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Abstract
In ethnomedicine, plant parts and compounds are used traditionally to treat different diseases. Neem (Azadirachta indica A. 
Juss) is the most versatile and useful medicinal plant ever found. Its every part is rich in bioactive compounds, which have 
traditionally been used to treat different ailments including infectious diseases. Bioactive compounds such as nimbolide, 
azarirachtin, and gedunin of neem are reported to have a tremendous ability to regulate numerous biological processes 
in vitro and in vivo. The present review article aims to explore the importance of neem extracts and bioactive compounds in 
the regulation of different biological pathways. We have reviewed research articles up to March 2020 on the role of neem in 
antioxidant, anti-inflammatory, antiangiogenic, immunomodulatory, and apoptotic activities. Studies on the concerned fields 
demonstrate that the bioactive compounds and extracts of neem have a regulatory effect on several biological mechanisms. 
It has been unveiled that extensive research is carried out on limonoids such as nimbolide and azarirachtin. It is evidenced 
by different studies that neem extracts are the potential to scavenge free radicals and reduce ROS-mediated damage to cells. 
Neem can be used to normalize lipid peroxidation and minimize ROS-mediated cell death. Besides, neem extracts can sig-
nificantly reduce the release of proinflammatory cytokines and elevate the count of CD4 + and CD8 + T-cells. This review 
indicates the pivotal roles of A. indica in the regulation of different biological pathways. However, future investigations on 
other bioactive compounds of neem may reveal different therapeutic potentials.
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Introduction

As per the World Health Organization, the majority of 
the people (80%) from developing countries depend on 
ethnomedicines for primary health care. Contrarily, half 
of the World’s population still relies on ethnomedicines 
obtained from plants’ active ingredients (Oyebode et al. 
2016).  Azadirachta indica  or neem is one of the most 

important medicinal plants ever found in the history of 
humankind. The use of A. indica is from prehistory to con-
temporary. Siddha medicine (10,000 B.C. to 4000 B.C.), 
practiced in south India, is believed to be the oldest medici-
nal system. As per the Tamil literature, neem or margosa 
was the first medicinal plant found a place in the Siddha 
system (Kumar and Navaratnam 2013). Neem has been used 
from time immemorial for ailments such as smallpox and 
infectious diseases. A. indica is mainly found in India and 
neighboring countries. It has been used as a medicinal plant 
in the Indian subcontinent for more than 4500 years (Kumar 
and Navaratnam 2013). Plausibly, its uses were started dur-
ing the Indian great Harappan culture of Indus Civilization. 
In 1922, during the time of excavations, scientists found sev-
eral medicinal products including neem leaves from ancient 
deeds and ruins of Harappa and Mohenjo Daro. Scientists 
found evidence on the use of A. indica on a skull having 
cranial surgery. These discoveries suggest the use of A. 
indica in both surgical and phytochemical processes in the 
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world’s most ancient and developed civilizations (Kumar 
and Navaratnam 2013). At the beginning of the twentieth 
century, A. indica was distributed to the other places of the 
world by Indian immigrants. Now, neem tree can be found 
almost in 72 countries in Asia, Africa, and central and South 
America (Jhariya et al. 2013).

The divine tree A. indica  has tremendous medicinal 
importance in modern medicine, Unani, Ayurveda, and 
Homoeopathy. Neem tree in Sanskrit is called as “Arish-
tha”, which means “reliever of sickness”. In 1942, the 
United States National Academy of Sciences published a 
report entitled “Neem—a tree for solving global problems” 
(Biswas et al. 2002). A. indica has several bioactive com-
pounds obtained by modern high-throughput techniques 
such as HPLC–MS, LC–MS, GC–MS, NMR, and infrared 
ray spectroscopy (Atawodi and Atawodi 2009). Chemical 
investigations and characterization of neem compounds were 
extensively carried out in the middle of the twentieth century 
(Biswas et al. 2002). Neem compounds can be classified into 
two major sections isoprenoids and non-isoprenoids (Tiwari 
et al. 2014). Isoprenoids are classified into diterpenoids and 
triterpenoids (Seriana et al. 2019). Diterpenoids are fur-
ther sub-classified into protomeliacin, azadirone, gedunin, 
amoorstatin with vepinin, vilasinin, and C-Seco meliacins. 
Azaridone, azadiradione, and epoxyazadiradione fall into 
azadirone sub-class (Tan and Luo 2011; Haldar et al. 2013; 
Ponnusamy et al. 2015). In 1942, Siddiqui isolated the first 
bitter compound nimbin under the sub-class C-Seco meli-
acins from neem seed (Siddiqui 1942). Nimbin itself is an 
inactive compound, but it can be changed into salannin due 
to enzymatic reaction. Further enzymatic modification and 
oxidation lead to the formation of azadiractin. Azadirachtin 
is the most active compound of neem, which is toxic for 
insects. The bitterness of neem is mainly for the accumula-
tion of limonoids. The occurrence of limonoids in meliaceae 
is called as meliacins. On the other hand, non-isoprenoids 
contain amino acids, polysaccharides, and polyphenolic 
compounds, coumarin, sulphurous compound, dihydrochal-
cone, aliphatic compounds, and tannins (Saxena and Kumar 
2009).

Active compounds of A. indica  play a major role in 
disease management by modulating several biochemical, 
genetic pathways, and other biological processes (Alzo-
hairy 2016). The first polyphenolic flavonoids obtained 
from fresh leaves are quercetin and ß-sitosterol, which have 
a tremendous effect as anti-fungal and antibacterial activi-
ties (Mahmoud et al. 2011; Jaisinghani 2017). Besides, 
several biological and pharmacological activities of neem 
compounds have been reported such as antioxidant, anti-
inflammatory, antiarthritic, antipyretic, antiviral, spermi-
cidal, hypoglycemic, anthelminthic, antigastric ulcer, and 
antitumour activities (Gupta et al. 2019). However, sev-
eral reviews have been published so far to summarize the 

biological role and therapeutic significance of A. indica. In 
this review, an attempt has been made to critically evalu-
ate the emerging role of A. indica in signaling pathways 
inter-linked with different biological processes. Amongst the 
biological processes antioxidant, anti-inflammatory, antian-
giogenic, immunomodulatory, and apoptotic activities of A. 
indica have been extensively studied. The present review 
focuses on these biological activities attributed to different 
parts of A. indica extracts and bioactive compounds.

Botanical description and taxonomic 
position of A. indica:

Azadirachta indica A. Juss (neem) under the family meli-
aceae is an evergreen tree found in the Indian subcontinent. 
It can grow and survive under a wide range of agro-climatic 
conditions (Lokanadhan et al. 2012). Its favorable growth 
requires soil pH ranging from 6.2 to 7.0 (Bhowmik et al. 
2010). It can be found an altitude about 1500 m and rain-
fall ranging from 450 to 1150 mm. Neem trees thrive in 
extended dried weather conditions even at the poor quality 
of soil (Saxena and Kumar 2009). It is a fast-growing tree 
with having an average height of 20–30 m with a diameter 
of 4–5 feet. Neem leaves are imparipinnate having 5–15 leaf-
lets. Its green drupes fruits become yellow after ripening 
(Alzohairy 2016). The taxonomic position of A. indica is 
shown in Table 1.

Biological activities of A. indica and its 
compounds

Antioxidant activity

Multiple studies have shown that neem extracts are poten-
tial antioxidants in nature (Airaodion et al. 2019; Septi-
yani and Wibowo 2019; Sharma et al. 2019; Diatta et al. 
2019; Asghar et al. 2017). Neem leaf compounds such as 
azadirachtin and nimbin have tremendous antioxidant activ-
ity (Ghimeray et al. 2009). It is reported that aqueous extract 

Table 1  Taxonomic description 
of A. indica 

Kingdom Plantae

Division Magnoliophyta
Order Rutales
Suborder Rutinae
Family Meliaceae
Subfamily Melioideae
Tribe Melieae
Genus Azadirachta
Species Indica
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of neem leaves is beneficial to extractonacelofenac-induced 
liver damage in rats (Soumendra et al. 2009). Antioxidant 
properties of neem extracts are attributed to the presence 
of polyphenols (Pokhrel et al. 2015; Al-Hashemi and Hos-
sain 2016). Hence, total polyphenolic content is important 
to retain the antioxidant activity of different neem plant parts 
(Fig. 1). The phenolic contents of neem can be varied based 
on geographical location and other abiotic factors (Ghimeray 
et al. 2009). A study based on HPLC analysis has revealed 
that neem oil contains phenolic compounds such as hydroxy-
tyrosol, tyrosol, vanillic acid, caffeic acid, vanillin, p-Cou-
maric acid, vitamin D, vitamin E, ferulic acid, luteolin, pin-
resinol, oleuropein aglycon, and ligstroside aglycon (Gosse 
et al. 2005). It is reported that drying of neem leaves favors 
retaining the activities of polyphenolic compounds (Sejali 
and Anuar 2011). However, total polyphenol content and 
radical scavenging activity of leaf extract are proportionally 
linked with antiradical and antimicrobial properties. Study 
has shown the similarities between A. indica leaves and other 
synthetic conservatives on lipid oxidation in raw chilled 
beef patties (Ouerfelli et al. 2019). Methanolic extract of A. 
indica leaves are potential to scavenge nitric oxide (6.38 mg/
ml), 1,1-diphenyl-2-picryl hydrazyl (DPPH) (6.65 mg/ml), 
superoxide (9.21 mg/ml), and hydroxyl radicals (4.35 mg/
ml) (Mali et al. 2019). The results of scavenging activity are 
represented as equivalent to their IC50 values. The scav-
enging activity has also been studied with ethanolic extract 

of neem roots. In this study, ethanolic extract of neem root 
showed remarkable ability to scavenge DPPH and free fer-
rous ion against L-ascorbic acid, butylated hydroxy ani-
sole as a positive control (Hossain et al. 2014). It has been 
observed that the use of ethanolic extract of neem leaves sta-
bilize palm by reducing peroxidation. Bioactive compounds 
of neem leaves possess significant antioxidant activity, as the 
IC50 (%) inhibition values are found to be 12.54 ± 0.0173 
and 48.8233 ± 0.0251 for DPPH and β-carotene linoleic, 
respectively (Elaigwu et al. 2019). A. indica flowers and 
seed oil have also antioxidant potentiality. However, neem 
seed oil shows more antioxidant activity than flowers due 
to the presence of more phenolic content (Nahak and Sahu 
2011; Varghese B and Naithani 2002). Neem gum is an exu-
date of the tree. Due to high antioxidant activity, neem gum 
can be used as an emulsifying agent in food, cosmetics, and 
pharmaceutical industries (Malviya et al. 2017). In addi-
tion to it, the aqueous extract of A. indica stem bark hav-
ing high phenolic and flavonoids contents has remarkable 
antioxidant activity (Anokwuru et al. 2011; Sultana et al. 
2007). The oil obtained from A. indica has the tremendous 
potentiality to enhance the efficacy of commercially avail-
able antioxidant drugs. It is reported that encapsulation 
and bio-emulsion with A. indica oil improve the antioxi-
dant activity of ceftriaxone (Ameta et al. 2017). Ethanolic 
extract of A. indica leaves contains some major polyphe-
nolic compounds such as avicularin, castalagin, gallic acid, 
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Fig. 1    Antioxidant activities of different  A. indica  extracts and their bioactive compounds. The box is showing total phenolic compounds 
obtained from A. indica oil and leaves. The signs “↑” and “↓” indicate more and less respectively
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2,3-(S)-hexahydroxydiphenoyl-(α/β)-D-glucopyranose, 
ellagic acid, quercetin, and quercetin-3-O-glucoside. These 
compounds have significant antioxidant and cytotoxic activ-
ity (Abdelhady et al. 2015). The high free radical scaveng-
ing property of neem leaves is maybe due to the presence 
of hydroxyl group in the chemical structure of the phenolic 
compounds (Nahak and Sahu 2010a). It is reported that 
aqueous, methanolic, and ethanolic extract of neem bark 
and roots are rich in antioxidants. However, this activity is 
comparatively more in mahaneem (Melia azedarach) (Nahak 
and Sahu 2010b). In addition to phenolic content, metha-
nolic extract of A. indica  leaves contains flavonoids and 
proanthocyanidin. These bioactive phytochemicals possess 
antioxidant as well as antimicrobial activities (Pokhrel et al. 
2015; Vergallo and Panzarini 2019; Deka et al. 2013). It is 
reported that subfraction of neem leaves ethanolic extract 
has a protective role against pBR322 DNA, superoxides, 
free radicals, and oxidative damage of the red blood cells 
by hydrogen peroxide (Manikandan et al. 2009). Essen-
tial fatty acids are capable to reduce the chance of breast 
cancer. A study has shown that combination of curcumin 
from turmeric and neem having strong antioxidant activity 
moderately reduces the inhibition of essential unsaturated 
α-lenoleic acid in breast cancer cells (Cheung et al. 2016). 
Clinically hydroxyapatite (HA) is extensively used in the 
field of dentistry and orthopedics due to its mechanical 
strength, biocompatibility, osteoconductivity, etc. It is in this 
context that biomimetization of HA with A. indica leaves 
possesses high antioxidant potentiality, which may be 
more beneficial for dentistry and orthopedics applications 

(Nagaraj and Samiappan 2019). Oxidative stress due to free 
radicals causes damage to protein, lipid membranes, and 
nucleic acids, which ultimately causes cell death in both 
types of Diabetes mellitus. A study has shown that leaf 
extract of A. indica potentially normalizes lipid peroxida-
tion, superoxide anions, and hydroxyl radicals in high-fat 
diet induced rats (Shrivastava et al. 2012). A similar kind 
of observation was reported earlier, where the antioxidant 
activity of aqueous seed extract of A. indica was shown to 
inhibit lipid peroxidation as well as lipoxygenase activity 
(Rao et al. 1998). Chewing sticks obtained from neem may 
be beneficial to periodontal diseases. Pathogen like Strep-
tococcus mutans is considered to initiate dental caries and 
dental decay in periodontal diseases. It is in this context that 
dried neem stick having antimicrobial activity is efficacious 
to inhibit S. mutans (Dani et al. 2016; Chava et al. 2012). 
Leaf extract of neem has been shown to inhibit P. gingivalis, 
a potential risk factor of periodontal disease. However, the 
accumulation of polyphenols obtained from leaf extract can 
synergistically increase the antioxidant activity of mucosal 
surface in complex with bacterial, lysozyme, or red blood 
cells (Heyman et al. 2017).

Anti‑inflammatory activity

Some bioactive phytochemicals are potential anti-inflam-
matory in nature (Fig. 2). The anti-inflammatory activity 
of A. indica has extensively been studied and successfully 
observed in both acute and chronic inflammation (Dutta 
et  al. 2016; Emran et  al. 2015; Jagadeesh et  al. 2014). 
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Fig. 2   Anti-inflammatory activities of different A. indica extracts and their bioactive compounds in the modulation of different signaling path-
ways. The signs “↑” and “↓” indicate more and less respectively
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Neem is more effective than commercially available non-
steroidal anti-inflammatory drugs such as ibuprofen. Neem 
can remarkably reduce the release of monocyte chemotac-
tic protein-1 (MCP-1) and tumor necrosis factor (TNF-α) 
(Kang et al. 2014). Neem root is also anti-inflammatory, 
but its activity is less than aspirin (Patil et al. 2012). It has 
been reported that neem seeds extracted in n-hexane contain 
limonoids, which show anti-inflammatory activity (Akihisa 
et al. 2011). Methanolic extract of neem leaves has tremen-
dous anti-inflammatory activity (Schumacher et al. 2011). 
This study has shown inhibition of TNF-α-induced damage 
and inhibition of nuclear factor (кB). The neem seed oil has 
anti-inflammatory activity. 2 mL per kilogram body weight 
1 study, it has been shown that a combination of ethanolic 
extract of A. indica and Lawsonia Inermis leaf extract has 
potent anti-inflammatory activity. This combination having 
200 µg/mL of concentration shows a protective function 
against albumin and red blood cell membrane denaturation 
(Annavarapu et al. 2016). Aqueous extract of neem leaf also 
reduces inflammation in paw edema of rats, but the action is 
less than commercially available dexamethasone (Mosaddek 
and Rashid 2008). In contrast, methanolic extract of neem 
leaves shows a reduction in the release of proinflamma-
tory cytokines such as TNF-α, IL-6 in cigarette smoke, and 
lipopolysaccharide (LPS)-induced pulmonary inflammation. 
On the other hand, it attenuates the activation of extracel-
lular signal-regulated kinase (ERK) and NF-кB (Lee et al. 
2017). These results suggest the therapeutic role of neem 
leaf extract in chronic obstructive pulmonary disease. Neem 
fruits contain limonoid epoxyazadiradione. Epoxyazadira-
dione inhibits macrophage migration inhibitory factor in 
both human and malaria parasites, and results in the release 
of different proinflammatory cytokines (Alam et al. 2012). 
Total polysaccharides and fractioned by ion-exchange 

chromatography obtained from neem seed show reduction 
of inflammation in paw edema/peritonitis in rats (de Paulo 
Pereira et al. 2012). Another study, conducted in the rat 
paw edema model, has shown the anti-inflammatory effect 
of neem leaf extracted in methanol, chloroform, petroleum 
ether, and water. All kinds of extracts show attenuation 
inflammation by decreasing cyclo-oxygenase (COX-1 and 
COX-2), IL-1, and TNF-α (Umar et al. 2014). Neem bark 
extract is capable to reduce pain and inflammation. Besides, 
study has shown the reduction of substance P, a proinflam-
matory neuropeptide, in lipopolysaccharide-induced inflam-
mation in neuroblastoma cells using neem bark extract 
(Reddy et al. 2018). Gedunin modulates innate immune 
response by inhibiting lipopolysaccharide-induced release 
of TNF-α and IL-6. It has been shown that gedunin also 
inhibits the production of prostaglandin E2, expression of 
cyclo-oxygenase-2, and translocation of nuclear factor kB 
inside the nucleus macrophages (Borges et al. 2015).

Anti‑angiogenic activity

A. indica has potential antiangiogenic properties (Fig. 3). 
Neem leaf glycoprotein (NLGP) is a good immunomodula-
tor, which is reported to regulate both local and systemic 
immunity by modulating effector NK cells, NKT, and 
CD8 + T cells. It has been shown that NLGP downregu-
lates CD31, VEGF, VEGFR2, and normalize vascular tone 
in melanoma and carcinoma bearing mice model (Baner-
jee et al. 2014). A study has been conducted on the etha-
nolic extract of neem leaves (EENL) on human umbilical 
vein endothelial cells (HUVECs). It is observed that EENL 
remarkably reduces the HUVEC mediated angiogenesis in 
both in vivo and in vitro. Compounds such as nimolinone, 
nimbolide, 6-desacetyl nimbinene, and 2, 3-dehydrosalannol, 

Fig. 3   Anti-angiogenic 
activities of different A. 
indica extracts and their 
bioactive compounds in the 
regulation of different angio-
genic pathways. The signs “↑” 
and “↓” indicate more and less 
respectively
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of EENL significantly attenuate the proliferation, migration, 
invasion, and angiogenic response of HUVECs (Mahapatra 
et al. 2012). Bioactive components of neem seeds, leaves, 
flowers, and fruits have potential anti-cancer effects, which 
show significant inhibition of malignant cell proliferation, 
angiogenesis, and redox potentiality. In this context, inhibi-
tion of NF-кB pathway may be the partial cause of cancer 
prevention (Hao et al. 2014). Ethanolic fraction of neem 
leaves (EFNL) has an anti-cancer effect against mammary 
carcinogenesis. In vivo study conducted on rats shows down-
regulation of vascular endothelial growth factor A (VEGF-
A) while treating with EFNL (Arumugam et al. 2014). Silver 
nanoparticles obtained by green synthesis using neem leaves 
show the reduction of neovascularization. The application of 
such nanoparticles shows a remarkable reduction of viable 
blood vessels at the chorioallantoic membrane in developing 
embryonated eggs of chicken, which results in the death of 
the embryo (Khandia et al. 2015).

Immunomodulatory functions

Extracts from different parts of neem are known to 
have immense immunomodulation functions (Talpur 
and Ikhwanuddin 2013; Durrani et  al. 2008). A study 

conducted on BALB/c-mice showed increased counts of 
CD4 + and CD8 + cells upon treatment of aqueous extract 
of neem leaves. This treatment also showed increased 
counts of lymphocytes and monocytes (Beuth et al. 2006). 
In this context, NLGP is involved in the activation, pro-
liferation, and infiltration of CD8 + T cells and respon-
sible for anti-tumor immunity (Mallick et al. 2013a, b). 
In another study, it has been shown that NLGP promotes 
monocyte migration and T-cell-mediated killing of tumor 
cells (Chakraborty et al. 2010). Gedunin can modulate the 
function of macrophage and neutrophil. Pretreatment of 
neutrophil with gedunin shows weaker binding of neutro-
phil with endothelial cells due to morphological changes 
to neutrophils. Besides, pretreatment of macrophages to 
gedunin shows alteration in calcium mobilization, nitric 
oxide synthase expression, nitric oxide production, and 
induction of anti-inflammatory heat-shock protein (Hsp70) 
(Fig. 4) (Conte et al. 2015). Similar to gedunin, nimbin 
also modulate the function of macrophage and neutrophil. 
It inhibits nitric oxide release and prostaglandin E2 in 
LPS-treated macrophages. Nimbin minimizes degranula-
tion in neutrophils (Kaur et al. 2004). Highly pure super-
critical carbon dioxide neem leaf extract (SCNE) has been 
shown to downregulate proinflammatory pathways in the 
case of oral squamous cell carcinoma. Treatment with 
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tion of the particular pathway
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SCNE significantly reduces tumor growth, metastasis, and 
activity of matrix metalloproteinase. Additionally, SCNE 
suppresses pro-cancer inflammatory cytokines such as 
IL-1, IL-6, NF-кB, COX-2, TNF-α, and IFN-γ (Morris 
et al. 2019). Treatment with neem oil also reduces the 
activity of IFN-γ. Intraperitoneal injection of neem oil in 
mice shows increased phagocytic activity and expression 
of MHC class II molecules (Upadhyay et al. 1992). A sin-
gle-blind randomized study has been conducted on elderly 
immunodeficient patients having age 65.87 ± 5.87 years. 
In this study, patients are treated with neem bark pow-
der. The result of the study shows increased counts of 
both CD4 + and CD8 + cells after treatment (Akmal et al. 
20,165). Aqueous extract of A. indica flowers possesses 
both humoral and cell-mediated responses. This extract 
shows the elevation of the macrophage index, which signi-
fies the activation of reticuloendothelial system (Shah et al. 
2009). Downregulation of CD4 + CD25 + FOXp3 + T-reg-
ulatory cells is a better immunotherapeutic approach to 
control cancer. It is reported that NLGP is a valuable 
player to control tumors in murine model by downreg-
ulating CD4 + CD25 + FOXp3 + T-regulatory cells. In 
tumor microenvironment, NLGP produces anti-tumor 
niche by upregulating IFN-γ, IL-12, and downregulat-
ing IL-10, TGF-β, VEGF, indole 2,3-dioxygenase. NLGP 
downregulates C–C chemokine receptor 4 (CCR4) and its 
ligand C–C chemokine ligand 4 (CCL22), which further 
restricts the migration of regulatory-T cells into the tumor 
site (Chakraborty et al. 2011). Injection of NLGP into rats 
and mice shows no immune cell apoptosis; instead, the 
treatment significantly increases the number of DX5 + NK 
cells, CD11b + macrophages, CD11c + dendritic cells, 
CD4 + , and CD8 + T cells (Mallick et al. 2013a, b). As 
mentioned earlier, NLGP is associated with enhanced 
CD8 + count and activity. A study conducted in murine 
B16 melanoma model demonstrates that CD8 + normal-
izes tumor microenvironment to inhibit melanoma growth 
(Barik et al. 2015). It has been reported that vaccination of 
carcinoembryonic antigen-pulsed macrophages with NLGP 
(CEAMϕNLGP) enhances nitric oxide release, which is 
involved in macrophage induction and type-1 cytokine 
release. Activation of macrophage, in turn, is associated 
with the upregulation of the synthesis of IL-12, IFN-γ, and 
down-regulation of IL-10 (Sarkar et al. 2009). NLGP is 
also associated with the maturation of dendritic cells. This 
activation results in the stimulation of T cells, which in 
turn generates cytotoxic T-lymphocytes (Roy et al. 2011). 
NLGP can efficiently convert M2 (CD11b + F4/80high) 
macrophage to M1 (CD11b + F4/80low) macrophage in 
tumor microenvironment. This conversion is associated 
with a low level of IL-10, which generates hypoxia in 
tumor core and downregulates hypoxia-inducible factor 
(HIF)-1α and VEGF (Goswami et al. 2016).

Effect of A. indica on apoptosis

Neem significantly introduces increased reactive oxygen 
species (ROS) production and mitochondrial fragmen-
tation (Yadav et al. 2016). It results in the decrease of 
oxidative phosphorylation Complex-1 (mitochondrial 
NADH-ubiquinone oxidoreductase) and the loss of MWFE 
protein, which in turn activates caspases (Yadav et al. 
2016). Limonoids are known to have apoptotic features 
(Fig. 5) (Kashif et al. 2019). Nimbolide, an important 
limonoid obtained from A. indica is known to have tre-
mendous anti-proliferative and apoptotic effects. The study 
conducted by Sophia et al. on hamster oral oncogenesis 
model has shown the regulation of proteins in autophagy 
and apoptosis by nimbolide. Nimbolide downregulates 
PI3K/Akt pathway and upregulates GSK-3β, which in 
turn inhibits autophagy and induces apoptosis in cancer 
(Sophia et al. 2018). Nibmolide and azadirachtin promote 
apoptosis in human cervical cancer cells. These limonoids 
are responsible for cell cycle arrest at G0/G1 phase, which 
in turn downregulates cell cycle-associated proteins pro-
liferating cell nuclear antigen (PCNA), cyclin D1, and 
cyclin B (Priyadarsini et al. 2010). It is in this context 
that limonoids obtained from neem seeds also exert apop-
tosis (Kikuchi et al. 2011). The study demonstrates that 
limonoid restricts the expression of proteins associated 
with cancer cell survival, proliferation, invasion, and 
angiogenesis. Proteins such as VEGF, cyclin D1, IAP-1, 
IAP-2, MMP9, NF-кB, Bcl-xL, and Bcl-2 are significantly 
downregulated by limonoid (Gupta et al. 2010). Neem leaf 
extract potentially accelerates apoptosis in 4T1 breast 
cancer in the mouse model. It is reported that 250 mg/
kg and 500 mg/kg bodyweight of neem leaf extract can 
induce apoptosis in breast cancer (Othman et al. 2011). 
Treatment of human breast and cervical cancer cells with 
ethanolic extract of neem leaves shows the suppression of 
cancer cells through apoptosis. This suppression is accom-
plished through the modulation of bax, cyclin D1, and 
cytochrome P450 monooxygenase (CYP 1A1, and CYP 
1A2) expression (Sharma et al. 2014). Methanolic extract 
of neem leaves shows apoptosis by cellular fragmentation. 
This mechanism is facilitated by the inhibition of NF-кB 
and IкB kinase (Schumacher et al. 2011). Aqueous neem 
leaf extract is associated with ROS-mediated apoptosis in 
granuloma cells. Increased ROS production enhances the 
expression of p53 and bax proteins and increases  H2O2 
level. This promotes the enhancement of mitochondrial 
membrane potential, cytochrome c release, which results 
in the degradation of cellular proteins and DNA (Chaube 
et al. 2014). In this context, the oral dose of neem leaf 
extract significantly induced mitochondrial membrane 
damage and promotes apoptosis in chronic lymphocytic 
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leukemia in adult patients. It has been shown that treat-
ment with neem leaf extract significantly inhibits Bcl-2 
and p53, and induces LC3-1 cleavage (Chitta et al. 2014). 
Aqueous extract of neem leaf promotes degeneration and 
apoptosis in rat oocytes by overexpression of bax pro-
tein and DNA fragmentation (Chaube et al. 2006). Neem 
leaf extract induces single dose-radiation and ionization 
radiation-mediated apoptotic cell death. It inhibits NAIP, 
BIRC6, BIRC8, NOL3, and induces BAK1, BAX, BCL10, 
CASP1, CASP10 CARD8, and CRADD (Veeraraghavan 
et al. 2011). Neem oil significantly increases the percent-
age of necrosis and apoptosis in cancer cells. It increases 
the expression of caspases 3, 8, and 9 (Kashif et al. 2018). 
In another study, it has been shown that ethanolic neem 
leaf extract targets insulin-like growth factor (IGF) signal-
ing pathway in breast cancer cells. It remarkably reduces 
the expression of p-Akt, cyclin D1, Raf, p-Erk, Ras, and 
IGF-1R (Elumalai et al. 2012). Both ethanolic and aque-
ous extract of neem leaves enhances apoptosis in leukemia 
and colon cancer cells through increased ROS produc-
tion and mitochondrial membrane destabilization (Roma 
et al. 2015). NLGP can promote apoptosis by releasing 
cytotoxic cytokines such as TNF-α and IFN-γ. In tumor 
cells, NLP acts to downregulate cyclin D1, Bcl-2, and 
upregulate caspase-3 (Bose et al. 2007). Azadirachtin is 

a potent non-toxic antifilarial agent against Setarai cervi. 
It significantly increases ROS production, pro-apoptotic 
factors such as EGL-1, CED-4, and CED-3 and down-
regulates antiapoptotic CED-9 (Mukherjee et al. 2019). 
Azadirachtin obtained from neem oil activates caspase 
cascade, which promotes apoptotic and autophagic cell 
death. Especially, less p21 enhances the activation of the 
caspase pathway in the presence of azadirachtin. It results 
in the release of apoptosis-inducing factor and cytochrome 
c from mitochondria and this mechanism is p53-independ-
ent (Srivastava et al. 2012). As mentioned earlier, mito-
chondria play an important role in apoptosis. It is reported 
that azadirachtin inhibits cyclosporine A, which is a potent 
identifier of mitochondria in apoptosis (Huang et al. 2013). 
The inhibition of Hsp90 is a therapeutic approach to can-
cer. Binding of Hsp90 with co-chaperone p23 results in 
the overexpression of the antiapoptotic protein Hsp70. It is 
reported that gedunin binds with p23 and inactivate Hsp90 
machinery to induce apoptosis (Patwardhan et al. 2013). 
Gedunin shows antiproliferation, DNA fragmentation, and 
apoptosis of human embryonal cancer cells. Its treatment 
shows inhibition of Hsp90, surviving, and upregulation of 
bax and p53 (Tharmarajah et al. 2017). Similar kinds of 
results are obtained using gedunin-loaded nanoliposome in 
non-small-cell lung cancer (Nwokwu et al. 2017).
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Fig. 5   Apoptotic functions of different A. indica extracts and their bioactive compounds in the regulation of different signaling pathways. The 
signs “↑” and “↓” indicate more and less, respectively. The sign “┴” represents inhibition of the particular pathway
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Conclusions

Azadirachta indica (neem) is one of the most useful medic-
inal plants having preventive functions against wide range 
of diseases. Extracts obtained from different parts of the 
neem tree such as leaf, flower, seed, bark, and root contain 
numerous bioactive phytochemicals, which are known to 
have tremendous therapeutic potentials. Extensive studies 
on the concerned fields demonstrate that these bioactive 
compounds of neem have different regulatory effects on 
several biological processes such as inflammation, apop-
tosis, angiogenesis, and immunomodulation. Amongst the 
bioactive compounds, limonoids such as nimbolide and 
azarirachtin are extensively studied. These compounds 
show potential anti-cancer activity by reducing autophagy 
and elevating PI3K/Akt signal transduction. Different 
parts of neem tree show remarkable antioxidant activity. 
Studies have shown that neem extracts are the potential to 
scavenge free radicals and reduce ROS-mediated damage 
to cells. Use of neem in case of diabetes mellitus may have 
therapeutic importance as it normalizes lipid peroxida-
tion and reduces ROS-mediated cell death. Additionally, 
neem extracts are anti-inflammatory, which significantly 
minimizes the release of proinflammatory cytokines such 
as TNF-α and IL-6. Furthermore, neem extracts have 
immense immunomodulatory functions, which increase 
the count of CD4 + and CD8 + T cells. These studies are 
indicating the pivotal roles of A. indica in the regulation 
of different biological pathways. Hence, neem may be used 
as therapeutic in a wide range of diseases. However, there 
is a need to study more on other bioactive compounds of 
neem to reveal therapeutic potentials.
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