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and related inflammatory mediators, leading to reduced
production of prostaglandins and pro-inflammatory cytokines. The review further discusses
the role of Moringa oleifera phytochemicals in inducing apoptosis via both intrinsic and
extrinsic pathways through modulation of Bax/Bcl-2 balance, cytochrome c release, caspase
activation, reactive oxygen species (ROS)-mediated mitochondrial dysfunction, and cell
cycle arrest. Experimental findings from in vitro and in vivo studies demonstrate the plant's
ability to inhibit inflammation, suppress tumor growth, and selectively induce apoptosis in
malignant cells while exhibiting minimal toxicity toward normal tissues. Despite promising
preclinical evidence, challenges related to phytochemical standardization, bioavailability,

pharmacokinetics, and clinical validation remain significant barriers to therapeutic
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translation. Future research integrating molecular pharmacology, nanotechnology-based
delivery systems, and well-designed clinical studies is essential to establish the clinical
efficacy and safety of Moringa oleifera-derived phytopharmaceuticals. Overall, Moringa
oleifera represents a promising multitarget natural therapeutic agent for the prevention and

management of inflammation-associated diseases and cancer.
KEYWORDS: Moringa oleifera, COX-2, Apoptosis, NF-kB, MAPK signaling.

1. INTRODUCTION

Moringa oleifera Lam., commonly referred to as the drumstick tree or miracle tree, is a fast-
growing medicinal plant belonging to the family Moringaceae. Native to the Indian
subcontinent and widely cultivated across Asia, Africa, and tropical regions, Moringa
oleifera has gained considerable scientific attention due to its exceptional nutritional
composition and broad spectrum of pharmacological activities.™ Different parts of the plant,
including leaves, seeds, bark, flowers, roots, and pods, contain a diverse array of bioactive
compounds such as flavonoids, phenolic acids, glucosinolates, isothiocyanates, alkaloids,
tannins, saponins, and vitamins. These phytoconstituents are associated with antioxidant,
anti-inflammatory, antimicrobial, antidiabetic, hepatoprotective, cardioprotective, and
anticancer properties. Traditionally, Moringa oleifera has been extensively used in
Ayurvedic, Unani, and folk medicine systems for the management of various disorders
including inflammation, infections, gastrointestinal diseases, hypertension, diabetes, and
wound healing. The leaves and seeds are particularly valued for their therapeutic efficacy and
nutritional richness.'”! In many developing countries, Moringa oleifera is also utilized as a
dietary supplement to combat malnutrition due to its high protein, mineral, and vitamin
content. Over recent decades, scientific investigations have validated several traditional
claims and demonstrated that the plant exerts its medicinal effects through modulation of
multiple molecular and cellular signaling pathways. Among the various molecular targets
involved in disease progression, cyclooxygenase-2 (COX-2) and apoptosis-associated
signaling pathways have emerged as critical regulators of inflammation and cancer
development.®! COX-2 is an inducible enzyme responsible for the conversion of arachidonic
acid into prostaglandins, which mediate inflammatory responses, cell proliferation,
angiogenesis, and tumor progression. Aberrant overexpression of COX-2 has been implicated
in  numerous pathological conditions, including chronic inflammatory diseases,

cardiovascular disorders, and several forms of cancer. Persistent COX-2 activation
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contributes to enhanced cellular survival, inhibition of apoptosis, increased metastatic
potential, and resistance to chemotherapeutic agents. Apoptosis, or programmed cell death, is
a tightly regulated physiological process essential for maintaining cellular homeostasis and
tissue integrity. Dysregulation of apoptotic signaling pathways plays a significant role in the
initiation and progression of cancer and other chronic diseases./* The intrinsic mitochondrial
pathway and extrinsic death receptor pathway are the two major apoptotic mechanisms
regulated by various proteins, including caspases, Bcl-2 family proteins, cytochrome c, p53,
and death receptors. Therapeutic agents capable of suppressing anti-apoptotic signaling and
inducing programmed cell death are considered promising strategies for cancer prevention
and treatment. Recent studies have demonstrated that bioactive constituents of Moringa
oleifera can modulate inflammatory mediators and apoptotic pathways at the molecular level.
Several phytochemicals derived from the plant have shown the ability to inhibit COX-2
expression, suppress nuclear factor-kappa B (NF-«kB) activation, reduce oxidative stress, and
promote apoptosis in malignant cells through regulation of pro-apoptotic and anti-apoptotic
proteins.®! These findings suggest that Moringa oleifera possesses significant therapeutic
potential as a natural source of anti-inflammatory and anticancer agents. The present review
aims to comprehensively summarize the molecular mechanisms underlying the
pharmacological effects of Moringa oleifera, with particular emphasis on the regulation of
COX-2 and apoptosis-related signaling pathways. Furthermore, the review discusses the
major bioactive compounds responsible for these activities, their mechanistic interactions
with cellular targets, and their potential therapeutic applications in inflammation-associated

diseases and cancer.”!

2. Phytochemical Constituents of Moringa oleifera

Moringa oleifera is recognized as a rich reservoir of biologically active phytochemicals that
contribute significantly to its therapeutic potential. Various parts of the plant, including
leaves, seeds, roots, flowers, bark, and pods, contain numerous secondary metabolites with
diverse pharmacological activities.[! These phytoconstituents exhibit potent antioxidant, anti-
inflammatory, antimicrobial, antidiabetic, and anticancer effects through modulation of
multiple molecular targets and signaling pathways. Among the most extensively studied
bioactive compounds of Moringa oleifera are flavonoids, isothiocyanates, phenolic acids,

alkaloids, and glucosinolates.!”
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2.1 Flavonoids

Flavonoids represent one of the major classes of polyphenolic compounds present in Moringa
oleifera. These compounds are primarily concentrated in the leaves and are responsible for
many of the plant’s antioxidant and anti-inflammatory properties. The predominant
flavonoids identified in Moringa oleifera include quercetin, kaempferol, myricetin, rutin, and
apigenin. Quercetin is considered one of the most biologically active flavonoids in Moringa
oleifera. It exhibits strong free radical scavenging activity and plays an essential role in
reducing oxidative stress-induced cellular damage.® Quercetin has also been shown to inhibit
inflammatory mediators such as cyclooxygenase-2 (COX-2), lipoxygenase (LOX), and
nuclear factor-kappa B (NF-kB), thereby suppressing inflammatory signaling pathways.
Furthermore, quercetin contributes to apoptosis induction in cancer cells through activation of
caspases, mitochondrial membrane depolarization, and modulation of Bcl-2 family proteins.
Kaempferol is another important flavonoid that demonstrates antioxidant, cardioprotective,
and anticancer activities.!® It suppresses inflammatory cytokine production and regulates
signaling pathways associated with cell proliferation and apoptosis. The synergistic
interaction between quercetin and kaempferol enhances the overall therapeutic efficacy of
Moringa oleifera extracts. The flavonoid-rich composition of Moringa oleifera contributes
significantly to its ability to protect cellular components from reactive oxygen species (ROS)-

mediated damage and inflammatory stress.!%!

2.2 Isothiocyanates

Isothiocyanates are sulfur-containing compounds derived from the enzymatic hydrolysis of
glucosinolates by the enzyme myrosinase. These compounds are among the most potent
bioactive constituents of Moringa oleifera and are primarily responsible for its anti-
inflammatory and chemopreventive properties.[”] One of the major isothiocyanates identified
in Moringa oleifera is 4-[(a-L-rhamnosyloxy) benzyl] isothiocyanate, commonly known as
moringa. Moring in has gained significant attention due to its strong antioxidant, anti-
inflammatory, and anticancer activities. Studies have demonstrated that moringa suppresses
the expression of pro-inflammatory mediators including COX-2, inducible nitric oxide
synthase (iNOS), tumor necrosis factor-alpha (TNF-a), and interleukins through inhibition of
NF-kB signaling. In cancer biology, isothiocyanates induce apoptosis by activating intrinsic
mitochondrial pathways, increasing reactive oxygen species generation within tumor cells,
and promoting caspase-mediated cell death.l*? Additionally, these compounds can inhibit

tumor cell proliferation, angiogenesis, and metastasis. The chemoprotective effects of
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isothiocyanates are also associated with activation of phase Il detoxifying enzymes and

enhancement of cellular antioxidant defense mechanisms.™*3!

2.3 Phenolic Acids

Phenolic acids constitute another important group of phytochemicals in Moringa oleifera.
These compounds contribute substantially to the antioxidant and anti-inflammatory properties
of the plant. Major phenolic acids identified in Moringa oleifera include chlorogenic acid,
gallic acid, caffeic acid, ferulic acid, and ellagic acid.'**! Chlorogenic acid is one of the most
abundant phenolic acids present in Moringa oleifera leaves. It possesses potent antioxidant
activity by neutralizing free radicals and inhibiting lipid peroxidation. Chlorogenic acid also
exhibits anti-inflammatory effects through downregulation of inflammatory enzymes and
cytokines. Furthermore, it has been reported to modulate glucose metabolism and improve
insulin sensitivity Gallic acid and caffeic acid contribute to cellular protection against
oxidative stress and DNA damage.l') These compounds also participate in apoptosis
induction through mitochondrial dysfunction and activation of pro-apoptotic signaling
pathways. Ferulic acid exhibits anti-inflammatory and anticancer activities by regulating
oxidative stress-mediated cellular responses and suppressing inflammatory transcription
factors. The combined activity of these phenolic acids enhances the therapeutic potential of
Moringa oleifera in the prevention and management of chronic inflammatory diseases and

cancer.”

2.4 Alkaloids and Glucosinolates

Moringa oleifera also contains several alkaloids and glucosinolates that contribute to its
pharmacological profile. Alkaloids are nitrogen-containing compounds known for their
diverse biological activities, including analgesic, antimicrobial, antihypertensive, and
neuroprotective effects. One of the notable alkaloids identified in Moringa oleifera is

Moringinine, which exhibits cardiovascular and smooth muscle relaxant properties.™®

Glucosinolates are sulfur-rich secondary metabolites predominantly found in cruciferous and
medicinal plants. In Moringa oleifera, glucosinolates serve as precursors for biologically
active isothiocyanates. Glucomoringin is one of the principal glucosinolates isolated from
Moringa oleifera. Upon enzymatic hydrolysis, glucomoringin produces moringa, which

exerts potent anti-inflammatory and anticancer activities.”
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Glucosinolates and their hydrolysis products have been shown to regulate cellular
detoxification enzymes, inhibit oxidative stress, and suppress inflammatory signaling
pathways. Additionally, these compounds play a significant role in apoptosis induction and
cell cycle arrest in cancer cells. Their ability to selectively target malignant cells while
exhibiting minimal toxicity toward normal cells highlights their therapeutic potential in
cancer prevention and treatment.[*®!

Overall, the diverse phytochemical composition of Moringa oleifera forms the molecular
basis for its extensive pharmacological activities. The synergistic interactions among
flavonoids, isothiocyanates, phenolic acids, alkaloids, and glucosinolates contribute to the
plant’s potent anti-inflammatory, antioxidant, and apoptosis-modulating properties.™!

2.5 Pharmacological Relevance of Phytochemicals

The diverse phytochemical profile of Moringa oleifera is primarily responsible for its
extensive pharmacological activities and therapeutic potential. The synergistic interaction
among flavonoids, isothiocyanates, phenolic acids, alkaloids, glucosinolates, vitamins, and
other secondary metabolites contributes to the plant’s broad spectrum of biological effects.
These bioactive compounds exert their pharmacological actions through modulation of
oxidative stress, inflammatory mediators, cellular signaling pathways, and gene
Expression.?’!

One of the most significant pharmacological properties of Moringa oleifera phytochemicals is
their antioxidant activity. Reactive oxygen species (ROS) and oxidative stress are major
contributors to cellular injury, inflammation, aging, and carcinogenesis. Flavonoids such as
quercetin and kaempferol, along with phenolic acids including chlorogenic acid and gallic
acid, act as potent free radical scavengers by neutralizing ROS and preventing lipid
peroxidation, protein oxidation, and DNA damage. These antioxidant mechanisms help
maintain cellular homeostasis and protect tissues from oxidative injury.™

The anti-inflammatory potential of Moringa oleifera is another major pharmacological
attribute linked to its phytochemical constituents. Isothiocyanates, flavonoids, and phenolic
compounds have been shown to suppress the production of inflammatory mediators such as
prostaglandins, nitric oxide, tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and
interleukin-1B  (IL-1B). In particular, these compounds inhibit the activation of
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and nuclear factor-kappa
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B (NF-xB), which are central regulators of inflammatory responses. Consequently, Moringa
oleifera demonstrates therapeutic potential in inflammatory disorders such as arthritis,

cardiovascular diseases, neuroinflammation, and inflammatory bowel disease.[”

The anticancer properties of Moringa oleifera phytochemicals have gained considerable
scientific interest. Several bioactive compounds, especially isothiocyanates and flavonoids,
exhibit antiproliferative effects against a variety of cancer cell lines. These phytochemicals
induce apoptosis through both intrinsic and extrinsic signaling pathways by regulating key
apoptotic proteins such as Bax, Bcl-2, caspases, cytochrome ¢, and p53. Additionally, they
suppress tumor growth by inhibiting angiogenesis, metastasis, and cell cycle progression. The
selective cytotoxicity of Moringa oleifera constituents toward malignant cells, while exerting
minimal toxicity on normal cells, highlights their promise as potential chemopreventive and
therapeutic agents.!!

Phytochemicals present in Moringa oleifera also exhibit antimicrobial and
immunomodulatory activities. Isothiocyanates and phenolic compounds possess antibacterial,
antifungal, antiviral, and antiparasitic properties by disrupting microbial cell membranes,
inhibiting enzyme activity, and interfering with microbial replication. Moreover, the plant’s
immunomodulatory effects are associated with enhancement of immune cell function and
regulation of cytokine production.??

In metabolic disorders, Moringa oleifera phytochemicals have demonstrated significant
antidiabetic and cardioprotective activities. Chlorogenic acid and quercetin improve glucose
metabolism, enhance insulin sensitivity, and reduce hyperglycemia-induced oxidative stress.
Additionally, these compounds contribute to lipid profile regulation, blood pressure
reduction, and prevention of endothelial dysfunction, thereby supporting cardiovascular
health.!?*!

Recent molecular studies further indicate that Moringa oleifera phytochemicals regulate
multiple intracellular signaling cascades, including NF-xB, MAPK, PI3K/Akt, JAK/STAT,
and Nrf2 pathways. Through these mechanisms, the plant exerts protective effects against

chronic inflammation, oxidative stress, neurodegeneration, and cancer progression.t’!

Overall, the pharmacological relevance of Moringa oleifera phytochemicals lies in their

multitargeted mechanisms of action and therapeutic versatility. The growing body of
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experimental and clinical evidence supports the potential application of these natural

compounds in the development of novel anti-inflammatory, antioxidant, and anticancer

therapies.!!
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3. Regulation of COX-2 Signaling by Moringa oleifera

Inflammation is a complex biological response involving the activation of multiple signaling
pathways and inflammatory mediators. Chronic inflammation has been strongly associated
with the development of several pathological conditions, including cancer, cardiovascular
disorders, neurodegenerative diseases, diabetes, and autoimmune disorders. Among the major
molecular regulators of inflammation, cyclooxygenase-2 (COX-2) plays a central role in
mediating inflammatory responses and disease progression. Recent studies have
demonstrated that Moringa oleifera and its bioactive constituents exert significant anti-
inflammatory effects through suppression of COX-2 expression and modulation of associated

signaling pathways.!*!

3.1 COX-2 Pathway and Inflammatory Mediators
Cyclooxygenases are key enzymes involved in the metabolism of arachidonic acid into

prostaglandins and thromboxanes. Two major isoforms of cyclooxygenase exist:

cyclooxygenase-1 (COX-1), which is constitutively expressed and involved in physiological
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homeostasis, and cyclooxygenase-2 (COX-2), an inducible isoform activated during

inflammation and pathological conditions.®

COX-2 expression is stimulated by various inflammatory stimuli, including
lipopolysaccharides (LPS), cytokines, growth factors, reactive oxygen species (ROS), and
tumor promoters. Once activated, COX-2 catalyzes the production of prostaglandin E2
(PGEZ2), a potent inflammatory mediator involved in pain, fever, vasodilation, angiogenesis,
and tumor progression.?”!

Overexpression of COX-2 has been implicated in numerous chronic inflammatory diseases
and several types of cancer, including colorectal, breast, prostate, lung, and gastric cancers.
Elevated COX-2 activity promotes cellular proliferation, inhibits apoptosis, enhances
angiogenesis, and facilitates metastatic progression. Additionally, COX-2 interacts with
multiple intracellular signaling pathways, including nuclear factor-kappa B (NF-kB),
mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase/protein kinase B

(PI3K/AKkt), thereby amplifying inflammatory responses.?®!

Inflammatory mediators regulated by COX-2 signaling include tumor necrosis factor-alpha
(TNF-a), interleukin-13 (IL-1pB), interleukin-6 (IL-6), nitric oxide (NO), inducible nitric
oxide synthase (iNOS), and prostaglandins. Persistent activation of these mediators
contributes to tissue injury, oxidative stress, and disease progression.?”

3.2 Mechanisms of COX-2 Inhibition

Bioactive compounds present in Moringa oleifera have demonstrated substantial inhibitory
effects on COX-2 expression and activity. These effects are primarily attributed to
flavonoids, isothiocyanates, phenolic acids, and glucosinolate-derived metabolites such as
quercetin, kaempferol, chlorogenic acid, and moringa.*”

The inhibition of COX-2 by Moringa oleifera occurs through multiple molecular
mechanisms. One major mechanism involves suppression of COX-2 gene transcription
through inhibition of pro-inflammatory transcription factors such as NF-kB and activator
protein-1 (AP-1). Certain phytochemicals also interfere with upstream signaling pathways
responsible for COX-2 induction, thereby reducing prostaglandin synthesis and inflammatory

responses.*!
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Isothiocyanates derived from glucomoringin exhibit potent anti-inflammatory activity by
downregulating COX-2 mRNA and protein expression. These compounds inhibit
inflammatory enzyme activation and reduce prostaglandin E2 production. Similarly,
flavonoids such as quercetin and kaempferol suppress oxidative stress-mediated COX-2
activation by scavenging reactive oxygen species and regulating redox-sensitive signaling
pathways.*

Additionally, Moringa oleifera phytochemicals may inhibit the catalytic activity of COX-2
directly, thereby preventing arachidonic acid metabolism and prostaglandin formation. The
combined suppression of inflammatory mediators and oxidative stress contributes

significantly to the anti-inflammatory potential of the plant.**

3.3 Modulation of NF-kB, MAPK, and Cytokine Signaling
The anti-inflammatory activity of Moringa oleifera is strongly associated with modulation of

intracellular signaling pathways involved in inflammatory gene expression.**

NF-xB is a critical transcription factor that regulates the expression of inflammatory
mediators including COX-2, INOS, TNF-a, IL-1B, and IL-6. Under inflammatory conditions,
NF-«xB translocates from the cytoplasm to the nucleus following degradation of inhibitory
IxB proteins. Bioactive constituents of Moringa oleifera inhibit NF-xB activation by
preventing IkB phosphorylation and degradation, thereby suppressing nuclear translocation of

NF-xB and reducing inflammatory gene transcription.?*!

The MAPK signaling pathway, including extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38 MAPK, also plays an essential role in inflammation and
COX-2 regulation. Studies have shown that Moringa oleifera extracts suppress
phosphorylation of MAPK proteins, leading to reduced expression of inflammatory cytokines
and enzymes.**!

Furthermore, Moringa oleifera modulates cytokine signaling by decreasing the production of
pro-inflammatory cytokines such as TNF-o, IL-6, and IL-1p while enhancing anti-
inflammatory cytokines. The reduction of cytokine-mediated inflammatory responses

contributes to attenuation of chronic inflammation and tissue damage.!*!

Oxidative stress reduction is another important mechanism associated with signaling pathway
modulation. By enhancing endogenous antioxidant defense systems such as superoxide
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dismutase (SOD), catalase, and glutathione peroxidase, Moringa oleifera decreases ROS-
[36]

mediated activation of inflammatory pathways.
3.4 Experimental Evidence from In Vitro and In Vivo Studies

Numerous in vitro and in vivo studies have validated the anti-inflammatory and COX-2
inhibitory effects of Moringa oleifera. Cell culture studies using macrophages, epithelial
cells, and cancer cell lines have demonstrated that Moringa oleifera extracts significantly
reduce COX-2 expression, nitric oxide production, and inflammatory cytokine secretion

following lipopolysaccharide stimulation.”

In macrophage models, treatment with Moringa oleifera leaf extracts inhibited NF-xB
activation and suppressed expression of COX-2 and iNOS proteins. Isothiocyanate-rich
fractions showed particularly strong anti-inflammatory activity by reducing prostaglandin E2

synthesis and inflammatory mediator release."!

Animal studies further support these findings. In rodent models of inflammation,
administration of Moringa oleifera extracts reduced edema formation, inflammatory cell
infiltration, oxidative stress markers, and cytokine levels. Significant decreases in COX-2
expression and prostaglandin production were observed in inflamed tissues following

treatment with Moringa oleifera preparations.’!

Several experimental cancer models have also reported that suppression of COX-2 signaling
by Moringa oleifera contributes to inhibition of tumor growth and enhancement of apoptosis.
Reduced inflammatory microenvironment and oxidative stress were associated with

decreased cancer cell proliferation and improved cellular homeostasis.?"

Collectively, these findings indicate that Moringa oleifera exerts potent anti-inflammatory
effects through multitarget regulation of COX-2-associated signaling pathways. Its ability to
modulate NF-kB, MAPK, cytokines, and oxidative stress highlight its therapeutic potential in

the management of inflammation-related diseases and cancer.!”!
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4. Apoptotic Signaling Mechanisms Induced by Moringa oleifera

Apoptosis, commonly referred to as programmed cell death, is a highly regulated
physiological process essential for maintaining tissue homeostasis and eliminating damaged,
infected, or malignant cells. Dysregulation of apoptotic signaling contributes significantly to
cancer development, autoimmune diseases, and resistance to chemotherapy. Natural
compounds capable of selectively inducing apoptosis in abnormal cells have therefore
attracted considerable interest in modern pharmacological research. Increasing evidence
suggests that Moringa oleifera possesses strong pro-apoptotic activity mediated through
multiple molecular pathways, including mitochondrial dysfunction, oxidative stress
modulation, activation of caspases, and regulation of apoptotic proteins.=®!

The bioactive phytochemicals present in Moringa oleifera, particularly flavonoids,
isothiocyanates, phenolic acids, and glucosinolate-derived compounds, have demonstrated
the ability to trigger apoptosis in various cancer cell lines while exerting minimal toxicity
toward normal cells. These compounds modulate both intrinsic and extrinsic apoptotic
pathways and interfere with cellular survival signaling mechanisms.**!

4.1 Intrinsic and Extrinsic Apoptosis Pathways

Apoptosis occurs primarily through two major signaling pathways: the intrinsic
(mitochondrial) pathway and the extrinsic (death receptor-mediated) pathway. Both pathways
ultimately converge on the activation of executioner caspases, leading to controlled cellular

degradation and death.[*”
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The intrinsic apoptotic pathway is activated in response to intracellular stress signals such as
DNA damage, oxidative stress, hypoxia, and mitochondrial injury. This pathway is tightly
regulated by the Bcl-2 family of proteins, which control mitochondrial membrane
permeability and cytochrome c release. Studies have shown that Moringa oleifera extracts
induce mitochondrial-mediated apoptosis through alteration of pro-apoptotic and anti-
apoptotic protein balance.!*!

The extrinsic pathway is initiated through the binding of extracellular death ligands such as
Fas ligand (FasL) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) to
their corresponding death receptors on the cell surface. Activation of these receptors triggers
recruitment of adaptor proteins and activation of initiator caspases, particularly caspase-8.
Experimental studies suggest that certain phytochemicals from Moringa oleifera can enhance
death receptor signaling and promote extrinsic apoptotic responses in malignant cells.[*?
Through simultaneous modulation of both intrinsic and extrinsic pathways, Moringa oleifera

exerts potent cytotoxic effects against cancer cells and suppresses tumor cell survival.l?!

4.2 Regulation of Bax, Bcl-2, Caspases, and Cytochrome c

The balance between pro-apoptotic and anti-apoptotic proteins is a critical determinant of cell
fate. Moringa oleifera influences this balance by regulating key apoptotic mediators,
including Bax, Bcl-2, caspases, and cytochrome c./?!

Bax is a pro-apoptotic member of the Bcl-2 protein family that promotes mitochondrial
membrane permeabilization and apoptotic signaling. In contrast, Bcl-2 functions as an anti-
apoptotic protein that preserves mitochondrial integrity and inhibits cytochrome c release.
Several studies have demonstrated that treatment with Moringa oleifera extracts increases
Bax expression while simultaneously reducing Bcl-2 expression, thereby shifting the cellular

environment toward apoptosis. !

Mitochondrial membrane disruption induced by Moringa oleifera leads to the release of
cytochrome c¢ into the cytoplasm. Cytochrome c subsequently interacts with apoptotic
protease activating factor-1 (Apaf-1) to form the Apoptosome complex, which activates
initiator caspase-9. Activated caspase-9 then stimulates downstream executioner caspases,
including caspase-3 and caspase-7, resulting in DNA fragmentation, chromatin condensation,

membrane blebbing, and apoptotic cell death.™*!
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Activation of caspase-8 has also been reported in certain experimental models, indicating
involvement of the extrinsic apoptotic pathway. The coordinated activation of caspase
cascades plays a central role in the cytotoxic activity of Moringa oleifera against cancer
Cells.™]

Additionally, some phytochemicals present in Moringa oleifera influence tumor suppressor
proteins such as p53, which regulates cell cycle arrest and apoptosis in response to DNA
damage and cellular stress. Upregulation of p53 further enhances apoptotic signaling and

inhibits tumor cell proliferation.!®!

4.3 ROS-Mediated Apoptosis

Reactive oxygen species (ROS) play a dual role in cellular physiology. Moderate ROS levels
participate in normal cellular signaling, whereas excessive ROS accumulation induces
oxidative stress, mitochondrial dysfunction, DNA damage, and apoptosis. Cancer cells often
exhibit elevated basal ROS levels, making them more susceptible to oxidative stress-induced

apoptosis.[*”!

Several studies indicate that Moringa oleifera induces apoptosis partly through ROS-
mediated mechanisms. Certain bioactive compounds, especially isothiocyanates and
flavonoids, increase intracellular ROS generation in cancer cells beyond tolerable limits.
Excessive ROS accumulation disrupts mitochondrial membrane potential, damages cellular
macromolecules, and activates stress-responsive signaling pathways leading to apoptosis.[*®!

ROS-mediated activation of c-Jun N-terminal kinase (JNK), p38 MAPK, and p53 signaling
pathways further contributes to apoptotic induction. Elevated oxidative stress also promotes

mitochondrial outer membrane permeabilization and cytochrome c release.!

Interestingly, while Moringa oleifera can induce ROS-mediated apoptosis in cancer cells, it
simultaneously exhibits antioxidant protective effects in normal cells through scavenging of
free radicals and enhancement of endogenous antioxidant enzymes such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase. This selective activity highlights the

therapeutic potential of Moringa oleifera in cancer treatment.!?!!

4.4 Cell Cycle Arrest and Mitochondrial Dysfunction
Uncontrolled cell cycle progression is a hallmark of cancer development. Natural compounds

capable of inducing cell cycle arrest can effectively suppress cancer cell proliferation and
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facilitate apoptotic cell death. Studies have demonstrated that Moringa oleifera extracts
interfere with cell cycle regulatory mechanisms and arrest cancer cells at different phases,
including GO/G1, S, and G2/M phases.*”

The antiproliferative effects of Moringa oleifera are associated with modulation of cyclins,
cyclin-dependent kinases (CDKSs), and CDK inhibitors. Downregulation of cyclin D1, cyclin
E, and CDK activity contributes to inhibition of cell cycle progression and prevention of
tumor growth.®!

Mitochondrial dysfunction represents another critical mechanism underlying Moringa
oleifera-induced apoptosis. Disruption of mitochondrial membrane potential leads to
impaired ATP production, oxidative stress generation, and release of pro-apoptotic factors
such as cytochrome c¢ and apoptosis-inducing factor (AIF). These events activate downstream
apoptotic cascades and culminate in programmed cell death.®?

Experimental studies using various cancer cell lines, including breast, colorectal, liver, lung,
and leukemia cells, have consistently demonstrated that Moringa oleifera extracts induce
mitochondrial depolarization, DNA fragmentation, and apoptotic morphological changes.
The combined effects of mitochondrial dysfunction, ROS accumulation, caspase activation,
and cell cycle arrest contribute significantly to the anticancer activity of Moringa oleifera.[*!

Overall, the ability of Moringa oleifera to regulate multiple apoptotic signaling pathways
highlights its potential as a promising natural therapeutic agent for the prevention and

treatment of cancer and other apoptosis-related disorder.®

5. Future Perspectives and Conclusion

5.1 Therapeutic Potential and Limitations

Moringa oleifera has emerged as a promising medicinal plant with substantial therapeutic
potential due to its rich phytochemical composition and multitarget pharmacological
activities. Extensive experimental evidence indicates that its bioactive constituents possess
potent anti-inflammatory, antioxidant, and anticancer properties through modulation of
cyclooxygenase-2 (COX-2), nuclear factor-kappa B (NF-xB), mitogen-activated protein
kinase (MAPK), and apoptosis-associated signaling pathways. The ability of Moringa
oleifera to simultaneously suppress inflammatory mediators and induce programmed cell
death highlights its significance as a potential natural therapeutic agent in the management of

chronic inflammatory disorders and cancer. One of the major advantages of Moringa oleifera
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is its broad pharmacological spectrum combined with relatively low toxicity compared to
conventional synthetic drugs.l”? The plant exhibits selective cytotoxicity toward malignant
cells while protecting normal tissues against oxidative stress and inflammation. Furthermore,
the nutritional richness of Moringa oleifera supports its use as a functional food and
nutraceutical in addition to its medicinal applications. Despite these promising properties,
several limitations remain. The phytochemical composition of Moringa oleifera varies
depending on geographical origin, cultivation conditions, extraction methods, plant maturity,
and storage conditions, which may influence its pharmacological efficacy and reproducibility.
Additionally, many studies have utilized crude extracts rather than isolated compounds,
making it difficult to identify the exact molecular mechanisms and active constituents
responsible for specific biological activities.*) Another important limitation involves the lack
of standardized dosage regimens and comprehensive toxicological evaluations. Although
preliminary studies suggest favorable safety profiles, long-term toxicity, pharmacokinetics,
bioavailability, and herb-drug interactions require further investigation before widespread

therapeutic application can be recommended."

5.2 Challenges in Clinical Translation

Although substantial in vitro and in vivo evidence supports the medicinal potential of
Moringa oleifera, translation into clinical practice remains challenging. One of the primary
obstacles is the limited number of well-designed clinical trials evaluating its efficacy and
safety in human subjects. Most available data are derived from laboratory and animal studies,

which may not fully reflect clinical outcomes in humans.®

Poor bioavailability and limited stability of certain phytochemicals present additional
challenges. Bioactive compounds such as flavonoids and isothiocyanates may undergo rapid
metabolism, reducing their therapeutic effectiveness following oral administration. Therefore,
advanced drug delivery systems and formulation strategies are needed to improve absorption,
stability, and targeted delivery.™®

Standardization of plant extracts is another critical issue in clinical translation. Variability in
extraction techniques and phytochemical content may result in inconsistent pharmacological
responses. The development of standardized formulations with defined concentrations of
active compounds is essential to ensure reproducibility and regulatory approval.*”
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Regulatory barriers also limit the clinical development of plant-based therapeutics.
Comprehensive preclinical toxicity studies, pharmacodynamic analyses, and large-scale
randomized clinical trials are necessary to establish safety, efficacy, and therapeutic
guidelines. Moreover, potential interactions between Moringa oleifera phytochemicals and
conventional medications must be carefully evaluated to prevent adverse effects.™™!

5.3 Future Research Directions

Future research should focus on the identification and characterization of specific bioactive
compounds responsible for the regulation of COX-2 signaling and apoptosis pathways.
Detailed molecular investigations are required to better understand the interactions between
Moringa oleifera phytochemicals and intracellular signaling networks involved in

inflammation, oxidative stress, and carcinogenesis.!”!

Advanced omics technologies, including genomics, proteomics, transcriptomics, and
metabolomics, may provide deeper insight into the molecular targets and mechanisms of
action of Moringa oleifera. Such approaches could facilitate the discovery of novel
therapeutic biomarkers and improve understanding of synergistic interactions among
phytochemicals.!”

Further studies are also needed to explore the therapeutic efficacy of Moringa oleifera in
combination with conventional chemotherapeutic and anti-inflammatory agents. Combination
therapy may enhance treatment outcomes, reduce drug resistance, and minimize adverse

effects associated with synthetic drugs.’®

Nanotechnology-based drug delivery systems represent another promising area of research.
Nanoformulations containing Moringa oleifera phytochemicals may improve bioavailability,
targeted delivery, and therapeutic efficiency while reducing systemic toxicity. Additionally,
controlled clinical trials involving diverse patient populations are essential to validate

preclinical findings and establish evidence-based therapeutic applications.™

Future investigations should also address dose optimization, pharmacokinetics, long-term

safety assessment, and potential herb-drug interactions to support safe clinical utilization.®

5.4 CONCLUSION
In conclusion, Moringa oleifera represents a valuable source of bioactive phytochemicals
with significant anti-inflammatory and anticancer potential. The plant exerts its
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pharmacological effects through multitarget regulation of COX-2-mediated inflammatory
pathways and apoptosis-associated signaling mechanisms. Bioactive constituents such as
flavonoids, isothiocyanates, phenolic acids, and glucosinolates contribute to suppression of
inflammatory mediators, modulation of NF-kB and MAPK pathways, induction of oxidative
stress-mediated apoptosis, activation of caspases, and mitochondrial dysfunction in malignant
cells. The growing body of experimental evidence supports the therapeutic relevance of
Moringa oleifera in the prevention and management of inflammation-associated diseases and
cancer. However, significant challenges related to standardization, bioavailability, clinical
validation, and regulatory approval must be addressed before its full therapeutic potential can
be realized. Overall, Moringa oleifera holds considerable promise as a natural therapeutic
agent and functional medicinal plant. Continued interdisciplinary research integrating
molecular biology, pharmacology, nanotechnology, and clinical sciences may facilitate the
development of novel phytopharmaceuticals derived from Moringa oleifera for future

therapeutic applications.
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