0.63 *** 72.93 ± 0.90 ns

125 65.40 ± 0.20 *** 67.26 ± 0.77 ns

62.5 61.80 ± 0.90 *** 63.10 ± 0.95 ns

Acarbose

1000 96.00 ± 0.30

17.28

82.43 ± 0.52

12.84
500 90.61 ± 0.43 74.03 ± 0.64
250 84.03 ± 0.86 71.56 ± 0.49
125 77.58 ± 0.77 67.05 ± 0.49
62.5 71.48 ± 0.74 63.26 ± 0.93

All values are taken as mean ± SEM (n = 3). Two-way ANOVA followed by Bonferoni test were followed. Values
significantly different in comparison to standard drug, i.e., * = p < 0.05, *** = p < 0.001 and ns: not significant.

2.4.2. DPPH Results

The three semi-purified ethyl acetate fractions of Fragaria indica were also found to
possess strong antioxidant properties, as can be seen in Table 4. With semi-purification,
the fractions showed excellent antioxidant activity profiles. The observed IC50 values for
the three fractions Fi.EtAc 1, Fi.EtAc 2 and Fi.EtAc 3 were 14.95, 20.59 and 26.25 µg/mL,
respectively in DPPH free radicals scavenging activity. Based on the relative potencies and
amount of each semi-purified fraction, we selected Fi.EtAc 2 for further purification to
obtain the bioactive compounds.

Table 4. DPPH results of semi-purified ethyl acetate fractions of Fragaria indica.

Sample Concentration (µg/mL) Percent Inhibition IC50 (µg/mL)

Fi.EtAc 1

1000 95.00 ± 0.32 ns

14.95
500 90.63 ± 0.45 ns

250 84.05 ± 0.88 ns

125 78.56 ± 0.79 ns

62.5 71.46 ± 0.76 **

Fi.EtAc 2

1000 85.72 ± 0.79 ***

20.59
500 81.68 ± 0.63 ***
250 76.46 ± 0.53 ***
125 69.78 ± 0.60 ***
62.5 61.56 ± 0.52 ***

Fi.EtAc 3

1000 84.83 ± 0.62 ***

26.25
500 80.76 ± 0.63 ***
250 75.70 ± 0.62 ***
125 66.65 ± 0.78 ***
62.5 59.81 ± 0.65 ***
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Table 4. Cont.

Sample Concentration (µg/mL) Percent Inhibition IC50 (µg/mL)

Ascorbic acid

1000 91.90 ± 0.96

4.98
500 87.08 ± 0.47
250 82.40 ± 0.20
125 77.61 ± 0.43
62.5 75.45 ± 0.90

All values are taken as mean ± SEM (n = 3). Two-way ANOVA followed by Bonferoni test were followed. Values
significantly different in comparison to standard drug, i.e., ** = p < 0.01, *** = p < 0.001 and ns: not significant.

2.5. In Vitro Activities on Isolated Compounds of Fragaria indica

The two isolated compounds were characterized and were then subjected to in vitro
antidiabetic activities and results are summarized in Table 5. The compound 1 (2,4-dichloro-
6-hydroxy-3,5-dimethoxytoluene) and 2 (2-methyl-6-(4-methylphenyl)-2-hepten-4-one)
showed excellent activities profiles exhibiting IC50 values of 21.45 and 17.65 (α-glucosidase)
and 15.03 and 16.56 µg/mL (α-amylase), respectively. Similarly, of the two compounds,
specifically, the phenolic type of derivative (1) was the more potent antioxidant. The
observed IC50 values for compounds 1 and 2 were 7.62 and 14.30 µg/mL, respectively
against the DPPH free radicals. The standard drug IC50 under the same set of condition
was 4.98 µg/mL.

Table 5. α-Glucosidase, α-amylase and DPPH results of isolated compounds from Fragaria indica.

Sample α-Glucosidase IC50
(µg/mL)

α-Amylase IC50
(µg/mL) DPPH IC50 (µg/mL)

Compound 1 21.45 17.65 7.62
Compound 2 15.03 16.56 14.30

Acarbose 17.28 12.84 -
Ascorbic acid - - 4.98

3. Discussion

Researchers, specifically the medicinal chemists and pharmacologists are constantly
searching for new drug molecules [28–30]. The organic chemists design and explore new
methods for the synthesis of valuable molecules which can be important drug or natural
products [31,32]. On the other hand, the medicinal chemists are in constant evaluation of
medicinal compounds for various vital targets [33–35]. The pharmacological researchers
use various in vitro and in vivo methods to confirm the possible use of a compound for a
specific disease [36]. One of the major tools is the computational approach, which allows
researchers to obtain the binding energies for a specific biological target [37]. The medicinal
values of compounds can be explored from natural and synthetic origins [38,39]. Among
the major health issues, diabetes is a global challenge to the researchers. Various natural
and synthetic origins have been employed for the management of diabetes [40]. However,
due to the emerging increasing number of diabetes patients, more natural sources can be
explored to treat diabetes. Poly- and oligosaccharides are converted into monosaccharides
by the action of intestinal α-glucosidase and α-amylase, and the activity significantly
contributes to postprandial hyperglycemia. Synthetic agents such as acarbose can inhibit
these enzymes, but the side effects, such as diarrhea, flatulence, and stomach pain, make
them unsuitable [41]. The present study was designed to develop antidiabetics from natural
products based on this strategy with lesser side effects [42].

The ethyl acetate fraction of F. indica showed maximum inhibition of α-glucosidase,
α-amylase enzyme and DPPH free radical among the tested fractions and crude extract.
The inhibitory activity was enhanced with semi-purification of the ethyl acetate fraction.
The isolated compounds showed equivalent potent activities to the standard used.

Compound 1 is chemically 2,4-dichloro-6-hydroxy-3,5-dimethoxytoluene, while com-
pound 2 is 2-methyl-6-(4-methylphenyl)-2-hepten-4-one. Compound 1 seems to be the
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derivative of 3,5-dimethoxytoluene, an important aromatic compound of roses with seda-
tive action and used in aromatherapy as a relaxing fragrance [43]. Compound 2, com-
monly named ar-turmerone, was isolated from Curcuma longa with proven antivenom
and anti-inflammatory potentials [44,45]. It is a major component of turmeric oil with
anti-dermatophytic activity [46] and a neuroprotective effect [47]. However, the first time it
was reported was in F. indica.

The wild-type strawberry, i.e., F. indica herb was investigated for the first time for
in vitro antidiabetic and antioxidant activities. However, other species, especially fruits,
are extensively investigated for such activities. The enzyme α-amylase and α-glucosidase
activity were inhibited by ellagic acid or derivatives in aqueous fruit extract of Fragaria
× ananassa [26]. Similarly, another specie F. vesca leaf extract was reported to inhibit α-
glucosidase and α-amylase enzyme activity [41]. Flavonoids in n-butanol extract of F.
nilgerrensis Schlecht produced an antidiabetic effect [27].

The antioxidant properties of strawberries have been well documented, both in vitro
and in vivo [48–50]. A study on aqueous extract of Fragaria vesca L. collected in Bulgaria
showed strong ABTS inhibitory activity due to more polyphenols than those with less
ABTS inhibitory potentials [51].

Strawberries and strawberry-based phytochemicals are potential dietary sources for
managing hyperglycemia [52]. The leaves of the Fragaria × ananassa Duch. cultivars have
also been reported for antihyperglycemic and antioxidant potentials [53].

The beneficial effects of the different strawberry extracts on blood glucose levels are
popularizing its role as functional food [54,55]. The role was further supported by a clinical
trial where a diet supplemented with strawberry fruit extract lowered glycohemoglobin
(HbA1c) levels after six weeks of treatment [56].

Our experiments revealed that polyphenolic compounds of ethyl acetate fractions,
e.g., compounds 1 and 2, are potential major components possessing anti-diabetic and an-
tioxidant potentials; however, further analytical and structure-activity studies are required
to identify and synthesize more active components in the field.

4. Materials and Methods
4.1. Collection of Medicinal Plant and Extraction

The plant was collected from Laram Qilla Talash (Latitude 45.990530, Longitude
12.673570), District Dir Lower of Khyber Pakhtunkhwa (KPK) Pakistan in August 2020 and
was identified as Fragaria indica Andrews by Nasrullah, Plant Taxonomist at the department
of Botany University of Malakand, Chakdara, Pakistan. A sample specimen was deposited
at the herbarium of the same department, voucher no. H.UOM.BG.551. The extraction was
carried out as per our previous mentioned procedure [57]. The crude extract was subjected
to different solvents fractions based on the polarity basis as per our previously reported
procedure [58].

4.2. Phytochemistry and Bioactives Isolation

In our initial in vitro studies, we observed that among all the fractions, ethyl acetate
fraction (Fi.EtAc) was the most prominent. Based on this, the ethyl acetate fraction was
subjected to gravity column. The column elution was started with 100% of pure n-hexane
as non-polar component. The polarity of solvent was gradually increased with the addition
of ethyl acetate as polar modifier solvent. After the column chromatography, we were
able to collect three different ethyl acetate fractions (Fi.EtAc 1–3) as visualized on pre-
coated TLC plate under UV lamp. The three semi-purified ethyl acetate fractions were also
subjected to all in vitro assays. Among the semi-purified ethyl acetate fractions, Fi.EtAc 2
was observed with potent IC50 values in our in vitro experiments. Based on the potency,
Fi.EtAc 2 was further subjected to purification to obtain the bioactive compounds. At the
end of purification process, we were able to obtain two bioactive compounds (1 and 2).
The isolated compounds were characterized by their masses and also their structures were
confirmed by proton NMR [6].
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4.3. In Vitro α-Glucosidase Inhibition

α-Glucosidase inhibitory assay on F. indica extracts, solvent fractions and isolated
compounds were performed according to the reported procedure [59] using acarbose as
standard drug. The α-glucosidase solution (120 µL) of 0.50 U/mL in 0.10 M phosphate
buffer (pH 6.90) was prepared and p-nitrophenyl-α-D-glucopyranoside (5 mM) was added
as substrate solution. Different concentrations ranging from 62.50 µg/mL to 1000 µg/mL
of the crude extracts, semi-purified fractions and isolated compounds of F. indica were
prepared accordingly. The plant’s samples (extracts, semi-purified and purified compounds)
were mixed with the solutions of enzyme as per the experiment and were incubated at
37 ◦C.

After initial incubation for 15 min, 20 µL p-nitrophenyl-α-D-glucopyranoside solution
was mixed and was again incubated in the same way. Finally, 80 µL solution of sod.
carbonate (0.20 M) was added to finish up the reaction. The solution containing all the
substrates except α-glucosidase served as a blank. The absorbances of experiments were
measured at 405 nm. The experiments were repeated 3 times and the calculations were
made as per the standard protocols.

4.4. In Vitro α-Amylase Inhibition

The α-amylase inhibitory activity was carried out according to the established proto-
cols for F. indica extracts and isolated compounds [60] The amylase solution was prepared
in phosphate buffer. The solutions of the F. indica and isolated compounds (62.50 to
1000 µg/mL) were added to the amylase solution and allowed to react. After reaction com-
pletion, starch solution was added and incubated as per the standard method. Afterwards,
a solution of dinitro-salicylic acid was added to both test and control groups. The final
solutions were heated for 3 min in boiling water and the absorbances were measured at 656
nm. The experiments were performed in triplicates and percent inhibitions were calculated.

4.5. DPPH Free Radicals Scavenging Assay

The antioxidant activity was carried out for F. indica extracts, semi-purified ethyl
acetate fractions and isolated compounds using DPPH free radicals. DPPH solution was
prepared (24 mg/100 mL of methanol). Stock solutions (1 mg/mL) of F. indica extracts
and isolated compounds were prepared in methanol and then diluted to 1000, 500, 250,
125, 62.5 µg/mL. Sample and DPPH solutions were mixed in a ratio of 1:1 and were
incubated at 23 ◦C for 30 min. Finally, absorbance was measured at 517 nm using UV
spectrophotometer (Thermo electron corporation, Waltham, MA, USA). Ascorbic acid was
used as positive control. Percent radical scavenging activity was measured using the
reported equations [61].

4.6. Estimation of IC50 Values

The half inhibitory concentration (IC50) was calculated using Microsoft Excel program
as per our previously reported method [62].

4.7. Statistical Data Analysis

The results in assays were expressed as mean ± S.E.M. GraphPad prism (GraphPad
Software, San Diego, CA, USA) was used for one-way ANOVA followed by Dunnett’s
multiple comparison test with positive control and test groups. The p values less than
0.05 were considered as statistically significant. The level of significance was expressed as
* = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

5. Conclusions

It can be concluded from our current research results that Fragaria indica is a rich source
of bioactives. Herein, we have explored the Fragaria indica for its antidiabetic potential. We
initially confirmed from crude extracts’ in vitro assays that ethyl acetate fraction of the wild
strawberry was potent among all. Then, we semi-purified ethyl acetate fractions Fi.EtAc
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1 to 3. The Fi.EtAc 2 was the fraction with dominant activities. We were able to isolate
two compounds, i.e., 1 (2,4-dichloro-6-hydroxy-3,5-dimethoxytoluene) and 2 (2-methyl-6-
(4-methylphenyl)-2-hepten-4-one). The two compounds showed overwhelming activity
profile against α-glucosidase, α-amylase and DPPH free radicals. The two compounds
can be further evaluated for antidiabetic targets using in vivo models to obtain more
fruitful results.
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Abstract: Echimidine is the main pyrrolizidine alkaloid of Echium plantagineum L., a plant domesti-
cated in many countries. Because of echimidine’s toxicity, this alkaloid has become a target of the
European Food Safety Authority regulations, especially in regard to honey contamination. In this
study, we determined by NMR spectroscopy that the main HPLC peak purified from zinc reduced
plant extract with an MS [M + H]+ signal at m/z 398 corresponding to echimidine (1), and in fact also
represents an isomeric echihumiline (2). A third isomer present in the smallest amount and barely re-
solved by HPLC from co-eluting (1) and (2) was identified as hydroxymyoscorpine (3). Before the zinc
reduction, alkaloids (1) and (2) were present mostly (90%) in the form of an N-oxide, which formed
a single peak in HPLC. This is the first report of finding echihumiline and hydroxymyoscorpine in
E. plantagineum. Retroanalysis of our samples of E. plantagineum collected in New Zealand, Argentina
and the USA confirmed similar co-occurrence of the three isomeric alkaloids. In rat hepatocyte
primary culture cells, the alkaloids at 3 to 300 µg/mL caused concentration-dependent inhibition of
hepatocyte viability with mean IC50 values ranging from 9.26 to 14.14 µg/mL. Our discovery revealed
that under standard HPLC acidic conditions, echimidine co-elutes with its isomers, echihumiline and
to a lesser degree with hydroxymyoscorpine, obscuring real alkaloidal composition, which may have
implications for human toxicity.

Keywords: echimidine; echimidine isomers; hepatotoxicity; Echium plantagineum L.; rat hepatocytes
primary culture

1. Introduction

Pyrrolizidine alkaloids (PAs) are toxic compounds widespread throughout the plant
kingdom, occurring in about 3% of flowering plants [1]. Over 350 PAs have been identified
so far [2]. The plants containing PAs belong mainly to the Asteraceae (Senecioneae and Eu-
patorieae tribes), Boraginaceae (all genera), and Fabaceae (genus Crotalaria) families [3–6].
PAs occur as free-base/tertiary forms or their N-oxides. Both forms are hepatotoxic and
genotoxic [7,8]. Often, the N-oxides are found in higher concentrations than the correspond-
ing free bases (tertiary PAs) [9,10].
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The well-documented liver toxicity of 1,2-unsaturated PAs results in hepatic veno-
occlusive disease (HVOD). Although chronic exposure to PAs may not produce readily
recognizable symptoms, their hepatotoxicity can lead to irreversible liver damage and
death [5,6].

Because PAs may enter into the food chain by consumption of teas and herbal products,
eggs, milk, cereals and honey, awareness was recently raised by the European Food Safety
Authority (EFSA) [5,6,11–13]. Although legal limits for PAs in food have not been yet
established in the European Union, the German Federal Institute for Risk Assessment (BfR)
recommended a limit for intake of no higher than 0.007 µg of 1,2-unsaturated PAs per day
per kg body weight [14].

Certain PAs-containing plants such as Echium plantagineum and E. vulgare are impor-
tant foraging sources for honeybees. The Food Standards Australia New Zealand (FSANZ)
recognizes that honey produced from E. plantagineum will contain PAs and suggests blend-
ing it with other kinds of honey to reduce PAs concentration or that consumers should not
exclusively eat this honey [10,13].

The main pyrrolizidine alkaloid of E. plantagineum L., known as Paterson’s curse or
Salvation Jane in Australia, is echimidine [15–17]. This plant is native to the Mediterranean
basin in Spain and Portugal and is naturalized across much of southern Australia. It was
originally introduced as a potherb in the mid-1800s and later spread as an unintended
contaminant of pasture seed and hay. E. plantagineum is estimated to have invaded over
30 million ha of grazing land in Australia [18,19]. In addition to the fact that E. plantagineum
contains pyrrolizidine alkaloids, its traditional uses as diaphoretic diuretic, cough and
wound healing agent is mentioned. Moreover, echium oil also has many potential uses in
cosmetic and personal care product industries [20].

The presence of PAs in honey is well documented [10,13], but at what concentration
level could they be considered dangerous is still being debated. Currently, there are several
research programs underway, initiated by countries that either export or import the honey,
aimed at the determination of toxic limits for pyrrolizidine alkaloids. For most of the
studies, echimidine has been chosen as one of the representative alkaloids.

In this paper, we describe the isolation and determination of three isomeric pyrrolizidine
alkaloids from E. plantagineum, including echimidine, echihumiline and hydroxymyoscor-
pine, the latter two being isolated from this source for the first time. The latter compounds
have been previously isolated from other plants [4,17]. Considering that these alkaloids
may contribute unequally to the hepatotoxicity effects, the “echimidine” peak was further
resolved into true echimidine (1) and the mixture of echihumiline (2) and hydroxymyoscor-
pine (3) and their cytotoxicity were assessed in rat primary cell hepatocytes. Additionally,
the hepatotoxic activity of echiumine (4), the alkaloid isolated from the same plant material
as the three aforementioned isomeric alkaloids, was also evaluated.

2. Results and Discussion
2.1. Chromatography Investigation

Echimidine is currently used as a standard for the determination of toxic limits for
pyrrolizidine alkaloids in many products; therefore, its purity is of great importance. In
our study, we noticed that the methanol extract contained nearly 90% of echimidine, as the
N-oxide represented by a sharp RP-HPLC peak. The N-oxides were reduced with zinc dust
in the presence of sulfuric acid. After the reduction, the alkaloidal fraction was collected by
extraction with ethyl acetate. The alkaloid mixture was subjected to a CPC purification step
that produced a fraction composed of echimidine plus its isomers. An RP HPLC analysis of
this fraction under acidic conditions (0.05% TFA) consistently produced a sharp peak plus
a small 1–2% area partially resolved peak eluting ahead of the main peak showing an MS
ion at m/z 398 [M + H]+ corresponding to echimidine (Figure 1). Considering the HPLC
profile and keeping the MS result in mind, the sample may be regarded as an echimidine of
good purity.
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Additionally, with the aim of centrifugal partition chromatography (CPC) in a 
biphasic system, consisting of chloroform as the mobile phase and citrate buffer at pH 5.6 
as the stationary phase, we were able to simultaneously collect a fraction that contained 
mainly echiumine (4) (Figure 3), an alkaloid closely related to echimidine. 

Figure 1. An RP HPLC analysis of the “echimidine” peak from E. plantagineum under acidic conditions
(0.05% TFA). This peak in fact consists of Echimidine, Echihumiline and Hydroxymyoscorpine.

However, further NMR and HPLC data analysis indicated that this single peak com-
prises a mixture of alkaloids. Using the “core-shell” RP HPLC column (Kinetex EVO C18,
Phenomenex) in a buffer system at pH 6.8 (or higher), the peak attributed to “echimidine”
was resolved into two well-separated peaks (Figure 2). Peak A consists of echihumiline
and hydroxymyoscorpine, whereas peak B represents echimidine.
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Figure 2. An RP HPLC analysis of the “echimidine” peak from E. plantagineum under buffer conditions
(pH 6.8). Peak A—mixture of echihumiline and hydroxymyoscorpine. Peak B—echimidine.

Additionally, with the aim of centrifugal partition chromatography (CPC) in a biphasic
system, consisting of chloroform as the mobile phase and citrate buffer at pH 5.6 as the
stationary phase, we were able to simultaneously collect a fraction that contained mainly
echiumine (4) (Figure 3), an alkaloid closely related to echimidine.
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2.2. NMR Analysis

The NMR data analysis proved that peak B is indeed echimidine, while peak A com-
prised of two largely unresolved alkaloids, echihumiline (major) and hydroxymyoscorpine
(minor). Examination of several older (highly enriched in echimidine) comparable fractions
derived from different E. planatgineum plant collections revealed that the ratio of echihumi-
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line to echimidine varied from 0.13 to 0.43. The ratio of hydroxymyoscropine to echimidine
varied from non-detectable to 0.02. Nevertheless, the earlier eluting peak A in Figure 2,
which in fact is a 3:1 mixture consisting of two alkaloids by NMR data analysis, could not
be fully resolved through pH-controlled systems or the use of various stationary phases
(C8, C12, C18).

A detailed analysis of the 1H NMR spectrum of the constituent comprising peak A
clearly indicates that two compounds, in the ratio of 3:1, are present. This was evaluated
on the basis of integral values of the well-separated 1H resonances, which are directly
proportional to the number of protons giving rise to a given signal. The spectroscopic
pattern of both compounds is characteristic of pyrrolizidine alkaloids, with many signals
resonating at the same frequencies. However, broad singlets at δH 4.48 and 4.44, assignable
to H-8 of the major and minor components (Table 1), respectively, are well separated. There
is also a difference in the 1H and 13C chemical shifts of the C-18-C-21 moieties. In the minor
component, the 1H signals at δH 6.75, 1.75 and 1.76, together with their adjacent carbons,
are characteristic of a tigloyl moiety and assignable to C-19, C-20 and C-21 sites (Table 1),
respectively, implying that this component is hydroxymyoscorpine (Figure 3) [21]. In the
1H NMR spectrum of the major component, the olefinic proton (H-18) signal is shielded to
δH 5.57, in contrast to H-19 of echimidine and hydroxymyoscorpine, in which these signals
resonate at 6.75 and 6.09, respectively. In addition, both methyl groups are deshielded to
δH 1.88 and 2.12, in comparison to 1.75 and 1.76 ppm seen for hydroxymyoscorpine (see
Table 1). These chemical shifts are characteristic of a senecioic acid ester moiety, which
permits the identification of the major component represented by peak A as echihumiline
(Figure 3) [22].

Table 1. NMR data for echihumiline, hydroxymyoscorpine and echimidine (CDCl3, 500 MHz,
T = 295 K).

Po
si

ti
on

Peak (A) Peak (B)

Major Component (1.00)
Echihumiline

Minor Component (0.33)
Hydroxymyoscorpine Echimidine

δ (13C),
Multiplicity δ (1H) J in Hz δ (13C),

Multiplicity δ (1H) J in Hz δ (13C),
Multiplicity δ (1H) J in Hz

1 132.9, C 132.8, C 132.9, C
2 128.1, CH 5.84 bs 128.2, CH 5.86 bs 128.2, CH 5.85 bs
3 62.4, CH2 4.00 bd (15.2) 62.7, CH2 4.00 bd (15.2) 62.5, CH2 4.01 bd (15.2)

3.42 m 3.41 m 3.40 m
5 53.7, CH2 3.39 m 53.8, CH2 3.39 m 53.8, CH2 3.42 m

2.70 m 2.70 m 2.71 m
6 34.3, CH2 2.11 m (2H) 34.3, CH2 2.11 m (2H) 34.4, CH2 2.13 m (2H)
7 73.6, CH 5.40 m 73.6, CH 5.40 m 73.6, CH 5.45 m
8 75.8, CH 4.48 bs 75.9, CH 4.44 bs 75.9, CH 4.50 bs
9 62.3, CH2 4.92 d (13.1) 62.5, CH2 4.89 (overlapped) 62.3, CH2 4.90 d (13.2)

4.64 d (13.1) 4.63 d (13.2) 4.65 d (13.2)
10 174.2, C 174.2, C 174.2, C
11 82.9, C 82.9, C 83.1, C
12 69.7, CH 4.18 q (6.3) 69.7, CH 4.18 q (6.4) 69.7, CH 4.17 q (6.4)
13 18.5, CH3 1.24 d (6.3) 18.5, CH3 1.24 d (6.4) 18.5, CH3 1.24 d (6.4)
14 72.7, C 72.7, C 73.7, C
15 25.9, CH3 1.22 s 25.9, CH3 1.21 s 26.0, CH3 1.21 s
16 24.8, CH3 1.29 s 24.8, CH3 1.28 s 24.8, CH3 1.28 s
17 165.7, C 167.0, C 166.8, C
18 115.5, CH 5.57 m 128.4, C 127.2, C
19 158.4, C 138.0, CH 6.75 qd (6.2; 1.5) 139.6, CH 6.09 qq (7.3; 1.6)
20 27.5, CH3 1.88 d (0.9) 14.5, CH3 1.76 dd 15.8, CH3 1.94 dd (7.3; 1.6)
21 20.3, CH3 2.12 d (0.9) 11.9, CH3 1.75 bs 20.5, CH3 1.79 d (1.6)
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The 1H NMR spectrum of the second compound comprising peak B exhibits five
methyl, four methylene, two olefinic and three methine proton signals. The chemical shifts
at δH 6.09 and 5.85 (each 1-H, corresponding to H-19 and H-2, see Table 1) are characteristic
of olefinic moieties. One of these signals (δH 6.09) correlates in the HMBC spectrum with
two methyl signals at δC 20.48 and 15.78 (C-21 and C-20, respectively), and one carboxyl
signal at δC 166.75 (C-17). The protons adjacent to the two methyl groups resonate at δH
1.79 (H-21) and 1.94 (H-20), respectively, and in conjunction with a carboxylic carbon at δC
166.75 (C-17), an sp2 quaternary carbon signal at δC 127.21 (C-18), and a methine carbon
signal at δC 139.63 (C-19) are all characteristic of an angeloyl moiety [23]. The location of
this moiety is indicated by an HMBC correlation of the carboxylic carbon with a signal at δH
5.45 (H-7, Table 1) belonging to the pyrrolizidine moiety, as indicated by additional HMBC
and COSY correlations. A second side-chain moiety is substituted with a carbonyl group
resonating at δC 174.24 and exhibiting long-range correlation to a proton signal at δH 4.17.
This signal shows further correlations to a methyl group at δC 18.48 and two oxygenated
tertiary carbons at δC 73.73 and 83.07. Both these carbons give HMBC cross-peaks to two
methyl signals at δC 24.77 and 25.98. As a result, the compound representing peak B
was unambiguously identified as echimidine (Figure 3). All 1H and 13C chemical shifts
for echimidine and its isomers are collated in Table 1 and are in perfect agreement with
published data [4,17,24,25].

The apparent similarity of the 1H and 13C NMR spectra of these alkaloids (see Figure 4)
may be a reason why their existence has not been noticed before in what was regarded
previously as a pure “echimidine” peak. The presence of a nitrogen atom, which is easily
protonated at lower pH, and as a result may cause significant changes to proton chemical
shifts, may further interfere with the proper identification, especially when the spectra are
often registered in CDCl3, which may have a different degree of acidity.
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2.3. Hepatotoxicity Assessment

Figure 5A shows the percentage of viability of hepatocytes treated with different
concentrations of echiumine, a fraction with an “echimidine” peak (being in fact a mixture
of echimidine, echihumiline and hydroxymyoscorpine), echimidine and a mixture of
echihumiline and hydroxymyoscorpine (3 to 300 µg/mL).
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veno-occlusive disease. Testing of a range of PAs revealed that nuclear receptor PXR was 
exclusively activated by the open-chain diesters such as echimidine and lasiocarpine, sug-
gesting that only open-chain diesters act as PXR agonists. This might imply that a PXR-

Figure 5. Effect of the compounds on cell viability in primary culture of rat hepatocytes. (A) Rat
hepatocytes were treated with echiumine, a fraction with an “echimidine” peak, echimidine or
echihumiline/hydroxymyoscorpine mixture (3–300 µg/mL) for 48 h. (B) Rat hepatocytes were
treated with acetaminophen (ACP; 15.1 mg/mL) or ethanol (EtOH; 80 µL/mL) as a positive control.
Cell viability was determined by MTT assay. The results are expressed in percentage of control (CTL)
and each column presents the mean and the SEM of triplicate assays of two independent experiments.
* p <0.05 when compared with control (CTL) values (one-way ANOVA or t-test, when applicable).

All of them caused a concentration-dependent inhibition of rat hepatocyte primary
cell culture viability. The calculated mean IC50 values for the four compounds ranged
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from 7.47 to 14.14 µg/mL and they do not differ significantly among them (Table 2). As
a positive control (Figure 5B), we assessed the effect of two hepatotoxic agents, namely
acetaminophen and ethanol at the concentrations of 15.1 and 80 µL/mL, respectively. Both
agents inhibited hepatocyte viability in 70.68% and 72.51%, respectively, confirming that
the bioassay worked properly.

Table 2. Mean IC50 and maximal inhibitions values on cell viability in primary culture hepatocytes
for different compounds.

Compound IC50 95% CI Imax (%)

“echimidine” peak consisitng of
Echimidine, Echihumiline and
Hydroxymyoscorpine

14.14 µg/mL 9.01 to 22.17 70.96

Echimidine 13.79 µg/mL 7.84 to 24.24 67.37
Echihumiline/Hydroxymyoscorpine
Mixture 9.26 µg/mL 4.33 to 19.81 66.51

Echiumine 7.47 µg/mL 3.26 to 17.11 71.64
Acetaminophen 3.82 mg/mL 2.0 to 7.32 68.31

IC50 = concentration required to inhibit the cytotoxicity by 50%; CI = the 95% confidence interval, Imax = maximum
inhibition of cell viability. Each group represents the triplicate of two independent animals.

Collectively, the results support the view that the alkaloids isolated from Echium
plantagineum L. exhibit similar hepatotoxicity when assessed in rat hepatocyte primary
culture cells. Importantly, the IC50 value of isolated echimidine (13.79 µg/mL) was similar
to that of the fraction containing the three isomers (14.14 µg/mL). However, the highest
toxicity was found for echiumine (7.47 µg/mL), which was isolated alongside with the
three aforementioned alkaloids from the same plant sample. According to some authors,
the pyrrolizidine alkaloids are converted in the liver into reactive metabolites. Therefore,
chronic exposure to sub-lethal doses may cause cumulative damage or cancer. PAs intake
can induce damage to liver cells, inducing hepato-sinusoidal obstruction syndrome or
veno-occlusive disease. Testing of a range of PAs revealed that nuclear receptor PXR
was exclusively activated by the open-chain diesters such as echimidine and lasiocarpine,
suggesting that only open-chain diesters act as PXR agonists. This might imply that a PXR-
dedicated mode of action may contribute to the hepatotoxicity of PAs that is dependent on
PA structure [26].

3. Materials and Methods
3.1. General Experimental Procedures

Centrifugal Partition Chromatography was performed on the FCPC Kromaton A100
(Rousellet Robatel, Annonay, France) system. Analytical HPLC was carried out on an Agi-
lent HP1100 model equipped with quaternary pump, DAD, and autosampler. Preparative
HPLC was performed on a Gilson model 333/334 with H3M pump heads. A linear UV-VIS
200 detector with a preparative cell was used. The UV signal was monitored and integrated
with a model N2000 Baseline Chromatography Data System from Baseline Chromatech Re-
search Centre (www.qinhuan.com, accessed on 24 March 2022). Analytical HPLC analyses
were performed on a Kinetex EVO C18, 5 µm, 100 Å, 4.6 × 150 mm column, and preparative
on a Kinetex EVO C18, 5 µm, 100 Å, 21.2 × 150 mm column (Phenomenex, Torrance, CA,
USA). The mobile phase buffer was the same as for the preparative HPLC (32 mM lithium
phosphate, adjusted to pH 7.2 with phosphoric acid). The samples/compounds were eluted
from the analytical column on a gradient from 5 to 16% acetonitrile in 15 min, followed by
a column wash with 29% acetonitrile. The flow rate was 1.0 mL/min. The UV absorbance
signal on the diode array detector was monitored at 210 nm.

3.2. Plant Material

The plant material was collected in New Zealand, and the voucher specimens (CHR
637254, CHR 637255) were deposited at Allan Herbarium (CHR), Landcare Research,
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PO Box 69040, Lincoln 7640, NZ. The American Echium was propagated from the seeds
sold by Outsidepride company, 915 N. Main St., Independence, OR 97351, in Bethel,
Connecticut. Argentinian E. plantagineum was collected in B6600 Mercedes, Provincia de
Buenos Aires, Argentina.

3.3. Extraction and Isolation

Collected in New Zealand, aerial parts of E. plantagineum were dried and then ex-
tracted with MeOH. After the removal of MeOH, the resulting oleoresin was defatted
by partitioning between n-hexane-MeOH-water (10:9:1). The lower phase was concen-
trated to remove the organic solvents and diluted with water. The N-oxides of the Pas
were reduced to free alkaloids by treating the aqueous phase with 50% H2SO4 till the pH
adjusted to 2, and then an excess of zinc dust was added during stirring. In about 6 h
the pH became nearly neutral, and another portion of sulfuric acid and zinc dust was
added. After 20 h of stirring, the reaction mixture was made alkaline with Na2CO3, and
the alkaloids were extracted several times with ethyl acetate containing 5% of isopropanol.
These extracts were combined and quickly evaporated to dryness to avoid hydrolysis of
ethyl acetate by the alkaloids. Next, the obtained solid was again partitioned between water
acidified with sulfuric acid and ethyl acetate. The alkaloids migrated into the aqueous
acidic phase, and the neutral compounds remained in the ethyl acetate phase. Finally,
the aqueous layer was made alkaline with Na2CO3 and the alkaloids were re-extracted
into ethyl acetate. Evaporation of the solvent produced a crude mixture of pyrrolizidine
alkaloids. Centrifugal Partition Chromatography, using chloroform as the mobile phase
and citrate buffer at pH 5.6 as the stationary phase, was used to produce the bands of
echimidine fraction and echiumine. After this step, the echimidine fraction was purified
by preparative HPLC. The mobile phase contained a buffer of 32 mM lithium phosphate,
adjusted to pH 7.2 with phosphoric acid. The column was equilibrated using a 9:1 mixture
of the buffered mobile phase and acetonitrile and run in a gradient from 10% to 20% MeCN
over 14.4 min at 20 mL/min. For preparative runs, samples of 60 mg were injected in
methanol/water/acetic acid (1:1:0.005) at a concentration of 100 mg/mL. A total of 1.3 g
of CPC-fractionated echimidine fraction was loaded in 22 preparative HPLC runs. As a
result, 630 mg of echimidine and 280 mg of echihumiline/hydroxymyoscorpine mixture
were obtained.

3.4. NMR Spectroscopy

The 1D and 2D NMR spectra were recorded on a Bruker Avance III 500 spectrometer
(Bruker BioSpin, Rheinstetten, Germany), operating at 500.13 MHz for 1H and 125.76 MHz
for 13C. The spectrometer was equipped with a 5 mm BBI probe head with an actively
shielded Z-gradient coil connected to a GAB/2 gradient unit capable of producing B0
gradients with a maximum strength of 50 G/cm. During all measurements, the temperature
was set at 295 K and was controlled and stabilized with a BCU 05 cooling unit controlled
by a BVT3200 variable temperature unit. All spectra were recorded using 3 mm NMR
tubes (Norell) and CDCl3 (Armar Chemical, Döttingen, Switzerland) as a solvent. Chemical
shifts were referenced to the residual solvent signals at 7.26 and 77.00 ppm for 1H and 13C,
respectively. All spectra, except long-range 1H-13C correlation spectra, were acquired with
the original Bruker pulse sequences. For observation of the long-range correlations, the
Impact-HMBC pulse sequence was used. The spectra were acquired and processed using
the TopSpin 3.1 program (Bruker BioSpin) running under Windows 7 (64 bit) OS on the HP
Z700 workstation and used for operating and controlling the spectrometer.

3.5. Hepatotoxicity Assay
3.5.1. Animals

Male Sprague Dawley (250–350 g) rats were used throughout this study. Animals
originated from Charles River Laboratories (Raleigh, NC, USA) were bred in the Centre
for Innovation and Pre-Clinical Studies animal house facility (Florianópolis-S.C., Brazil).
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All animals were Specific Pathogen Free (5 per cage) and were housed at 22 ± 1 ◦C in a
light-controlled environment under a 12–12-h light-dark cycle (lights on at 07:00 AM). All
experimental procedures were based on the “Principles of Laboratory Animal Care” from
the NIH publication No. 85-23 [27], the international standards of animals recommended by
Brazilian Law (# 11.794–10/08/2008) [28] and were approved by the Animal Ethics Commit-
tee of the CIEnP—Centre of Innovation and Pre-Clinical Studies (#243/00/CEUA/CIEnP).

3.5.2. Hepatocyte Isolation and Cultivation

Hepatocytes were isolated from male Sprague-Dawley rats by a modified two-step
collagenase perfusion method [29]. The viability of hepatocytes was >80% (determined
by trypan blue exclusion). Hepatocytes were cultured in a 48 well plate at a density of
2 × 105 cells/well in William’s medium supplemented with 5% fetal bovine serum and 1%
penicillin/streptomycin under standard conditions in a humidified atmosphere at 37 ◦C
and 5% CO2 for 4 h. The medium was removed and replaced by HepatoZyme. After 18 h of
plating, cells were treated with the compounds echiumine, echimidine fraction, echimidine
(isolated) or the echihumiline/hydroxymyoscorpine mixture at concentrations of 3, 10, 30,
100 and 300 µg/mL. Acetaminophen (15.1 mg/mL) and ethanol (63.2 µg/mL) were used
as positive controls. The effects of the compounds were evaluated for 48 h.

3.5.3. MTT Assay

MTT assay viability was performed 48 h after the treatment of cells and was assessed
by measuring the formation of formazan from the MTT spectrophotometric test, according
to Mosmann (1983) [30]. At the end of the experiment, the hepatocytes were incubated with
0.5 mg/mL MTT for 4 h min at 37 ◦C. After the MTT was removed and the blue formazan
was extracted from cells with DMSO (100 µL/well). The absorbance was read at 570 nm in
a microplate reader (SpectraMax Plus).

3.5.4. Data Analysis

Graphic data were expressed as mean ± SEM. Statistical evaluation of the results was
carried out using the appropriate one-way analysis of variance (ANOVA) followed by a
post-hoc Dunnett’s test, whereas control groups (ACP or EtOH) were analyzed by Student’s
t-test. p values lower than 0.05 (* p < 0.05) were considered statistically significant. Data
were analyzed using GraphPad® Prism 5.0 software (San Diego, CA, USA).

4. Conclusions

For the first time, we have proven that the fraction with an “echimidine” peak in RP
HPLC derived from E. plantagineum consists of three alkaloids: echimidine, echihumiline,
and hydroxymyoscorpine. We believe that the two unreported alkaloids, echihumiline and
hydroxymyoscorpine, have been overlooked in this species because MS does not differenti-
ate isomers. Furthermore, as a result of significant structural similarity, most of the 1H NMR
signals are overlapping, and thus, signals of echihumiline and hydroxymyoscorpine, which
are at lower concentrations, can be easily overlooked. We surmise that their presence varies
and may be limited to some varieties, or they may occur at low concentrations compared
to echimidine. Additionally, the present results support the view that the alkaloids isolated
from Echium plantagineum L. exhibit similar hepatotoxicity when assessed in rat hepatocyte
primary culture cells.
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Abstract: The gut microbiota is important in regulating host metabolism, maintaining physiology,
and protecting immune homeostasis. Gut microbiota dysbiosis affects the development of the
gut microenvironment, as well as the onset of various external systemic diseases and metabolic
syndromes. Cyclophosphamide (CTX) is a commonly used chemotherapeutic drug that suppresses
the host immune system, intestinal mucosa inflammation, and dysbiosis of the intestinal flora.
Immunomodulators are necessary to enhance the immune system and prevent homeostasis disbalance
and cytotoxicity caused by CTX. In this study, shrimp peptide hydrolysate (SPH) was evaluated
for immunomodulation, intestinal integration, and microbiota in CTX-induced immunosuppressed
mice. It was observed that SPH would significantly restore goblet cells and intestinal mucosa
integrity, modulate the immune system, and increase relative expression of mRNA and tight-junction
associated proteins (Occludin, Zo-1, Claudin-1, and Mucin-2). It also improved gut flora and restored
the intestinal microbiota ecological balance by removing harmful microbes of various taxonomic
groups. This would also increase the immune organs index, serum levels of cytokines (IFN-γ, IL1β,
TNF-α, IL-6), and immunoglobin levels (IgA, IgM). The Firmicutes/Bacteroidetes proportion was
decreased in CTX-induced mice. Finally, SPH would be recommended as a functional food source
with a modulatory effect not only on intestinal microbiota, but also as a potential health-promoting
immune function regulator.

Keywords: shrimp (Penaeus Chinensis); peptides; immunosuppression gut microbiota; cyclophos-
phamide; gut health

1. Introduction

The gut microbiome is a diversified community of trillions of bacteria (microorgan-
isms) that live in the mammalian body and perform a variety of physiological functions in
the host’s gastrointestinal tract [1,2]. The host and the microbiota have common associa-
tions in a micro-ecosystem in the digestive tract. The microbiota is pivotal in regulating
host metabolism, i.e., digesting the carbohydrate to supply the nutrients for maintenance
of metabolic system, vitamin synthesis, maintain physiology, protect colonization of the
pathogen by shielding the harmful microbe’s invasion [3–5]. The intestinal barrier system
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consists of four layers that work together to keep the gastrointestinal tract in a state of
homeostasis: immunological, mechanical, biological, and chemical barriers [6,7]. The
mechanical barrier is composed of different types of cells: goblet cells, absorption cells,
intestinal stem cells, endocrine cells, and Paneth cells, all of which collaborate to maintain
the function and structure of the intestine [8]. Mucin-2 (Muc-2) is a component of chemical
barriers, formed as an exudate of goblet cells and adheres to the surface of epithelial cells to
prevent pathogens from attacking the mechanical barriers of the intestine [8,9]. In the intes-
tine, the microbiota stimulates cellular proliferation, mucus production, villus thickening,
vascularization, epithelial junction maintenance, and mucosal surface widening [10,11].
Gut microbiota dysbiosis plays a role in the development of the gut microenvironment, as
well as the onset of various external systemic diseases and metabolic syndromes [5,12,13].
Nonetheless, commensal microbes play a vital role in gastrointestinal secretions, immuno-
logical response, and food metabolism [4,5,14].

In recent years, there has been a general understanding of the gut microbiota, with the
rational use of probiotics as a functional food being well-established [2,15,16]. Pathogens
are known to cause infections and are strongly associated with the development or enhance-
ment of disease. While commensal gut microbiota modifies both genetic and epigenetic fac-
tors and modulates host health directly or indirectly [8,12], there is an established between
immunity, the mucous membrane immune system, and the gut microbiome. Intestinal flora
imbalance results in downregulation of immunological response, which in turn impacts
immune system development, altering the immune response of distant mucous membrane
tissue [13,14]. The nature of the intestinal flora is altered by an abnormal immune system,
which in turn influences the immune response of the distant mucosa, leading to immune
imbalance [14]. The host responds to the metabolites produced by microbes, altering the
growth of immune cells and resulting in the formation of an immunological response at
the limits of the body [13].

Since 1958, CTX has been one of the most used chemotherapeutic drugs to treat
autoimmune disease and cancer, despite its dominating adverse effects of destroying and
interfering with cells’ DNA, folic acid, and thus causing immunosuppression [7,15–17].
A high dose of CTX may affect not only tumor cells, but also lead to downregulating the
immune system while increasing intestinal mucosa inflammation, dysbiosis of the intestinal
flora, and increased permeability of the intestine. All of them resulting in secondary
infection by potential pathogens [7,18,19]. As a result, immunomodulators are important
to stimulate the immune system to reduce the adverse effects of CTX and to prevent
homeostasis disbalance and cytotoxicity [18,20].

A bioactive peptide is a group of polypeptides that produce in vitro enzymatic hydroly-
sis and fermentation of various marine or food resources employing appropriate proteolytic
enzymes [17,21], structurally contain more than 2–20 residues of amino acid, due to hy-
drophobic characteristics and small size, bioactive compounds are easier to absorb [19].
Marine species contain physiologically bioactive components for active pharmaceutical
ingredients and are an important compound for human nutrition. Marine peptides, partic-
ularly, have attracted a lot of interest because of their potential for improving health and
lowering illness risk [22–24]. Peptides may play a significant role in the intestine by regulat-
ing digestive enzymes, stabilizing the intestinal epithelial tight junctions, and modulating
dietary absorption [25,26]. Peptide hydrolysate from marine sources is safe, physiologically
beneficial, improves immunity, and performs a variety of functions, i.e., anticancer, an-
tibacterial, antiviral, antihypertensive, antithrombotic, hormonal, and cholesterol-lowering
effects [20,22,23,27]. It has been reported that shark-derived hydrolysate upregulates the
cytokines production and protects intestinal epithelial [24]. Oyster peptides stimulate
cytokines, modify gut microbiota, and ameliorate intestinal damage [15].

However, the effect of shrimp peptide hydrolysate (SPH) on intestinal microbiota and
mucosal integrity is less studied and their functional activity is not known. Therefore, the
current study investigates the effect of SPH on immunomodulation, intestinal integration,
intestinal microbiota in cyclophosphamide induces immunosuppressed mice.
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2. Results
2.1. Protein Concentration of SPH

The concentration of SPH was determined by the Bradford method. The hydrolysate
concentration increases hourly, and chymotrypsin (1%) concentration gives maximum
yields of protein hydrolysate (Figure S1). The tris-tricine SDS gel electrophoresis analysis of
SPH revealed that these proteins were of low molecular mass peptides, i.e., <10 kDa shown
in Figure S2.

2.2. Molecular Mass Distribution of SPH

The MALDI-TOF-MS analysis revealed seven peaks in SPH (Figure 1). The analyzed
molecular mass distribution was 0–8000 m/z. Five high-intensity peaks (3482.9, 2511.1,
1969.7, 1181.8, 223.5) were identified at <4000 m/z as major peptides.
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Figure 1. MALDI-TOF-MS analyses of peptides from shrimp protein hydrolysate. The mass spectrum
was obtained from the peptide sample. Peaks with m/z values indicate the identified peaks.

2.3. SPH Ameliorative Effect on Immunosuppressed BALB/c Mice

CTX administration was significantly decreased food and water intake, bodyweight
in the Model-CTX group, as shown in Figure 2a–c. In SPH treatment groups, mice had
significantly improved body weight and food/water intake as compared with the model
group. The spleen and thymus indices of the control group were significantly higher
(p < 0.05) than the model group. Spleen and thymus indices of SPH treatment groups were
significant compared with the model group (p < 0.05) while no significant differences were
noted between the SPH treatment groups and the control groups (Figure 2d,e).

2.4. SPH Effect in Immunosuppressed Mice on Cytokine Levels

The serum concentration of cytokines, i.e., TNF-α, IFN-γ, IL-1β, IL-6, and immunoglob-
ulins (IgA, IgM) in the model-CTX group were significantly lower (p < 0.05) than the control
group. Serum cytokine (TNF-α, IFN-γ, IL-1β, IL-6) and immunoglobulins (IgA and IgM)
concentration was significantly increased at post-treatment of SPH (Figure 3a–f). Colonic
tissue mRNA expression of Mucin-2, Occludin, Zo-1, and claudin-1 was decreased in the
Model-CTX group while SPH treatment groups showed a significant increase (Figure 4a–d).
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Figure 2. SPH effect on body weight, food and water intake, immune organ indices, and on prolifera-
tion response of splenocyte in CTX treated mice (6 groups, n = 10.) (a) Bodyweight. (b) Water intake.
(c) Food Intake. (d) Spleen index. (e) Thymus index. ### p < 0.001 comparison to the Normal control
group. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, comparison to the Model-CTX group.
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Figure 4. Relative expression of mRNA in colon tissues: (a) Mucin-2, (b) Zo-1, (c) Occludin, and
(d) claudin-1, mRNA levels were standardized against Beta-actin expression, and as shown the mean
± SD fold increase compared with the control group. ### p < 0.001 comparison to the Normal control
group. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, comparison to the Model-CTX group.

2.5. Effects of SPH on Mouse Spleen, Thymus, and Colon Histomorphology

The histomorphological changes in the spleen and thymus as well as the effects of SPH
are shown in Figure 5. The morphology of the spleen’s white and red pulp was observed
normal through H&E staining in the Normal control group. The lymphoid nodules were
clear, with lymphocytes clustered together. The spleens in the Model CTX group had a
disrupted structure, with an unclear margin between the white and red pulps. Furthermore,
there is an ambiguous border between the medulla and the thymic cortex. The thymocyte
estimation was decreased in the Model CTX group. While the SPH treatment groups
(LD.SPH, MD.SPH, HD.SPH, and ND.SPH) have had similar results as a control group,
with tightly organized thymocytes comprising a clear nucleus and fewer intracellular spaces
in a dose-dependent manner. Histomorphological findings showed that SPH reserved the
induced CTX impairment in the thymus and spleen in a dose-dependent manner.

The histomorphology of the colon shows that permeability increased after the admin-
istration of CTX, villi breakage, elongation of shallow crypts, loss in goblet cells as shown
in Figure 6. The goblet cells proportion was evaluated in the colon after cyclophosphamide
treatment (Figure 7a,b). The Model-CTX had a significantly lower relative number of goblet
cells when compared with the control group. Periodic-acid Schiff (PAS) was utilized to
stain neutral glycoprotein or mucus (purple-stained) containing goblet cells in the colon
tissues. PAS and Alcian blue periodic-acid Schiff (AB-PAS) staining revealed that the glyco-
protein content was significantly decreased in the Model-CTX group compared with the
control group. Moreover, SPH treatment increased and recovered the enormous amount
of goblet cells and mucin expression in LD.SPH, MD.SPH, HD.SPH, and ND.SPH in a
dose-dependent manner. The expression of tight junction proteins in the colonic epithelium
is affected by morphological changes. To further understand the impact of CTX on a
mucosal barrier, Mucin2, Occludin, Claudin, and ZO-1, three of the most well-studied tight
junction proteins were analyzed. Treatment with CTX reduced the expression of Mucin2,
Occludin, Claudin, and ZO-1, while SPH treatment improved the interstitial barrier and
increased the expression of tight junction protein as depicted in Figures 8 and 9.
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Figure 6. Effect of SPH on colon histologic modifications in mice with dysregulation caused by CTX.
Colon sections stained with hematoxylin and eosin (H&E). Inflammatory cells (represented by red
arrows), the mucosal space (represented by a red arrowhead), epithelial cells (represented by black
arrows), and the epithelial surface (represented by black arrowhead). Magnification 20×, scale bar:
100 µm.
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Figure 7. SPH treatment replenished goblet cells and enhanced mucin secretion in CTX-induced 
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Figure 7. SPH treatment replenished goblet cells and enhanced mucin secretion in CTX-induced mice.
(a). PAS staining (b). Images of colon sections are represented by AB-PAS staining. In each group, the
number of goblet cells and mucin production were measured. Control mice revealed plenty of goblet
cells with higher mucin expression (black arrows). In the CTX group, goblet cells were depleted
completely. In SPH treated groups the number of goblet cells improved and the mucin expression is
enhanced particularly at a higher dose. Magnification (upper 100×) (lower 200×).
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2.6. SPH Modulates the Gut Microbiota Composition and Metabolic Functions Profile

The pyrosequencing examination of 16S rRNA was used to analyze after splicing and
filtering dataset of good coverage clean 3,789,943 tags was obtained from fecal samples of
all groups. The data was statistically analyzed after operational taxonomic units (OTUs)
were clustered with a 97 percent similarity level. The taxonomic abundance of the intestinal
microbiota was investigated at the phylum and genus level for the specific changes induced
by CTX and SPH in all groups. Bacteroidetes and Firmicutes were the largest bacterial
group at the phylum level (90%) as shown in Figure 10a. The next most prevalent phyla
were Proteobacteria and Actinobacteria. In comparison to the control group, the CTX group
demonstrated a rise in Firmicutes (50.90%), as well as a decrease in Bacteroidetes (45.70%).
The CTX-induced dysbiosis in the gut microbiota was partially reversed after treatment
with SPH shown In Table 1.

Bacteria at the taxonomic level of class and family were observed (Figure 10b,c).
In comparison to the normal control group, the CTX group had an abundance of class;
Bacilli (34.7%), Coriobacteriia (1.1%), and Erysipelotrichi (0.30%), while in the normal group,
the abundance of class; Bacteroides (55.4%) and Clostridia (18.4%) are greater than CTX
group. The abundance of fecal microbiota at family level in normal group S24-7(34.1%),
Prevotellaceae (8.6%), Lachnospiraceae (4.9%), Rikenellaceae (3.5%), and in the CTX group,
the greater level of Bacteroidaceae (7.5%), Paraprevotellaceae (5.7%), Ruminococcaceae (3.2%),
Lactobacillaceae (34.7%), on the other hand, the CTX-induced changes were partially restored
by SPH treatment. Next, we evaluated the relative abundance of bacterial genera through
Heatmap; (Figure 10e) Lactobacillus (CTX 27.04 % vs. Control 33.83%), Bacteroides (CTX
5.65% vs. Control 1.6%), Prevotella (CTX 8.20% vs. Control 3.40%), after HD.SPH, MD.SPH,
and LD.SPH in all treatment groups effectively restored the proportion of all affected phyla,
demonstrating the clinical importance of SPH in the restoration of gut dysbiosis.

The community richness and diversity of each treatment group were described through
a rank abundance and a rarefaction curve. The species abundance and evenness in, re-
spectively, all treatment groups were explicitly represented by the rank abundance curve
(Figure 10d), where the width of the curve and the horizontal direction represented the
species richness and abundance, separately. The species richness is high in the normal and
all treatment, groups compared with the CTX group. Alpha diversity reflects the richness
and variation of the intestinal bacteria. The Chao1 and Ace indices are frequently used to
evaluate the percentage of bacterial richness in various groups, whereas the Simpson and
Shannon indices are used to assess the diversity of intestinal flora. There is no significant
difference in bacterial richness and alpha diversity in separate groups analyzed with Chao1
and Ace indices, and the Shannon and Simpson indices. In Figure 10f, the rarefaction
curve shows species diversity and abundance that reflects the analysis of several sequences.
Shannon, Simpson, and the observed species show higher diversity and richness in the
control and all treatment groups as compared to the CTX group.

The beta-diversity analysis revealed the dissimilarity or similarity of samples in
species compositions shown in Figure 10g. The OTU abundance data and the Bray–Curtis
inter-sample distance matrix were used for principal coordinates analysis (PCoA), and per-
form principal component analysis (PCA), shows apparent intestinal microbiota clustering
for each group. Several parameters, including Pearson, unweighted UniFrac, weighted
UniFrac, Bray–Curtis, and permutational multivariate analysis of variance (PERMANOVA),
are used to measure distance and compare differences between groups in beta diversity. Ac-
cording to distance matrices, the intestinal microbiota of CTX-treated mice differs in species
composition and clusters far from the NC group, whereas the microbiota of treatment
groups is much similar, and clusters close to the NC group.
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Figure 10. SPH’s impacts on the gastrointestinal microbiota at the molecular basis. (a–c) Individual
samples at the taxonomic levels of phylum, class, and family. (d) A rank abundance curve depicts the
richness and evenness of the species. The x- and y-axes depict the number of operational taxonomic
units based on the distribution, abundance, and abundance of each species (OTUs). (e) Hierarchical
clustering of gut microbiome via heat map analysis of the highly characterized bacterial taxa genus
level. (f) Rarefaction curves depicting species diversity and abundance. For each treatment group,
the Shannon, Simpson, choa1 alpha coefficient depicts the microbial richness and diversity. (g) The
proportion of the mice stool specimens predicated on the evolutionary appearance of their intestinal
bacteria is shown in a principal coordinate analysis (PCoA) plot with Bray–Curtis dissimilarity. Every
specimen is depicted by a dot in the graph, with various colors representing a diverse experimental
group (n = 3). The deviation between the observations is represented by the range among each other;
the nearer the specimens are, the more differently compared they are. (h) Analysis of functional genes
associated pathways in the control, Model-CTX, and treated groups.
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Table 1. Different treatment groups’ percentages of bacterial phyla.

Control HD.SPH LD.SPH MD.SPH Model. CTX ND.SPH

p__Bacteroidetes 55.83% 51.47% 51.83% 54.47% 45.95% 54.12%

p__Firmicutes 38.95% 46.06% 43.78% 42.98% 50.72% 42.23%

p__Actinobacteria 0.21% 0.76% 0.79% 0.34% 1.13% 1.54%

p__Proteobacteria 3.22% 0.64% 2.21% 1.10% 1.03% 1.05%

p__TM7 0.26% 0.26% 0.41% 0.12% 0.80% 0.71%

p__Verrucomicrobia 0.61% 0.20% 0.09% 0.03% 0.02% 0.20%

p__Tenericutes 0.65% 0.19% 0.12% 0.34% 0.22% 0.10%

p__Cyanobacteria 0.04% 0.13% 0.49% 0.35% 0.05% 0.02%

p__Deferribacteres 0.11% 0.01% 0.05% 0.08% 0.04% 0.00%

p__Fusobacteria 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

PICRUSt 1.1.0 predicts microbial ecological functions based on 16S sequences against
the spices in the Greengenes database using ortholog, Cog, and KEGG pathways. Statisti-
cal Analysis of Metagenomic Profile (STAMP) (version 2.1.3) was used to further assess
outcomes. In CTX treated mice and control group 6 KEEG pathways show a significant
variation detected in the pairwise abundance comparisons (Figure 10h). The most enriched
metabolic pathways among these were replication, repair and recombination proteins, and
restriction enzymes. Bacterial invasion of epithelial cells, pyruvate metabolism, ribosome
biogenesis, tetracycline biosynthesis, carbon fixation pathways in prokaryotes, TCA cy-
cle, fatty acid biosynthesis, energy production and depleted (Carbohydrate transport and
metabolism. Amino acid metabolism, pentose and glucuronate interconversions, fructose
and mannose metabolism, pentose phosphate pathway, RNA processing, modification,
etc.) alleyways related to those of the NC group. KEGG pathways were altered in dif-
ferent groups, proving that SPH therapy can enhance immunity by balancing the gut
microbiota’s metabolism.

3. Discussion

The intestine is the largest digestive, absorbing, and immune organ, and gut intestinal
microbiota and immunity continuously interact to enhance immune intestinal integrity and
homeostasis [14,28]. Gut immune homeostasis is composed of epithelium, lamina propria,
and Peyer’s patches, which are the first barrier against damages [14,15]. The imbalance
in intestinal/gut homeostasis leads to dysbiosis of gut microbial communities, and hence,
will trigger a variety of diseases and abnormal immune responses [29]. Cyclophosphamide
is a potent immunosuppressive agent, and a widely used anticancer drug, which may
cause complications by the disruption of the mucosal barrier, and immune function that
reduces the intestinal tight junctions, adherent junctions and enhances the potentially
pathogenic bacteria [30,31]. Therefore, in this study, the effect of SPH on CTX induced
mice were investigated to evaluate the gut intestinal integrity, gut microbiota, and im-
munomodulation. Factors; enzyme, PH, time, temperature, and solid–liquid ratio affected
peptide extraction concentration from marine recourses. The aforementioned factors were
assessed for improved product quality [32,33]. The enzymatic hydrolysis was affected by
chymotrypsin (1%) at 50 ◦C. The SPH extracts isolated from shrimps have identified five
low molecular weight peptides with MADIL-TOF-MS. Previous studies have shown that
peptides fractions < 6 kDa have better immunomodulatory activity [34].

The thymus and spleen are the key component of the immune organ in the immune
system and have an imperative role in nonspecific immunity [35]. Immune cell proliferation,
differentiation, and activation lead to an increase in the weight of the immune organs [36–39],
and vice versa represents the decreased activity of immune functions [40–43]. After the
administration of CTX, the body weight and immune organ index of mice was significantly
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decreased and at post-treatment, with SPH the mice’s body weight, spleen, and thymus
were significantly increased (p < 0.05) in all SPH treatment groups as compared with model
group. Zhang and Wang reported similarly and stated that peptide hydrolysate increases
body weight and organ index [40,44]. The spleen and thymus, which are crucial organs in the
immunological response, have been reported to be damaged when CTX is administered [41].
The micromorphological observation shows that spleens displayed a disrupted structure in
the CTX Model group, with an unclear margin between the white and red pulp, lympho-
cyte count decreased, and reticular cells increased. Thymus shows uncertain margin, low
thymocyte. These changes are due to atrophy of the immune organ and as an indication of
immunosuppression. After treatment with SPH, the found changes were deprived and the
number of lymphocytes, thymocytes increased, the pulps’ margin was clear, and spleen and
thymus tissues were regular.

The second line of defense of the gut intestinal barrier is epithelial cells, which play a
direct role in the gut’s immunological maintenance. Epithelial cells play an important role
not only in the response of pathogens but also in the transmission of the signal to the in-
testinal immune system through the release of cytokines and inflammatory mediators [45].
Cytokines are small soluble glycoproteins derived from a variety of cells that stimulate
differentiation, cell division, and multiplication through plasma receptor molecules in inter-
acting cells [42]. Cytokines are important mediators and regulators of the immune response,
and their secretion level may reflect the body’s immune function [15]. In a CTX-induced im-
munosuppressed model, a peptide from yak collagen hydrolysates significantly increased
serum levels of cytokines (IL-2, TNF-α, IFN-γ), immunoglobin (IgA, IgG), and improved
humoral and cellular immune responses [43]. CTX-treated mice showed a substantial
reduction in serum cytokine, similar to prior observations [19]. After the administration
of SPH, cytokines expression TNF- α, IFN-γ, IL-1β, IL-6, and immunoglobulin IgA, IgM
was found to be elevated in our studies. In previous studies, oyster peptide stimulated
cytokines such as IL-2, IFN-γ, IL-4, and IL-10 [15], and Nibea japonica peptide significantly
increased cytokine secretion such as IL-2, IFN-γ, and TNF-α [46].

Intestinal epithelial cells keep normal intestinal permeability, intact structure, and
protect against pathogens or hazardous chemicals [47]. Goblet cells and tight junction
protein play a key role to maintain intact intestinal structural, intestinal barrier function,
regulation of gut permeability, and maintaining the epithelial cell barrier. It produces
mucus, which effectively helps to protect invading pathogens and hence, maintenance of
gut health [48]. Moreover, goblet cells produce multiple mucins that play an important
role to maintain the mucosal barrier and protect against microbes [48,49]. Claudin and
occludin are transmembrane proteins that interact with the extracellular environment and
connect adjacent cells, ZO-1 connects claudin and occludin which may help to keep tight
junctions intact [50,51]. In the CTX model group staining results showed intestinal and
mucosal barrier disruption, and a decrease in the goblet cells and tight junction proteins.
The SPH restores the damaged mucosal integrity caused by CTX through restore goblet cell
populations and increasing the production of tight junction proteins. These results were
consistent with other studies treated with cyclophosphamide [15,28].

Nutraceuticals not only contribute to a better gut structure, but also improve the host’s
functional activities, such as absorption and immune system [52]. The feces contain the most
microbiota along with the gastrointestinal system contents, would easy to collect, is far less
disruptive. It presents alterations in gut microbiota associated with health and disease [31].
CTX has shown arbitrarily dysregulation of immune cells and intestinal mucosa cells,
resulting in enteritis by increasing permeability, reducing the intestinal barrier immune
system, and changing the microbial populations of the small intestine [21,53,54]. Intestinal
flora (microbiota) composition was compared between the normal and CTX treatment
group at the phylum show the abundance of Firmicutes, and less abundant Bacteroidetes
in the CTX group, these results were consistent with previous studies [18,21,54,55]. In
addition, immune function dysbiosis was observed in immunosuppressed mice with an
abundance of Bacteroides [56]. The fecal microbiota of chemotherapeutic induced mice,
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Bacilli, Erysipelotrichi, TM7-3, Coriobacteriia were increased while Bacteroides, Clostridia,
Deltaproteobacteria were decreased, Xu. X and Gu. S. reported similarly [31,57]. The healthy
gut microbiota of mice has a well-balanced composition of microorganisms of several
groups patterns were connected to low-grade intestinal inflammation irrespectively of
mouse strain [58,59]. These data demonstrated associations between CTX-induced immune
responses and variations in bacterial abundance in diverse bacterial groupings.

The Chao1 and Ace indices metrics were assessed to compare the number of OTU
in a sample; a high value provides higher biodiversity of beneficial gut flora. Chao 1 and
Ace indices were the most common indicators to predict the amount of group abundance,
whereas Shannon and Simpson’s indexes were the most common indicators of group biodi-
versity [60]. Alpha diversity reduces microbial richness and diversity after administration
of CTX and after the administration of SPH, the richness and diversity of the spices reversed
and enhanced in the treatment group shown in Figure 10f. Beta diversity indices indicate
the dissimilarities among different treatments which exhibit that the CTX group where
deviated as compared to the control group, whereas the control group and SPH treated
groups were closely clustered shows more similarities between groups. Previous studies
also show that the richness and diversity of microbiota decrease after administration of
CTX [15,31]. In our study, metagenomic functional analysis prediction revealed a difference
between the control and CTX groups. The metabolic and cellular pathways are linked to
the higher and lower abundance of certain genes’ carbohydrate transport and metabolism,
amino acid metabolism, fructose and mannose metabolism, pentose and glucuronate inter-
conversions, RNA processing, and modification. Pentose phosphate pathways all have low
abundance in the CTX group.

The absence of carbohydrate metabolism, as well as RNA processing and modification,
has an effect on organism physiological processes, the host immune system, and nutrient
absorption. Changes in carbohydrate metabolism have previously been connected to the
composition and metabolism of gut-associated intestinal bacteria [53,61]. In our research,
we observed that SPH may improve carbohydrate metabolism induced by the CTX. Ulti-
mately, we revealed that SPH improved nutrient absorption and energy utilization while
also maintaining gut integrity, intestinal flora composition, preventing pathogens and
their metabolites, and remodeling gut metabolome roles in immunocompromised mice,
implying that SPH may play an immunologic protective role.

4. Materials and Methods

The shrimps (Penaeus chinensis) were purchased from the supermarket (Lvshunkou.
Loaning, Dalian, China). RIPA lysis buffer was bought from Beyotime Biotechnology
(Shanghai, China). Chymotrypsin was purchased from Sigma-Aldrich Trading Co., Ltd.,
(Shanghai, China). A protein quantification assay kit (BCA) was Purchased from Jiancheng
Bioengineering Institute (Nanjing, China). ELISA assay kits for TNF-α, IFN-γ, IL-1β, IL-6,
IgA, IgM, Rabbit antibodies were supplied by Jiangsu Mmmiology biological Co., Ltd.,
(Jiangsu, China); others all reagents were of analytical grade.

4.1. Preparation of SPH from Shrimp

SPH was prepared using the hydrolysis process approach with a few tweaks, as
discussed earlier. Whole shrimps were mixed in a grinder and then washed in the double
volume of distilled water at 98 ◦C for one hour. After wash, the smashed shrimp residues
were filtered through meshes (150 µm) and combined with two volumes of distilled water
before being digested at 50 ◦C for six hours with a 1 percent (w/w) chymotrypsin enzyme.
The enzymes activity was then halted for 15 min by heating to 98 degrees Celsius. The
digested lysates were centrifuged for 20 min at 14,000 rpm to extract the supernatant, which
was used to make shrimp hydrolysate. The Bradford technique was used to measure the
SPH concentrations.
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4.2. Molecular Mass Distribution of SPH

Shrimp peptide hydrolysate was evaluated for molecular Mass distribution using
Proteomics Analyzer for matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF-MS) (Bruker, Germany).

4.3. Animals and Experimental Design

Animal Laboratory and Safety Research provided a total of 60 disease-free BALB/c
mice (3 to 4 weeks old) with a bodyweight of 18 ± 2 g. The experimental and Animal
Ethics Committee of Dalian Medical University approved the animal studies, which followed
national and institutional guidelines for experimental animal handling. After one week of
acclimating to their new surroundings, the mice were randomly divided into six groups
(n = 10) based on their body weight. Normal Control, (NC), CTX model group, High dose
(HD.SPH 400 mg/kg), Medium dose (MD.SPH 200 mg/kg), Low dose (LD.SPH 100 mg/kg),
and Normal Control + Dose (ND.SPH 200 mg/kg). The four groups of mice were administered
with 80 mg/kg/day of cyclophosphamide (CTX) intraperitoneally for 5 days according to
body weight, with an equal volume of PBS administered to the NC and ND groups. From the
day 6 to 30, the mice in the four groups were given 100, 200, and 400 mg/kg/day of SPH by
gavage. Meanwhile, the NC and Model groups are given the same amount of distilled water
orally. The procedure of animal experiments is shown in Figure S3.

4.4. Determination of Body Weight, Food/Water Intake, and Immune Organ Index

During the administration period, body weight was recorded every day, and food and
water intake were measured and recorded every third day. After the mice were forfeited
by cervical displacement, the immune organs, i.e., spleen and thymus were collected and
weighed immediately, and the immune organ index was calculated using a formula:

Spleen or thymus index (mg/g) = weight of organ (mg)/weight of mouse (g).

4.5. Measurement of Serum Antibodies, Serum Cytokines Level

After the mice were sacrificed, the whole blood samples were collected and centrifuged
at 4000× g for 5 min. The serum was transferred into a 1.5 mL tube and stored at −20 ◦C.
Serum IgA, IgM, and cytokine concentrations (IFN-γ, IL-1β, TNF-α, IL-6) were analyzed
through the ELISA method, according to the manufacturer’s instructions.

4.6. Determination of Intestine mRNA

Muc-2, ZO-1, occludin, and claudin-1 mRNA expression levels were measured. Total
RNA was extracted from colonic tissue using Vazyme Total RNA Extraction Reagent
(Vazyme biotech Co., Ltd.) according to the manufacturer’s instructions. The total RNA
was stored at−80 ◦C. The complementary DNA was then transcribed using the commercial
kit HiScript II Q RT SuperMix (Vazyme biotech Co., Ltd.). The ChamQ SYBR qPCR
MasterMix kit was used to perform quantitative PCR in Bioer light gene 9600 analyzers (Hi-
tech (Binjiang) District, Hangzhou, 310053, China). Table S1 shows the primer sequences.
The real-time PCR was run at 95 ◦C for 5 min, then 40 cycles of 95 ◦C for 20 s, primer
annealing temperatures at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s. Each sample was
tested three times, and the instrument software gene 9660 was used to calculate and analyze
relative expression, as well as GraphPad prism 8 to analyze differences between groups.

4.7. Histopathological Examination of Thymus, Spleen, and Colon

Colon, spleen, and thymus were collected, fixed with 10% formalin, and processed.
Thin sections of 5 µwere made by microtome, stained with hematoxylin and eosin staining.
Microscopic examination for histological changes was observed under a microscope.

Immunohistochemistry was used to examine the levels of expression of Mucin-2 in
the colon tissue. Then, 5 µm paraffin-embedded spleen tissue cut, placed into positive
charge slide, and deparaffinized in xylene. Rehydrate in a series of ethanol, follow the
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protocol of immunohistochemical staining kits SP-9001 (Zhongshan Goldenbridge Biotech-
nology, Beijing, China) according to manufacturer instruction. Results were evaluated
semiquantitative method each slide was observed for immunolabeled cells in five fields for
three-time randomly.

Immunofluorescent staining was used to examine the levels of expression of occludin,
ZO-1, and claudin in the colon. Then, 5 µm paraffin-embedded spleen tissue was cut,
placed into positive charge slide, deparaffinized in xylene, and rehydrated in series of
ethanol. Tissue sections were treated for 30 min in citrate buffer for antigen retrieval at
100 watts on microwave and cool down for 1 h. Then, tissue slides were added to Blocking
with 3% BSA solution for 1 h. Tissues were incubated overnight at 4 ◦C against occludin,
claudin, or ZO-1 (1:200) antibodies. After washing, tissue sections were incubated with
Alexa 488-conjugated secondary antibodies for 60 min, and nucleus staining DAPI was
used. Images were taken using a confocal scanning microscope.

4.8. Microbiota 16S rRNA Pyrosequencing

PowerMax (stool/soil) DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA)
was used for total fecal microbial genomic DNA was extracted for all the samples and
stored at −20 ◦C. DNA quality and quantity were measured using nanodrop. Microbial
16S rRNA gene V4 region PCR amplification was done by using forward primer 515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTW
TCTAAT-3′), and sequenced with Illumina NovaSeq6000 platform at GUHE Info technology
Co., Ltd. (Hangzhou, China). QIIME software version 1.9 pipeline was used for sequence
data processing, as defined before [54]. Sequencing low-quality through the following
criteria [55,62] paired-end reads and operational taxonomic unit (OTU) clustering, de-
tection of chimera’s clusters, and including dereplication using default parameters were
conducted by Vsearch V2.4.4. The taxonomic unit was assigned for each dataset using
Greengenes database.

4.9. Evolutionary Computation and Statistical Analysis

The QIIME and R programs(v3.2.0) were being used to analyze sequence data. OUT
level alpha diversity indices and Beta diversity analysis were calculated using the QIIME.
The data were further analyzed for ecologically relevant function, prokaryotic clades, and
high-level phenotype using Statistical Analysis of Metagenomic Profiles (STAMP) software
package v2.1.3 [63], FAPROTAX [64], and BugBase tool [65].

GraphPad Prism software was used for statistical analysis (v6.04). p-values of less than
0.05 were deemed significant. The Kruskal–Wallis test from the R stats package was used to
determine whether there was a statistically significant difference among the groups based
on 16S rRNA data. Mann–Whitney test was used to compare OTU counts and phenotype.

5. Conclusions

In this study, SPH immune modulates the effects of CTX on the gut intestine of
immunosuppressed. SPH significantly increased immune organs index, reinstated the
goblet cells, intestinal mucosa integrity, enhanced the serum levels of cytokines (IL-2, IFN-
γ, IL1β, TNF-α, IL-6) and IgA, IgM, and increased the mRNA of tight-junction associated
proteins (occludin, ZO-1, claudin-1, and Muc-2). SPH would also improve dysbiosis and
modified the intestinal gut microbiota ecology by reducing pathogenic bacteria at various
taxonomic levels. Firmicutes/Bacteroidetes proportion was reduced in CTX-induced mice.
SPH can be employed as a prebiotic source with a modulatory influence on gut microbial
ecology as a possible health-promoting regulator of the gut microbiota.

Supplementary Materials: The following supporting information can be downloaded online, Figure S1:
Effect of enzyme different chymotrypsin concentration on SPH concentration; Figure S2: Tris-tricine gel
electrophoresis; Figure S3. The animal experimental procedure was used in this research study; Table S1:
PCR primers used for qPCR.
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Abstract: Prostate cancer (PCa) is the most common cancer in men, accounting for approximately
10% of all new cases in the United States. Plant-derived bioactive compounds, such as pentacyclic
triterpenoids (PTs), have the ability to inhibit PCa cell proliferation. We isolated and characterized
nummularic acid (NA), a potent PT, as a major chemical constituent of Ipomoea batatas, a medicinal
food plant used in ethnomedicine for centuries. In the current study, in vitro antiproliferative potential
against PCa cells (DU145 and PC3) via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay; Western blot protein expression analysis; absorption, distribution, metabolism,
excretion (ADME); pharmacokinetic prediction studies; and bisphenol A (BPA)-induced prostate
inhibition in Sprague Dawley rats were conducted to gauge the anti-cancer ability of NA. Significant
(p < 0.05 and p < 0.01) time- and dose-dependent reductions in proliferation of PCa cells, reduced
migration, invasion, and increased apoptotic cell population were recorded after NA treatment
(3–50 µM). After 72 h of treatment, NA displayed significant IC50 of 21.18 ± 3.43 µM against DU145
and 24.21 ± 3.38 µM against PC3 cells in comparison to the controls cabazitaxel (9.56 ± 1.45 µM and
12.78 ± 2.67 µM) and doxorubicin (10.98 ± 2.71 µM and 15.97 ± 2.77 µM). Further deep mechanistic
studies reveal that NA treatment considerably increased the cleavage of caspases and downstream
PARP, upregulated BAX and P53, and downregulated BCL-2 and NF-κB, inducing apoptosis in PCa
cells. Pharmacokinetic and ADME characterization indicate that NA has a favorable physicochemical
nature, with high gastrointestinal absorption, low blood–brain barrier permeability, no hepatotoxicity,
and cytochrome inhibition. BPA-induced perturbations of prostate glands in Sprague Dawley rats
show a potential increase (0.478 ± 0.28 g) in prostate weight compared to the control (0.385 ± 0.13 g).
Multi-dose treatment with NA (10 mg/kg) significantly reduced the prostate size (0.409 ± 0.21 g) in
comparison to the control. NA-treated groups exhibited substantial restoration of hematological and
histological parameters, reinstatement of serum hormones, and suppression of inflammatory markers.
This multifaceted analysis suggests that NA, as a novel small molecule with a strong pharmacokinetic
and pharmacological profile, has the potential to induce apoptosis and death in PCa cells.

Keywords: prostate cancer; nummularic acid; docking; apoptosis; BAX; p53
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1. Introduction

Prostate cancer (PCa) is one of the most common cancers worldwide and has a high
mortality rate. Enlarged prostate, with reduced volume and intensity of the urinary stream
as a result, is considered a leading cause of illness and death in PCa. It is the fourth most
significant type of cancer on Earth, prevailing in 1.41 million people (WHO). Surveys
suggest that by 2030, PCa will cross 1.7 million new cases and 499,000 new deaths [1,2].
The role of endocrine function in prostatic growth, physiology, and neoplasia is demon-
strated by numerous observations, including those showing that the growth of animal and
human prostates depends on androgen stimulation. Androgens play an essential role in
the differentiation, development, and normal functioning of the prostate and thus likely
have a role in developing prostate carcinogenesis [3]. The exact etiology of sporadic PCa
cannot be explained well, but it involves environmental and genetic factors. Growing
evidence indicates that environmental contaminants can mimic and alter the actions of
endogenous hormones, some potentially disrupting endocrine function in humans; thus,
they are referred to as endocrine disruptors (EDC). Exposure to ecological contaminants
and xenobiotics such as bisphenol A (BPA), alcohol, smoking, carbon tetrachloride (CCl4),
thioacetamide, etc., is considered responsible for oxidative stress propagation [4]. Excessive
and prolonged exposure of the body to such factors leads to overexpression of reactive
oxygen species (ROS), inducible forms of nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and 5-lipoxygenase (5-LOX). Raised levels of ROS and iNOS are directly correlated
to the inflammation and tumorigenesis of vital organs, including the liver, kidney, and
testes [5,6]. It is well understood that infiltration of mediators such as NO, interleukins
(IL), and prostaglandins (PGs) at the site of inflammation may lead to chronic disorders,
including cancer. Apoptosis inhibition, enhanced cell proliferation, immunity suppression,
and augmented cancer cell invasion are key events followed by mediator infiltration [6,7].

Current therapeutic approaches include surgery, radiations, chemotherapy, hormonal
therapy, cryosurgery, and other methods. These approaches are more or less effective
either as monotherapy or in a multimodal approach. Due to limited treatment options,
sustained, targeted, and well-tolerated therapeutic alternatives are needed to combat high-
grade resistant and progressive diseases [8]. Dietary modifications may also contribute to
decreasing prostate cancer risk. Thus, the development of nutraceuticals against prostate
cancer is an area of divine concern. Medicinal plants have plentiful therapeutic agents
that can be used against inflammation, algesia, pyrexia, carcinoma, and infectious dis-
eases [9]. It has long been accepted that structures derived from natural products possess
biochemical specificity, high chemical diversity, and other molecular characteristics that
make them promising lead structures for drug development, differentiating them from
synthetic and combinatorial compound libraries [10,11]. Triterpenoids (TPs) belong to
isopentenyl pyrophosphate oligomers which are thoroughly distributed within kingdom
Plantae as cyclic (tetra/Penta) TPs, glycosidic triterpenes (saponins), phytosterols, and
other related compounds with substantial therapeutic potential. The anti-inflammatory
effects of PTs are primarily attributed to their capacity to inhibit abnormalities induced by
5-LOX, iNOS, COX-2, and nuclear factor-κB (NF-κB). PTs such as oleanolic acid (OA) and
glycyrrhizic acid (GA) are extensively used to treat liver disorders, as well as betulinic acid
for prostatitis, corosolic and gymnemic acids for diabetic complications, and Asiatic acid in
wound healing. Thus, the whole class of PTs is a worthy treasure of novel multi-targeted
bioactive components with commendable therapeutic potential [12].

Ipomoea batatas (L.) Lam, commonly known as sweet potato, shaker-kandi, and cultivar,
is a perennial crop extensively cultivated in China, Nigeria, India, the USA, Uganda,
Tanzania, and Vietnam [13]. In Pakistan, it is called “Shakar-Kandi” and is cultivated in
Khyber Pakhtunkhwa, lower and central Punjab, and Kashmir and used as an aphrodisiac,
anti-inflammatory, energizing, antimicrobial, purgative, laxative, and antifungal agent; for
ulcers of the mouth and throat; burns; bug bites; GIT problems [14]; and against anemia,
hypertension, diabetes, and enlarged prostates [15]. Nummularic acid, (19S) 3β-hydroxy-
urs-12-en-29β-oic acid, is a PT of ursane skeleton isolated from the ethyl acetate extract of
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its aerial part. The chemical formula of NA is C30H48O3, and it was isolated for the first
time in I. batatas. It was earlier isolated in 2007 from E. nummularius [16]. In vitro, in silico,
and in vivo assays have been conducted to refine the search for a new drug that presents
better pharmacokinetic and chemotherapeutic properties with economic viability for use in
the treatment of prostate cancer.

2. Results
2.1. Structure Elucidation of NA

The purified compound was obtained as a white amorphous powder with molecular
formula C30H48O3 and a molecular weight of 456.3 g/mol. The presence of hydroxyl
(3421 cm−1), carboxyl (1693 cm−1), and an olefinic double bond (1652 cm−1) in FTIR and
the presence of 30 C signals in 13C NMR spectrum confirm its triterpenoidal structure.
In 13C NMR spectrum (Figures S1 and S2), COOH at δ 181.06 (s), OH at δ 78.57 (d), and
signals for olefinic carbons at δ145.32 (s) and 121.75 (d) were detected. HMQC spectra
showed other carbon resonances, namely, nine methylene (CH2), five quaternary (C),
five methane (CH), and seven methyl carbons (CH3). The de-shielded olefinic methine
carbon resonance at δ 121.75 and shielded olefinic quaternary carbon resonance at δ 145.32
recommended the position of olefinic unsaturation at the C-12 location of the ursane
skeleton. Six methyl singlets [δ 0.92, δ 0.95, δ 1.02, δ 1.05, δ 1.22, and δ 1.24], one methyl
doublet [δ 1.03 (J = 6.3 Hz)], one carbinol methine [δ 3.45 (dd, J = 10.3 and 5.5 Hz)], and one
olefinic proton [δ 5.51 (t, J = 3.5 Hz)] typical of hydroxyursane skeleton were prominent in
1H NMR spectra. The HMBC correlation of H3 (δ 3.45) with C2 (δ 27.25), C4 (δ 38.55), C23
(δ 28.73), and C24 (δ 16.65) suggested OH at C3. The coupling constants of H3 proposed
β and equatorial positioning of OH at C3. The HMBC interface of H18 (δ 2.63) with C13
(δ 138.41), C17 (δ 31.23), C19 (δ 46.13), and C29 (δ 181.18) and of H19 (δ 1.85) with C18
(δ 55.53), C20 (δ 38.56), C21 (δ 30.22), C29 (δ 181.06), and C30 (δ 21.58) collectively showed
the location of a carboxyl group at C19 locus. From the NMR data, the compound was
identified as a known compound 3β-Hydroxyurs-12-en-29-oic acid [16], and its trivial name
is Nummularic acid (Figures 1 and S1–S4, Table S1).
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2.2. Molecular Docking

The affinity among the protein targets and the ligands was investigated using molec-
ular docking. AutoDock Vina program was used for the docking analysis through the
PyRx user interface. E-value (kcal/mol) was used to assess the protein affinity and best-
docked pose complex. It provided a prediction of binding free energy and binding constant
for docked ligands. In the current study, NA has the most stable complexes, showing
−8.5 kcal/mol binding energy (E-value) with BAX (PDB-ID: 2K7W), −8.2 kcal/mol E-
value with BCL-2 (PDB-ID 1K3K), −1.9 kcal/mol E-value with NF-κB (PDB-ID 1NFK),
and −8.4 kcal/mol E-value with P53 (PDB-ID 1AIE). In the current study, NA binding
affinities with ligands for target proteins and amino acid residues involved in the binding
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pocket interactions were comparable to selective standard inhibitors, i.e., doxorubicin,
lapatinib, and vincristine. This study strongly suggests that NA has significant potential
to be developed as a selective inhibitor of extrinsic and intrinsic apoptotic proteins. All
2D and 3D images of binding interactions of NA with target proteins are represented as
Supplementary materials (Figures S5–S16).

2.3. Antiproliferative Potential of NA

Significant reductions in cell viability were observed upon exposure to NA for 24,
48, and 72 h. NA showed significant time-dependent inhibition against DU145 after 48 h
and 72 h exposure time, with IC50 of 41.23 ± 4.84 µM and 21.18 ± 3.43 µM. In contrast,
IC50 of NA was recorded 46.18 ± 4.80 µM and 24.21 ± 3.38 µM at 48 h and 72 h exposure
time, respectively, against PC3. Standard drugs (Cabazitaxel and Doxorubicin) exhibited
maximum cytotoxicity against DU145 (9.56 ± 1.45 µM and 10.98 ± 2.71 µM, respectively)
and PC3 (12.78 ± 2.67 µM and 15.97 ± 2.77 µM, respectively) after maximum exposure
time (72 h). All results are displayed in Figure 2. After assessing antiproliferative potential,
NA was tested for cell migration, inhibiting DU145 using an established in vitro scratch
test for 24 h. NA (20 µM) tended to cause a considerable reduction in cell migration at
12 and 24 h treatment of DU145. This was calculated by dividing the scratch area at each
observation period by the control area at 0 h. Compared to the control (16.22 ± 4.4%), the
scratch area after 24 h of NA treatment was 65.3 ± 3.7% (Figure 3).

In successive experiments, the inhibitory effect of NA on the multiplication of prostate
cancer cells was assessed by clonogenic assay. DU145 cells were treated for 48 h and
permitted to grow until untreated cells formed adequate colonies. Visual observation
of cells demonstrated that cells could not develop sufficient colonies in the presence of
NA. In contrast, there was an unchecked proliferation of untreated prostate cancer cells
and those treated with 1% DMSO as a negative control (Figure 4). As determined using
ImageJ software, the colony number was significantly reduced with compound treatment.
NA (20 µM) followed by 10 µM exhibited gray values of 12.54 ± 4.5% and 36.87 ± 3.7%,
respectively, versus DMSO (84.3 ± 4.4%).

2.4. NA Induces Apoptosis

To uncover the probable mechanism of cancer cell antiproliferation in MTT assays,
cleavage of PARP and caspase 3 in treated cells, as well as expression analysis of apoptotic
(BAX and P53) and anti-apoptotic (NF-κB and BCL-2) proteins were analyzed through
Western blotting (Figure 5). The loading control was set as GAPDH. PCa cells DU145 were
treated with NA at two concentrations (5 µM and 10 µM) over 48 h. Protein (40–60 µg) was
separated from protein lysate and stained with monoclonal antibodies. Cleavage of PARP
by caspase 3 is the hallmark of apoptosis. Downregulation of NF-κB and BCL-2 and upreg-
ulation of P53 and BAX expression indicate that NA induces apoptosis to variable degrees.
Figure 5 shows the fold change (extent of increase or decrease) in protein expression after
treatment of DU145 cells with NA for 48 h.
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Figure 2. Effect of NA on the viability of prostate cancer cells and IC50 values. Note: MTT assay was
used to determine the viability of cancer cells. (A) 24, 48, and 72 h treatment of DU145 cells and
(B) 24, 48, and 72 h treatment of PC3 cells. (C) IC50 values of NA against DU145. (D) IC50 values of
NA against PC3. (E) IC90 values of NA against DU145. (F) IC90 values of NA against PC3. Data are
mean ± SEM of % cell viability (n = 3) at p < 0.05 and p < 0.01.
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treated with 10 µM and 20 µM concentrations of NA for 48 h and then allowed to form colonies for 
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Figure 3. In vitro scratch assay on NA-treated prostate cancer cells. Note: DU145 cells were plated in
6-well plates and scratched at full confluency. (A) Migration of cells to heal the area of scratch was
observed at 0 h, 12 h, and 24 h after treatment. (B) Reduction in area of scratch was photographed
using Olympus CKX41 microscope and measured using ImageJ software. Data are mean ± SEM
percent area of scratch in triplicate with a marked difference at p < 0.05 and p < 0.01.
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Figure 4. Inhibition of colony formation by NA in prostate cancer cell lines. Note: DU145 cells were
treated with 10 µM and 20 µM concentrations of NA for 48 h and then allowed to form colonies for
5–7 days. (A) Pictures of colonies for DU145 cell lines were taken using Olympus CKX41 microscope:
(1) Control, (2) 1% DMSO, (3) NA (10 µM), and (4) NA (20 µM). (B) Densitometry analysis of colonies
was performed in control and treated wells. Data are mean ± SEM (n = 3) of colony intensities
measured using ImageJ software.
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Figure 5. Western blot analysis of proteins associated with NA induced apoptosis. Note: Prostate
cells and DU145 cells were treated with NA at concentrations of 5 µM and 10 µM for 48 h. (A) Data
show increased cleavage of caspase 3 and downstream PARP, increased expression and upregulation
of pro-apoptotic P53 and BAX, and decreased expression downregulation of anti-apoptotic NF-κB
and BCL2. GAPDH was used as a loading control. (B) Fold change in cleaved PARP, cleaved caspase
3, P-53, BAX, BCL-2, and NF-κB expression after treating for 48 h with different concentrations of NA
compared to control.

2.5. Pharmacokinetic and ADME Properties

Absorption, distribution, metabolism, excretion (ADME), and pharmacokinetic pre-
diction studies were conducted for the compound NA.

The physico-chemical characteristics of NA are discussed in Table 1. According to
Table 1, the lipophilicity, insolubility, size, insaturation, polarity, and flexibility of NA were
studied and classified into six sections with appropriate ranges for oral bioavailability
(Figure 6a). The oral bioavailability graph of the NA is shown in Figure 6a, which is
based on the six sections stated in the physicochemical characteristics section. The results
of the compound NA were within these limits, demonstrating that NA has a favorable
physiochemical profile, which is one of the factors that must be monitored in pharmaceutical
and clinical studies.

Table 1. Predicted physicochemical parameters and lipophilicity properties of NA.

Properties Parameters NA

Physicochemical properties

MW a (g/mol) 456.70

Rotatable bonds 1

HBA b 3

HBD c 2

Fraction Csp3 0.90

TPSA d 57.53

Lipophilicity Log Po/w

iLOGP 3.90

XLOGP3 7.75

MLOGP 7.09

Consensus 6.00
a Molecular weight, b H-bond acceptor, c H-bond donor, d topological polar surface area.
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for oral bioavailability, and the red line represents the oral bioavailability properties. (b) Predicted
BOILED-Egg plot from swiss ADME online web tool for NA.

NA has a good gastrointestinal absorption (HIA) and no BBB permeability, as seen in
Table 1. The BOILED-Egg graph, shown in Figure 6b, predicts NA absorption in the GI tract
(HIA) and BBB penetration. The absorption region for the HIA is white, while the BBB pen-
etration region is yellow. Furthermore, the compound NA has a lower Log Kp (Table 2) for
skin permeation. Table 2 shows that the biomolecule NA does not inhibit any cytochrome
isoform and is rapidly metabolized; hence, it cannot cause any drug–drug interactions with
any cytochrome, and no hepatotoxicity is expected. Drug clearance is determined as the
combination of hepatic and renal clearances in the frequency of excretion, and it is vital for
determining dosing rates to achieve steady-state concentrations. The compound NA has an
inadequate clearance value. Overall pharmacokinetic and ADME characterization indicate
that NA has a favorable physicochemical nature with high gastrointestinal absorption, low
BBB permeability, no hepatotoxicity, and cytochrome inhibition. Hence, NA is a potential
biomolecule for anti-cancer pharmaceutical preparations with higher bioavailability and
lesser toxicity.

Table 2. Predicted ADME parameters of NA.

Properties Parameters NA

Absorption

Water solubility −4.315
Caco permeability (cm/s) 1.327

GI a 97.334
Log Kp (skin permeation) cm/s −2.706

P-gp substrate No

Distribution
BBB b −0.235

CNS permeation (Log PS) −1.014
VD

c (human) −0.723

Metabolism

CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Excretion
Total clearance (log mL/min/kg) 0.048

Renal OCT2 substrate No
a Gastrointestinal, b blood–brain barrier, c volume of distribution.

2.6. Effect on Size, Weight, and ROW of Prostate

Excised gonads on day 21 of experimentation were measured. The results (Table 3)
depict that the weight of the prostate of BPA-intoxicated rats potentially (p < 0.05) in-
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creased, measuring 0.478 ± 0.28 g in comparison to the control (0.385 ± 0.13 g) with ROW
(0.274 ± 0.16). Maximum protection was examined in the BPA + NA (10 mg/kg) group
followed by the BPA + NA (5 mg/kg) group, showing significant (p < 0.05) decreases in
prostate size (0.409 ± 0.21 and 0.432 ± 0.19 g, respectively). The test group receiving NA
(10 mg/kg) showed no obvious increase in prostate size (0.393 ± 0.16 g), validating its
safety in multidose treatment.

Table 3. Assessment of size, weight, and ROW of prostate.

Groups Weight of Prostate (g) Final Body Weight (g) ROW

Control 0.385 ± 0.13 d 213 ± 8.0 c 0.180 ± 0.02 c

Vehicle (10% DMSO) 0.379 ± 0.22 d 208 ± 11 b 0.182 ± 0.03 c

BPA (50 mg/kg) 0.478 ± 0.28 a 174 ± 13.0 a 0.274 ± 0.16 a

NA (10 mg/kg) 0.393 ± 0.16 b 217 ± 8.0 c 0.181 ± 0.07 c

BPA + NA (10 mg/kg) 0.409 ± 0.21 c 216 ± 6.0 c 0.188 ± 0.08 c

BPA + NA (5 mg/kg) 0.432 ± 0.19 b 208 ± 10.0 b 0.207 ± 0.10 b

Note: ROW, relative organ weight; BPA, bisphenol A. Data values represent mean ± SD (n = 7). Means with
dissimilar superscript (a–d) letters in the column are significantly (p < 0.05) different from one another.

2.7. Effect on Hematology and Histology

The blood profiling of the BPA-intoxicated rats treated with NA (10 mg/kg and
5 mg/kg) doses is listed in Table S3. BPA intoxication altered several hematological
parameters, causing a high degree of toxicity. Severe depression in Hb levels, platelet count,
and RBC count with raised WBC and ESR was noticed in BPA-treated rats compared to
controls. Contrarily, test groups receiving NA (10 mg/kg) showed no substantial variations
in hematological parameters compared to control, justifying its biosafety and use in in vivo
systems. RBC count (5.62 ± 0.19 and 5.18 ± 0.13 × 106/µL), WBC (4.19 ± 0.11 and
4.76 ± 0.12 × 103/µL), platelet count (468.1 ± 9.81 and 437 ± 03.21 × 103/µL), Hb level
(11.33 ± 0.47 and 10.31 ± 0.54 g/dL), and ESR (4.18 ± 0.53 and 5.09 ± 0.19 mm/h) of test
groups BPA + NA (10 mg/kg) and BPA + NA (5 mg/kg), respectively, were significantly
restored in comparison to control. BPA intoxication considerably altered the hematological
profile of treated rats.

Histological investigations ascertain the gonadoprotective potential of NA and validate
its anti-prostate carcinoma potential. Slides attest that NA at high (10 mg/kg) and low
(5 mg/kg) doses is proactive against BPA-induced toxicity (Figure S17). The control group
displayed normal morphology of testes with spermatocytes, spermatids, spermatogonia,
Sertoli and Leydig cells, normal architecture of seminiferous tubules, normal developmental
stages, and concentration of sperms in the seminiferous tubules. Test groups showed
marked protection in the morphology of the seminiferous tubules and high density of germ
cells, while BPA caused significant damage and abrasions to seminiferous tubules with low
cellular density.

2.8. Effect of NA on Hormonal and Biochemical Levels

Levels of circulating hormones (testosterone, FSH, LH, and estradiol) were recorded,
with no marked (p < 0.05) alteration in rats receiving NA (10 mg/kg) in comparison to
the control and vehicle, hence validating their nontoxic behavior towards gonads and
sex hormones. On the other hand, test groups BPA + NA (10 mg/kg) and BPA + NA
(5 mg/kg) showed significant protection against BPA-induced gonadotoxicity as testos-
terone, FSH, LH, and estradiol were recorded as 4.02 ± 0.09 ng/mL, 10.12 ± 0.27 mIU/mL,
2.90 ± 0.13 mIU/mL, and 21.07 ± 1.17 pg/mL, respectively, and 4.37 ± 0.11 ng/mL,
11.09 ± 0.42 mIU/mL, 3.22 ± 0.10 mIU/mL, and 20.39 ± 1.12 pg/mL, respectively. Raised
estradiol levels (26.19 ± 2.16 pg/mL) in rats receiving BPA indicate gonadotoxicity, which
ultimately leads to prostatitis (Table 4). NA significantly maintained the physiological
concentrations of serum estradiol in a dose-dependent manner, which suggests its po-
tential against prostate carcinoma. The effect of NA on biochemical levels in testicular
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homogenates is tabulated compared to the control in Table 5. Maximum alterations in
the serum concentrations of biochemical markers were recorded in the BPA-intoxicated
group, indicating a high degree of gonadotoxicity. Test groups BPA + NA (10 mg/kg) and
BPA + NA (5 mg/kg) showed significant (p < 0.05) restoration of these biochemicals.

Table 4. Appraisal of reforms to hormonal levels by NA.

Groups Testosterone
(ng/mL)

FSH
(mIU/mL)

LH
(mIU/mL)

Estradiol
(pg/mL)

Control 4.41 ± 0.12 c 11.27 ± 0.52 c 3.14 ± 0.23 c 18.02 ± 0.94 c

Vehicle (10% DMSO) 4.33 ± 0.19 c 10.93 ± 0.75 c 3.29 ± 0.33 c 19.14 ± 1.17 c

BPA (50 mg/kg) 1.47 ± 0.16 a 5.71 ± 0.31 a 1.41 ± 0.14 a 26.19 ± 2.16 a

NA (10 mg/kg) 4.56 ± 0.10 d 12.07 ± 0.29 d 3.31 ± 0.15 c 19.21 ± 1.02 c

BPA + NA (10 mg/kg) 4.37 ± 0.11 c 11.09 ± 0.42 c 3.22 ± 0.10 c 20.39 ± 1.12 c

BPA + NA (5 mg/kg) 3.88 ± 0.12 b 8.81 ± 0.35 b 2.75 ± 0.09 b 23.18 ± 1.31 b

Note: FSH, follicle-stimulating hormone; LH, luteinizing hormone; BPA, bisphenol A. All the data are represented
as mean ± SD (n = 7). Means with different superscript letters (a–d) in a column specify significant difference at
p < 0.05.

Table 5. Effect of NA on biochemical levels.

Groups CAT
(U/min)

POD
(U/min)

SOD
(U/min)

GSH
(µM/mg Protein)

Nitrite (µM/mg
Protein)

Control 3.77 ± 0.12 d 9.14 ± 0.63 d 18.02 ± 1.54 d 24.81 ± 3.14 d 56.78 ± 2.34 d

Vehicle (10% DMSO) 3.83 ± 0.09 d 9.29 ± 0.39 d 18.14 ± 1.37 d 23.68 ± 2.91 cd 57.23 ± 4.58 d

BPA (50 mg/kg) 1.71 ± 0.07 a 3.41 ± 0.14 a 8.19 ± 1.56 a 12.71 ± 2.84 a 83.54 ± 3.12 a

NA (10 mg/kg) 3.66 ± 0.11 cd 9.60 ± 0.38 e 17.84 ± 1.21 c 22.90 ± 2.10 c 58.61 ± 2.59 d

BPA + NA (10 mg/kg) 3.44 ± 0.32 c 8.85 ± 0.40 c 17.69 ± 1.3 c 22.45 ± 5.12 c 62.87 ± 3.15 c

BPA + NA (5 mg/kg) 3.11 ± 0.09 b 7.89 ± 0.40 b 15.96 ± 0.86 b 20.05 ± 3.45 b 66.56 ± 1.81 b

Note: All the data are represented as mean ± SD (n = 7), Means with different superscript letters (a–e) in a column
specify significant difference at (p < 0.05). CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; GSH,
reduced glutathione.

3. Discussion

The significant findings of the current study are (i) the characterization of Nummu-
laric acid, specifically that (ii) NA reduces cell proliferation, migration, and invasion of
prostate cancer cells; (iii) induces apoptosis at very low concentrations; (iv) has excellent
pharmacokinetic and ADME properties; and (v) reduce prostatitis in vivo.

Compounds of natural origin with fewer side effects and admirable therapeutic ef-
ficacy have gained a repute in anti-cancer drug development. In recent years, various
potent plant-based triterpenoids have been discovered, which have shown great promise
as chemopreventive and therapeutic agents. They were principally inhibiting key sig-
naling molecules, inflammatory mediators, tumor cell proliferation, invasion, metastasis,
and angiogenesis in various in vitro and in vivo models of cancer. NA is obtained as
needle-shaped white crystals with molecular formula C30H48O3 and a molecular weight
of 456.3 g/mol. The presence of hydroxyl (3421 cm−1), carboxyl (1693 cm−1), and olefinic
double bond (1652 cm−1) in FTIR and the presence of 30 C signals in 13C NMR spectrum
confirm the triterpenoid structure of its ursane skeleton. Ursane triterpenoids have been
reported to suppress the proliferation of various tumor cells; induce apoptosis; and inhibit
tumor promotion, metastasis, and angiogenesis in animal cancer models. The presence
of the OH group at C-3, COOH at C-29, and dimethyl substitution at C-17 and C-20 of
NA plays a vital role in enhancing their cytotoxic effect [17]. In the present study, NA
majorly exhibited (i) significant inhibition of prostate cancer cells proliferation; (ii) induc-
tion of apoptosis by altering pro- and anti-apoptotic proteins expression; (iii) significant
anti-clonogenic ability, which reconfirmed the antiproliferation efficacy of compounds; and
(iv) significant cessation of migration capacity assessed via wound scratch assay.
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Apoptosis is a complex pathway to thoroughly understand, but is generally divided
into extrinsic (FAS/FasL ligand) and intrinsic (mitochondrial) pathways. Caspase acti-
vation by intrinsic or extrinsic pathways is mediated by the activation of caspase 8 and
caspase 9, respectively. These can activate and cleave downstream protein caspase 3 that
can elicit morphological hallmarks of apoptosis, including DNA fragmentation by pro-
teolytic cleavage of PARP. NF-κB is a protein complex that monitors the transcription of
specific genes, cytokine production, and cell survival. NF-κB regulates anti-apoptotic genes,
particularly TRAF1/TRAF2, and blocks the caspase family of enzymes involved in various
apoptotic pathways. Thus, downregulation of NF-κB will trigger caspases and ultimately
upregulate apoptosis [8]. Transcription factor P53 suppresses the tumor by inducing the
expression of another apoptotic protein BAX. Hence, the upregulation of both P53 and BAX
enhances the programmed death of the cell. While BCL-2 is an anti-apoptotic protein, it
inhibits mitochondrial apoptosis by blocking the release of cytochrome c and ultimately
inhibiting the activation of caspase 3 [18,19]. It was observed in the current study that after
binding at extrinsic or intrinsic receptors, ligand (NA) activated the downstream caspase
cascade to induce apoptosis. Increased expression of cleaved caspase 3 as well as PARP,
significant upregulation of pro-apoptotic proteins (P53 and BAX), and downregulation of
anti-apoptotic (BCL-2 and NF-κB) indicate that the compound induced apoptosis in PCa
cells. Previously, a team of researchers reported that NA isolated from F. xanthoxyloides
induces apoptosis in prostate cancer (DU145 and C4-2) cells by activating AMP-kinases, al-
tering the metabolic rate, and triggering an immediate energy crisis that causes the ultimate
death of the cells [20]. Earlier, Rengarajan et al., 2014 [21], reported that D-pinitol instigates
apoptosis in breast cancer (MCF-7) cells by expressing BAX and P53 while downregulating
BCL-2 and NF-κB levels. Ursolic acid (UA) has been repeatedly reported to induce apopto-
sis in various cancer cells by activating caspase cascade and upregulating pro-apoptotic
(BAX and P53) while downregulating anti-apoptotic (BCL-2 and NF-κB) proteins. UA has
the ability to trigger the activation of protein kinase C (PKC) which in turn is involved in
the apoptosis of many cancer cells, including PCa cells [22].

Pharmacokinetic and ADME profiles are key steps in the biotransformation of any
biomolecule into a medication [23]. According to the ADME profile, NA possesses moderate
absorption and distribution, and high GIT solubility with less BBB permeability. Therefore,
NA cannot create any serious adverse effects related to CNS. To minimize deleterious
effects on the CNS, substances that are inert to the CNS should not cross the BBB. [24].
Furthermore, NA has demonstrated that it is not a P-glycoprotein (P-gp) substrate and thus
not sensitive to the P-gp efflux mechanism, which is used as a drug resistance mechanism
by many cancer cell lines. CYP enzymes are critical for drug excretion, and its isoforms
metabolize almost 75% of commercially available drugs. Inhibition of any of these isoforms
results in pharmacokinetically significant drug–drug interactions [25]. NA has not inhibited
any CYP enzymes, thus not creating drug–drug interactions for those CYP enzyme-targeted
drugs. As the liver serves as the metabolic factory for a large number of medications, one of
the primary disadvantages of many pharmaceuticals is that they cause hepatotoxicity [26].
NA has not shown any hepatotoxicity with a 70% confidence value. Drug clearance is
determined as the combination of hepatic and renal clearances in the frequency of excretion,
and it is vital for dose calculations to achieve steady-state concentrations. The compound
NA has an inadequate clearance value. Organic Cation Transporter 2 (OCT2) substrates
may impact adverse interactions with OCT2 inhibitors in combination. The compound NA
has been predicted as a non-substrate of OCT2.

BPA is a weak agonist to the androgen receptor (AR); thus, it can disrupt the estrogen-
triggered pathways by forming a transcriptional complex that can bind the estrogen-
responsive element (ERE). Intracellular enzyme 5α-reductase (5αR) plays a vital role in
converting testosterone to 5α-dihydrotestosterone (DHT) inside the stroma and basal cells.
DHT has a 10× greater affinity with androgen receptors than testosterone and plays a
vital role in prostate enlargement. So, BPA could compete with DHT to bind to the andro-
gen receptor and initiate anti-androgenic activity in cell systems by forming an AR/BPA

187



Molecules 2022, 27, 2474

complex that prevents endogenous androgens from regulating androgen-dependent gene
transcription. Continuous exposure to xenobiotics such as BPA causes oxidative stress,
leading to genitourinary abnormalities, sperm deformity, epigenetic variations, enlarged
prostate mass, and reduced epididymal weight [6].

Currently, multidose intoxication of BPA significantly (p < 0.05) increases prostate
mass (0.478 ± 0.28 g) of male Sprague Dawley rats and reduced epididymal weight to
0.334 ± 0.17 g. Triterpenoids with oleanane, ursane, and lupine skeleton exhibit significant
anti-oxidant potential and have a greater tendency to mitigate ROS- and iNOS-induced
pathological conditions in the body. The presence of the OH group at position C-3 and
COOH at C-29 turn NA into more anti-oxidant molecules as OH and COOH have a
commendable H+ donating feature [12]. Oral treatment of rats with NA doses signifi-
cantly reduced prostate size and restored epididymal mass compared to the control and
BPA-intoxicated rats, indicating the protective aptitude of the compound. As previously
discussed in detail [20,27], PTs (especially oleananes and ursanes) in S. cumini have shown
promising anti-oxidant and gonadoprotective potential. Similarly, Olasantan et al. [28]
have also reported gonadoprotective ability of A. floribunda triterpenoids.

Hematology is the most important predictive tool for determining the existence and
intensity of any type of inflammation. Persistent oxidative stress damages vital organs
such as the testes, causing inflammation that can be identified with hematological tests. It
is evident in the literature that raised ESR, higher WBC count, lower platelet numbers, and
elevated levels of circulatory NO indicate bodily inflammations and uremic toxicity [9].
All these disquiets to hematological indices have been observed in BPA-intoxicated rats,
indicating oxidative stress. Co-treatment of NA in both doses significantly reserved the
hematological parameters of the test groups. This is the first report of the biological
effectiveness of NA in restoring hematological parameters related to oxidative stress.
Continuous oxidative stress generated by ROS leads to disturbing levels of gonadotropins
in serum. In the present study, BPA intoxication is responsible for long-term generation
of free radicals, which causes unsettled levels of gonadotropins leading to prostatitis.
Test groups receiving NA (10 and 5 mg/kg) resisted significant ROS-induced alterations,
and considerable serum concentrations of gonadotropic hormones have been observed.
Previously, a team of researchers [20] discussed that PTs in S. cumini have shown promising
anti-oxidant and gonadoprotective potential. Testicular injuries due to BPA are associated
with a depleted amount of endogenous anti-oxidant enzymes and raised nitrite production.
Raised nitrite levels in BPA-intoxicated rats indicate injuries to the vascular endothelium or
the activation of neutrophils in damaged testicular tissue, which causes the synthesis of
NO. No significant changes in CAT, SOD, and POD were noticed in groups treated with
NA (5 and 10 mg/kg) in comparison to the control and vehicle. ROS is the ultimate product
of sustained bodily exposure with endocrine-disrupting chemicals (EDC) such as BPA that
cause oxidative stress. As a result, hypomethylation, a mutation in genetic makeup, and
testicular disruption occur, which cause immature and de-morphed spermatogenesis [29].
BPA-intoxicated rats showed apparent deleterious effects during the current study as a cross-
section of seminiferous tubules indicated destroyed Leydig cells, damaged seminiferous
tubules, and desorbed spermatids. The substantial anti-oxidant, antiproliferative, and
anti-inflammatory potential contribute to the increasing body of evidence demonstrating
the chemopreventive aptitude of NA. These findings strongly suggest the potential of NA
for the prevention of the multifocal development of PCa as well as to prolong survival in
the growing population of PCa survivors of primary therapy. Therefore, clinical trials with
well-characterized and standardized NA formulations, as primary or adjuvant therapy, in
men with PCa are suggested.

4. Material and Methods
4.1. Chemicals and Reagents

Nummularic acid was isolated from ethyl acetate extract of the aerial part of I. batatas,
and its stock solution was prepared in dimethyl sulfoxide (DMSO) and stored at −20 ◦C.
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Doxorubicin and Cabazitaxel (Sigma, Ronkonkoma, NY, USA) were used as positive control
and their stock solutions were also prepared in DMSO. Primary antibodies Cleaved-PARP
(Asp214) (E2T4K) Mouse mAb #32563, Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb
# 9664, BCl-2 (124) Mouse mAb #15071, BAX (2D2) Mouse mAb #89477, P53 (1C12) Mouse
mAb #2524, and NF-κB p65 (D14E12) XP® Rabbit mAb #8242 were supplied by Cell Sig-
naling Technology (Beverly, MA, USA). Anti-mouse and anti-rabbit secondary antibodies
were purchased from GE healthcare (Pittsburgh, PA, USA). Prostate cancer cell lines DU145
(HTB-81) and PC3 (CRL-1435) were purchased from American Type Culture Collection
(ATCC; Manassas, VA, USA). Dimethyl sulfoxide (DMSO), phosphate buffer, and Folin–
Ciocalteu reagent were purchased from Riedel-de Haen (Seelze, Germany). Bisphenol
A (BPA), trichloroacetic acid (TCA), and tryptone soy broth (TSB) were procured from
Sigma-Aldrich (USA), and Tween-20 from Merck-Schuchardt (Savannah, GA, USA). We
also used Medium 199, heat-inactivated Biowest FBS (South America), and RPMI-1640
culture media (Gibco BRL, Life Technologies, Inc., Carlsbad, CA, USA). Dulbecco’s Modi-
fied Eagle Medium (DMEM), DMEM/F1 supplemented with L-glutamine and 2.438 g/l
H2CO3 (Gibco life technologies, Carlsbad, CA, USA), 3-(4.5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) powder, phosphate buffer saline (PBS), SRB (sulforho-
damine B), and acetic acid (Merck Millipore, Burlington, MA, USA) were also purchased
locally. Pre-coated silica gel 60 F254 TLC plates, normal phase silica gel 60 (63–200 µm
particle size) and silica gel 60 (particle size = 40–60 µm), and chromatography columns
were purchased from Merck (Hohenbrunn, Munich, Germany).

4.2. Isolation and Characterization of NA

Ethyl acetate fraction from the aerial part of I. batatas (IPA-EAf) was dissolved in ethyl
acetate. The slurry was adsorbed on silica gel 60 (63–200 microns; 106 g) and loaded on
a gravity column packed with 580 g silica gel 60 for chromatography. The amorphous
powder as a purified compound was eluted with DCM and EA (1:0–0:1) using flash column,
and purity was observed using the LC-PDA-ELSD method from a single peak obtained
during analysis. The isolated compound was characterized using 1D and 2D NMR, FTIR,
and mass spectroscopy.

4.3. Molecular Docking

The three-dimensional (3D) structures of BAX (Homo sapiens, PDB-ID 2K7W), BCL2
(Human gamma herpes virus 8, PDB-ID 1K3K) NF-κB (Musmusculus PDB-ID 1NFK),
and P53 (Homo sapiens, PDB-ID 1AIE) were accessed from Protein Data Bank (PDB)
(www.rcsb.org, accessed on 20 February 2022) with PDB IDs of 1M9K and 1O86, respectively.
The Autodock Tools program was used to prepare target proteins to be docked. The
proteins were energy-minimized, and Gasteiger charges were added and saved in PDBqt
format. Discovery Studio 4.1 Client (2012) was used to generate the hydrophobicity and
Ramachandran graphs. The protein construction and statistical percentage values of helices,
β-sheets, coils, and turns were assessed by VADAR 1.8 [30].

4.4. Ligands Molecular Docking

The compounds were designed in Discovery Studio Client and saved in PDB format
as ligands after energy minimization. Autodock Tools were used to prepare ligands in
their most stable conformation. After the addition of the Kolman and Gasteiger charges,
the ligands were saved in PDBqt format. Molecular docking analysis was used for all the
synthesized ligands against BAX, BCL-2, NF-κB, and P53 using the PyRx virtual screening
tool with the Auto Dock VINA Wizard approach [31]. The grid box center values for
BAX (PDBID: 2K7W) (center X = 0.273 center Y = 4.614 center Z = 2.980) and size values
were adjusted (X = 126, Y = 64, Z = 62). BCL2 (center X = 226.442 center Y = 12.598
center Z = 112.161) and size values were adjusted (X = 64, Y = 108, Z = 82). NF-κB (center
X = −10.754 center Y = 12.598 center Z = 112.161) and size values were adjusted (X = 116,
Y = 126, Z = 116). P53 (center X = 6.586 center Y = 22.334 center Z = −0.939) was adjusted
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for better conformational position in the active region of the target protein. Ligands were
docked individually against nitric oxide synthase and angiotensin-converting enzyme with
a default exhaustiveness value of 25. The predicted docked complexes were evaluated
based on the lowest binding energy values (Kcal/mol). The 3D graphical depictions of all
the docked complexes were accomplished by Discovery Studio (2.1.0) (Discovery Studio
Visualizer Software, Version 4.0., 2012).

4.5. Structural Analysis of Target Proteins

BAX consisted of 70% helices (148 residues), 0% β-sheets, 30% coils (63 residues),
14% turns (30 residues), and a total of 212 amino acid residues R = 0.210 and resolution
A◦ = 1.22. Unit cell dimensions for the lengths were observed to be a = 69.786, b = 91.573,
and c = 156.096 with 90◦ angle for α, β, and γ. The Ramachandran plot confirmed that
96% amino acids were in the allowed regions for the phi (ϕ) and psi (ψ) angles. BCL2
consisted of 69% helices (101 residues), 0% β-sheets, 30% coils (45 residues), 35% turns
(52 residues), and a total of 158 amino acid residues R = 0.150 and resolution A◦ = 1.19.
Unit cell dimensions for the lengths were observed to be a = 69.786, b = 91.573, and
c = 156.096 with 90◦ angles for α, β, and γ. The Ramachandran plot confirmed that 96%
amino acids were in the allowed regions for the phi (ϕ) and psi (ψ) angles. NF-κB consisted
of 90% helices (59 residues), 45% β-sheets (287 residues), 44% coils (278 residues), 7% turns
(44 residues), and a total of 672 amino acid residues R = 0.340 and resolution A◦ = 2.30.
Unit cell dimensions for the lengths were observed to be a = 84.2, b = 132.1, and c = 80.1
with 90◦ angles for α = 90, β = 93.1, and γ = 90. The Ramachandran plot confirmed that 97%
amino acids were in the allowed regions for the phi (ϕ) and psi (ψ) angles. P53 consisted
of 64% helices (20 residues), 0% β-sheets, 35% coils (11 residues), 0% turns, and a total of 31
amino acid residues R = 0.252 and resolution A◦ = 1.50. Unit cell dimensions for the lengths
were observed to be a = 69.786, b = 91.573, and c = 156.096 with 90◦ angle for α, β, and γ.
The Ramachandran plot confirmed that 93% amino acids were in the allowed regions for
the phi (ϕ) and psi (ψ) angles. The Ramachandran plots for target proteins are presented in
the Supplementary material Table S2, (Figures S6, S8, and S10).

4.6. Cytotoxicity against Prostate Cancer Cell Line

To assess the cytotoxic ability of NA against prostate cancer cell lines DU145 (HTB-81)
and PC3 (CRL-1435), MTT assay was carried out according to the pre-established proto-
col [32]. Briefly, PCa cells (DU145 and PC3) were treated with multiple concentrations of
NA for 24, 48, and 72 h duration and the percentage of the viable cells was calculated by
defining the cell viability without treatment as 100%. Analysis was carried out in triplicate
and IC50 was determined after exposing cells with extracts for 24, 48, and 72 h.

4.7. Cell Migration Assay

After assessing cytotoxic potential, NA was tested for cell migration of DU145 using
an established in vitro scratch test for 24 h [19,32]. In short, 100 k cells/well (DU145) were
cultured in 6-well tissue culture plates. After a few days, when plates were fully confluent,
with the help of a 10 µL pipette tip, a scratch line was applied in the middle of the confluent
cell monolayer. Wells (n = 3) designated as the control were seeded with freshly prepared
media without any extract or drug. Test group wells (n = 3) were supplied with freshly
prepared media containing 20 µM of each extract. The whole event was photographed at
intervals of 0, 12, and 24 h on an inverted microscope (Olympus CKX41, Tokyo, Japan).
The distance between migration edge and wound edge was measured with Image Pro Plus
software, and the % scratch area of test groups compared to controls was plotted.

4.8. Clonogenic Assay

The prostate cancer cell line (DU145) was plated on 6-well tissue culture plates with
1 million cells/well and placed at 37 ◦C in 5% CO2 for 2 days. Cells were then treated
with 10 µM and 20 µM concentrations of NA for 48 h. After treatment for 48 h, the cells
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were allowed to form colonies for 5–7 days and media in the test and control groups were
regularly changed on alternate days. Following the methodology of [21], cells were then
dyed using 0.5% crystal violet comprising equimolar methanol and water (1:1) and pictures
were taken under an inverted microscope (Olympus CKX41, Tokyo, Japan). Densitometry
analysis of colonies was performed in control and treated wells. Colony intensities were
measured using ImageJ software, and the experiment was repeated in triplicate.

4.9. Western Blotting

Protein extraction and Western blot analysis were performed following the protocol
described previously [23]. Cells (DU145) were cultured in a T75 flask (1 × 106/flask). After
48 h, cells were treated with NA (10 µM and 20 µM) for 24 h. After treatment, media
were aspirated, cells were washed with cold PBS with pH maintained at 7.4, trypsinized
and pelleted in 15 mL falcon tubes, and cold lysis buffer was added to the pellet. To
perform Western blotting, 40–60 µg of protein was mixed with an equal volume of sample
buffer and denatured for 10 min on a heat block at 95

◦
C. Samples after cooling at room

temperature were centrifuged for a split second. Marker (5 µL) and denatured samples
loading were carried out on 4–20% mini-protean TGX® stain-free gels (50 µL well) fixed
in a mini-Protean® Tetra system vertical electrophoresis tank. The tank was filled with
running buffer and proteins were resolved with Power Pac Firmware version 1.07 at 3 A
and 100 V for 1.5 h. After separation, the protein transfer was conducted to a 0.2 µm
nitrocellulose membrane on a Trans-Blot turboTM transfer pack at 2.5 A for 10 min using
the Trans-Blot Turbo transfer system. After transferring the proteins, blots were washed
with 1× wash buffer for 5 min, blocked for 30 min by blocking buffer, and probed with the
appropriate primary monoclonal antibody (3 µL/3 mL blocking buffer) overnight at 4 ◦C.
Later, 5 min washing of blots was carried out with 1× wash buffer, probed with specific
secondary antibody (rabbit/mouse IgG) at room temperature for 2 h and developed with
ECLTM Prime Western blotting detection reagent for 5 min. Protein bands were detected
by chemiluminescence autoradiography using the ChemDocTM MP imaging system.

4.10. ADME Predictions

ADME (absorption, distribution, metabolism, and excretion) are the essential mea-
surement tools for any compound before it is elected as a drug candidate. The online
web tool swiss ADME (http://www.swissadme.ch/index.php, accessed on 20 February
2022) was used to obtain ADME properties of NA [23], and the online web tool pkCSM
(http://biosig.unimelb.edu.au/pkcsm/prediction, accessed on 20 February 2022) was used
to predict the pharmacokinetic scores.

4.11. Animals and Ethical Statements

Healthy Sprague Dawley rats were purchased from the National Institute of Health
(NIH), Islamabad, Pakistan, and housed at Primate Facility of Faculty of Biological Sciences,
Quaid-i-Azam University Islamabad, Pakistan. The approved guidelines of the ethical
committee of Quaid-i-Azam University, Islamabad, Pakistan, for animal care and exper-
iments (letter number # QAU-PHM-017/2016) were strictly followed. The experimental
design was executed according to the guidelines of NIH, Islamabad. During the study, it
was ensured that the test animals experienced minimum distress, discomfort, and pain.
Euthanasia and blood sampling for hematological, biochemical, and serological studies
were performed under anesthesia.

4.12. Experimental Design

Standardized conditions (12 h light/dark cycle, 25 ± 1 ◦C temperature) were provided
to the experimental animals (Rattus norvegicus) weighing approximately 170–220 g/each.
All test animals were properly fed and supplied with plentiful fresh water. To gauge the
protective ability of NA, a detailed investigation was conducted (n = 7) against BPA-induced
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gonadotoxicity and prostatitis. A total of 21 days of experimentation were carried out as
previously described by following published protocol [29].

Group I. (Control) group remained untreated.
Group II. (Vehicle) group received 10% DMSO in water, administered orally at 10 mL/kg

body weight (BW) on alternate days.
Group III. (BPA) group received 50 mg/kg BW dissolved in 10% DMSO and injected

intraperitoneally on alternate days.
Group IV. (NA) group received 10 mg/kg in 10% DMSO given orally on alternate days.
Group V. (BPA + NA) group received 10 mg/kg (50 mg/kg BPA injected intraperi-

toneally + 10 mg/kg NA administered).
Group VI. (BPA + NA) group received 5 mg/kg (50 mg/kg BPA injected intraperi-

toneally + 5 mg/kg NA administered).
On the final day of the study, rats were weighed and euthanized by cervical dislocation

under chloroform anesthesia. The blood samples were collected under anesthesia via the
abdominal aorta for hematological, biochemical, and serological investigations.

4.13. Size, Weight, and Relative Organ Weight (ROW) of Gonads

Rats from each experimental group were anesthetized adequately before euthanizing
on the final day of the experiment. Gonads were excised, cleaned out of extra connective
tissues, weighed, and measured for size. ROW was calculated as follows:

ROW =

(
AOW
BW

)
× 100

where AOW denotes absolute organ weight (g) and BW denotes body weight (g) on the
final day of the experiment

4.14. Hematological and Histological Parameters

The blood samples were collected under anesthesia via the abdominal aorta in specific
tubes (BD vacutainer) for hematological, biochemical, and serological investigations. Serum
was separated by centrifuging blood samples at 6000 rpm for 15 min at 4 ◦C that were either
analyzed or stored at −20 ◦C. A Neubauer hemocytometer (Feinoptik, Niedersachsen,
Germany) was used to count platelets, red blood cells (RBC), and white blood cells (WBCs).
Sahli’s hemoglobin meter was used to estimate hemoglobin (Hb) content. A modified
Westergren method was followed to measure erythrocyte sedimentation rate (ESR) [33].
Afterward, the animals were dissected via ventral longitudinal abdominal incision. Gonads
were identified and dissected to assess histopathology caused by BPA intoxication and the
protective aptitude of NA [29].

4.15. Hormonal and Biochemical Assessment

To investigate the fate of sex hormones in BPA intoxication and the protective abil-
ity of NA, testosterone, FSH (follicle stimulating hormone), LH (luteinizing hormone),
and estradiol were quantified according to a well-established method as previously de-
scribed [34]. Quantification serum testosterone concentrations were estimated using Astra
Biotech kit (Immunotech Company, Philadelphia, PA, USA). The sensitivity of the kit is
0.2–50 nmol/L. LH, FSH, and estradiol were purchased from Erba Fertikit, Germany. These
hormones were measured via the immune enzymatic method using an ELISA reader. To
monitor biochemical abundance, catalase (CAT), peroxidase (POD), superoxide dismutase
(SOD), glutathione (GSH), and nitric oxide (NO) were quantified using pre-established
protocols [35]. Activities of CAT, POD, and SOD were evaluated by monitoring the rate
of H2O2 hydrolysis at 240 nm after every minute, and one unit of catalase activity was
determined as an absorbance change of 0.01 units per minute. The results are expressed
as unit per milligram protein (U/mg protein). GSH was measured at 405 nm by oxidiz-
ing the serum with DTNB as µM/mg protein and NO was measured by reducing Griess

192



Molecules 2022, 27, 2474

reagent at 540 nm. A sodium nitrite curve was used to quantify NO amount in serum as
µM/mg protein.

4.16. Statistical Analysis

Data obtained in this study are presented as mean ± SD. One-way analysis of variance
was performed to determine the variability among groups by Statistix 8.1. Graph Pad Prim
8.1 was used to construct different graphs. Tukey’s multiple comparisons were used to
calculate significant differences among groups at p < 0.05 and p < 0.01.

5. Conclusions and Future Perspectives

The present study validates the ethnomedicinal use of I. batatas in prostatitis and
suggests that NA, as a small, potent molecule, has the ability to induce apoptosis and death
in PCa cells. We created a simple, quick, and easy approach for multifaceted screening
of compounds for antiproliferative and apoptotic potential. ADME and pharmacokinetic
profile also reveal that NA can be a potential biomolecule for anti-cancer pharmaceutical
preparations with higher bioavailability and less toxicity. Targeted and specified oncologi-
cal formulations can also be used to evaluate the anti-cancer potential of the compound.
Therefore, more detailed investigations are warranted to declare NA as a potential thera-
peutic agent in formulations for the prevention and treatment of prostate cancer and other
types of cancers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27082474/s1, Table S1: 1H and 13C data of NA dissolved
in CDCl3; Table S2: Binding affinities of ligands for target proteins. Amino acid residues are involved
in the binding pocket interactions with NA; Table S3: Effect of NA on hematological parameters;
Figure S1: 1H spectrum (600 MHz, in DMSO-d6) of NA; Figure S2: 13C (300 MHz, in DMSO-d6)
spectrum of NA; Figure S3: DEPT spectrum (300 MHz, in DMSO-d6) of NA; Figure S4: H-H COSY
spectrum (600 MHz, in DMSO-d6) of NA; Figure S5: Representation of docked ligand with BAX
(PDB-ID: 2K7W); Figure S6: Ramachandran plot confirming that 96 % amino acids are in the allowed
regions for the phi (ϕ) and psi (ψ) angles; Figure S7: Representation of docked ligand with BCL-2
(PDB-ID 1K3K); Figure S8: Ramachandran plot confirming that 96 % amino acids are in the allowed
regions for the phi (ϕ) and psi (ψ) angles; Figure S9: Representation of docked ligand with NF-κB
(PDB-ID 1NFK); Figure S10: Ramachandran plot confirming that 96 % amino acids are in the allowed
regions for the phi (ϕ) and psi (ψ) angles; Figure S11: Representation of docked ligand with P53
(PDB-ID 1AIE); Figure S12: Ramachandran plot confirming that 96 % amino acids are in the allowed
regions for the phi (ϕ) and psi (ψ) angles; Figure S13: Representation of docked ligand with BAX
(PDB-ID: 2K7W); Figure S14: Representation of docked ligand with BCL-2 (PDB-ID 1K3K); Figure S15:
Representation of docked ligand with NF-κB (PDB-ID 1NFK); Figure S16: Representation of docked
ligand with P53 (PDB-ID 1AIE); Figure S17: Histological examination for the protecting proficiency
of NA on testes in rat. Note: 40× Hematoxylin-eosin stain.
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Abstract: Marine drugs are abundant in number, comprise of a diverse range of structures with
corresponding mechanisms of action, and hold promise for the discovery of new and better treatment
approaches for the management of several chronic diseases. There are huge reserves of natural
marine biological compounds, as 70 percent of the Earth is covered with oceans, indicating a diversity
of chemical entities on the planet. The marine ecosystems are a rich source of bioactive products and
have been explored for lead drug molecules that have proven to be novel therapeutic targets. Over
the last 70 years, many structurally diverse drug products and their secondary metabolites have been
isolated from marine sources. The drugs obtained from marine sources have displayed an exceptional
potential in the management of a wide array of diseases, ranging from acute to chronic conditions.
A beneficial role of marine drugs in human health has been recently proposed. The current review
highlights various marine drugs and their compounds and role in the management of chronic diseases
such as cancer, diabetes, neurodegenerative diseases, and cardiovascular disorders, which has led to
the development of new drug treatment approaches.

Keywords: marine drugs; diabetes mellitus; cancer; cardiovascular disorders; neurodegeneration

1. Introduction

Drug molecules derived from marines sources are highly heterogenous in nature due
to the abundant coverage of oceans, which thereby host the lives of a wide diversity of
species [1,2]. In a pharmacological preclinical study, about 75 natural compounds that
were isolated from marine organisms significantly showed biological and therapeutic
activities [3,4]. The first marine drug from the cone snail peptide—namely, ziconotide,
under the trade name Prialt—was approved in 2004 in the United States for the management
of spinal cord injury, mediating chronic pain. Later, in 2007, another marine product
named trabectedin, a sea squirt metabolite, was also approved by the European Union for
the treatment of soft tissue sarcoma [5]. The drugs obtained from marine sources have
displayed an exceptional potential in the management of various types of chronic diseases,
including cancer, due to their potent anticancer activities [5–7]. These drugs have also
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gained the great interest of those developing new antimicrobial agents. Sponges belonging
to the phylum Porifera, are the oldest and most prolific marine organisms on the planet.
Demospongiae, a class of Porifera, account for 83% of the species with the highest number
of bioactive compounds [8]. Another marine genus named Lendenfeldia is rich in sulfated
steroids, and its metabolites possess anti-HIV, anti-inflammatory, antitumor, and antifouling
activities. Drug discovery programs have significantly increased their exploration of lead
molecules from marine natural products, and a higher number of bioactive products have
been screened for their activity and are under development in clinical trials [9]. Terrestrial
plants such as digitalis, morphine, and many other natural compounds have served as drug
molecule since olden times. However, the modern pharmaceutical industry has expanded
a keen interest in developing drug molecules from marine sources, as they are believed to
provide more novel and potent drug compounds since they can survive under extreme
conditions, such as the photodynamic and extreme temperatures, pressure, and oxidative
stress of the ocean [10]. The basic scientific research in pharmacology and chemistry of
marine-derived natural products mainly began in the early 1970s and has now finally begun
to bear fruit due to advances in analytical and screening techniques that have fastened the
drug discovery process [11]. The current review highlights the drugs obtained from marine
natural products and their role in the treatment and management of chronic diseases such
as cardiovascular and neurodegenerative diseases, diabetes mellitus, and cancer. These
drugs offer a look into the future of promising products that can be obtained from the sea.

The development of drugs from marine sources is a highly tedious process, as it is dif-
ficult to procure and manufacture quantities of novel drug leads from marine sources [12].
For instance, the marine sponges are highly chemically versatile in nature and act as a re-
source of developmental compounds, such as hemiasterlin and discodermolide, which are
extracted from primitive metals found in marine habitats. Sponges are extremely treasured
since they are difficult to extract, and specimens are mostly collected by hand during
deep and shallow water scuba diving, but also with the help of submarines equipped
with robotic arms. These techniques are highly expensive and result in an uncertain yield,
thereby posing a great challenge to those developing medicines and the pharmaceutical
industry. Nonetheless, the interest of researchers in marine products has remained intact,
which has led to the budding of innovative solutions to overcome the challenges [13,14].
The story of discovery of therapeutic marine compounds begins with the identification of
a marine source and the further isolation of a therapeutic target by analytical techniques.
Once a bioactive compound is isolated, it is further studied for its structure and is pre-
sented into preclinical and clinical studies for an estimation of its activity. The discovery of
drugs from marine sources has also led to the development of genome mining techniques,
which have a tendency to improve future discovery processes.

2. Identification and Isolation of Bioactive Compound from Marine Natural Extract

Natural products along with their structural analogues have contributed to pharma-
cotherapy throughout history, especially in the management of infectious and cancerous
diseases [15,16]. However, the major challenge associated with natural products has been
drug discovery, due to poor techniques of screening, isolation, characterization of the drug,
and its optimization—all of which has now been overcome by advances in analytical tools
such as gene mining and advanced techniques of microbial culturing, which has revitalized
the interest of the pharmaceutical industry in identifying drug leads from marine sources,
opening several new treatment opportunities [17,18]. The natural drugs are typically prod-
ucts with higher molecular mass [19,20], and they present several advantages which are
discussed in this article, yet they have several drawbacks, which have led pharmaceutical
companies to reduce their efforts in the discovery of natural product-derived molecular
leads [21]. The screening of natural products typically consists of an extract library mainly
derived from the natural sources that may not necessarily be compatible with traditional
target-based assays, making it tedious to identify bioactive compounds of interest [22].
Several tools and techniques are applied to assess whether a new molecule has been
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discovered or whether it is merely a rediscovery of already known compounds—a process
that can be very challenging [23]. In addition, a major hurdle faced by the pharmaceutical
industry is obtaining intellectual property rights for an unmodified natural product that has
relevant bioactivity, as the naturally occurring compounds cannot always be patented in
their native forms; however, the simpler molecules with biological activity can be patented
easily [24]. The complex structures of natural products are advantageous in generating
structural analogues for exploring the structure’s activity relationships and optimizing
them for targeted mechanism of action [25]. The modern techniques—which include
genome mining, genome engineering, and advances in analytical procedures and systems
of cultivation—have led to an increased emphasis on drug development from marine
sources, as they have helped overcome many of the major challenges that were being faced
by the researchers—techniques that have proven to be promising [26,27].

The application of advanced analytical techniques begins with the screening of crude
drug extracts, followed by further isolation and identification of a bioactive molecule that
is fractionated to obtain the active moiety from the natural product [28]. The isolation of
a bioactive compound is a laborious task and is highly challenging. The molecule isolated
is run through the extract libraries and further exposed to high throughput screening so
that the crude extract can be pre-fractionated into subfractions that are more suitable for
the system that handles automated liquids [3]. The methods of fractionation can be altered
to obtain preferential subfractions with active compound drugs that are alike in nature.
This process can increase the number of hits compared with the compounds obtained
from crude extracts, which enables more efficient and promising hits [6]. An advance in
the instrumentation used in analytical methods, combined with advanced computational
approaches, can lead to isolation of possible analogue structures of natural products [29].
The precise information about the metabolic composition of the crude marine extract can
be obtained through metabolomics, which helps in prioritizing the isolation of a compound
and its dereplication to annotate the structural analogues of the newly derived product [30]
(Figure 1).

Figure 1. The figure illustrates the process of isolation of a bioactive molecule from a marine source.
The identification of a specific organism is a first step in determining the bioactive lead moiety. Once
the marine source with a desired therapeutic effect is discovered, the natural products within it are
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obtained by extraction processes. The crude extract collected at the end is further studied using
imaging techniques to understand its bioactive profile. The integrated clusters of the bioactive
compound in the crude extract solution are further pre-fractionated to obtain unique clusters that are
biologically active. The active clusters are analyzed through advanced analytical techniques such as
NMR, mass spectroscopy, and liquid chromatography for their structure elucidation and bioactivity
determination, and the desired cluster is carried forward for further studies. The bioactive lead
molecule selected is evaluated for its therapeutic activity through pre-clinical and further clinical trial
studies.

The current review highlights the role of marine drugs in the management of cancer,
diabetes mellitus, cardiovascular disorders, and neurodegenerative diseases which are
listed below.

3. Marine Drugs in the Management of Cancer

Cancer is a chronic disease and can be found in almost all multicellular organisms.
The disease is strongly associated with aging because, with increasing age, mutations
within the somatic cells accumulate and promote unregulated growth and invasion of
dysfunctional cells, which leads to altered functions in the body and works against the
organism’s health. Apart from the uncontrolled cellular growth, this disease also displays
genetic instability, evasion of growth suppressors, immortality of replication, resistance
to cell death, angiogenesis initiation, energy metabolism reprogramming, prevention of
immune destruction, tumor-derived inflammation, and metastasis [31–33]. Advanced
research and technology combined with efforts to determine and understand the hallmarks
of cancer have led to improvement in the clinical outcomes of cancer patients by developing
newer and more novel diagnostic techniques and therapeutic medications. The higher
costs of these therapies and the sometimes extension of patient survival by just few months
pose a major challenge to ongoing treatment, thereby provoking a dire need to identify
promising new therapies for the management of this life threating disease. There are two
general classes of cancer therapies: cancer therapies derived from natural compounds
and cancer therapies derived from synthetic compounds—each further subcategorized
into small molecules or low molecular weight substances that elicit biological responses
by entering cells readily and biologics or large molecular weight substances such as ri-
bonucleic acid (RNA) or monoclonal antibodies that are penetrated across cells with the
help of delivery systems [34]. The majority of the cancer treatment drugs are naturally
derived substances. For instance, the most primarily used chemotherapeutic drugs for the
management of prostrate, breast, and other cancers—namely, docetaxel and paclitaxel—
are derived from the taxanes plant. Cabazitaxel, another naturally derived anticancer
compound was derived by chemical diversification of taxanes [35]. Factually, most of the
anticancer drugs derived from natural resources are derived from terrestrial ecosystems,
and about 100,000 compounds have been isolated from plants alone. About 99% of the
total living space on earth is deep ocean, and oceans are where80% of the entire species in
the world live. In the recent years, the interest of researchers has progressively focused on
the marine environment, and researchers have successfully isolated over 2000 compounds
over the past three decades [36]. The richness in species of the ocean and its extraordinary
diversity with a large temperature and pressure tolerance window, presence of variety
of chemicals and metals, saline nature, low to bright light, and allelopathic defenses has
attracted the pharmaceutical industries towards the ocean, despite the small number of
compounds isolated from it to date. Marine sources are believed to have treasurable ther-
apeutic potential based on the unique dwelling inhabitant and hence the ocean is being
explored for its hidden potential. Its noteworthy that the products derived from the ocean
are extremely potent and act through multiple molecular pathways and collectively have
an ability to target different hallmarks of cancer [37]. Some of the anticancer compounds
isolated from marine sources are listed below.
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Over 1000 compounds have been isolated from marine sources and are being tested for
their activity in preclinical studies; 23 marine derived compounds are under clinical trials
between phases I to III, and 7have been approved for marketing. Four compounds out of
the total number of marine-derived molecules—namely, trabectedin, cytarabine, eribulin
mesylate, and brentuximab vedotin, a conjugated antibody—are being used clinically for
their anticancer properties [38].

3.1. Cytarabine (Cytosar)

Cytarabine is the debutant lead molecule that has been isolated from the ocean for
the management of cancer. Cytarabine was developed by the synthesis of analogs of
natural arabino nucleosides and cytosine arabinose from the Caribbean sponge Cryptotethya
crypta. The chemical structure of this anticancer compound has been found to be related
to Spong uridine and Spong thymidine, which are natural products isolated from the
marine sponge Tectitethya cripta. Cytarabine acts by rapidly converting into its respective
triphosphates arabinonucleoside by phosphorylation in a sequential manner. It is an
antimetabolite drug with a structure that is sufficiently similar to natural metabolites of
the body and acts by interfering with their functioning and hence preserving normal
cellular metabolism [39]. The triphosphocytarabine formed upon phosphorylation becomes
a substrate for DNA polymerase and subsequently is amalgamated in place of cytosine
within the DNA. The arabinose is implanted instead of deoxyribose upon binding of DNA
with cytarabine triphosphate and promotes elongation of the DNA strain by preventing
phosphodiester bonding between the two pentose sugars, thereby prohibiting synthesis of
DNA and hampering abnormal cellular growth. This drug was first approved for its clinical
applications in 1969 and has been used in the management of wide array of leukemias,
such as non-Hodgkin’s lymphoma, acute lymphocytic leukemia, chronic myelogenous
leukemia, etc. Cytarabine has been claimed to be the foremost example of a commercially
available marine-derived drug, even though the molecule itself is not a natural product but
a structural analog [40]. The use of adenine arabinose analogs has also been noted in the
development of vidarabine, an antiviral drug used in the management of varicella zoster
and herpes simplex virus [41]. Furthermore, another antiviral drug, azidothymidine, has
also reportedly been found to be extremely effective in the management of acquired immune
deficiency syndrome (AIDS) by blocking the activity of the reverse transcriptase enzyme of
the virus, which is highly crucial for replication of the human immune virus (HIV).

3.2. Trabectedin

Trabectedin was identified as one of the most abundant structurally related alkaloids
that has been isolated from the Caribbean ascidian Ecteinascidia turbinate. The drug was first
isolated with a very complex procedure in 1996. This molecule acts as an alkylator of DNA
but differs from the usual alkylating agents. Trabectedin binds with the guanine residues
of the double helix DNA and generates specific sequences, causing bending of strands in
a direction opposite to the site of alkylation. These trabectedin abducts arrest the activity of
RNA polymerase II and prevent the transcription of DNA, thereby preventing abnormal
cellular growth. The most prominent effect of this drug is the inhibition of transcription of
MDR1 genes, which are chiefly responsible for producing P glycoproteins and initiating
the detoxification processes in the cells. The drug also successfully prevents the repair
of DNA lesions due to the rest of RNA polymerase II, thereby producing a significant
impact on the tumor microenvironment. Trabectedin also activates caspase 8 protein, which
further induces apoptosis in macrophages and monocytes, thereby prohibiting the release
of inflammatory mediators and the growth of angiogenic factors and preventing metastasis.
Trabectedin acts via DNA alkylation by binding to the guanine residues, further generating
exclusive sequences that cause bending of the double helix strands in a direction opposite
to that of alkylation and differing greatly from other alkylating agents. The action of
RNA polymerase II is arrested with simultaneous DNA transcription prohibition, hence
preventing the abnormal growth of the cells. The drug prominently acts by inhibiting
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MDR1 genes transcription, which chiefly indulging in the synthesis of P glycoproteins,
thereby stimulating the process of cellular detoxification [42]. The repair of the lesions in
DNA is also counteracted by this drug due to RNA polymerase II arrest, hence producing
a significant effect in the deterioration of the environment of the tumor.

3.3. Eribulin Mesylate

Eribulin is a mesylate salt prototype of high molecular weight halichondrin B, obtained
from a class of halichondrins, a progression of macrocyclic polyethersthathave anticancer
activity. The drug is obtained from Halichondria okadai sponges found on the coast of
the Miura Peninsula in Japan. The macrocyclic ring of halichondrin B is responsible for
the anticancer activity, as determined by the structure–activity relationship. This drug is
believed to be the most complex drug synthesized. This naturally derived potent antimitotic
drug mainly acts by inhibiting the microtubule. Tubulin is the ultimate target of this
compound, and it prevents polymerization by binding to it and further arresting the
microtubular extension. This irreversibly blocks the mitosis of the cells, and its prolongation
finally induces apoptosis-mediated cell death. The drug eribulin mesylate was approved
in 2010 by the FDA for the management of advanced metastatic breast cancer, and it was
approved as second-line treatment for liposarcoma therapy in 2016 [43].

3.4. Brentuximab Vedotin

In 1972, anticancer activity was discovered from the extract of Dolabella auriculria,
a gastropod mollusk found in the Indian Ocean. After 15 years of continuous research,
the peptides—namely, dolastatins—were identified as being the chief active compounds
that solely possess potent antiproliferative activity against tumor cells [43]. These peptides
led to microtubule blockage and polymerization, consequently preventing rapid tumor
cell division and hence prohibiting the growth and proliferation of tumor cells in the body.
Brentuximab vedotin has an antibody drug conjugate structure and is mainly developed
with a dolastatin10-derived natural product molecule, monomethylauristatin E, isolated
from the mollusk Dolabella auricularia. In 2012, Adcetris had been approved for the treatment
and management of Hodgkin’s lymphoma, and monomethylauristatin E had also been
studied in several clinical trials based on its ability to form complexes with antibodies and
proteins on the membrane. Another analogue—namely, glembatumumabvedotin—has
also been recognized for its activity in the management of melanomas, especially those
with metastatic breast cancer, due to its association with transmembrane glycoproteins [44].
Polatuzumabvedotin and pinatuzumabvedotin are also being evaluated for their activity
in the management of lymphomas and leukemias, due to their direct antibody-directed
action on CD 22 and CD 79b proteins (Table 1).

Table 1. The below table lists the marine drugs used in cancer treatment and their respective structures.

Name Structure

Cytarabine
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Table 1. Cont.

Name Structure

Trabectedin

Eribulin Mesylate

Brentuximab vedotin

4. Marine Drugs in the Management of Diabetes Mellitus

Diabetes mellitus is a chronic metabolic disease that is mainly characterized by blood
sugar level elevation and abnormal metabolism of sugar, and it contributes in a major
way to mortality and morbidity rates across several developing and developed nations,
including India. This disease includes a defect in the functioning of insulin, including
its secretion and site of action. The destruction of other microstructures such as neurons,
nephrons, and retina depicts the severity of the disease, highlighting its role in affecting
nerves, kidney, and eyes. Several cardiovascular disorders and other conditions also
occur upon the emergence of diabetes [45]. An increase in reactive oxygen species and
oxidative stress is considered as playing a crucial role in the development of diabetes
and its associated complications [46]. Food acts as a major source of energy in the form
of sugar and helps in maintaining the physiological functioning of the millions of cells
in the body. The body regulates sugar by moving it through the cell membrane via two
mechanisms: a receptor, which acts as a door, and insulin, which targets the receptors. Type
1 diabetes is a hyperglycemic condition with a defect in insulin, while type 2 diabetes is
mainly characterized by increased levels of sugar, mostly due to a defect in receptors [45].
The prevalence of type 2 diabetes is higher globally in comparison with type 1diabetes.
It has been estimated that more than 20 million people worldwide have been diagnosed
with type 1diabetes, with a predicted annual increase of 2% to 5% every year in several
countries. However, type 2 diabetes accounts for approximately 90% to 95% of diabetic
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cases globally. In the year 2011, over 280 million people were estimated to be affected
by type 2 diabetes and the number is assumed to rise to up to 500 million by 2030 [47].
It has become necessary to adopt preventive measures to reduce the burden of this disease
on the health and economy of a country. Several synthetic drugs are available in the
market to treat this disease, but the medications are not fully effective and are also costly.
Moreover, continued use of these drugs can lead to undesirable adverse reactions in the
patients. Patients suffering with type 1 diabetes are solely dependent on external insulin
injections for their survival and for maintaining a normal life, but it is not comfortable
to inject insulin daily. However, type 2 diabetes can be initially managed or controlled
by modifications in lifestyle and diet, but type 2 diabetes often requires treatment with
oral antidiabetic drugs in the disease’s later stages, and at the end, treatment typically
requires insulin injections, which is the most severe scenario. Antioxidants and immune
therapy, islet therapy, inhibitors of alpha glucosidase, and other antidiabetic drugs are
some of the available therapies to control and manage type 2 diabetes mellitus, but a wide
range of side effects also come alongside, which has led to the continued development of
novel preventive and regenerative therapies for preventing deficiencies in beta cells mass
and for prolong the earlier stage of this disease. Marine sources are being explored due
to their promising potential as therapeutic agents in the management of various medical
disorders so that they can be employed as a novel or adjuvant therapies. Several marine
drugs have been identified in recent years for their exceptional potential for treating or
curing diseases. Algae and fish have acted as chief sources of several peptide molecules
that possess lipid lowering, anticancer, and anticoagulation properties [48]. In addition,
principal antioxidants such as phenolics, carotenoids, and omega 3 fatty acids are also
derived from marine seaweeds, crustaceans and fish oil, and bacteria, respectively.

Over 500 marine and freshwater cyanobacteria have been studied for anti-glucosidase
and anti-amylase activity, and 38 interesting candidates have also been determined to be
fruitful in the management of diabetes [49]. A marine sponge-related bacterium known
as Coralliphaga has been found to possess major activity in polysaccharide degradation
and in the processing of glycolipids and glycoproteins, as it produces a number of glu-
cosidase inhibitors, presenting it as a good target for development in the treatment of
diabetes, as well as obesity. Strains of Streptomyces bacteria such as Streptomyces corchorusii
subspecies rhodomarinus presented fascinating antidiabetic properties by inhibiting the
activity of enzyme amylase, while other species of a similar strain led to the production of
two novel compounds having N-acetyl-glucosaminidase inhibition properties—namely,
Pyrostatins A and B [50]. In addition, to the antidiabetic activity of bacteria, cyanobacteria,
and actinomycetes, marine fungi have also been screened to assess whether they might
have antidiabetic action. A protein tyrosine phosphatase (PTP1B) inhibitor—namely, aquas-
tatin B—has been obtained from the marine fungus Cosmospora species SF-5060, which was
isolated from the sediment collected from inter-tides at Gejae Island in Korea [51]. Pho-
tosynthetic eukaryotic microalgae, which form a major part of freshwater and marine
phytoplankton, have also been confirmed to have significant activity in the management of
diabetes mellitus [52,53].

Recent biotechnological advances in aquatic technology have successfully identified
promising antidiabetic agents in microalgal species, by virtue of their anti-glycation func-
tion. The green microalgal species named Chlorella and the diatom Nitzschia laevis have been
found to have maximum inhibitory effects against the formation of total advanced glycated
end products (AGEs)—specifically, N-carboxymethyllysine and pentosidine [54]. The pres-
ence of carotenoids such as neoxanthin, antheraxanthin, violaxanthin, and lutein account for
the strong AGEs inhibitory activity of Chlorella, while linoleic acid, eicosapentaenoic acid,
and arachidonic fatty acids have presented similar bioactivity in Nitzschia laevis. The dif-
ferent extracts of these microalgae—mainly Chlorella zofingiensis—were tested for their
antiglycation activity, and it was determined that the extracts rich in astaxanthin possessed
the highest antiglycative and antioxidant activity and hence can be used as a food supple-
ment for the prevention of diabetes in patients [55]. Three strains of microalgae—namely,
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Chlorella protothecoides, Chlorella zofingiensis, and the diatom N. laevis—have been evaluated
to possess protective action against the exogenous and endogenous AGEs in an ARPE-19
cell-based model due to the presence of nutritional ingredients such as carotenoids and
omega 3 fatty acids within them. These microalgae also decrease the levels of mRNA
expression of vascular endothelial growth factor (VEGF) and matrix metalloproteinase
2 (MMP-2), which are key factors in the etiology of diabetes-induced retinopathy and
therefore can be used as a food supplement in the prevention and management of diabetic
retinopathy due to presence of carotenoids and omega 3 fatty acids, while also preventing
cataract development and further macular degeneration [56].

Corals, sea grasses, fish, shark fusion proteins, sea anemones, salmon skin, and
even fish and shellfish wastes have also been evaluated for their antidiabetic properties
in the past 15 years. For centuries, macroalgae have been consumed by coastal people
as a readily available food, even when its nutritional properties were veiled. In todays’
time, they have been adopted as a healthy lifestyle approach in several countries and
are being consumed entirely in the form of extracts or complete foods for their beneficial
properties [57]. A number of green, red, and brown algae such as Palmaria, Ecklonia cava,
Alaria, Rhodomela confervoides, and Ascophyllum have presented significant antidiabetic
properties. Amylase inhibitory activity was observed in red algae Palmaria species phenolic
extracts, in combination with antidiabetic properties presented by protein hydrolysates
from Palmaria palmata. The methanolic extracts of the brown algae Ecklonia cava, Pelvetica
siliquosa also presented diminished levels of glucose in the plasma of the diabetic rats.
Sinularia firma and Sinularia erecta, two soft corals, have also been proven to exert blood
glucose lowering activity in diabetic rats exposed to their methanolic extracts, which also
prohibited a postprandial rise in hyperglycemia in normal rats [47,58]. Free fatty acids
were significantly decreased upon consumption of collagen peptides from marine wild
fishes, and they also regulated the nuclear receptors in patients with insulin dependence or
type-2 diabetes.

Therefore, it can be concluded that marine products and byproducts, if explored
judicially, can be the source of several promising and novel lead molecules in the treatment
and management of diabetes (Table 2).

Table 2. The below table lists the marine drugs used in diabetes mellitus and their respective structures.

Name Structure

Pyrostatins A and B

N-carboxymethyllysine
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Table 2. Cont.

Name Structure

Pentosidine

neoxanthin

antheraxanthin

violaxanthin

Lutein

5. Marine Natural Products and Cardiovascular Diseases

Cardiovascular disorders (CVDs) are a group of diseases of the blood vessels and
heart and include coronary artery disease, atherosclerosis, cerebrovascular disease, hyperc-
holesterolemia, rheumatic heart disease, and several other conditions. They are primarily
the leading cause of death worldwide, and 4 out of every 5 deaths related to CVDs are
reported to be due to cardiac arrest or stroke. About 17.9 million people die from CVDs
every year, which is double the number of deaths due to cancer, and many of these deaths
are premature, occurring in patients below 70 years of age. Unhealthy diet, lack of exercise,
smoking, alcohol, and other altered lifestyle conditions are the primary causes that initiate
the risk of CVDs in the healthy population. The effects may be experienced by patients
as increased blood pressure, hypercholesterolemia, obesity, increased glucose in blood,
and weight gain. These initial or intermediate risks can be diagnosed in primary healthcare
facilities, and if not taken care of or ignored, they can lead to serious conditions of stroke,
cardiac arrest, heart failure, and other complications. Increased levels of cholesterol in the
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body lead to atherosclerosis, which causes a narrowing and clogging of the arteries due
to cholesterol and fat deposition, which further leads to coronary artery diseases (CAD).
These conditions can also result in hypoxia and myocardial ischemia. The CVDs mainly
affect the younger generations and their families in a destructive context and are worthy
of more attention to their efficient control and management [59]. The pharmacological
interventions used in the management of these diseases include treatment with antiplatelet
drugs, statins, or other lipid lowering drugs, anticoagulant drugs, beta blockers, renin
angiotensin aldosterone (ACE) inhibitors, diuretics, etc. The use of lipid-lowering agents
significantly improves the survival rate in patients affected by coronary artery diseases.
The existing therapies that are being used for the prevention of CVDs possess a certain set
of limitations and adverse effects and do not provide comprehensive treatment. Hence,
owing to a greater population exposed to and affected with these disorders, there comes
a dire need to explore and develop other health-friendly treatment approaches that can
prevent the disease with minimal side effects. The natural products obtained from marine
sources have been considered to be a valuable source for the discovery of new and novel
lead molecules by virtue of the diverse chemical structures and pharmacological properties
associated with them.

Some of the marine drugs that have been proven to be efficacious in the management
of cardiovascular diseases, including coronary artery diseases, are discussed below.

5.1. Fucoxanthin

Fucoxanthin is an oxygen-containing carotenoid compound isolated from brown algae.
This compound has been studied as a treatment to prevent the over-oxidation of lipids
and restrain their accumulation [60]. Fucoxanthin also downregulates transcription factors
such as peroxisome proliferator activated receptor (PPAR) and sterol regulatory element-
binding protein 1c, which are play a role in adipogenesis. This compound decreases the
expression of fatty acid synthase and increases the activity of adipose triglyceride lipase,
further leading to the production and phosphorylation of hormones that are sensitive to
lipolysis. Furthermore, fucoxanthin also represses the genetic expression of interleukin- 6
and acetyl coenzyme A carboxylase (ACC) and ultimately prohibits the accumulation of
adipose tissue, improves resistance to insulin, reduces the thickness of cholesterol, and also
affects the concentration of triglycerides in the body. The compound successfully upgraded
the functioning of glucose transporter 4 (GLUT 4) and enabled it to consume more energy
by oxidizing fatty acids and producing heat. A remarkable fall in the levels of blood
glucose was also achieved by its property of enhancing the manifestation of glucokinase
(GCK) mRNA and curbing the expression of mRNA phosphoenolpyruvate carboxy kinase.
All of these factors help in reducing cardiovascular risks by decreasing lipid concentrations,
and fucoxanthin can be used in the management of cardiovascular diseases such as hyper-
lipidemia, atherosclerosis, coronary artery disease, hypertension, etc. [61]. The illustration
of proteins PPAR-α, carnitine, and p-ACC was promoted by fucoxanthin, which led to
decreased expression of fatty acid synthase (FAS) on the liver, thereby decreasing the levels
of lipids in the bloodstream. Advanced ongoing investigations revealed the beneficial
effects of fucoxanthin in preventing lipid increase, and hence controlling and managing
cardiovascular diseases.

5.2. Saponins

Sea cucumber saponins (SCS) are a glycoside group that comprises of spirostane and
triterpene aglycone compounds. They are the secondary metabolites that are obtained from
the sea and have been demonstrated to possess anti-atherosclerotic activity. They mainly
act by regulating the metabolism of lipids and glucose in the body. The main functional
constituent of sea cucumber saponins is adiponectin, which is believed to restore lipid
and glucose metabolism by the promotion of sirtuin 1 (SIRT1), which further restricts the
activity of sterol regulatory element-binding protein (SREBP)-1c and FAS. All of these
factors ultimately promote hepatic fatty acid oxidation. The mRNA levels of GCK can
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be stimulated by SIRT 1 in the liver, which results in the catalysis of phosphorylation of
glucose and is the first move towards glycolysis [62]. To conclude, the SCSs ameliorate
the metabolism of lipids and glucose by altering the activity of SIRT 1, FAS, GCK, PPAR-α
upon secretion of adiponectin and hence suppressing lipid production and synthesis and
enhancing oxidation of fatty acids, thereby reducing the risk of cardiovascular diseases.

5.3. Astaxanthin

Astaxanthin, also classified as xanthophyll, is a naturally occurring microalgae and
marine compound renowned for its bioactivity. The unique structure of the astaxanthin
molecule accounts for its characteristically strong antioxidant activity and enables it to
quench oxygen in singlet states and release free radicals. The molecule depicts its beneficial
role in several biological activities such as amelioration of oxidative stress, decrease in
inflammation, and altered lipid and glucose concentrations. Astaxanthin induces the oxida-
tion of high-density lipoproteins (HDL) and adiponectin levels and suppresses the oxidation
of low-density lipoproteins (LDL), i.e., promotes good cholesterol. The molecule possesses
atherosclerosis-protective effects, as it can lighten the proportion of plaque formation and
cholesterol in the aortic sinus region and aorta in mice, respectively. The levels of thiobarbi-
turic acid (TBARS) were also decreased owing to the antioxidant activity of the compound,
and hence it acts as a strong oxidation resistance substance [63]. The macrophage activation
was suppressed, while granulocytosis of neutrophils was promoted by astaxanthin to
induce phagocytosis and sterilization. Hence, this compound is inferred as being able to
sustain less damage in body and to control the levels of lipid upon its elevation.

5.4. Xyloketal B

Xyloketal Bis a new style of an extraordinary structure containing marine compound
isolated from the Xylaria species. This compound prevents endotheliocytes from suffering
oxidative injury by inducing the oxidation of low-density lipoprotein due to suppression
of NADPH oxidase-derived reactive oxygen species synthesis, and it facilitates the further
release of nitric oxide. The endothelial dysfunction due to oxidative stress is also controlled.
The compound has been determined to be effective in suppressing the levels of oxidative
stress in vascular tissues, to improve the integrity of endothelial cells that were previously
injured due to conditions of stress, and to promote vaso relaxation. Xyloketal B also reduced
the levels of lipids by promoting their oxidation and by suppressing their accumulation [64].

The consumption and demand of marine products has increased gradually with
development in the recent years. Marine products are believed to contain more bioactive
substances, as they have a tendency to survive in the complex environment of the ocean.
Extensive research in products obtained from marine resources has confirmed the role of
marine drugs in the management of cardiovascular diseases, which has also encouraged
researchers to hunt for and discover more safe and novel lead molecules (Table 3).

Table 3. The below table lists the marine drugs used in cardiovascular disorders with their
respective structures.

Name Structure

Fucoxanthin
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Table 3. Cont.

Name Structure

adiponectin

Astaxanthin

Xyloketal B
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6. Marine Drugs in Neurodegeneration

Neurodegenerative diseases are the greatest medical challenge faced by researchers in
the 21st century. They are a group of heterogeneous late onset disorders that are caused by
progressive dysfunction of neuronal cells and their death, leading to cognitive impairment
and altered movement. With increasing age, the incidence of neurodegenerative diseases
also increases, and they are more common in the elderly age group of patients. The main
factor that is associated with the process of neurodegeneration is aging [65,66]. These dis-
eases are mainly characterized by loss in the functioning of neurons and the formation of
misfolded proteins, accompanied by their aggregation, extracellular intracellular deposits,
and neuronal cell death. Excessive release of reactive oxygen species (ROS) and neu-
roinflammation contribute chiefly to the pathophysiology of different neurodegenerative
diseases and depict a direct consequence of perturbation in the homeostasis of the central
nervous system (CNS) [67]. Effective treatments are being explored, and efforts are being
made to manage age-related degeneration and promote stability in patients. The current
therapies employed in the management of neurodegenerative disorders improve quality
of life to only a certain extent. Hence, the field calls for research and development that
explores and discovers new and safer lead molecules with novel mechanisms of action
by targeting certain physiological pathways and improving the condition of the patients.
As the interest rises in natural products, the attention also drifts towards the sea, as it has
the greatest diversity of plants and animals and is the least explored. Hence, below are
described some of the promising compounds obtained from the sea and a description of
their consumption as supplemental therapies for a role in the management and prevention
of neurodegenerative diseases [68,69] (Figure 2).

Figure 2. This figure provides a descriptive overview of the marine drugs used in diabetes mellitus,
cancer, neurodegenerative disease, and cardiovascular disorders.

The venom of sea snail Conus Magus led to the derivation of a synthetic form of the
peptideziconotide, which is a selective N-type calcium channel blocker and is used in
conditions of chronic pain owing to its antinociceptive effect without the development of
tolerance, as is witnessed in other opioids and morphine. This fact represents a significant
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advantage of this marine-derived product for use in the long-term management of condi-
tions of pain. Many other drugs are also being identified from the ocean and extracts of
marine invertebrates. Several compounds isolated from marine sources have been studied
and found to possess modulatory action on the CNS, and can thus be involved in the man-
agement of neurodegenerative conditions. For instance, potent cholinesterase inhibitors
were isolated from sponges, mollusks, algae, bryozoans, cnidarians echinoderms, and tuni-
cates. Xestospongia, xestosaprols, Indonesian marine sponges, tasiamide B cyanobacteria,
carteriospongia-derived carteriosulfonic acids, petrosamine sponges, Reniera sarai sponges,
octocorals, and lophotoxin are some of the marine-derived bioactive products that are
assumed to be hypothetical candidates for development as novel drugs for themanagement
of CNS disorders. Marine source-derived cholinesterase inhibitors can be used in the
management of mild and moderate atopic dermatitis; however, their use can only reduce
symptoms in a patient and cannot arrest the progression of the disease [70,71]. Another
marine compound named conotoxins is an antagonist of CNS receptors and exhibits a sig-
nificant role in various physiological processes such as memory, learning, and attention.
Some of the marine drugs used prominently in the management of neurodegenerative
disease are listed below.

6.1. Fucoidan

Fucoidan is a polysaccharide isolated from brown algae—namely, Saccharina japonica—
and comprises sugar, fucose, and sulfate content [72]. This compound exhibits a protective
effect in the management of Parkinson’s disease due to its interaction with 1-methyl-4-
phenyl-1,2,3,6- tetrahydropyridine (MPTP), and it thereby effectively improves motor
impairment. The compound also successfully was able to counteract the depletion of
dopaminergic neurons in the striatal region. Upon treatment with this compound, the
morphology of neuronal cells was preserved and mitochondrial activity was found to be
increased. The pharmacological mechanism of this protective action is unclear; however, it
is demonstrated to be due to its antioxidant activity, as it prevents the generation of reactive
oxygen species and other mechanisms such as anti-inflammation [73].

6.2. Seaweeds

Seaweed is another marine compound that is believed to have exceptional bioactive
properties due to its antioxidant nature. The different extracts of seaweeds were tested, and
their neuroprotective effect was elucidated as being owed to their anti-apoptotic mecha-
nism. The extracts substantially prevented dopaminergic neurotoxicity, and an increase
in cell viability was noted, leading to its use in the management of Parkinson’s disease.
Phlorotannins, exclusively found in brown seaweeds, are responsible for the antioxidant
activity of this compound. Codium Tomentosum has emerged as a promising neuroprotective
seaweed that has anti-genotoxic and anti-oxidative properties. The compound readily
scavenges both nitrogen and oxygen free radical species and contains different organic
acids, such as malic acid, aconitic acid, oxalic acid, malonic and fumaric acids, phenolic
compounds, and secondary metabolites [74,75].

6.3. Cerebrosides

Cerebrosides are a category of neutral glycosphingolipids that are mainly present in
marine species. These compounds are extensively found in the brain and convert into
ceramides, which are further transitioned into sphingomyelins, sulfatides, and other associ-
ated glycosphingolipids. These compounds are highly crucial in maintaining functioning
and homeostasis in the brain. The unique structure of this compound is composed of three
units—a polar monosaccharide head, long chain of sphingoid base, and amide-linked fatty
acids—that contribute to the biological activities of this compound that has attracted the at-
tention of the pharmaceutical industry. Sea cucumber cerebrosides are believed to improve
cognitive functioning and synaptic plasticity and to attenuate hyperphosphorylation of tau
proteins by regulating the neurotrophic pathway. Administering sea cucumber cerebro-
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sides as a food supplement may present neuroprotective effects and may even improve
cognitive functioning. The compound has also been reported to have activity useful in the
management of Alzheimer’s and Parkinson’s diseases. Certain marine compounds can be
further synthesized through this molecule to produce more specific biological effects [76–78]
(Tables 4 and 5), Figure 2.

Table 4. The below table lists the marine drugs used in neurodegenerative diseases with their
respective structures.

Name Structure

Fucoidan

Phlorotannins

Cerebrosides
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Table 5. Cont.

Name of the
Compound Source Scientific Name Uses References

Hemiasterlin,
discodermolide Marine sponges Spongia officinalis Anticancer,

anti-inflammatory, antibiotic [11]

Cytarabine Caribbean sponge Cryptotethya crypta Anticancer [32–34]

Trabectedin Caribbean ascidian Ecteinascidia turbinate Anticancer [35]

Eribulin Mesylate Sponge Halichondria okadai Anticancer [36]

Brentuximab vedotin Gastropod mollusk Dolabella auriculria Anticancer [36,37]

marine sponge
bacterium Coralliphaga Antidiabetic [43]

Aquastatin B Marine fungi Cosmospora species
SF-5060 Antidiabetic [44]

Chlorella and diatom Nitzschia laevis Antidiabetic [47]

Astaxanthin Chlorella zofingiensis Antidiabetic [48]

Green, red and brown
algae

Palmaria, Ecklonia cava,
Alaria, Rhodomela
confervoides and

Ascophyllum

Antidiabetic [40,51]

Fucoxanthin Brown algae Phaeophyceae Antihyperlipidemic [53]

Spirostaneand
triterpene aglycone

compounds
Sea cucumber saponins Holothurialessoni Anti-atherosclerotic [55]

Xyloketal B Xylaria species Antioxidant,
antihyperlipidemic [57]

Fucoidan Brown algae Saccharina japonica Parkinson disease,
anti-inflammation [63]

Seaweed Codium Tomentosum Neuroprotective,
anti-apoptotic [64,65]

Aplidin Marine tunicate Aplidium albicans Anticancer [76]

Tetrodotoxin Puffer fish Tetraodontidae Analgesic [79,80]

Plinabulin Marine fungus belonging to species of
Aspergillus

Under investigation in
clinical trials phase III as

antitumor
[81–84]

Salinosporamide A or
Marizomib Marine bacteria Salinispora arenicola and

Salinispora tropica Proteasome inhibitor [85–87]

7. Future Prospects of Marine Drugs and Drug Candidates Obtained from the Ocean

For decades, a strong effort has been undertaken by the pharmaceutical industry and
academia to derive therapeutically active marine drugs [78]. Eleven drugs with their origin
in marine natural sources have successfully navigated their way through development and
into the market, among which at least five can be used in the management of cancer, such as
cytarabine (Cytosar-U), eribulin mesylate (Halaven), and trabectedin (ET-473, Yondelis) and
including antibody drug conjugates such as polatuzumabvedotin (Polivy) and brentuximab
vedotin (Adcetris). Other drugs such as Epanova, Lovaza, and Vascepa have also been
used in treatment of hypertriglyceridemia, while vidarabine (Vira-A) and iota-carageenan
(Carragelose) have been used as antiviral drugs and zinconotide (Prialt) has been used for
ameliorating chronic pain. More than 20 drug candidates have been obtained from marine
natural products as of now and which are under investigation in different phases of clinical
trials, including several drug leads that are being studied extensively for their activity in
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pre-clinical studies [79–82]. The link between a direct therapeutic target (also called the
binding partner) and a mechanism of bioactive action associated with the disease serves as
an incentive for conducting preclinical and clinical studies. The use of novel techniques
in the identification of targets and the capture of associated mechanisms of action act as
a game changer and can lead to the implementation of early stages of discovery efforts
for new drug leads [83,84]. Marine natural products are highly diverse and thus present
a greater opportunity for discovering a wide number of first-in-class therapeutic agents
that comprise proteins and other unusual biological targets, such as lipid membranes,
sterols, etc. [85]. These targets further lead to the production of the effective antibody drug
conjugates that are commonly used in the management of several chronic diseases [86].
The marine environment offers a rich arsenal of bioweapons that possess diverse structure
and functional properties and that are under investigation in different stages of clinical
trials. Aplidin is a first-in-class cyclic depsipeptideplitidepsin isolated from marine tunicate
named Aplidium albicans, and it interacts strongly with eukaryotic elongation factor 1A2
(eEF1A2) in the cells of a tumor [87]. This marine drug is being studied in combination with
dexamethasone for its efficacy in the management and treatment of relapsed and refractory
multiple myeloma and has successfully reached phase III clinical trials [88].

Tectin or tetrodotoxin is a derivative of guanidine and comprises a skeleton of highly
oxygenated carbon obtained from puffer fish, which produce one of the most popular
marine toxins [89]. It is mainly isolated from the liver, skin, and ovaries of puffer fish
belonging to family Tetraodontidae. The toxin accumulates in the body through the food
chain in marine oceans and is derived from specific endosymbiotic bacteria, mainly pseu-
domonas and vibrio species. Tetrodotoxin acts by competitively and selectively hindering
the activity of voltage-gated sodium channels (VGSCs) in the cell membrane of the nerve
cells, which prevents propagation of action potential due to depolarization and causes loss
of sensation [90]. The toxin is being used to an extensive degree due to its chemical nature
in characterizing voltage-gated sodium channels, and it is also applied as an analgesic to
cure pain. Tetrodotoxin successfully completed two phase III safety and efficacy studies
in 2012 for its use in the management of moderate-to-severe inadequately controlled pain
related to cancer, the results of which are still awaited [91].

Another marine drug that is commonly used for its therapeutic use is plinabulin,
a synthetic analogue of a naturally occurring aromatic alkaloid—namely, halimide—mainly
obtained from a marine fungus belonging to a species of Aspergillus [92,93]. It is mainly
collected from the waters of the Philippine islands. Plinabulin targets tubulin monomer
near the colchicine binding site and inhibits polymerization of tubulin, which further
causes tumor vascular network destabilization and reduces blood flow to the tumor region,
thereby preventing tumor progression [94]. The marine drug is being investigated in phase
III clinical trials for its apoptotic effects in tumor cells and vascular disruption activity in
the management and treatment of non-small cell lung cancer [84,95].

The marine bacteria named Salinispora arenicola and Salinispora tropica led to isolation
of a potent proteasome inhibitor, Salinosporamide A or Marizomib. Proteasomes received
a huge amount of attention after the success of the first proteasome inhibitor, the drug
bortezomib, which was approved for the management of cancer and has been developed
as a class of proteins in anticancer therapy [96]. In the year 2012, an analog of epoxomicin—
namely, carfilzomib (Kyprolis)—was approved as an anticancer drug [97,98]. Carfilzomib
was isolated from strains of actinomyces and acted as a potent proteasome inhibitor,
suggesting its eminent role as a marine-derived therapeutic agent. Within 3 years of its
discovery, Salinosporamide A successfully entered phase I clinical trials for investigation of
its activity in the management of multiple myeloma, and it was further transitioned into
phase 2 trials that have also been completed (Figure 3).
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Figure 3. Marine drugs obtained from the ocean and their therapeutic uses in the management of
conditions, starting from pain to life threatening diseases such as cancer.

8. Conclusions

The structure–activity relationship (SAR) of the isolated marine natural products and
their derivatives revealed a scaffold that increased the activity of the chemical compounds
obtained for the therapeutic management of several disorders. The marine products
obtained can also be optimized further in laboratories to synthesize more precise and
potent lead molecules that can be effectively employed for their disease targeting activity
and also to fight against pathogens. Advances in techniques have led to an increased
understanding and broadening of the biological activities of these drugs in the management
of chronic diseases, including cancers. The interest of researchers in marine products is
flourishing, which has led to the budding of innovative solutions for overcoming the
challenges of their extraction and isolation. Marine drugs exert significant therapeutic
effects such as antioxidant, anti-inflammatory, anti-apoptotic, antimicrobial, antidiabetic,
and antihyperlipidemic properties. The consequences of administering these compounds
are extremely less severe when considered in the context of the intensity of a disease and
other alternative therapies.
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